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Astrogliosis is an inevitable and rapid response of astrocytes to physical, chemical and

pathological injuries. To study astrogliosis, we developed a reproducible in vitro model in
which low temperature injury to cultured astrocytes could be induced by placing the culture
dish onto a copper pipe pre-cooled by liquid nitrogen. Using this model, the relationship

between the temperature decline and the severity of cellular damage was analyzed. An
increase in the expression of some known injury-related proteins, such as glial fibrillary
acidic protein (GFAP), immediate early response genes (IEGs), and heat shock proteins 70

(HSP70), was demonstrated in astrocytes after low temperature trauma. With the use of this
low temperature trauma model, the flexibility in the temperature control and injury area
may allow researchers to evaluate cryotherapy and cryosurgery, which could be applicable
to future development of quality health care.
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INTRODUCTION

Many types of insult, including chemically and
metabolically induced hypoxia or ischemia, bacterial
or viral infection, radiation and mechanical trauma

may temporarily or permanently damage the central
nervous system (CNS) (1). Injury to the CNS acti-
vates resting astrocytes by forming a glial scar
through astrogliosis, which seals off the injured areas
to restore the structural and functional integrity of
the neural parenchyma (2–4). However, rapid as-
trogliotic response may interfere with the functions
of the residual neuronal circuits by preventing remye-
lination and inhibiting axonal regeneration (2). In
order to assess trauma-related behavioral and sys-
tematic effects, investigations on the pathophysiolog-
ical mechanism of post-traumatic damage to
astrocytes have been performed using animal models.
However, in vivo models have many drawbacks, such
as difficulties in reproducing the same extent of inju-
ries in each experiment, and interference of systemic
effects with the traumatic effects on specific cells.

To study astrogliosis more efficiently, we previ-
ously established an in vitro mechanical injury mod-
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el—scratch wound in primary culture of astrocytes
(5). Similar to other in vitro models (6), the scratch
wound model provides an efficient way to study
morphology and other events on cellular and
molecular levels, without the interference of other
cell types. However, response from uninjured cells
would dilute the scratch-induced effects on the
damaged cells along the scratch, making the model
moderate for gene expression study. Here, we intro-
duce an in vitro physical injury model induced by
low temperature using a copper pipe pre-cooled
with liquid nitrogen onto a culture dish. This model
provides a homogeneous physical damage in the
contact area, making it well suited for gene expres-
sion study of injury to astrocytes and astrogliosis.
The relationship between temperature decline and
severity of cell injury was determined after low tem-
perature trauma. Changes in GFAP, HSP70, and
selected IEG products, including c-FOS, c-MYC
and c-JUN, were studied using immunostaining.

MATERIALS AND METHODS

Astrocyte Cultures

Preparation of astrocytes from cerebral cortices of newborn

mice was carried out as previously described (7). Cells were cul-

tured at 37�C in a 5% CO2 humidified atmosphere. Culture med-

ium was changed twice weekly. Cultures that were at least four

weeks old were used for experiments.

Low Temperature Trauma Model

Low temperature trauma was induced by placing the bottom

of the culture dish in direct contact with a copper pipe that was

pre-cooled in liquid nitrogen for 20 min (Fig. 1A). All experi-

ments were performed at room temperature (15–18�C). The cop-

per pipe used in this study had an outer diameter of 2.3 cm, an

inner diameter of 0.8 cm and a height of 4 cm. Contact of the

pipe with a 35-mm culture dish would introduce injury to �38%

area of the culture dish. Prior to inducing low temperature injury,

culture medium was discarded. Direct contact between the dish

bottom and pre-cooled copper pipe was made for 5 s. Pre-

warmed medium (2 ml, 37�C) was added to the culture dish after-
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Fig. 1. Schematic representation of the low temperature trauma apparatus. (a) The bottom of culture dish in contact with the hollow cop-
per pipe. The grey area is the contact point of the copper pipe with the plate. (b) Overhead view of the dish. The grey area indicates the
zone in direct contact with the hollow copper pipe below. Point ‘‘a’’ is in direct contact with the pipe; point ‘‘b’’ is at the border of the
direct contact zone, and point ‘‘c’’ is the farthest from the direct contact. The two views (a and b) are not drawn to the same scale. (c)
Change in temperature of the upper surface of the copper pipe after immersion in liquid nitrogen against time. The temperature change
was measured using a digital thermometer. Data were collected from three separate experiments and expressed as mean ± SEM.
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wards and culture was returned to the CO2 incubator. Changes

in temperature at the contact surface were monitored with a digi-

tal thermometer (Model DM6801A, Shenzhen Instrument Inc.,

Shenzhen, China), supplemented with a surface probe. Tempera-

ture changes were expressed as means ± S.E.M. from three sepa-

rate measurements and statistical significance was calculated

using Students’ t-test.

Immunocytochemistry

Cultured astrocytes were washed three times with 1 · phos-

phate-buffered saline (PBS) before fixation in 4% paraformalde-

hyde for 30 min at room temperature. Cells were permeabilized

with 0.2% Triton X-100 for 10 min. Primary antibodies against

GFAP (polyclonal, 1:200; Sino–American Biotechnology Com-

pany, China), HSP70 (monoclonal, 1:5,000; Gene Company Ltd.,

Shanghai, China), c-FOS (polyclonal, 1:200; Santa Cruz Biotech-

nology, USA), c-MYC (polyclonal, 1:200; Santa Cruz Biotechnol-

ogy, USA), or c-JUN (polyclonal, 1:200; Santa Cruz

Biotechnology, USA) were added and incubated for 1 h at room

temperature. Excess antibody was removed by washing three

times with 1· PBS, after which the culture cells were treated with

FITC-conjugated goat anti-rabbit immunoglobulin secondary

antibody (1:400; Sino–American Biotechnology, China) for

30 min. Cells were mounted in Mowiol 4–88 and observed with

an OLYMPUS fluorescence microscope.

RESULTS AND DISCUSSION

A reproducible in vitro trauma model to study
astrogliosis has been demonstrated. This model sim-
ply employs a pre-cooled copper pipe to induce
trauma in astrocytes cultured in 35 mm culture
dishes. The degree of induced injury varied with the
temperature change at the contact surface, while
the degree of cooling differed on different regions of
the culture dish. Three areas of contact were stud-
ied—the area of direct contact (point a in Fig. 1b),
the area at the edge of direct contact (point b in
Fig. 1b), and the area farthest from the contact
zone (point c in Fig. 1b). In the experiments, the
temperature was routinely monitored at points a–c
at designated room temperature since the degree of
cooling in the culture dish could readily be affected
by ambient temperature fluctuation.

The temperature of the upper surface of the
copper pipe fell rapidly when the lower part was
immersed in liquid nitrogen (Fig. 1c), with a rate of
25.6 ± 1.2�C/min in the first 5 min, after which the
rate leveled off. After 20 min, the temperature of
the upper surface of the pipe reached )120�C,
which was maintained thereafter. The consistent
rate of temperature decline on the upper surface of
the copper pipe allowed reproducibility of low tem-

perature trauma introduced to the astrocytes for
each experiment. At points a, b and c, the rates of
cooling after 5 s of contact were 42.6 ± 6.8�C/min,
27.3 ± 4.7�C/min and 9.2 ± 1.4�C/min, respec-
tively. The lowest temperatures recorded at points a
and b were 5.1 ± 1.2�C and 9.2 ± 0.8�C, respec-
tively. As the lowest temperature in the culture dish
was always above freezing point, cell death was
likely due to causes other than the formation of
intracellular ice crystals.

All cells at point a suffered severe temperature
shock. Trypan blue revealed that injured astrocytes
became swollen, indicating severe injury to cell
membrane. These cells subsequently ruptured after
returning to the incubator for 10 min (Fig. 2b).
Most cells at point b along the edge, however, suf-
fered moderate temperature shock, and they were
also swollen. But some cells sent out pale, flat pro-
cesses while microglia appeared at this edge and
migrated into the area with direct contact (Fig. 2c).
The pale processes extending into the injured area
became longer and more hypertrophic at 24 h after
injury. On day 3, cell bodies with nuclei at point b
started to migrate into the denuded area. The mor-
phology of the cells at point c, however, remained
normal throughout the experiment (Fig. 2d).

Changes of GFAP, HSP70 and IEG products
(c-FOS, c-JUN and c-MYC) at different points of
contact and duration of injury were followed by im-
munostaining. In the present model, GFAP was
used as a characteristic marker of astrogliosis since
it is the major component of the intermediate fila-
ments in differentiated astrocytes (8), and is exten-
sively synthesized adjacent to and within sites of
injury (5,9,10). The use of an antisense GFAP
mRNA demonstrated an increase in GFAP and
morphological changes in scratch-injured astrocytes
(11). Similar studies involving an antisense GFAP
mRNA also showed blocking of dBcAMP-induced
GFAP content in primary culture of astrocytes (5)
and the morphological changes in co-cultures fol-
lowing mechanical lesion (12).

The change in GFAP content was mainly
measured at point b because all the cells at point
a died immediately while those at point c were
not affected very much by the low temperature
trauma. In agreement with the morphological
changes, many astrocytes were stained heavily for
GFAP, indicating higher GFAP content. The
intensity of GFAP immunostaining at point b
increased with the time after low temperature
trauma (data not shown). GFAP content on day
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6 after low temperature trauma remained high in
the parallel arrays of the slender elongated pro-
cesses (Fig. 3b).

The induction of HSP genes such as HSP90,
HSP70 and small HSPs (HSP27) represents a uni-
versal response of cells to stressful conditions
(13,14). In the HSP gene family, HSP70 has been
shown to protect the CNS and its induction serves
as a marker of protection against cellular damage
and prompt recovery from the inducing stress
(15,16). Although heat stress, or hyperthermia, is a
typical trigger of heat shock responses, HSP70 has
found to be induced by cold injury in bacterial and
human cells (17,18). In this model, HSP70 content
was studied and the intensity of HSP70 immuno-
staining became concentrated around the nuclei at
4 h (Fig. 3c) and 24 h after injury. In agreement
with other published reports, this model demon-
strated that cold injury could induce the expression
of HSP70 in CNS cells.

IEG products (c-FOS, c-Jun and c-MYC) are
also representative markers for increased neural
activity and early-activated changes during injury.
Stress in the CNS, including ischemia (19–21), trau-
matic injury (22), and seizures (23,24) induces
expression of IEGs. We have previously shown the
induction of IEG by scratch wound and ischemia in
primary culture of astrocytes (6,25). Although the
roles of these IEG products are still unclear, many,
like c-FOS, are characterized by their rapid
synthesis-independent activation and their role as
transcription factors. It has been reported that

c-FOS may be involved in the regulation of the
expression of AP-1 complex, which subsequently
affected GFAP expression (26,27).

Fig. 2. Morphological changes in cultured mouse astrocytes at different contact points after low temperature trauma. The culture dish was in
contact with the copper pipe for 5 s. (a) control; (b) point a in Fig. 1B; (c) point b in Fig. 1B; and (d) point c in Fig. 1B. Scale bar ¼ 50 lm.

Fig. 3. Immunostaining of GFAP, HSP70 and IEG products at
different time points after low temperature trauma. After incuba-
tion with corresponding primary antibodies, the cells were treated
with FITC-conjugated goat anti-rabbit antibody. Cells were then
mounted in Mowiol 4–88 and observed under a fluorescence
microscope. (a) Phase control of astrocytes after low temperature
trauma; (b) immunostaining of GFAP on day 6 after injury; (c)
immunostaining of HSP70 at 4 h after injury; (d) immunostaining
of c-FOS at 1 h after injury; (e) immunostaining of c-JUN at 1 h
after injury; (F) immunostaining of c-MYC at 1 h after injury.
Scale bar ¼ 50 lm.
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Intense c-FOS immunostaining, mainly located
in the nuclei, was detected at 1 h after low tempera-
ture injury (Fig. 3D), whereas untreated cells
showed no cFOS signal. The c-FOS signal remained
high at 24 h after injury. Unlike c-FOS, c-JUN
immunostaining was moderate and distributed
evenly throughout the nuclei and the cytoplasm in
the control astrocytes. The intensity of c-JUN
immunostaining in the nuclei increased at 1 h and
peaked at 4 h after low temperature trauma
(Fig. 3E). The c-MYC immunostaining, however,
was concentrated in the nuclei of cells at the edge
of the low temperature trauma. Although the inten-
sity of c-MYC immunostaining was comparatively
weaker than that of c-FOS or c-JUN, its expression
peaked at 1 h after low temperature trauma
(Fig. 3F) and remained detectable at 24 h after
injury. These demonstrated an involvement of IEG
products in the progress of astrogliosis.

Different in vitro trauma models have been
designed for studying astrogliosis, including laser
microdissection of neurites (28), deformation of a
silastic membrane upon which neurons and/or glia
have been plated (29), rapid acceleration/decelera-
tion of culture flasks (30), elevation of pressure for
extended time periods (31), propagation of fluid-
pulses in brain slices (32) or cultured cells (33),
induction of shear forces (34), scoring of culture
plates with needles (35) or mechanical punch devices
(36), and scratching cultured cells with plastic
pipette tips (5,37). The injury induced by our low
temperature trauma model resembles cryosurgical
incision (38), which inevitably induces a cellular
response along the cryoinjured edge. Other similar
in vitro physical methods to induce reactive gliosis
involve mechanical scraping with a specially
designed motorized punch device (36) and mechani-
cal stretching model using cells cultured on an elas-
tic membrane (29). However, limitations in some of
these injury models include producing regional
injury only to the cells along the injury sites, and
difficulties in reproducing the physical injury for
each experiment.

This low temperature trauma model allows the
measurement and observation of temperature effects
on astrocytes by morphological and immunostain-
ing means. The most important feature of this
model is its flexibility since a defined area of injury
can be easily and directly modified by varying the
size and shape of the copper pipe according to the
designs of the experiments. For instance, a solid
copper block may be used instead of a copper pipe

to increase the injury area to the whole culture
plate, the diameter of the copper pipe may be var-
ied, and the rate of temperature change can be
adjusted to monitor the degree of cellular damage.
With the aid of laser dissection microscope to iso-
late injured and unharmed cells, the study of as-
trogliosis can be performed at cellular and
molecular levels, focusing on gene and protein ex-
pression patterns in these cells after injury.

In conclusion, this paper describes a reproduc-
ible in vitro model to study astrogliosis and temper-
ature effects on astrocyte injury. The flexibility in
the temperature control and injury area in this
model may allow researchers to evaluate cryother-
apy and cryosurgery, which could be applicable to
future development of quality health care.
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