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Abstract

Reactive gliosis is a process triggered in astrocytes after traumatic injury, yet the exact consequences of gliosis on
cellular survival and neural regenerative processes in the injured brain remain only partly understood. One
recently discovered feature influencing neuronal growth and differentiation is the physical stiffness of the
environment surrounding pioneering neurites. In this study, the mechanical properties of cultured cortical
astrocytes are measured following a mechanical stretch injury that induces reactive gliosis. In mechanically
injured cultures, there was a significant increase in glial fibrillary acidic protein (GFAP) immunoreactivity 24 h
following a rapid, transient 15% strain. In these same cultures, astrocytes in the surrounding region—the
‘‘mechanical penumbra’’—also exhibited increased GFAP immunoreactivity compared to naive cultures. Cor-
related with these changes in GFAP was a general softening of the non-nuclear regions of the astrocytes, both in
the injured and penumbra cells, as measured by atomic force microscopy (AFM). The elastic modulus in naive
cultures was observed to be 57.7� 5.8 kPa in non-nuclear regions of naive cultures, while 24 h after injury the
modulus was observed to be 26.4� 4.9 kPa in the same region of injured cells. In the penumbra of injured
cultures, the modulus was 23.7� 3.6 kPa. Alterations in astrocyte stiffness in the area of injury and mechanical
penumbra were ameliorated by pretreating cultures with a nonselective P2 receptor antagonist (PPADS). Since
neuronal cells generally prefer softer substrates for growth and neurite extension, these findings may indicate
that the mechanical characteristics of reactive astrocytes are favorable for neuronal recovery after traumatic brain
injury.
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Introduction

Past work shows astrocytes perform many important
functions within the central nervous system (CNS), in-

cluding the release of neurotransmitters, the secretion of tro-
phic factors, and the synthesis and release of molecules to
shape the extracellular matrix (Sofroniew, 2005). With the
close proximity of astrocytic end feet to the chemical synapse
of some neurons (Ventura and Harris, 1999) and the connec-
tivity of a single astrocyte to several hundred neighboring
dendrites (Halassa et al., 2007), it is not surprising that recent
reports show that astrocytes can shape the process of synaptic
neurotransmission (Araque et al., 1998a,b; Kang et al., 1998;
Fiacco and McCarthy, 2004). Perhaps equally important is

the active role that the astrocytes play in influencing the fate
of neurons during the course of disease or following dam-
age in the CNS (Halassa et al., 2007). Currently, though, there
is an incomplete view on how the changes in astrocyte
behavior—including the functional, structural, and molecular
alterations—following traumatic brain injury (TBI) will con-
tribute to the repair process after injury.

One of the most dramatic changes in astrocytes following
focal TBI is the reactive gliosis surrounding the lesion. In
general, gliosis is a process that involves proliferation, in-
creased process length, production of extracellular matrix and
upregulation of glial fibrillary acidic protein (GFAP) in as-
trocytes (Pekny and Nilsson, 2005). Despite the growing
number of reports on how astrocytes can control neuronal fate
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and regeneration after injury, there is one surprisingly simple
physical property of reactive astrocytes related to the change
in its cytoskeleton (i.e., the intrinsic mechanical properties or,
more generally, stiffness of the cell) which has been largely
overlooked. In general, substrate stiffness is increasingly
known for its importance in cell attachment, motility, and
process extension, especially in neuronal cells (Pelham and
Wang, 1997; Lo et al., 2000; Balgude et al., 2001; Wang et al.,
2001; Flanagan et al., 2002). Unlike astrocytes, which grow
best on harder substrates (Georges et al., 2006), neurons prefer
soft substrates, with neurite branching decreasing signifi-
cantly when substrate stiffness is greater than that measured
in human gray matter (Pelham and Wang, 1997; Lo et al.,
2000; Balgude et al., 2001; Flanagan et al., 2002; Discher et al.,
2005; Lu et al., 2006). Indeed, astrocyte monolayers in vitro
provide a more favorable environment for neurite outgrowth
and neuronal attachment (Powell et al., 1997) when compare
to astrocyte conditioned media, but this finding remains
largely unexplained. Given the cytoskeletal alterations that
occur within reactive astrocytes after mechanical injury, a
natural question arises: Will reactive astrocytes show a change
in their mechanical properties, and what mechanism mediates
this alteration in stiffness?

In this study, we tested if cultured astrocytes show changes
in their cytoskeletal structure and mechanical stiffness fol-
lowing traumatic mechanical injury. We used an in vitro
model of traumatic mechanical injury to establish conditions
that would lead to astrocytic reactivity 24 h following injury,
and then used atomic force microscopy (AFM) to compare the
elastic properties of individual reactive astrocytes to control,
uninjured astrocytes. In addition, we determined whether
changes in cellular stiffness and immunoreactivity extend
beyond the initial area of mechanical injury in vitro, and if
there is a pharmacological means to attenuate stretch-induced
changes in stiffness across astrocyte monolayers. We found
significant alterations appeared in the stiffness of mechani-
cally injured astrocytes and that these changes were not re-
stricted to the region of initial mechanical injury. In addition,
we determined stretch-induced changes were blocked using
an inhibitor of a specific subtype of purinergic receptors prior
to injury. Together, these data show that the mechanical
properties of astrocytes is a new factor to consider when in-
terpreting the role of reactive gliosis following mechani-
cal trauma, and there may be readily available therapeutic
targets which influence this feature of reactive astrocytes after
TBI.

Methods

Astrocyte cell culture and drug treatment

Pure cortical astrocyte cultures were generated from E18
Sprague-Dawley rat embryos (Charles River Laboratories,
Wilmington, MA) according to animal welfare guidelines and
using procedures approved by the University of Pennsylva-
nia’s Institutional Animal Care and Use Committee (IACUC).
Briefly, brains were dissected from the embryos, and the
meninges were removed. The cortices were dissected and
dissociated by incubating in Neurobasal media (Invitrogen
Corp., Carlsbad, CA) with trypsin (0.3 mg=ml; Sigma–
Aldrich, St. Louis, MO)þDNase I (0.2 mg=ml; Amersham
Biosciences, Piscataway, NJ) at 378C, 5% CO2. Enzymatic
activity was inhibited after 20 min by adding soybean

trypsin inhibitor (0.5 mg=ml; Gibco, Grand Island, NY).
The tissue was mechanically disrupted by pipetting, then
centrifuged for 5 min at 1000 rpm and resuspended in
Dulbecco’s Modified Eagle’s Medium (DMEM; Cambrex
Bio Science, Walkersville, Inc., Walkersville, MD)þ 5% fetal
bovine serum (FBS; Hyclone, Logan, UT). Cells were fil-
tered sequentially through a 60-mm and 28-mm Nitex Mesh
(Cross Wire Cloth & Manufacturing Co., Bellmawr, NJ)
and plated onto poly-l-lysine (PLL; Sigma)–treated T75
tissue culture flasks (Fischer Scientific, Inc., Pittsburgh, PA)
at a concentration of 1�105 cells=ml. Medium was changed
every 3–4 days.

At 13 days in vitro (DIV), cells were placed on an orbital
shaker and shaken at 250 rpm overnight at 378C, 5% CO2 to
remove loosely adherent cells that included neurons and
microglia. Flasks were rinsed with saline solution before
adding 4 ml of trypsin=EDTA (0.25%; Invitrogen) for 2–3 min
at 378C, and then mechanically disrupted to dislodge the cell
layer from the flask surface. DMEMþ 5% FBS was added to
inhibit enzymatic activity. The cells were centrifuged for 5 min
at 1000 rpm and resuspended in DMEMþ 5% FBS. The cell
suspension was diluted to 1�105 cells=ml and plated onto
PLL-treated silicone-based elastic membranes (cured Sylgard
186=Sylgard 184 at a 7:4 mix; Dow Corning, Midland, MI).
Medium was changed at 24 h and then every 3–4 days until
use after 13–14 DIV, at which point cultures had reached
confluency. Cultures were determined to be >95% pure as-
trocytes by immunochemistry for GFAP (astrocytes), type-3
beta-tubulin (neurons), and CNPase (oligodendrocytes)
counterstained with Hoechst. Cultures were discarded if not
confluent.

Prior to mechanical injury, the medium was replaced
with DMEMþ 5% FBS. This medium remained on cultures
for the entire duration of the experiment. For a selected group
of experiments, cultures were injured in the presence
of pyridoxalphosphate-6-azophenyl-2’,4’-disulphonic acid
(PPADS; 10mM; Sigma), a nonselective antagonist of P2 pur-
inergic receptors. For another group of experiments, cultures
were pretreated with the extracellular ATP degrading enzyme
apyrase (20 U=mL; Sigma). Inhibitors were brought to their
final concentration in the media formulation above, and cul-
tures were incubated with inhibitors beginning 15 min prior
to mechanical injury and continuing for the complete 24-h
period following injury.

Mechanical injury to astrocyte monolayers

We used a system developed in past studies to stretch a
portion of the astrocyte monolayer, controlling both the
magnitude and duration of the stretch insult. A rapid, tran-
sient air pressure pulse was applied to the culture surface,
deflecting the membrane downward. A metal plate beneath
the culture restricted the deflection of the elastic membrane to
a 2 mm�18 mm rectangular region, approximately 12% of the
entire membrane surface (Fig. 1). Marks on the membrane
readily distinguished the region of direct stretch from the
adjacent area of membrane that did not deform (Lusardi et al.,
2004). The geometry of the stretched area created a nearly
uniform uniaxial strain field throughout the stretched region
(Lusardi et al., 2004), where the maximum membrane strain is
in proportion to the applied pressure. The time to achieve
peak strain (20 ms) and magnitude of the strain (5%, 15%,
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25%) were controlled to simulate mild TBI (Shreiber et al.,
1997). We did not observe any overt changes in the astrocyte
morphology immediately following stretch, and all cells were
adhered to the membrane following injury. Additionally,
we did not detect any changes in viability one day following
injury using propidium iodide staining. We termed the area of
the culture where the membrane deformed as the ‘‘injured’’

region, while the region surrounding the region of stretch-
injured cells was defined as the ‘‘mechanical penumbra’’ (i.e.,
the area that experienced no direct mechanical deformation)
(Lusardi et al., 2004). All cultures were stretched once
and returned to the incubator environment for 24 h before
conducting AFM measurements or GFAP immunocyto-
chemistry.

FIG. 1. Mechanical injury to cultured astrocytes produces reactive gliosis within and distant from the site of mechanical
injury. (A) Overview of the in vitro system used to mechanically injure primary cortical astrocytes. The system allows one
to stretch only a subregion of the entire culture. Immunocytochemical analysis with anti–glial fibrillary acidic protein
(GFAP) antibody showed an increase in GFAP immunoreactivity 24 h following stretch. (B) Quantitative analysis of
immunofluorescence intensity when compared to naive samples from the same culture region showed a significant increase
in GFAP immunoreactivity (asterisk; p< 0.05) across the entire culture. The stretch-induced increase in immunoreactivity
was eliminated by treating the cultures with apyrase (20 U=ml) to enzymatically degrade extracellular ATP. Scale
bar¼ 50mm.
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Evaluating GFAP immunoreactivity
in cultured astrocytes

At 24 h following stretch injury, cultures were rinsed with
PBS and fixed in 4% paraformaldehyde for 15 min. Cells were
permeabilized in 0.2% Triton (Sigma) in Tris-buffered saline
(TBS) for 5 min. Primary monoclonal GFAP antibody (1:1000;
Chemicon, Temecula, CA) in 5% normal goat serum (NGS)
was added, and the cultures were incubated overnight at 48C.
The cells were rinsed 2�with TBS and incubated for 30 min in
5% NGS and then the secondary antibody (Alexa Fluor 488,
1:1000; Chemicon) was added for 1 h. The cells were rinsed
and stored at 48C until imaging. For all experiments, no pri-
mary and no secondary antibody controls revealed no non-
specific labeling.

Immunoreactivity was quantified by using Metamorph
software (Universal Imaging, West Chester, PA) to compute
an average fluorescence for a full-field image (350mm�
350 mm). A threshold was set for the images to include only
cellular areas, and average immunofluorescence was re-
corded. In stretched cultures, three to six images were taken
randomly from the mechanically injured region, and four to
10 images were taken from the adjacent, uninjured (penum-
bra) regions. Image thresholds and image acquisition settings
were kept constant throughout each analysis step. In un-
stretched cultures, six to 10 images were taken randomly
throughout the culture. Immunoreactivity was compared
from week to week by including at least three naive controls
each week and normalizing each week’s immunoreactivity
data to the naive controls for that week.

Atomic force microscopy measurement of astrocytes
mechanical properties

Images were acquired using a Bioscope AFM with a Na-
noscope IIIa controller (Veeco Instruments) and a DAFM-2X
Dimension Head Scanner (Veeco). Images were obtained in
contact mode using silicon nitride DNP cantilevers (Veeco),
which are nominally 200mm long, with 20-mm-wide legs.
Contact mode images were taken in DMEM media at room
temperature with scan rates of 30–100mm=s and scan sizes of
10–100 mm in each direction. These images were used to
identify nuclear and non-nuclear regions of each astrocyte.
After imaging a region of the culture, force curves were col-
lected by indenting the cantilever onto the cell surface while
holding the x,y-axis constant. The nominal spring constant of
these cantilevers is reported to be 0.06 N=m, although actual
spring constants were determined using resonance frequency
measurements of the tip prior to each experiment. The sensi-
tivity of each cantilever was calibrated before use by lower-
ing the cantilever onto a glass slide. After the cantilever
reached the surface of the cell, it was lowered at least 300 nm
towards the cell surface at a rate of 1 Hz.

The apparent Young’s modulus, E, was determined by
fitting deflection curves for each culture using Sneddon’s
modification of the Hertzian model (Sneddon, 1965; Landau
and Lifshitz, 1970):

F¼ 4ER12d32

3(1� �2)
(1)

where R is the radius curvature at the apex, F is the loading
force, E is the elastic Young’s modulus, � is the Poisson ratio

(�¼ 0.5; based on Sato et al. [1990]), and dwas the deflection of
the cantilever (Sneddon, 1965).

Statistical analysis

Data are reported as mean� standard error except where
specified otherwise. Significance for GFAP immunoreactivity
and for differences in Young’s modulus was determined by
analysis of variance (ANOVA) with strain (injured vs. naive)
and culture location (stretched vs. penumbra) as groups.
Curve fitting for the AFM experiments was determined by
linear regression and by a chi-squared test for goodness of fit.
ANOVA testing followed by Tukey posthoc analysis was
used to detect significant differences between untreated and
PPADS-treated cultures.

Results

Mechanical stretch induces an ATP-dependent
increase in GFAP immunoreactivity 24 hours
following injury

Our first objective was to establish the mechanical condi-
tions leading to a marked increase in GFAP immunoreactivity
24 h following stretch injury. We used a range of peak mem-
brane strains that did not cause any significant cell death,
indicated by the absence of propidium iodide staining 24 h
following injury (data not shown). Through a series of pre-
liminary studies at three peak strain values (5%, 15%, and
25%), we found that, although there was an increase in im-
munoreactivity following 5% and 15% stretch, the threshold
for a significant increase in GFAP immunoreactivity occurred
following a 15% strain injury (Fig. 1A,B). At the 15% level of
mechanical injury, astrocytes showed no increased cell den-
sity one day after injury, and showed only nominal increases
in process length (Fig. 1A). Astrocytes in the penumbra
regions of the injury, defined as the regions immediately ad-
jacent to the stretch (Fig. 1A), also showed similar mor-
phological changes and stained significantly more intensely
for GFAP following 15% stretch injury when compared to
naive cultures ( p< 0.05, Fig. 1B). There was no difference in
GFAP immunoreactivity between stretched and penumbra
astrocytes. Based on past studies showing exogenous ATP is
capable of initiating reactive gliosis in astrocytes (Abbracchio
et al., 1996; Brambilla et al., 2002; Neary et al., 2005), we
pretreated cultures with apyrase to enzymatically degrade
extracellular ATP in the media for 24 h following injury.
Apyrase treatment consistently reduced the stretch-induced
GFAP immunoreactivity to control levels in both the injured
and penumbra regions (Fig. 1B), showing that extracellular
ATP was a key factor mediating stretch-induced gliosis.

Mechanical properties of cultured astrocytes
vary regionally

We next completed measurements of mechanical proper-
ties in naive, unstretched cultures to detect if any regional
variations in mechanical properties occurred prior to acquir-
ing properties in stretch-injured cultures. Recent reports show
the significant difference between overall measurements of
cell stiffness and isolated cell nucleus, with the nucleus
showing a more strongly nonlinear behavior and stiffer re-
sponse when compared to bulk properties of individual cells
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(Caille et al., 2002; Dahl et al., 2005). We measured only the
elastic, rather than viscoelastic, properties of individual as-
trocytes based on the role of elastic substrate stiffness prop-
erties on neuronal morphology and synaptic development.
We made separate measurements for nuclear and non-nuclear
regions of the cells, using the image acquired from the contact
mode on the AFM to develop a three-dimensional surface
profile of each cell to discriminate between nuclear regions,
which showed a much higher height relative to the substrate,
from non-nuclear regions which showed a flat profile relative
to the membrane culture surface. In naive cultures, there was
a significant increase in the elastic modulus measured in non-
nuclear regions of individual astrocytes (57.7� 5.8 kPa;
n¼ 27 cells) when compared to properties measured in the
nuclear region (22.7� 5.8 kPa). Given that the indentations
above the nuclear region were likely a combination of elastic
properties from both the cytoskeleton and cell nucleus, we
concentrated the remainder of our analysis only on mea-
surements from the non-nuclear region, which we considered

a more consistent reflection of only the cytoskeletal alterations
caused by stretch injury.

Mechanically injured astrocytes show
regional changes in cell stiffness

We next tested if the changes in GFAP immunoreactivity
also corresponded to a change in the mechanical properties of
individual cells. Measurements at 1 day following mechanical
injury revealed a significant reduction, or softening, of the
elastic modulus in astrocytes from the injured region
(26.4� 4.9 kPa [injured; n¼ 18 cells] vs. 57.7� 5.83 kPa [naive;
n¼ 27]; p< 0.05; Fig. 2C). The softening effect also appeared in
astrocytes from the mechanical penumbra region, with a
significant reduction in comparison to naive controls
(23.7� 3.6 kPa compared to 57.7� 5.8 kPa in naive cultures;
p< 0.05; Fig. 2C). Interestingly, we detected no significant
difference in the measured elastic modulus between the in-
jured and penumbra regions of the culture, similar to the

FIG. 2. Alterations in mechanical properties of reactive astrocytes are mediated by the P2 subtype purinergic receptors. (A)
Atomic force microscopy was used to indent the surface of cultured astrocytes and measure the elastic modulus for indi-
vidual cells. Shown is the average force-deflection curve (filled symbols; meanþ SD) obtained for naı̈ve astrocytes indented in
non-nuclear regions. Force deflection curves were fit (dashed line) to determine the elastic modulus. (B) Indentation data
revealed an estimated elastic modulus in naive cultures that was much stiffer over non-nuclear regions in comparison to
nuclear areas. (C) In mechanically injured cultures, the astrocytes showed a significant softening (asterisk; p< 0.05) in both
the injured area and the mechanical penumbra, similar to the changes in glial fibrillary acidic protein (GFAP) immunore-
activity observed in both regions. No difference in the elastic modulus was detected between the injured and penumbra
regions. (D) The mechanically induced softening was prevented by pretreating cultures with a nonselective P2 receptor
antagonist (PPADS, 10mM).
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observations on GFAP immunoreactivity between these two
areas of the culture.

Changes in cell stiffness following mechanical injury
are inhibited by blocking P2 type purinergic receptors

With evidence showing mechanical stretch injury of as-
trocytes produces significant changes in the cell stiffness in
both the injured and penumbra region, we next considered if
there was a pharmacological means to ameliorate this effect.
Concentrating our efforts on ATP-mediated mechanisms was
a natural direction to pursue, given the role of extracellular
ATP in mediating the reactive gliosis across both the injured
and penumbra regions of the culture (Fig. 1). Rather than
broadly testing all ATP-mediated receptors and mechanisms,
though, we focused on inhibiting the P2 subtype of purinergic
receptors because of the past demonstrated role for these re-
ceptors in both ERK phosphorylation and AkT activation,
considered two possible steps leading to reactive gliosis
(Munsch et al., 1998; Neary et al., 1998, 1999, 2003; Lenz et al.,
2000). We measured changes in the mechanical properties of
individual cells across the entire culture surface, maintaining
a balance between cells in the injured and mechanical pen-
umbra region. Pretreating cultures with a nonselective P2
receptor antagonist (PPADS; 10 mM) did not affect the mea-
sured mechanical properties of individual astrocytes in naive
cultures (49.2� 4.4 kPa; n¼ 18). Consistent with past obser-
vations, we observed a softening of the mechanical properties
in stretch-injured, untreated astrocytes (28.8� 10 kPa; n¼ 43).
Pretreatment of cultures with PPADS restored the mechanical
properties to naive, unstretched controls (44.4� 11.4 kPa
[n¼ 14; PPADS treated] vs. 49.2� 4.4 kPa [n¼ 18; treated
naive]).

Discussion

In this study, we used AFM to investigate the stiffness of
cultured astrocytes after mechanical injury. We first deter-
mined the mechanical threshold for astrocytes reactivity to
appear 24 h following stretch injury, indicated by an increase
in GFAP immunoreactivity. We found that this increase in
GFAP immunoreactivity could be eliminated with apyrase,
showing that ATP played a significant role in the mechani-
cally induced reactivity of astrocytes. Non-nuclear areas of
mechanically injured astrocytes showed a softening 24 h after
injury; this softening response also appeared in astrocytes
from the region of mechanical injury and the surrounding.
Inhibiting P2 type purinergic receptors prevented the soften-
ing that appeared in the non-nuclear region of reactive as-
trocytes.

In general, our findings on the range and regional change in
mechanical properties for individual astrocytes match most
prior measurements for cultured astrocytes, and fit within the
range of properties reported for other cell types. Although our
measures of cell stiffness in the non-nuclear region of naive
astrocytes were slightly higher than the 10–20-kPa range from
a past measurement of astrocyte stiffness (Yamane et al.,
2000), we used a different fitting approximation for our data
that would yield slightly higher estimates of the mechanical
properties compared to a more common conical approxima-
tion used in past AFM studies. Similarly, nuclear regions were
proportionally softer in our samples to match prior observa-
tions (Radmacher et al., 1996; Ricci et al., 1997; Sato et al., 2000;

Yamane et al., 2000), even though the isolated nuclei are now
known to be approximately an order of magnitude stiffer than
the cytoplasm (Caille et al., 2002; Dahl et al., 2005). While the
relative range of mechanical properties can change substan-
tially when the viscoelastic properties are measured (Mathur
et al., 2001; Lu et al., 2006), we chose only to measure the
elastic properties of individual astrocytes in this study be-
cause of the known link between the elastic stiffness of a
substrate and its role on neuronal outgrowth and differenti-
ation (Flanagan et al., 2002; Engler et al., 2006). The influence
of the complex modulus on similar neuronal outgrowth pa-
rameters remains unknown.

The role of ATP in producing reactive astrocytes is well
established in past in vitro studies, and our data extend this
past work by showing the central role that ATP-mediated
signaling has in eliciting a reactive gliosis following me-
chanical stretch injury. Our unique observation that the re-
activity can extend beyond the area of direct mechanical
injury into the mechanical penumbra zone is consistent with
injured astrocytes releasing ATP into the media and activating
adjacent purinergic receptors. The role of mechanical injury in
causing the release of ATP is well established from previous
studies (Ahmed et al., 2000; Neary et al., 2003). The inhibition
of reactive gliosis across the entire culture—including both
the area of direct mechanical injury and the penumbra—by
enzymatically degrading ATP in the extracellular media
shows that ATP-mediated gliosis is a widespread mechanism
for reactivity in our system. However, others have shown that
glutamate release and subsequent activation of group I me-
tabotropic glutamate receptors on astrocytes are important
key steps in producing reactive gliosis in strain injured as-
trocytes, and that this pathway can occur even at modest
levels of stretch (31% peak) (Floyd et al., 2004). We can-
not discount this possible mechanism of gliosis occurring
at higher levels of stretch injury (>15%), especially consider-
ing that both glutamate and astrocytes can be release
from cultured astrocytes (Parpura et al., 1994; Araque et al.,
2000).

To our knowledge, this is the first data showing a new
consequence of reactive astrocytes: the broad softening in a
broad network of cells both within and distant from the site of
mechanical injury. Given the extensive number of past studies
using AFM on individual cells, there is some level of under-
standing of how structural changes in cytoskeletal elements
lead to an adjustment in the bulk mechanical properties (Hoh
and Schoenenberger, 1994; Rotsch et al., 1997; Costa and Yin,
1999; Sato et al., 2000; Collinsworth et al., 2002; Alonso and
Goldmann, 2003). The most likely explanation for the ob-
served softening of reactive astrocytes is the softness of in-
termediate filament networks, compared to other actin
networks (Wagner et al., 2006) and the indirect role of GFAP
on actin organization (Chang and Goldman, 2004). Micro-
filaments are the major load-bearing components of the cy-
toskeleton at small strains such as those measured here, with
intermediate filaments only playing a secondary role (Trickey
et al., 2004). Perturbing the actin cytoskeletal network with
chemical treatments is a particularly powerful method to alter
cell stiffness, leading to a drastic reduction in stiffness over
time (e.g., 7� less stiff in 40 min) (Rotsch and Radmacher,
2000). Intermediate filament reorganization is a much more
subtle process which can induce actin re-organization (Chang
and Goldman, 2004). Given the interplay between microfila-
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ment and intermediate filament dynamics, it is possible that
our measured softening response in reactive astrocytes is
simply a physical consequence of the extensive cytoskeletal
reorganization that occurs within reactive astrocytes. In gen-
eral, an increase in the GFAP immunoreactivity of astrocytes
is a hallmark change associated with reactive astrocytes, but
reactive astrocytes also show an increase in F-actin and
g-actinin, a common actin crosslinking protein, both in vivo
and in vitro (Abd-El-Basset and Fedoroff, 1997; Moreels et al.,
2007). Increased immunoreactivity may indicate a disaggre-
gation of actin filaments, which would significantly reduce
the measured elastic properties (Rotsch and Radmacher,
2000). Moreover, cellular stiffness is sensitive to the myosin-
induced tension generated in a cellular actin network
(Martens and Radmacher, 2008), which may be an additional
factor in reactive astrocytes that can explain the observed
stiffness changes. Currently, though, the exact network
structural mechanisms that underlie this softening response
remain to be determined.

Perhaps most intriguing is considering the consequences of
this softening response. In general, reactive astrocytes are
considered important regulators of glial scar formation, with
the compact network of glial cells physically blocking the
regrowth of neurites through the scar (Pekny and Nilsson,
2005) and secreting, among other molecules, proteoglycans to
limit regeneration (McKeon et al., 1999; Sandvig et al., 2004;
Yiu and He, 2006). However, the major inhibitory aspect of
the glial scar has been balanced with several reports more
recently indicating the positive aspects of glial scar formation,
including the role of GFAP in reactive astrocytes to provide
neuroprotection in the ischemic penumbra (Li et al., 2008) and
limiting excitotoxic damage (Hanbury et al., 2003; Otani et al.,
2003, 2006). The softening of reactive astrocytes lends one
more potential beneficial aspect of glial reactivity, as cultured
neurons prefer much softer substrates than typical cells
(Balgude et al., 2001; Flanagan et al., 2002; Discher et al., 2005;
Lu et al., 2006) and will show more neurite branching and
extension on these softer surfaces. If this softening of reactive
astrocytes is reflected in vivo after injury, these data suggest
that reactive astrocytes may be a mechanically favorable
substrate for neuronal regrowth and repair in the absence of
other inhibitory factors. Indeed, GFAP knockout mice provide
a more favorable environment for regeneration following
spinal cord injury in vivo, and this effect becomes even more
pronounced when a second common cytoskeletal protein
found in astrocytes (vimentin) is also genetically deleted
(Pekny et al., 1999; Pekny, 2001; Wilhelmsson et al., 2004;
Pekny and Nilsson, 2005). Although these past studies did not
definitively assess how these cytoskeletal alterations exactly
affected the cellular or tissue level material properties, they
nevertheless suggest that further exploring the role of matrix
stiffness may lead to new insights into designing a permissive
regenerative core. Considering and further manipulating
these ‘‘durotactic’’ cues, in combination with controlling tra-
ditional chemotactic cues, may yield new insight onto a more
optimal environment for regeneration processes that include
sprouting, synaptogenesis, and axonal outgrowth.
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