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cytotoxic edema on the uninjured side after traumatic 
brain injury

Department of Radiology, Affiliated Haikou Hospital, Xiangya School of Medicine, Central South University, Haikou, Hainan Province, China

Corresponding author:
Hong Lu, Department of Radiology, 
Affiliated Haikou Hospital, Xiangya 
School of Medicine, Central South 
University, Haikou 570208, Hainan 
Province, China, cqluh@sohu.com.

doi:10.4103/1673-5374.133150    

http://www.nrronline.org/

Accepted: 2014-03-20

Hong Lu, Xiaoyan Lei

Introduction
With the rapid development of the transportation and 
building industries, traffic accidents and falls have increased 
steadily, accompanied by an increased incidence of brain in-
juries, which account for > 50% of accidental traumas (Sabre  
et al., 2013). Traumatic brain edema not only induces brain 
cell (neuron, glial cell) dysfunction, but also causes intracra-
nial hypertension, which can lead to herniation, resulting in 
death (Suzuki et al., 2006). Using molecular and pathologi-
cal techniques and MRI, many studies have reported on the 
complex mechanism of the onset of traumatic brain edema 
(Donkin et al., 2010; Lescot et al., 2010; Fukuda et al., 2012; 
Wei et al., 2012). Vasogenic and cytotoxic edema develop 
over time. Vasogenic edema, characterized by damage to the 
blood-brain barrier, plays an important role in traumatic 
brain injury (Donkin et al., 2010; Lescot et al., 2010; Wei et 
al., 2012). Diffusion-weighted imaging (DWI) shows alter-
ations in apparent diffusion coefficient values following the 
amount, the type, and course of edema (Fukuda et al., 2012). 
However, studies have mainly focused on brain tissue on the 

injured side after traumatic brain injury (Kochanek et al., 
1995; Stroop et al., 1998; Lescot et al., 2010; Wei et al., 2012). 
Because the mechanism of traumatic brain injury remains 
unclear, effective therapeutic interventions are lacking. The 
cerebrum is a higher integration center, and there are abun-
dant neural network connections and humoral regulation 
mechanisms between the cerebral hemispheres. Brain tissue 
on the uninjured side after traumatic brain injury may also 
undergo abnormal changes, but these changes remain poorly 
understood. Performing traumatic brain injury studies in 
rats, we found that brain tissue on the uninjured side did in 
fact undergo certain changes. 

Materials and Methods
Experimental animals
A total of 60 healthy adult Wistar rats of both genders weigh-
ing 220–250 g were provided by the Experimental Animal 
Center, Sichuan University, China (Animal license No. SCXK 
(Chuan) 2008-24). Rats were housed in separate cages with a 
12-hours light/dark cycle at 22–25°C, and allowed free access 
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to food and water. The rats were randomly assigned to control 
and traumatic brain injury groups with five subgroups: 1, 3, 6, 
12 and 24 hours according to time points after injury. 

Experimental groups and establishment of animal models
In accordance with Feeney’s modified method (Feeney et al., 
1981), a Pinpoint™ Precision Cortical impactor (Hatteras In-
struments, Cary, NC, USA) was used to produce a model of 
traumatic brain injury. Rats were intraperitoneally injected 
with 1% sodium pentobarbital (100 mg/kg). In the prone po-
sition, the head of the rat was placed in a stereotactic frame 
(ST-7Setagaya-Ku, Tokyo, Japan). After shaving and steril-
izing, a 2-cm incision was made along the midline from left 
to right. The anterior fontanel was punctured 2.5 cm to the 
right of the midline between the anterior and posterior fon-
tanelles using a desktop electric dental engine (model 307-
2B, Shanghai, China), with a 1.5 mm drill bit at a rotation 
speed of 4,000 r/min. A 5-mm-diameter round bone window 
was opened using blood vessel forceps, keeping the dura ma-
ter intact. To establish a model of moderate traumatic brain 
injury, the dura in the bone window was impacted with the 
impactor at a speed of 2.5 m/s for 0.85 seconds to a depth 
of 3.5 mm. The impact diameter was 4 mm. Preliminary 
experiments had concluded that parenchymal injury ap-
peared, but no obvious intracerebral hematoma occurred, 
under these conditions. The bone window was sealed with 
bone wax. After achieving local hemostasis, the scalp was 
sutured. With the exception of impact, the procedures in the 
control group were identical to the traumatic brain injury 
group.

Magnetic resonance imaging with DWI
All images were acquired on a 3.0 T (Signa Excite® HDx 
system, GE Healthcare, Milwaukee WI, USA) with a desig-
nated coil (Medical Science and Technology Corp. of Chen-
guang, Shanghai, China). T1-weighted images (T1WI) were 
acquired in the coronal plane centered on the optic chiasm 
with the following parameters: section thickness 2 mm, 
spacing 0 mm, visual field 4 cm × 4 cm, matrix 128 × 128; 
DWI: repetition time shortest, echo time shortest, b values 
of 0 and 1,000 s/mm2,respectively. Data were transmitted to 
a workstation (AW4.3 GEMdeil system Advanta dow, Chi-
cago, IL, USA). Apparent diffusion coefficient values (largest 
slice; mm2/s) of injured areas with the largest proportion 
of high signal intensity, their uninjured contralateral coun-
terparts, and the largest layer of the basal ganglia were 

measured using Function tool software (GEMdeil system 
Advanta dow).

The following formula was used for analysis: Apparent 
diffusion coefficient = In (SI1/SI0)/(b0–b1) (Hui et al., 2012), 
where b1and b0 are the gradient factors of sequences and SI1 
and SI0 are signal intensities from the sequences SI1 and SI0, 
respectively. SI1= region of interest signal intensity with b1 

(600 s/mm2), SI0= region of interest signal intensity without 
diffusion gradients b0 (b0= 0 s/mm2). To reduce the effect of 
subjective factors during placement of the region of interest, 
a mean value was calculated by two experienced physicians.

Hematoxylin-eosin staining
After MRI at the various time points, cerebral perfusion with 
formalin was performed, and then brain tissue was processed 
for hematoxylin-eosin staining, electron microscopy, and 
IgG immunohistochemistry. These studies were conducted 
in the control group at 6 hours after sham surgery. 

In the traumatic brain injury groups, rats were anesthetized 
with 1% sodium pentobarbital at the corresponding time 
points of 1, 3, 6, 12, and 24 hours after traumatic brain injury. 
The left ventricle was perfused with 4% paraformaldehyde 
until colorless fluid flowed from the right atrium. Rats were 
decapitated and the brain was removed and fixed in 4% para-
formal dehyde for 24 hours. Brain tissues from the injured 
side and uninjured mirror area were obtained, embedded in 
paraffin, and sliced into sections. The sections were stained 
with hematoxylin and eosin, observed and photographed with 
a light microscope (Olympus, Tokyo, Japan). 

Transmission electron microscopy
Brain tissues from the injured area and uninjured mirror 
area were fixed in glutaral for 24 hours, and then stained 
with lead and uranium. Transmission electron microscopy 
(EX-2000 model; PECNAL G2F20, New York NY, USA) was 
used to observe the morphology of nerve cells, cell organ-
elles, and the microvascular endothelium, i.e., the blood-
brain barrier. Hematoxylin-eosin staining, light, and electron 
microscopy were performed at 24 hours post sham opera-
tion in the control group. 

Statistical analysis
All data were expressed as mean ± SD and analyzed using 
SPSS 18.0 software (SPSS Inc., Chicago IL, USA). Repeat-
ed-measures analysis of variance was used for data analysis. 
A value of P < 0.05 was considered statistically significant. 

Table 1 Comparison of ADC values (mm2/s ) in each group

Group

Time after contusion (hour)

1 3 6 12 24

Injured side of TBI 8.93±0.01a 8.24±0.01a 7.22±0.02 8.49±0.03a 8.68±0.01a

Non-injured side of TBI 7.32±0.01 7.01±0.02 7.60±0.01 7.46±0.01 7.52±0.02

Control 7.33±0.01 7.33±0.01 7.33±0.01 7.33±0.01 7.33±0.01

Data are expressed as mean ± SD (n = 10). aP < 0.01, vs. control group. Repeated-measures analysis of variance was used. ADC: Apparent diffusion 
coefficient. TBI: traumatic brain injury. 
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Figure 1 DWI and ADC images in the control and TBI groups on the uninjured (left) and injured (right) sides.
1, 3, 6, 12, 24 h: Subgroups of TBI group; 1: injured side; 2: uninjured side. There was no abnormality in DWI and ADC images in the control group 
and TBI subgroups on the uninjured side. DWI revealed high signal intensity on the injured side at 1 hour after TBI, which enlarged with time. ADC 
values increased in the injured group at 1 hour, diminished at 3 hours, were lowest at 6 hours, and then increased at 12 hours, showing an inverse 
V-shaped change (Table 1). DWI: Diffusion-weighted MRI images; ADC: apparent diffusion coefficient; TBI: traumatic brain injury; h: hours.

Figure 2 Pathological changes in rat brain tissue on the uninjured and injured sides at 1, 3, 6 and 24 hours after traumatic brain injury (TBI).
One hour after TBI (A, E): Injured side (A): vasogenic edema, widened intercellular spaces, slightly stained cytoplasm (eosinophilic staining), and 
abundant erythrocytes surrounding capillaries. Uninjured side (E): normal cell morphology and intercellular space (hematoxylin-eosin staining, 
× 200). Scale bars: 50 µm. 3 hours after TBI (B, F): Injured side (B): obviously swollen mitochondrion (thin arrow), swollen nuclei, thickened nu-
clear membrane, margination of chromatin (thick arrow) (transmission electron microscopy, × 6,000). Scale bar: 1 µm. Uninjured side (F): swollen 
glial cells and vacuole (arrow; hematoxylin-eosin staining, × 400). Scale bar: 50 µm. 6 hours after TBI (C, G): Injured side (C): blood-brain barrier 
damage (arrow),vascular endothelial cell swelling, basilar membrane thickening, and glial cell process swelling (arrow; transmission electron mi-
croscopy, × 6,000). Scale bar: 50 µm. Uninjured side (G): widened tissue space, lightly stained eosinophilic staining, and deformed blood vessels 
(hematoxylin-eosin staining, × 200). Scale bar: 50 µm. 24 hours after TBI (D, H) : The necrosis and the proliferation of glial cells were observed on 
the injured side at 24 hours after TBI (D; hematoxylin-eosin staining, × 400). Scale bar: 50 µm. Cytotoxic edema progressed; however, vasogenic 
edema decreased on the uninjured side at 24 hours after TBI (H). (A–D) Injured side; (E–H) uninjured side. 

Results
Apparent diffusion coefficient changes in brain tissue on 
the injured and uninjured sides following traumatic brain 
injury
DWI did not show abnormalities in the control group. In the 
traumatic brain injury groups, DWI revealed high signal in-
tensity at the traumatic brain injury site at 1 hour after injury, 
which proceeded to enlarge overtime. Apparent diffusion 
coefficient values on the injured side increased at 1 hour, re-
duced at 3 hours, were lowest at 6 hours, and increased at 12 
hours, showing a “V”-shaped pattern. There were significant 
differences in apparent diffusion coefficient values between 
the control group and the 1-, 3-, 12-, and 24-hour groups 

(P < 0.05), but there was no significant difference in appar-
ent diffusion coefficient values between the control group 
and the 6-hour group (P > 0.05; Figure 1, Table 1). On the 
uninjured side, apparent diffusion coefficient values were nor-
mal at 1 hour, reduced at 3 hours, increased at 6 hours, and 
then showed a decreasing trend at 12–24 hours. However, no 
significant difference in apparent diffusion coefficient values 
was detected between the uninjured side of the various trau-
matic brain injury groups and the control group (P > 0.05).
 
Pathological changes in brain tissue on the uninjured and 
injured sides after traumatic brain injury
In the control group, there was no abnormal neural cell 
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morphology and the microvascular endothelium was intact. 
In the 1-hour traumatic brain injury group, no significant 
pathological changes in brain tissue on the uninjured side 
were identified (Figure 2). Three hours after traumatic brain 
injury, under light microscopy, swollen glial cells with abun-
dant lightly staining cytoplasm were visible on the uninjured 
side. Under transmission electron microscopy, there were 
signs of cytotoxic edema, such as nuclear swelling, nuclear 
membrane thickening, margination of chromatin, and mi-
tochondrial and endoplasmic reticulum swelling (Figure 2). 
At 6 hours, cytotoxic edema became more noticeable. Si-
multaneously, widened tissue spaces, and lightly staining 
cytoplasm. Electron microscopy revealed manifestations of 
vasogenic edema, such as vascular endothelial cell swelling, 
basilar membrane thickening and breakage, and glial cell 
process swelling (Figure 2). With increasing time, cytotoxic 
edema gradually increased, and vasogenic edema lessened 
at 12 hours. Microglial proliferation was noted on the unin-
jured side at 24 hours after traumatic brain injury. 

On the injured side, vasogenic edema appeared 1 hour 
after injury (Figure 2), showing intercellular space widen-
ing, lightly staining cytoplasm, and abundant erythrocytes 
surrounding the capillaries. Cytotoxic edema appeared at 3 
hours. Vasogenic and cytotoxic edema gradually increased 
over time. Tissue necrosis, inflammatory cell infiltration and 
microglial proliferation were visible at 12–24 hours after 
traumatic brain injury, and most obvious in the 24-hour 
traumatic brain injury group (Figure 2).

Discussion
Pathological changes in brain tissue on injured and 
uninjured sides after traumatic brain injury 
The main pathological change after traumatic brain injury 
was brain edema, showing that excessive water accumulated 
in the intracellular and extracellular spaces, which induc-
es an increase in brain volume, weight, and intracranial 
pressure, potentially resulting in brain herniation and even 
death. Brain edema can be divided into four categories: cy-
totoxic, vasogenic, interstitial, and osmotic (Papadopoulos et 
al., 2007). The occurrence of cytotoxic edema and vasogenic 
edema is characteristic of traumatic brain injury. Vasogenic 
edema is associated with interruption of the blood-brain 
barrier (Unterberg et al., 2004), allowing fluid and protein 
to leak out of blood vessels and enter the intercellular space, 
widening it (Tait et al., 2008). After an insult, if the blood-
brain barrier is intact, intracellular fluid accumulates exces-
sively, causing cytotoxic edema. The extracellular space be-
comes narrowed (Tait et al., 2008). Previous studies showed 
that pathologically, vasogenic edema first occurred in the 
early stages of traumatic brain injury (< 24 hours), and was 
a factor in inducing cytotoxic edema (Ferrier et al., 2007; 
Donkin et al., 2010). Edema mainly occurs in the center of 
the injured area, with cytotoxic edema caused by ischemia/
hypoxia of brain tissue. The distribution of cytotoxic edema 
is more extensive, and is predominant in traumatic brain 
injury (Zhang et al., 2010). Results of this study revealed that 
vasogenic edema in brain tissue on the injured side appeared 
1 hour after traumatic brain injury, and cytotoxic edema was 
visible at 3 hours. With increasing time, vasogenic edema 

and intracellular edema gradually increased. Tissue necrosis, 
inflammatory cell infiltration, and microglial proliferation 
were detected at 12–24 hours, which was identical to a pre-
viously published study (Lescot et al., 2010). Other previ-
ous studies have indicated that no pathological or imaging 
changes were observed on the uninjured side after traumatic 
brain injury (Stroop et al., 1998; Lescot et al., 2010). Results 
from this study revealed that no abnormality was observed 
on the uninjured side 1 hour after traumatic brain injury, 
but at 3 hours after injury, cytotoxic edema was visible, and 
gradually increased. Six hours post-traumatic brain injury, 
significant vasogenic edema had appeared, decreasing by 
12–24 hours, while cytotoxic edema persisted. At this point, 
microglial proliferation was observed. These pathological 
changes on the uninjured side were later compared with 
those on the injured side. Cytotoxic edema appeared first 
on the injured side, followed by vasogenic edema, which de-
creased more slowly than on the uninjured side. 

Few reports have been concerned with the molecular 
mechanisms on the uninjured side of a traumatic brain 
injury. The brain is a higher integration center. It may be 
assumed that when one side is injured, corresponding 
pathological changes on the uninjured side can be induced 
by neural network connections between the cerebral hemi-
spheres and humoral regulation. Recent studies demon-
strated that aquaporin-4 is strongly associated with the 
occurrence and development of traumatic cerebral edema, 
and has a complex role in the formation of cerebral edema 
(Shenaq et al., 2012; Lo Pizzo et al., 2013; Ren et al., 2013). 
Fukuda et al. (2012) used a model of traumatic brain injury, 
and found that the degree of movement of water molecules 
in brain tissue was reduced, and brain water content was 
increased, at 24 hours after traumatic brain injury, but aqua-
porin-4 expression was increased in the injured area and 
normal in the uninjured area. Kiening et al. (2002) believed 
that aquaporin-4 expression in cerebral tissues diminishes 
after traumatic brain injury, especially on the injured side. 
In combination with the results from this study, whether the 
types and evolution of cerebral edema on the uninjured side 
were associated with aquaporin-4 expression requires fur-
ther investigation. 

Apparent diffusion coefficient value changes and 
pathological processes in brain tissue on the injured and 
uninjured side after traumatic brain injury  
DWI is dependent on Brownian motion of water molecules 
and intracellular and extracellular transmembrane water 
transport. Imaging time is short. DWI is an effective method 
to examine water molecule diffusion in vivo. DWI images are 
obtained by assessment of the apparent diffusion coefficient. 
DWI converts morphologic changes in intracellular and ex-
tracellular spaces after the onset of edema into visible images 
(Xu et al., 2010). Decreased apparent diffusion coefficient 
values, apparent diffusion coefficient maps with low signal 
intensity (black), and corresponding DWI images with high 
signal intensity (bright) indicate cytotoxic edema. In con-
trast, high signal on both apparent diffusion coefficient and 
DWI images represents vasogenic edema (T2 shine-through 
effect on DWI). DWI has been extensively used in the early 
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diagnosis of cerebral ischemia (Lu et al., 2011). Newcombe 
et al. (2013) verified that diffusion of water molecules is lim-
ited in the injured area in the early stages of traumatic brain 
injury. A penumbral area of brain parenchyma around the 
injured region exhibited high signal on DWI images and low 
signal on apparent diffusion coefficient maps. This patholog-
ical change was interpreted as cytotoxic edema induced by 
microvascular injury surrounding the injured region. Thus, 
DWI and apparent diffusion coefficient have significant value 
in the assessment of early brain injury. Our results demon-
strate that cytotoxic and transient vasogenic edema occurs 
on the uninjured side after traumatic brain injury; however, 
no significant difference in apparent diffusion coefficient 
values was detectable between the uninjured side and control 
group, which was identical to results from previous studies. 
We observed edema and blood-brain barrier damage in brain 
tissue on the uninjured side, and these pathological findings 
changed over time. During our observation period, cytotox-
ic edema and vasogenic edema briefly coexisted. Cytotoxic 
edema can increase apparent diffusion coefficient values, but 
vasogenic edema can diminish apparent diffusion coefficient 
values (Lu et al., 2011). These two effects may have counter-
acted each other. Overall apparent diffusion coefficient values 
were altered, but no significant difference in apparent diffu-
sion coefficient values was observed between the uninjured 
side of the traumatic brain injury groups and the control 
group, revealing a false-negative result. 

In summary, brain tissue on the uninjured side was not 
completely normal after traumatic brain injury. Some patho-
logical changes were observed, which occurred later than on 
the injured side. Cytotoxic edema appeared first, followed by 
transient vasogenic edema. We presume that this is associ-
ated with neuroregulation and humoral regulation. Signif-
icant apparent diffusion coefficient value changes were not 
observed, demonstrating the possibility of a false-negative 
result if used to assess the contralateral side of a traumatic 
brain injury. Aquaporin-4 expression may exert an effect on 
the uninjured side; further investigation is needed to identify 
the precise mechanism. 
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