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Abstract

Sladek Z., D. RySanek, M. Faldyna: Light Microscopic and Flow Cytometric Detection
of Apoptosis and Necrosis of Neutrophils in the Mammary Gland of the Virgin Heifer. Acta Vet.
Brno 2001, 70: 149-155.

Flow cytometry analysis of discrimination of apoptotic and necrotic neutrophils and their
distribution on dot plots using cells influx induced by intramammary administration of buffered
saline was verified by light microscopy. Twenty mammary glands of five nonpregnant heifers were
used and samples of mammary gland lavages were collected before (control) and 24, 48, 72, and
96 h after treatment and examined by light microscopy and flow cytometry with Annexin V and
propidium iodide staining. Verification of flow cytometry method was provided by morphological
features of leukocytes in light microscopy and by changes in differential cell counts during induced
influx. Detection of apoptotic and necrotic neutrophils was made using backgating technique.
There were no significant differences between flow cytometry and light microscopy methods in
the percentages of apoptotic neutrophils. By contrary, differences of high significance between
methods in the percentages of necrotic neutrophils was determined. It can be concluded that the
identification of apoptotic and necrotic neutrophils by flow cytometry is a suitable method for the
detection of apoptotic neutrophils of the bovine mammary gland. However, a single trait cannot be
regarded as an unambiguous proof of cell necrosis. Gating of a major population of neutrophils
seems unsuitable, contrary to backgating, because the majority of apoptotic and necrotic
neutrophils was localised out of a major population of neutrophils.

Apoptosis, necrosis, neutrophil, mammary gland, bovine

Neutrophils constitute the cellular component of the defence system of the bovine
mammary gland (Paape and Wergin 1977). Since their life span s very short (1 to 2 days)
and their return into the blood circulation is impossible (Hughes et al. 1997), they die in
the mammary gland by either necrosis followed by lysis (Nickerson et al. 1986; Paape
et al. 1990), or apoptosis (Slddek and RySanek 2000a, 2001) to which they are
predisposed after leaving the blood circulation (Raff 1992).

So far, both types of in vivo or in vitro death of bovine mammary gland neutrophils were
detected largely by specific morphologic characteristics of apoptotic and necrotic cells using
light and electron microscopic methods (Nickerson etal. 1985, 1986; Paape etal. 1990;
Lintner and Eberhart 1990; Slddek and RySdnek 1999ab, 2000ab, 2001). However,
such procedures are considered less effective and unsuitable for the examination of larger
sets of samples owing to high labour and material costs.

Apparently a more suitable is the method of identification of apoptotic or necrotic cells
which detects biochemical alterations occurring on the surface of the cytoplasmatic
membrane (Vermes et al. 1995). Apoptosis is recognisable already at an early stage by
translocation of phosphatidyl serine (PS) from the cytosolic side of the cytoplasmatic
membrane to its outer surface (Fadok et al. 1992). This translocation can be visualised by
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staining with fluorescein-labelled Annexin V (Koopman et al. 1994; Zhang etal. 1997;
van England etal. 1998), which shows a high natural affinity to PS (Martin et al. 1995;
Zhang etal 1997). Since this method detects both apoptotic and necrotic cells, it must be
completed by additional staining. Suitable for this purpose is propidium iodide which
penetrates into necrotic cells and stains their nuclei, but for which the cell membrane of
apoptotic cells is impermeable (Vermes et al. 1995).

This biochemical method was originally developed for the identification of isolated
necrotic and apoptotic human lymphocytes. Data obtained by this technology indicate that
the staining of PS with labelled Annexin V is a universal tool for the detection of apoptosis
that can be used in most, if not all, cell types irrespective of the initiating trigger (Vermes
et al. 2000). Van Oostveldt et al. (1999) modified this method for the detection of
induced apoptosis and necrosis of isolated bovine blood neutrophils in vitro. No data on its
use for the detection of apoptosis and necrosis of bovine mammary gland neutrophils were
found in available literature.

The objectives of this work were to verify the flow cytometric method for the
identification of apoptotic and necrotic bovine mammary gland neutrophils, to compare its
results with those of light microscopy, and to use the method for the analysis of distribution
and discrimination of apoptotic and necrotic neutrophils and their dynamics under in vivo
conditions of induced influx.

Materials and Methods

Animals
The experiments were carried out in five clinically normal Holstein X Bohemian Red Pied heifers aged 15 to 18
months.

Influx induction

All four glands of each heifer were washed with 20 ml of sterile buffered 0.01M physiological saline (PBS), pH
7.4, to obtain control samples of cell populations. Cell influx was then induced by intramammary administration
of PBS (10 ml). Samples of mammary lavages (ML) were obtained. The first sample was collected from the left
forequarter at 24 hours after the administration of PBS. Subsequent samples were collected at 24-h intervals from
the remaining quarters in the following order: left hindquarter — right forequarter — right hindquarter. No bacterial
growth was detectable in any of ML samples by culture on blood agar plates (5% washed sheep erythrocytes) and
aerobic incubation at 37 °C for 24 h.

Cell processing

Total cell counts were determined by the haemocytometer. The trypan blue dye exclusion test demonstrated
viability in at least 97.3% of cells in each ML. The cell suspensions were centrifuged at 4 °C and 200 x g for
10 min. One ml of the supernatant was removed and retained to be used for resuspension of the pellet and the
remaining supernatant was decanted.

Light microscopic (LM) assessment of apoptosis and necrosis of neutrophils

One smear of each processed cell suspension was prepared and stained panoptically by the Papanicolau method
(Bessis 1973). Differential cell counts were determined in ML by enumeration of at least 200 cells. Apoptosis
and necrosis of neutrophils were assessed by identifying specific morphologic features using oil-immersion
microscopy (magnification factor of objective 100 x) (Slddek and RySanek 2000a).

Flow cytometric (FCM) assessment of apoptosis and necrosis of neutrophils

Apoptotic and necrotic neutrophils were enumerated by FCM after simultaneous staining with Annexin
V labelled with fluorescein isothiocyanate (FITC) and propidium iodide (PI) as described by Vermes etal. (1995).
The commercial Annexin-V-FLUOS Staining Kit (Boehringer Mannheim, GmbH, Mannheim, Germany) was used
according to the manufacturer’s instructions.

Briefly: 500 pl of the incubation buffer (10 mM Hepes/NaOH, pH 7.4; 140 mM NaCl; 2.5 mM CaClg) was mixed
with 10 ul of PI and 10 ul of FITC-Annexin-V solutions. Cell suspension was adjusted to 1 x 10° per 1 ml in
100 pl of fresh incubation buffer containing PI and FITC-Annexin-V and the suspension was analysed after 15 min
of incubation at room temperature by FCM (FACS Calibur apparatus, Beckton Dickinson, Mountain View,
California, USA) by differentiation of atleast 10.000 cells. Dot plots were evaluated qualitatively and quantitatively
using the WinMDI 2.8 software (Trotter 2000).
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The data obtained at each point of time were displayed on two dot plots. The first dot plot (FDP) was designated
to provide two-parameter leukocyte differential counts by discriminating leukocytes in terms of size (determined
by forward light scatter - FSC), nucleus morphology, and cytoplasm granularity (determined by side light scatter -
SSC). The second dot plot (SDP) was designated to provide two-parameter analysis of apoptotic and necrotic
neutrophils by discriminating the population of neutrophils in terms of Annexin V positivity (FITC+ determined
by green fluorescence on FL1) and PI positivity (PI+ determined by red fluorescence on FL3).

The technique of backgating was applied to identify apoptotic and necrotic neutrophils (detected on SDP) on
FDP. Briefly, neutrophils were first identified on a plot (FDP) of forward-scatter versus side-scatter by their scatter
parameters. This population of purified neutrophils was than followed on a plot (SDP) with green fluorescence
(FITC+) on the X-axis (FL1) versus red fluorescence (PI+) on the Y-axis (FL3). Thereafter, apoptotic and necrotic
neutrophils from SDP were backgated on FDP where they generate distinct coloured clusters.

Statistics

The results underwent multifactorial analysis of variance for the determination of significance of variation sources
(time points, methods and udder quarters). The significance of differences between mean percentages of apoptotic
neutrophils and necrotic neutrophils determined by LM or FCM was tested by Scheffe’s method (STAT PLUS ver.
1.1 1993). The correlation between the percentages of apoptotic and necrotic neutrophils determined under both
methods was tested by calculation of correlation coefficients. The STAT PLUS software (version 1.1 1993) was used.

Results

Analysis of variability sources

Time points and methods were found to be significant variability sources (P < 0.01),
whereas udder quarters were not. The significance of between-method and among-time
point differences could be tested (see below).
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Light microscopy of apoptotic and necrotic neutrophils

Beside morphologically normal cells, neutrophils with aberrant structures typical of
apoptosis or necrosis were seen. Apoptotic neutrophils showed condensation of chromatin
(karyopyknosis), merging and shrinking of nuclear segments, cell shrinking, and
fragmentation into apoptotic bodies. Typical signs of necrosis included whole-cell and
nuclear segment swelling, spherical shape, loss of pseudopodia, and finally karyolysis and
cell lysis (data not shown, for details see Sladek and RySdnek 1999a, 2000a).

Flow cytometric distribution of neutrophils gated for Annexin V
and propidium iodide

Neutrophils stained with FITC-Annexin V and PI could be distinguished in SDP in three
quadrants. The lower left quadrant represents intact-viable neutrophils which exclude PT and
do not bind Annexin V (FITC-/PI-), the lower right quadrant represents apoptotic
neutrophils binding Annexin V, but with preserved cell membrane integrity (FITC+/PI-),
and the upper right quadrant represents necrotic neutrophils binding Annexin V and showing
PI uptake (FITC+/PI+) (Plate I1, Fig. 3, Plate III, Fig. 4).

The three distinct neutrophil populations [viable (FITC-/PI-), apoptotic (FITC+/PI-) and
necrotic (FITC+/PI+)] represented on SDP were also identified on FDP by technique of
backgating. Neutrophils formed three distinct clusters on FDP (Fig. 3-4). Viable neutrophils
(FITC-/PI-) formed a cluster situated to the left of (FSC) and above (SSC) the cluster of
lymphocytes and macrophages. The smaller apoptotic neutrophils (FITC+/PI-) with
condensed nuclei were situated to the left of and below viable neutrophils (FITC-/PI-).
Apoptotic bodies (FITC+/PI-) formed a cluster at the left bottom corner of the dot plot above
debris. The swollen necrotic neutrophils with desegmented compact nuclei (FITC+/PI+)
were situated below the region of viable neutrophils towards lymphocytes.

Kinetics of neutrophil apoptosis and necrosis during induced influx

The proportions of viable (negative by trypan blue dye exclusion test), apoptotic, and necrotic
neutrophils as determined by LM and FCM during induced influx are shown in Table 1. No
apoptotic and almost no necrotic (< 0.1%) cells were detected by any of the methods in the
population of neutrophils in control samples. The percentages of apoptotic and necrotic
neutrophils reached peak values at 48 h after induction and decreased subsequently at 72 h and
96 h. Data in Table 1 show proportion of apoptotic neutrophils detected in LM and FCM.
Morever, there are shown neutrophils with damaged cytoplasmatic membranes detected by the
trypan blue exclusion test, necrotic neutrophils detected by morphological features in LM, and
necrotic neutrophils (FITC+/PI+) after staining with FITC Annexin-V and PI in FCM.

Table 1.

The proportions of viable, apoptotic, and necrotic neutrophils determined by LM and FCM during induced influx
Time Apoptotic neutrophils Necrotic neutrophils Trypan blue
points LM? FCM? LM? FCM? positive neutrophis®
control 0+0 0.1£0.1 03%£0.2 0.1£0.1 0.03£0.03

24h 83+29 9.7+£3.9 24+14 6.8 £2.5%* 1.1£0.8
48 h 20.8£3.6 22.2+10.1 2.3 & 1.4%%* 9.4 £3.2%%* 1.1£05
72h 16.1£1.8 143+1.9 1.8+£0.7 6.1 £3.3%* 0.16 0.1
96 h 5.1+4.1 24+1.6 0.5+0.4 02+0.1 0.06 £0.07

4aritmetic mean and £ S.D.
** significant differences P < 0.01 (light microscopy and flow cytometry detected necrotic neutrophils versus try-
pan blue positive neutrophils)
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Statistical difference was observed between proportion of necrotic neutrophils detected by
trypan blue dye exclusion test and LM detection (P < 0.01) and between proportion of necrotic
neutrophils detected by trypan blue dye exclusion test and FCM detection (P < 0.01).

Highly significant correlations were found for data on apoptotic and necrotic neutrophil
percentages determined by LM and FCM during induced influx [r(apoptosis) =0.97,P<0.01,
1 =205 T e rosis) = 0-96, P <0.05, n=20].

Discussion

Flow cytometric method for the detection of apoptosis and necrosis of neutrophils of the
bovine mammary gland was tested and verified by comparison with results of light
microscopy. The study is a continuation of our earlier experiments in which the detection of
apoptotic and necrotic neutrophils isolated from the bovine mammary gland by light,
electron, and fluorescence microscopic techniques (Slddek and RySdnek 1999ab,
2000ab, 2001) was investigated.

Unlike our previous investigations, we used the flow cytometric method described by
Vermes etal. (1995) in this study. The method is based on the binding of FITC-conjugated
Annexin V on the surface of the cytoplasmatic membrane of apoptotic cells and intercalation
of PI in nuclei of necrotic cells.

Our study of the interaction of Annexin V with apoptotic cells were encouraged by the
observations of Fadok et al. (1992). It was inspired from the knowledge that Annexin
V binds, in the presence of calcium ions, with the phospholipid membrane when PS is
present. Annexin V is a potent discriminator between viable and apoptotic cells (Vermes
et al. 1995). Simultaneous staining with FITC-conjugated Annexin V and PI allowed us to
distinguish between viable, apoptotic, and necrotic neutrophils. While viable neutrophils
were negative for both the stains, apoptotic neutrophils with intact cytoplasmatic membrane
stained with FITC-Annexin V and necrotic neutrophils with both FITC-Annexin V and PI.

By backgating technique, the side-by-side representation of viable, apoptotic, and
necrotic neutrophils stained with Annexin V and PI on SDP corresponds to their
characteristic distribution in terms of size on FDP. The reasons are apparent. Initiating
apoptosis is characterised by cell shrinking without damage to cell membrane integrity. As
a consequence of this event, FSC decreases and SSC decreases or remains unchanged at this
phase. Apoptotic bodies, as the final stage of this cell death type, can be identified as separate
particles with low light scatter properties (Swat etal. 1991; Darzynkiewicz etal. 1992).
On the other hand, necrotic cells swell in consequence of loss of cell membrane integrity and
this cell damage results in an immediate increase in FSC and decrease in SSC (Dive et al.
1992). The major benefit of this method is that the combination of light scatter signals and
analysis for specific fluorescein-labelled antibodies allows the identification of neutrophil
subpopulations undergoing apoptosis or necrosis.

Our experiments were done using cell populations showing variable neutrophil purity
which was highest at 24 h after influx induction. The period of neutrophil cumulation in the
bovine mammary gland is limited, because these cells with a short life span die within 1 or
2 days (Paape et al. 1977). Therefore, the absolute and relative counts of neutrophils
decreased markedly at 48 and 72 h after influx induction, respectively.

Our previous studies indicated that apoptosis predominated over necrosis in the
elimination of bovine mammary gland neutrophils (Slddek and RySanek 2000b, 2001).
This finding is consistent with the results of the present experiments, although the
percentage of necrotic neutrophils was higher, than in cited papers mentioned (Sladek and
RyS$4nek 2000b, 2001). The significantly higher percentage of necrotic neutrophils
(FITC+/PI+) in FCM as compared with the results of LM and the trypan blue dye exclusion
test probably does not reflect the real in situ proportions, because the viability of the initial
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neutrophil population prior to processing was invariably = 97.3 + 0.8%. This discrepancy
may have been caused by an artificial damage of the cell membrane integrity in some
neutrophils during cell separation and processing resulting in the FITC+/PI+ pattern.
A similar explanation was suggested by Van Oostveldt et al. (1999). It is therefore
recommended to complete the FCM method of Vermes et al. (1995) with a cell viability
test when the actual percentage of necrotic neutrophils is to be determined.

It can be concluded that the identification of apoptotic and necrotic cells as described by
Vermes etal. (1995) is a suitable method for the detection of apoptotic neutrophils of the
bovine mammary gland. However, firstly, a single trait (FITC+/PI+) cannot be regarded as
an unambiguous proof of cell necrosis. Therefore, we recommend according to Van
Oostveldt et al. (1999) to complete FCM always with a method which detects necrotic
neutrophils, such as a cell viability test. Secondly, this desinterpretation of results may occur
when only major a population of neutrophils is gated, because clusters of apoptotic and
necrotic neutrophils are located out of this major population of neutrophils.

Detekce apoptézy a nekrézy neutrofilnich granulocyti virginni bovinni mlééné zlazy
svételnou mikroskopii a pritokovou cytometrii

Metodou svételné mikroskopie byla verifikovdna analyza diskriminace apoptotickych
a nekrotickych neutrofilnich granulocytd pomoci pratokové cytometrie a jejich
distribuce na dot plotech a to s vyuZitim influxu téchto bunék indukovaného
intramammarni aplikaci pufrovaného fyziologického roztoku. Bylo vySetfeno dvacet
mlé¢nych Z14z péti neptipusténych jalovic. Vzorky lavazi mlé¢nych 714z byly odebrany
pred (kontrola) a 24, 48, 72, a 96 hodin po indukci influxu a ndsledné byly podrobeny
analyze ve svételném mikroskopu a v priatokové cytometrii po obarveni Annexinem
V a propidium jodidem. Verifikace vysledkil pritokové cytometrie byla provedena
svételnou mikroskopii podle morfologickych vlastnosti leukocytdi a zmén Vv
diferencidlnich poctech bunék bé€hem indukovaného influxu. Detekce apoptotickych
a nekrotickych neutrofilnich granulocytd byla provedena technikou zpétného gatingu.
Nebyly zjiSt€ny 7adné vyznamné rozdily mezi metodami svételné mikroskopie
apriatokové cytometrie pii detekci apoptotickych neutrofilnich granulocytt. Oproti tomu
byl zjiStén statisticky vysoce vyznamny rozdil mezi metodami pii detekci nekrotickych
neutrofilnich granulocytil. Lze konstatovat, Ze priitokova cytometrie je vhodné pouze pro
detekci apoptotickych, nikoliv vSak nekrotickych neutrofilnich granulocytl bovinni
mlécéné Zlazy. PouZiti pouze jednoho znaku k prikazu nekrézy neni dostateCnym
prostfedkem. Oproti technice zpétného gatingu se jevi ohrani¢eni hlavniho regionu
granulocytll jako nevhodné, nebot vét§ina apoptotickych a nekrotickych neutrofilnich
granulocyti je lokalizovdna mimo tento region.
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Fig. 3-4. Figures in the left column (FDP) represent dot plots of leukocytes gated for scatter parameters during
induced influx with PBS. Clusters of neutrophils (N), lymphocytes (L) and macrophages (M) are shown.
Subpopulations of neutrophils (green and red) obtained by backgating technique is represented on FDP. Flow
cytometry analysis of these ones shows viable (FITC-/PI-, black dots), apoptotic (FITC+/PL- green dots), and
necrotic (FITC+/PI+, red dots) neutrophils gated for Annexin V and propidium iodide during induced influx is
represented on SDP. The bit maps (SDP) were set for neutrophils only. One representative out of the five
experiments done is shown.
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