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Lipase-positive cells were separated from suspensions of pancreas cells both by
velocity sedimentation and by isopycnic sedimentation. Lipase-positive cells were
51.0 ± 9.6% of the disaggregated pancreas cells in the starting sample suspension.
The purest gradient fractions from experiments using velocity sedimentation for
cell separation contained a mean of 98.8 + 0.6% lipase-positive cells. Cell separa-
tion using isopycnic centrifugation was less effective than cell separation using
velocity sedimentation and resulted in a mean purity of only 89.8 ± 6.8% lipase-
positive cells. Lipase positivity was assessed using the Gomori technic with the
conditions for fixation slightly modified to be suitable for disaggregated cells
(Am J Pathol 72:417-426, 1973).

IN BOTH in vivo and in vitro systems, the pancreas has
often been selected for the study of cell differentiation, organ re-
generation and control of protein synthesis.l4 The pancreas is par-
ticularly suitable for such studies because the pancreas exocrine cells
produce several well-characterized enzymes,' the synthesis of which
can be monitored during the course of acinar cell differentiation and
regeneration. The synthesis of these proteins has provided an in-
structive system in which to study control of protein synthesis.2'5
The availability of a chemically defined medium for the organ
culture of embryonic pancreas makes the pancreas a particularly
advantageous system for the study of differentiation and macromolec-
ular synthesis.

In an attempt to purify individual kinds of cells for study from
embryonic pancreatic epithelium, Bernfield and Fell7 reported
that "Experiments with several density media revealed that solutions
of Ficoll in an isotonic salt solution damaged cells least . . ." With
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the subsequent development of a widely applicable method 8,9 for
the separation of individual kinds of viable cells in gradients of Ficoll
in tissue culture medium, it seemed useful to determine if pancreatic
exocrine cells could be purified. We now report the results of our
attempt to purify exocrine cells from disaggregated pancreas in
gradients of Ficoll in tissue culture medium.

Materials and Methods
Gradients and Centrifugation

Linear density gradients of sterile Ficoll (polysucrose, average molecular
weight 400,000; Pharmacia Fine Chemicals, Piscataway, NJ) in Joklik tissue
culture medium (Grand Island Biological Co, Grand Island, NY) were con-
structed using the two-chambered gradient generator which was illustrated in an
earlier report.8 The gradients for both isopycnic and isokinetic gradient sedimen-
tation were contained in 100-ml polycarbonate centrifuge tubes (International
Equipment Co tube #2806). In experiments using both isopycnic and isokinetic
centrifugation, centrifugation was carried out in the MSE Mistral 6L centrifuge
(VWR Scientific, San Francisco, Calif). During isokinetic gradient centrifuga-
tion, the centrifuge speed was monitored continuously using an electronic
stroboscope (General Radio, West Concord, Mass).
The gradients for isokinetic sedimentation were constructed as described

previously 9 and varied linearly from 2.7% w!w Ficoll at the sample-gradient
interface (13.7 cm from the center of revolution) to 5.5% w/w Ficoll at the
gradient-cushion interface (26.7 cm from the center of revolution). The isokinetic
gradients were constructed on top of 5.5-ml cushions of 45.0% w/w Ficoll.
Gradients for isopycnic sedimentation varied linearly from 4.1% w/w Ficoll at
the sample-gradient interface (14.2 cm from the center of revolution) to 43.0%
w/w Ficoll at the gradient-cushion interface (26 cm from the center of revolu-
tion). The isopycnic gradients were constructed on top of 10-ml cushions of
45.0% w/w Ficoll. Solutions of Ficoll in tissue culture medium for isokinetic gra-
dients were sterilized by filtration (Millipore Cbrp, Bedford, Mass). Solutions of
Ficoll to be used for the construction of isopycnic gradients are too viscous to be
susceptible to sterilization by filtration and were sterilized in an autoclave as
described in an earlier report.8

Pancreatic Cells for Starting Sample Suspension
Male 7- to 8-week-old, Golden Syrian hamsters were anesthetized using ether.

The abdomens were entered and the pancreases were rapidly removed and placed
in cold Eagle's minimum essential medium (Grand Island Biological Co,
Grand Island, NY). The pancreases were minced to fragments of 2 mm in greatest
dimension. The minced pancreases were then stirred gently on a magnetic stirrer
in three successive 10-minute washes in minimum essential medium. After the
last wash was discarded, the fragments of pancreas were stirred similarly in tissue
culture medium containing 1 mg/ml pronase (EM Laboratories, Inc, Elmsford,
NY) at room temperature. At 15-minute intervals, the tissue fragments were al-
lowed to settle, the supernatant containing the suspended cells was decanted, and
fresh pronase solution was placed in the flask with the tissue fragments. This
process was continued until the tissue was exhaustively digested (approximately
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11 to 13 digestions). The decanted cell suspensions were placed in an ice bath
for 5 minutes immediately after being decanted from the tissue fragments; they
were then centrifuged at 97g for 73 minutes. The cell pellet was gently resus-
pended in 1 ml of tissue culture medium containing 10% fetal calf serum. The
combined resuspended pellets were diluted such that the 7-ml starting sample
suspensions which were layered over the gradients contained 19.0 to 26.6 x 106
cells for isopycnic separations and 32.2 to 45.7 x 106 cells for isokinetic separa-
tions.

Collection and Counting of Separated Cells

Following centrifugation, the gradients were collected in 4-ml fractions using the
technic which was described and the gradient tapping cap which was illustrated
previously.8 Fraction 1 from both isopycnic and isokinetic gradients differed from
the other fractions in that it consisted of the 7-ml starting sample volume initially
layered over the gradients. Refractive indices were measured using aliquots from
all gradient fractions to confirm the linearity of the gradients. Cell counts were
done on all gradient fractions using hemocytometer chambers. Several slides
for microscopic examination were made from each gradient fraction and stained
in parallel using Wright stain and a modification of the Gomori technic for lipase
as described by Thompson.10 Differential cell counts were carried out using the
slides stained for lipase activity; 200 cells from each gradient fraction and 500
cells from each of the purest gradient fractions were counted.

Staining
Slides were dried at room temperature for 10 to 15 minutes and placed for

successive 24-hour periods in acetone at 4.0 C, acetone at room temperature
and Bouin's fixative10 at room temperature. Preliminary studies with a variety
of fixatives at several different temperatures demonstrated that the conditions em-
ployed for fixation were critical, and that the described conditions resulted in
good preservation of lipase activity.

After fixation, slides were washed in ten changes of distilled water at room
temperature over the course of approximately 10 minutes and incubated for 64
hours at 37.0 C in substrate solution "- containing Tweens 80 (polyoxyethylene
sorbitan mono-oleate, Sigma Chemical Co, St. Louis, Mo), 0.5% calcium chloride
and 15% glycerin in maleate buffer at pH 7.0 to 7.4. The only modification of
Gomori's 11 substrate solution was the substitution of Tween 80 for Tween 40
or Tween 60 used by Gomori in his earlier work. This substitution was made
because of later work by Gomori which demonstrated that the hydrolysis of
Tween 80 is more specific for lipase in distinguishing esterase from lipase ac-
tivity.10,12

After incubation in the above describe substrate for 64 hours, slides were
washed in five changes of water over approximately 5 minutes at room temperature
and placed in 2% lead nitrate in water for 15 minutes. Slides were then washed
in repeated changes of distilled water at room temperature and placed in 1%
ammonium sulfide for 1i minutes. After washing in running water for 3 minutes,
the slides were counterstained with hematoxylin for 1 minute, washed in water,
dehydrated in graded alcohols, cleared with tetrachloroethylene and mounted
in Permount (Fisher Scientific, Atlanta, Ga).
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Results
Sample Composition

From a total of nine groups of hamsters (5 hamsters/group) which
were used in cell separation experiments, an average of 26.9 X 106
pancreas cells/group (of 5 hamsters) was obtained. The standard
deviation was + 9.2 X 106; the maximum, 45.7 X 106; and the
minumum, 19.0 X 10" cells. The starting sample suspension contained
35.2 + 11.4% red blood cells, 2.7 -+- 1.4% mast cells, 11.1 ± 2.9%
lipase-negative mononucleated cells, 29.0 + 7.3% lipase-positive mono-
nucleated cells and 21.9 ± 5.7% lipase-positive binucleated cells. A
photomicrograph of the cells in the starting sample suspension stained
for lipase activity is shown in Figure 1. Most of the cells which stained
with the described procedure for lipase exhibited the lipase activity
as discrete dark yellowish-brown cytoplasmic granules. These cells are
the cells which are, in the context of this report, termed lipase-positive.
In addition, 2.7 + 1.4% of the cells in the starting sample suspension
stained diffusely a pale pink during the "lipase" procedure. These cells
which demonstrated a "diffuse" pink staining when stained for lipase
activity are thought to be mast cells, since their modal location in the
isokinetic gradient coincided with the location of mast cells as demon-
strated by Wright stained preparations from the same gradient fractions.

Velocity Sedimentation in the Isokinetic Gradient

Using the methods which were described previously,8'9 it was de-
termined that the purest preparations of lipase-positive cells could
be obtained following sedimentation in the isokinetic gradient at
4.0 C for 13 minutes using a centrifugal force of 24.3g measured
at the sample-gradient interface 13.7 cm from the center of revolu-
tion. Using these conditions, lipase-positive cells (Figure 2) were ob-
tained with a mean purity of 98.8 ± 0.6% from repeated experi-
ments. The most highly purified lipase-positive cells were obtained in
fractions containing the modal population of binucleated lipase-posi-
tive cells (fractions 16 to 20 from the isokinetic gradient). The
distributions of all cell types in the isokinetic gradients are shown
in Text-figure 1. Separation of cells in the isokinetic gradient oc-
curs primarily because of differences in cell diameters; the effective
purification of lipases-positive cells is accomplished primarily be-
cause they are larger than the other cells from the disaggregated
pancreas. Similarly, the modal populations of mononucleated and
binucleated lipase-positive cells are separated because the modal di-
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TEXT-FIG 1-Separation of pancreas cells using velocity sedimentation in the isokinetic

gradient. In this experiment 37.2 x lO pancreas cells were layered over an isokinetic
gradient and centrifuged with a centrifugal force of 24.3g for 13 minutes at 4.0 C. Cells
are separated in the isokinetic gradient primarily because of differences in diameter.
Lipase-positive cells are widely separated from lipase-negative cells and cells (mast cells)
which exhibit a diffuse pale pink staining when stained for lipase activity. The modal
populations of mononucleated and binucleated lipase-positive cells are separated. An Arrow
marks the sample-gradient interface on the density plot.

ameter of the binucleated cells is larger than the modal diameter of
the mononucleated cells.

Isopycnic Sedimentation

Following sedimentation in the described isopycnic gradient using
a centrifugal force of 850g measured at the sample-gradient inter-
face 14.2 cm from the center of revolution, lipase-positive cells were

not as well purified as those in the isokinetic gradient. In the purest
fractions, lipase-positive cells were obtained with a mean purity of
89.8 6.8%. In contrast to the consistently high degree of purifica-
tion achieved using the isokinetic gradient, both the locations of the
cells and their relative purities varied considerably following isopyc-
nic sedimentation. The densities of the modal populations of the
various cell types varied as much as 0.03 g/ml from experiment to ex-

periment; despite this variation, the mononucleated and binucleated
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lipase-positive cells invariably exhibited similar densities in the con-
text of any partciular experiment. The lipase-positive cells were al-
ways found in fractions having densities between 1.11 and 1.17
g/ml. Cells lacking in lipase activity were found in fractions having
densities between 1.06 and 1.11 g/ml. In all experiments, the modal
populations of lipase-positive cells were separated from cells which
lacked demonstrable lipase activity (Text-figure 2); however, there
was considerable overlap of the two populations at their upper and
lower limits of density, and the purity of the lipase-positive cells was
always inferior to that achieved using sedimentation in the isoki-
netic gradient.

Discussion
The availability of pure pancreas exocrine cells will facilitate stud-

ies of the regulation of protein synthesis and cell differentiation using
pancreatic exocrine cells. Since a chemically defined medium for the
organ culture of embryonic pancreas has already been developed,6
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TEXT-FIG 2-Separation of pancreas cells using isopycnic centrifugation. In this experi-
ment, 19.0 x 100 pancreas cells were layered over the density gradient and centrifuged
with a centrifugal force of 850g for 90 minutes. The modal populations of lipase-posi-
tive cells were resolved from the modal populations of other kinds of cells but were not
as pure as lipase-positive cells obtained by cell separation in the isokinetic gradient.
Binucleated and mononucleated lipase-positive cells show similar density distributions.
An arrow marks the sample-gradient interface.
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it will be important to determine if purified pancreas exocrine cells
can be cultured in this defined medium. The culture of purified ex-
ocrine cells in a chemically defined medium would offer very pre-
cisely defined experimental conditions for the study of cell differen-
tiation, the control of protein synthesis, the response of cells to
ethionine-induced regeneration,13 etc.
While the purest cells were obtained using centrifugation in the

isokinetic gradient, it is interesting to note that, in contrast to most
other kinds of mammalian cells which we have examined,14 pancreas
exocrine cells could be considerably purified using isopycnic centrifu-
gation. The pancreatic exocrine cell is more dense than most mammalian
cells. The cardiac myocyte and the mast cell are the only cells other than
pancreas exocrine cells which we have obtained in good purity using
isopycnic centrifugation. These three cell types differ from most other
mammalian cells in that they are more dense than the mammalian ery-
throcyte. One might speculate that these very dense cells derive their
high densities from the high level of cytoplasmic protein which they
have in common. As measured using isopycnic centrifugation, it is in-
teresting to note that the mononucleated and binucleated pancreatic
exocrine cells exhibit very similar density distributions.

Bernfield and Fell 7 reported separation of two cellular com-
ponents from disaggregated embryonic pancreatic epithelium. Fol-
lowing their separation, they were able to culture the separated cells
and observe the synthesis of zymogen. While these authors made no
attempt to evaluate the purity of separated cells using histochemical
criteria, they noted that the observed amylase activity which they
assayed in their gradient fractions was not monodisperse.

In conclusion, it is hoped that the described technic for the
purification of pancreatic exocrine cells will provide a useful means
of studying protein synthesis and differentiation in vitro in a single
kind of cell independent of the other cell types, unknown hormonal
stimuli, nutritional variations and nervous stimuli which are present
in vivo.
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