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Abstract
Activation of interferon (IFN) signaling in the central nervous system (CNS) is usually associated
with inflammation. However, a robust activation of type I IFN-stimulated genes (ISGs) at pre-
symptomatic stages occurs in the spinal cord of SOD1(G93A) mice, an amyotrophic lateral
sclerosis (ALS) animal model, without obvious signs of inflammation. To determine if the same
signaling pathway is elevated in other types of neuronal injuries, we examined the protein
expression levels of an IFN-stimulated gene, ISG15, in mouse models of acute and chronic
neuronal injuries. We found that ISG15 protein was dramatically increased in the brains of mice
subjected to global ischemia and traumatic brain injury, and in transgenic mice overexpressing
HIV gp120 protein. These results suggest that activation of ISGs is a shared feature of neuronal
injuries and that ISG15 may be a suitable biomarker for detecting neuronal injuries in the CNS.
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Interferons (IFNs) are cytokines produced by a variety of cells primarily in response to viral
infections as a mechanism of host defense and activated through both Toll-like receptor
(TLR) dependent and independent mechanisms [1–3]. They exert antiviral and
immunomodulatory responses, as well as growth regulation [4]. On the basis of their
structure and receptor recognition they are classified as either type I (IFN-α and IFN-β) or
type II (IFN-γ) [2, 3]. Type I and II IFNs initiate two similar but distinct signaling pathways.
Type I and II IFNs bind to their heterodimeric receptor and trigger phosphorylation of JAK1
and TYK2 tyrosine kinases, which in turn phosphorylate STAT1 and STAT2 transcription
factors. Phospho-STAT1 and phospho-STAT2 move into the nucleus and form a complex
with ISGF3G, which activates the transcription of many interferon-stimulated genes (ISGs).
In contrast, type II IFN acts on a tetrameric receptor to activate JAK1 and JAK2 kinases,
which subsequently phosphorylate STAT1. The phospho-STAT1 forms a homodimer,
translocates to the nucleus, and induces the expression of IFNγ-stimulated genes.

Similarly, activation of IFN signaling in the central nervous system (CNS) is usually
associated with inflammation triggered by viral infection or autoimmunization [5–7].
However, a robust activation of IFN signaling at pre-symptomatic stages occurs in the spinal
cord of mice with G93A mutations in the superoxide dismutase 1 (SOD1) gene, an
amyotrophic lateral sclerosis (ALS) animal model, without obvious signs of
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inflammation [8]. Transcripts of a number of ISGs, including GBP2, IFI27L2A, IFI44,
IFIT1, IFIT3, ISG15, and USP18, are up-regulated in the lumbar spinal cord of
SOD1(G93A) mice. In particular, ISG15 protein levels are dramatically elevated in
astrocytes in specific areas where spinal motor neurons are degenerating. Therefore, ISGs
are reliable biomarkers for detecting early pathological changes in the ALS spinal cord [8].

In the present study, we examined the protein expression levels of ISG15 in mouse models
of other acute and chronic neuronal injuries. We found that ISG15 protein was dramatically
increased in the brains of mice subjected to global ischemia and traumatic brain injury
(TBI), as well as in transgenic mice overexpressing HIV gp120 protein. These results
suggest that ISG15 may be a suitable biomarker for detecting neuronal injuries in the CNS.

1 MATERIALS AND METHODS
1.1 Animals

C57black/6 mice and B6SJL GFAP-HIV gp120 transgenic mice [9] were used in the present
study. B6SJL gp120 transgenic mice were maintained as hemizygotes by breeding
transgenic mice with wild-type B6SJL mice. Non-transgenic littermates were used as
controls. The mice were housed in a virus-free barrier facility under a 12-h light/dark cycle,
with ad libitum access to food and water. All procedures were performed in accordance with
the NIH Guide for the Care and Use of Laboratory Animals and the Society for
Neuroscience “Guidelines for the Use of Animals in Neuroscience Research” using
protocols approved by the Institutional Animal Care and Use Committee of the Sanford-
Burnham Medical Research.

1.2 Global ischemia model
Global ischemia was induced by occluding both common carotid arteries (BCCA) for 30
min as described previously [10]. Briefly, six-month-old C57Black/6 mice were anesthetized
with 2%–5% isoflurane in oxygen for induction and 0.25%–4% isoflurane in oxygen for
maintenance, and kept in a supine position. The duration of anesthesia was approximately 5
min (4 min to occlude BCCA and 1 min to close the suture). After a ventral midline cervical
incision, the common carotid arteries were exposed and ligated with 6-0 silk sutures.
Immediately after the ligation, anesthesia was turned off. To reperfuse, animals were briefly
anesthetized with 1% halothane and the ligatures removed. After observing blood flow
return, the incision was closed.

1.3 Controlled cortical impact TBI
The controlled cortical impact TBI method used for this study has been described [11, 12].
Briefly, six-month-old C57Black/6 mice were anesthetized with isoflurane and placed in a
stereotaxic frame. After a midline incision was made, the scalp was reflected to expose the
skull. A 5 mm left lateral craniotomy was performed using a motorized drill. A controlled
cortical impact injury was produced with an electromagnetic impact device using a 3-mm-
diameter metal tip. The impact was centered at 2.7 mm lateral from midline and 3.0 mm
anterior from lambda. The impact depth was set at 2.5 mm using the stereotaxic device. The
impactor was then driven at a velocity of 5 m/s with a dwell time of 100 ms. This produces a
moderately severe contusion in the left sensorimotor cortex and underlying hippocampus
with pronounced behavioral deficits but virtually no mortality. After injury, a plastic skull
cap was secured over the impact site, the skin incision was sutured closed, and the animals
were allowed to fully recover. Sham mice underwent the same surgical procedure including
anesthesia and craniotomy but were not injured.
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1.4 Immunohistochemistry
Mice were anesthetized with isoflurane and perfused transcardially with chilled PBS
followed by phosphate-buffered 4% paraformaldehyde (PFA) solution. The brain was
cryoprotected in 25% sucrose. Cryostat sections (12 µm) were processed for
immunohistochemistry. In brief, sections were incubated with primary anti-Isg15 (1:1 000,
from Dr. D. E. Zhang), anti-GFAP (1:1 000, Sigma), or anti-Iba-1 (1:1 000, Wako)
antibodies, followed by incubation with a biotinylated secondary antibody (Vector
Laboratories). The detection of immunosignals was performed using a Vectastain Elite ABC
kit (Vector Laboratories) and visualized with a DAB substrate solution (Roche Applied
Science). For immunofluorescence, brain sections were incubated with rabbit anti-Isg15 (1:1
000), mouse anti-GFAP (1:1 000), or mouse anti-Iba-1 (1:1 000), followed by incubation
with secondary antibodies conjugated with 488Alexafluor or 555Alexafluor (Invitrogen).
After washing in PBS, the samples were mounted by adding Vectashield (Vector
Laboratories) to the cover slips.

1.5 Western blot analysis
The cortex, hippocampus, striatum, and cerebellum of one-year-old B6SJL GFAP-HIV
gp120 transgenic mice and their wild-type littermates were homogenized in SDS-sample
buffer containing 50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 0.1% sodium dodecyl
sulfate (SDS), and 1% protease inhibitor cocktail (Sigma). Protein samples (30 µg) were
fractionated by 4%–12% SDS-polyacrylamide gels and transferred to Hybond ECL
nitrocellulose membranes (Amersham Pharmacia Biotech). The blots were probed with
primary rabbit anti-Isg15 (1:3 000, from Dr. D. E. Zhang), and were subsequently probed
with anti-rabbit IgG peroxidase conjugate (Amersham). The signals were detected using
ECL reagents (Amersham).

2 RESULTS
2.1 ISG15 protein is increased in the hippocampus of mice subjected to global ischemia

To test if acute neuronal injuries affected the expression of ISG15 in the brain, we first
tested a mouse model of global ischemia by subjecting C57BL/6 mice to transient (30 min)
BCCA occlusion. The mice were killed after reperfusion for 72 h, and their brains were then
processed and examined with immunohistochemistry. As neuronal damage is mainly
observed in the hippocampus in this model [10, 13], we examined the expression of ISG15 in
the same area. Strong ISG15 immunosignals appeared consistently in the hippocampus of all
mice subjected to ischemia (Fig. 1A). However, ISG15 immunoreactivity was very weak in
the brain of sham-operated control mice (Fig. 1D). In contrast, GFAP-positive astrocytes
(Fig. 1B and E) and Iba-1-positive microglia (Fig. 1C and F) were observed in all brain
sections of all mice, although they were more in the hippocampus of ischemia (Fig. 1B and
C) than sham-operated control mice (Fig. 1E and F). Furthermore, ISG15 was only co-
localized with GFAP, an astrocyte marker (Fig. 1G–I), consistent with our findings in ALS
mouse spinal cord [8].

2.2 ISG15 protein is increased in the brains of mice subjected to controlled cortical impact
TBI

We next tested if another acute bran injury model, TBI, also affected the expression of
ISG15 in the brain. C57BL/6 mice subjected to controlled cortical impact TBI incur
significant hippocampal damage and behavioral deficits but low mortality [12]. This TBI
model also produces a central contusion and pericontusional axonal injury [11]. We
examined the brain of these mice at 48 or 96 h after TBI by immunohistochemistry. We
found strong ISG15 protein expression in pericontusional areas at both 48 and 96 h after TBI
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(Fig. 2). The ipsilateral cortex and hippocampus appeared to have the most prominent ISG15
expression, with little ISG15 expression on the contralateral side.

2.3 ISG15 protein is increased in the brains of HIV gp120 transgenic mice
We further examined if a toxic viral protein, HIV gp120, affects the expression of ISG15 in
the brain of a chronic neuronal injury mouse model. The B6SJL GFAP-HIV gp120
transgenic mice constitutively overexpressing HIV gp120 in the brain display a spectrum of
neuronal and glial changes resembling abnormalities in the brains of HIV-infected
humans [9]. The severity of damage in these mice correlated positively with brain levels of
HIV gp120, which were highest in neocortex and hippocampus. We examined the brain
sections from six-month-old gp120 mice using immunohistochemistry. Strong ISG15
immunoreactivity appeared in the cortex, hippocampus, basal forebrain, and hypothalamus
of gp120 mice (Fig. 3A, B, and C). However, ISG15 immunosignals were very weak in the
brain of wild-type littermate controls (Fig. 3D, E, and F). We further checked ISG15 levels
in the whole nervous tissue lysates of one-year-old gp120 mice and wild-type littermates
(Fig. 4). ISG15 is an ubiquitin-like modifier and is able to covalently modify target proteins
to form ISG15 conjugates [14, 15]. The levels of ISG15 and its conjugates were similarly low
in the cortex, hippocampus, striatum, and cerebellum of wild-type littermates, and in the
striatum and cerebellum of gp120 mice. In contrast, ISG15 and its conjugates were
extremely high in the cortex and hippocampus of gp120 mice (Fig. 4), correlating positively
with the severity of neuronal damage in this mouse model [9].

3 DISCUSSION
The major aim of the present study investigating the expression of ISG15 in several
neuronal injury models is to demonstrate that the upregulation of ISGs is a shared feature in
neuronal injuries involving inflammation rather than an isolated molecular event occurred
only in motor neuron diseases [8]. We showed that ISG15 protein was strongly expressed in
specific brain areas of acute and chronic neuronal injury models, including the hippocampus
affected by global ischemia, pericontusional areas affected by TBI, and cortex and
hippocampus affected by overexpression of HIV gp120 protein. Furthermore, ISG15
expression was selectively co-localized with GFAP, an astrocyte marker, similar to the
expression pattern observed in the ALS model [8]. Our studies suggest that the increased
expression of ISG15 induced by a broad spectrum of neuronal injuries occurs mainly in
astrocytes, although a recent study in a transient focal ischemia model suggests that ISG15 is
also induced in neurons in the infarct area [16]. Whether the activation of ISG15 occurs via
ER stress-induced damage in neurons, as suggested in our ALS study, warrants further
investigation.

ISG15 is an ubiquitin-like modifier and modifies proteins in a similar manner to
ubiquitylation via a process termed ISGylation [14, 15]. Relative to ubiquitin, the biological
function of ISG15 is still poorly understood, but ISG15 appears to play important roles in
various biological and cellular functions, including innate immunity, anti-viral/bacterial
infections, protein turnover, and tumorigenesis [17]. The role of ISG15 in normal and
pathologic brains is largely unknown, although alterations in ISGylation (and De-
ISGylation) are clearly associated with neuronal injuries, as shown here and elsewhere[8, 16].
Compared with other commonly used neuroinflammation markers[18, 19], such as cytokines
TNF-α and IL-1 and gliosis markers GFAP and Iba-1, the expression of ISG15 in neuronal
injuries showed much higher signal-to-noise ratio and better spatial resolution. Up-
regulation of ISG15, as well as other ISGs, may affect astrocyte function. Equally important,
as ISG15 levels were low in unaffected areas, the robust expression in response to neuronal
injuries suggests that ISG15 may be a reliable biomarker for pathological changes in the
CNS, especially for those that share disease mechanisms.
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Fig. 1.
Both common carotid arteries (BCCA) occlusion-induced increase of ISG15 expression in
the hippocampus. Immunohistochemistry showing strong expression of ISG15 (A), GFAP
(B), and Iba-1 (C) in the hippocampus of mice subjected to BCCA occlusion but not sham
controls (D, E, F). Double-staining showing the co-localization of ISG15 (G) with GFAP-
positive cells (H) in the hippocampus. (I): overlap of (G) and (H).
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Fig. 2.
Traumatic brain injury (TBI)-induced increase of ISG15 expression in the brain.
Immunohistochemistry showing strong expression of ISG15 in the pericontusional areas at
both 48 (A) and 96 h (B) after TBI.
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Fig. 3.
Expression of ISG15 in the brain of HIV gp120 transgenic mice. Immunohistochemistry
showing strong expression of ISG15 in the cortex (A), hippocampus (B), and basal forebrain
and hypothalamus (C) of HIV gp120 mice but not of littermate controls (D, E, F). The
positive cells were indicated by the arrows. cx, cortex; st, striatum; hp, hypothalamus; bf,
basal forebrain; ht, hypothalamus.
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Fig. 4.
Expression of both free ISG15 and ISG15 conjugates in the brain of HIV gp120 transgenic
mice. Western blot showing increased levels of both free ISG15 and ISG15 conjugates in the
cortex and hippocampus of HIV gp120 mice. cx, cortex; hp, hypothalamus; st, striatum; cb,
cerebellum.
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