
https://doi.org/10.1177/1177271919851515

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial  
4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without 

further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Biomarker Insights
Volume 14: 1–13
© The Author(s) 2019
Article reuse guidelines: 
sagepub.com/journals-permissions
DOI: 10.1177/1177271919851515

Introduction
Traumatic brain injury (TBI) is a complex and heterogeneous 
pathological process. Similar cerebral injuries in appearance on 
brain imaging could have different neurologic prognoses and 
responses to treatment. Trying to better characterize brain 
injuries using biomarkers has become a research priority.1-3

Hypoxia and hypotension are common after TBI and are 
major sources of secondary brain damages, increasing mortal-
ity and worsening neurological outcome in patients with 
severe TBI.4 The detection of these secondary brain insults 
using biomarkers could allow for better stratification and 
characterization of the disease.

Three biomarkers reflecting different components of the brain 
are promising candidates for brain injury identification:5 glial fibril-
lary acidic protein (GFAP), ubiquitin carboxy-terminal hydrolase-L1 

(UCH-L1), and matrix metalloproteinase 9 (MMP-9).6 Glial fibril-
lary acidic protein is a major component of the astrocytic cytoskel-
eton and is exclusively expressed in astrocytes. Ubiquitin 
carboxy-terminal hydrolase-L1 represents 1% to 5% of total solu-
ble proteins of the brain and is specifically expressed in neurons. 
The temporal profiles of GFAP and UCH-L1 have been studied 
recently in rat model of fluid percussion TBI but to our knowledge, 
these biomarkers have never been studied following secondary 
brain insults.7 Matrix metalloproteinases (MMPs) regulate home-
ostasis of the extracellular matrix (ECM) by proteolysis. They are 
implicated in the disruption of the blood-brain barrier (BBB) after 
TBI with degradation of the tight junction-related proteins and 
the basal lamina.8,9

Animal models of TBI allow to study the effects of post-
traumatic insults on the brain physiology. Some brain regions 
seem to be more susceptible to secondary hypoxic insults such 
as the cortex or hippocampus.10,11 The aim of this study was to 
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describe the cerebral distribution of GFAP, UCH-L1, and 
MMP-9 in a rat model of diffuse TBI associated with standard-
ized hypoxia-hypotension (HH) with particular interest in 
regions sensitive to hypoxia. Our hypothesis was that expression 
of GFAP, UCH-L1, and MMP-9 could be modified by sec-
ondary hypoxic insults after TBI.

Methods and Materials
This study was undertaken in line with regulations of the 
Helsinki Declaration on laboratory animal care and use and 
the French Ministry of Agriculture. The whole methodology 
described below was approved by the local Ethics Committee 
for animal experimentation (no. B.31.555.04). The use of this 
standardized hypoxia-hypotension in rat model of diffuse TBI 
has been described in previous studies.10,12

Animal preparation

Adult male Sprague-Dawley rats were anesthetized in inhala-
tion chamber with Sevoflurane (Sevorane®; Abbott, France) 
and then with 80 mg/kg of intraperitoneal pentobarbital 
sodium (Pentobarbital sodique; Ceva, France). After catheteri-
zation of the right femoral vein (Insyte-22-gauge), anesthesia 
was maintained by continuous intravenous infusion of pento-
barbital sodium at 1 mL/h (14 mg/kg/h). Analgesia was per-
formed with intraperitoneal xylazine (10 mg/kg, Rompun 2%®; 
Bayer, Germany). The right femoral artery was catheterized 
(Insyte-24-gauge) for continuous arterial pressure monitoring 
and blood withdrawal. A tracheostomy was performed (Insyte-
16-gauge) and animals were mechanically ventilated with room 
air in prone position (Engström Carestation®; General Electric, 
USA; tidal volume 6-8 mL/kg, respiratory rate 60 per minute, 
and positive expiratory pressure [PEP] 3 cm H2O).

General monitoring and experimental procedure

Rectal temperature was measured continuously with a rectal 
probe and animals were maintained around 37°C with heating 
plate (Hotplate 062® et Hotplate controller®; Bioseb, Germany). 
Mean arterial pressure (MAP), heart rate (HR), and tempera-
ture (T, in °C) were monitored continuously and recorded every 
15 minutes during all the procedure (4 hours). These parame-
ters were recorded every 5 minutes during the HH phase. 
Arterial blood gases were sampled after HH phase.

Rats were allocated randomly to the following four groups:

•• Sham, in which the entire procedure was performed 
except head trauma and hypoxia-hypotension (HH);

•• TBI, in which head trauma was performed alone;
•• HH, in which HH phase was performed alone;
•• TBI+HH, in which head trauma was followed by HH.

The experimental procedure is represented in Figure 1.

Adapted impact acceleration brain injury

Head trauma was realized according to the adapted model of 
Marmarou and colleagues13,14 reproducing diffuse TBI with 
acceleration-deceleration damage without skull fracture. Our 
research team has used this model in previous studies.10,12 We 
chose male rats because this model is validated only in male rats. 
A midline incision was performed on the scalp followed by perio-
stal dissection, allowing exposing of central area in average 1.5 cm 
in diameter between the coronal and the lambdoid suture. A 
round steel disk (1-cm diameter and 3-mm thickness) was fixed 
by surgical cement (Palacos R-40; Schering-Plough Europe, 
Belgium) onto the central area of skull between bregma and 
lambda. Animals were then placed in prone position on a piece of 

Figure 1. Experimental procedure.
ABG indicates arterial blood gas; CSF, cerebrospinal fluid; FiO2, inspired fraction of oxygen; HH, hypoxia-hypotension phase; HR, heart rate; MAP, mean arterial pressure; 
TBI, traumatic brain injury.
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foam, under a hollow Plexiglas tube to receive a 450-g weight 
dropping freely from a height of 1.80 m on the steel disk. 
Rebound of weight was avoided by immediately moving animals 
after the first impact. Animals were then placed on the thermal 
blanket and mechanically ventilated with an oxygen-enriched 
mixture (inspired oxygen fraction [FiO2]: 60%). Animals with 
macroscopic skull fracture, rebound impact, or dying during pro-
cedure were excluded from the final analysis. This standardized 
and reproducible model of severe TBI leads to diffuse axonal 
injury, diffuse cerebral edema, and loss of neurons.14

Hypoxia-hypotension phase

Hypoxia was performed by mechanical ventilation with O2/N2 
mixture of 10%/90% (Air Liquide Santé, France) resulting in 
decrease in the arterial partial pressure of oxygen (PaO2) to 
about 40 mmHg.15,16 After that, hypotension was obtained 
with a controlled hemorrhage by bleeding via a rapid arterial 
withdrawal to decrease MAP to 40 mmHg. Blood was con-
served in a heparinized syringe, and after 15 minutes, restored 
slowly (1-2 minutes) to animals. Then, animals were ventilated 
with oxygen-enriched mixture (FiO2 60%). The delay between 
TBI and HH phase was always 45 minutes.

Sampling of brain tissue

After 4 hours of mechanical ventilation, rats were killed by 
exsanguination with heparinized syringe and injection of 1 mL 
of potassium chloride (0.1 g/mL; Fresenius Kabi, France). Brain 
was then rapidly removed. Three sections were performed in the 
frontal plane of section through origin of sylvian fissure for the 
most anterior section, through cerebral peduncles for posterior 
section, and equidistantly from the last two sections for middle 
section. Then, brain was sectioned on the median line to sepa-
rate the right and left hemispheres. The right hemisphere was 
intended for immunohistochemical analysis. After fixation in 
4% formaldehyde, the three parts of the right hemisphere were 
paraffin-embedded using a dehydration automaton (Leica 
TP1020®; Leica Microsystems, Germany) and then coating sta-
tion (Leica EG1160®; Leica Microsystems). The three parts of 
the left hemispheres were coated in optimal cutting tempera-
ture (O.C.T.® Tissue-Tek®, Sakura Finetek, The Netherlands) 
and then immersed in a liquid nitrogen cooled isopentane for 
10 to 15 seconds. Frozen pieces were then stored at –80°C.

Immunohistochemical analysis and regional 
distribution of biomarkers

The three paraffin sections from each animal were cut (3 μm 
section) on the areas of interest: neocortex, striatum, thalamus, 
corpus callosum, and hippocampus (CA-1 region and dentate 
gyrus). These areas of interest have been described as particularly 
sensitive to hypoxic insults after TBI.10,11 Three sections were 
used for immunostaining of UCH-L1 (Monoclonal Mouse 

[13C4/I3C4] to PGP9.5; Abcam®, UK), GFAP (Polyclonal 
Rabbit Anti-Glial Fibrillary Acidic Protein, ref. Z0334; Dako®, 
Denmark), and MMP-9 (Monoclonal Mouse [56-2A4] to 
MMP-9; Abcam). After de-waxing with a series of xylene fol-
lowed by 100% alcohol baths, slides were washed with distilled 
water. For antigen retrieval, slides were placed in a Tris/EDTA 
buffer at pH6 (citric acid and sodium citrate) at boiling point for 
20 minutes, except for GFAP for which proteinase K proteolytic 
digestion was used. Slides were then incubated with the primary 
antibodies at a dilution of 1/500 for 30 minutes for the anti-
GFAP antibodies, 12 hours for the anti-UCH-L1 antibodies, 
and at a concentration of 2 μg/mL for 1 hour for the anti-
MMP-9 antibodies. After rinsing, slides were incubated with 
peroxidase-labeled secondary antibodies for UCH-L1 
(ImmPRESS® Peroxidase Anti-Rabbit Ig Vector; Vector Labs, 
UK) and for GFAP and MMP-9 (ImmPRESS Peroxidase 
Anti-Mouse Ig Vector; Vector Labs). After 30 minutes of incu-
bation by 3,3′-diaminobenzidine (DAB; ImmPACT DAB; 
Vector Labs), counterstain with hematoxylin was performed  
after immunostaining. Slides were dehydrated by successive baths 
in alcohol (100%) followed by xylene and then mounted 
(EUKITT® adhesive; Sigma–Aldrich®, USA). Slides were 
scanned (Pannoramic 250 Scanner®; 3DHISTECH Ltd, 
Hungary) and analyzed to measure the marking density in 
regions of interest. On each slide, regions of interest were defined 
with an atlas of the Sprague-Dawley rat brain in stereotactic 
coordinates.17 The virtual slides were then analyzed by densitom-
etry (Quant Center®; 3DHISTECH Ltd). The pixels were classi-
fied with an intensity score: negative, weak, moderate, or strong 
positive pixels for marking density.18-20 The ratio of strong, moder-
ate, weak positive, and negative pixels to total pixels was analyzed in 
total for each brain and then for each region of interest to evaluate 
the regional distribution of the immunostaining. So, four categories 
of staining intensity were described with percentage of strong, 
moderate, weak positive, and negative (no staining) pixels: strong 
staining, moderate staining, weak staining, and negative staining.

Antibody characterization

Immunohistochemical staining was performed on paraffin-
embedded tissue sections, using polyclonal and monoclonal pri-
mary antibodies summarized in Table 1. Immunostaining of 
paraffin sections was preceded by different antigen unmasking 
methods. After incubation with primary antibodies, sections  
were incubated with peroxidase-labeled secondary antibodies 
(ImmPRESS™ Peroxidase Anti-Mouse or Anti-Rabbit Ig 
Vector; Vector Labs) followed by the DAB chromogen solution 
and were then counterstained with hematoxylin. Negative controls 
were incubated in buffered solution without primary antibody.

Statistical analysis

General and immunostaining data were compared between 
groups using Kruskal-Wallis test. If necessary, post hoc analysis 
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was performed using the Fisher probabilistic least significant 
difference test. Hemodynamic consequences of TBI and HH 
were compared between different groups using a two-way analy-
sis of variance (ANOVA). Differences at the level of P < .05 were 
considered statistically significant. Data are expressed as 
mean ± standard error of the mean (SEM). StatView 5.0® soft-
ware (SAS institute Inc, USA) was used for statistical analysis.

Results
In total, 49 rats were studied but 9 (18.4%) were excluded for 
final analysis because of early death following refractory shock, 
cardiopulmonary arrest during the HH phase, or accidental 
embolism (Table 2). No skull fracture was reported for TBI or 
TBI+HH group. Thereby, 40 rats were retained, allocated ran-
domly to each of the four groups: Sham (n = 10), TBI (n = 10), 
HH (n = 10), and TBI+HH (n = 10).

Physiologic characteristics and hemodynamic 
parameters

Animals’ weights were similar between the 4 groups: Sham 
(498 ± 23 g), HH (470 ± 4 g), TBI (473 ± 5 g), and TBI+HH 
(508 ± 27 g) (P = .69). Rectal temperatures were comparable 
between the 4 groups overtime (P = .07). At T0, the tempera-
ture was 36.2°C ± 0.2°C, 36.2°C ± 0.2°C, 36.0°C ± 0.2°C, and 
35.7°C ± 0.2°C in Sham, HH, TBI, and TBI+HH groups, 
respectively. After 4 hours, the temperature was 37.5°C ± 0.2°C, 
37.3°C ± 0.1°C, 37.5°C ± 0.3°C, and 37.5°C ± 0.1°C in Sham, 
HH, TBI and TBI+HH groups, respectively. The volume of 

blood depletion during the HH phase was not significantly 
different between HH and TBI+HH groups (5.2 ± 0.3 mL vs 
5.6 ± 0.6 mL, P = .54).

For hemodynamic parameters, at T0, MAP was not signifi-
cantly different between the 4 groups (P = .22; Figure 2). At 60 
minutes, corresponding to the end of the HH phase just before 
blood reinjection in groups subjected to HH, MAP was not 
different between HH and TBI+HH groups (45 ± 2 mmHg vs 
45 ± 2 mmHg, P = .79). After the HH phase, MAP was compa-
rable for the 4 groups (P = .75). At the end of the procedure (4 
hours), MAP for Sham, TBI, HH, and TBI+HH groups was 
98 ± 5 mmHg, 102 ± 3 mmHg, 97 ± 6 mmHg, and 96 ± 3 mmHg, 
respectively. For blood gases, at the end of the HH phase, PaO2 
in HH and TBI+HH groups was not significantly different 
(51 ± 4.5 mmHg vs 44.9 ± 6.5 mmHg, P = .48).

Glial f ibrillary acidic protein immunostaining

Glial fibrillary acidic protein immunostaining was present in 
all groups and no negative staining was reported. Moderate 
immunostaining was not different between the 4 groups. 
Analysis of all regions of interest revealed a significant decrease 
in percentage of strong staining and increase in percentage of 
weak staining for the TBI, HH, and TBI+HH groups com-
pared with Sham group (Table 3; Figure 3). There was no dif-
ference between TBI and TBI+HH groups for GFAP strong 
and weak staining.

Table 3 represents the percentages of strong and weak staining 
according to the 6 different regions of interest. In the neocortex, 

Table 1. Antibodies used for histological analysis.

AnTIGEn CLOnE (nUMBER) SUPPLIER DILUTIOn InCUBATIOn 
TIME

AnTIGEn RETRIEvAL

GFAP Rabbit polyclonal
(Z0344)

Dako 1:500 1 hour Proteinase K proteolytic 
digestion

UCH-L1/PGP9.5 13C4/13C4 mouse mAb
(Ab8189)

Abcam 1:500 O/n HIER/citrate pH6/MO

MMP-9 56-2A4 mouse mAb
(ab58803)

Abcam 1:500 1 hour HIER/citrate pH6/MO

Abbreviations: Ab, antibody; HIER, heat-induced epitope retrieval; mAb, monoclonal antibody; MO, boiling in microwave oven twice 10 minutes each; O/n, overnight at 4°C.

Table 2. Causes for exclusion in each group.

SHAM GROUP TBI GROUP HH GROUP TBI+HH GROUP

Early death  

Refractory shock 1 1 2 1

CPA per HH – – 1 0

Embolism 0 3 0 0

Skull fracture – 0 – 0

Total 1/11 (9%) 4/14 (28.6%) 3/13 (23.1%) 1/11 (9%)

Abbreviations: CPA, cardiopulmonary arrest; HH, hypoxia-hypotension; TBI, traumatic brain injury.
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immunostaining revealed a significant decrease in percentage of 
strong staining for TBI, HH, and TBI+HH groups compared 
with Sham group. We reported a significant decrease in percent-
age of strong staining for HH and TBI+HH groups compared 
with TBI group. In parallel, a significant increase in weak staining 
was found for HH and TBI+HH groups compared with Sham 
group. In the striatum, a significant decrease in percentage of 
strong staining and a significant increase in percentage of weak 
staining were found for the TBI, HH, and TBI+HH groups 

compared with Sham group. A similar trend was observed in the 
thalamus, dentate gyrus, CA-1 region, and corpus callosum with-
out reaching statistical significance.

Ubiquitin carboxy-terminal hydrolase-L1 
immunostaining

As for GFAP, UCH-L1 immunostaining was present in all 
groups and no negative staining was reported. Moderate 

Figure 2. Mean arterial pressure during procedure for each group.
values are represented as mean ± SEM. HH indicates hypoxia-hypotension; SEM, standard error of the mean; TBI, traumatic brain injury.

Table 3. Ratio of strong positive pixels (strong staining) on total pixels and weak positive pixels (weak staining) on total pixels for GFAP for the 6 
different regions of interest and for all regions.

GFAP

 SHAM TBI HH TBI+HH

 STROnG 
STAInInG 

(%)

WEAK 
STAInInG 

(%)

STROnG 
STAInInG 

(%)

WEAK 
STAInInG 

(%)

STROnG 
STAInInG 

(%)

WEAK 
STAInInG 

(%)

STROnG 
STAInInG 

(%)

WEAK 
STAInInG 

(%)

neocortex 36.9 ± 2.1 16.4 ± 3.1 24.3 ± 1.1* 28.7 ± 2.3 17 ± 0.7*§ 32.9 ± 1.6* 17.1 ± 1*§ 32.4 ± 2.1*

Striatum 28.4 ± 1.8 19.7 ± 3.1 18.5 ± 2.3* 35.1 ± 3.5* 17.7 ± 1.2* 34.5 ± 2.2* 20.4 ± 1.8* 31.4 ± 3*

Thalamus 27.7 ± 1.3 19.9 ± 3.2 20.1 ± 1.5 25.4 ± 3.1 20.9 ± 1.6 27.1 ± 2.3 20.8 ± 1.8 25.3 ± 2.6

Dentate gyrus 38.7 ± 3.4 10.6 ± 2.4 29 ± 2 18.1 ± 2.4 30.8 ± 2.1 18.1 ± 2.3 29.4 ± 3.6 21.2 ± 3.6

CA-1 region 35.7 ± 3.1 12.3 ± 2.3 29.7 ± 2.3 16.4 ± 2.4 28.8 ± 2.1 18.4 ± 2.5 29.7 ± 3.1 17.9 ± 3.3

Corpus callosum 37.2 ± 4.9 11 ± 3 33 ± 4.7 17.6 ± 3.6 27.7 ± 1.6 17.1 ± 2.1 28.8 ± 1.6 14.9 ± 1.9

All regions 34 ± 1.3 15.1 ± 1.3 25.5 ± 1.2* 23.8 ± 1.5* 21.8 ± 0.7*§ 27.1 ± 1.1* 22.5 ± 0.9* 26 ± 1.3*

Abbreviations: GFAP, glial fibrillary acidic protein; HH, hypoxia-hypotension; SEM, standard error of the mean; TBI, traumatic brain injury.
Ratios are expressed in percentage of total pixels. Data are expressed in mean ± SEM.
*P < .05 vs Sham group. §P < .05 vs TBI group.



6 Biomarker Insights 

immunostaining was similar for the 4 groups. Analysis of all 
regions of interest revealed a significant increase in percentage 
of strong staining and decrease in percentage of weak staining 
for the HH and TBI+HH groups compared with the Sham 
and TBI groups (Table 4; Figure 4).

Table 4 represents the percentages of strong and weak stain-
ing according to the 6 different regions of interest. In the neo-
cortex, a significant increase in percentage of strong staining 
and a significant decrease in percentage of weak staining were 
observed for the TBI, HH, and TBI+HH groups compared 
with Sham group. In the striatum, a significant increase in per-
centage of strong staining and decrease in percentage of weak 
staining for the HH and TBI+HH groups were found com-
pared with the Sham and TBI groups. In the dentate gyrus, 
CA-1 region, and corpus callosum, an increase in percentage of 
strong staining and a decrease in percentage of weak staining 
were observed for the HH group compared with the Sham and 
TBI groups. For the TBI+HH group, an increase in percentage 
of strong staining in the dentate gyrus compared with the 
Sham group was observed and in the corpus callosum com-
pared with the Sham and TBI groups. In the dentate gyrus, the 
percentage of weak staining was decreased for the TBI+HH 
groups compared with the Sham and TBI groups. In the CA-1 
region and the corpus callosum, we reported a decrease in the 
percentage of weak staining for the TBI+HH group compared 
with the Sham group.

Matrix metalloproteinase 9 immunostaining

Strong immunostaining was not observed for MMP-9 in all 
groups. Moderate, weak positive staining and negative staining 
were reported. For the HH and TBI+HH groups, a significant 

increase in percentage of moderate and weak staining and 
decrease in percentage of negative staining were found com-
pared with the Sham and TBI groups (Table 5; Figure 5).

Table 5 represents the percentages of moderate, weak, and 
negative staining according to the 6 different regions of inter-
est. For all regions of interest, the HH and TBI+HH groups 
presented a significant increase in percentage of moderate 
staining and decrease in percentage of negative staining com-
pared with the Sham and TBI groups. Figures 6 and 7 repre-
sent, respectively, the cortex and hippocampus (dentate gyrus 
and CA-1 region) staining for the 3 biomarkers in the 4 groups. 
Figure 8 represents the immunohistochemical staining pat-
terns of GFAP, UCH-L1, and MMP-9 proteins in each group 
with magnification at ×40.

Discussion
We described here global and regional immunostaining of 
GFAP, UCH-L1, and MMP-9 after standardized secondary 
hypoxic insult in a rat model of diffuse TBI. Ubiquitin carboxy-
terminal hydrolase-L1 and MMP-9 immunostainings increased 
after HH alone or HH combined with TBI compared with TBI 
alone globally and in different regions particularly sensitive to 
hypoxic insults. Glial fibrillary acidic protein immunostaining 
decreased, particularly in the neocortex, after HH alone or HH 
combined with TBI compared with TBI alone.

Glial fibrillary acidic protein, UCH-L1, and MMP-9 were 
chosen due to their expression in three different components of 
the brain: astrocytes, neurons, and extracellular matrix. Glial 
fibrillary acidic protein is a brain-specific protein located in the 
cytoskeleton of astrocytes. Its expression is specific to glial cells, 
forming a filament network that provides support to the cell. 
Ubiquitin carboxy-terminal hydrolase-L1 represents 1% to 5% 

Figure 3. Ratio of strong positive pixels (strong staining) on total pixels and weak positive pixels (weak staining) on total pixels for GFAP.
Data are expressed in mean ± SEM. We can note a significant decrease in percentage of strong staining and increase in percentage of weak staining for the TBI, 
HH, and TBI+HH groups compared with Sham group. GFAP indicates glial fibrillary acidic protein; HH, hypoxia-hypotension; SEM, standard error of the mean; TBI, 
traumatic brain injury.
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of total soluble proteins of the brain and is mainly expressed in 
neurons.21 It is implicated in the addition and depletion of 
ubiquitin-dependant proteins and plays a major role in the 
suppression of abnormal, excessive, or oxidized proteins in 
physiological or pathological conditions. Matrix metallopro-
teinase 9 is an inductive enzyme of the zinc-dependent endo-
peptidase family. It regulates homeostasis of the extracellular 
matrix by proteolysis.22 Matrix metalloproteinase 9 is very 
weakly present in healthy brain tissue, but its expression 
increases rapidly after brain injuries such as ischemic stroke23 

and TBI.9 In humans, UCH-L1 and GFAP concentrations in 
the plasma have been correlated with the initial severity of TBI 
(Glasgow Coma Score), brain injuries on imaging at admis-
sion, neurological outcome, and mortality.24,25 Matrix metallo-
proteinase 9 has been less studied in TBI. However, 
concentrations in the cerebrospinal fluid (CSF) and plasma are 
elevated after moderate and severe TBI and MMP-9 seems to 
be correlated with neurological outcome and mortality.26-29

In experimental model of moderate parasagittal fluid percus-
sion TBI in rats, the time course of GFAP changes in the 

Table 4. Ratio of strong positive pixels (strong staining) on total pixels and weak positive pixels (weak staining) on total pixels for UCH-L1 for the 6 
different regions of interest and for all regions.

UCH-L1

 SHAM TBI HH TBI+HH

 STROnG 
STAInInG 

(%)

WEAK 
STAInInG 

(%)

STROnG 
STAInInG 

(%)

WEAK 
STAInInG 

(%)

STROnG 
STAInInG 

(%)

WEAK 
STAInInG 

(%)

STROnG 
STAInInG (%)

WEAK 
STAInInG 

(%)

neocortex 6.4 ± 1.3 17.7 ± 4.1 11.1 ± 2.1* 9.6 ± 3* 13.1 ± 1* 5.2 ± 0.7* 13.2 ± 1.2* 6.6 ± 1*

Striatum 5.5 ± 1.4 23.4 ± 8.9 5 ± 1.3 18.7 ± 6.1 16.6 ± 2.4*§ 4.7 ± 1.6*§ 14.9 ± 2.3*§ 7.1 ± 2.1*§

Thalamus 9.3 ± 5.9 21.7 ± 7 16.1 ± 5.8 12.9 ± 5.9 24.4 ± 2.3 4.1 ± 0.8 19.6 ± 2.7 6.4 ± 1.2

Dentate 
gyrus

5 ± 1.5 20.3 ± 6.5 6.4 ± 2.3 19.3 ± 4.7 14.7 ± 2.1*§ 4.5 ± 0.8*§ 12.6 ± 2.1* 6.6 ± 2.5*§

CA-1 region 7.5 ± 1.8 18 ± 4.7 7.3 ± 1.9 12.9 ± 3.1 18.4 ± 1.8*§ 3.1 ± 0.5*§ 13.1 ± 2.7 5.5 ± 1.7*

Corpus 
callosum

8.4 ± 2.6 14.6 ± 3.5 6.9 ± 1.3 13.5 ± 5.7 17.1 ± 1.8*§ 5.1 ± 1.1*§ 18.2 ± 4.2*§ 5.8 ± 1.3*

All regions 7 ± 0.9 18.2 ± 2.2 9.5 ± 1.2 13.1 ± 1.8* 15.7 ± 0.7*§ 4.7 ± 0.4*§ 14.3 ± 0.9*§ 6.4 ± 0.6*§

Abbreviations: HH, hypoxia-hypotension; SEM, standard error of the mean; TBI, traumatic brain injury; UCH-L1, ubiquitin carboxy-terminal hydrolase-L1.
Ratios are expressed in percentage of total pixels. Data are expressed in mean ± SEM.
*P < .05 vs Sham group. §P < .05 vs TBI group.

Figure 4. Ratio of strong positive pixels (strong staining) on total pixels and weak positive pixels (weak staining) on total pixels for UCH-L1.
Data are expressed in mean ± SEM. We can note a significant increase in percentage of strong staining and decrease in percentage of weak staining for the HH and 
TBI+HH groups compared with the Sham and TBI groups. HH indicates hypoxia-hypotension; SEM, standard error of the mean; TBI, traumatic brain injury; UCH-L1, 
ubiquitin carboxy-terminal hydrolase-L1.
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Figure 5. Ratio of moderate positive pixels (moderate staining) on total pixels, weak positive pixels (weak staining) on total pixels, and negative pixels 

(negative staining) on total pixels for MMP-9.
Data are expressed in mean ± SEM. For the HH and TBI+HH groups, a significant increase in percentage of moderate and weak staining and decrease in percentage of 
negative staining were found compared with the Sham and TBI groups. HH indicates hypoxia-hypotension; MMP-9, matrix metalloproteinase 9; SEM, standard error of 
the mean; TBI, traumatic brain injury. *P < .05 vs Sham group. §P < .05 vs TBI group.

Figure 6. Cortex staining for GFAP, UCH-L1, and MMP-9 in each group.
Boxes at the bottom left represent isotype-specific control images without primary antibody for each groups and each biomarkers. We can note less intensive GFAP 
immunostaining in the neocortex after HH and TBI+HH compared with TBI alone. For UCH-L1, immunostaining is more pronounced for TBI, HH, and TBI+HH groups 
compared with Sham group. For MMP-9, there is more intensive immunostaining for HH and TBI+HH groups compared with Sham and TBI alone groups. GFAP indicates 
glial fibrillary acidic protein; HH, hypoxia/hypotension group; MMP-9, matrix metalloproteinase 9; Sham, Sham group; TBI, traumatic brain injury group; TBI+HH, traumatic 
brain injury and hypoxia/hypotension group; UCH-L1, ubiquitin carboxy-terminal hydrolase-L1.
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Figure 7. Hippocampus staining for GFAP, UCH-L1, and MMP-9 in each group.
We can note trend to less intensive GFAP immunostaining in the hippocampus (dentate gyrus + CA-1 region) after HH and TBI+HH compared with TBI alone. For UCH-L1 
and MMP-9, immunostaining is more pronounced for HH and TBI+HH groups compared with Sham and TBI alone groups. GFAP indicates glial fibrillary acidic protein; 
HH, hypoxia/hypotension group; MMP-9, matrix metalloproteinase 9; Sham, Sham group; TBI, traumatic brain injury group; TBI+HH, traumatic brain injury and hypoxia/
hypotension group; UCH-L1, ubiquitin carboxy-terminal hydrolase-L1.

Figure 8. Immunohistochemical staining patterns of GFAP, UCH-L1, and MMP-9 proteins in each group: Sham, TBI, HH, and TBI+HH in the neocortex.
All magnifications are at ×40. GFAP proteins form filament network in cytoskeleton and staining is less intensive in TBI, HH, and TBI+HH groups compared with Sham 
group. UCH-L1 proteins have diffuse and granulated staining with more intensive staining in the TBI, HH, and TBI+HH groups compared with sham group. For MMP-
9, stainings are almost inexistant for Sham and TBI groups and are marked and diffuse for HH and TBI+HH groups. GFAP indicates glial fibrillary acidic protein; HH, 
hypoxia/hypotension group; MMP-9, matrix metalloproteinase 9; Sham, Sham group; TBI, traumatic brain injury group; TBI+HH, traumatic brain injury and hypoxia/
hypotension group; UCH-L1, ubiquitin carboxy-terminal hydrolase-L1.
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plasma and CSF has been described. Huang et al7 reported a 
significant increase in plasmatic GFAP concentrations at 3 and 
6 hours and of CSF GFAP concentrations at 24 hours after 
TBI. Histologic analysis at 24 hours after TBI reported a 
decrease in GFAP immunostaining in areas where neuron loss 
was observed (cortex and hippocampus). Huang et  al argued 
that the areas of reduced GFAP immunostaining presented a 
loss of morphologically intact astrocytes and possible injured 
astrocytes (in the same areas of neuronal degeneration). Another 
study with moderate fluid percussion TBI reported a decrease in 
GFAP immunostaining as soon as 30 minutes after TBI in 
areas (parietal cortex and hippocampus) where neuronal loss 
was found in the following days.30 Therefore, increases in plas-
matic and CSF GFAP concentrations increase after TBI are 
likely due to astrocyte damages and not to reactive astrocytes. 
Previous studies concluded that reactive astrocytes are observed 
later in experimental TBI.30,31 Our study confirms that GFAP 
changes occur early after TBI (4 hours), and we reported for the 
first time that decreases in GFAP staining were worsened by 
hypoxia-hypotension after TBI in the neocortex compared with 
TBI alone. Secondary insults such as hypoxia-hypotension 
could worsen astrocyte disintegration in regions particularly 
sensitive to hypoxic insults. The concept of post-traumatic brain 
vulnerability that has been developed in recent years suggests 
that after TBI, regions of interest in the brain may be more sus-
ceptible to post-traumatic hypoxic insults.11,32 Our team 
reported previously a particular cortical vulnerability to hypoxia-
hypotension after TBI in rat model.10 Secondary brain damages 
could therefore be characterized in part by the worsening of 
astrocytes injuries in the neocortex.

Ubiquitin carboxy-terminal hydrolase-L1 has a high affinity 
for ubiquitin and plays a major role in the ubiquitin proteasome 
system (UPS) by acting as deubiquitinating enzymes (DUBs).33 
Ubiquitin carboxy-terminal hydrolase-L1 allows for the gener-
ation of free monomeric ubiquitin from ubiquitin precursors 
and has ubiquitin ligase activity. In addition, UCH-L1 binds to 
ubiquitin to inhibit its degradation.34 The regulation of the 
UPS and DUBs involves a very complex pathway that is not 
well understood, particularly in TBI.35 A recent meta-analysis 
suggested a potential utility of UCH-L1 for the diagnosis and 
prognosis of patients with TBI.24 In our study, global strong 
staining significantly increased in the TBI+HH group com-
pared with the TBI alone group, and global weak staining 
decreased. So, there was more intensive UCH-L1 immu-
nostaining in the TBI+HH group than in the TBI-alone group. 
These changes were reported in the striatum, and a similar 
trend (without reaching statistical significance) was described in 
other regions of interest. Huang et  al reported a significant 
increase in plasmatic UCH-L1 concentrations at 3 hours TBI 
in a rat model of moderate parasagittal fluid percussion TBI, 
with normalization at 6 hours. Cerebrospinal fluid UHC-L1 
concentrations are increased at 24 hours compared with a Sham 
group, whereas plasmatic concentrations are normalized likely 
from restoration of the integrity of the BBB. Histologic analysis 

at 24 hours revealed typical neuronal degeneration in the pari-
etal cortex and hippocampus, explaining UCH-L1 CSF and 
plasmatic increase.7 In our study, post-traumatic hypoxic insults 
increase UCH-L1 staining. Brain ischemia or hypoxia likely 
induces excessive accumulation of ubiquitinated proteins that 
will be degraded by the proteasome.36 Overproduction of mis-
folded proteins after ischemia or hypoxia may be reflected by an 
increase in the conjugation of targeted proteins with ubiqui-
tin.37 In our study, UCH-L1 staining was similar in the 
TBI+HH and HH groups, so UCH-L1 changes seem to reflect 
a hypoxic insult alone and are not specific to post-traumatic 
hypoxic secondary insults. We can hypothesize that hypoxia-
hypotension leads to the production of damaged proteins and 
the excessive accumulation of UCH-L1 through UPS. 
Majetschak et al35 reported a more than 4-fold increase in CSF 
ubiquitin levels in patients with TBI.

Matrix metalloproteinases regulate homeostasis of the extra-
cellular matrix by proteolysis of its components. Matrix metal-
loproteinases are present at basal levels in the central nervous 
system (CNS), specifically in neurons, astrocytes, endothelial 
cells, and myelinated fibers. However, their basal level of activity 
is relatively low.38 An up-regulation of MMP activity, particu-
larly MMP-9, an inducible MMP, has been reported after acute 
cerebral injuries in neuroinflammatory conditions such as spinal 
cord injury, cerebral ischemia, or TBI.9,39 Hadass et al40 reported 
an increase in proMMP-9 and activated MMP-9 in the injured 
cortex within 24 hours in a controlled cortical impact model of 
TBI, followed by a rapid decrease in activated MMP-9 after 
one day. Matrix metalloproteinases are implicated in the disrup-
tion of the BBB after TBI due to the degradation of tight junc-
tion-related proteins and the basal lamina.8,9 Shigemoni et  al 
described an increase in MMP-9 activity as early as 3 hours, as 
well as an association with opening of the BBB and brain edema 
formation in a controlled cortical impact model of TBI. In the 
present study, strong staining of MMP-9 was not observed and 
negative staining was reported likely because MMP-9 is an 
inducible enzyme and not present at basal level. We reported 
here significant increases in percentage of moderate and weak 
staining and a decrease in percentage of negative staining in the 
cortex and corpus callosum for the TBI+HH and HH groups 
compared with the TBI and Sham groups. So, there was more 
intensive MMP-9 immunostaining in the TBI+HH and HH 
groups compared with the others. The same findings were 
observed for moderate and negative staining in other brain 
regions of interest. Secondary hypoxic insults after TBI led to 
an increase in MMP-9 immunostaining in all regions of inter-
est compared with TBI alone, likely reflecting post-traumatic 
brain vulnerability. Matrix metalloproteinase 9 could be up-
regulated after hypoxic insults and participate to secondary 
brain damages with edema formation. Regulation of MMP-9 
occurs at multiple levels particularly with an activator protein-1 
(AP-1) site in the gene promoter region. Moreover, MMP-9 
has a nuclear factor-κB (NF- κB) site allowing induction dur-
ing inflammatory reaction.41 Immunostainings of GFAP, 
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UCH-L1, and MMP-9 are modified in HH alone or TBI+HH 
groups compared with TBI group but it seems to be more pro-
nounced for MMP-9. Kolar et al42 reported in 15 patients with 
severe TBI plasma kinetic of MMP-9 with increased levels on 
the first day and decreased levels on the third day, likely due to 
the restoration of BBB integrity. A second rise in MMP-9 levels 
was found on the fifth day, likely reflecting the development of 
secondary brain injury.

It is important to note that the changes found in GFAP, 
UCH-L1, and MMP-9 appear to be similar in the HH and 
TBI+HH groups. The modification observed could therefore 
better represent the effects of hypoxia-hypotension on the 
brain rather than the cumulative effects of TBI and HH.

Our study has some limitations. These findings represent 
only a static view of cerebral biomarker changes 4 hours after 
an experimental model of TBI in rat. It could be of interest to 
better characterize the temporal profile of these 3 biomarkers. 
Moreover, UCH-L1, GFAP, and MMP-9 have not been meas-
ured in plasma or CSF. Further studies are necessary to describe 
temporal profiles of these biomarkers in plasma and CSF after 
hypoxic insults and severe TBI.

We described here, after experimental TBI and hypoxia-
hypotension in rats, global and regional changes for 3 biomark-
ers in the brain: GFAP, UCH-L1, and MMP-9. Immunostainings 
of UCH-L1 and MMP-9 increased in the TBI+HH group 
compared with the TBI group. Glial fibrillary acidic protein 
immunostaining decreased in the neocortex in the TBI+HH 
group compared with the TBI group. These three biomarkers 
could therefore be considered as potential biomarkers of hypoxia-
hypotension insults independently of TBI.
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