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Abstract

Background To observe the effects of the minimally

invasive removal of an intracerebral hematoma on the

glutamate concentration, blood–brain barrier (BBB) per-

meability and brain water content in the brain tissue

surrounding the hematoma and to provide a theoretical

basis for minimally invasive removal of intracerebral

hematomas.

Methods Thirty rabbits (2.8–3.4 kg body weight) were

selected to establish a model of intracerebral hemorrhage,

and they were randomly divided into a model control group

and a minimally invasive group after the model was pre-

pared successfully. The intracerebral hematoma was

evacuated by stereotactic procedures in minimally invasive

group 6 h after the model was established. The glutamate

content, the permeability of the BBB and the brain water

content in perihematomal brain tissues were determined

and compared between the two groups.

Results The glutamate content, the permeability of the

BBB and the brain water content in the perihematomal

brain tissues were significantly decreased compared to the

model control group 1, 3, and 7 days after the minimally

invasive removal of the intracerebral hematoma.

Conclusions Minimally invasive surgery for removal of

an intracerebral hematoma could significantly reduce the

glutamate content, BBB permeability and the brain water

content in perihematomal brain tissues.
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Introduction

Spontaneous intracerebral hemorrhage (ICH) remains a

formidable disease. After initial irreversible tissue damage

occurs near the hemorrhage nidus, a progressive cascade of

elevated local pressures, edema, and excitotoxicity causes

additional secondary injury to the surrounding brain tissue

[1–3]. This occurs in the days following the initial hem-

orrhage and commonly results in severe morbidity and high

mortality. Much of this secondary process is thought to be

attributable to the mass effect of the new hemorrhage, the

toxicity associated with hematoma decomposition and the

release of inflammatory and free radical mediators.

Increased levels of glutamate and aspartate have been

detected following subarachnoid hemorrhage (SAH) and

intracerebral hemorrhage, and the increased level of glu-

tamate is associated with increased blood–brain barrier

(BBB) permeability and brain edema. Cerebral damage as

a consequence of glutamate-mediated excitotoxicity is a

major consequence of stroke. Recently published data

confirmed the correlation between the level of excitatory

amino acids (EAAs) and the outcome of ICHs, suggesting

that neurochemical monitoring of these substances may

have a role in the care of patients [4]. Glutamate-related

excitotoxicity may have an important impact on secondary

injury [1].
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To date, despite promising basic research, the develop-

ment of effective clinical treatments for this potentially

devastating condition has been largely unsuccessful [5].

Clinical studies and case series have demonstrated that clot

burden plays a significant role in several forms of intrace-

rebral hemorrhage, suggesting that clot reduction plays an

important role in limiting brain edema, additional neuronal

injury, and the severity of neurological deficits following an

ICH [6–9]. Investigations from the last decade have dem-

onstrated that the extent of ICH-mediated brain injury relates

directly to blood clot volume and the duration of blood

exposure to brain tissue [10]. As a result, there has been a

significant interest in the potential benefits of acute hema-

toma evacuation. Although ISTICH clearly showed that the

majority of patients did not benefit from hematoma removal

[11], and traditional medical and surgical approaches have

been unable to favorably modify the neurological outcome of

patients with intracerebral hemorrhage, investigators did not

believe the result of ISTICH directly challenges the useful-

ness of surgery for spontaneous intracerebral hemorrhage.

For deep hematomas, such as those in the basal ganglia or

thalamus, benefits will be obtained if a less invasive, safe,

and effective method of clot evacuation exists [12]. A trial of

CT-guided mechanical aspiration suggested a benefit from

stereotactic aspiration of deep intracerebral hematomas

under computed tomographic control [7, 13].

Minimally invasive surgical strategies have been devised

to minimize injury to the surrounding brain tissue caused by

surgery. Recently, the therapeutic effectiveness of mini-

mally invasive evacuation of intracerebral hematomas has

been demonstrated by some published clinical studies [10,

14–16]; however, the changes in neurochemicals and BBB

permeability in the brain tissue surrounding the hemorrhage

following a minimally invasive procedure for intracerebral

hematoma evacuation remain poorly understood. There is

little information regarding the role of this procedure in

terms of the pathophysiological changes in the perihemato-

mal brain tissue. The purpose of the present study was to

characterize the changes in the glutamate content in the

perihematomal brain tissue after minimally invasive evac-

uation of spontaneous hematomas and to elucidate the

relationship between the neurochemical mechanisms and the

perihematomal BBB permeability and brain water content.

Methods and Materials

Materials

Main Reagents

Formamide (molecular formula: HCONH2, Chongqing

Chuanjiang Chemical Reagent Factory), urethane

(molecular formula: C3H7NO2, Wuxi Yangshan Biochemi-

cal), Evan’s Blue (Beijing Hengye Zhongyuan Chemical),

4% paraformaldehyde (Wuhan Boster Biological Technol-

ogy), urokinase (Guangdong Livzon Pharmaceutical), gluta-

mate (Sigma), derivatization reagent borate buffer (Agilent

Technologies, USA), FMOC reagent Agilent PN5061-3337

(Agilent Technologies, USA), OPA reagent Agilent PN50

61-3335 (Agilent Technologies, USA, 2,4-DNFB (Japan),

and HPLC-grade acetonitrile and methanol (Germany) were

used in this study.

Main Instruments

For this study, we used the following instruments: a

ZH-Lanxing B-Type rabbit stereotaxic Apparatus (Huaibei

Zhenghua Biological Instrument & Equipment), electronic

scales (Satourious, Germany), a Rainbow Type-722 grating

spectrophotometer (Shandong Gaomi Rainbow Analyt-

ical Instrument), a 5415R high-speed centrifuge (Frozen,

Heraeus Company), micropipettors (Eppendorf), a 202-2

constant temperature oven (Shanghai Luda Laboratory

Apparatus), a digital display thermostat water bath HH-2

(Guohua Electric Appliance), a desktop general centrifuge

(TGL-16B; Shanghai Anting Scientific Instrument Fac-

tory), a -80�C freezer (Forman Scientific Company), a

refrigerator (Qingdao), a CT provided by the Guiyang

Medical College, a high performance liquid chromatograph

(HP-1100; Agilent Technologies, USA), a G1315 A diode-

array detector (DAD, Agilent Technologies, USA), a pH

meter (410 A, ORION, USA), an Agilent 1313A Automatic

Sampler (Agilent Technologies, USA), a column oven

(Agilent Technologies, USA), and scales (Beijing Gang-

dong Hengye Instrument).

Experimental Groups

The present study was approved by the Animal Care and

Use Committee of Guiyang Medical College.

Thirty rabbits (2.8–3.4 kg, either male or female) were

provided by the Animal Center of Guiyang Medical Col-

lege. These rabbits were randomly and equally divided into

a minimally invasive group (MI group) and a model control

group (MC group), and both groups (15 rabbits each) were

equally divided into three subgroups (to be euthanized 1, 3,

or 7 days following ICH establishment). An ICH was

induced in all animals.

In order to provide the normative values from a normal

control group (NC group) so that there is some point of

reference with respect to how abnormal values were in the

MC group and how much of an improvement to normal the

evacuation produced, we performed another experiment.

The NC group included 12 normal rabbits, also divided into
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three subgroups (to be euthanized 1, 3, or 7 days following

surgical procedures).

Animal Preparation

Preparation of the ICH Model

The rabbits were fasted for 12 h and water restricted for

4 h before the experiment. The rabbits were then anes-

thetized by injecting 20% urethane (5 ml/kg) into the ear

vein. Slow breathing, a slow corneal reflex and no pain

reaction were used as indicators of the animal being fully

anesthetized. The head of the rabbit was then sheared to

expose the skin for surgery.

The anesthetized rabbit was fastened to the stereotaxic

apparatus, and the skin in the operation field was disin-

fected using 75% alcohol. A 3-cm incision was made along

the mid-line at the line of connection between the two post-

orbital margins, and the skull was stripped of subcutaneous

fascia to expose the skull. A 3% H2O2 solution was used to

open the periosteum and expose the bregma and lambdoid

sutures. The head was then adjusted to make the bregma

1.5 mm higher than the lambdoid suture. The position of

the internal capsule was located according to the rabbit

stereotaxic atlas. The coronal plane crossing the center of

bregma was used as the coronal zero plane (AP0), A1

represented the coronal plane 1 mm ahead of AP0 and the

internal capsule was estimated to be between A5 and P2.

The present experiment used the A1 level and the bregma

as base points, using 6 mm left along the coronal suture

and 1 mm parallel to the sagittal suture as the puncture

point. The skull of the rabbit was drilled, and using a #12

needle and a 1-ml syringe, 0.8 ml autologous arterial blood

was taken from the central ear artery. The syringe was then

connected to a #7 needle in which the tip was removed. Air

was completely removed from the syringe, leaving 0.5 ml

of blood. The #7 needle was then inserted vertically and

quickly into the skull 12 mm deep, and the blood was

slowly injected into the basal ganglia. The injection lasted

for approximately 3 min. The needle was left in place for

8 min after the blood was injected to prevent the backflow

of the blood, and then the needle was pulled out slowly.

Local hemostasis was induced by compression for 2 min.

The drill hole was then covered using gutta-percha. A CT

scan was performed 3 h later. A high-density shadow in the

basal ganglia region with no shadow in the lateral ventricle

was considered successful ICH induction (Fig. 1a).

The rabbits were sent back to the animal room and

housed as usual after successful ICH induction confirmed

by CT scan. All the animals recovered from anesthesia

within 5 h after intravenous injection of 20% urethane. The

total anesthesia time was 3–5 h.

The exclusion criteria included visualization of back

flow along the needle track, blood in the ventricle, and

death of the rabbit.

Minimally Invasive Evacuation of the ICH

In the MI group, surgical procedures for evacuation of the

intracerebral hematoma were performed within 6 h of

successful ICH induction.

The rabbits were anesthetized again by injecting 20%

urethane (5 ml/kg) into the ear vein. They were then placed

in the stereotaxic apparatus, and the skin over the operation

field was disinfected using 75% alcohol. Using the former

drill hole, a #7 needle was inserted into the hematoma, and

the liquid part of the hematoma was aspirated. We then

injected 5,000 U of urokinase (dissolved in 0.5 ml of 0,9%

Fig. 1 Brain CT showing the

area of the intracerebral

hematoma before and after

evacuation. a Brain CT 3 h after

the induction of ICH. The

round, high-density shadow in

the left basal ganglia region

demonstrated the successful

induction of the hematoma.

b The hematoma in the left

basal ganglia region was

removed using a minimally

invasive procedure, and the

high-density shadow

disappeared
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sodium chloride solution) into the hematoma. The needle

was kept in place for 15 min, followed by slow aspiration

while withdrawing the needle. A CT scan was performed

again, and the high-density shadow was mostly removed

(Fig. 1b). The drill hole was then covered using gutta-

percha. The skin around the area was disinfected and

finally sutured. The rabbits were then placed back in the

breeding room for 1, 3, or 7 days.

Treatment of the Normal control Group

Procedures performed in the MC group were also done in the

NC group, but without injecting autologous arterial blood

into the basal ganglion to induce intracerebral hematoma.

Medical Treatment of the Animals

Animals in each group received only intramuscular injec-

tion of penicillin (400,000 U) to prevent infection, and they

were housed as usual until they were killed. No other

medical treatment was administered.

Brain Tissues Preparation

A 2% Evan’s Blue (2 ml/kg) solution was injected into the

ear vein 2 h before the animals were euthanized. The ani-

mals were then anesthetized using 20% urethane. The

animal’s chest was quickly opened, exposing the heart. A

tube was inserted from left ventricle into the aortic root,

with a small hole cut off on right auricle to allow the tube to

exit. Rabbits were perfused transcardially with 400 ml of

0.9% sodium chloride solution, followed by 100 ml of 4%

paraformaldehyde after the fluid flowing out was clear. The

brain was then extracted and placed on ice. Using the needle

track as the center to prepare a coronal section and a sagittal

section, then the brain on the hematoma side was cut and

divided into four parts: front-inner, front-outside, back-

inner, and back-outside. A total of 5 mm of brain tissue

surrounding the hematoma was collected from each part

mentioned above. The front-inner part was used for amino

acid testing and was stored at -80�C, the front-outside part

was used for testing the Evan’s Blue content, the back-inner

part was used for testing the water content in the brain and

the back-outside part was placed in neutral formaldehyde.

Determination of the Glutamate Level Surrounding

the Hematoma using High Performance Liquid

Chromatography (HPLC)

Chromatographic Conditions

The chromatographic column used was the ZORBAX

clipse-AAA (4.6 9 150 mm, 5 lm). Mobile phase A was

40 mM Na2HPO4, pH 7.8 (5.5 g NaH2PO4�H2O + 1 l

water, NaOH was used if needed to make the pH 7.8) and

mobile phase B was 45:45:10 (V/V/V) ACN:MeOH:water.

The column was run with a flow rate of 2 ml/min. Phase B

increased from 0 to 57% between 0 and 18 min and from

57 to 100% between 18.1 and 18.6 min. It remained at

100% between 18.6 and 22.3 min and decreased from 100

to 0% between 22.3 and 23.2 min. Between 23.2 and

26 min, Phase B remained at 0%. The column temperature

was 40�C, and the sampling volume was 10 ll. The

wavelength of the diode array was 262 nm, and the refer-

ence wavelength was 324 nm.

Derivative Solution Preparation A total of 25 mg OPA

was dissolved in 1 ml methanol. Sodium borohydride

buffer (4 mol/l) was then added (pH 10.4) and the solution

was stirred. The final solution was stored at 4�C.

Standard Solution Preparation

Glutamate and 0.2 mol/l NaHCO3 (pH 9.8) was used to

make a standard stock solution at a concentration of 1 g/l.

Biosample Preparation

The brain tissue was defrosted, weighed, and placed into a

dry glass homogenizer. Dilute hydrochloric acid (1:5 w/v;

0.1 mmol/l) was added, and the homogenized brains were

placed into an ultrasonicator (Temp: 4�C; pulse for 2 s, rest

for 2 s; intensity: 20%; 15 times in total). Samples were

then centrifuged at 1200 rpm for 20 min at 4�C. Borate

saline buffer (2.5 ll) was then added to the supernatant

solution and mixed for 20 min, followed by the addition of

0.5 ll OPA. The sample was then mixed for 30 s, FMOC

(0.5 ll) was then added and the solution was mixed for

another 30 s. Finally, water (32 ll) was added, and the

final sample was mixed for 30 s, and 10 ll of the sample

was used.

Calculation of Glutamate Concentration

The peak area of glutamate from the HPLC was integrated

and used as an external standard for the samples. The

glutamate concentration for 1 g of brain tissue was then

calculated according to the sample quality.

Measurement of BBB Permeability

Experimental Methods

Evan’s Blue was used as a tracer to measure the BBB

permeability. Two hours before each experiment, 2%
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Evan’s Blue (2 ml/kg) was injected into the ear vein. After

2 h, the brain tissue was quickly removed. The tissue

surrounding the hematoma was weighed (with an accuracy

of 0.1 mg) and then placed into a test tube with 4 ml of

formamide. The tube was then capped and placed in a 54�C

water bath for 24 h to allow the Evan’s Blue to spread

throughout the brain tissue. The samples were then cen-

trifuged at 2400 rpm for 5 min. A spectrophotometer was

used (k = 632 nm) to measure the absorbance of the

supernatant, which was removed using a straw and placed

into a quartz cuvette. Absorbency was measured using

formamide alone as a blank controller.

Setting up the Standard Curve

Evan’s Blue (4 mg) was placed into a volumetric flask and

weighed (within the accuracy of 0.1 mg). A total of 100 ml

NS was added, and the solution was stirred. From this

solution, 0.3 ml was removed and placed in 5.7 ml of

formamide to make the standard buffer solution. A total of

3 ml of this solution was serially diluted in seven tubes

containing 3 ml of formamide each. The amount of Evan’s

Blue in each of the seven tubes was 8, 4, 2, 1, 0.5, 0.25, and

0.125 lg per ml. The tubes were capped and placed into a

54�C water bath for 24 h. The aforementioned method to

measure absorbance was then used. Linear regressions

were then calculated for the absorbencies and Evan’s Blue

content. The final equation was y = 0.0053x + 0.0608

(R2 = 0.9833).

Computational Method of Evan’s Blue Content in Brain

Tissue

We used the formamide method to measure the Evan’s

Blue content in the brain tissue to gauge the severity of the

BBB damage. The formula used was as follows: Evan’s

Blue content in brain tissue (lg/g wet brain) = B 9

formamide (ml)/wet weight (g), where B refers to the

Evan’s Blue content of the sample (lg/ml) given by the

linear regression equation according to standard curve.

Measuring of Water Content of Perihematomal Brain

Tissues

The dry and wet weight method was used to measure the

water content of the brain tissue. The brains were quickly

removed, and brain tissue from the back-outside part of the

hematomas was used. First, the weight of the wet tissue

was obtained. The samples were then placed in an oven at

100�C for 48 h, and the dried samples were then weighed.

The water content of the brain tissue was then calculated as

(wet weight – dry weight)/wet weight 9 100%.

Statistical Analysis

All data were analyzed using SPSS 11.5. Basic data are

expressed as the mean ± standard deviation (X ± SD). A

repeated measures ANOVA was used to make comparisons

across the whole time series between the MC group and the

MI group. A P value less than 0.05 was considered sta-

tistically significant. Statistical analysis was performed in

consultation with the Department of Biostatistics of

Guiyang Medical College.

The normal control data were not included in statistical

analysis, but it is provided for normal reference values.

Results

Preparation of the ICH Model

Thirteen rabbits were successfully prepared for ICH model

in MC group, however, one rabbit was found to be dead in

the animal room without definite cause. In the MI group,

ICH model was successfully prepared in all the 15 rabbits,

but two animals died of overdose of anesthetic agents

during surgery, one animal died on the fifth day because of

intracranial infection. Finally, a total of 24 rabbits (12 in

MI group, and 12 in MC group, respectively) were inclu-

ded in the present study.

Changes in the Glutamate Concentration in the Brain

Tissue Surrounding the Hematoma

The glutamate concentration in the brain tissue surrounding

the hematoma on days 1, 3, and 7 following removal of the

hematoma was significantly decreased compared to the MC

group(F = 30.76, P = 0.0015), suggesting that the mini-

mally invasive procedure for intracerebral hematoma

evacuation decreased the glutamate concentration in

perihematomal brain tissue (Table 1). A significant dif-

ference in perihematomal glutamate concentration was also

observed in the MC group and the MI group at different

time point (F = 66.2623, P = 0.0000).

Determination of BBB Permeability

The Evan’s Blue content in the brain tissue surrounding the

hematoma in the MI group was significantly decreased on

days 1, 3, and 7 compared to the MC group, a significant

difference was noted (F = 46.34, P = 0.0009,). This

suggests that the minimally invasive procedure for intra-

cerebral hematoma evacuation may reduce BBB

permeability (Table 1).
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Water Content in Brain Tissue Surrounding

the Hematoma

The water content in the brain tissue surrounding the

hematoma in the MI group was significantly decreased on

days 1, 3, and 7 compared to the MC group (F = 14.30,

P = 0.0092), suggesting that the minimally invasive pro-

cedure for intracerebral hematoma evacuation may reduce

the water content of the brain tissue (Table 1).

Discussion

In the present study, the glutamate content in the perihe-

matomal brain tissue of animals that underwent minimally

invasive surgery to remove an intracerebral hematoma was

decreased at different time points (on days 1, 3, and 7)

after hematoma evacuation as compared to the MC group.

In addition, the animals that underwent the minimally

invasive hematoma evacuation showed a decrease in the

Evan’s Blue content, as well as the brain water content in

the brain tissue surrounding the hematoma. These findings

suggest that minimally invasive removal of intracerebral

hematomas may decrease the glutamate content, BBB

permeability, and the water content in perihematomal brain

tissue.

In recent years, EAAs have become a focus of research

examining intracerebral hemorrhages. The glutamate con-

tent has been found to be clearly elevated in perihematomal

brain tissue, and the prognosis of ICH is closely related with

the EAA level [4, 17, 18].

Patients with a spontaneous ICH who presented with

more serious brain injuries had a higher concentration of

glutamate in the brain and, consequently, a worse prognosis

[19]. Glutamate-associated excitotoxicity may have an

important impact on secondary injury [1]. Zhu Lingqun

et al. [20] examined an animal model of hemorrhagic stroke

and found that the glutamate content in the hippocampal

area of the pathological group was increased to a large

extent, whereas neurons were clearly reduced. In addition

to cerebral edema, other phenomena were detected using

light microscopy, including the absence of multiple layers

of neurons, some physaliphore degeneration and the

absence of pyknosis or nuclei. Ultramicrostructural analy-

ses demonstrated edema of colloid cells and neurons,

angioedema, organelle swelling in neurons and pyknosis.

All of these morphological changes indicate the conformity

of the increased EAA concentration in hemorrhagic stroke

and the degree of brain injury and show that the neurotoxic

effect of EAAs can participate in perihematomal changes

during the pathophysiological process.

Increased levels of glutamate have been associated with

increased BBB permeability and brain edema, which areT
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the principal pathophysiological changes of secondary

brain damage associated with the toxicity involved in

hematoma decomposition and the release of inflammatory

and free radical mediators. The aforementioned studies

have demonstrated that the glutamate level in perihemat-

omal brain tissue increases and results in disruption of the

BBB and increased BBB permeability, thereby increasing

brain edema. If the effect of glutamate could be antago-

nized or its content could be reduced, the permeability of

the BBB should be reduced, thus decreasing brain edema.

Blocking the effect of glutamate with its receptor antago-

nist MK-801 and felbamate has been shown to reduce the

formation of brain edema and help restore BBB perme-

ability in experimental subarachnoid hemorrhages and

diffuse brain injuries [21, 22]; however, the development

of effective clinical treatments has been largely unsuc-

cessful, and removing intracerebral hematomas by standard

open craniotomy commonly causes damage to the unin-

jured brain tissue overlying the hematoma. This indicates

that decreasing the glutamate content in perihematomal

brain tissue by minimally invasive evacuation of the

intracerebral hematoma should be a better choice. In our

experiment, after evacuation of the intracerebral hematoma

using a minimally invasive procedure, the ICH-induced

neurotoxic glutamate content in the perihematomal brain

tissue was reduced, and the mass effect of the hematoma

was also decreased, resulting in a decrease in BBB per-

meability and brain water content. Miller et al. [1] recently

obtained similar results. They investigated 12 consecutive

patients undergoing frameless stereotactic aspiration and

thrombolysis (FAST) of deep ICHs and measured hourly

the glucose, lactate, pyruvate, and glutamate levels in the

perihematomal tissue of patients undergoing minimally

invasive hematoma evacuation. They observed that the

glutamate level was elevated in the perihematomal region

following ICH, and this level was decreased during

hematoma drainage.

Disruption of the blood–brain barrier is a hallmark of

ICH-induced brain injury. This disruption contributes to

edema formation, the influx of leukocytes and the entry of

potentially neuroactive agents into the perihematomal

brain, all of which may contribute to brain injury [23]. We

found that the increased BBB permeability following ICH

was positively correlated with cerebral edema (Table 1).

The BBB plays an important role in the adjustment and

maintenance of a stable intracerebral microenvironment,

and the function of its endothelial cells depends greatly on

the changes in the intracerebral microenvironment [24].

Altering the intracerebral microenvironment could, in

addition, influence BBB permeability. Neurotoxic sub-

stances released as a result of a hematoma following an

ICH, such as thrombin and hemoglobin, could be toxic to

neurons. The amount of glutamate released from vesicles

following an ICH increases, and the energy metabolic

disorder around the hematoma influences the glutamate/

glutamine dynamics and limits the uptake of glutamate. At

the same time, the level of extracellular excitatory neuro-

transmitters increases due to the inhibition of glutamic acid

decarboxylase (GAD) as a result of the energy metabolic

disorder and the increased level of neurotoxic substances

injures the BBB. Therefore, brain edema has a close rela-

tionship with both intracerebral hematoma and BBB

permeability [17, 25].

By measuring the degree of BBB damage, measured by

testing the Evan’s Blue content in brain tissue at different

time points, it has been demonstrated that the BBB begins

to break down 6 h after injecting blood. This disruption

becomes worse as time increases and peaks after 72 h [26].

The same has been shown with increasing water content in

the brain, which is consistent with the results shown here.

Brain edema following intracerebral hemorrhage is the

primary reason for the deterioration of the disease condi-

tion. Restraining the cerebral edema and relieving the

secondary injury to neurons surrounding the hematoma is

one of the critical links to reducing the morality rate and

lowering the disability rate in the acute stages of ICH. Since

cerebral edema is closely related to both hematomas and

BBB permeability, removal of an intracerebral hematoma

as soon as possible could lower the intracerebral pressure

and reduce the cerebral edema and neurotoxic effects

caused by thrombin, hemoglobin, and other degradation

products. This could relieve the pressure on the surrounding

brain tissue from the hematoma, improve microcirculation

in the area, facilitate the glutamate/glutamine cycle and

expedite the uptake of glutamate. Glutamate can then be

converted into c-aminobutyric acid by glutamic acid

decarboxylase, which results in a reduction in the level of

extracellular excitatory neurotransmitters, consequently

relieving the cerebral edema and making the BBB less

permeable. There have been some reports regarding the

significant effectiveness of the minimally invasive removal

of ICHs during the ultra-early stage on relieving cerebral

edema and protecting the BBB [27, 28], which is consistent

with the results presented here.

In our previously published data, minimally invasive

surgery could decrease the Purdy score of the dog model of

ICH, there were significant functional differences in ani-

mals treated with minimally invasive procedures compared

to control [29], so we did not performed neurological or

behavioral assessment in the present study. Although CT

scan showed that intracerebral hematoma was evacuated

largely or completely after surgical procedures, we per-

formed imaging in all animals to quantify the hemorrhage,

the residual hematoma volume was not measured during

the histopathological exam, this is a limitation of this

manuscript.
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In the present study, although significant decreases in

glutamate, Evans’s blue, and brain water content were

observed in MI group compared with MC group, they were

still significantly high as compared with NC group, mani-

festing that serious pathological changes are very likely

even after minimally invasive procedures for hematoma

evacuation. These pathological changes may be caused by

the residual hematoma after the surgical procedures or/and

the procedures itself. Based on the present findings, it

might be concluded that the minimally invasive procedures

for evacuation of ICHs could significantly reduce the level

of excitatory glutamate in perihematomal brain tissues and

make the blood–brain barrier less permeable, consequently

preventing the formulation and development of secondary

cerebral edema. The minimally invasive technique may

have benefits from evacuating intracerebral hematoma, but

it could only reduce the brain damages caused by the

hematoma to some extent, other than completely elimi-

nating them. The significance of the observed changes

resulted from hematoma evacuation remains to be deter-

mined with respect to neurologic outcome.
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