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Abstract

Purpose Fat embolism syndrome is a serious complica-
tion observed after trauma, orthopedic surgery, and cardiac
surgery. We investigated brain damage in relationship to
temporal profiles of water channel aquaporin 4 (AQP4) and
astrocyte response to fat embolism in rats.

Methods Triolein (2 pl) was injected into the right
internal carotid artery in rats. Neurological outcome (score:
range, 0-5 = no deficit—dead), brain water content, histo-
pathology, and immunohistochemistry for AQP4 and glial
fibrillary acidic protein (GFAP) were evaluated at 2 h (2 h
group, n = 12), 24 h (24 h group, n = 12),and 72 h (72 h
group, n = 12) after triolein injection. Saline was injected
in the control (C) group (n = 12).

Results Neurological deficit score (median score of 2)
and brain water content (mean value, 86.2%) increased
significantly at 2 h with no progressive increase over 72 h.
Damaged tissues with shrunken and triangular-shaped
neurons with vacuole degeneration in cytoplasm and halo
formation were distributed mainly, but not exclusively, to
the ipsilateral hemisphere and were associated with
increase in infiltration of inflammatory cells during the
time course. Increases in immunostaining for AQP4 and
GFAP were observed in the peri-affected region but not in
the core. Reactive astrocytes with hypertrophy and dendrite
elongation were detected at 72 h in the peri-affected
region.
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Conclusion The results suggest that brain damage with
edema is induced very rapidly after triolein injection in
association with increase in AQP4 expression and GFAP in
the peri-affected region.
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Introduction

Fat embolism syndrome has been known as one of the
serious complications in trauma or orthopedic surgery,
which presents high morbidity and mortality (5-15%) in
severe cases [1, 2], leading to paresis, paralysis, convul-
sions, delirium, confusion, and stupor, which may deepen
into coma [3-6]. Fat embolism has been recognized also as
one of the most important types of embolism following
cardiovascular surgery with cardiopulmonary bypass
(CPB), leading to postoperative neurological dysfunction
[7-9]. Even though filters are used in CPB devices, fat
from bone marrow of the sternum, cardiac surface, and
aortic wall is aspirated into the cardiotomy suction and then
returned to the patient’s circulation by way of the aortic
cannula [7-9].

In animal experiments of fat embolism, cytotoxic and
vasogenic brain edema has been recognized early after
injection of triolein into the carotid arteries in rats [10]
and cats [11-14]. However, limited information has
been available concerning the brain pathology after fat
embolism.

Recent studies have suggested that the water-selective
membrane channel, aquaporin 4 (AQP4), is the primary
route through which water moves in and out in response to
osmotic change and plays an important role in astrocyte
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swelling and brain edema formation and resolution in
various pathological conditions, both in vitro [15, 16] and
in vivo [17-23]. AQP4 is expressed throughout the brain,
most preferentially in the perivascular astrocyte endfoot
process and ependymal cells, and is suspected to be
involved in brain edema formation. Because the astrocyte
is also one of the major components of the blood—brain
barrier (BBB) and plays an important role in both cytotoxic
and vasogenic brain edema formation, it may be vital to
evaluate astrocyte response in fat embolism.

Therefore, in the present study, we sought to investigate
the temporal profiles of AQP4 expression and astrocyte
response in the process of brain damage in the fat embo-
lism model in rats.

Materials and methods

The protocol of this study was reviewed and approved by
the Ethics Committee on Animal Experiment in Yamagu-
chi University Graduate School of Medicine.

Animals

Forty-eight male Wistar rats (weighing 280-320 g) were
used. Rats were given free access to food and water and
were housed in a 12-h:12-h light-dark cycle.

General preparation

Rats were anesthetized with 4% isoflurane. The tail artery
was cannulated to monitor blood pressure, arterial blood
gases, blood glucose, and hematocrit levels. After endo-
tracheal intubation, lungs were mechanically ventilated
with 2% isoflurane. A temperature probe was placed
on the skull under the right temporal muscle and the
cranial temperature was monitored (Mono-a-therm 6510;
Mallinckrodt Japan, Tokyo, Japan) and maintained at
37 £ 0.1°C with external heating or cooling throughout
the experiments. Rats were randomly assigned to the
control (C) group (n = 12) and the fat embolism (triolein)
group (n = 36). Because triolein was proved as a major
constituent of fat in the bone marrow of lower extremities
and adipocytes in humans [24, 25], we used triolein to
represent emboli of fat in the present study. Rats of the
triolein group were further assigned to three subgroups
depending on the time schedule for the final evaluation
after triolein injection: 2 h after triolein injection (2 h
group, n = 12), 24 h after triolein injection (24 h group,
n = 12), and 72 h after triolein injection (72 h group,
n = 12). The rats of the C group were injected with the
same volume of saline instead of triolein and evaluated
2 h after injection.
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Fat embolism model

The right common carotid artery was exposed through a
midline neck incision; the right external and internal car-
otid arteries were isolated, the occipital, the pterygopala-
tin, and the superior thyroid arteries were ligated, and
a polyethylene catheter with an external diameter of
0.61 mm (PE10) was retrogradely introduced into the right
external carotid artery so that its tip was placed adjacent to
the still patent internal carotid artery. Every surgical
wound was infiltrated with 0.5% bupivacaine. After a
stabilization period of at least 10 min while anesthesia was
maintained with 1.5% isoflurane and 40% O, in N,, 2 pul
99% triolein was injected using a microsyringe over a
period of 5 min through the polyethylene catheter. In our
preliminary study, we tested several doses of triolein and
found that 3 pl or a larger dose injected into the right
internal carotid artery caused high mortality (70-90% of
rats died 2-72 h after injection). Therefore, in the present
study, we selected a dose of 2 pl. Following the injection
of triolein, the catheter was removed; the neck incision
sutured, and anesthetic administration was discontinued.
The endotracheal tube was removed when spontaneous
ventilation became adequate. Thereafter, the rats were
returned to a plastic box insufflated with 3 1 min™' O, and
were observed for 30 min, and then returned to their reg-
ular housing cage.

Neurological evaluation

Neurological evaluation was performed at the scheduled
time for the final evaluation: 2, 24, and 72 h after triolein
injection or 2 h after saline injection. The neurological
findings were scored by an observer unaware of the treat-
ment group using a six-point scale as described by Xiong
et al. [26]: 0, no deficit; 1, failure to extend left forepaw
fully; 2, circling to the left; 3, falling to the left; 4, no
spontaneous walking, with a depressed level of con-
sciousness; 5, dead.

Measurement of brain water content

After neurological evaluation at the predetermined time
point, seven rats of each group were reanesthetized with
isoflurane, intubated, and mechanically ventilated. Rats
were then decapitated and their brains were rapidly
removed. The brain was dissected into cortex (right/left),
subcortex (right/left), and cerebellum, and water content of
these sections was measured using the wet weight/dry
weight method. The tissue samples were immediately
weighed on an electronic analytical balance to obtain the
wet weight (WW). The samples were then dried in an oven
at 110°C for 24 h and weighed again to obtain the dry
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weight (DW). The formula (WW — DW) x WW~' x 100
was employed to calculate water content.

Histopathology and immunohistochemistry

Five rats of each triolein and C group were transcardially
perfused and fixed with 10% phosphate-buffered formalin
and embedded in paraffin. Coronal sections (8 pm thick-
ness) of the brain were stained with hematoxylin and eosin
(H&E). Three sections (—1.7, 3.8, and 7.8 mm caudal from
the bregma) were chosen for evaluating the area of the
lesions. The area of the lesions was determined with the aid
of a microscope and image analyzer (Densitograph AE-
6905C; Atto, Tokyo, Japan). The image of each section
was stored and analyzed using the NIH image. Areas of the
lesions of three sections of each rat were summarized.

Immunostaining for AQP4, for glial fibrillary acidic
protein (GFAP), and combined staining were performed
in the section 3.8 mm caudal from the bregma where the
damage appeared most consistent. The sections were
deparaffinized using xylene and ethanol. Endogenous per-
oxidase was inactivated using 3% hydrogen peroxide in
methanol. After rinsing in phosphate-buffered saline
(pH 7.2, 0.1 mol I""), nonspecific protein binding was
blocked with 10% normal goat serum. The sections were
incubated for 12 h with antibodies against AQP4 (rabbit
antirat AQP4 affinity purified polyclonal antibody; Chem-
icon, Temecula, CA, USA) and with antibodies against
GFAP (mouse anti-GFAP monoclonal antibody; Chem-
icon, Temecula, CA, USA) at 4°C. Antibody dilutions in
phosphate-buffered saline for AQP4 and for GFAP were
1:250 and 1:200, respectively; this was followed by incu-
bation with a second antibody [Histofine simple stain
MAX-PO (M) or PO (R); Nichirei, Tokyo, Japan] at room
temperature for 30 min. The sections were visualized
with 3,3-diaminobenzidine hydrochloride (Histofine sim-
ple stain DAB; Nichirei) and then counterstained with
hematoxylin.

Combined immunostaining of AQP4 and GFAP was
done as follows. After visualization of the second anti-
bodies against AQP4 with 3,3-diaminobenzidine hydro-
chloride (Histofine simple stain DAB; Nichirei), the
sections were again rinsed in phosphate-buffered saline and
incubated for 12 h with antibodies against GFAP (mouse
anti-GFAP monoclonal antibody; Chemicon) at 4°C. This
step was followed by incubation with a second antibody
[Histofine simple stain AP (M); Nichirei] at room tem-
perature for 30 min. The sections were revisualized with
fukushin (new fukushin kit; Nichirei) and then counter-
stained with hematoxylin. Histopathological and immuno-
histochemical evaluation was performed by an observer
unaware of the treatment groups. The intensity of AQP4
immunostaining was scored using the four-point scale:

0 = none, 1 = weak, 2 = moderate, and 3 = strong. The
astrocytic response was scored using the five-point grading
scale as described previously: 0 = nil, 1 = partial/weak,
2 = mild, 3 = moderate, and 4 = strong [27]. A distinct
GFAP staining without astrocyte hypertrophy was rated as
moderate (score 3), and an intense GFAP staining with
astrocyte hypertrophy was rated as strong (score 4) [27].

Statistical analysis

Repeated-measures analysis of variance (ANOVA) was
used to evaluate the differences in physiological parame-
ters, and one-factorial ANOVA was used for evaluation of
brain water content and area of the lesions followed by the
Scheffé test. The unpaired ¢ test was used to evaluate the
difference of water content of both sides of the brain within
groups. Neurological scores and immunohistochemical
scores were analyzed with the Kruskal-Wallis test fol-
lowed by the Mann—Whitney U test. P < 0.05 was con-
sidered statistically significant.

Results

Physiological variables in each experimental group are
presented in Table 1. There were no significant differences
among the groups.

Neurological outcome

All rats survived for the prescheduled time. The results are
summarized in Table 2. Neurological deficit scores of the
three triolein groups were significantly higher than those of
the C group. There were no significant differences in
neurological deficit scores among the three triolein groups.

Brain water content

Brain water content is shown in Fig. 1. In the three triolein
groups, water content in the ipsilateral cortex and subcortex
was significantly higher than that of the C group, but there
were no significant time-dependent changes. There were no
significant changes of water content in the contralateral
cortex, subcortex, and cerebellum.

Histopathology and immunohistochemistry

The extent of the lesion at the level of —1.7, 3.8, and
7.8 mm caudal from bregma is illustrated in Fig. 2.
Micrographs with low magnification of the brain slice
3.8 mm caudal from the bregma in each group are shown
in Fig. 3. In the triolein groups, the lesion was mainly
distributed in the ipsilateral parietal cortex and subcortex,

@ Springer



228

J Anesth (2010) 24:225-233

Table 1 Physiological variables

Group MAP (mmHg) pH PaO, (mmHg) PaCO, (mmHg) Glucose (mg/dl) Hematocrit (%)
Control (n = 12)
Preinjection 97 £ 15 7.46 £ 0.02 170 £+ 16 40+ 2 185 £+ 33 38+2
Postinjection 94 +9 7.46 £ 0.03 175 £ 18 39+2 173 £ 23 38+2
Triolein 2 h (n = 12)
Preinjection 101 £+ 10 7.45 £ 0.02 173 £ 15 40 £ 1 190 £ 24 38+3
Postinjection 104 £ 9 7.44 £ 0.03 174 = 17 39+2 172 £ 18 38+3
24 h (n = 12)
Preinjection 96 + 11 7.46 £ 0.02 180 £+ 13 39+ 1 183 + 11 39+3
Postinjection 99 + 11 7.45 £ 0.02 184 + 14 39+2 172 £ 13 37+£3
72h (n=12)
Preinjection 103 £ 18 7.46 £ 0.01 172 £ 11 39+1 189 + 23 39+2
Postinjection 104 £ 13 7.45 £ 0.02 174 £ 14 40+ 2 170 + 21 38+ 1
Values are expressed as mean £ SD
MAP, mean arterial pressure
Table 2 Neurological outcome ;’ﬂo
Group Neurological deficit score b
###
0 1 2 3 4 5 o 887
2] |
Control 11 1 0 0 0 0 g 26 "
S o #E#
Triolein (=] -|-
1}
* .
2h 0 3 7 2 0 0 % 841 {i 1
24 h* 0 5 3 4 0 0 2
72 h* 0 5 3 4 0 0 £ 82- .
| g
Values are expressed as numbers of rats o0 80 - |
* P < 0.05 versus control
78 1
including hippocampus and thalamus, but small lesions
were detected also in the contralateral parietal cortex in Ipsi___Contra Ipsi__ Contra Cerebellum
some animals. Cortex Subcortex

The total area of the lesion of three sections of each rat
in each triolein group (2, 24, and 72 h) was 31 £ 11,
35 + 15, and 36 + 5 mm? with no intergroup difference.

Micrographs of H&E staining with high magnification
of the area indicated by an arrow in each corresponding
view with low magnification in Fig. 3 are shown in
Fig. 4a—g. In the 2 h triolein group, shrunken and trian-
gular-shaped neurons with cytoplasmic eosinophilia, Nissl
body disappearance, and pyknotic nucleus were prominent.
Vacuole degeneration in cytoplasm and halo formation
around the neurons and small vessels were observed in the
core lesion (Fig. 4b). In the 24 h triolein group, pyknosis or
disappearance of the nucleus and vacuole degeneration in
the cytoplasm was more severe (Fig. 4d). In the 72 h tri-
olein group, the lesion became more prominent with
inflammatory infiltrated cells (Fig. 4f).

Figure 4h-n shows micrographs of AQP4 immuno-
staining. In the C group, AQP4 was weakly stained in the
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Fig. 1 Brain water content of ipsilateral and contralateral cortex,
subcortex, and cerebellum in each group. Values were expressed as
mean =+ standard deviation. In three triolein groups (light gray bars,
2 h group; gray bars, 24 h group; black bars, 72 h group), water
content in the ipsilateral cortex and subcortex was significantly higher
than that of the control group (white bars), but there were no
significant differences among the three triolein groups. There were no
significant changes of water content in the contralateral cortex,
subcortex, and cerebellum. Ipsi, ipsilateral side; Contra, contralateral
side. *P < 0.05 versus control group; *P < 0.05 versus contra

perivascular area (Fig. 4h). In the triolein groups, no
immunoactivity of AQP4 was observed in the core of
the lesion (Fig. 4i,k,m). In the peri-affected region sur-
rounding the core of the lesion, AQP4 immunostaining
was high in all triolein groups (Fig. 4j,1,n). In the region
with high AQP4 immunostaining, both neurons with fewer
pyknotic changes and those with a normal appearance
were seen.
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Fig. 2 Schematic illustration
of the extent of lesion at the
level of —1.7, 3.8, and 7.8 mm
caudal from bregma in each rat
of three triolein groups. In the
triolein groups, the lesions were
mainly distributed in the
ipsilateral parietal cortex and
subcortex, including
hippocampus and thalamus, but
small lesions were detected also
in the contralateral parietal
cortex in some animals

Fig. 3 Micrographs of the
brain section 3.8 mm caudal
from the bregma with
hematoxylin and eosin (H&E)
staining. a Control group; b 2 h
group; ¢ 24 h group; d 72 h
group. Three arrows (arrow 1,
control; arrow 2, core lesion;
arrow 3, peri-affected region)
correspond to Fig. 4. In the
triolein groups, the lesions were
mainly distributed in the
ipsilateral parietal cortex and
subcortex, including
hippocampus and thalamus, but
small lesions were detected also
in the contralateral parietal
cortex (Bars a—d 2 mm)

Figure 5 shows the scores of immunostaining of AQP4.
In the C group, the immunostaining score of AQP4 was 1,
whereas in the triolein groups the AQP4 immunostaining
score was 0 in the core of the lesion, but was as high as
score 2 or 3 in the peri-affected region.

Micrographs of GFAP immunostaining are shown in
Fig. 40—v. In the C group, no apparent GFAP-stained cells

were observed (Fig. 40). In the triolein groups, GFAP
immunostaining was nil or weak in the core of the lesion
(Fig. 4p.r,t). The GFAP staining was high in the peri-
affected region in the 2 h and 24 h groups (Fig. 4q,s). In
the 72 h group, GFAP immunostaining became intense
with hypertrophy and dendrite elongation of astrocytes
(Fig. 4u,v). In the region with high GFAP immunostaining,
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Control Z2h

24h 72h

Core

Peri

HE

GFAP

Fig. 4 Micrographs of brain sections 3.8 mm caudal from the
bregma with high magnification of the area indicated by arrows in
the corresponding areas with low magnification in Fig. 3. a-g
Hematoxylin and eosin (H&E; HE) staining: In the 2 h group,
shrunken and triangular-shaped neurons with cytoplasmic eosino-
philia, Nissl body disappearance, and pyknotic nucleus were
prominent. Vacuole degeneration in cytoplasm and halo formation
around the neurons and small vessels were observed in the core (b).
In the peri-affected region in the 2 h group, both abnormally shaped
neurons with halo formation but fewer pyknotic and normal
appearance neurons existed (c). In the core of the lesion of the
24 h group, pyknosis or disappearance of nucleus and vacuole
degeneration in the cytoplasm was more severe (d). In the peri-
affected region of the 24 h group, both neurons with pyknosis or
disappearance of nucleus and neurons with normal appearance
nucleus and slight halo formation were observed (e). In the core of
the 72 h group, the lesion became more prominent with inflamma-
tory infiltrated cells in the core (f). In the peri-affected region of the

AQP4
+ GFAP

both neurons with fewer pyknotic changes and those with a
normal appearance were seen.

Figure 6 shows the scores of immunostaining of
GFAP. In the C group, the GFAP immunostaining
score was 0, whereas in the triolein groups, the GFAP
immunostaining score was 0 or 1 in the core of the
lesion, but was high (score 1-4) in the peri-affected
region. Four sections of brain in the 72 h triolein group

@ Springer

Core

Peri Core Peri

72 h group, mild infiltration of inflammatory cells and neurons with
normal appearance were observed (g). h-n Aquaporin 4 (AQP4)
staining: in the control group, AQP4 was weakly stained in the
perivascular area (h). In the triolein groups, no immunoactivity of
AQP4 was observed in the core of the lesion (i, k, m). In the peri-
affected region surrounding the core of the lesion, AQP4 immuno-
staining was high in all triolein groups (j, 1, n). o—v Glial fibrillary
acidic protein (GFAP) staining: in the control group, no apparent
GFAP-stained cells were observed (0). In the triolein groups, GFAP
immunostaining was nil or weak in the core of the lesion (p, r, t).
GFAP staining was high in peri-affected region in the 2 h (q) and
24 h (s) groups. In the 72 h group, GFAP immunostaining became
intense (u, v). v High magnification of astrocyte hypertrophy and
dendrite elongation. w—y Combined immunostaining of AQP4 and
GFAP in the 2, 24, and 72 h groups: AQP4 was stained brown by
histofine and GFAP was stained red by fukushin. The areas of
increased immunostaining in AQP4 and GFAP were colocalized.
Bars a—u, w—y 25 pm; v 12.5 pm)

were scored as 4 with hypertrophy and dendrite elon-
gation of astrocytes.

Combined immunostaining of AQP4 and GFAP in the
peri-affected lesion of the 2, 24, and 72 h group is shown in
Fig. 4w—y. The combined immunostaining of AQP4 and
GFAP was seen in astrocytes. The areas of increased
immunostaining in AQP4 and GFAP were colocalized. A
similar staining pattern was observed in all triolein groups.
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Fig. 5 Scores of immunostaining of AQP4 in each group in the
section 3.8 mm caudal from the bregma. In the Control group, the
immunostaining score of AQP4 was 1; in the triolein groups, the
AQP4 immunostaining score was 0 in the core of the lesion but was as
high as 2 or 3 in the peri-affected region. *P < 0.05 versus Control

group
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Fig. 6 Scores of immunostaining of GFAP in the section 3.8 mm
caudal from the bregma. In the Control group, the GFAP immuno-
staining score was 0; in the triolein groups, the GFAP immunostain-
ing score was 0 or 1 in the core of the lesion, but was high (score 1-4)
in the peri-affected region. Four sections in the 72 h group were
scored 4 with dendrite elongation and hypertrophy of astrocytes.
*P < 0.05 versus Control group

Discussion

In the present study we found that (1) neurological deficit
score and brain water content almost reached a peak at 2 h
after intracarotid injection of triolein with no progressive
deterioration over 72 h; (2) histological damage was dis-
tributed mainly, although not exclusively, to the ipsilateral
hemisphere with a time-dependent increase in inflamma-
tory cell infiltration without enlargement of damaged area;
(3) increases in immunostaining for AQP4 and GFAP were
observed in the peri-affected region but not in the core; and

(4) reactive astrocytes were present with hypertrophy and
dendrite elongation at 72 h after triolein injection. The
results suggest that brain damage with an increase in brain
water content and neurological dysfunction can be induced
very rapidly if a certain amount of fat is introduced into the
cerebral circulation.

Histological damage was characterized by vacuole
degeneration of the cytoplasm and halo formation around
neurons and small vessels in the core of the lesion. These
changes have been known to represent astrocyte swelling
and cytotoxic brain edema [28]. However, there has been a
study that showed early occurrence of BBB disruption
detected by **™Tc uptake to the brain 15 or 30 min after
triolein injection in rats [10], suggesting that a vasogenic
cause may also contribute, in part, to edema formation after
fat embolism. Kim et al. [12] have reported that two types
of lesions were detected by magnetic resonance imaging
(MRI) 30 min after triolein injection in cats. The type 1
lesion had hyperintensity on diffusion-weighted images
and mild enhancement on contrast-enhanced T,-weighted
images, corresponding to both cytotoxic and vasogenic
edema. The type 2 lesion had iso- or mild hyperintensity on
diffusion-weighted images and strong enhancement on
contrast-enhanced T,-weighted images corresponding to
vasogenic edema. This type 2 lesion frequently surrounded
the type 1 lesion and returned to a normal appearance
within 2-3 weeks [12, 13]. It may be possible that, in the
peri-affected region surrounding the core lesion, a vaso-
genic cause may, at least in part, have contributed to edema
formation and that both cytotoxic and vasogenic brain
edema can occur early after fat embolism.

We observed marked increases in immunostaining for
AQP4 and GFAP in the peri-affected region but not in the
core. It is not clear why the GFAP score tended to show a
gradual increase compared to AQP4. However, we think
that it requires time for astrocytes to show typical mor-
phological changes, hypertrophy, and dendrite elongation
[27, 29-31]. AQP4 has been known to express in the per-
ivascular astrocyte endfoot process. Our findings are in
good agreement with the close correlation between levels
of AQP4 mRNA and the density of GFAP in astrocytes
6 days after brain injury induced by injection of quinolinic
acid reported by Vizuete et al. [17]. The functional role of
AQP4, although not yet fully understood, seems to differ
depending on the type of brain injury: in water intoxication
and focal ischemia (both presenting with cytotoxic edema),
AQP4 knockout mice exhibited significantly less brain
edema with improvement of neurological status and sur-
vival rate compared with the wild type [19], whereas, in the
continuous intracerebral fluid infusion (vasogenic edema)
model, AQP4 knockout mice developed higher intracra-
nial pressure (ICP) in association with higher brain water
content compared with wild-type controls [21]. In the
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present study, brain edema formation was rapid and almost
reached a peak within 2 h after triolein injection in asso-
ciation with astrocyte swelling and morphological changes
(hypertrophy) over time in the peri-affected regions. In
contrast, in the core, the damage was very severe and both
AQP4 and astrocyte (GFAP staining) have not been
detected. We speculate that the peri-affected region with
increased immunostaining for AQP4 and GFAP represents
a type 2 lesion where vasogenic edema is dominant and can
be resolved over time, as reported by Kim et al. [13]. High
immunostaining for AQP4 may have contributed to reso-
lution of brain edema because brain edema was not pro-
gressive during the time course in the present study.

The role of reactive astrocytes is complex and appears
to be double edged, either protective or deteriorative. For
example, reactive astrocytes provide trophic substances
and transcription genes to reduce neuronal damage [32]
and also to promote repair of the BBB through production
of extracellular matrix components [33]. GFAP null mice
have been shown to have high susceptibility to cerebral
ischemia [34]. Further, a recent report shows that AQP4
contributes to the astrocyte migration and glial scar for-
mation [35]. In the cortical-stab-injury model, glial scar
formation was less in the AQP4 knockout mouse than the
wild type [35]. The results suggest that an increase in
AQP4 associated with astrocyte activation (GFAP
increase) may lead to repair of injury. In contrast, reactive
astrocytes have been reported to play an important role in
the occurrence of delayed expansion of infarct volume,
possibly by producing S-1008 protein and activating
inducible nitric oxide synthase in focal brain ischemia
[36]. Pharmacological modulation of astrocytic activation
mitigates delayed expansion of infarct volume after
middle cerebral artery occlusion [37]. In the present
study, because the damaged areas were not enlarged over
time, it is speculated that the reactive astrocytes in the
peri-affected region may have provided a protective
effect.

Immunostaining cannot distinguish the transcriptionally
or translationally upregulated AQP4 and the facilitated
membrane presentation of AQP4. In the present study,
robust AQP4 expression was observed 2 h after triolein
injection, and the results were in accordance with the
recent report that showed rapid increase in AQP4 immu-
nostaining 1 h after ischemia with increased protein
expression [38]. The upregulation of mRNA and increased
protein expression of AQP4 were simultaneously seen 3 h
after hypoxia [39]. Therefore, it is conceivable, although it
may not be conclusive, that mRNA of AQP4 may be also
upregulated.

In summary, the present study demonstrated that brain
damage with fat embolism is characterized by early for-
mation of severe brain edema, associated with an increase
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in AQP4 expression and GFAP in the peri-affected region
but with no presence in the core. Although the functional
role of observed temporal profiles of AQP4 and astrocyte
responses remains to be elucidated, early modulation of
AQP4 and astrocyte responses can be one of the targets for
the treatment of fat embolism syndrome.
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