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Abstract
Rationale There are evidences indicating the role of kinins in
pathophysiology of traumatic brain injury, but little is known
about their action on memory deficits.
Objectives Our aim was to establish the role of bradykinin
receptors B1 (B1R) and B2 (B2R) on the behavioral, biochem-
ical, and histologic features elicited by moderate lateral fluid
percussion injury (mLFPI) in mice.
Methods The role of kinin B1 and B2 receptors in brain
damage, neuromotor, and cognitive deficits induced by
mLFPI, was evaluated by means of subcutaneous injection
of B2R antagonist (HOE-140; 1 or 10 nmol/kg) or B1R antag-
onist (des-Arg9-[Leu8]-bradykinin (DAL-Bk; 1 or 10 nmol/kg)
30 min and 24 h after brain injury. Brain damage was evaluated

in the cortex, being considered as lesion volume, inflammatory,
and oxidative damage. The open field and elevated plus maze
tests were performed to exclude the nonspecific effects on
object recognition memory test.
Results Our data revealed that HOE-140 (10 nmol/kg)
protected against memory impairment. This treatment attenu-
ated the brain edema, interleukin-1β, tumor necrosis factor-α,
and nitric oxide metabolites content elicited by mLFPI. Ac-
cordingly, HOE-140 administration protected against the in-
crease of nicotinamide adenine dinucleotide phosphate oxi-
dase activity, thiobarbituric-acid-reactive species, protein car-
bonylation generation, and Na+ K+ ATPase inhibition induced
by trauma. Histologic analysis showed that HOE-140 reduced
lesion volume when analyzed 7 days after brain injury.
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Conclusions This study suggests the involvement of the B2

receptor in memory deficits and brain damage caused by
mLFPI in mice.
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Introduction

Traumatic brain injury (TBI) is a devastating disease frequent-
ly followed by significant behavioral disabilities and long-
term medical complications that include permanent cognitive
disorders, learning disabilities, and a wide range of behavioral
and emotional problems (Sosin et al. 1995; Zink 2001; Bay
and Covassin 2012). This condition is characterized by a
combination of immediate mechanical dysfunction of brain
tissue and secondary damage developed over a period of hours
to days after injury. The secondary damage consists of neuro-
chemical and physiological events that include the
neuroinflammatory cascade, increased excitatory amino acid
levels, free radical generation, and loss of ionic equilibrium
and consequently delayed neuronal dysfunction and cell death
(Werner and Engelhard 2007).

In the central nervous system (CNS), the kallikrein–kinin
system is one of the first inflammatory pathways activated
after tissue injury (Chao et al. 1983). This system consti-
tutes a framework of serially connected serine proteases
and peptides, namely coagulation factor XII, kininogen,
and plasma kallikrein (Raidoo and Bhoola 1998; Moreau
et al. 2005). It is important to note that all components of
the kallikrein–kinin system have been identified in the brain
and kinins (bradykinin and kallidin) constitute the end
products of this enzymatic cascade (Raidoo and Bhoola
1998). The kinins exert their cellular effects through two
subtypes of 7-transmembrane G-protein coupled receptors,
the B1 receptor (B1R) and the B2 receptor (B2R) (Moreau
et al. 2005). While the B2R receptor is constitutively
expressed in many cell types and mediates the physiologic
effects of bradykinin, the B1R receptor is induced after
tissue damage (Hall 1992; Moreau et al. 2005). After
activation, both B1R and B2R trigger classical inflammatory
cascades such cytokine release, immune cell invasion, and
increased vascular permeability (Marceau and Regoli
2004).

Although it has been well established that the Kallikrein–
kinin system has a critical role in TBI, the role of B1R and B2R
receptors in the pathophysiology of TBI disorders is not
completely defined. While some authors have suggested the
importance of B2R rather than B1R in the pathophysiology of
TBI (Gorlach et al. 2001; Plesnila et al. 2001; Hellal et al.
2003; Trabold et al. 2010), others have demonstrated that
antagonism of B1R, but not B2R, improves neurological

outcome after TBI since it reduces axonal damage, astroglia
activation (Albert-Weissenberger et al. 2012), BBB disrup-
tion, and tissue inflammation (Raslan et al. 2010).

Considering that the direct involvement of kinins in cogni-
tive deficits and brain damage induced by TBI have not yet
been established, we investigated in parallel, the blockade of
the B1R and B2R on the development of secondary damage
characterized by inflammatory processes, oxidative stress
generation, neurodegeneration, and functional outcome in-
duced by the moderate lateral fluid percussion injury
(mLFPI) model in mice.

Materials and methods

Subjects and maintenance

Male Swiss mice (28–32 g) provided by the Animal House of
the Federal University of Santa Maria, were maintained in a
room with a controlled temperature (24±1 °C),12 h light/dark
cycle (lights on at 6:00), and standard laboratory chow and tap
water ad libitum.

Experimental design

Initially, animals were submitted to TBI by mLFPI as de-
scribed below. In order to determine the temporal profile of
bradykinin release and cognitive and neuromotor functions,
the mice were analyzed in five different time points (3 h, 6 h
and 1, 3, and 7 days after trauma) as described in Fig. 1a.

To determinate the role of kinin B1 and B2 receptors of
kinins in the neuromotor and cognitive deficits induced by
mLFPI, the animals were injected subcutaneously (s.c.) with
phosphate-buffered saline (PBS; 50 mM) or B2R antagonist
(HOE-140; 1 or 10 nmol/kg) or B1R antagonist (des-
Arg9-[Leu8]-bradykinin (DAL-Bk; 1 or 10 nmol/kg) 30 min
and 24 h after injury and the behavioral and histological
analysis were performed as described in Fig. 1b.

In order to determine whether the treatment effective
against memory deficit also protects against biochemical al-
terations induced by mLFPI, the animals were injected s.c.
with PBS (50 mM) or B2R antagonist (HOE-140; 10 nmol/kg)
30 min and 24 h after injury and biochemical analysis were
performed as described in Fig. 1c.

Traumatic brain injury

The moderate lateral fluid percussion injury (mLFPI) was
performed according to Carbonell et al. (1998) with slight
modifications. Briefly, mice were anesthetized with a xylazine
(10 mg/kg)/ketamine (100 mg/kg) mixture and placed in a
stereotaxic head holder. The scalp was reflected and the skull
exposed by means of a midline incision. A topical anesthetic
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2 % lidocaine hydrochloride was applied to the skull and the
fascia was scraped from the skull. A burr hole of 3 mm in
diameter was drilled in the right parietal bone between bregma
and lambda and between the sagittal suture and lateral ridge
over the right hemisphere, taking care to keep the dura mater
intact. A plastic cannula was placed over the craniotomy, and
secured with dental cement.When the dental cement hardened
the cannula was filled with 4 % chloramphenicol and closed
with a proper plastic cap. Twenty-four hours after the surgical
procedure, the animals were anesthetized with isoflurane, the
injury cannula was attached to the fluid percussion device, and
they were placed in a heat pad maintained at 37±0.2 °C. All
animals received ceftriaxone (200 mg/kg, i.p.) immediately
after surgery and after trauma. TBI was produced by a fluid-
percussion device developed in our laboratory. A brief (10–
15 ms) transient pressure fluid pulse (1.7±0.56 atm) impact
was applied against the exposed dura. Pressure pulses were
measured extracranially by a transducer (hydraulic fluid con-
trol, Belo Horizonte, MG, Brazil) and recorded on a storage
oscilloscope (Tektronix TDS 210). Sham-operated animals
underwent an identical procedure, with the exception of
mLFPI. Immediately after these procedures, the top of the
cannula was sealed with dental cement.

Assessment of neuromotor function

Neuromotor function was tested by the neuroscore test as
described by Raghupathi et al. (1998). Briefly, animals were
subjected to a grid-walk test for 1 min in order to perform an
assessment of the number of foot-faults. Subsequently, fore-
limb and hindlimb functions were evaluated by suspending
the animals by the tail and observing how the animals grasped
the top of the cage when they were lowered toward it (for the
forelimbs), and the same pattern of spread and hindlimb
extension during the suspension (for hindlimbs). Finally, an-
imals were tested for both right and left resistance to lateral
pulsion. Animals were awarded scores from 0 (severely im-
paired) to 4 (normal) for each of the following indices: fore-
limb function, hind-limb function and resistance to lateral
pulsion. The maximum score for each animal was 12. Neuro-
logical motor function was evaluated by an experienced in-
vestigator who was blinded to all groups.

Evaluation of object recognition task and elevated plus maze

The objects to be discriminated were figures of similar size
and texture (8–10 cm high). The objects were selected on the

Fig. 1 Schematic representation of the study protocols. Protocol for
determination of temporal profile of behavioral alterations and bradykinin
release (a). Protocol for determination of HOE-140 and DAL-BK effects
on neuromotor impairment, memory deficit, and lesion volume induced

by mLFPI (b). Protocol for determination of HOE-140 (10 nmol/kg)
effects on biochemical alterations induced by mLFPI 3 h and 1 day after
injury (c). All behavioral and biochemical analysis were performed 2.5 h
after the drug administration
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basis of previous observations, which demonstrated a lack of
preferential exploration of one object (A) over the other (B)
[exploration of A in seconds was 16.6±3.44 and exploration
of B was 16.8±4.09; t (10)=0.159; p >0.05]. To avoid olfac-
tory stimuli, the objects to be discriminated were initially
carefully cleaned and washed with ethanol solution (30 % in
water) after each individual session. The testing arena was a
plastic box (width, 20 cm; length, 30 cm; height, 15 cm, with
the floor divided into 24 squares measuring 5×5 cm each) that
was dimly lit so that the environment was visually uniform.
Twenty-four hours before testing, the mice were allowed to
explore the testing box for 10 min to reduce neophobic re-
sponses and habituate them to the stimuli present in the empty
arena. During this time, an observer, who was not aware of
pharmacological treatments, manually recorded the number of
crossing and rearing responses. In the first trial two identical
objects were placed in the box. Mice were put into the box for
5 min and exploratory activity was manually recorded. After a
delay of 4 h, mice were re-introduced for 5 min, to the same
cage in which one of the objects had been replaced by a new
one. The cumulative time the mouse spent at each of the
objects was manually recorded by an observer, who was not
aware of pharmacological treatments. Exploration of an object
was defined as follows: directing the nose to the object or
touching it with the nose; turning around or sitting on
the object was not considered as exploratory behavior.
The percentage of the total exploration time the animal
spent investigating the novel object was the measure of
recognition memory, defined at the Discrimination Index
(DI). It was calculated using the following formula:
( t ime spent in inves t iga t ing the new object ) −
( t ime spent in invest igat ing the known object) /
time spent in investigating both objects*100.

In order to exclude the nonspecific effects of
anxiogenic-like behavior on the memory test, the same
set of animals was subjected to the elevated plus-maze
task immediately after the object recognition task (ORT)
test. The elevated plus-maze apparatus comprises two open
arms (25×5 cm) across from each other and perpendicular
to two closed arms (25×5×15 cm) with a center platform
(5×5 cm). The apparatus is made of wood, the platform is
white, and the walls are transparent acrylic. The entire
apparatus is situated 50 cm above the floor. Initially,
subjects were placed on the center platform of the maze
facing an enclosed arm. During the test the mice were
allowed to move freely about the maze for 10 min. The
percentage of entries into each arm, the percentage of time
spent in each arm, and the percentage of time spent in
central platform were recorded and these measurements
served as an index of anxiety-like behavior, as described
by Komada et al. (2008). After each trial, all arms and the
center area are cleaned with 30 % ethanol solution, to
prevent bias based on olfactory cues.

Bradykinin immunoassay

Immediately after assessment of the motor function test and/or
ORT, the animals were euthanized and the ipisilateral cortex
was quickly dissected on ice-cold plate to evaluate the kinin
content. The kinin content was determined in the ipsilateral
cortex homogenized in a solution containing bovine serum
albumin (10 mg/ml), 2 mMEGTA, 2 mMEDTA, and 0.2 mM
PMSF in PBS (0.1 M, pH 7.4). The concentrations of
bradykinin-related peptides were measured using a commer-
cially available ELISA Kit from R&D Systems (Minneapolis,
MN, USA), in accordance with the manufacturer’s protocol.
The total protein concentration in the samples was determined
according to the Bradford method (Bradford 1976) and the
concentration of bradykinin-related peptides was normalized
by the protein concentration contained in the samples. The
results are expressed in picograms of kinins per milligram of
protein.

Cytokine immunoassay

The interleukin (L-1β) and tumor necrosis factor-α (TNF-α)
content were determined in the ipsilateral cortex homogenate
containing bovine serum albumin (10 mg/ml), 2 mM EGTA,
2 mM EDTA, and 0.2 mM PMSF in PBS (0.1 M, pH 7.4).
Cytokine levels were measured using a commercially avail-
able ELISA kit from R&D Systems (Minneapolis, MN,
USA), in accordance with the manufacturer’s protocol. The
concentration of cytokines was normalized by the protein
concentration contained in the samples. Results are expressed
in picograms per milligram of protein.

Measurement NADPH oxidase activity

Nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase) activity was measured according to
Thannickal and Fanburg (1995), with slight modifications.
An aliquot of ipsilateral cortex homogenate was centrifuged
at 1,000×g at 4 °C for 10 min and the resulting supernatant
was used. NADPH oxidase activity was determined by mon-
itoring NADPH consumption for 90 min at 37 °C in the
presence or absence of the inhibitor diphenyleneiodonium
(10 μM).

Measurement of thiobarbituric-acid-reactive species

Thiobarbituric-acid-reactive species (TBARS) content was
estimated by the method of Ohkawa et al. (1979). Briefly,
the ipsilateral cortex homogenates containing BHT (80 μM)
were incubated in medium containing 30 μL cortex homoge-
nate, 20 μL of 8.1 % sodium dodecyl sulfate (SDS), 80 μL
buffered acetic acid (500 mM, pH 3.4), and 150 μL of 0.8 %
thiobarbituric acid. The mixture was made up to 400 μL with
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type I ultrapure water and heated at 95 °C for 60 min in water
bath using a glass ball as condenser. Absorbance of each
sample was measured in the supernatant at 532 nm in a
Hitachi U-2001 spectrophotometer (Hitachi Instruments In-
corporation, Schaumburg, IL, USA).

Measurement of protein carbonyl content

Total protein carbonyl content was determined by the method
described by Yan et al. (1995) and adapted for brain tissue by
Schneider Oliveira et al. (2004). Briefly, ipsilateral cortex
homogenates were adjusted to 759–800 μg of protein per
milliliter in each sample and 500 μL aliquots were mixed with
0.1 ml 2,4-dinitrophenylhydrazine (DNPH, 10 mM) or 0.1 ml
HCl (2 M). After incubation at room temperature for 1 h in a
dark environment, 250μL denaturing buffer (150mM sodium
phosphate buffer, pH 6.8, containing 3 % SDS), 1 ml heptane
(99.5 %), and 1 ml ethanol (99.8 %) were added sequentially
and mixed under vortex agitation for 40 s and centrifuged for
15 min. Afterwards, protein isolated from the interface was
washed twice with 1 ml ethyl acetate/ethanol 1:1 (v /v ) and
suspended in 500 μL ml of denaturing buffer. Each DNPH
sample was read at 370 nm in a Hitachi U-2001 spectropho-
tometer against the corresponding HCl sample (blank) and
total carbonylation was calculated using a molar extinction
coefficient of 22,000 M−1 cm−1, as described by Levine et al.
(1990).

Assay of NOx (NO2 plus NO3) as a marker of NO synthesis

For NOx determination, an aliquot of 100 μL of ipsilateral
cortex homogenates containing 2 mM EGTA, 2 mM
EDTA, and 0.2 mM PMSF in phosphate-buffered saline
was added to acetonitrile (96 %, HPLC grade). Afterwards,
the homogenate was centrifuged at 3,000×g for 30 min at
4 °C and the supernatant was separated for the analysis of
the NOx content as described by Miranda et al. (2001). The
resulting pellet was suspended in NaOH (6 M) for protein
determination by the Bradford method and the NOx con-
centration was normalized by the protein concentration
contained in the samples. Results are expressed in
nanomoles of NOx per milligram of protein.

Na+, K+-ATPase activity measurement

Na+, K+-ATPase activity was measured in the ipsilateral cor-
tex according to Silva et al. (2013). Briefly, the reaction
medium consisted of 30 mM Tris–HCl buffer (pH 7.4),
0.1 mM EDTA, 50 mM NaCl, 5 mM KCl, 6 mM MgCl2,
and 50 μg protein in the presence or absence of ouabain
(1 mM) to 350 μL final volume. The reaction was started by
adding adenosine triphosphate (ATP) to 5 mM final concen-
tration. After 30 min at 37 °C, reaction was stopped by adding

70 μL trichloroacetic acid (50 %). Appropriate controls were
included in the assays for ATP non-enzymatic hydrolysis. The
amount of inorganic phosphate released was quantified by the
colorimetric method described by Fiske and Subbarow and
the Na+, K+-ATPase activity was calculated by subtracting the
ouabain-insensitive activity from the overall activity (in the
absence of ouabain).

Evaluation of brain edema by water content

To determine the ipsilateral water content, a subset of animals
were euthanized 3 h and 1 day after trauma. The ipsilateral
hemispheres were immediately removed. After obtaining wet
weight (WW) of fresh brain, tissue samples were dried in a
desiccating oven at 105 °C for 24 h and weighed again to
obtain the dry weight (DW). Tissue water content (%) was
calculated as (WW−DW)/WW×100, according Zweckberger
et al. (2006).

Evaluation of the injured cortical volume

After elevated plus maze test, the mice were euthanized for
histologic analysis. Under deep anesthesia (ketamine hydro-
chloride, 200 mg/kg, i.p.) they were transcardially perfused
with 100 mL of heparinized saline (1,000 UI/ml) followed by
100 mL of formaldehyde (4 %) in PBS (0.1 M), then the
brains were carefully removed from the skull. Lesion volume
measurement was performed according Ziebell et al. (2011)
with some modifications. Briefly, six sections from bregma
levels 0.5 to 3 mm, spaced 500 μm apart, were stained with
hematoxylin and eosin, and digitally photographed using a
stereomicroscope (Olympus BX51) with a digital camera
(Olympus DP25). The peripheries of the lesion were traced
on each image according to Fig. 8b–e by a pathologist, using a
microscope at ×4 magnification. The area of cortical lesion
was calculated using a calibrated image analysis software
Image J (NIH, Bethesda, MD, USA). Volumes were cal-
culated using the formula ∑(An+An+1)×d /2 where A is
the lesioned area in each section and d is the distance
between sections.

Data analysis

Data are expressed as means ± SEM or median ± interquartile
range. Data were analyzed by one- or two-way analysis of
variance (ANOVA) or by non-parametric tests such as
Kruskal–Wallis or Friedman tests depending on the experi-
mental design. Post hoc analyses were carried out by the
Newman–Keuls tests, or Dunn tests when appropriate, and
p <0.05 was considered significant.
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Results

mLFPI causes neuromotor impairment, memory deficit,
and bradykinin increase

Figure 2a shows the temporal profile of neuromotor damage
after TBI. The results showed that mLFPI caused neuromotor
impairment at 3 h, 6 h, and 1 day [H (5)=28.24; p <0.0001]
after brain injury. The mLFPI also induced a deficit in object
recognition memory [F(2.22)=6.078; p <0.01] when ana-
lyzed 7 days after brain injury (Fig. 2b). To determine the
best temporal window for anti-bradykinin intervention, we
performed a temporal profile for Bradykinin content in the
ipsilateral cortex. Statistical analysis revealed that mLFPI
increased kinin levels [F (5.18)=3.030; p <0.05] in the

time intervals of 3 h, 6 h, and 1 day after the traumatic
injury (Fig. 2c).

HOE-140 and DAL-Bk had no effect on neuromotor deficit
induced by mLFPI

Figures 3 and 4 demonstrate the effect of B2R antagonist
(HOE-140; 1 or 10 nmol/kg) or B1R antagonist (des-
Arg9-[Leu8]-bradykinin (DAL-Bk; 1 or 10 nmol/kg) on
neuromotor behavior after mLFPI. The Friedman test revealed
that mLFPI induced neuromotor damage over time [F(4)=
11.86; p <0.001; Fig. 3a], but DAL-Bk (at dosages of 1 or
10 nmol/kg; s.c.) did not reverse this effect (Fig. 3b–d). The
analysis of Fig. 4 confirmed the detrimental effect of mLFPI
[F (4)=11.05; p <0.001] but HOE-140 (at dosages of 1 or
10 nmol/kg; s.c.) also did not reverse the neuromotor deficit
(Fig. 4b–d).

HOE-140 but not DAL-Bk protects against ORT deficit
induced by mLFPI

Statistical analysis revealed that mLFPI significantly reduced
the DI [F(4.27)=17.07; p <0.001; Fig. 5a] and that DAL-Bk
did not alter mLFPI-induced memory deficit. On the other
hand, DI reduction caused by trauma was significantly re-
versed by HOE-140 (10 nmol/kg; s.c) [F(4.27)=6.814; p <
0.001; Fig. 5b). In order to exclude the exploratory disabilities
or anxiogenic effect on ORTwe performed the open-field test
(Table 1) and the elevated plus maze (Table 2). Statistical
analysis showed that mLFPI and/or HOE-140 administration
had no effect on crossing [F (4.27)=0.0798; p >0.05] and
rearing responses [F (4.27)=0.158; p >0.05]. Therefore,
mLFPI and/or HOE-140 administration did not alter
anxiogenic-like behavior (Table 2). No significant difference
in percentages was found between tested groups as regards the
following behaviors: time spent in open arms [F (4.27)=
0.7596; p >0.05]; number of entries into open arms
F (4.27)=0.2172; p >0.05]; time spent in enclosed arms
F(4.27)=0.4042; p >0.05]; number of entries into enclosed
arms F(4.27)=0.2174; p >0.05]; and time spent in the central
area F (4.27)=0.3088; p >0.05].

HOE-140 protect against acute inflammatory parameters
induced by mLFPI

We investigated whether this same treatment that reverses the
memory deficit also alters the mLFPI-induced inflammation
in the ipsilateral cortex. The results showed that mLFPI in-
duced an increase in ipsilateral levels of IL-1β [F (1.40)=
32.82; p <0.001; Fig. 6a], TNF-α [F (1.40)=88.94; p <
0.001; Fig. 6b] NOx [F (1.40)=11.25; p <0.01; Fig. 6c] and
water content [F (1.40)=50.22; p <0.001; Fig. 6d]. The statis-
tical analysis also demonstrated that-HOE-140 (10 nmol/kg;

Fig. 2 mLFPI induces neuromotor impairment (a), recognition memory
deficit (b), and Bradykinin release (c). Values represent mean ± SEM or
median and interquartile for n =4–9 per group. *P<0.05 compared with
sham group (Newman–Keuls multiple comparison test or Dunn’s multi-
ple comparison test)
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s.c) significantly attenuated mLFPI-induced increase in IL-1β
[F (1.40)=4.09; p <0.05; Fig. 6a] and TNF-α content
[F (1.40)=20.93; p <0.001; Fig. 6b]. In addition, the adminis-
tration of this B2R antagonist protected against mLFPI-
induced NOx content [F(1.40)=7.84; p <0.01; Fig. 6c] and
water content [F(1.40)=8.56; p <0.01; Fig. 6d].

Effect of HOE-140 on NADPH oxidase and oxidative stress

Studies have indicated that B2R receptor activation induces
increase in NADPH oxidase activity in astrocytes and endo-
thelial cells (Liu et al. 2009; Hsieh et al. 2010). Thus, we
decided to verify whether HOE-140 alters the NADPH oxi-
dase activity after mLFPI. The data analysis demonstrated that
mLFPI increased NADPH oxidase activity when analyzed 3 h
and 1 day after trauma [F(1.47)=4.81; p <0.05; Fig. 7a] and
that HOE-140 (10 nmol/kg; s.c) attenuated this effect elicited
by mLFPI [F(1.47)=5.36; p <0.05; Fig. 7a]. The statistical
analyses also showed that mLFPI increased the protein car-
bonyl content [F (1.52)=4.95; p <0.05; Fig. 7d), TBARS
[F (1.53)=8.47; p <0.01; Fig. 7c] and also decreased Na+K+

ATPase activity [F(1.53)=31.49; p <0.001, Fig. 7b]. We also
showed that Hoe-140 (10 nmol/kg; s.c) attenuated the increase
in protein carbonyl [F (1.52)=5.23; p <0.05; Fig. 7d], TBARS

[F (1.53)=4.79; p <0.05; Fig. 7c] and protected against the
inhibition of Na+K+ ATPase activity [F(1.53)=4.97; p <0.05;
Fig. 7b] induced by mLFPI.

HOE-140 decreases cortical lesion volume

Statistical analyses of the lesion volume demonstrated that
mLFPI induced a large cortical contusion injury [F(1.20)=
49.44; p <0.0001; Fig. 8a], as shown in representative Fig. 8d
(TBI/PBS; 15.2±1.8) vs. Fig. 8b (SHAM/PBS; 2.8±
0.6 mm3). The treatment with Hoe-140 significantly reduced
the lesion volume induced by trauma [F(1.20)=5.442; p <
0.05; Fig. 8a] as demonstrated by representative Fig. 8e (TBI/
HOE; 7.7±1.3 mm3). The stereological analysis of lesions
revealed that mLFPI induced a marked loss of gray matter
and a perilesional area with several necrotic neurons. In some
cases, there was loss of white matter and a slight inflammatory
infiltrate composed primarily of neutrophils and hemorrhage.
On the other hand, in the sham animals we observed a slight
loss of focal gray matter characterized by a moderate dimple
in the neural parenchyma. The traumatized animals treated
with Hoe 140 also showed marked loss of gray matter, but no
loss of white matter. A minor inflammatory infiltrate

Fig. 3 Effect of B1R antagonist
(DAL-Bk ) on neuromotor
impairment induced by mLFPI.
The post hoc analysis performed
at each time point is shown in
Fig. 3b–d. Values represent
median and interquartile for
n =6–7 per group. *P<0.05
compared with Sham/PBS
group (Dunn’s multiple
comparison test)
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composed predominantly of lymphocytes around blood ves-
sels was also found.

Discussion

In the present study we demonstrated that mLFPI-induced
neurological dysfunction characterized by early neuromotor
dysfunction increased kinin levels in the ipsilateral cortex and
memory impairment 7 days after brain injury. Our data also
showed that the treatment with B2R antagonist (HOE-140;

Fig. 4 Effect of B2R antagonist
(HOE-140) on neuromotor
impairment induced by mLFPI.
The post hoc analysis performed
at each time point is shown in
Fig. 4b–d. Values represent
median and interquartile range
for n =6–7 per group. *P<0.05
compared with Sham/PBS
group (Dunn’s multiple
comparison test)

Fig. 5 Effect of antagonists of bradykinin receptors on recognition
memory impairment induced by mLFPI. DAL-Bk (a) has no effect on
memory deficit. HOE-140 (b) at dosage of 10 nmol/kg reverses the
recognition memory deficit. Values represent mean ± SEM for n =6–7
per group. *P<0.05 compared with Sham/PBS group. #P<0.05 com-
pared with TBI/PBS group (Newman-Keuls multiple comparison test)

Table 1 Locomotor and exploratory activity 7 days after mLFPI

Groups Crossing Rearing

Sham/PBS 156.0±16.4 64.6±3.9

Sham/HOE-140 10 nmol/kg 160.4±17.8 71.8±3.2

TBI/PBS 169.4±32.2 66.1±10.2

TBI/HOE-140 1 nmol/kg 157.2±7.3 68.7±10.2

TBI/HOE-140 10 nmol/kg 163.6±17.1 65.4±5.4

The tested treatments did not alter the locomotor and exploratory activity
of mice. Data are mean ± SEM for n=6–7 per group
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1–10 nmol/kg) or B1R antagonist (DAL-Bk; 1 or
10 nmol/kg) had no effect on neuromotor dysfunction,
however the memory impairment caused by trauma was
significantly reversed by HOE-140 (10 nmol/kg; s.c). It is
important to note that all pharmacological treatment used
in the present study did not alter locomotor and/or
anxiety-like behavior when analyzed 7 days after mLFPI,
suggesting that the behavioral effects currently reported
cannot be attributed to possible unspecific locomotor
and/or anxiogenic-like behavior. The B2R antagonist ad-
ministration also protected against mLFPI-induced IL-1β,
TNF-α, NOx and brain edema when analyzed 3 h and
1 day after injury. Moreover, the B2R antagonist attenuat-
ed the NADPH oxidase activity 3 h and 1 day after brain
trauma, reduced the oxidative damage (protein carbonyl,

TBARS) and also attenuated the inhibition of Na+K+-
ATPase activity induced by mLFPI. The present results
were accompanied by and effective reduction in lesion
volume.

The CNS of mammalians contains all of the components of
the kallikrein–kinin system (Walker et al. 1995). Brain regions
(e.g., perirhinal cortex, periaqueductal gray matter, and hip-
pocampus) that show the earliest manifestations under patho-
logical conditions are also regions where elements of the kinin
system including B2 receptors, are most prominently
expressed (Correa et al. 1979; Noda et al. 2003; Groger
et al. 2005). In this study, we showed that mLFPI induced
increased kinin levels in ipsilateral cortex 3 h, 6 h, and 1 day
after neuronal injury. These data are in agreement with previ-
ous studies that suggested the involvement of kallikrein–kinin

Table 2 Anxiolitic- or anxiogenic-like behavior 7 days after mLFPI

Group %T.O. %No.E.O. %T.E. %No.E.E. %T.M.

Sham/PBS 12.1±5 25.01±6.6 71.5±6.1 75±6.6 16.3±1.8

Sham/HOE-140 10 nmol/kg 9.3±3.4 16.2±5.7 80.2±4.4 83.8±5.7 10±2.7

TBI/PBS 18.3±3.4 33.6±4.8 65.6±6.2 66.4±4.8 16.2±3.5

TBI/HOE-140 1 nmol/kg 11.5±4.2 18.4±3.6 72.1±5.7 81.6±3.4 16.4±2.1

TBI/HOE-140 10 nmol/kg 7.3±6.2 16.2±8.1 80.1±7.1 83.8±8.1 12.7±2.7

The tested treatments did not alter the anxiogenic-like behavioral of mice. Data are mean ± SEM for n =6–7 in each group

%T.O. percent of time spent in open arms, % No.E.O. percent of number of entries in open arms, %T.E. percent of time spent in enclosed arms,
%No.E.E. percent of number of entries in enclosed arms, %T.M. percent of time spent in the central area

Fig. 6 HOE-140 attenuates the
mLFPI-induced increase in IL-1β
(a), TNF-α (b), NOx (c), and
water content (d) 3 h and 1 day
after brain lesion. Values
represent mean ± SEM for n =6–7
per group. *P<0.05 compared
with Sham/PBS groups. #P<0.05
compared with TBI/PBS groups
(three-way ANOVA); +P<0.05
compared with NAIVE groups
(Newman–Keuls multiple
comparison test)
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system in TBI, and others acute disorders of CNS (Groger
et al. 2005; Austinat et al. 2009). Our data showed that
treatment with B1 and B2 receptor antagonists did not alter
transient motor dysfunction. On the other hand, the results
presented in this report, for the first time, revealed that mLFPI-
induced impairment of the object recognition memory and
that the treatment with B2R antagonist (HOE-140) significant-
ly reversed the deficit in object recognition memory in mice.
The HOE-140 treatment also attenuated the mLFPI-induced

induced increase in IL-1β, TNF-content. This anti-
inflammatory effect elicited by pharmacological B2R block-
ade corroborates previous studies that have demonstrated the
involvement of this pathway to deleterious effects after ische-
mic brain insult (Su et al. 2009) and closed head trauma in rats
(Kaplanski et al. 2003). Taken together, these data suggest that
early blockade of pro-inflammatory mediators may improve
the memory in later cognitive tests. In fact, recent studies have
found that TNF-α synthesis inhibitor as well as the

Fig. 7 HOE-140 attenuates the
mLFPI-induced increase in
NADPH oxidase activity (a),
inhibition of Na+, K+, and ATPase
(b), increase in TBARS content
(c), and increase in protein
carbonyl content (d) 3 h and
1 day after brain lesion. Values
represent mean ± SEM for n =7–9
per group. *P<0.05 compared
with Sham/PBS groups. #P<0.05
compared with TBI/PBS groups
(three-way ANOVA)

Fig. 8 HOE-140 attenuates the
mLFPI-induced brain lesion
volume (a). Representative
images of groups Sham/PBS (b),
Sham/HOE (c), TBI/PBS (d),
and TBI/HOE (e). Values
represent mean ± SEM for n =6
per group. *P<0.05 compared
with Sham/PBS group. #P <0.05
compared with TBI/PBS group
(two-way ANOVA)
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neutralization of IL-1β improves the cognitive outcome fol-
lowing traumatic brain injury in mice (Clausen et al. 2009;
Baratz et al. 2011).

In this study, we showed a significant increase in kinin
production and cerebral water content after brain injury. This
finding reinforces the involvement of kinins in brain edema,
and suggests the important role of bradykinin B2 receptor in
brain edema. In line with this view, several studies has dem-
onstrated that bradykinin receptor antagonists reduce brain
edema and the blood–brain barrier breakdown in different
models of trauma (Stover et al. 2000; Gorlach et al. 2001;
Plesnila et al. 2001; Kaplanski et al. 2002; Hellal et al. 2003;
Ivashkova et al. 2006). The results presented in this report also
revealed that mLFPI increased both NOx and kinin content at
the time intervals of 3 h and 1 day after injury, and that HOE-
140 abolished the increase in NOx content, suggesting that
NO production induced by the bradykinin B2 receptor may be
involved in brain edema in this model of neuronal injury.
However, it is important to note that HOE-140 totally
abolished the increase in NOx content induced by mLFPI,
but only attenuated the brain edema, suggesting the existence
of other molecules that mediate both vasogenic and cytotoxic
brain edema. In this context, it has been demonstrated that
aquaporins, substance P, matrixmetalloproteinase, prostaglan-
dins, histamine, and free radicals are also possible targets for
the treatment of brain edema after brain injury (Unterberg
et al. 2004; Stokely and Orr 2008; Donkin and Vink 2010;
Ayer et al. 2011). Another point to consider is that excessive
amount of NO caused by high activity of both isoforms of
NOS (constitutive and inducible enzymes) seems to be in-
volved in protein nitration, apoptosis, exacerbation of brain
lesion, and neurological impairments induced by various
models of TBI (Wada et al. 1998a, b, 1999; Lu et al. 2003;
Gahm et al. 2006). These literature findings reinforce the
beneficial action of HOE-140, since it also reduced the corti-
cal NOx content after mLFPI.

Several studies have shown that oxidative damage is linked
to the pathophysiology of secondary damage (Potts et al.
2006; Lima et al. 2008). One mechanism of reactive oxygen
species (ROS) production after TBI is the increase of pro-
oxidant enzymes activity (Gilgun-Sherki et al. 2002) involved
in inflammatory process, such as NADPH oxidase. Thus, one
remarkable finding of this study is that mLFPI increased the
NADPH oxidase activity and that in vivo pharmacological
blockade of B2R attenuates the TBI-induced increase in
NADPH oxidase activity. Our data also revealed that HOE-
140 protects against mLFPI-induced protein carbonylation
and TBARS increase. These data agree with idea that the
stimulatory effect of bradykinin on B2R leads to production
of reactive oxygen species, dependent on NADPH oxidase
activity in rat brain astrocytes cell cultures (Liu et al. 2009;
Hsieh et al. 2010; Lin et al. 2012). Furthermore, our data
revealed that HOE-140 also protected against mLFPI-

induced protein carbonylation and TBARS increase. It is well
known that ROS increase drastically after injury, leading to
damage of lipids, proteins, nucleic acids, and, consequently, to
cell death by necrosis or apoptosis (Gilgun-Sherki et al. 2002).
In brain injury models, it has been postulated that free radicals
induce blood–brain barrier breakdown (Pun et al. 2009) and
failure of energymetabolism (Silva et al. 2011).Moreover, the
effective protection against neuronal death elicited by classical
antioxidants treatment (Clausen et al. 2004; Ates et al. 2007;
Aiguo et al. 2010; Singleton et al. 2010), reinforcing the role
of ROS in several rodent TBI models. Considering that a vast
body of evidences indicates the involvement of ROS in pro-
gression of damage induced by TBI, the protective effects
HOE-140 may be due, at least in part, to its ability of reduce
the NADH oxidase activity and the oxidative stress.

The Na+, K+-ATPase enzyme is the main factor responsible
for maintaining ion gradients across plasma membranes and it
is main ATP consumer in neurons (Silva et al. 2011). In this
context, the Na+, K+-ATPase activity inhibition evidenced in
this report reinforce the idea that selected targets for oxidative
damage such as Na+, K+-ATPase may be related to secondary
damage induced by TBI (Zhan et al. 2004). Furthermore, since
the Na+, K+-ATPase enzyme is especially sensitive to oxida-
tive stress (Jamme et al. 1995; Lima et al. 2008, 2009; Souza
et al. 2009), it is plausible to propose that the increase in
oxidative stress markers induced after B2R activation occur
in parallel to the decrease in Na+, K+-ATPase activity in this
model of TBI.

When our findings are taken together, we speculate that the
sum of protective actions of HOE-140 shown in this study,
break the progression of secondary brain damage resulting in a
minor brain lesion that will impact on better cognitive perfor-
mance. To corroborate this hypothesis, we performed a histo-
logical analysis 7 days post trauma (the time in which memory
deficits were developed) and showed that treatment with
HOE-140 reduced the lesion volume induced by trauma.
Nowadays, the mechanisms underlying the development of
cognitive deficits after TBI remain elusive. For instance, while
pathologic examination of post-traumatic human brains dem-
onstrate that specific damage to temporal lobe are associated
with cognitive deficit after TBI (Theodoros et al. 1998),
cognitive deficits suffered by many mild TBI patients are
not always correlated with loss of the cells (Writer and
Schillerstrom 2009). Here, we showed that mLFPI induced
brain damage, characterized by lesion volume, and that treat-
ment with HOE-140 was effective in reducing lesion volume
when analyzed 7 days after brain injury. This result is in
agreement with previous studies that have demonstrated that
B2 receptor antagonist has protective effects against neurode-
generation induced by different models of brain lesion
(Groger et al. 2005; Klasner et al. 2006; Trabold et al. 2010;
Yang et al. 2013). On the other hand, a stimulatory effect of
nerve growth factor on B2R expression (Lee et al. 2002) and
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an anti-inflammatory role for bradykinin (Noda et al. 2007)
has been proposed in studies performed with cell cultures,
indicating a neuroregenerative role for BK. Although the
reason for this discrepancy of results cannot be determined,
the different features of animal models and cell cultures may
account for it. Thus, our data indicate that B2R in vivo acti-
vation may be involved in the secondary brain injury induced
by TBI, which results in additional expansion of the primary
lesion and memory impairment.

In summary, the present study demonstrated that treatment
with HOE-140 at dose of 10 nmol/kg is effective in protecting
against inflammatory and oxidative damage-induced traumat-
ic brain injury and consequently prevents the increase in
lesion volume. These reported effects of HOE-140 may influ-
ence in development of the cognitive deficits that here was
evaluated as the reduction in recognition memory. The present
data suggest a new insight into the mechanism involved in the
TBI-induced cognitive disorder, but more studies are neces-
sary to determine the clinical potential for B2R blockade for
treatment of TBI.
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