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Abstract
Traumatic brain injury leads to reactive astrocytes. We aimed to unravel whether 

the isolated mechanical component of cell stretch in such an injury could induce the 
reactive phenotype in astroglia.  For this purpose we applied a short, but severe, 
stretch to a culture of a human astrocytoma cell line (U251) and primary human 
astrocytes. This resulted in a rapid increase in mRNA levels of 2 transcription 
factors involved in reactive astrocytosis: FOS, which is upregulated in astrocytes 
by exposure to reactive oxygen species, mechanical pressure, and ATP signalling, 
and EGR1, which responds to mechanical injury. Subsequently, we performed a 
genome wide analysis of changes in the transcriptome induced by the stretch at 
30 minutes and 24 hours after injury.  Unexpectedly, we only found small changes 
in the transcriptome. The main effect at the 30 minute timepoint was the increase 
in FOS and EGR1. No significant changes in the transcriptome were detected at 
24 hours after stretch application. The FOS and EGR1 signalling were likely not 
caused by a release of ATP. We further explored the lack of a transcriptional reactive 
astrocytosis response by studying the effect of stretch on primary adult human 
astrocytes, by applying a more severe injury, and by applying force on cells grown 
on different extracellular matrix proteins. Taking all these data together we conclude 
that a mechanical injury alone can not induce the expression of typical astrocytosis 
genes both in astrocytoma and primary human astrocyte cultures. These data point 
towards a high resilience to mechanical injury of the cells studied.

Introduction
Traumatic brain injury (TBI), caused by a mechanical impact, can lead to severe 

neurological disability, cognitive decline, or even death (Maas et al., 2008). One of the 
major responses to mechanical injury in the brain is reactive gliosis. In the process 
of reactive gliosis both microglia and astrocytes undergo a range of molecular 
changes to restrict the extent of the injury and the secondary consequences thereof. 
In severe injuries involving damage of the blood-brain barrier it can result in glial 
scar formation, but only when the tissue is injured beyond repair and ischemia has 
occurred (Burda et al., 2015; Zamanian et al., 2012). In general, reactive gliosis has 
short term benefits for the injured brain, but on the long term it inhibits neuronal 
recovery and functioning (Hol and Pekny, 2015). The most prominent markers of 
reactive gliosis in astrocytes, refered to as astrocytosis in this work, is the increased 
expression of the intermediate filament proteins GFAP and vimentin (Middeldorp 
and Hol, 2011). Various models are used to study the process of astrocytosis, ranging 
from in vivo models of mice suffering from a neurological disease with subsequent 
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isolation and characterization of the astrocytes (Orre et al., 2014a; Zamanian et al., 
2012) to in vitro models of chemically or mechanically injured astrocyte cultures 
(Ellis et al., 1995; Tran and Neary, 2006).

Induction of reactive astrocytosis using in vitro mechanical injury models is 
often done by a short stretch pulse to the substrate on which the cells are cultured, 
leading to cell swelling, cellular stellation, membrane porosity, mitochondrial 
and golgi vacuolization, and rupturing of intermediate filaments, all processes 
depending on the intensity of injury (Ellis et al., 1995). Findings from these systems 
have identified important signals induced in astrocytes after mechanical injury, 
including extracellular ATP increase, inositol phosphate signalling, intracellular Ca2+ 
elevation, glutamate release and reuptake early after injury, and eventual increase 
in chondroitin sulphate proteoglycans (CSPGs), N-cadherin, thrombospondin, 
and reorganization of the GFAP network (Floyd et al., 2004, 2005; Neary et al., 
2005; Wanner et al., 2008). Of these signals, purinergic signalling induces a broad 
spectrum of reactions in astrocytes and neurons (Franke et al., 2012). By adding 
apyrases (enzymes that degrade ATP) to injured astrocyte cultures, injury-induced 
reactivity was abolished (Miller et al., 2009; Tran and Neary, 2006). These findings 
have led to animal models where the severity of brain injury can be limited after 
injury by treating with apyrases that catalyse the hydrolysis of ATP (Choo et al., 
2013). 

Most effects described in in vitro mechanical injury models are the direct 
consequences of the mechanical disruption of the cell, membrane rupture, and 
the leakage of cytoplasmic ATP and ions, inducing a cascade of events. However 
astrocytes also express stretch-activated channels, such as Piezo-1, which could 
mediate an active, more controlled, response to mechanical injury (Blumenthal et 
al., 2014; Suchyna et al., 2004). Similarly, in neurons there are indications that in vitro 
injury induced signalling is not only due to mechanical disruption of the axons, but 
also due to active signalling between focal adhesions and the extracellular matrix 
(ECM) (Hemphill et al., 2011). Also the induction of endothelin-1 in primary astrocyte 
cultures under continuous cyclic injury indicates the potential for more controlled 
mechanotransduction responses in this cell type, in contrast to the response to a 
generic rupture of membranes and cellular structures (Ostrow et al., 2011).  

To study the effect of a mechanical stretch on changes in  human astrocytes 
we chose to start with applying a mechanical injury to U251 astrocytoma cells. 
We observed an injury induced early increase in the immediate early genes FOS 
and EGR1 mRNA with qPCR.  Both genes are known to respond to a mechanical 
force imposed on astrocytes: FOS expression is induced by reactive oxygen species, 
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mechanical pressure, and ATP signalling (Bolego et al., 1997; Hashimoto et al., 2005; 
Hsieh et al., 2010), while EGR1 expression increases in response to mechanical injury 
and controls transcription of phosphacan, an important glial scar ECM molecule 
(Beck et al., 2008; Khachigian et al., 1996). Subsequently, we did a genome wide 
analysis of the injured U251 cell cultures, but remarkably found no other genes 
responding to injury. We further investigated possible explanations of the lack of 
this transcriptional reactive astrocytosis response.  

Materials and Methods

Astrocytes and astrocyte cell lines

We used U251-MG human astrocytoma cells, which stably expressed mCherry 
(in this paper referred to as U251 cells) (Moeton et al., 2016). The expression of 
mCherry was not necessary for this experiment, but used as a control when we 
compared the effect of GFAP-isoforms on the response to mechanical injury. Since 
no effect of GFAP-isoforms on our stretch induced effects was detected, we omitted 
that data from this manuscript. U251-MG cells were maintained in 1:1 DMEM 
GlutaMAX high glucose: Ham’s F-10 nutrient mix, supplemented with 100 U/ml 
penicillin, 100 µg/ml streptomycin (1% P/S) and 10% fetal bovine serum (FBS; all 
Invitrogen, Bleiswijk NL). 

For primary human adult astrocyte cultures, we obtained freshly dissected post-
mortem subcortical white matter from 5 different cases. The tissue was obtained from 
The Netherlands Brain Bank (NBB), Amsterdam. Informed consent was obtained 
according to standard NBB  procedures. Informed consent is given for the use of the 
material and clinical information for research purposes. Clinicopathological data 
of the cases is provided in Table1. Primary cells were isolated as described before 
(Kreft et al., 2014). Cells were cultured in DMEM/Ham’s F12 GlutaMAX medium 
containing 5% FBS and 1% P/S.

In vitro injury experiments and treatments

U251 cells were plated at a 2% FBS concentration in 6-well flexible bottom Bioflex 
cell culture plates (Flexcell International, Hillsborough NC, US; Dunn Labortechnik, 
Asbach, DE) at a density of 5.20*104 cells/centimeter2 (cm2). The 6-well plates were 
either coated with a YIGSR laminin peptide or with collagen type I. The cells were 
left to attach for 6 hours (h) followed by a replacement of the culture medium with 
FBS-free medium to stop proliferation, prevent FBS induced signalling activation, 
and prevent FBS induced GFAP expression. At this point cells were 70-90% 
confluent. Cells were injured with the Cell Injury Controller II (Custom Design and 
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Fabrication, Richmond VA, US), by releasing a 4 pounds per square inch (psi) peak 
pressure pulse for 50 ms as described in the product manual inducing a 1.55 stretch 
(where stretch is defined as fold increase of the surface area on which the cells are 
cultured. A stretch of 1.55 is considered a severe injury). For an even more severe 
injury, wells were exposed to a 5.7-6.0 psi peak pressure for 50 ms resulting in an 
estimated stretch of 1.75 (Ellis et al., 1995) (very severe injury). RNA was harvested 
0.5h or 24h after a mechanical injury.

Primary cells were seeded at a density of 3.12*104 cells/cm2 (NBB donor # 2010-
038), or at 1.04*104 cells/cm2 for all other NBB donors  (Table 1), due to a difference 
in size, availability and proliferative capacity between the primary astrocytes. 
Cells were plated in DMEM/Ham’s F12 GlutaMAX medium containing 5% FBS, 
1% P/S and 0.25% Fungizone. After cells were attached and cultures approached 
confluency, the cell culture medium was replaced by low serum medium (0.5% FBS). 
RNA was harvested 0.5 h or 24h after a 4.0 psi injury.

For induction of purinergic signalling, cells were treated with serum free 
medium supplemented with 250 μM ATP (Sigma-Aldrich; catalogue # 27-2056-
01) for 30 minutes (min), to test the same time span of the early time point in the 
injury experiment. We added 10 μM of the ATP P2 receptor antagonist pyridoxal 
phosphate-6-azo(benzene-2,4-disulfonic acid) tetrasodium salt hydrate (PPADS, 
Sigma-Aldrich; catalogue #P178,) to cell cultures 15 min before ATP treatment or 
injury to inhibit purinergic signalling. 

Table 1: Clinico-pathological data of white matter brain-donors 

NBB Sex Age CD PMD Cause of death Ori

2007-
025 M 82 AD 05:15 Cachexia by swallowing problems by advanced 

dementia syndrome.
Corpus 

Callosum

2007-
050 M 68 AD 05:20 Sepsis by decubitus, cachexia and dehydration Corpus 

Callosum

2007-
051 M 66 MSA 06:25 Aspiration pneumonia and dehydration Corpus 

Callosum

2007-
052 M 82 AD 04:15 Pneumonia by marasmus Corpus 

Callosum

2010-
038 F 79 C <18h Cardiac insufficiency CWM

NBB = Netherlands Brain Bank donor number, M = male, F = female, Age = Age in years, CD = 
Clinical Diagnosis AD = Alzheimer’s Disease, MSA = Multiple System Atrophy, C = Neurological 
control, PMD = post-mortem delay, (hours:minutes) Ori = Brain area of origin, CWM = Cortical 
White Matter. 
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RNA isolation

RNA was isolated by adding TRIsure (Bioline, London, UK; GC biotech B.V., 
Alphen aan den Rijn, NL) directly to the cell culture wells. RNA was extracted 
according to the manufacturer’s protocol, and precipitated in isopropyl alcohol 
in the presence of glycogen at  -20°C overnight (Roche; Almere) (Kamphuis et al., 
2012). Samples were centrifuged at 4°C at a speed of 2.0*104 g for 45 min, washed 
twice with cold 75% ethanol (in MilliQ), and the RNA pellet was dissolved in MilliQ 
(Millipore). The 260/280 absorbance ratio was measured by spectrophotometry 
(NanoDrop; Thermo Scientific) to assess RNA concentration and purity. 

Real time quantitative PCR

After treating 500 ng RNA with DNAse for 2 min at 42°C (gDNA wipeout buffer), 
cDNA was made in 10 µl reactions using Quantiscript® Reverse Transcriptase with 
a mix of oligo-dT and random primers at 42°C for 30 min. The reaction was stopped 
by an inactivation step at 95°C for 3 min (Quantitect; Qiagen Benelux B.V., Venlo, 
NL). 

The produced cDNA was diluted 20x in MilliQ and was used as a template in 
the real time quantitative polymerase chain reaction (qPCR) in 96-wells plates on an 
ABI7300 (Applied Biosystems, Life Technologies, Bleiswijk, NL). The reaction mix 
consisted of 1 µl template, 3.5 µl MilliQ, 0.5 µl primer mix (final concentration of 0.1 
mM for each primer), and 5 µl SYBR® Green PCR Master Mix (Applied Biosystems, 
Life Technologies, Bleiswijk, NL). The qPCR program consisted of an incubation 
of 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 15 seconds (s) at 95°C 
and 1 min at 60°C. After the qPCR a dissociation curve was made by ramping from 
60°C to 95°C. Curve analysis was performed using the Sequence Detection Software 
version 1.4 (Applied Biosystems), with a standard threshold of 0.2 (determined to be 
in the exponential part of the derived curve), and an automatic determination and 
correction of baseline fluorescence. Primers were designed to target two different 
exons separated by an intron of over 100 base pairs (bp) of the transcripts of interest 
(when possible) and to generate 50-125 bp long amplicons. Amplification efficiencies 
and dissociation curves of all assays were verified using a 1:20-1:320 dilution series 
of U251 or U373-MG cDNA and the amplicon product size was verified on an 
agarose gel. Specifications of primers are given in Table 2. Raw data from qPCRs 
was normalized with two Alu-repeat targeting primer pairs. The Alu-repeat primer 
pairs target a transposon that is distributed throughout the genome and have been 
shown to be a reliable measure for total mRNA (Rihani et al., 2013; Witt et al., 2009). 
For reporting qPCR results we use normalized arbitrary units (n.a.u.).
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Microarray - RNA labelling, hybridization, and scanning

cRNA was made from 100 ng RNA using a Low Input Quick Amp Labelling Kit, 
two-color (Agilent, Amstelveen, NL), as per manufacturer’s protocol. A mix of 825 
ng of Cy3 and Cy5 labelled cRNA samples (Unstretched control, N=4; 0.5h after 4.0 
psi injury, N=4; 24h after 4.0 psi injury, N=4) was hybridized to Human GE 4x44K 
v2 Microarrays (Agilent, Amstelveen, NL) according to the manufacturer’s protocol. 
cRNA fluorescence intensity was scanned using an Agilent DNA Microarray 
Scanner. Scans were made with 100% and 10% photon multiplier tube intensity, at 
5 mm resolution.

Microarray - data processing 

Data processing was performed as described before (Bossers et al., 2010a; Orre et 
al., 2014a, 2014b). Briefly, data were extracted from microarray images using Feature 
Extraction software (v. 9.5.3.1, Agilent). Using the limma package in bioconductor 
(http://www.bioconductor.org), spot intensities were imported into R software 
for statistical computing (R version 3.1). Spots labelled by the Feature Extraction 
software as saturated or non-uniformly distributed foregrounds and backgrounds 
were omitted. In these cases the statistical analysis of differential expression was 
based on the remaining spots. Intensities were quantile normalized between all 
arrays, and sample intensities were extracted for an intensity-based analysis (Bossers 
et al., 2010b). Redundant probes detecting identical transcripts were averaged and 
all genes that did not have a condition with an average expression of log2 > 6 were 
omitted from the analysis. 

Table 2: Primer pairs used and their qPCR efficiencies

Genename E amplicon Sequence FW 5’-> 3’ Sequence RV 5’-> 3’

Alu-Sq 1.85 variable CATGGTGAAACCCCGTCTCTA GCCTCAGCCTCCCGAGTAG

Alu-J 1.9 variable CAACATAGTGAAACCCCGTCTCT GCCTCAGCCTCCCGAGTAG

FOS 1.9 71 CCTTCTCCAGCATGGGCTCGC GTTGGCACTGGAGACGGCCA

EGR1 1.81 98 AGCCCTACGAGCACCTGACCG TCGAGTGGTTTGGCTGGGGT

LCN2 2* 104 CAATGTCACCTCCGTCCTGTT TCTTAATGTTGCCCAGCGTGA

SERPINA3 1.98 80 TGACTCGCAGACAATGATGG TATCTTGGGGGTCAAAGGGC

CP 1.9 120 CGGAGAGACACAGCAAACCT CGGAGAGACACAGCAAACCT

TYROBP 2* 92 ACCCGGAAACAGCGTATCAC CTCTGTGTGTTGAGGTCGCT

GFAPpan 2 50 GCCACCTACAGGAAGCTGCT GGGAATGGTGATCCGGTTCT

S100B 2* 115 CGAACTGAAGGAGCTCATCAAC ACATTCGCCGTCTCCATCATT
FW:forward primer; RV: reverse primer; E: Efficiency, *no product on calibration curve or not 
determined, 2 used for calculations.
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Western blotting

Cell cultures were washed, scraped, and collected in cold PBS and stored as 
pellets at -20°C until protein extraction. Protein extraction was done in loading 
buffer (50 mM Tris (pH 6.8), 2% SDS, 10% Glycerol, 100 mM DTT) supplemented 
with protease inhibitor cocktail (Roche Diagnostics)). Protein concentrations were 
measured using a BCA kit (Pierce, Thermo Scientific), according to manufacturer’s 
descriptions. The samples were supplemented with bromophenol blue, heated for 5 
min at 95°C, and run through a 10 or 5% SDS-PAGE. After electrophoresis, proteins 
were blotted on Whatman Protran membranes (GE Healthcare) using a semi-dry 
trans-blot system (Biorad) at a current of 100 mA per gel for 60 minutes. Blots were 
incubated with blocking buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.25% (w/v) 
gelatin, and 0.5% triton X-100) for 10 min before they were incubated with primary 
antibodies at 4°C overnight. Blots were subsequently washed 3 times in TBS-T (100 
mM Tris-Hcl pH 7.4, 150 mM NaCl with 0.2% Tween-20), before secondary antibodies 
(IRdye 800 (1:5000) (LI-COR) and Dylight 649 (1:2000) (Jackson Immune Research), 
diluted in blocking buffer, were incubated at room temperature for 1 hour. Blots 
were washed again 3 times in TBS-T before scanning with an Odyssey scanner 
(LI-COR). GAPDH was used as a loading control. Antibodies used were anti-c-Fos 
(1:500) and anti-GAPDH (1:5000, Abcam, AB14247).

Statistics

In injury experiments, the FOS and EGR1 expressions at 0.5h after injury and 
24h after injury were tested against uninjured control with two-tailed student t-tests 
and corrected for multiple testing per injury experiment with a Benjamini Hochberg 
False Discovery Rate correction (FDR). In these confirmation experiments, tests 
were considered significant if the FDR-corrected p-value was below the α-criterion 
of 0.05.

For the microarray, statistical significance was tested using a Bayesian linear 
model fit with an FDR corrected criterion level of α = .1 to prevent type II errors 
(Smyth, 2004). The two injury conditions (0.5h, 24h) were compared versus uninjured 
control. Microarray probes were considered to report a differentially expressed gene 
if the statistical test was significant and the fold change showed at least a 1.5 fold 
absolute change. An FDR correction for multiple testing was applied.

Figure 1. Morphological changes in U251 and human primary astrocytes induced by a 4.0 psi 
pressure injury
(A-D) U251 cells show tortuous processes (arrowheads) and general retraction or loss of cytoplasm 
2 min after stretch (B) compared to unstretched control (A). After 30 mins, tortuous processes have 
largely been restored and cells begin spreading out again (C). 
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A B

C D

E F

U251 - unstretched U251 - 2 min after stretch

U251 - 30 min after stretch U251 - 24h after stretch

Primary astrocytes 
unstretched

Primary astrocytes 
30 min after stretch

(Figure 1, continued) After 24 hours, cells are back to their original state (D). 
(E-F) Human primary astrocytes have a more fibroblast-like morphology when unstretched (E) 
compared to the U251. After injury they retract or lose part of their cytoplasm, and the granularity 
of the cytoplasm increases (F). 
A-D micrographs were taken with a 10x bright field objective, E-F were taken with a 20x phase 
contrast objective. Scale bars: 62.5 um.
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Results

U251 response to 4.0 psi cell injury

Initial evaluation of the cells response to injury was done by microscopy. U251 
cells exposed to a 4.0 psi injury showed a rapid retraction of their cellular processes 
and injury was visible in the form of tortuous processes when viewed immediately 
after injury, followed by a recovery from tortuosity 30 mins after injury (Fig. 1A-
C). After 24 hours, the cells had morphologically recovered from the injury, but no 
hypertrophy or stellation, as reported for astrocyte cultures before (Tran and Neary, 
2006), was seen (Fig. 1D). Using the same 4.0 psi injury, we assessed changes in 
transcription of our cells at 0.5h and 24h after injury by qPCR. First, we checked 
whether our cells reacted to this injury paradigm by evaluating the increased 
expression of two immediate early genes: FOS (mean uninjured = 0.18 n.a.u., mean 
0.5 h = 0.68 n.a.u., FDR < .001) and EGR1 (mean uninjured = 1.2 n.a.u., mean 0.5 h = 
2.9 n.a.u., FDR = .01; Fig. 2A&B). We found that FOS and EGR1 mRNA expression 
were indeed significantly increased at 0.5h after injury, and returned to baseline 
after 24h. Samples were also tested for expression of GFAP and IL-6, but no mRNA 
response was found (not shown). Since our main interest was in the early response 
of the cells to injury, we continued with a whole genome microarray analysis 
of the mRNA at 0.5h and 24h after injury to obtain a complete image of mRNA 
transcriptional changes induced by this cellular injury paradigm. Interestingly, 
microarray identified FOS and EGR1 as the strongest responding genes (around 
a 2.5-fold increase) (Fig. 2C), although after multiple testing correction these genes 
were not significantly regulated (Table 3). After 24 hours, none of the 18,893 genes 
responded significantly to the stretch (Fig. 2D, Table 4). In figure 2C and 2D the red 
dots represent all genes that are significant before FDR multiple testing correction, 
but none of these genes are significant after correction. This finding could be due 
to a lack of statistical power of the study, however we also looked at genes with an 
average absolute fold change > 2, irrespective of statistics. This resulted in 5 genes 
or array probes (FOS, EGR1, FAM83F, UMODL1, LOC100293561) affected 0.5 hours 
after stretch, and 4 genes or probes (IFI27, LOC100293561, LOC100128934, A_33_
P3378549) 24 hours after stretch. This shows that there is a limited transcriptional 
response to the 4.0 psi injury. Due to the known role of GFAP and vimentin in 
reactive astrocytosis, we specifically looked at the change in transcription of these 
genes in the microarray. Although vimentin mRNA gave a very strong signal (10th 
brightest probe, log2 intensity of 17), the transcript level increased only 13% after 
24h (n.s.). For GFAP the expression was lower (log2 intensity of around 6) with a 
transcript increase of 27% after 24h (n.s.). 
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U251 response to 6.0 psi cell injury

The transient rise in EGR1 and FOS expression is the only transcriptional effect 
we found in the 4.0 psi condition, although this injury model has been described 
before to induce molecular hallmarks of reactive astrocytosis (Wanner et al., 2008). 
Therefore, we varied a number of parameters in our injury paradigm to find a better 
condition for the induction of transcriptional changes mimicking astrocytosis in 
response to injury. A possible explanation for the lack of transcriptional changes 
is that the injury was not severe enough for this particular cell type in our hands, 
although a 3.2-4.0 psi pulse has been described before to induce injury (Ellis et 
al., 1995; Wanner, 2012). We next tested U251 cells exposed to a 6.0 psi stretch, to 
increase the stretch ratio applied to the cells from 1.55 to 1.75, mimicking a very 

Figure 2. U251 transcriptional changes induced by a 4.0 psi pressure injury.
(A-B) As an initial response to injury, FOS mRNA (3.8 fold) (A) and EGR1 mRNA (2.4 fold) 
(B) were significantly increased 0.5h after injury. After 24h expression the expression of FOS 
mRNA and EGR1 mRNA had returned to baseline. 
(C-D) Volcano plots showing the distribution of genes affected by mechanical injury 0.5h after 
injury (C) and 24h after injury (D). Depicted are the log2-fold changes on the x-axis vs the –log10 
of the uncorrected p-values on the y-axis. The dots in red represent genes with an uncorrected 
p-value below 0.1 and a fold change of over 50% change. After multiple testing correction, no 
genes were significant. 
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severe injury. As no clear astrocytosis markers emerged from the microarray of the 
samples injured with a 4.0 psi pulse, we chose to analyse by qPCR the expression of 
genes identified in literature to be highly activated in astrocytosis models, i.e. GFAP, 
S100B, Lipocalin 2 (LCN2), Ceruloplasmin (CP), Serpin Peptidase Inhibitor, Clade A 
(SERPINA), and TYRO Protein Tyrosine Kinase Binding Protein (TYROBP) (Orre et 
al., 2014a; Zamanian et al., 2012). For the early response we again determined the 
EGR1 and FOS mRNA levels that we showed to be increased in the 4.0 psi injury. 
Of these selected genes, TYROBP and LCN2 were not detectable in both uninjured 
and injured U251, and the expression of CP, GFAP, S100B, and SERPINA was not 
changed (not shown). FOS and EGR1 mRNA levels were again increased early after 
injury, and the response was stronger in the 6.0 psi condtion, although statistical 
significance was not reached, the trend was strong and variance was mainly caused 

Table 3: Top 20 genes 0.5h after 4.0 psi pressure injury ranked by absolute highest t-test 
statistics

Gene Symbol FC Int t FDR GenBank accession Agilent Probe Name

EGR1 2.39 9.92 6.75 0.15 NM_001964 A_23_P214080

FOS 2.72 6.95 6.61 0.15 NM_005252 A_23_P106194

GCH1 0.51 5.96 -4.52 1.00 NM_001024071 A_33_P3311439

FOSB 1.49 6.27 3.96 1.00 NM_006732 A_23_P429998

HM13 0.59 5.53 -3.34 1.00 NM_178582 A_33_P3323448

C8orf17 0.48 5.35 -3.27 1.00 XM_002346128 A_33_P3327888

Unknown 1.43 5.82 3.21 1.00 ENST00000428928 A_23_P4052

LCORL 1.53 5.99 3.17 1.00 NM_153686 A_32_P54242

OR51F1 1.34 6.11 3.06 1.00 NM_001004752 A_33_P3424507

BARHL1 1.48 5.82 2.96 1.00 NM_020064 A_23_P9340

PLA2G2C 0.72 6.13 -2.90 1.00 NM_001105572 A_33_P3344156

DBH-AS1 1.58 5.82 2.90 1.00 AF129263 A_33_P3682006

LOC439911 1.39 7.21 2.83 1.00 AK127450 A_33_P3551349

ATP1A1 1.36 15.99 2.83 1.00 NM_000701 A_23_P1072

Unknown 1.45 7.22 2.77 1.00 A_33_P3292241 A_33_P3292241

CHIC1 0.75 6.80 -2.75 1.00 NM_001039840 A_33_P3215093

FMO6P 1.62 5.78 2.74 1.00 NR_002601 A_33_P3285271

C11orf65 0.53 6.30 -2.73 1.00 NM_152587 A_23_P418485

AP4M1 0.80 6.52 -2.73 1.00 NM_004722 A_33_P3237944

YME1L1 1.32 5.86 2.70 1.00 ENST00000390454 A_33_P3343007
FC = Fold Change >1 = injury induced expression, <1 = injury repressed  expression, Int = Mean log2 
intensity, t = t-test statistic, FDR = False Discovery Rate controlled p-value.
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by a single experiment (FOS: uninjured N=4, mean = 0.064 n.a.u., 0.5h after stretch 
N=4, mean = 3.1 n.a.u., FDR = 0.06; EGR1: uninjured N=4, mean = 0.28 n.a.u., 0.5h 
after stretch N=4, mean = 2.7, FDR =  0.06, Fig. 3A&B). 

A western blot was performed on protein of samples isolated from the U251 
6.0psi condition, in a time series of 0.5h, 1h, 3h, 6h, and 24h after injury, with 
uninjured cells as a control, to compare protein levels to the mRNA increase. The 
intensity of the c-Fos band at 70 kDa, corrected for Gapdh (1.6-fold increase at 0.5h, 
N=1), did not follow the trend of 48-fold mRNA increase as reported by qPCR (Fig. 
3A&C). We tried several Egr1 antibodies, but these did not work on western blot in 
our hands. A staining to characterize localization of c-Fos did not result in any clear 
injury induced nuclear localization of c-Fos, due to already relatively high nuclear 
c-Fos localization in the uninjured control (not shown). 

Table 4: Top 20 genes 24h after 4.0 psi pressure injury ranked by absolute highest t-test 
statistics

Gene Symbol FC Int t FDR GenBank accession Agilent Probe Name

CKLF 0.66 5.92 -4.09 1.00 NM_016951 A_24_P215804

LMNB2 0.74 9.64 -4.05 1.00 NM_032737 A_23_P67725

Unknown 0.65 5.78 -4.04 1.00 XM_001717044 A_33_P3322460

ZNF521 0.66 6.20 -3.89 1.00 NM_015461 A_33_P3219398

HM13 0.55 5.53 -3.82 1.00 NM_178582 A_33_P3323448

NA 0.61 5.66 -3.80 1.00 Unknown A_33_P3291772

C8orf17 0.44 5.35 -3.73 1.00 XM_002346128 A_33_P3327888

Unknown 0.70 6.42 -3.58 1.00 XR_039169 A_33_P3248580

TWSG1 0.65 7.41 -3.58 1.00 NM_020648 A_24_P202497

Unknown 0.74 7.44 -3.39 1.00 ENST00000420126 A_24_P306469

MORF4 0.73 7.35 -3.34 1.00 NM_006792 A_24_P3461

ZNF10 1.57 7.02 3.32 1.00 NM_015394 A_24_P215475

SET 0.62 7.61 -3.28 1.00 NM_003011 A_24_P917866

HRH3 0.69 6.28 -3.26 1.00 NM_007232 A_24_P301837

IL1RN 0.74 6.11 -3.23 1.00 NM_173842 A_33_P3246829

SNX21 1.73 5.97 3.21 1.00 NM_152897 A_33_P3316683

Unknown 0.78 10.86 -3.18 1.00 Unknown A_33_P3219105

ARHGEF15 0.61 8.23 -3.17 1.00 NM_173728 A_23_P49674

Unknown 0.74 7.65 -3.16 1.00 Unknown A_33_P3351775

LOC729732 0.73 5.82 -3.14 1.00 XM_002343155 A_33_P3243500
FC = Fold Change >1 = injury induced expression, <1 = injury repressed  expression, Int = Mean log2 
intensity, t = t-test statistic, FDR = False Discovery Rate controlled p-value.
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Primary human astrocyte response to 4.0 psi cell injury

We anticipated that the lack of injury response, might alternatively be caused 
by our choice of the astrocyte cell line. Therefore we compared the response of 
primary human astrocytes to the response of U251 astrocytoma cells by measuring 
the response to injury with our selected qPCR markers. We isolated astrocytes 
from several human cases (Table 1). Astrocyte cultures from 4 post-mortem brain 
isolations proliferated slowly and could only be used for 1 experiment each. The 
astrocyte culture from isolation 10-083 proliferated quite well and experiments on 
these astrocytes could be replicated. Cells were subjected to a 4.0 psi pulse and 
injury evaluated by microscopy and with qPCR. The 10-083 astrocytes showed again 
a trend for increase in FOS and EGR1 mRNA at the early time point, although, due 
to the high variation in the samples, this did not result in a statistically significant 
change (FOS: uninjured N=3, mean = 0.15, 0.5h after stretch N=3, mean = 1.6, 
FDR=.1; EGR1: uninjured N=3, mean = 0.55, 0.5h after stretch N=3, mean = 1.59, 
FDR=.1, Fig. 4A-B). Also in these primary astrocytes the mRNA of the astrocytosis 
marker TYROBP mRNA was below the detection limit, whereas the expression 
level of GFAP, S100B, LCN2, CP, and SERPINA again did not respond to injury. The 
primary astrocytes derived from 10-083 were subjected to a 6.0 psi pulse injury 
(N=1) to test whether the lack of response was caused by the strength of the injury 
paradigm. Although FOS and EGR1 showed a 88-fold and 15-fold increase by qPCR, 
respectively, no other genes showed more than a 25% increase or decrease at 24h 
after stretch. A western blot was performed on protein of samples isolated from 
the 10-083 primary astrocytes injured by a 6.0 psi pulse, in a time series of 0.5h, 1h 

Figure 3. U251 response in 
immediate early genes induced by 
a 6.0 psi injury pressure. 
(A-B) Injury induced an increase in 
FOS (A) mRNA (48.4 fold) and in 
EGR1 mRNA (9.6 fold) after 0.5h. 
After 24h FOS and EGR1 mRNA 
levels were back to baseline.
(C) Western blot stained for 
c-Fos and GAPDH proteins, with 
samples taken at the indicated time 
points (Ctrl = uninjured control). 
C-Fos band migrates at ca 70 kDa, 
Gapdh at 37 kDa.c-Fos
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, 3h, 6h, and 24h after injury and uninjured controls, to compare protein levels to 
the mRNA increase. The c-Fos band corrected for GAPDH (0.9-fold decrease; N=1) 
did not show an increase corresponding to the 88-fold mRNA increase reported by 
qPCR after 0.5h (Fig. 4E).  

The other primary astrocyte cultures were only subjected to the 4.0 psi pulse. 
Microscopy analysis revealed these cells showed a more dramatic morphological 
change than the U251 cells after 30 min (Fig. 1E-F), but they also responded only with 
a transient increase in FOS and EGR1 transcription (FOS: uninjured N=4, mean = 
0.21, 0.5h after stretch N=4, mean = 2.41, FDR < 0.001; EGR1: uninjured N=4, mean = 
0.70, 0.5h after stretch N=4, mean = 1.55, FDR = 0.001, Fig. 4C-D). Transcription of the 
astrocytosis genes, GFAP, S100B, CP, SERPINA, and TYROBP was neither changed 
at 0.5h nor at 24h after injury. LCN2 was only detectable in 1 isolation, 2007-052, and 
showed a 2.6-fold increase 0.5h after injury, returning to baseline 24h after injury.

U251 response to 4.0 and 6.0 psi cell injury on collagen ECM

To test whether active adhesion complex signalling was required for induction 
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Figure 4. Primary human astrocytes 
transcriptional changes in FOS and 
EGR1 induced by 4.0 psi injury
(A-B) In primary human astrocytes 
(case 10-083 replicated 4 times), a 
4.0 psi pressure injury induced a 
FOS mRNA increase (10.7-fold, not 
significant; A) and an EGR1 mRNA 
increase (2.9-fold, not significant; 
B) 0.5 h after injury. 24h after injury, 
expression levels were back to 
baseline.
(C-D) In primary human astrocytes (4 
different donors), a 4.0 psi pressure 
injury induced a FOS mRNA increase 
(11.5-fold, FDR < 0.001; C) and an 
EGR1 mRNA increase (2.2-fold, FDR 
= 0.001; D) 0.5 h after injury. 24h after 
injury, expression levels were back to 
baseline. (E) Western blot of protein 
lysates of human primary astrocytes 
from case 10-083 injured with a 6.0 
psi pressure stained for c-Fos and 
GAPDH, with samples taken at the 
indicated time points (Ctrl = uninjured 
control). C-Fos band migrates at ca. 70 
kDa, Gapdh at 37 kDa.
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of genes involved in astrocytosis in our U251 cells, we injured our cells on 
membranes coated with collagen I instead of the YIGSR laminin peptide. The YIGSR 
peptide binds cells through the 67 kDa Laminin Receptor/Ribosomal protein SA 
(RPSA), whereas Collagen I binds cells through integrins, core components of focal 
adhesions, and mechanical signaling hubs. We applied both the 4.0 and the 6.0 psi 
pulse injury paradigm and tested for the panel of astrocytosis genes. Similar to the 
injuries performed on cell grown on YIGSR peptides, injuries with a collagen ECM 
induced  only a FOS and EGR1 response (Fig. 5). Transcription of the astrocytosis 
genes, GFAP, S100B, CP, SERPINA, and TYROBP was neither changed at 0.5h nor 
at 24h after injury, whereas LCN2 was not detected in enough samples to quantify 
(not shown). 

Relation of purinergic signaling to astrocytosis

Multiple reports described the role of purinergic signalling in the induction of 
astrocytosis (Bolego et al., 1997; Choo et al., 2013; Miller et al., 2009; Tran and Neary, 
2006). We have performed a single experiment (N=1) on both U251 cells and the 10-
038 primary astrocytes (Fig. 6). PPADS, a purinergic receptor inhibitor, treatment by 
itself did not induce a response in FOS and EGR expression in the cultures, but both 
cultures showed an increase in FOS and EGR1 after ATP induction and after stretch. 
Treatment of PPADS prevented the ATP induced response, as expected. However, in 

Figure 5. U251 transcriptional 
changes in FOS and EGR1 induced by 
a 4.0 psi and a 6.0 psi injury pressure 
on a collagen ECM
(A-B) U251 plated on collagen reacted 
to a 4.0 psi pressure injury with a 
FOS mRNA increase (2.9-fold; FDR < 
.001; A) and an EGR1 mRNA increase 
(1.7-fold; FDR = .04; B) 0.5 h after 
injury. 24h after injury, expression 
levels were back to baseline. 
(C-D) A 6.0 psi pressure injury 
induced an increase in FOS mRNA 
(34.8-fold; FDR = .004; C) and an 
increase in EGR1 mRNA (8.1-fold; 
FDR = .01; D) 0.5 h after injury. 24h 
after injury, expression levels were 
back to baseline.
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the primary cells that were mechanically injured, PPADS did not prevent the EGR1 
and FOS response. This implies that a different mechanism than ATP signaling via 
the P2 receptors underlies the increase in FOS and EGR1 after a mechanical injury. 
The injury of U251 in combination with PPADS failed (last column in Fig. 6A&B) 
and could not be interpreted. Note that this single experiment needs to be repeated 
before any conclusive statements can be made, but the observation is interesting 
nonetheless.

Discussion
To study the response of astrocytes to a mechanical injury, we profiled the 

transcriptomic changes of the U251 astrocytoma cell line 0.5h and 24h after 
stretching them by a 50 ms pressure pulse. Although initial qPCR analysis showed 
a rapid but transient increase in FOS and EGR1 mRNA (Fig. 2A&B), the following 
microarray analysis unexpectedly found no significant changes in response to the 
applied mechanical injury (Table 3&4). Subsequently, we investigated a number of 
conditions in our injury paradigm to find an explanation for the absence of the 
changes in the transcriptome, but no reactive astrocytosis transcriptomic response 
to injury could be induced by our paradigm in human astrocytoma cells and in 
human primary adult astrocytes. The gene targets we employed as markers of 

Figure 6. Transcriptional changes in 
U251 and primary human astrocytes 
induced by ATP signalling 
modulation
Primary human astrocytes (10-
083) or U251 were injured, treated 
with ATP for purinergic signalling 
induction, or treated with PPADS 
for purinergic signalling inhibition. 
Expression of FOS (A) and EGR1 (B) 
mRNA was analyzed by qPCR. Dots 
represent technical replication of a 
single biological replicate. PPADS 
was able to reduce the ATP induced 
effect on transcription, but not on 
stretch injury with primary line 10-
083. For U251 these data points were 
lost (A and B). 
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astrocytosis GFAP, S100B, LCN2, CP, SERPINA, and TYROBP, were based on the 
results of studies in various models (Orre et al., 2014a; Zamanian et al., 2012), but the 
focused qPCR approach with primers directed against these genes did not result 
in any evidence for induced astrocytosis. There are several possible explanations 
as to why we failed to observe a response. We tested: injury severity, astrocyte 
cell model, the nature of the ECM coating, and started to identify the signaling 
pathways involved.

Severity of injury

The 4.0 psi injury did not result in an induction of an astrocytosis response in 
our models (Fig. 2, 4, 5A&B), thus we attempted to increase the response of the cells 
by applying a larger pressure pulse, leading to a larger deformation, and therefore a 
more severe injury. Indeed the magnitude of the FOS and EGR1 response increased, 
but we did not detect a response in the astrocytosis markers GFAP, S100B, LCN2, 
CP, SERPINA, and TYROBP. The sensitivity of cells for mechanical injury has been 
described to vary between species, with mouse astrocytes being most sensitive and 
becoming reactive between 2.4-2.8 psi, rat astrocytes responding around 3.2 psi, 
and human astrocytes responding between 3.7-4.4 psi injury pressure (Wanner, 
2012). Note that these pressures are translated into substrate stretches that injure the 
cells. Based on the available literature, both the 4.0 and the 6.0 psi injury pressures 
applied should have been able to induce a astrocytic response, but transcription of 
astrocytosis genes was not increased in any of the samples. Possibly the cells do 
not express the proper mechanosensitive receptors, or the cells are incapable of an 
astrocytic response due to the lack of FBS in the culture medium, or the time point 
of the increase in expression was missed. Other explanations that we tested, are 
discussed below.

Injury in different astrocytic models

Of the various human astrocytic cell lines available, we mainly studied the U251 
astrocytoma cell line, due to its relative homogeneity for the microarray analysis 
and ease of use. One of the disadvantages of using astrocytoma for studying reactive 
astrocytosis, is that GFAP, the hallmark gene, is often downregulated in higher 
grade astrocytomas. Although U251 is one of the astrocytoma cell lines that does 
express GFAP (Moeton et al., 2016), GFAP regulation may not behave as in primary 
astrocytes. We found that the GFAP expression in U251 is quite heterogeneous, 
as staining for GFAP in a U251 culture reveals a mix of GFAP-positive and GFAP-
negative cells (Chapter 4). To circumvent this heterogeneity in GFAP, we also 
selected a spectrum of reactive astrocytosis markers identified in molecular studies 
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of astrocytes in pathology (S100B, LCN2, CP, SERPINA, and TYROBP), but also none 
of these targets responded to the mechanical injury (Orre et al., 2014a; Zamanian et 
al., 2012). In addition, tumour cell lines have mutations causing altered signalling 
pathways resulting in the ongoing proliferation (Hanahan and Weinberg, 2011). 
These alterations could affect the transcription of the reactive astrocytosis genes 
in U251 cells, and hence the lack of response after injury. We therefore decided 
to also study primary astrocytes isolated from human post-mortem brains for 
a reactivity response after injury. Again, also in these cases, increased FOS and 
EGR1 was observed, but no increased expression of astrocytosis markers (Fig. 4). 
In the brain, the astrocyte is a cell type in a complex environment, with a highly 
organized spatial structure with endfeet in contact with the brain’s blood vessels, 
cell regions taking part in tripartite synapses, and many fine processes involved 
in homeostasis of the brain (Oberheim et al., 2006). The in vitro astrocyte is always 
a gross oversimplification of the in vivo astrocyte, and the complex morphology of 
astrocytes in vivo is frequently reduced to a more simple polygonal shape in vitro 
(Puschmann et al., 2013). It has been argued that the in vitro astrocyte is already 
in a reactive state (Puschmann et al., 2013). Nonetheless, there are many reports 
of primary isolated astrocytes (in most cases from rat) that have been induced to a 
reactive phenotype through mechanical injury (Ellis et al., 1995; Neary et al., 2005; 
Tran and Neary, 2006). To study the role of mechanical injury in vitro it is of the 
highest importance that 3-dimensional culturing and injury models are developed 
where astrocytes can grow in conditions closer to their native state (O’Shea et al., 
2015; Puschmann et al., 2013).

Nature of ECM coating

In our injury model, we chose for a YIGSR peptide as ECM coating for the cells 
to adhere to. Since laminin is a prominent component of the basal membrane in the 
brain and is produced by astrocytes. The YIGSR-peptide has been identified to be one 
of the adhesion motifs for cells attaching to laminin, therefore we decided to select 
the YIGSR peptide as it would better mimick the natural astrocyte environment 
than e.g. poly-L lysine or collagen (Massia et al., 1993). However, we did not observe 
any astrocytosis response on this coating, neither with the U251 cells nor with the 
primary astrocytes (Fig. 2-4). YIGSR and RGD are peptides used as replacements 
for full length ECM proteins laminin and fibronectin, however, they miss various 
functional domains of the full length ECM proteins. These peptides do not always 
induce the same signalling cascades as their full length counterparts (Boateng, 
2004). In addition, in contrast to RGD, YIGSR is not a ligand for integrins, but for 
the ribosomal protein SA (RPSA; 67kDa laminin receptor) (Graf et al., 1987). RPSA is 
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a protein with both functions in the ribosome, as well as extraribosomal cell-ECM 
interaction functions (Scheiman et al., 2010). Although RPSA can bind and induce 
remodeling of laminin, it does not have a described role in mechanotransduction 
like integrins (Ardini et al., 2002). Since active mechanotransduction signalling can 
play a role in injury induced response and since most of the reported astrocyte injury 
studies with the cell injury controller performed so far were done on a collagen 
coating that integrins can bind to (Ahmed et al., 2000; Ellis et al., 1995; Floyd et al., 
2001, 2004; Hoffman et al., 2000; Neary et al., 2005; Tran et al., 2008), we decided 
to extend our injury experiment of the U251 cells with both the 4.0 psi and the 
6.0 psi injury on collagen coated plates. Baseline FOS and EGR1 mRNA expression 
on collagen did not differ from baseline on the YIGSR-coating. Although the 
induction of FOS and EGR1 levels after injury were comparable, again no induction 
of the reactivity targets was observed (Fig. 5). This suggests that the lack of reactive 
astrocytosis in our injury on YIGSR-coated plates is not due to the lack of integrin-
mediated adhesion or omission of other signaling domains of full length laminin.

Signaling pathways of astrocyte injury induced reactivity

Mechanical injury to astrocytes leads to membrane rupture and the release of 
glutamate and ATP which are involved in injury related signaling (Edling et al., 
2007). ATP binds to astrocytic P2Y purinergic receptors, leading to activation of 
AKT and p38 (ERK) signaling pathways. These cascades induce the release and 
induction of various hallmarks of astrocytosis, such as thromspondin-1, N-cadherin 
or altered mechanical properties of the astrocytes (Miller et al., 2009; Tran and 
Neary, 2006; Tran et al., 2008). We tested U251 and primary astrocytes for their 
response to ATP and both responded with an induction in EGR1 and FOS after 0.5h. 
This experiment was a pilot (N=1) and we have not tested the 24h condition yet, 
but there is an interesting lead in this experiment. On the one hand, considering 
there is an early induction of FOS and EGR1 by ATP, it would be very interesting to 
see whether this approach can induce an astrocytosis response on the longer term, 
for further molecular dissection of the astrocytosis pathway. On the other hand, 
the response of primary human astrocytes to stretch was not inhibited by the ATP 
antagonist PPADS (Fig. 6), implying that other P2-receptor independent signalling 
mechanisms are active in this stretch paradigm (YIGSR coated 6.0 psi injury). It 
would be an interesting point of investigation for a follow up study, to identify these 
other mechanisms. 

In summary, the various injury paradigms tested did not yet reveal a single 
condition that could bring about a clear reactive astrocytosis response. Although it 
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is possible that a combination of primary cells injured on a collagen coating would 
show an astrocytosis response, there may be other parameters that we have not 
tested and may be crucial in the process of astrocytosis. Astrocytes are sensitive to 
the cell culture medium in which they are cultured, e.g. FBS contains components 
which ensures maturation of astrocytes, although it may also induce a constitutive 
reactive response. Our experiments were performed after serum depletion, as 
transcription factors like FOS are known to be transported to the nucleus after 
serum exposure. Other studies on in vitro astrocyte injury experiments use either 
serum free (Wanner et al., 2008), low serum (Miller et al., 2009; Neary et al., 2005), or 
high serum conditions (Ellis et al., 1995; Floyd et al., 2001). Although the experiments 
performed with either 0% or 0.5% serum also did not show an increase in GFAP 
after injury (Neary et al., 2005; Wanner et al., 2008), other labs working on astrocytes 
in physiology have used specific batches or species origin of serum to create basal 
conditions to specifically study non-reactive astrocytes (Puschmann et al., 2013; 
Wanner, 2012). It is possible that the presence of FBS, in combination with a primary 
astrocyte model cultured on an integrin interacting coating such as collagen or 
fibronectin would result in a astrocytosis response. This would be an interesting 
approach for follow up research.  

Specific induction of FOS and EGR1

An interesting observation is the specific and unique induction of FOS and 
EGR1 transcript levels in the U251 4.0 psi injury model (Fig. 1C&D). Although other 
genes may also be induced in the other paradigms, a change in the gene expression 
of these two genes was prominently present in all of our studied conditions. 
C-Fos is best known for its role as a transcription factor in the AP-1 complex in cell 
survival and apoptosis and as a marker for neuronal activity (Benito and Barco, 
2014; Shaulian and Karin, 2002).  Also two of our astrocytosis target genes, GFAP 
and SERPINA, require AP-1 activation for transcription (Gopalan et al., 2006). Egr1 
is a transcription factor best known for its role in neural plasticity (Davis et al., 
2003). Interestingly, c-Fos also has a role besides its function as transcription factor, 
being an activator of various enzymes in the phospholipid synthesis activation, a 
role which is activated in proliferating cells (Pecchio et al., 2011; Portal et al., 2007). 
Immediately after mechanical injury, especially the larger cells (primary human 
astrocytes) display visible membrane disturbances (blebbing and granularity) that 
the cells repair rapidly (Fig. 1E-F). It is possible that c-Fos is induced in these cells to 
activate phospholipid synthesis required for membrane repair. Egr1 is also involved 
in mechanical injury induced transcription programs (Khachigian et al., 1996). Thus 
it seems our injury model induces just an early injury response, but the cells do not 
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progress into a full reactive astrocytosis.

Conclusion
In conclusion, we aimed at studying in an unbiased way the transcriptional 

changes in astrocytes after a mechanical injury, to identify the contribution of 
mechanical disruption of astrocytes to the events leading to reactive astrocytosis 
in TBI. Commonly used models to study astrocytes in vitro include astrocytes 
acutely isolated from human or rodent brain by mechanical dissociation or 
immunophenotypic selection (Foo et al., 2011; Jungblut et al., 2012; Manthorpe et 
al., 1979), induction of astrocyte differentiation from stem cells (Cuadrado et al., 
2013; Williams et al., 2014), or use of rodent or human astrocytoma lines (Cai et 
al., 2003; Steele et al., 2012). The different models all have their advantages and 
disadvantages. An important disadvantage of using rodent brain derived astrocytes 
is that humans have subtypes of astrocytes, which are not present in rodents, and 
that the astrocytes from each species respond very differently to injury (Oberheim 
et al., 2009; Puschmann et al., 2010; Wanner, 2012). Therefore a more preferable 
option to study astrocyte reactivity is to use an astrocyte model of human origin. 
An advantage of cell lines is that they have been expanded so much over the years 
that they are usually a homogeneous population and relatively easy to obtain, 
maintain and experiment on. Well known and widely used human astrocytoma 
cells are the glioblastomas, e.g. the U251, U343 or U373 cell line (Bigner et al., 1981). 
A disadvantage of using cell lines is that they are derived from tumours and thus 
are likely to have mutations causing the ongoing proliferation and have altered their 
signalling pathways (Hanahan and Weinberg, 2011). Human brain derived astrocyte 
populations have the disadvantage of often being contaminated by endothelial cells 
and microglia. Moreover, they rapidly lose their astrocyte properties in vitro. For 
microarray analysis it is important to have a single population of cells, as shifts in 
cell ratio between cell populations can affect the observed changes in transcription 
(e.g. cell death of astrocytes only in a mixed population due to mechanical injury, 
will show a relative reduction of astrocyte transcripts and increase of microglia 
transcripts). In addition, there may be crosstalk between different cell populations, 
which in itself can be relevant for biological injury models, but does not answer 
the question of our study: the response of astrocytes to a mechanical injury in 
itself. Placing this question in the context of TBI, it is possible that a mechanical 
injury per se does not induce reactive astrocytosis. In vivo TBI models show a 
peak of reactive astrocytosis 3 days after the injury, a time span that allows for a 
complex inflammatory reaction to respond to the mechanical neuronal damages. 
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The findings of our study underline the difficulty of finding a representative in 
vitro astrocyte model, and the future likely lies in the purification of primary 
populations using sorting techniques, while culturing the cells on 3D materials 
to maintain the astrocyte phenotype. Although in earlier studies of in vitro injury 
astrocytosis markers increased 6 hours after injury, we only found a transient effect 
of mechanical injury on our astrocyte cultures. We therefore conclude that the 
astrocyte models tested by us are mechanically very resilient cells, that can cope 
quite well with a transient stretch injury.




