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Introduction

Despite continuous improvements in neonatal intensive

care medicine and fetal monitoring, hypoxic-ischemic brain

injury in neonates still remains a major cause of mortality

and neurologic morbidity in survivors such as cerebral pal-

sy, developmental retardation or learning disability
1)
. Two

alternative modes of cell death, apoptosis and necrosis, can
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be distinguished during neonatal hypoxic ischemic brain in-

jury
2)
. Although the detection of morphological changes

using light, fluorescence or electron microscopy is the gold

standard method for identifying apoptotic or necrotic cell

death, the microscopic method is elaborate, time consuming

and cumbersome for quantitative analysis
2, 3)
. Furthermore,

as this method has difficulty in detecting immediate neu-

ronal cell death, it can detect cell death only at later

stages
4)
.

Recently, flow cytometry with a combination of fluo-

rescinated annexin V and propidium iodide (PI) to measure

changes in plasma membrane composition and function, has

been established as a method to distinguish live, damaged,

apoptotic and necrotic cells
5-9)
. As it allows the sensitive

detection and rapid quantification of a large population of
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Purpose : Newborn brain tissue has to be dissociated into a single cell suspension for flow cyto-

metric analysis of cell death during hypoxia-ischemia. Thus the development of a method to disso-

ciate cells from the brain tissue with least damage and maintenance of membrane and antigen integ-

rity remains the challenge for the in vivo application of this technique. We evaluated the efficacy of

mechanical or enzymatic (collagenase or tryspin) methods of brain tissue disaggregation.

Methods : The extent of the damage to the plasma membrane and loss of the characteristics of the

membrane induced with each dissociation method was determined by comparing the flow cytometric

results labeled with both fluorescent annexin V and propidium iodide of the newborn rat pup brain

tissue in the control group (n=10) and in the 48-hour after hypoxia-ischemia group (n=10).

Results : In the control group, the cell percentage of damaged, apoptotic and necrotic cells of both

hemispheres with the mechanical dissociation method was significantly increased compared to the

trypsin or collagenase method. In the 48-hour after hypoxia-ischemia group, the cell percentage of

apoptotic and necrotic cells of the right hemisphere with the collagenase method significantly in-

creased, and live cells significantly decreased compared to the left hemisphere, control group. Al-

though the same trend was observed, the extent of alterations made with the trypsin method was

significantly less compared to the collagenase method.

Conclusion : The dissociation of neonatal brain tissue for flow cytometric analysis with collagenase

was most efficacious with the least cell damage and preservation of the plasma membrane charac-

teristics. (Korean J Pediatr 2005;48:545-550)
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cells, this technique appears to be the methodology of

choice to study neuronal hypoxic ischemic cell death
10)
.

However, besides these advantages, this technique also has

some limitations. As it can only work with cells in suspen-

sions, the brain tissue has to be disaggregated into a sin-

gle cell suspension for flow cytometric analysis. Damage to

the plasma membrane or alterations of the biochemical and

biological characteristics of the membrane introduced dur-

ing this procedure might result in decreased numbers of

intact and viable cells, thereby posing a technical problem

for the subsequent flow cytometric analysis of neuronal cell

death
11, 12)
. Therefore, the development of the method to

dissociate cells from the brain tissue, and retain membrane

and antigen integrity and cell viability remains the most

significant challenges for the in vivo application of this

technique.

Although many mechanical and enzymatic methodologies

for disaggregation of tissue into a single cell suspension

have been applied to solid tumors and normal tissues
13-16)
,

this is the first study, to our knowledge, to assess the var-

ious dissociation methods of the newborn brain for the

flow cytometry. In the present study, the efficacy of me-

chanical and enzymatic (collagenase or tryspin) methods of

brain tissue disaggregation was evaluated. The extent of

the damage to the plasma membrane and loss of the char-

acteristics of the membrane induced with each dissociation

method was determined by comparing the flow cytometric

results labeled with both fluorescent annexin V and pro-

pidium iodide (PI) of the newborn rat pup brain tissue in

the control group and in the 48 h after hypoxia ischemia

group.

Materials and Methods

1. Hypoxia-ischemia

The experimental protocols described herein were re-

viewed and approved by the institutional animal care and

use committee of the Samsung Biomedical Research Center,

Seoul Korea. This study also followed the institutional and

National Institute of Health guidelines for laboratory animal

care. Seven day-old Sprague Dawley rat pups (Daihan Bio-

link Co., Seoul, Korea) were anesthetized in a small jar

containing cotton soaked with methoxyflurane, and deep

anesthesia was maintained during the surgical procedure by

placing a small plastic tube containing cotton soaked with

methoxyflurane over the nose. The neck was incised in the

midline, and the right common carotid artery was perma-

nently ligated with 4-0 silk. Total time of surgery in each

animal never exceeded 3 minutes. Approximately 3 to 4

hours of stabilization period after surgery, the animals

were exposed to a 90 minute period of hypoxia (8% O2, 92

% N2) by placing them in an airtight container partially

submerged in a 37℃ water bath. Control animal included

littermates that were not subjected to cerebral hypoxia-

ischemia but that were quick-frozen at the same intervals

as the experimental animals. The rat pups were sacrificed

at control (n=10) and 48 h after hypoxia-ischemia (n=10)

under deep pentobarbital anesthesia (60 mg/kg, intraperi-

toneal), and the whole brain tissue was obtained.

2. Brain cell dissociation

The fresh whole brain tissue was placed on a glass

Petri dish on ice containing 1-2 mL of phosphate buffered

saline (PBS), and three blocks of brain tissue, about 100

mg per block, were obtained from the mid-portion of the

cortex of the left and right hemisphere, respectively.

Each block of brain tissue was transferred to another

Petri dish, and chopped into small pieces less than 1 mm

in diameter using razor blades. Thereafter, one of the fol-

lowing three mechanical or enzymatic (trypsin or colla-

genase) methods was used to dissociate each block of

brain tissue, and the efficacy of each technique was com-

pared. For enzymatic method, 1-2 mL of serum free Dul-

beco's Modified Eagle's Media (DMEM) containing 2 mg/

mL of type I collagenase or 0.25% trypsin was added to

tissue pieces, and incubated at 37℃ for 15 minutes. There-

after, equal volume of DMEM with 10% fetal serum was

added to the dish to neutralize the enzyme activity. For

mechanical methods, the tissue pieces were blown in and

out of a small bore pipette for 10-15 times to obtain the

relatively consistent degree of turbidity of the solution.

After each dissociation procedure, the cell suspension ob-

tained was passed through a 40 µm cell strainer (Falcon,

Becton Dickinson, Heidelberg, Germany), centrifuged 1,250

rpm for 3 minutes and the pellet was resuspended in 1 mL

PBS. All the reagents used in this experiment were pur-

chased from Lifetech Gibco-BRL Co. (Carlsbad, CA, USA)

if not specifically mentioned.

3. Flow cytometry

Immediately after brain cell dissociation procedure, 95 µL

(containing more than 1×10
6
cells) of cell suspension was

labeled fluorescently for detection of apoptotic and necrotic
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cells by adding 1 µL of PI (1 mg/mL; Sigma, St. Louis,

MO, USA) and 5 µL of annexin V-FITC (fluorescein iso-

thiocyanate) (Pharmingen, San Diego, CA, USA) to each

sample. Samples were mixed gently and incubated at room

temperature in the dark for 15 minutes. After incubation,

each sample was added with 1 mL of annexin V binding

buffer (10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid)-NaOH, pH 7, 140 mM NaCl, 2.5 mM

CaCl2) into PAS (Particle Analyzing System) tube (Sar-

stedt, 1.5 mL, 55×12 mmø, Germany). The flow analysis

was performed by a PAS (Partec, Munster, Germany)

equipped with an argon ion laser tuned at 488 nm wave-

length. The green FITC-annexin V fluorescence was mea-

sured at 530±15 nm, and the red PI fluorescence was

measured at 600 nm. A primary gate based on physical pa-

rameters (forward and side light scatter, respectively) was

set to exclude dead cells or debris. Electronic compensation

was used to eliminate bleeding through fluorescence.

3. Statistical analysis

Data were given as mean±standard deviation. Data were

compared using repeated measures analysis of variance

with Bonferroni correction. Statistical analysis described

above was done using SAS software program ver. 6.04. A

P-value of <0.05 was considered significant.

Results

Representative analyses of an annexin V versus PI dot

plot and regional percentage of each dissociation method of

each hemisphere at 48 h after hypoxia-ischemia are pres-

ented in Fig. 1. Among the four quadrants, Q1 includes

cells that stain negatively for annexin V but are PI posi-

tive, and are considered damaged cells. Q2 includes cells

that are both annexin V and PI positive, and are consid-

ered necrotic cells. Q3 includes cells that stain negatively

for both annexin V and PI, and are considered live undam-

aged cells. Q4 includes cells that stain with annexin V but

are PI negative, and are considered apoptotic cells
5-9)
.

Table 1 presents the regional cell percentage of the left

and right hemisphere with each dissociation method in the

control group (n=10) and 48 h after hypoxia-ischemia

group (n=10). In the control group, the percentage of dam-

aged, necrotic and apoptotic cells in the respective area of

Q1 (annexin V
－
/PI

＋
), Q2 (annexin V

＋
/PI

＋
) and Q4 (an-

nexin V
＋
/PI

－
) significantly increased, and the live cells in

Fig. 1. Representative flow cytogram of an annexin V binding (abscissa) versus propidium iodide
uptake (ordinate) in the left (upper row) and right (lower row) hemisphere of the newborn rat
brain cells at 48 h after hypoxia-ischemia after dissociation with the mechanical (A, B), trypsin
(C, D) or collagenase (E, F) method. The numbers in the left upper quadrant, right upper quad-
rant, left lower quadrant and right lower quadrant represent the percentage of damaged (annexin
V－/PI＋), necrotic (annexin V＋/PI＋), live (annexin V－/PI－), and apoptotic cells, respectively.
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Q3 (annexin V
－
/PI

－
) significantly decreased with the pi-

pette dissociation method compared to the trypsin or colla-

genase dissociation method. There were no significant

inter-hemispheric differences in regional cell percentage

with each dissociation method. In the 48 h after hypoxia-

ischemia group, the percentage of necrotic and apoptotic

cells in the respective area of Q2 and Q4 significantly in-

creased, and the live cells in Q3 significantly decreased

with the collagenase dissociation method in the right hemi-

sphere compared to the left hemisphere or to the data of

the control group or the pipette dissociation method. Al-

though the same trend has been observed, the extent of

alterations made with the trypsin dissociation method was

significantly less compared to the collagenase method.

There were no significant differences in regional cell per-

centage between the control and 48 h after hypoxia-ische-

mia groups with the pipette method.

Discussion

Exposure of phosphatidylserine on the outside of the

plasma membrane, which exists almost exclusively on the

inner surface of the lipid bilayer in live cells, is the early

and most characteristic change of apoptosis
5-9)
. This change

can be detected by annexin V, which preferentially binds

to negatively charged phospholipids such as phosphatidyl-

serine
5-9)
. The disruption of the plasma membrane and al-

terations in permeability, observed in necrotic cells, could

be detected by staining with PI. Therefore, by the com-

bined staining of neuronal cells with both annexin V and

PI as done in the present study, it was possible to distin-

guish live cells, apoptotic cells, damaged cells, and necrotic

cells by flow cytometry
6-12)
. Furthermore, this technique is

very sensitive, rapid and objective compared to alternative

methods such as morphological analysis. Taken together,

these findings implicate that flow cytometry would be the

methodology of choice for the quantitative analysis of cell

death during neonatal hypoxic-ischemic brain injury.

A critical step in the flow cytometric analysis of neo-

natal brain injury in the present study is the disaggre-

gation of the tissue into a single cell suspension
13-16)
. Brain

cells, especially fetal and neonatal, are easy to dissociate

because brain tissue hardly has a tight junction. However,

brain cells are very sensitive to physical and chemical

stresses imposed during the dissociation procedure. Damage

to the plasma membrane introduced during this dissociation

procedure would allow access of annexin V to the inter-

nally located phosphatidylserine and, hence, give false posi-

tive results in the subsequent flow cytometric analysis of

neuronal cell death
11, 12)
. In the present study, the percent-

age of cells in Q1 (damaged cells, annexin V
－
/PI

＋
), Q2

(necrotic cells, annexin V
＋
/PI

＋
) and Q4 (apoptotic cells,

annexin V
＋
/PI

－
) was markedly increased, and in Q3 (live

cells, annexin V
－
/PI

－
), there was significant reduction with

the mechanical disaggregation method using a small bore

pipette compared to the enzymatic trypsin or collagenase

method in both the control and 48 h after hypoxia-ische-

mia group. No significant interhemispheric differences in

the cell percentage were also observed. Our data indicate

that cell damage induced by the mechanical method is so

great that technical sensitivity of the flow cytometry to the

analysis of hypoxic-ischemic neuronal cell death is lost.

Table 1. Regional Cell Percentage of each Dissociation Method at Control (n=10) and 48 h after Hypoxia-ischemia (n=10)

Q1 Q2 Q3 Q4

LH (%) RH (%) LH (%) RH (%) LH (%) RH (%) LH (%) RH (%)

Pipette

Control

HI 48h

Trypsin

Control

HI 48h

Collagenase

Control

HI 48h

5.38±2.72

3.17±1.98

0.21±0.19
*

0.15±0.09
*

0.43±0.11
*

0.27±0.12
*

5.52±2.85

3.2±2.02

0.26±0.15
*

0.36±0.19☨

1.35±0.14
*

1.05±0.13
*

14.24±1.88

12.49±2.76

0.58±0.05
*

0.13±0.02
*

0.56±0.10
*

0.61±0.21
*

12.35±3.67

10.42±2.22

0.52±0.14
*

1.03±0.38
*

0.87±0.18
*

5.87±1.23
*

70.29±2.98

71.77±4.20

94.02±0.84
*

94.15±0.84
*

94.68±0.22
*

92.40±1.14
*

73.27±4.88

73.00±3.39

93.97±0.63
*

88.76±2.50
*, ☨, §

93.94±0.78
*

77.71±3.28†, ☨, §

10.09±4.49

12.56±1.15

5.10±0.66
*

5.39±0.78
*

4.51±0.08
*

6.70±0.92
*

10.26±4.31

13.37±1.96

5.26±0.50
*

9.86±2.02

5.10±0.83
*

15.07±2.03†, ☨, §

Q1 : Damaged (Annexin V－/Propidium iodide＋) cells, Q2 : Necrotic (Annexin V＋/Propidium iodide＋) cells, Q3 : Live (Annexin V－/
Propidium iodide－) cells, Q4 : Apoptotic (Annexin V＋/Propidium iodide－) cells, LH : Left hemisphere, RH : Right hemisphere, HI
48h : 48 h after hypoxia-ischemiaValues given present mean±standard deviation
*
P<0.05 compared to pipette, †P<0.05 compared to trypsin, ☨P<0.05 compared to control, §P<0.05 compared to LH
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In the present study, the cell percentage with both the

trypsin and collagenase methods was significantly lower in

Q1, Q2 and Q4, and higher in Q3 compared to the me-

chanical method in both hemispheres of the control group.

Our data indicate that the stress and cell damage induced

with the enzymatic dissociation methods was much less

compared to the mechanical method, resulting in greater

cell viability. Furthermore, the cell percentage of the right

hemisphere with the collagenase method in the 48 h after

hypoxia-ischemia group was significantly higher in Q2 and

Q4, and lower in Q3 compared to the left hemisphere of

the same group or control group. Although the same trend

was also observed with the trypsin method, the extent of

alterations in cell percentage was significantly less com-

pared to the collagenase method. These findings indicate

that although the enzymatic methods are much more effi-

cient than the mechanical approach, trypsin underestimated

the apoptotic or necrotic cell death by removing phospha-

tidylserine or bound annexin V from the cell membrane

surface by proteolysis
12)
or altering the biochemical and

biological characteristics of the plasma membrane
11, 16)
,

thereby reducing the technical sensitivity of this method in

the subsequent flow cytometric detection of the cell death.

Our data implicate that the dissociation of the neonatal

brain tissue with collagenase seems to be the best method

with least cell damage and preservation of the features of

the plasma membrane.

Collagenase I is a unique protease that specifically hy-

drolyses the bond between a neutral amino acid (X) and

glycine in the sequence of Pro-X-Glyc-Pro. This sequence

is found in high frequency in collagen fibrils in the connec-

tive tissue. The collagenase I used in the present study is

a crude preparation from Clostridium histolyticum, con-

taining clostripiopeptidase A and a number of other prote-

ases, polysaccharidases and lipases. Therefore, although our

data indicate that collagenase is the most efficacious meth-

od in dissociating neonatal brain tissue, it is not clear

which of the active agents are involved in this dissolu-

tion
16)
. Further studies will be necessary to clarify this.

In summary, the dissociation of neonatal brain tissue for

flow cytometric analysis with collagenase was most effi-

cacious with least cell damage and preservation of the

plasma membrane characteristics.

국문 요약

저산소성 허혈성 뇌손상이 유발된

신생백서에서 단일세포의 분리

성균관대학교 의과대학 삼성서울병원 소아과,

삼성생명과학연구소
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황종희·성동경
*
·최창원·강 샘
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목 적:저산소성 허혈성 손상을 받은 신생아의 뇌조직에서

유세포 방법을 통해 세포의 사멸을 분석하기 위해서는 단일세포

의 분리가 이루어져야 한다. 본 연구는 세포 분리에 있어서 세

포막의 소실을 최소화하고 항원성을 유지하기 위하여 물리적인

방법과 효소 처리를 통한 세포 분리방법의 효율성에 대해 알아

보고자 하 다.

방 법:생후 7일된 10마리의 SD 신생백서에 우측 경동맥 결

찰 후, 8% 산소에 노출시켜 저산소성 허혈증의 손상을 유발하

으며 48시간이 지난 후 뇌조직을 얻어 같은 수의 정상 대조군

과 비교하 다. 세포 분리는 물리적인 방법(pipette)과 효소 처리

(trypsin 및 collagenase) 방법을 통하여 이루어 졌으며, 세포막

의 손상 정도와 범위에 대해서는 annexin V 및 propidium io-

dide의 형광 염색을 통한 유세포 분석방법을 이용하 다.

결 과:정상 대조군에서, 물리적인 방법을 통한 세포 분리가

양반구 모두에서 효소 처리를 한 경우에 비해서 세포의 사멸과

괴사가 통계적으로 유의하게 증가하 다. 저산소성 허혈증을 유

발한 군 중, collagenase를 이용하여 세포 분리를 시행한 경우에

서 우측 반구의 세포 사멸과 괴사의 비율이 좌측 반구 및 정상

대조군 보다 유의하게 증가하 다. 효소 처리를 통한 세포 분리

에서는 서로 유사한 경향을 보 으나, trypsin을 이용한 경우가

collagenase를 이용한 경우에 비해 세포 변화의 정도가 유의하

게 감소하 다.

결 론:신생아의 뇌조직에서 collagenase를 이용한 단일 세포

분리방법이 세포막의 손상을 최소화하면서 세포막의 성상을 보

존할 수 있는 가장 유용한 방법이었다.
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