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Abstract— Flow cytometry is often used to detect DNA aneuploidy and mosaicism associated with
malignancy or genetic damage. Yet DNA aneuploidy and mosaicism detected by flow cytometry may
be more apparent than real. In contrast to the DNA mass observed for blood, we consistently found
markedly different values and higher variability for DNA mass among other tissues collected from
the same animal. Prepared mixtures of blood and other cells generated multiple fluorescence peaks
identical to those that might be expected for aneuploid mosaicism. Moreover, analysis of tissues such
as feather pulp, which contains a combination of cell types, yielded multiple fluorescence peaks that
were not observed when blood alone was analyzed. Thus care should be exercised in classifying DNA
values from different tissues as normal or abnormal, because the appearance of supernumerary flu-
orescence peaks might not always indicate the presence of abnormal cell populations.

Keywords—~ DNA content
Environmental screening

INTRODUCTION

A need exists for the development of rapid, ac-
curate, and inexpensive procedures to measure the
detrimental effects of environmental contaminants.
Among the potential health risks found in the en-
vironment are chemical and radioactive materials
that can alter the structure of DNA. Structural dam-
age of this type typically has been monitored by cy-
togenetic procedures. But theseare time-consuming,
and the number of samples that can be studied is
limited. Within the last 20 years, flow cytometry has
been used widely to quantify nuclear DNA content
[1,2]. Flow cytometry is well suited for the screen-
ing of large numbers of samples and is being applied
to the detection of DNA damage induced by envi-
ronmental mutagens and clastogens [3]. DNA an-
euploidy has been studied by this method in small
mammals after exposure to petrochemicals [4], and
in turtles and ducks after exposure to radiation in
seepage basins [5-7].

As flow cytometry is used more frequently for
screening, it will be necessary to evaluate sources
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of error within the technology, especially those as-
sociated with false aneuploidy or mosaicismin DNA
fluorescence distributions. These errors might be
due to differential uptake of stain among various
cell populations; indeed, we have found that this can
occur during routine sample preparation. Thus our
objectives in this report were to show that variation
can occur in nuclear DNA content among differ-
ent tissues within individual animals and to illustrate
that false DNA aneuploidy and false mosaicism can
occur in diverse species. Our data show that super-
numerary peaks in fluorescence distributions do not
always indicate presence of abnormal (e.g., aneu-
ploid) populations of cells.

MATERIALS AND METHODS

The animals studied and their sources are cata-
logued in Table 1.

Blood was collected by syringe or capillary tube.
In some species of fish, this procedure was accom-
panied by removing the tail with scissors [8]. Sam-
ples were collected into acid citrate dextrose (ACD)
solution (Becton-Dickinson, Mountainview, CA,
Vacutainer No. 4606). Other tissues were prepared
by mincing the tissue with scissors in lysis-staining
buffer (see below), followed by filtration through
40-pm mesh.

To eliminate the possibility of error generated
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Table 1. Species surveyed

Scientific name Common name N? Source Maintenance Reference
Ictalurus punctatus Channel catfish >350 Stoneville, MS Spawned and reared [21]
in laboratory
Gambusia affinis Mosquitofish >100 Stoneville, MS Wild-caught, reared
in laboratory
Xiphophorus spp.® Swordtails, >100 New York Aquarium Laboratory-bred for [8]
platyfish many generations
Bucorvus abyssinicus Abyssinian 4  Memphis Zoo Captive-bred [22]
ground hornbill
Balearica pavonina Black-crowned 7  Memphis Zoo Wild-caught and [11,22]
crane captive-bred
Psilopogon pyrolophus  Fire-tufted barbet 2 Memphis Zoo Wild-caught, reared [11,22]

in captivity

*Total number of animals studied by flow cytometry in our laboratory during last four-year period.

®Nine species; see reference.

by use of a single instrument, nuclear DNA content
of cells was measured with three different flow cy-
tometers —model 753, EPICS V, and PROFILE —
all from Coulter Corporation (Hialeah, FL). The
procedures are detailed in Tiersch et al. [9]. Before
analysis, frozen cells from the channel catfish (Jc-
talurus punctatus) and domestic chicken (Gallus
gallus domesticus) were thawed and analyzed as a
mixture with fresh human leukocytes to calibrate
the flow cytometer. For analysis, fresh cells from
the animal under study and blood cells from another
species used as an internal reference (channel cat-
fish or chicken) were suspended in 0.5 ml of lysis-
staining buffer containing 0.1% sodium citrate,
0.1% Triton X-100, 25 ul RNase (1 mg/ml), and 25
ug propidium iodide. The suspension was kept at
room temperature and analyzed within 15 min.

Two hundred to 300 propidium iodide-stained
nuclei were analyzed per second. The fluorescence
of each nucleus was converted to an analog signal,
digitized, and used to generate pulse-height histo-
grams from the analysis of at least 30,000 cells. For
each fluorescence peak, fractional mode channel
and percent coefficient of variation (% C.V.) were
calculated by the PARA 1 program (MDADS, Coul-
ter Corporation).

The DNA content per cell was estimated relative
to a value of 7.0 pg per leukocyte nucleus for the
human male, according to the formula

pgDNA = 7.0 X (A/B) x (C/D)

where B and C are the fractional mode channels of
the reference cells in the A-B and C-D mixtures; A
is the fractional mode channel of cells in the sam-
ple, and Dis the fractional mode channel of leuko-
cytes from a human male.

RESULTS

In each species studied, the nuclear DNA con-
tent of blood was substantially different from that
of other tissues within individual animals. In the
mosquitofish, the surveyed tissues had a mean (+sp)
DNA value of 6.4% (+4.4%) greater than the value
for the blood of the same animal (Table 2). When
the gall bladder was tested, the difference between
tissue value and blood value was 18%. Thus sam-
pling of different tissues can yield different values
for nuclear DNA content from the same animal.
Similar results were observed for the channel cat-
fish (Table 3), although most of the examined tis-
sues were within 3% of the DNA value observed for
blood.

Differences in the shape of the fluorescence
distributions and in % C.V. were associated with
the apparent differences found for DNA content
(Tables 2 and 3). Blood samples had narrower peaks
with smaller C.V.s than did samples from tissues
such as muscle (Fig. 1A, B). When mixed in the lab-
oratory, cells from blood and other tissues from the
same animal displayed fluorescence distributions
with a pronounced shoulder. In some cases, sepa-
rate peaks were generated. The shoulders and mul-
tiple peaks suggested the presence of aneuploid
populations of cells (Fig. 1C).

Fluorescence distributions similar to those in the
mixing experiments also were observed in 10 spe-
cies of fish in which the severed tail was flushed with
ACD for blood collection and in pulp samples from
the feathers of three species of birds (Fig. 2). The
appearance of an additional fluorescence peak or
shoulder was variable among the sampled animals,
and the relative proportions of cells appearing in ei-
ther of the peaks in different samples formed a con-
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Table 2. Diploid nuclear DNA content of various tissues of the mosquitofish (Gambusia
affinis) compared to the DNA content of blood cells® from the same animal,
and percent coefficient of variation (% C.V.) for the fluorescence peaks
generated by analysis of the various tissues

% Difference from blood

Tissue N Mean + sp Range % C.V.
Testis 1 -49.9 - 3.96
Mesodermal® 7 2.83 £3.7 —1.6-6.3 3.54 + 1.03
Ovary 1 5.4 - 7.32
Embryo 5 54 +1.9 3.7-8.3 4.13 +1.30
Gill 2 7.1 +0.7 6.6-7.6 3.78 + 0.44
Muscle and skin 4 73 1.3 6.6-9.3 3.15 +£0.13
Ectodermal® 10 7.7 4.1 3.5-17.7 3.80 + 1.31
Intestine 1 11.2 - 3.59
Gall bladder 1 18.3 - 3.11
Totals 32 6.41 + 4.41¢ —~1.6-17.79 3.84 + 1.18

Measurements were made during the same day with an EPICS V flow cytometer (Coulter

Corp., Hialeah, FL) and are reported as mean + sp; sample size (N) refers to number of

fish studied for each tissue.

2For blood-blood comparisons (multiple samples run in the same day), the differences were
negligible.

®Includes heart, muscle, and liver. Multiple polyploid peaks with DNA values as large as those
corresponding to octaploid and decaploid cell populations were observed for liver.
‘Includes eye, brain, and skin.

4Value for testis not included.

tinuum (Fig. 2C). These mosaic peaks and shoulders DISCUSSION

were not observed in DNA fluorescence distribu-

tions of blood collected with syringe or capillary Flow cytometry allows fast, accurate quantifi-
tube from the same animals. cation of nuclear DNA content (for identification

Table 3. Diploid nuclear DNA content of various tissues of the channel catfish
(Ictalurus punctatus) compared to the DNA content of blood cells® from the same
animal, and percent coefficient of variation (% C.V.) for the fluorescence peaks
generated by analysis of the various tissues

% Difference from blood

Tissue N Mean + sp Range % C.V.
Testis 1 -50.3 — 2.65
Tail rinse” 2 -0.2 + 0.0 ~0.2 1.98 + 0.12
Ovary 1 0.8 — 3.10
Anterior kidney 2 1.1+0.6 0.7-1.5 2.38 + 0.06
Intestine 1 1.3 — 2.45
Gill 2 2.8 +0.8 2.2-3.3 3.08 + 0.02
Ectodermal® 8 4.0 + 6.1 0.5-18.8 2.77 + 0.43
Mesodermal® 6 5.7+5.6 0.6-12.1 2.58 + 0.19
Totals 23 3.4+ 49° —0.2-18.8° 2.63 + 0.40

Measurements were made during the same day with an EPICS V flow cytometer (Coulter

Corp., Hialeah, FL) and are reported as mean + sp; sample size (N) refers to number of

fish studied for each tissue.

#For blood-blood comparisons (multiple samples run in the same day), the differences were
negligible.

The tail was removed and the severed tissues were rinsed with ACD solution to collect cells.
‘Includes eye, brain, barbel, and skin.

dIncludes muscle, heart, liver, and spleen.

“Value for testis not included.
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Fig. 1. (A) Analysis of nuclear DNA content in mos-
quitofish blood cells and cells used as an internal refer-
ence (chicken). (B) Analysis of muscle cells from the same
animal that provided blood cells (shown in A); note the
larger DNA value of the muscle cells in relation to the
blood cells. (C) Artificial mixture of blood and muscle
cells from the same animal; note the generation of a
shoulder on the right side of the fluorescence peak and the
higher DNA value of the blood mixture (2.7% increase)
compared to blood alone (see A). For each histogram, the
vertical axis is relative number of cells, the horizontal axis
is relative fluorescence (nuclear DNA content), % CV is
percent coefficient of variation, and pg is picograms
DNA. Analyses performed with model 753 flow cytom-
eter (Coulter Corp.).

of sex in mammals and birds, for example [10,11])
and screening for genetic damage [12,13]. The
method has been used to evaluate natural popula-
tions exposed to environmental mutagens. In the
studies referred to above, increases in % C.V. and
the occurrence of aneuploid cell populations were
reported in rodents inhabiting a dump site contam-
inated with petrochemicals [4] and in turtles and
ducks exposed to radiation [5-7].

In our flow-cytometric studies of thousands of
animals representing some 200 vertebrate species,
we frequently encountered apparent DNA aneu-
ploidy and mosaicism, For the present report, we
emphasized the catfish and mosquitofish. Due to
their habitats and potential for exposure to and bio-
accumulation of mutagenic agents, these fish, along
with certain species of birds, would be particularly
useful indicators of environmental contamination.

Variation in the DNA content of different tis-
sues has been reported in cytophotometric studies
of Feulgen-stained nuclei [14,15]. Within the mos-
quitofish and to a lesser degree within the catfish,
cells from different tissues also displayed different
levels of staining after treatment with propidium io-
dide in our study. Why fluorescence should vary
among cells of different tissues is unclear. Unless
there is an actual difference in the amount of DNA
in the various cells, these differences are likely to
be due to staining properties of the different cell
types [16,17]. In light of the present results and those
of studies with Feulgen cytophotometry [18,19],
care should be exercised in classifying values as nor-
mal or abnormal when comparing DNA values of
different tissues.

Factors that can give the impression of DNA an-
euploidy in flow cytometry have been described
[20}; they include the autolysis before DNA mea-
surements in cancerous tissues. Our data suggest
that the appearance of aberrant fluorescence dis-
tributions can be related to the relative proportions
of cells from various tissues. When severing the tail
of a fish for blood collection, for instance, variable
quantities of cells and nuclei are released from tis-
sues such as skin and muscle and mix with cells from
the blood. The use of a syringe or capillary tube for
blood collection could reduce the potential for pro-
ducing an admixture of different cell types, com-
pared to sampling techniques that employ rinsing
of severed tissues. However, when a small quantity
of blood cells is collected, even with a syringe, flu-
ids and cells from other tissues could provide a rel-
atively greater proportion of the total volume than
that in the samples composed mostly of blood (our
unpublished observations).
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Fig. 2. Examples of data encountered in the analysis of nuclear DNA content by flow cytometry. (A) Fluorescence
histograms of cells from feather pulp of three bird species showing apparent hyperdiploid (mosaic) cell populations
on the right side of the fluorescence peaks. Analyses performed with PROFILE flow cytometer (Coulter Corp., Hi-
aleah, FL). (B) Single and multiple hyperdiploid fluorescence peaks found in mixtures of cells obtained by severing
the tail in mosquitofish. Analyses performed with EPICS V flow cytometer (Coulter Corp.). (C) Variation in the relative
proportions of fluorescence peaks of cells collected by severing the tail in fishes of the genus Xiphophorus. For each
histogram, the vertical axis is relative number of cells and the horizontal axis is relative fluorescence (nuclear DNA
content). Analyses performed with EPICS V flow cytometer (Coulter Corp.).

Several different flow cytometers are available
at the Flow Cytometry Laboratories of the Molec-
ular Resource Center at the University of Tennes-
see, Memphis. These instruments allowed direct
comparison, which is not routinely available at other
institutions. Our observations concerning DNA an-
euploidy were consistent regardless of the instru-
ment, which underscores the generality of the
phenomenon and the potential for obtaining spu-
rious data.
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