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Suspensions of enzymatically disaggregated hamster kidney cells were separated
primarily according to differences in diameter using velocity sedimentation in a
previously described isokinetic density gradient and according to differences in
density in an isopycnic density gradient. Cells which contained histochemically
demonstrable glucose-6-phosphatase were thought to be cells from proximal tubules
and constituted 46.5 + 14.1% of the cells in the starting sample suspension of
disaggregated kidney cells. The purest gradient fractions from experiments using
velocity sedimentation contained 98.0 ± 0.6% cells which demonstrated glucose-
6-phosphatase activity. More than 99.0% of these cells excluded trypan blue. Iso-
pycnic sedimentation was not an effective means of purifying proximal tubule cells
(Am J Pathol 74:275-286, 1974).

IT IS WIDELY REcoGxIzED that an understanding of the
pathobiology of the kidnev depends upon an understanding of renal
phbsiology, biochemistrv and cell biology.l In attempting to characterize
the kidney biochemicallv, both in the normal and in the abnormal states,
methods have been developed which permit the isolation of specific
elements of the kidney for more specific investigation. Efforts to isolate
specific elements of the kidney have included dissection of the renal
cortex away from the medulla,25 purification of glomeruli,--l' purifica-
tion of tubules 10.12-14 and microdissection of several different compon-
ents.15 6 To our knowledge, there have been no reports of efforts to
isolate single kinds of cells from kidnevs. Wachstein and others 17-19
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have reported that the proximal tubule of most studied mammals (rat,
mouse, rabbit, human, cat, dog and guinea pig) exhibits strong glucose-
6-phosphatase activity and that other parts of the kidnev do not. This
suggests that glucose-6-phosphatase is a suitable marker for the identifi-
cation of proximal tubule cells in suspension. In an investigation which
we report here, after confirming the suitabilitv of this enzyme as a
marker for the proximal tubule in frozen sections of hamster kidney,
we have developed a method for the purification of cells from the proxi-
mal tubule. After purification, purified cells from the proximal tubule
were found to be viable. Thev have been maintained in culture for
periods of 8 to 10 weeks.

Materials and Methods

Gradients and Centrifugation

Linear density gradients of sterile Ficoll (polvsucrose, average molecular weight
400,000; Pharmacia Fine Chemicals, Piscatawav, NJ) in Joklik's modification of
minimum essential medium (Grand Island Biological Co, Grand Island, NY)
were contained in 100-ml polvearbonate centrifuge tubes (Intenational Equipment
Co tube 2806); centrifuged at 4.0 C in the 'MSE 'Mistral 6L centrifuge (VWNR
Scientific, San Francisco, Calif); constructed using the twvo-chambered gradient
generator (Lido Glass, Stirling, NJ) which was described in an earlier report;20
and collected using the gradient tapping cap (Halpro Inc, Rockville, MId) w-hich
was described previously.20

V'elocity sedimentation was carried out using a previously described isokinetic
gradient21 which varied linearly from 2.7wxvw Ficoll at the sample-gradient
interface, 13.7 cm from the center of revolution, to 5.5% wv/w Ficoll at the gradient-
cushion interface, 26.7 cm from the center of revolution. Isopycnic sedimentation
was carried out in gradients which varied from 4.1% w xw 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, 26.0 cm from the center of revolution. Isokinetic
gradients were constructed on top of 5.5-ml cushions, and isopycnic gradients on
top of 10-ml cushions of 45.0% w xv Ficoll. Solutions were sterilized bv filtration
(Millipore Corp, Bedford, 'Mass), except for Ficoll for isopycnic gradients, wvhich
is too viscous to be susceptible to sterilization by filtration and must be autoclaved
as described previously.20 The centrifuge speed was monitored continuously using
an electronic stroboscope (General Radio. West Concord, Mass) during -elocity
sedimentation experiments.

Kidney Cells for Starting Sample Suspension

Male 7- to 8-week-old, Golden Sy%rian hamsters were anesthetized with ether.
The abdomens were entered, and the kidneys were perfused in situ w%ith 250 ml
of isotonic saline tia the vena cava. Perfusion was carried out through a 29-gauge
needle under a pressure of 120 cm of water at room temperature; kidneys were
then excised, weighed and minced to fragments of 1 to 2 mm in greatest dimen-
sion. The fragments were gently agitated with a magnetic stirrer in three successive
10-minute changes of Joklik's medium containing 10% fetal calf serum (Grand Island
Biological Co). The washing solutions wvere discarded, and the fragments were
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similarly stirred in successive 50-ml, 90-minute changes of Joklik's medium con-
taining 1 mg ml pronase (EM Laboratories, Elmsford, NY) at room temperature.
After being decanted from the tissue, the pronase solutions wvere cooled at 4.0 C
and sedimented at 97g for 734 minutes. The recovered cells were resuspended in
five volumes of Joklik's medium wvith 10% fetal calf serum. After the tissue had
been exhaustivelv digested, the first three 20-minute pronase digestions were
found to contain many red blood cells and cells which were incapable of excluding
trvpan blue; the cells were discarded. The cells from the fourth through the
thirteenth digestions were combined, filtered through a single laver of Nitex
(Tobler, Ernst, and Traber, Elmnsford, NY) having a pore diameter of 36 iL,
sedimented at 97g for 7S minutes, resuspended in 8 ml of Joklik's medium Xwith
10% fetal calf serum, filtered again through a single layer of Nitex having a pore
diameter of 36 u and diluted such that the 7-ml starting sample suspensions which
were lay-ered over the gradients contained 29.6 to 30.8 x 106 cells for isokinetic
cell separation experiments and 16.2 to 20.0 x 106 cells for isopycnic cell separation
experiments.

Gradient Fractions

Gradients were collected in 4-ml fractions. All fractions from both isokinetic
and isopycnic gradients were treated identicallv. Cell counts were performed using
hemocvtometer chambers. Refractive indices were measured on all gradient frac-
tions in order to confirm the linearity of the gradients. Slides for microscopic ex-
amination were prepared in triplicate from all gradient fractions using the Cvto-
centrifuge (Shandon Southem Instruments, Inc, Sewicklev, Pa); one series of
slides was stained with Wright stain, one with the Wachstein ' procedure for
glucose-6-pbosphatase and another wvith the 'Melnick 23 procedure for glucose-6-
phosphatase. Differential cell counts were performed counting 200 cells from each
fraction and 500 cells from the purest gradient fractions.

Results

Sample Composition

We obtained an average of 21.1 x 10' cells/g of perfused hamster
kidney. The standard deviation was ±4.4 x 10; the maximum, 26.6x
106; and the minimum, 16.8 x 10' cells. These cells were 34.6 + 14.7T
red blood cells, 46.5 + 14.1% cells which demonstrated glucose-6-phos-
phatase activity histochemically and 18.0 ± 5.4T cells which failed to
demonstrate glucose-6-phosphatase activity. Significant differences be-
twveen the two methods for the demonstration of glucose-6-phosphatase
were not observed. MIore than 9OT of the cells in the starting sample
suspensions excluded trypan blue.

Velocity Sedimentation

Using the methods which have been described in detail previouslI,20 21
it was determined that cells which demonstrated glucose-6-phosphatase
activity could be separated from other kidney cells following centrifuga-
tion for 14 minutes at 4.0 C using a centrifugal force of 55g. In light



278 PRETLOW ET AL American Joumal
of Pathology

of the studies of Wachstein and others 17,19 using kidneys from several
different mammals, and in light of frozen sections of hamster kidney
which we stained for glucose-6-phosphatase using the same methods
which we used in staining cell suspensions, we believe that the cells which
exhibit histochemically detectable glucose-6-phosphatase are cells from
proximal tubules. These cells were purest in fractions 13 through the
gradient-cushion interface (Text-figure 1) and were generally distrib-
uted in two modal populations. One of these modal populations (Fig-
ure 1) was located in fraction 13 ( +1 fraction) and consisted of pri-
marily single cells. The cells in this modal location were 95.9 + 3.6%
cells which stained positively for glucose-6-phosphatase (Figure 1),
3.5 ± 3.1% cells which failed to exhibit glucose-6-phosphatase and 0.5
+ 0.3% red blood cells. The second modal population of cells which
stained positively for glucose-6phosphatase was located in fractions
20 through the gradient-cushion interface. In general, it is a dangerous
practice to compare the sizes of cells in life based on their sizes when
examined after fixation and staining on a smear or cytocentrifuge prep-
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TEX-IG 1-Separation of hamster kidney cells in the isokinetic gradient. In this

experiment, 30.1 x 106 hamster kidney cells were separated primarily according to dif-
ferences in diameter in the isokinetic gradient using a centrifugal force of 55g for 14
minutes at 4.0 C. Cells which demonstrate glucose-6phosphatase activity are widely
separated from the other kinds of kidney cells. An arrow marks the sample-gradient inter-
face on the density plot.
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aration, since different cells shrink or spread out differently during
drying, fixation and staining; however, in examining the cells from
this second modal population in a hemocytometer chamber, thev ap-
peared to be comprised of some very large single cells, some dimers
and some larger aggregates. The larger aggregates were located at the
gradient-cushion interface. The purest fraction of cells which exhibited
glucose-6-phosphatase in this modal population was generally located in
the fraction immediately before the fraction which contained the gradi-
ent-cushion interface. The cells in this fraction were 98.0 + 0.6% cells
which stained positively for glucose-6-phosphatase, 1.9 + 0.6¶ cells
which lacked demonstrable glucose-6-phosphatase and 0.1 + 0.1% red
blood cells. It appears that the decreased purity which was found in
the fraction which contained the gradient-cushion interface simply
reflects the presence of aggregates which contained heterogeneous kinds
of cells from the kidney. The modal population of cells which lacked
histochemically demonstrable glucose-6-phosphatase was variably lo-
cated in fraction 5 or fraction 6 (Figures 2 and 3).

Isopycnic Sedimentation

Isopycnic sedimentation was carried out using a centrifugal force of
800g for 90 minutes. Isopycnic centrifugation was not an effective means
of purifying any of the identified cell types from the kidney. Following
isopycnic sedimentation, red blood cells, cells which exhibited glucose-
6-phosphatase activity and nucleated cells which failed to exhibit glu-
cose-6phosphatase activity were broadly distributed between densities
of 1.05 and 1.12 g/ml. Interestingly, the red blood cells differ from red
blood cells obtained from tissues which are disaggregated using col-
lagenase 24 or lysozyme 2 and from red blood cells which have not been
treated with any enzyme in that the pronase-treated red blood cells
are much more heterogeneous with respect to density than red blood
cells which have not been exposed to pronase. This effect of pronase has
been observed in our laboratory previously 26 and probably represents
selective injury of the red blood cell by pronase. In preliminary experi-
ments with kidnev and in the evaluation of methods for the disag-
gregation of other tissues, we have found that fewer red blood cells
per gram of tissue are obtained using pronase than are obtained using
trvpsin, collagenase, lysozvme, etc.

Recovery

Following separation in the isokinetic gradient, 79.2 ± 2.4%, of the
cells which stained positively for glucose-6-phosphatase, 52.8 ± 5.8% of
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the cells which failed to demonstrate glucose-6-phosphatase and 72.7
+ 1.6% of the red blood cells which had been layered over the gradients
vere recovered from the gradients. After isopvcnic centrifugation,
12.9 + 8.4¶ of the cells which exhibited glucose-6-phosphatase, 24.8 ±
23.9% of the cells vhich lacked demonstrable glucose-6-phosphatase
and 19.8 + 2.8% of the red blood cells which had been lavered over
the gradients were recovered from the gradients. Undoubtedly, the wall
effect artifact 2 accounts for some of the attrition of cells in both iso-
p-cnic and velocitv cell separation. The unusuallv and disproportion-
atelv great loss of cells during isopvcnic centrifugation probably reflects
the deleterious effect of the much higher centrifugal force and longer
duration of centrifuigation which are required for isopycnic cell centri-
fugation. Isopycnic centrifugation is carried out at 800g for 90 minutes;
isokinetic centrifugation, at 55g for 14 minutes.

Viability

Following purification in the isokinetic gradient, more than 99% of
the purified cells from proximal tubules (fractions 13 through the
gradient-cushion interface) excluded trvpan blue. In experiments which
vill be reported in detail in a later report, these cells have been main-
tained in tissue culture for 8 to 10 weeks.

Discussion
The availability of pure viable cells from the proximal tubule should

facilitate the specific biochemical and phvsiologic characterization of
the proximal tubule and its function. The existing methodology has
limited the biochemical characterization of components of the kidney
to studies of those components which have been purified previouslV,
ie, cortex as dissected from the medulla, glomeruh,-1 tubules 10.12-14
and microdissected component of the kidney.151fi While often lacking
the precision of more quantitative biochemical technics, ultrastructural
and histochemical studies 2831 have made it possible for our knowledge
to be extended to the level of specific kinds of cells. Similarly, our knowl-
edge of the pathogenesis of renal diseases at the cellular lev7el has been
derived in large measure from the use of light and electron micros-
copy.32-38 Increasingly, our knowledge of the abnormal kidnev is being
advanced by the use of biochemical technics 39 in conjunction wvith
light and electron microscopic studies. V'irchow 41 stated that man's
understanding of disease is dependent upon "Physical and chemical
investigation of . . . disturbances, either active or passive, of large or
small groups of living units, whose functional capacity- is altered in
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accordance with the state of their molecular composition and is thus
dependent on physical and chemical changes of their contents." Man's
realization of Virchow's goals will be facilitated as methods are de-
veloped for the isolation and chemical characterization of these living
units."
The separation of single kinds of cells from the kidney suggests

numerous possibilities for future investigations. The role of renin in
the pathogenesis of nephrogenic hypertension 42.43 iS well established;
the control of renin synthesis and release could be further elucidated
using purified cells in vitro in an environment which is free of the many
unknown or partially known variables in vivo. Jacobson's 44 discovery
of the role of the kidnev in the production of ervthropoietin has had
a major impact on the study of hemopoiesis. If one could purifv cells
capable of the production of ervthropoietin in vitro, one might not only
have the opportunity to study the control of ery-thropoietin synthesis
but also be able to produce an important hormone with possible thera-
peutic utility. The successful culture of proximal tubule cells suggests
the possibility of confirming Oberling's45 ultrastructural observation
that renal cell carcinomas arise from tubular epithelium. If cultured
proximal tubule cells could be transformed in vitro, one might establish
the histologic type of the resultant tumor following heterotransplantation
to the anterior chamber of the eve.4647

In conclusion, we hope that the method which is reported here for
the separation of viable cells from the proximal tubule will be useful in
the investigation of normal and abnormal cells from the proximal tubule.
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Legends for Figures
Fig 1-Cells from fraction 14 of the isokinetic gradient. Cells which demonstrate
glucose-6-phosphatase histochemically are highly purified in fraction 13 through the
gradient-cushion interface (Melnick stain for glucose-6-phosphatase, x 250).

Fig 2-Cells from fraction 6 of the isokinetic gradient. These cells demonstrate little
or no glucose-6-phosphatase activity and are visible because of the phloxine counter-
stain. Red blood cells are not stained (Melnick stain for glucose-6-phosphatase, x 250).
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fractions in order to determine the number of red blood cells present (Wright stain, x 250).
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