@ https://ntrs.nasa.gov/search.jsp?R=19850023432 2020-03-20T17:31:33+00:00Z

General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



(§ASA- CE-1718€9) KIDNEY CELL

ELECTROFHCEESIS Final Progress Eeport
(Pennsylvania State Unpiv.) U4€4 p

HC A20/MF AOQ1 CSCL 06C a3/51

Kidney Cell Electrophoresis

Comprehensive Final Progress Report

Contract NAS 9-15584

Paul Todd
403 Althouse Laboratory
The Pennsy’vania State University

University Park, Pennsylvania 16802

January 1985

NB5-32 1745
THRO
NES-31778
Unclas
24631

R — -.-.—Mﬁ




€

1-1

CHAPTER 1
INTRODUCTORY SYNOPSIS OF PROGRESS

The tasks that were assigned easily divide themselves into five general
categoreis, and this final report is organized around them. Chapters 1 and 2
deal with various aspects of the tesk dascription and sumnary of resulis.
Chapter 2, which is a collection of Task Description contributions to the
anmual Materials Processing in Space inventory book, tends to highlight the
activities of each year.

2. Electrophoresis technology

Resarch on ground based electrophoresis technology was performed in
support of the ground-based methods used in calibrating, testing, and analysing
methods and materials used or to be used in space and in support of Ffundamental
electrophroesis reserach in cell blolgoy and on candidate human kidney ceil
lots, Chapters 3 - 8 summarize progress in electrophoresis technology.

3, Cell culture technology

Highlights of this aspect of the project tasks were the evaluation of a
new antimycotic, a relatively crucial item in space electrophoresis, as it
turns out, and the evaluation of medium used in freezing and electrophoresis of
cells. Only two chapters, 9 and 10, were prepared for final reporting.

4, Electrophoresis of cells

This activity was by far the major activity of the project, and
substantial progress is being reported in understanding the electrophoresis
process as it applies to cells. Chapters 11 - 19 detail assessemenbts of
buffers and the role of cell parameters in density greadient, free flow, and
microgravity electrphoresis.

5. Urckinase assay research

One of the major chjectives of this research was the develnpment of a
single—cell method of UK positive cells. Several udnergraduate owtudent
projects were associated with this activity. Substantial parts of chapters 20,
21l; and 22 have been written by undergraduate students. At the time of
closing, this problem was on the verge of being solved by flow cytometery,

6. Zero-g electrophoresis

Research was conducted in support of analysis, cell seleection, basic
principles of electrophoresis, and testing of materials and methods used or to
be used in microgravity experiments. Chapters 23-29 detail the results of
pre-~flight and post flight research and analyses, and a number of scientifie
articles have been, or are about to be published. As many of these were
included among these chapters as was reasonable. Others have ben written
mainly by coauthors at JSC and MSFC and are therefore not included.



7, Flow oytometry investigations

This task was added part way through the 6~year project and was not amon
the original tasks., This powerful method turned out to strongly s::zpori the
microgravity electrophoresis effort (Chapter 31), and light scattering
measurements as a sorting tool for live kidney cells holds very great promise
(Chapter 30). Chapters 30-32 represent many of the findings to date, but more
were being discovered at the close of the contract period. It can be stated in
general that kidney cells do appear to have a light scattering signature relted
to their function.

CONCLUSIONS

The above 7 tasks have were undertaken in support of two ohjectives: to
carry out electrophoresls experiments on cells in microgravity and to assess
the feasibility of using purified kidney cells from ewmbryonic kidney cultures
as a source of important cell products. Although both of these guestions still
remain somewhat open, A great deal has been learned ahout the electrophoretic
subpopulations of embryonic kidney cells, and there has been considerable
progress in the development of a coapbility in microgravity cell
electrophoresis,
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THE PENNSYLVANIA STATE UNIVERSITY
FAUL ». ALTHOUSE LABORATORY
UNIVERSITY PARK, PENNSYLVANIA 16802

College of Science Area Code 814
Department of Microbiology, Cell Biology, 865-5497
Biochemistry and Biophysics

January 8, 1982

Dr. Robert Naumann

ES-71

Marshall Space Flight Center -
Huntsville, AL 35812

T=ar Bob,

In response to your letter of December 31, 1981, concerning our page in
the 1982 Catalog of Tasks for the Materials Processing im Space program, I
would 1like to suggest the following changes:

T 1. Funding level: 1 think this is now about twice the amount shown

in the 1981 catalog, but the project is funded in irregular
increments so I do not know how to report an amnnual dollar amount.
Maybe it is best to check with JSC.

2. Paragraph 2, item (4) change to: (4) development of standard
cells, standard cell culture methods, and standard urokinase
assay procedures.

3. The entire final paragraph can be updated as follows:

Cells from cultures obtained from 26 commercially-prepared explants
have been studied with respect to electrophoretic mobility distribution,
growth in culture, and urokinase production. The testing of wvarious
electrophoresis buffers, which also must be used as a medium for freezing
viable cells, has indicated that the low ioniec strength required for
effective electrophoresis in microgravity experiments compromises the
viability of the cells. A buffer designated "“D-1", which contains DMSOQ
and EDTA, is phosphate buffered, and is made isotonic with sucrose has
been chosen for use in microgravity experiments. Optimum culturing con-
ditions for urckinase production by cells in monolayer have been established.
In close collaboration with Johmson Space Center a human kidney cell
explant designated "HEK-8514" has been chosen for microgravity experiments.
In close collaboration with Michael Reese Research Foundation in Chicago,
procedures have been established for urokinase assay of cultures derived
from cells separated in microgravity experiments, which will take place
on Shuttle OFT-3 mission. .

AN EQUAL OPPORTUNITY UNIVERSITY.



Dr. Robert Naumann
January 8, 1982

- 2. i{)

Bibliography: P. Todd, W. C. Hymer, L. D. Plank, G. M. Marks, M. E. Kunze,
V. Giranda and J. N. Mehrishi,. Separation of functioning mammaiian cells
by density-gradient electrophoresis. In Electrophoresis '81, Ed. R. C.
Allen and P. Arnaud, W. DeGruyter Co., NY, 1981.

By the way, as a result of USRA activities I was asked to write a short
letter to headquarters concerning what I could find out about the selection of
macromolecular candidate materials for NASA-sponsored experiments using the
MDAC electrophoretic separator aboard Shuttle. A copy is enclosed for you.

Finally, could you please send us two copies of Jacob Savage's report,
Preparation of Guinea Pig Macrophages for Electrophoretic Experiments in Space,
NASA CR-158777 (N79-27814/NSP). Many thanks.

If there are any problems with the catalog entry, please let me know.

Sincerely,

Paul Todd
Professor of Biophysics
PT:th

Enclosure P
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N85-31746

Task Description for the 1983 catalog of tasks for
the Materials Processing in Space Program
Edited by
Elizabeth Pentecost
ES71
George C. Marshall Space Flight Center

Marshall Space Flight Center, Alabama 35812

January, 1983

Kidney Cell Electrophoresis

Pennsylvania State University
Dr. Paul Todd

NAS9-15584 $60K/year
Continuing task

The objective of this investigation is to repeat the MA-01l experiment
under conditions which are optimum for the viability of human kidney cells and
most favorable for the best possible electrophoretic separation of those few
(about 5%) cells which produce urckinase or human granulocyte conditioning
factor (HGCF), and erythropoietin.

This study effort will perform the gound-based research necessary to
estabtisa all of the optimum experimental conditions required to accomplish
the best possible electrophoretic separation of human kidney cell fractions
which produce urokinase, granulocyte stimulating factor, or erythropoietin,
This overall effort will include: (1) development of optimum buffer systems,
(2) viability tests, {3) ground-based research on electrophoretic mobilities,
(4) development of standard cells, standard cell culture methods, and standard
urckinase assay procedures, (5) acquisition of the ground control data to be
compared with results using cells returned from the electrophoretic separations
carried out in microgravity, and (6) ground-based research on the elactrcphoretlc
mobilities of suspended pituitary cells (last task added in 1982).

Cells from cultures obtained from 32 commercially-prepared explants have
been studied with respect to electrophoretic mobility distribution, growth in
culture, and urokinase production. The testing of various electrophoresis
buffers, which were also used as the medium for freezing viable cells in
Shuttle flight STS-3, indicated that their low ionie strength compromised cell
viability somewhat, and the buffer "D-1", which contains EDTA and DMSO, was
used in the microgravity experiments involving electrophoresis of human kidney
cells and test particles (fixed human and rabbit red blood cells). Ground-based
electrophoretic characterization of human kidney cell line "HEK-8514" was
accomplished prior to the STS-3 flight, as was the characterization of the test
particles. Procedures for post—-flight analvsis had been established and evaluated
prior to the £light. These were not implemented, owing to the well-known post-
flight accidental loss of the samples.
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Post—flight analysis of the test—particle electrophoresis data recorded W
on film during the STS-3 flight has been accomplished. A time-sequence photograph e
(Figure 1) shows the progression of the human red blood cell band along the (
column during electrophoresis in £light. Optical density scans of the negatives
of these photographs, provided by Johmson Space Center, were analysed by
computer, and sround-based laboratory studies were carried out to simulate the
conditions of flight. These studies indicated that the migration rate of cells
in space is predictable on the basis of temperature and ionic strength of the
"D-1" buffer thar was used.

Colisborations with Johnson Space Center and Michael Reese Research Foundation
in Chicago continue. Their purpose is the preparation of human kidney cell
electrophoresis experiments that will utilize the McDonnell-~Douglas continuous-—
flow electrophoretic separator (CFES) zboard future STS flights under the MDAC-NASA
Joint Endeavor Agreement. Media and buffers suitable for this purpose are under
investigation, and a very-low-ionic-strength triethanolamine electrophoresis
buffer is being evaluated as is a serum~free or low-serum medium in which cells
can both multiply and produce urokinase. Media are being screened by the fibrin-
plate assay method, in which, as Figure 2 shows, urokinase activates the dissolution
of a blve-stained fibrin clot resulting in a clear "lysis zome', the area of which
is related to urokinase activity. In collaboration with Dr. W. C. Hymer of The
Pennsylvania State University a task to perform ground-based electrophoretic studies
on suspended rat pituitary cells has begun, and results to date indicate a unimodal
electrophoretic mobility distribution of this cell population, which is otherwise
very heterogeneous. Separations of this cell type in microgravity using CFES
are aanticipated.

s
PUBLICATIONS (;

M. E. Kunze and P. Todd. Evaluation of Ecomazole as an antifungal agent in

quancitative cell culture experiments. In Vitro (in press, 1983).

P. Todd, W. D. Hymer, L. D. Plank, G. M. Marks, M. E. Kunze, V. Giranda, and J.

M. Mehrishi. Separation of functioning mammallan cells by density-gradient

electrophoresis. In "Electrophoresis '81"° (Ed. R. €. Allen and P. Arnaud),

Walter De Gruyter Co., Berlin, 1981, pp. 871-882.
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Figure 1. Sequence of photographs taken at 11 minute intervals on Shuttle
flight STS-3 during electrophcresis of fixed human and rabbit red blood cells as
test particles. The band of human red calls can be seen moving from left to right
as time progresses.

Figure 2. Lysis zones in blue-stained fibrin clots as a means of demonstrating

(“ urokinase activity in the medium of urckinase-producing cultured human kidney cells.
e



Molecular and Cell Biology

I THE PENNSYLVANIA STATE UNIVERSITY

: PAUL M. ALTHOUSE LABORATORY T
! (' UNIVERSITY PARK, PENNSYLVANIA 16802 ¥
!

f Coilege cf Science . Area Code 814
Biochemistry, Microbiology, : 865-5497

|

27 July, 1983

. Mr. Salvatore J. Grisaffe

EN-1

National Aeronauties and Space Administration
Washington, B. G. 20544

Dear Mr. Grigaffe:

In reply to your letter of July 19, 1983, 1 enclose 2 "ecapsula® summary of
our project “Kidney Cell Elsetrophorasis", I did not raceive your lettar sent
in early June requesting a rasply by June 14. I understand that z headgquartars
briefing invelving thess "papsule® summaries has already oceurred but that you

are still recaiving the summaries. I hope that ours will still he useful to
you.
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{; I hope that sometime during the next few months it will be possible to

’ diseuss this work, and othasr MPS projects as well, with Mr. Halpern. Workers
o in the field are appreciative of efforts of this type on the part of

-@ Headquarters leadership. If there is any additional information that veu need
: please contact me at 814-845-0242.

T

Sinceraly yours,

(Bl Tt d

Paul Todd

- A an s g g e snze

a]

(—\
£

AN EQUAL OPPORTUNITY UNIVERSITY
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. @ Area: Living cell purification by electrophoresis

wiE

- Objectives: Characterization and optimization of electrophoretic separation of human
kidney cells and pituitary cells at zero-g and in the laboratoery.

« (Majer Gaps in Technoloagy

] g : Hajor Benefits if Fill Gaps
Hajor Scientific Questions

and Answer Questions

Can zero-gravity electrophoresis Production of purified cell
of living cells produce greater types for im vitro mass pro- .
E quantities of a purer product duction of biologicals (uro-
' than other means of purifying kinase from human kidpey cells,
living cells that cannot be for exam le) or implantation im
cloned for the indefinite pro- vivo (growth hormone from
duction of differentiated pituitary cells, for example.
progeny? :

A

ar

t‘{;’
-3 = .
New Understanding/Technology Expected from Overall Effort

Understanding of the role of gravity in electrophoretic cell purifications and the relative
merits of electrophoresis in comparison to other cell purificaition methods.

RN R St - ot

ﬁEEEEEEEEff$ In collaboration with Johnson Space Center and W. G. Hymer: Cultured
human kidney cells and freshly-suspended rat pituitary cells are studied with respect
to electrophoretic mobility distributions and viability under conditions of 1-g and
- zero—-g electrophoresis. Lffects of buffer composition, ionic strength, temperature,
: storage conditions, suspending method, and starting material awve under investigation.
The materials were chosen for study because they produce some ¢i the world's most
demanded cell products. HModel materials in electrophoresis ewperiments are fixed

human and rabbit erythrocytes, chosen because they have been extensively characterized
electrokinetically.

§ T ET

*List of other current related efforts (Government or
q§23r01ally supported) and brief description of approach

Wk .
8 -.hm
oeroned.

R

. . ° . - . -? ~
hy did you chogse vour wmodel material ar real material?
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: FOR THIS PROJECT ORIGE L
| 16 OF ‘POOR QUALITY, ¢
t a,_I b
] i
| - Key Progress/Impact Made to Date: Preflight experimentafion and post~flight
| (Model/Data/Predictions/Properties/Etc.) 3
3 laboratory analysis was completed for the EEVI experime?ts on §hut?1e flight ST5-3
! (kidney cells and fixed erythrocytes). Preflight experimentation is nearly complete
i for the CFES experiments on Shuttle £light STS-8 (kidney and pituitary cells).
!
i .
ﬂ « OGOther OQutputs: Papers/Presentations/Patents/Awards (list
3 attached)
]
e + Program Now in Category: I II III IV
i - Funding History, $K __FY ¥y  FVv FY °Y _FY __FY
y i 78 79 ] B0 1 81 82 § 83
) Start ! g 3
' o 49.98 : 15.21 | 59.594 62.25} 87.76% 64.17 P
g ! i : Sl
. { 2 1 . A
. Cunulative 124.78 187.02 274.78
. o Y i
. EuFu§e Flight Hard are or Estimated Flighty/ # Prob.
Facility Heeds/SK Facility Schedule | of Success
- Continued use of MDAC CFES or | At least 2 more flights ]
‘ similar equipment. Cell culture utilizing CFES in col~
i incubators and centrifuges for on—~t laboration with JSC,
i board processing of starting mat- using specific cell-compat-
erial and separated fractions. ible electrophoresis
(Additional costs unknown). . and storage buffers.

Projected Commercial RBenefits: Far-term goals are pure cells for producing
urckinase and ofher kidney prodacts and implantable growth-hormone secreting cells for
{;-treating abnormal pituitary conditioms, possibly including weightlessness. g

* Recommendations: Continue/Discontinue.,lecessary Revisions -




ATTACHED LIST

Todd, P., W. C. Hymer, L. D. Plank, G. M. Marks, M. Hershey, V. Giranda, M. E.
Kunze and J. R. Mehrishi. 1981. Separation of functioning mammalian cells by
density-gradient electrophoresis. In: Electrophoresis '8l (eds. R. C. Allen
and P. Arnaud) W. DeGreuter Press, NY pp. 871-882.

Kunze, M. E. and P. Todd. 1983. An evaluation of Econazole, an antifungal <gent,
for use in quantitative cell culture experiments. Inm Vitro 19, 175-178.

Plank, L. D., W. C. Hymer, M. E. Kunze, G. M. Marks, J. W. Lanham and P. Todd.
A study of cell electrophoresis as a means of purifying growth-hormone secreting
cells. J. Biochem. Biophys. Meth. (in press}.

Sarnoff, B. E., M. E. Kunze and P. Todd. Electrophoretic purification of cells
in space: Evaluation of results from STS-3. In Proceedings of 6th Princeton
Conference on Space Manufacturing, (ed. G. K. 0'Neill) (in press).

Plank, L..D., P. Todd, M. E. Kunze and R. A. Gaines. 1981l. Electrophoretice
mobility of cells in a vertical Ficoll gradient. Electrophoresis '8l Book
of Submitted Abstracts for Papers and Posters, p. 125,

Plank, L. D., M. E. Kunze, G, Goolsby and P. Todd. 1982. Density gradient eleciro-
phoretic separation of living mammalian cells: Effect of position in the cell
cycle. Biophys. 37, 78a.

Presentations:

P. Todd. 1 June 1983, Electrophoretic separation of living cells from human
kidney cultures and rat and human anterior pituitary. Seminarium, Biomedical
Center, University of Uppsala, Sweden.

P. Todd. 30 June 1983. Praparative elektrophoretische Trennung von Zellen, mit
Berichte iiber einige Experimente hierzu in der Raumfiahre "Columbia." Wilhelm~Pieck
University, Rostock, DDR.

e .
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Kidney Cell Electrophoresis

The Pennsylvania State University
Dr. Paul Todd

NAS9 —~ 15584 $65K/year

June 1980 - continuing task

The objective of this project is to evaluate materials and procedures for
microgravity electrophoresis of living human smbryonic kidney cells, to
provide ground support in the form of analytical cell electrophoresis and flow
cytometry and to analyse cells returned from space flight. |

In collaboration with D. R. Morrison, principal investigator, and M. L.
Lewis of Johnson Space Center and G. H. Barlow, co—investigator, of Michael
Reese Research Foundation, pre—flight culture media, electrophoresis buffer,
fraction collection media, temperature profiles, and urokinase assay
procedures were tested prior to flight. Electrophoretic mobility
distributions of aliquots of the cell population to be fractionated in £light
were obtained. The following protocol was established and uwtilized:

Cells were prepared in suspension prior to f£light in electrophoresis
buffer and 10% calf serum. Electrophoretic separation proceeded in
electrophoresis buffer without serum in the McDonnell-Douglas Continuous Flow
Electrophoretic Separator, and fractions were collected into sample bags
containing culture medium and concentrated serum. Two separations were
performed, and subsequent culturing and biochemical méasurements ware
conducted at Johnson Space Center. Fractions that yielded enough progeny
cells were analysed at The Pennsylvania State University f£or morphology and
electrophoretic mobility distributions, The mobility distributions of progeny
cells eultured from four electrophoretic fractions are shown in Figure 1,
where it can be seen that the lowest-mobility fraction studied produced

higher-mobility progeny while the other fractions produced progeny cells with

mobilities related to the fractions from which they were collectad.

,‘!"J ,d;«”




Figure 1.
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ELECTROPHORETIC MOBILITY, wM~CM/V-SEG

Electrophoretic mobility (EPM) distributions of starting mixture
and & fractions of human embryonic kidney cells (strain HEK-8514)
separated by Continuous Flow Eiectrophoresis in microgravity and
subsequently grown in cell culture. EPM is linearly related to

Fraction number., Low—~EPM fractions differentiated into higher—EPH

cells. @
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s PART III
'_ ELECTRDPHORESIS TECHNOLOGY

Chﬂoter 3 e
Electrophore31s StUdlES on Methylcellulose
Chamber Coatlnq. - o |

R R R | e
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N85-31748

EFFECTS OF COATING RECTANGULAR MICROSCOPIC ELECTROPHORESIS CHAMBER WITH

METHYLCELLULOSE
L. D. Plank
INTRODUCTION

Although precision in analytical cell electrophoresis is usually
fairly high, ome of the biggest problems in obtaiming high accuracy in
microscopic electrophoresis is the parabolic flow of liquid in the chamber
due to electroosmotic backflow during application of the electric field.
In chambers with glass walls the source of polarization leading to elec-
troosmosis is the negative charge of rhe silicate and other ions that form
the wall structure. It was found by Hjertén, who used a rotating 3.0 mm
capillary tube for free-zome electrophoresis, that precisely neutraiizing
this charge was extremely difficult, but if a neutral polymer matrix (formalde-
hyde-fixed methylecellulose) was formed over the glass (quartz) wall the double
layer was displaced and the viscogity at the shear plane increased so that
electroosmatic flow could be eliminated. This principle was applied to rec-
tangular and cylindrical microscopic electrophoresis chambers by Van Oss and
Fike, who used agarose éﬁating and agarose plugs to eliminate electroosmotic
flow. The reduction of parabolic flow iﬁ the chamber was verified by'depth:
mobility profile determinations. Electrophoresis of cells in suspension in
microgravity was found to produce severe electroosmotic backflow problems, and
these were managed by glow-discharge cleaning of the cylindrical glass tubss

and ecoating them with pure methylcellulose after treastment with a silylating

compound, Dow ''Z-6040".

PRECEDING PAGE BLANE NOT FICMED
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Experiments were designed to determinme the reliability with which q;
methylcellulose coating of the Zeiss Cytopherometer chamber reduced elec-
troosmotic backflow and the effect of coating on the accuracy of cell elec-

trophoretic mobility (EPM) determinations.
MATERTALS AND METHODS

Fixed rat erythrocytes {RBC) were used as test particles. Electro-
phoretic tests were performed using 0.145 M NaCl, 18™" M NaHCO3, pH 7.2 as
electrophoresis buffer. The batch of Dow Methocell used in this research
was obtained frum Dr. Hjertén's laboratory, Biochemical Institute, The
Biomedical Centre, University of Uppsala. EPM was determined at various
depths in the rectangular chazmber by recording the position of the wmicroscope

objective and making the optical correction, using the front and back chamber s

surfaces as landmarks. Each cell was timed for at least three sec in each é;
direction by reversing polarity, and the velocity parabolas were analyzed by
the method described in Chapter &, using the BASIC program with a subroutine

for coated chambers.

Coating Procedure

The method of Hjertén as modified by Catsimpoolas was used to coat the
rectangular microelectrophoresis chamber. The coating solution was prepared
as follows:

a) 0.52 g methylcellulose (Dow Methocel MC) was disparsed in 30 ml
boiling water and stirrec until dissolved;

b)Y 70 ml cold (4° C) water was added, and stirring was resumed in the

cold room until the solution appeared clear;
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c) formic azcid (7 ml) and the formaldehyde (35 ml) were added, with
stirring;

d) the final solution was clarified by £filtration.
The chamber to be coated was rinsed thoroughly with a detergent solution,
hot and cold tap water, distilled water, and air dried. The methylcellulose
solution was drawn into the chamber, held verticzally, by suction and after
five min was allowed to run out slowly, leaving a film of uniform thickness
on the chamber walls. After draining for five min the chamber was dried
at 120° C for forty min. The coating and drying procedures were then
repeated once more. Care was taken to ensure that no air bubbles adhered

to the chamber walls during the procedure.
RESULTS

Figure 1 shows a typical mobility parabolas that is obtained when
fixed rat RBC's are subjected to electrophoresis in anm uncoated rectangular
chamber. When the chamber is coated according to Hjerten's procedure, the
parabolic shape of the depth—mobilityrprofile disappears, as shown in Figure
2. When EPM distributions aré derived from the depth-mobility profiles with
and without coating the chamber, there is reasonable agreement, although
standard deviation is somewhat higher, as Figure 3 indicates.

Although the above results are encouraging, it can be noted in Figure 2
that the data are clustered near the center of the chamber. The methyl-
cellulose coat was apparently not very thin compared to the. chamber dimensions,
so there were no cells near the chamber walls due to the thickness of the
methylcellulose coat. Although this shortcoming should not seriously interfere

with EPM determinations, it was also found that the effect of coating the

T
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chamber was not fully reproduecible, and Figure 4 is a depth-mobility profile (
obtained when the chamber was coated a second time after cleaning the first

coat. The profile is not flat.
DISCUSSTION

Although methylcellulose coating of the Zeiss Chamber did have the effect
of eliminating elercroosmotic backflow, it did not do so in a comsistent, repro-
ducible manner. It was therefore decided to make experimental mobility measure-
ments with a clean chamber and to obtain mobility distributions by the analysis

of asymmetric parabolic flow profiles, as discussed thoroughly in Chapter 4.
REFERENCES

Allen, R. E., P. H. Rhodes, R. S8. Snyder, G. H. Barlow, M. Bier, P. E. Bigazzi,;f“h
€. J. Van Oss, R. J. Knox, G. V. F. Seaman, F. .J. Micale, and J. W. ‘:f
Vanderhoff. Column electrophoresis on the Apollo~-Soyuz test project, Sep.
and Purif. Meth. §, 1-28, 1977.

Catsimpoolas, N., A. L. Griffith, J. M. Williams, A. Chrambach, and D. Rodbard.
Electrophoresis with continuous scanning densitometry: Separation of cells
in a density gradient, Anal. Biochem. 69, 372-384, 1975.

Hiertén, S. Freezone electrophoresis (Ph.D. thesis) Almquist and Wiksells
Boktryckeri AB, Uppsala, 1967.

Hiertén, 5. Free zone electrophoresis, Chromatogr. Rev. 2, 122-219, 1967,

Snyder, R. 5., M. Bier, R. N. Griffin, A. J. Johnson, H. Leidheiser, Jr.,

F. J. Micale, J. W. Vanderhoff, 8. Ross, and C. J. van Oss. Free fluid
particle electrophoresis on Apollo 16, Sep. Purif. Meth. 2, 259-282, 1973.

Van Oss, C. J., R. M. Fike, R. J. Good, and J. M. Reinig. Cell microelectro- égé

phoresis simplified by the reduction and uniformization of the electroosmotic |

backilow, Anal. Biochem. 60, 242-251, 1974.
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DEPTH-MOBILITY DATA AND REFERENCE PARREOLA (RESZ4)D
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Figure 1. Typical electroosmotic flow parabola obtained by measuring cell
velocities at different depths in the Zeiss Cytopherometer

chamber with unceoated walls, cleaned as specified in

Chapter 5.
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DEPTH-MOBILITY DATA & AVERAGE MOBILITY {RE@G27)

2 {
{
i
8
® - - a L] '
. "l .'o . .‘ . o, " LA % A_."' * S
o T e .- "o om e d ¥ . . ° + e i
-—1;1" ...a ' * Y l
|
) 2
!
-1
|
!
8 3
i
]
i
t
:
i
1} ]
|
[
|
i
]
t
1 [ 1 3 i 1 3 g%
.1 .2 .3 4 3 B e .8 9

CHAMBER DEPTH (MM

Figure 2. Depth-mobility profile, determined as in Figure 1, for fixed

rat erythrocytes in 0.145 M NaCl in methylcellulose coated

chamber.
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CHAPTER &

4 NEW METHOD OF ANATYZING MICROELECTROPHORETIC DATA

Asymmetric Electroosmotic Flow and Mobility Measurements
at Nomstationary Positions im the Rectangular Chamher

Introduction

The electrophoretic mobility of a cell in solution is defined by
its velocity divided by the electric f£ield strength it experiences. An
obvious way to measure the mobility of cells is to apply a comstant
electric field to a suspension of cells in a glass chamber and clock the
veloeities of individual cells through a microscope. Although more
sophisticated methods have recently been developed (187), this micro-—
scope method is the classic technique in cell electrophoresis and it
has been used for the bulk of research in this field (25). Two aspects
of the microscope method can eritically affect the accuracy and con-
sistency of its cell mobility measurements: the electroosmotic flue-
tuations in the chamber from measurement to measurement {25), and the
anumber of cells which can be practically measured for statistically

meaningful results. A new method of analyzing microelectrophoretic

data which addresses both of these aspects has been developed.

The Assumption of Symmetric Electroosmotic Flow
The ease and accuracy of measuring cell mobility has always been
hampered by the electroosmotic flow of buffer in the chamber. A thin
layer of water against the glass walls of the chamber is polarized by

the fixed negative charges of the glass. If an electric potential is



'épﬁlied across ends of the chamber, this polarized water layer will be
dragged along the four side walls toward the cathode and then forced
back through the center of the chamber toward the anode because the
system is'sealed at both ends. This situation creates laminar, para-

bolic flow of buffer across the two dimensions of the chamber perpen-

dicuiér tougﬁe.eleééric field (160) (see FiguiéAla};' The observed
velaocity of a cell in this chamber is the vector sum of its electro-
phoretic veloecity and the velocity of the bufﬁgr at the cell position.
Any contribution to the observed cell velocity due to a net drift of
fluid through the chambei is eliminated by routinely reversing the
field polarity and averaging left and right transit times for each cell.
One can only observe true electrophoretic cell velocities if the micro-
scope is focused at positions in the chamber where the fluid velocity
is zero. In the thin, rectawngular chambers required for high resolution
microscopy, these positions form two planes, called stationary planes
or stationary levels. These stationary positions could be determined
experimentally by observing chamber positions at which particles having
a net charge of zero in solution do not move during application of a
field. However, no suitable particle has been found and experimenters
resort to using théoretical predictions for stationary positions based
on work by Smoluchowski (160) and Komagata (91). Their theoretical,
hydrodynamic treatment, which predicts stationary positions solely on
the basis of chamber geometry, is based on the assumption that the
fluid veloeity is always symmetric; that is, that the electroosmotic
velocities along all four side walls of the chamber are forever equal,
The error in mobility measurements introduced by this assumption is

examined and corrected.

C
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Limits to the Number of Observations

There are limitations to the number of cells which can be accurate-—
ly measured by the microscope method during a single experiment. This
number is crucial to the statistical significance of the results. There
is a natural time limit to the comsistent behavior of the cells, the
chamber and the experimenter. Tﬁe condition of the cell surface can
change with time by active metabolism and transport of surface macro-
molecules, or by degeneration, particularly at extremes of pH (152),
The surface charge densities of the chamber walls, which determine the
shape of the internal electroosmotic flow, can change with time by
direct chemical modification or by adsorption of material from the cell
suspension. Also the level of concentration demanded of the experimenter
will drop after a certain length of time. Given an interval of time
defined by these limits, the method of taking data determines the num-

ber of cells which can be accurately measured.

Present Techniques

In the literature, most microscope mobility measurements are made
by first focusing at a tﬁeoretieal stationary position and then record-
ing the velocities of only those cells in good focus; these data are
then used to construct a mobility histogram (25). There are certain
drawbacks to this method. It does not consider the pessibility of asym~
metric electroosmotic flow and the resulting shifts in stationary posi-
tions during mobility measurements. Furthermore, few cells will be
readily found in a single focal plane (typically 10-20 cells are
measured) and the high concentration of cells required to facilitate

these measurements may sometimes be difficult to obtain. Cells which
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are slightly out of foecus and measured will not be in the predicted
stationary position. Although these errors may be minimized by aver-
aging data, they are usually neglected in the calenlation of mobilities.
A second method measures cells throughout the chamber depth and
plots their velocities against the square of their chamber position,
using the chamber center as an ofigin (54). The best straight lip« is
drawn through these points and the ordinate of this line at the square
of the theoretical stationary position is taken as the average electro—
phoretic velocity of the cell population. There are drawbacks to this
method as well. Again, this method ignores possible shifts in the
statiouary positions due to asymmetric electroosmotic fluid £low. Using
this plotting technique, cell data will fall along a straight line ounly
during symmetric electroosmotic flow. Although the average mobility
estimate is based on a relatively large number of cells (20-80), the
natural dispersion of mobilities about this average value is ignored.
This technigue is therefore only appropriate for homogeneous cell popu-
lations and waives the possibility of detecting mobility subpopulations.
A new method of analyzing microelectrophoretic data using a com—
puter program has been developed which combines the most useful fea-
tures of each methoé discussed, and resolves their inherent problems.
It makes possible the mobility measurements of Individual cells as
positions throughoﬁt the rectangular chamber depth during asymmetric

alectraosmotic f£low,

Materials and Methods
Rat, chicken and rabbit erythrocytes, fixed with 2.5% glutaralde-~

hyde (167), were washed and resuspended as pure or mixed populations

)

@i:
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in Furchgott and Ponde. buffer, FPR (52), or phosphate buffer with or
without sucrose (PE or PSB; see Table 1) at 1.2 x 106 cells/@l. Mobil-
ities of these cells were measured at a constant current of 1.0 mA, at
constant temperatures between 19-37% using a rectangular chamber of
dimensions 0.7 x 14.0 x 60.0 mms. Cell mobilities were normalized for
various viscosities to that of water at 2508, 0.8937 ceitipoise. Cell
velocities were recorded with their positions throughout the depth of
the chamber; 40-80 cells were timed. These data were punchéd into
computer cards and fed to a Fortran IV program whose funetion is out-
lined as follows:

a. The "apparent mobility’, ua(x), is caleulated for each cell
by dividing its observed velocity, vo(x), by the electrie
field strength, E, and correcting for viscosity. This value
includes an electroosmotic component. The next four steps
serve to subtract out this component.

b. Using least squares analysis, a 'reference parabola’ is
fitted to the entire set of apparent cell mobilities and
their positions:. The shape of this parabola reflects the
shape of the electroosmotic fluid velocity across the cham-
ber duriné.the experiment: at any position x in the chamber,
the average cbhserved velocity of the cell population,

;o(x), differs from the fluid velocity, vf(x), by a con~

stant. This constant is the average electrophoretic velocity

of the cell population, ;e' That is,

GU (x) = Ga + vf(x) (3.1)

See Figure 5.
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Figure 5. Geometry of cell and buffer flow in the microscopic electro-—
phoresis chamber.
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The reference parabola equation obtained by regression analy-
sis is used to predict the locations of the stationary posi-
tions in the chamber during asymmetric fiuid flow by applying
the results of the hydrodynamic treatment deseribed in Part B,
Chapter III.

The reference parabola is assigned its ordinate mobility

value, Mo ope OB the regression curve at the calculated station-
ary points. This curve now serves as_a reference from which
all apparent cell mobilities are recalculated as true mobil-~
ities for cells measured throughout the chamber, not simply
those at the stationary positions. .
The true mobilities are obtained by simply adding the verti-
cal displacement between the apparent mobility of each cell
and the reference curve, Apa(x), to the reference mobility,

u The derivation of this approach is as follows:

ref®

The observed velocity of a cell is the sum of its electro—
phoretic velocity and the fluid velocity at the cell position

X, .
vc(x) = v, + vf(x) (3.2)

This relationship also holds for-the average observed vel-
ocity of a cell population measured at any position x,
Vb(x) =v, + vf(x) = vo(sp) + vf(x) (3.3)

where sp is a stationary position. From Egs. (3.2) and (3.3)

it follows that, fer any cell
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v, = v (sp) + v &) - ;O(x)) o

k:

and by dividing by the electric field strength, E, one

obtains:
u(x,vo) = Hoget Aua(x) (3.4)

where ;(x,v_) is the trﬁe mobility of an individual cell
observed at depth x with a velocity v, ‘see Figure 5).

Apparent mobility points from ce}ls sharing the ref-
erence curve mobiliry will £all directly on the reference
curve. Those data points from a population with a differ-
ent mobility will £zll on a ﬁarallel 'iso-mobility! curve
which is vertically displaced from the referemce by the
mobility difference,

£. The program output displays cell mobility data in multiple

histogram form, using class widths specified by the user.
This program performs a two-step analysis of data from

a maximum of eight experiments. It is compiled under G level

Fortran, requires 35K bytes of core, and averages 0.3 sec-

onds execution time per experiment on the IBM 370-168.

Evidence for Asymmetric Flow
The regression curves from three sequential experiments with pure
populations of glutaraldehyde-fixed rat, chicken and rabbit erythro-
cytes, plotted in Figure 6, demonstrate the parallel nature of iso-
mobility curves in the chamber. Furthermore, the slope of these
curves indicakes that the electroosmotic flow was asymmetric during

all three experiments., O0f 28 experiments with fixed erythrocytes and
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303 with tissue-cultured cells using this technique (172), all but 26 i;
or 8% were clearly asymmetric to varying degrees. The predicted sta-
tionary levels will shift by an amount proporfional to the degree of
asymmetr-'y.

Asymmetric f£low may be caused by an inherent difference in sur-—
face charge density on the front and back glass walls of the chamber
(25) or by the difference in orientation of reference scratches on these
walls, It may also be due to nonuniform heatipg or heat transfer across
the chamber depth in response to electric current or light from the
microscope illuminator (23). These explanations seem unlikely in view
of the lack of consistency in the degree of asymmetry observed. More
likely, asymmetric flow is caused by changes in the surface charge
density of the glass walls due to the adsorption of ions from cleaning 5}
agents {such as chromi. acid: CrOB/HZSO4 or CrOB/HNos), buffer solutes '?i-
or cells. This includes the accumulation of sedimenting cells on the
bottom of the chamber.

The possibility of asymmetric flow in the cylindrical chamber

certainly exists, but was not explored.

Evidence for Parallel Iso-mobility Parabolas
Measuring the mobility of a cell at any depth in the chamber,
using the computer program previously described, requires two condi-
tions: that the veloeity of cells with the same mobility fall on a
single velocity-depth parabola during a given experiment; and secondly,
that the set of these parabolas from cells with different mobilities
will be parallel during a given experiment; that is, each parabola

/‘_“:\_
will be vertically displaced from any other by a constant (these two Q&ﬁ
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conditions equally apply to apparent mobility parabolas because they
differ vertically from their velocity-depth curves by a constant: the
viscosity correlation divided by the electric field strength,

The results of electrophoresis using a mixture of glutaraldehyde-
fixed rabbit and chicken erythrocytes, easily distinguishable under the
microscope, in PSB at 1°¢c are plotted in Figure 7 and demonstrate that
both of the above conditions are fulfilled. The upper solid curve is
the least squares parabola fitted to the apparent mohilities of the
chicken erythrocytes, the l&wer solid curve is that of the rabbit eryth-
rocytes. The mobility spectrum of each cell type £zalls awvound its re—

spective mobility parabola, and both curves are closely parallel.

Corrzction of Mobility Measurements due to Asymmetric Flow

Table 2 contains mobility corrections due to asymmetric flow for
13 experiments. For 28 experiments, the average correcticn in the front
stationary positiom was 2% of the chamber width, more than double the
Komagata correction of 0.9% for our chamber which has a height/width
ratio of 20. These shifts in stationary positions resulted in an
average correction in mobility calculations of 0.13 um/sec/volt/cm or
15% of the average mobility value. Calculated shifts in stationary
positions exceeding 3% of the chamber depth were recorded between ex-—
periments conducted within a three-hour period.

A good approximation of average mobility during asymmetric £low
is the average of mobilities measured at the uncorrected stationary
positions predicted by Komagata's formula, Equation (3.21)., Using
this approach, the average mobilities for each of the above 28 experi-

ments were recalculated. The average asymmetric correction required
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Table 2. Typical Corrections to Cell Mobility Measurements due to Asymmetric Electroosmotic Flow (sp =
stationary plane).

Front
Stationary
Position Average Mobility Average MohiliLry
Ten Correctlon, at uncorrected at correcled Mobility
Fixed Electrophoresis o B %z Chamber front SP front 8P Correction
Erythrocyte Buffer C Width um/sec/V/em um/sce/V/cm pm/sec/V/em
Rat PSB 2.6 3.3 1.262 1.128 ~-.134
Chicken PSB 2.6 3.9 1,164 0.997 ~.167
Rabbit PsB 2.6 4.1 0.788 0.617 -.171
Rat Py 4.0 2.7 1.403 1.225 -.178
Chicken PB 4,0 2.7 1.231 1.054 -.177
Rabbit BB 4.0 3.1 0.892 0.679 -.213
Rat TPB 25.0 1.0 1.198 1.113 -.085
Chicken FPB 25.0 1.0 0.9189 0.882 -.037
Rabbit FPB 25.0 0.4 0.278 0.301 +.023
Chicken PSB 20.0 2.7 1.249 1.011 ~-.238
Rabbit Psh 20.0 0.7 0.784 0.734 -.050
Chicken PSB 37.0 1.0 1.913 1.779 -.134
Rabbit PsB 37.0 1.1 1.059 0,892 -.167
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for these new values was only 0.002 um/sec/volt/cm, or 0.2% of the

P

average mobility value. The mathematical correctness of this approach
was not derived rigorously.

The error in mobility measurements contributed by igmoring =
shift in stationary position depends directly on the electroosmotic
velocity gradient through the true stationary point. This gradient may
be reduced by minimizing the electroosmotic velocity. This can be
accomplished by modifying the charges on the chamber walls (182) or
by increasing the chamber width. An increase in width, however, may
result in increased temperature and viscosity gradients im that dimen-—

sion which would also cause a shift in stationary positions.

Detection of Mobility Subpopulations with Improved Statistics
By focusing throughout the chamber depth, the mobilities of fﬁ}
more cells can be measured more accurately than by using the convention~ (;
al stationary plane technique, for a given time interval and cell con-
centration. At 1.2 x lO6 cells/ml, 70 cells per hour were routinely
timed and their data recorded.
The mobility histog%am of 72 cells obtained by this computerized
analysis on velocity-depth data from a2 mixture of fixed chicken and
rabbit erythrocytes, plotted in Figure 8, clearly indicates thes pres-
ence of both cell types and demonstrates the ability of this method
to detect mobility subpopulations. It represents a statistical im-
provement over histograms generated from stationary plane measurements.
The difference between the average mobilities of the two cell types
was 0.2 um/sec/volt/cm. The histogram in Figure 9, generated from

the combined experimental data plotted in Figure 6, presents a slight
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indication of both rat and chicken erythrocyte populations, representing
a difference in average mobility of 0.l um/sec/volt/cm and possibly
defines the Llimit of resolution of this technique since separation was

not improved when smaller histogram class widths were chosen.

Summary

The consideration of time-dependent asymmeiric electroosmotic £low
is not only important to accurate interpretation of classical micro-
scope mobility measurements, but also to the dévelopment and calibration
of automated methods in cell electrophoresis which depend on stationary
position determinations. It is our experience that electroosmotic flow
in a small glass chamber is generally asymmetric to varying degrees
and that the resulting corrections to cell mobility measurements are
significant. A computerized analysis is presented which determines
the electrophoretic mobilitv of cells clocked at any depth in the

rectangular chamber during asymmetric electroosmotic £low.

Theoretical Prediction of Statiomary Positionﬂ;'_s 5 - 3 1 7 5

the Rectangular Chamber during Asymmetric
Electroosmotic Flow

Introduction
Most microscopic cell electrophoretic work depends on the theoret-

ical prediction of stationary positions by Smoluchowski (160) and
Komagata (91). Their theoretical solutions are based on the assump-
tion that the electroosmotic flow in a chamber is symmetric. Because
our experiences with the rectangular chamber indicate that symmetric
flow occurs during less than 8% of our experiments, the existing

theory for stationary position determination is expanded to include

the more general case of asymmetric flow.

0
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Asymmetric Sclution for Rectangular Chambers of
Height/Width Ratio Greater than 40

Smoluchowski obtained the following equation for symmetric electro-
osmotic flow in a rectangular chamber having a width much smaller than

its height or length:
. ' 9 : _
ve(x) = v () (357 /" = 1) (3.5)

where x is the depth in the chamber measuring from the midpoint, a
is the distance from the midpoint to either wall and vf(x) is the elec~
troosmotic velocity of a fluid plane through x (see Figure 10(a)).

Solving for x at which vf(x) is zero (that is, at the stationary po-—

sitions) wyields,

x = +a/ V3 '- | (3.6)

This solution predicts a zero fluid velocity at 0.21 and 0.79 of the
chamber width 2znd it is used to approximate staticnary positions in

rectangular chambers with height/width ratios greater tham 40 (25).

.

- The folloWing derivation uses Smoluchowski's approach in solving the

analogous problem with asymmetric flow.

Agsume a rectangular chamber of dimensions 1 X h x w, such that
w is very small compared to 1 and h. Let w = éa (see Figure 10{(a)).
Given the electroosmotic flow of a thin water layer against each wall
in response to an applied voltage between the two end walls, twe
forces establish the laminar carabeoliz {low in the chamber. One is

the viscous pull each layer of fluid experiences frem its neighbor.

dvf(x)

= na dx

PR
Neoer




Figure 10,

Coordinate system for analyzing electroosmosis in 2 rectan—
gular chamber.
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( where n is the fluid viscosity, A = 1 x h is the area of each f£luid ‘(
dv_(x) . '
layer, and __%%_3. is the electroosmotic £luid velocity gradient between
X

the neighboring fluid layers at x. ZEach fluid layer also encounters

an equai and opposite force at the 'end wall of the chamber toward

which it is constantly moving. This force is the pressure, P, exerted
by this wall over the cross sectional area of the layer against the wall,

hdx, and is given by,
F = Phdx -

These two forces are equated as follows:

dvf(:'c)..
F = nA ax .= Phdx

or,

) -
( n(lh) %; (-C—Iv—igi—) dx = Phdx E‘)

and, 7
t
dzvf(x)
_r
P e (3.7)
d<= 0
Solving Eq. (3.7) for vf(x) by indefinite integration yields,
1’:’2
= ZE_ 4. A'x + BT 3.
v (x) 0L + Alx (3.8)

The fluid velocities at the front and back walls, vE(~a) and vE(a),
are boundry conditions which determine the constants of integration,

A* and B', as follows:

2

vE(a) = %;Ll- + A'A +B' (3.9)
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vel-a) =51

- A'a + B' (3.10)

Subtracting Eq. (3.9) from Eq. {3.10) yields,

vf(a} - vf(~a)

LI
A 2a

3 Adding Eq. (3.9) to Eq. (3-10) yields,
- 9
vf(a) + vf( a) Pa’

LA—- - .
B 2 2nl

A' is the asymmetric component of the electroosmotic flow parabola and
is zero only during symmetric flow. The equation for electrosmotic
velocity can now be written from Egq. (3.8),

2 vf(a) + vf(—a) 2

vE(x) = gnl + (V (a)—v (—a)) 3 - gil

(3.112)

Because the chamber is sealed in a closed system, the net flux of fluid

across its width must be zero,

7 a .
{ S jf(x)dx = 0
-a
Therefore,
é 2 a
; f'Ejf dx + I (v (a) - v (~a})—~ dx + fv (a) v ("a)dx - f dx 0
o n -a 2
or
g 3 Pa3
i 3 l + (vg{a) +w(-a)la -~ L 0
1
' and
3 !
I = P= 3——% (v (a) + v (-a)) (3.12)
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Substituting Eq. (3.12) for P in Eq. (3.11) yields. ’1ij
v.(ay+v_(-a) -
ve(9 = g @vgla) &+ re@vea) I - gt — (219

Solving this quadratic for the stationary positioms, x, such that

vf(x) = 0, yields

vela) ~ve(a) . fv@) - vla) , )
PYRR RN gy oy yurnegy carg DRI R (3.14)

x =2 ¢
3 ‘vf(a) o+ *f(—

Define the quantity

ve(a) =~ ve(-a) _
ve(a) + vf(—a)'_

F

where ¥ is the asymmetric flow factor. Note that P will be zero for
symnetric electroosmotic flow and increases in absclute value with in-
creasing degree of asymmetry to a maximum of 1. F is solved by using
the following clever technique introduced by Milite (115).

Each fluid velocity parabola exhibits a maximum velocity at its
apex, occcurring at a chamber po;ition defined as X - Taking the first

derivative of the equation for fluid veloeity, Eq. (3.13), one obtains

dv(x) 3x 1
—_ = KR — == 4 — - —
This first derivative will be zero at x5
dvf(xm) -
dx * £3.18)

Therefore from Eg. (3.15),

vf(a) - vf(—a)

=] = —3_ 3.
B ve(a) + v(-a) T T 2% QZ}

F
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Although the chamber position of maximum £luid velocity, X is not
directly measured by this method, it will coincide with the position
of maximum for the average observed cell velocity, whiech can be direct-

1y measured. Let

- 2
vo(x’) = A 4+ Bx' + C(x")” (3.17)

represent the least squ;res parabola fitted to a given set of observed
cell veleocities obtained by microelectrophoresis, where A, B and C are
coefficients determined by computerized regression analysis and x' is
the chamber depth measured from the front wall. Transforming Eq. (3.17)
from this front wall origin which is more practical fer data collectien,
to the midpoint origin used in this theoretical treatment using the re-

lationship,

X+ a

vields,

;o(x) = 4+ B(x + a) + C(x +-a)2

This equation represents’ the average observed cell velocity at any
position x in the chamber. TIts first derivative yields,

d?c(x)

e B + 2C(x + a)

This first derivative will be zero at X s the position of maximum
fluid velocity,

dvo(xm)

an =B+ ZC(xm +a) =20
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Therefore,

Y

—B
m 2C (3.18)

and from Eq. (3.16),

B
F=301+ 23C>

The solution is now complete. From Egs. (3.14), (3.16), and (3.18),
the stationary positions x, measured from the midpoint, in a rectangular

chamber of height/width ratio greater than 40, during asymmetric flow

are described by,

x = % (—'F j\/}?‘?‘ + 3)

{3.19)
where

- _B . : £
F= 301+ 5o, )

a ig the chamber half width, and B and C are, respectively, the x' and
(x')2 coefficients determined by regression analysis on a given ob-
served cell veloecity data set obtained using the front wall as x' = 0.
Because it is convenient for the experimenter to estimate the
stationary positions as fractions of the chamber width (xmax or 2a),
Eq. (3.19) is rewritten using the front wall as aun origin instead of

the midpoint, as follows:

So, at the atationary positions given by Eq. (3.19),

' xmax . f
(~F 5

=-——6——
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or

1,1 +\ /o2
T = SR € n :
X max |, + 3 (-F F"+ 3 (3.20)
If the electroosmotic flow is symmetric, a = %% » F = 0 and Egs.

(3.19) and (3.20) reduce to the Smoluchowski result, Eq. (3.6).

Asymmetric Solution for Rectangular Chambers of
Any Height/Width Ratio

By ingoring the perturbation of electroosmotic £low due to two
gide walls and the two end walls of the chawber, Smoluchowski could
solve the stationary position problem in one dimension, x. The practi-
cal application of his solutiouvhowever, is limited to rectangular
chambers whose height/width ratios are greater tham 40 (25).

Komagata later solved the problem im two dimensions, x and y, by
considering all four side walls of the chamber and assuming the chamber
was long enough to neglect fluid f{low perturbations from the end walls
at the chamber center where cell measurements are taken. He derived
the following equation for electroosmotic veloeity at position (x,y)
in a rectangular chamber.of width 2z, height 2b, and length 1 such

that 1 is much greater than a and b:

2 v =v.)
P ,2 2 @ ntl, 1lePa o 1, cosh(my)cos(mx)
viQGe,y) = v_+5—(a-x") + z {-1) ¢ )
o 2n n=0 nﬂ3(2“+1)3 nw(2n+l) cosh (mb)
where n is the variable integer from 0 to =, m,=(35§§li >V, is the

fluid velocity along the f£ront and back walls and vy is the fluid ve-
locity along the top and bottom walls. Solving for the stationary
positions along the central axis of the chamber used for cell measure-

ments, {x,0}, at which yf(x,O) is zero, yields,
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5
) a. +-l=§

®= 375

T K (3.21)

where K is the height/width ratio of the chamber, b/a. Substituting
chamber width, xmax, for 2a and moving the x origin from the chamber

midpoint to the front wall results in,

. 1+ [T 37
x' = xmax (5 /97 + <) (3.22)

TR

Bath Eqs. (3.21) and (3.22) assume symmetric electroosmotic flow in the

chamber and reduce to the Smoiuchowski result when K = e,

The following derivation by Elaine Milito (l14) adopts Komagata's
approach in solving the analogous problem with asymmetric flow.

Assume a rectangular chamber of height h = 2b, width w = 22, and
length 1 which is great compared to h or w (see Figure 10(b)). Also
assume a constant fluid vclocity along each side wall, egual at 211
points on that wall, and that this constant veloeity can be unique for
each of the four side walls. That is, v, = Vf(—a),Y), v, = vf(x,b),

vy = vg(a,y) and vy = Vg {x,~h) where Vs Vs V

1’ "2

which can differ from each other. By again equating the laminar force

and v3 are constants

on a fluid volume element dx x dy x 1,
dv dv

£
F=n (ldx) —é + (Uy) —3o

with the force exerted by pressure P on the cross sectional end of

this fluid element, dxdy, from the end wall of the chamber toward which

this fluid element is constantly moving,

F = Pdxdy

kY

Neor’

C

fﬂ
L
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one obtains,

n(ldx >4y + ldy ;dx) = Pdxdy
dy dx

or

d7v, dv
i

£ B_
ax’ gt M | (3.23)

Eq. (3.23) is a second order differential equation which is solved

using a separation of variables tecanique (91). Let

_ P ,2 2
vf (X,Y? - X(X:Y) + 2]_11 (a X )

where the variable y satisfies the relationship,

2 2
d é . d g -9
dx dy
Then
? 2 2
x{x,y) = Vf(x,y) - gqL (@= %) (3.24)
Eg. (3.24) is satisfied using,
. v, + Vo Vo<V, -
x(x,y) = 3 + =5 +E T (¥) cos (mx) (3.25)
n=0
where v, and v, are the fluid velocities along the front and back
chamber walls, respectively,
o = (2n + L7
2a
and
Tu(y) = An cosh(my) + Bn sinh (mx) (3.26)
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% (j The following boundary conditions are applied to solve for the unknown
constants, 4 and B
: 2
S -
x(0,b) = vy = 37 (3.27)
2
Pa
x(0,-b) = v, ~ 201 (3.28)
x(a,y) = v, (3.29)
x(-a,5) = v_ (3.30)

EET USRS

where v and v, are the fluid velocities along the top and bottom cham—

ber walls, respectively. From Eq. (3.27),
2 v, +v v, + v 2
_ Pa~ _ 2 o _ .2 o _ Pa
x(osb) = vy ~ 507~ 3 = Vi T L
. and from Eq. (3.25),
3 v, + v
. _ 2 0 3
L x(o,b) = 252+ F ot (b)
Therefore,
v, +v 2
5 = (=2 Pa’
‘ I!.E Tn(b) "'( 2 vl + 2nl
Let
2 v, +V 2
Fx) = Px” ( 2 o _ 4 +_2§_
2nl 2 1 2nl
At x = 0,
} v, +v 2
- (2 __ 0o Fa, . ¢
Flo) = ~(———— -~ vy +57) nZoty () (3.31)

! By the Fourier expansion used by Komagata, F(X) can be expressed as:

2 v, +v
§6Pa 7+ 4 = 5 ° - v,)| cos(mx)
nin” (2n+l) w{2n+1)

F(x) = ngof"l)n+l
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and at x = 0,

2 4 v2 + v

B+l 16Pa o ~

F(o) = I (1)
n=o nine (2n41)°

For F(o)} then, the summation term, Tn(b}, and the Fourier summation

term must be equal:

n+l 16Pa2 + Z(Vo + Vg zvl)
nlﬂ3(2n+l)3 T {2041)

T (b)Y = (-1)
h (3.33)

-

Using this technique for boundary condition (3.28), one obtains,

- 9
ol | 16Pa” 20 TV = Vg,
Tn(_b) = (-1 3 3%' 7 (2+Hl)
nl 7 (2n+l)
By Egs. (3.26) and (3.33),
2 v v, - 2v 1
t_(b) = & cosh(ub) + B sinh(@b) = (-1)™|—3EE— 4 2o AL
b n nla” (2n+1) J
(3.34)
Similarly,
2 v +v, - 2v
2 2
Tﬁ(—b) = A cosh(mb) - B sinh{mb) = (—l)n+1 éﬁ?a 3 + ( ow(2n+1) 3)
n n nin” (2n+1) -
(3.35)

The unknown constants, A.n and Bn’ can now be obtained using the simul-~

taneous equations (3.34) and (3.353),

P ki wepa” 200 T V2" V17 V3
1 cosh(mb) nlﬂ3(2nﬁ1)3 7 {2ntL) (3.38)
o en™ (3 - vy

Bn " sinh(mb) w(2nt+l)

From Egs. (3.24), (3.25) and (3.26), the electroosmotic velocity now

becomes,
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v (x )=V_2_+_\_r2+(v2_v)§_+gﬁ?__—§2_)'+ T [ h(my) +
gy 2 ®’ 32 2nl. nkp [Ayc0shmy

aninh (my):[ cos (mx) (3.3

To solve for the remaining unknown, P, the condition of zero net fluid

£flux across the chamber is applied:

b a
R A Ve dxdy = 0
b -a
Therefore, B
b a v, +v vV, =V,
J I(z D+2 x)dx+Pf(a —x?')dx-i-
b 2 2 2nl
~b |-a
e 2 1
néf) _i (An cosh(my) + Bn sinh(mx)) cos(mx)dx| dy = 0

Performing the definite integration with respect to x yields,

b n
3 2 {(~1) . -
_].;' Eiﬁi + (vz + vo) a+2 Ly (& cosh(my) + B smnh(my)ﬂ dy = 0

Definite integration with respect to y yields,

3 - n ZA
2 b(v?. v a) +%—b- + 2 n-D( i) T sinh(mb) =

Substituting Eq. (3.36) for An produces,

v, + v 4pab e (-1 - 16Pa” 2o T Vy TV - vs)-l
22b(72 © o) + —yram A, 7 3 3+t 7@ nrl)
m nlr” (2o+l) _J
sinh(mb) _ 0
cosh (mb)

. L .
Expanding the above, and substituting E—a-(Zn-i-l) for m results in,

R
;,‘.;.



3 4 tanh(Tb(2n+1))
Zab(‘rz + v o) + ﬁgalb ~ 256P§. zo
1 nir” B (2n+1)°
tanh(wb(2n+l))
- 323 (vo + vz - vl VB)nzo 23 -0
w (2n+l)
Let
tanh(vb(2n+l))
S, = T
Toe0 amy’ ) (3.38)
and
tanh b (2Zn+l)
. (——7—~)
a
S5 = alo
(2n+1) (3.39)
Then,
3 256Pa48 2
8 5 b(v2 + v 0) + 4Pa’b _ 1 _32a (vo -+ Uy = Uy = vS)S -0
. 3L 5 3 2
Qk nixw W
and P
32a v.)
(-Zab(vz + Vo) + 3 Sz(vO + vy + vy - V)
FP=nl Z
. 256a78
é-e.3b - 1
3 o (3.40)

The solution to electroosmotic flow in two dimensions in the rectangular

chamber is now complete. Substituting Eq. (3.40) for P in Eq. (3.37)

yields,
16328
2V +V, =V, =V v, +v
_ vy =V, v, - v_\E -—;3——( o 2 1 "3)-ab(2 }, 9 9
vE(,y) = =5 —+ (2 To)g+ 25625 (&~
3 T3

+ n§0 [;ncosh(my) + aninh(myi] cos (mx)
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o7

./
The equation of flow at y=0 is desired because mobility measurements are (_

taken through the center of the chamber; that is, at (x,a),

2

16a"s

ty —y +
v+ —= 2 VTV TV T Yy an (V2" Vo)
vE(x,0) = 2 o . (vz - vo)g__+ T (aZ_KZ)
2 2a - 4 3. 256a’s
—ab - ______;a
3 T2
+ ngoAncos(mx) {3.41)

Because cos(mx)} does not change sign here and its absolute value doas

not exceed unity,

n=0 =0 @ (3.42)
From Eq. (3.36), _5)
2, _ gn™ 16pa” 2% " Y2 7 V17 73
=0 ® n=0cosh(mb) nlﬂ3(2n+l)3 w(2n+1)

(=]
Because cosh(mb) does not change sign in this summation, I is a sequence

n=0
of terms decreasing in absolute value and alternating in sign. Therefore,

| $a | <lal (3.43)
n=0 ‘

From Eqs. (3.42) and (3.43), the summation nzo Ah;oS(mx) is bounded by

Ab' AU is mach emaller than the Ffirst three terms of Egq. (3.41) because

of the constant.-——l;——— . Tor a height/width ratio of 20, for example,
cosh(mb)

this constant is smaller than 10f4 £for all values of n. Therefore we

assume that the contribution to the fluid velocity by the summation

T A cos(mx) can be neglected:; that is,

n=0 Q;}



[ 4

et

$ Ah cos{mx) << v (x,0)

n=0
=ns 16a252 v +v ~v,~v v -V
mv2+vo v - v . x T(oZlB)—-ab(o 2)22
vf(x,o) = ——E———‘-&- ("2 O)E;'i' % (a™-x")
é—aab _ 256a S1
3 ————
3
T

Solving this quadratic equation for the stationary positions x, such that

vg(x,0) = 0, yields, -

e

- - 1
-("2 " ¥g) -_I_-'\/v«? V0,2 + 4ALA + 2 *"o)]

. z S 2
x=4 7A (3.44)
where
168
- Kz(vo+ v2 vl-vB) _ (v0+ vz)
A= i 2368
3”5 1L
T K {(3.45)

and K =-§-, the height/width ratio.

Elaine Milito's solution for stationary positions in the rectan-
gular champer during asymmetric flow, Eq. (3.44), requires an estimate
of the fluid velocity at each of the four side walls of the chamber.
Although this is poésible using a technique covered in a following
section, optical measurements must be taken through both the x and y
axes of the chamber. Because the apparatus used for microelectro-
phoresis prohibits observation through the long axis of the rectangular

chamber, the derivation in the next section becomes useful.
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Stationary Position Estinates during Asymmetric
Flow in a Rectangular Chamber of Height/Width
Ratio > 20
To calculate the stationary positions using Eq. (3.44), the value

of A, defined by Eq. (3.45), is determined for X Z 20. The summations

Sl and Sz, given by Egs. (3.38) and (3.39) are first determined.

If K 2 20, tamh [(21:1-!-1) %]E?_;I 2 1 for all values of n. Therefore,

7h|
5 = 95 tanhEzm‘l)Zs_J,g E-' 1
1 n=0 5 n=0 - 5
(2n+1) (2Za+l)
Similarly,
ur o3 1
S2 = ¥

250 (o413

S, and §, converge by the integration test (170) and the following

summation estimates, S.' and 52" were calculated,

1
10 1
§;' = Ly —— g = 1.005
o= (2n+1)
30 1
§," = E,———3 = 1.052
- T7Y (2n41)
The remainder of Slt is bounded by
[==]
S ——di-s- =4 x ].(J_.7
11 (2ntl)
and the remzinder of 52' is beunded by
F—an 6107
30 (2n+l)

)
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indicating that Sl' = 1.005 and SZ' = 1,052 are accurate summation

estimates for Sl and S, respectively (170).

2

Using 82', we can caleculate the quantity,

1652

T3

s 0.027

for K 2 20. If we make the reasonable assumption that the fluid veloc-

v v

‘s . v ,
ities at the four side walls (vo, 1, , 3) are of the same sign and

order of magnitude, the following approximation can be made,

.‘1_65“.1 (vo+v2—vl~v3) _ (vc—!- VZ) v (vo—f- VZ)
“31{ (3.46)
for K 2 20. From Eq. (3.45),
163
; 32 (vo-l-vz—vl-vs) _ (vo‘i-vz) . o
A= TR Vo= (o 2)
4 25651 4 23681
3 '{TSK 3 K

The possible error introduced by assumption (3.46) was examined
by Ronald Milito (116) and by this author in a following sectionm.

For K 2 20, Eq. (3.44) now becomes,

- (vz—vo) 3 ('v?---\:ru)2 ) 4(vo+v2} _._(v +v2) +v +v2
2 2 4 2568l 4 2568l 2
_ 3 ’TTSK 3 i
x=a v_+v
2(o0__2)
4 2568l
3 1k

which reduces to

3 .ﬂ-S

645 Vo=V V.~V ll
1
x=a(2:.... 1 ( \ 2 o g 1

9% (3.47)
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We now define the asymmetric factor,

VZ_vo
Py v,
2 o

and the chamber constant,

1

1 6481

3 TTSK

Milito's technique (Bq. 3.18) is used to solve for F. The position

in the chamber of maximum electroosmotic flow, X coincides with the
position of maximum observed cell velocity. From Eq. (3.18), the maxi-

mum in observed cell velocity occurs at,

where a is the chamber half width and B and C are respectively, the x'

2 . . . R . .
and (x')" coefficients obtained by regression analysis on a given observed

cell velocity data set obtained using the front wall as an x' originm.
The position of maximum electroosmotic flow is determinmed by setting
the first derivative of the fluid velocity equation to zero and solving

for x. By assumption (3.46), the equation for electreosmotic velocity,

Eq. (3.41), becomes,

v, TV v +v 5
_ o v, _V X &b( [} 2) (8.2 - X£>
Vf(X:O) = 7 + (2 o 7a 4 3 2563_451
E-a b - —;3————
and,
dvp(x0) v, _v, . 2ab(0+"2) x
dx T Za 7 256a%S
43, 1
3 5

T (3.48)

-

F
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Therefore, rearranging Eq. (3.48) and substituting Eq. (3.18) for X s

yields,

which reduces to,

B
V.-V (1 + —
F o= v2-+vo - 2aC = H(L + zzc )
2 o 1 ._ 6484
3 a%k (3.49)

Substituting Eq. (3.49) for F in Eq. (3.47) completes the solution;
the stationary positions, x, measured from the midpoint in a rectangular
chamber with a height/width ratio, K, of 20 or greater, during asym-

metric flow are described by,

o2 [— F I \.‘sz + H(H—Z)] (3.50)

where H is the chamber constant,

1 _ 85
3 nSK
I is the asymmetric factor,

. B
F—H(l-!-zac)

a is the chamber half width and B and C are the coefficients previously

defined. Transforming Eq. (3.50) to a system of axes with its origin
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at the front wall of the chamber using the relationship, x' =% + a {

and substituting the chamber width, xmax, for 2a, yields
v oEmax | o /02 _oy| 4 Xmax
x T I: F F" + H(H 2):! + 3

or,

R O A Y ey )
x max 2+2H F F~ 4+ H(H-2) (3.51)

If K==, H=3 and Egs. (3.50) and (3.51) reduce to the previous
asymmetric solutions for chambers with height/?vidth ratios 40 or greater,
Egs. (3.19) and (3.20). If the electroosmectic flow is symmetric, F = 0
and Egs. (3.50) and (3.351) reduce to the Komagata results, Egs. (3.21)
and (3.22).

For a chamber with K = 20, S5, = 1.005, H = 3.098 and from Eg.

1

(3.51), the stationary positions are given by, \ j
1 + : P "
X = Xmax E,J:--+ 0.1614 (-F —\fF + 3.4)} {3.52)

Examination of Assumption (3.46)

Y

To cheek the possible error in the determination of stationary po-
sitions using Eq. (3.52); and in the subsequent average mobility measure—

ment at these positions, introduced by assumption (3.46),

165
2 (vo+v2—vl—v3) << (v0+v2)
K

the following caleulztion was done:
let Yo = 1.6, Vo = 1.0, V1= 0.6, and V3 = 0.2, where vo, vl, Va2

and 1']r3 are the fluid velocities along the chamber side walls as diagram-

med in Figure 10(b). These values are chosen to reflect the maximum
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asymmetry rarely observed across the chambers width (due to a calculated
407 extreme difference between front and back wall fluid velocities) and
to maximize the error introduced by assumption (3.46). TUnder these
conditions of flow, Eq. (3.44), which dues noi use the aséﬁmption,
predicts the fromt stationary position at 0.2475 of the chamber width;
Eg. (3.32) predicts this positioﬁ at 0.2374 of the chamber width, a 1%
error. By using these positions to calculate the average cell mobility

on a typical regression equation for a chamber with 0.7 mm width,
x = <0.14 - 9.2 x' + 13.5(x")>

a 2.3% error in average mobility caleculatiocn results. Therefore, even
under the extreme and unlikely conditions assumed for this test, that
is that the fluid velocity along one wall of the chamber will be eight
times that of another, the 2.3% error in average mobility ecalculation
using Eq. (3.52) as a stationary position estimarte in this example
remains six times smaller than the average error of 15%.in the average
mobility caleculations using Komagata's equation for the prediction of
stationary positions, Eq. {3.22), for the 13 experiments described in

Chapter III, Part A.

Experimental Support for the Theory
Support for the theoretdical predicﬁion of stationary positions
using Eq. (3.52) is given by three types of experimental evidence. A
comparison was made of average cell mobilities measuired at the estimated
front and back stationary positions. For the 13 experiments with
fixed erythrocytes described at the beginning of this chapter, the
average mobilities measured at the corrected froant and back stationary

positions given by Eg. (3.52) were within 0.01% of each other. This
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contrasts to the average difference of 227 in average mobilities measured Q'j
at the front and back stationary positions determined by Komagata's
equation (3.22) for the same experiments.

A set of experiments was designed to test the uniqueness of the
stationary positions predicted by Eq. (3.52). They entailed mieroscope
measurements oun mixtures of two cell types having distinguishable mor-
phologies. Using Eq. (3.52), the stationary positiong for each experiment
were calculated independently from three sets of data: data from cell
type 1, data from cell type 2, and the combined data from both cell
types. Because all three data sets were obtained under the same electro-
osmotic conditions for each experiment, all three stationary position
estimates should be identical. The results of such an experiment using
a mixture of fixed chicken and rabbit erythrccytes are plotted in _
Figure 7. The upper solid line is the least squares mobility parabola Cf)
for chicken erythrocytes, the lower solid line is that for rabbit eryth-
rocytas, and the central, dotked curve is that for the combined data.

The stationary positions determined for each curve are also indicated.
The results of 7 such experiments are compiled in Table 3. The average
difference in these three estimates of the front stationary pesition
for the 7 experiments was 0.477 of the chamber width. These reliable
estimates depend on at least 30 observations for each cell type dis-
tributed evenly throughout the chamber depth.

The average mobilities of rat, chicken, and rabbit gluteraldehyde
fixed erythrocytes, measured at the stationary positions estimated by
Eq. (3.52) in a standard phosphate buffer (52) at 25°C, were compared
ts literature values. The mean mobilities of fixed rat and chicken

erythrocytes were measured at ~1.13 and -0.88 um/sec/v/cm respectively, @:;
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Table 3. TFront Stationary Position Estimates Using Suspensions of Mixed Chicken and Rabbit Fixed

Erythrocytes.
TFront Stationary Front Stationary Front Stationary
Position Position Position Estimate
Estimate using Dstimate using using mobility
Temperature mobility-depth data mobility-depth data ~depth data from
Electrophoresis o ?  Chamber Width, from Chicken RBC, from Rabbit RBC, Rabbit and Chicken
Buffer C mm wm M RBC, mm
PSB 1 0.711 0.147 0.137 0.141
PSB + 5% Acoll 1 0.711 0.128 0.132 0.129
PSB + 10% Acoll 1 0.711 0.137 0.141 0.139
PSH 1 0.711 0.139 0.137 0.138
PSB 4 0.718 0.132 0.128 0.131
PSB 20 0.730 0.129 0.143 0.135
PSB a7 0.740 0.143 0.142 0.143

-
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by this technique. These compare to -1.10 for rat erythrocytes, ident-
ically fixed, by Tenforde (167), and -0.82 for chicken erythrocytes
measured by vanOss. The average measured mobility of fixed rabbit

erythrocytes was -0.30, consistently below the literature values for

Ng5-31751

A Computer Program for Determining the Electrophoretic Mobilityv of
Cells in a Rectangular Chamber during Asymmetric Electroosmotic Flow

unfized cells, ~0.48 to ~0.55 (2,25).

Introduction -

In the field of cell electrophoresis, computer programs have been
used for the estimation of zeta potential and surxface charge demsity
of specific charged chemical species from electrophoretic mobility
data (106). Computers are also used in laser Doppler spectroscopy
electrophoresis to reselve the Doppler shifted frequency spectrum of
laser light scattered from a cell suspension under influence of an
electric field (187).

The union of computer and microscope cell eleectrophoresis work in
this laboratory has yielded several satisfying results. This approach
reduces one tedious man—-hour required to analyze the 200 data collected
during a typical microelectrophoresis experiment to a few minutes. The
method organizes and error-checks these data and stores them on permanent
file for future reference or reanalysis. ‘The computer also affords a
more accurate mobility measurement of cells observed in the chamber
through the application of resression analysis and the asymmetric
electroosmotic flow evaluation discussed earlier in this chapter. This
computer znalysis, accomplished in two steps by two main programs and

a major subroutine, provides a quick, useful and realistic presentation

©)
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of mobility data in histogram form, and is appropriate for any micro-
electrophoretic work using rectangular chambers. Flow charts of thsse
programs are diagrammed in Figures 11 and 12. Appendix A contains

a computer listing.

Program 1

Description

Program 1 is the first step of two in the analysis of mobility data.
Its purpose is three-fold: (1) to read in and display raw mobility
data for verification; (2) +to determine the chamber depth and apparent
mobility for each cell (the apparent mobility of a cell is defined as
its observed velocity divided by the electric field strength and normal-
ized for viscosity to that of water at 25°C); and (3) to punch these

caleulated data on cards for regression analysis by Program 2.

Program 1 Input

Electrophoretic data from each experiment are punched inte standard
IBM cards, forming a data pack. Each data pack c:nsists of one header
information card followed by a variable number of cell data cards. The

header card data, format, and fields are as follows:

Field Format ‘ Data

card column  1-2 12 experiment number, must be equal to 'l' for
the first data pack

4-8 F5.2 micrometer reading for chamber thickness

10-13 TF4.2 number of reticule squares between scratches
on the front chamber wall, to nearest tenth

15-18 F4.2 number of reticule squares between scratches
on the back chamber wall, to nearest tenth
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Field Format Data
card column 19-24 F6.5 current (amperes).
25-30 Fe.5 conductivity of buffer at experimental

temperature (mho/cm)

31-36 F5.4 viscosity aof buffer at experimental
temperature (cp)

38-43 F6.4 viscosity of water at ZSOC, 0.8937 cp

45-80 9A4 description of experiment

-

Each cell data card which follows the header card contains data
from four different cells with the possible exception of the last card
in each data pack which wmay contain data from less than four cells.

The data description, format and fields for the cell data cards are as

follows: %:*3
Field Format Data
card columns  1-5 F5.3 micrometer reading of cell position
7-8 I2 number of reticule squares along which cell

was clocked (reversals near the chamber
walls will cause the cell to move toward
the cathode and are noted by making this
number of squarss negative)

10-13 74,1 cell traverse time to left (seconds, to
nearest tenth)

15-18 F4.1  cell traverse time to right (seconds, to
nearest tenth)

20-24 F5.8 cell position
26-27 12 reticule squares
29-32 F4.1 cime left

34-37 PF4.1  time right

39-43 F5.3 cell position
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Field TFormat Data

card columns 45-46 I2 reticule squares
48-51 F4.1 time left
53~56 F4.1 time right
58~62 F5.3 cell position
64-65 I2 reticule squares
67-70 F4.1  time left
72-75 F4.1  time right

79 Il blank unless last card of last data pack,
then a negative sign

80 Il blank unless last card of any given data
pack, then equal to the number of cells
from which data are recorded on this last
card (1-4)

A data pack from a typical experiment with, say, 38 cell observa-
tions would then consist of one header card followed by 10 cell data
cards, the last card containing data from just twe cells as indicated
by the number '2' in card column 80. Program 1 can process a maximum
of eight stacked data packs :Irom eight expefiments at a time. One
hundred forty K bytes of core, 750 output records and 8 seconds actual

time are adequate for the compilation and execution of such a job by

Program 1 on the IBM 370-168 under Glevel Fortran.

Proeram 1 Function

Figure 11 provides a descriptive flow chart for Program 1 and
Appendix A contains its computer listing complete with comment cards
which describe the program algorithms. However, there are four criti-

cal steps which deserve further explanation.
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k4 .
(READ HEADER INFORMATION CARD DATA PACK

»

L

y
((READ CELL DATA CARD

< CHECK
- -—
(PRINT OUT RAW DATA FOR VISUAL CHECK)

-

DETERMINE CHAMBER THICKNESS, XMAX;
CROSS SECTION, A ; AND MAGNIFICATION
FAGCTOR, F

DETERMINE CELL DEPTH POSITIONS, X, ()
FROM CORRELATION ALGORITHIM

v

DETERMINE CELL APPARENT MOBILITIES

Pa 2%:%‘) (1+ (F"”xmﬁx)(?:::o )T

2

0

PRINTOUT, PUNCHOUT CELL Sﬁﬁ‘-&*{}?’
POSITIONS, APPARENT MOBILITIES

Figure 11. Program 1 flow chart,
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Calculation of Cell Depth in the Chamber

The position of a cell in the electrophoresis chamber is conven-
tionally cbtained in two steps. First the micrometer reading on the
microscope fine-focus knob is recorded when the cell is in good focus.
Then this reading is converted to the actual distance in millimeters
from the inside surface of the front chamber wall to the cell by using
a nonlinear correlation curve which is graphed in the instrument manual
(202). To automate this second step, four linear segments were fitted
to the correlation curve. These linear segme;ts are plotted in Figure
12, which overlays the original curve in the manual very closely. The
aleoprithm for calculating cell depth determines which linear segment

contains the micrometer reading ordinate, and then interpolates on that

segment at that position for the chamber depth in millimeters.

Calculation of Chamber Cross Section

By Eq. (2.2), the determination of electric field strength om the
cell suspension requires an accurate measurement of the cross sectional
area of the chamber. For rectangular chambers, this area was observed
to increase by more than 16% through the temperature range 1°-37%.
Assuming the coefficient of expansion is equal along both the height
and wideh of the chamber, the cross section, 4, in cm2 for a rectangular

chamber with a height/width ratio of 20 is accurately given by

2
xmax, 2 _ Xmax
A=) 20=75 (3.53)

where xmax is the inside width of the chamber in mm at the experimental
temperarure, determined using the depth correlation algorithm just de-

seribed.
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Calculation of the Magnification Correction Factor

The microscope magnification of the cytopherometer increases lin-—
early with focal length. Therefore the greater the depth at which a
cell is observed, the faster it appears to move. This error is compen-—

sated for using a correction factor which linearly decreases with depth

(1+(F-1)-51—j;)

where xmax is the inside chamber thickness, x “is the distance from the
inside front wall to the cell, and ¥ is the ratio of magnification at
the front wall to that at the back wall (202). The experimental pro-

cedure for determining F is covered in Chapter II.

Calculation of Apparent Cell Mobility

The apparent mobility of a cell is defined as its observed velocity,
v, os divided by the electric field strength it experiences, E, and nor-
malized for viscous drag to that of water at 25%C. The observed veloc-
ity is determined by clocking the cell along the squares of a reticule
in the microscope eyepiece, each square representing a corrected mag-
nified distance of 15.6 microns. The data entry for the program reguires
clacking the cell along the same number of reticule squares for both
its left and right measurement. Using Eq. (2.2), the apparent mobility,
M s in ym/sec/V/cm, is given by,

n v AK. N

_ YoMz 20T 'm,T
Ya TE m,0, 25% I  0.8937
or 5
xmax K .
_ 15.6n x T 'm,T
Ha © (tL + tr) (L + (F-1) xmax) I5  0.8937

2 {3.54)
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where n is the number of reticule squares the cell was clocked along

(equal for both left and right measurements), =

ly, the cell migration times in seconds to the left and right, ¥ is the

magnification ratio, x and xmax are, respectively, the cell position and

the chamber width in mm, I is the current through the chamber in amperes,

and KT and N, 2re, respectively, the specific conductivity in mho/cm
3

and the viscosity in centipoise of the cell suspension at the experimental

temperature, T. “

Program 1 OQutput

A1l the raw electrophoretic data fed to Program 1 are printed out
to provide a visual check for obvious errors before proceeding to the
regrassion and asymmetric flow analysis in Program 2. Common errors
include missing or misplaced decimzl points, nonérithmetic characters
and incorrect data fields. If an error is found, the data card is re-
punched and Program 1 is run again. The following is an exawple of

a verification printout of a single experiment by Program l:

DATA FOR RUN 1l: FIXED CHICK RBC, PSBE, 1 DEG
MAGHIFICATION FACTOR = 0.926 CHAMBER THICKMESS = 0.711 MM

FRONT STATIONARY PLANE = 0.144 M BACK STATIONWARY PLANE = 0.567 MM

MEDIUM VISCOSITY = 2.1830 CENTIPQISE WATER VISCOSITY = 0.8937 CENTIPOISE

MEDIUM CONDUCTIVITY = .00083 MHO-CM CURRENT = .00084 AMPS

NUMBER OF DATA POINTS = 36

and tr are, respective-
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B
L
-
Q X RET SECL SECR
0.041 ~1 7.2 5.5
0.229 2 4.8 7.6
0.233 2 3.9 5.4
0.299 2 3.6 4.5

'X', 'RET', 'SECL', and 'SECR' are the tesbulations, respectively, of
the micrometer readings for each cell, the number of reticules the cell
was clocked along (equal for both left and right measurements, negative
to indicate reversals), and migration times to the left and right. The
stationary positions indicated are the Komagata predictions and are not
corrected for asymmetric flow.

In addition, for each cell measured Program 1 prints out its cal-

&e} culated chamber position in millimeters (in the order of increasing

depth) and its apparent mobility by Egq. (3.54) in pm/sec/V/cm:

CHAMBER DEPTH CELL MOEBILILTY
0.0125 0.393
O.l39é -0.625
0.1545 ~0.832

- .
. -

These data are also punched into card output by Program 1, one data pair
per card in (10X, 2F10.6) format along with proper control cards as
specified by the POLY2 regression analysis rouiine used in Program 2 and

discussed in the next section.
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Program 2 . )

General Description

Program Z consists of the main program, POLYZ, which fits a least
squares parabola to the apparent mobility data generated by Program 1,
and the subroutine EXTRA which determines actual cell mobilities using
the regression curve equation. About 180 K bytes of core, 1200 output
records, and 15 seconds actual time are adequate for the G level Fortran
IV compilation and execution of Program 2 om the IBM 370-168 using data

from a typical electrophoresis experiment.

POLY2 Input, Functiaon, and Qutput

POLYZ is a library routine for polynomial derivation at The Pennsyl-
vania State University Computation Center (PSUCC). The center provides
documentation on the control cards which invoke POLY2 and gpecify the ST
polynomial degree and output format desired by the user. ti)

For each experiment, the input for POLYZ simply consists of the
punched card output from Program l: £ive POLY2 control cards ('PARA~
METER®, 'FORMAT', 'OUTPUT', 'TRANSFER', and 'END'), the cell positioms
and the apparent cell mobilities, one data pair per card in standard
(10X, 2F10.6) format. POLY2 accepts such data from one to eight exper-
iments at a time.

The function of POLY2 is to calculate the coefficients of the
second degree polynomial which provides the least squares fit to the
apparent meobility versus chamber depth data obtained from a single
microelectrophoretic experiment., POLY2 also calculates the ordinace

errors by this fit.
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POLY2 prints the results of its least squares analysis as shown in

the following example:

LEAST SQUARES POLYNOMIAL FIT
RBC SEPARATION
DEGREE = 2 POINTS FITTED = 36
*POLYNOMIAL*
Y = +1.934289D - 01 -6.749936D00*X**] + 9.4439366D00%X*%2
SUM OF ERRORS = 2.3092639D - 14 '
SUM OF ABSOLUTE ERRORS = 3.1295342D00

SUM OF SQUARES OF ERRORS = 4,8081803D -~ 01

The two digits and their arithmetic sign following each 'D' constitute
the base 10 exponent of the eight digit mantissa which prefaces that 'D°.
A single asterisk represents a multiplication; a double asterisk, an

exponential,

Input, Function and Qutput of Subroutine EXTRA

Svbroutine EXTRA cogpletes the analysis of mobility data by pro-
viding routines for determining stationary positions in the chamber
during asymmetric flow, for calculating the average cell mobility and
its statistical confidence intervals, and for generating mobility histo-
grams and optimal mobility parabola graphics for each experiment.

There are two sources of input to subroutine EXTRA: two punched
cards generated by Program 1 containing the experiment description,
desired histogram characters, and symbols and axes labeling for the
plotting routines; and data in COMMON with the POLY2 program which in-
clude apparent mobilities, cells positions, regression coefficients, and

least squares errors.
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The function of EXTRA is outlined by Figure 13, a descriptive flow
chart, and by Appendix B, a computer listing complete with comment cards
which describe the subroutine algorithms. The subroutine econtains four
major rﬁufines vhich are described herz in more detail with their output

format.

Plot Routine

As a user option, EXTRA can plot the apparent mobility versus depth
parabola for each experiment. EXTRA contains Ehree routines, PLOTIT,
SAMEP, and EPLOT, which use the Quick Draw Graphics System (QDGS) sub-
routines to generate punched card output for graphies. All three plot-
ting routines are contributed library programs complete with user decu-
mentation at PSUCC. Their graphical output (punched card) is fed to a
dedicated IBM 140l computer undsr tﬁe execution of the PSUCC plotting
program, DRIVEQ, to imnitiate plotting commands to a Calcomp (California
Computer Products, Inc.) drum plotter, model 564. Plotter output is
produced on 18-inch paper and typical mobility curves are shown in
Figure 6. Apparent cell mobilities, the regression curves and the sta-
tionary positions for each experiment are indicated on the plot. These
plotting routines, opted for by setting the sense switch 'PLOT' in
EXTRA to 1.0, provide a convenient verification of the parabola fit to
the mobility data and a visual representation of stationary positions
and the asymmetric profile of electroosmotic f£low across the chamber

depth.

§;

.)
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( START )

J PROGRAM L
( READ DATA CARDS FROM PROGRAM 1. QUTPUT

; POLY2 REGRESSION ANALYSIS

&

[PLOT ROUTINE FOR MOBILITY PARABOLA

n PUNCHED DATA
(__PUNCH PLOT DATA ——™_ {ror BLOTTER

-

CALCULATE THE STATIONARY
POSITIONS (SP) DURING
ASYMMETRIC FLOW AND THE
AVERAGE CELL MOBILITY, £t (SP)

b

DETERMINE STATISTICAL CONFIDENCE
INTERVALS FOR AVERAGE MOBILITY

h 4

DETERMINE MOBILITY FOR EACH CELL
HAX) = LL{SP) + A g (X)

1

(GENERATE, PRINT MOBILITY HISTOGRAMS)

4%‘?%

Figure 13. Program 2 flow chart.
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(T Stationary Position Estimates with Asymmetric Flow
Correction
Stationary positions in the chamber are calculated by EXTRA using
Eq. (3.52}), derived earlier in Chapter IIIL. For a rectangular chamber

with a height/width ratio of 20, the statioﬁary positions are given by

x = xmax (.5 + .1614 (F & F% + 3.4))

where F = 3.098 (1 + ESE), xmax = 2a is the chamber width, and B and C
are regression coefficients deseribed in the previous section of this
chapter. The value of the mobility parabola at these corrected station-
ary position estimates is taken as the average mobility of the cell
sample. For each experiment, EXTRA prints out the uncorrected Komagata
stationary positions, the stationary positions corrected for asymmetric
(l flow, the average cell mobility measured at each of these positions, and

the errors introduced by the assumption of symmetric electroosmotic flow

as shown in the following example:

RUN 5: FIXED CHICK RBC, PSB, 20 DEG
PLOT SYMBOL +

kI EAFSASYMMETRTIC FLOW ANALYSIS#siiiriia

STATIONARY POSITIONS AVERAGE MOBILITY OF
() POPULATTON, MEASURED AT:
FRONT  BACK FRONT  BACK
UNCORRECTED FOR
ASYMMETRIC FLOW 0.148  0.583 ~1.404204 ~0.859257
CORRECTED FOR
ASYMMETRIC FLOW 0.129  0.565 ~1.135999 -1.136017
UNCORRECTED
ERROR -2.6 -2.5 -.268 0.277
(% OF CHAMBER WIDTH) (um/sec/V/em)
( ASYMMETRIC INDEX = 0.152

Y
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g

The asymmetric index given is the value of the asymmetric factor, F

&g
for the particular experiment as previously described.

The Determination of Statistical Confidence Intervals

} about the Calculated Average Cell Mobility

d

The confidence interval, Au, about the average cell mobility,

E(sp), is determined using the equation

L =2 -2
. Au = ft(n_3, a/2 Q)™ © g 1 n(sp-x)

+
n-2 oD - ()T (3. 53)

where t is the two-tailed critical value corresponding to a given
probability of errer, o, sp is the stationary position, and n is the

number of measurements of mebility, u, at chamber depth x (78). Inter-

+F-2p 0

vals about the average cell mobility are generated for 90, 95, 98 snd 99%

'% ( } confidence as shown in the following example:
%

Adidsekdckih R CONFIDENCE INTERVAL ESTIMATE##faiiik

FSP MOB (FSP) INTERVAL % CONFIDENCE
0.129  -1.135999 0.482485 90

4 . 0.573133 95

: 0.652085 98

? 0.754431. 99

i The average mobility; "MOB', and its confidence intervals are calcu-
b lated in um/sec/V/cem at both the front stationary position (FSP) and

the back stationary position (BSF).

The Calculation of Cell Mobilities for Mobility Histograms

AL v SR

The mobility of an individual cell observed at a depth x in the
(:} chamber, moving at the observed velocity, Vs is given by Eq. (3.4),

derived previously in Chapter III,

R Rl - ot S A
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HGx,v ) = ot A (%)

where “ref is the mobility of the reference parabola at the stationary
positions and Aua(x) is the ordinate displacement between the observed
apparent mobility of a cell and the reference curve at x. EXTRA repeats
this calculation for each cell clocked and generates mobility histograms
of specified class width by determining the number of these cells having
mobilities within each class and printing them out in the following for-

mac:

%%4%MOBILITY HISTOCRAMSRSERELARIRARE

RANGE N FREQUENCY
-0.75- ~0.80 1 =
-0,80- -0.85 1 =
-0.85- -0.90- 1 *
-0.90- ~0.95 3 & % =%
-0.95- -1.00 2 # %
-1.00- ~1.05 2

-1.05- -1.10 1 =*
~1,10~ -1.153 3 & % =
~1.15---1.20 4 #® % & %
~1.20- ~1.25 3 % % %
-1.25- -1.30 &4 % & % %
-1.30- -1.,35 3 % % =%
~1.35- -1.40 1 ¥
~1.40- =1.45 2 * %
~L.45- -1.50 1 *
-1.50- -1.55 0

~1.535- ~1.60 1 *

RS
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Histogram class widths are expressed in um/sec/V/em. For each experi-
ment EXTRA can produce a set of histograms, each with a different,
user-specified clase width. This is elected for by setting the sense
switch HIST to the number of histograms desired and entering the class

width values into the array RES.

A Review for Using the Programs

The f£irst step in the computer analysis microelectrophoretic data
is to use the cytopherometer worksheet to record data during experiments.
This sexves as z guide for an even distribution of observations across
the chamber depth and 2s a reminder for other measurementé required by
the programs. These data are then punched into cards following the for-
mat specified by 'Program 1 Input', and fed to Program 1. Data packs
from a maximum of eight experiments can be stacked and rum at a time.
The printed cutput from Program 1 is reviewed for data errors. Lf any
are found, they are corrected and the data is again fed to Program 1.
The puanched card ocutput from Program 1 is submitted with Program 2 after
selecting the sense switches for the desired cutput format. Generally

the plot routines are expensive and not elected. All punched card data

are stored for future reference or reanalysis.
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APPENDIX 4A. Fortran program for microscopic electrophoresis
data analysis.

THIS PROGRAM CONVLEATS RAW NATA FROM THE CYTOPHEROMETER TO PUNCHED :
DATA FOR A CURVE FLLTING PROCRAM WHICH CALCULATES CELL MOBILITY

DEFINITION OF VARIABLES

A=ARPAY CONTAINING EXPERIMENTAL DESCRIPTION (LITERAL)

AMPS=CURRENT THROUGH CHAMBER (AMPERES)

BKRET=NUMBER OF RETICULES BETWEEN REFERENCE SCRATCHES ON BACY UALL

BSP=UNCORRECTED BACK. STATIONARY POSITION

CHECK=NUMBER OF DATA POINTS ON LAST CARD OF EACH EXPERTHENT
(NEGATIVE IF LAST EXPERIMENT IN DATA PACK)

ERROR=ERROR. FLAG FOR INAPPROPRIATE DATA |

F=MAGNIFICATION FACTOR . }

FRTRET=NUMBER OF RETICULES BETWEEN REFERENCE SCRATCHES ON FRONT
CHAMBER WALL

FSP=UNCORRECTED FRONT STATIONARY POSITION i

K=CONDUCTIVITY OF BUFFER(MHO-CM)

HOB=ARRAY CONTAINING APPARENT CELL MOBILITIES

NUMPTS=NUMBER OF CELLS MEASURED FOR GIVEM EXPERIMENT

NUMRET=NUMBER OF RSTICULES CELL WAS CLOCKED FOR

RUN=EXPERIMENT NUMBER

SUMX=SUM OF CHAMBER DEPTH -OSITIONS

SUMXSQ=SUM OF SOUARES OF DEPTH POSITIONS

TIMEL=TRAVERSE TIME, MOVING LEFT (SEC)

TIMER=TRAVERSE TIME, MOVING RIGHT (SEC)

VISCSM=VISCOSITY OF BUFFER MEDIUM AT EXPERIMENTAL TEMP. (CP)

VISCSW=VISCASITY OF WATER AT EXPERIMENTAL TEMP. (CP)

X=MICROMETER READING (M)

XMAX=CHAMBER. THICENESS (MH)

+EeE+NeNsBsEvEsEsRsNsNeNsNelsReRsErNasRsNeNeNeNoN+sNsReNeoNeole Ne e el

DIMENSION X(200),NUMRET(200),TIMEL(200) ,TIMER(200) ,A(9)
REAI, K,HMOB(200)
INTEGER RUN,CHECK -

C
¢ PUNG!Il FORMAT CARDS FOR CURVE FLTTING PROGRAM, POLY2
C -
10 WRITE(7,17)
17 FORMAT (“ PARAMETER RBC SEPARATION”,14X,”02°,8X,7027,8X,”01°,9%,°17/
1°STANDARD FORMAT®/“QUTPUT 2°)
SUMX=0.0
SUMXSQ=0.0
1.=0
ERROR=0.0
c
C READ HEADER INFORHMATION CARD FOR NEXT EXPERIMENT
C .
READ(5 , 20) RUN , XMAX,, FRTRET , BKRET, AMPS , K, VISCSM, VISCSWY, (A(T) , I=1,9)
20 FORMAT(I2,1X,F5.3,1X,F4.2,1X,F4.2,F6.5,F6.5, F6.4,1%,Fh.4,
11¥,944)
30 J=i+1

ey
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( L=J+3 .

- C i_
C READ NEXT DATA CARD
C
READ(5,40) (X(I) ,NUMRET(I),TIMEL(I),TIMER(I) ,I=J,L) ,CHECK
40 FORMAT(F5.3,1X,12,1X,F4.1,1X,F4.1,1X,F5.3,1%X,12,1X,F4.1,1X,F4.1,1%
. 1,F5.3,1X%,12,1X,F4.1,1X,F4.1,1X,F5.3,1X,12,1X,F4,.1,1X,F4.1,3%,12)
L C
S C CHECK FOR REMAINING DATA CARDS FOR GIVEN EXPERIMENT
. c
- IF(CHECK)50,30,50
50 NUMPTS=L+IABS(CHECK)-4
c
c CONVERT MICROMETER READING TO ACTUAL CHAMBER DEPTH RY
c INTERPOLATION ON CORRELATION FUNCTION
c | | -
KMAY=, 633+ (X11AX-1.10)/.45%,233
FSP=XMAX*.2024
BSP=XMAX*,7976
; c
o C DETERMINE CHAMBER CROSS SECTION , CONSIDERING THERMAL FEXPANSION
5 cC AND CONTRACTION, BY CONVERTING ¥MAX FROM MM TO CM, SQUARING, AMD
C MULTIPLYING BY THE HEIGHT/WIDTH RATIO OF 20.
C
; AREA=XMAX*%2/5,
p CONST=15.6%2.0%K*AREA/AMPS*VISCSH/VISCSY Qi)
~ C CALCULATE THE MAGNIFICATION FACTOR .
C
F=FRTRET/ BERET
[ .
c PRINT OUT FOR DATA VERIFICATION
C .
WRITE(6,60)RUN, (A(L),I=1,9),F,XHMAX,FSP,BSP,VISCSM, VISCSI, K, AMPS,
INUMPTS .
60 FORMAT(/"1DATA FOR RUN “,I2,7 : 7,944, /° MAGNIFICATION FAGCTOR
1 = °,F5.3,4X,  CHAMBRR THICKNESS =",F5.3, MM",4X,  FRONT STATTONARY
ZPLANE =" ,F5.3, MM ,4Y,  BACK STATIONARY PLANE = ,F5.3,"MM°/° MEDIUM
3 VISCOSITY=",F6.4,” CENTIPOISE",3X, WATER VISCOSITY=",F5.3,° CENTI
4POLISE" ,4X, “MEDIUM CONDUCTIVITY =",F6.5, MHO-CM’,4X,  CURRENT =
53" ,Ff.5,” AMPS’ /° NWMBER OF DATA POINTS =7,13/°0",4(° X RET
65ECL SECR”,10¥))
C
C DETERMINE MATRIX PARAMETERS FOR DATA PRINT OUT
C

;
|
y
| LEFT=MOD (NUMPTS, 4)
g IROV=NUMPTS/4
f TF(LEFT.NE.Q) IROU=IROW+1
LIMITL=TROW~4+LEFT
J LIMIT2=LIUIITI+1
. INC1=3%LROW
ol INC2=2%LROV
1A IF(LEFT.EQ.0) INC2=INCL
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DO 62 J=1,LIMITL
N=J+INCl

PRINT OUT FOR DATA VERIFICATIOM

WRITE(6,63) (X(I),NUMRET(I),TIMEL(T) ,TIMER(T),I=J,N, IROW)
FORMAT(’ *,4(¥5.3,1%,12,1%X,F4.1,1%,F4,1,11X))

DO 64 J=LIMIT2,IROW

N=J+INCZ

WRITE(6,63) (X(L),NUMRET(I),TIMEL(T) , TIMER(L) ,I=J,N, IROW)

CONVERT MICRMIETER READINGS TO ACTUAL CHAMBER DEPTH BY
INTERPOLATION ON & 4—SEGMENT CORRELATION FUNCTION

D0 170 T=1,NUMPTS
IF(X(1)~.16)70,80,80 -
X(I)=X(1)/.16%.1

GO TO 160

IF(X(I)—-.65) 90,100,100
X(I)=.i+(X(1)~.16)/.49%,287

GO TO 160
IF(X(I)-1.10)110,120,120
X(L)=.387+{%(L)~.65)/.45%.246
GO TO 160
IF(X(1)~1.55)130,140,140
X(I)=.633+(X(1)-1.10}/.45%.233
GO TO 160

DATA ERROR DIAGNOSTIC

WRITE(6,150)T,X (L)
FORMAT(” RECHECK DATA POINT 7,13, =",Fl0.3)
ERROR=1.0

CALCULATE APPARENT MOBILITY

MOB (I)=—CONSTANIMRET (T) % (1 .+(F~1.) X (1) /XHAX) / (TIMEL (I )}+TTMER(T))
SUMX=SUMX+X (I)
SUMXSQ=SUMXSQ+X (1) *%2

RESEQUENCE DATA ARRAYS BY INCREASING CHAMBER DEPTH FOR EFFICIENT
PLOTTING

DO 180 I=1,NUMPTS

=1

NMIN=X(T)

DO 172 J=I,NUMPTS
IF(X(J)~XMIN)L71,172,172
TL=J

XMIN=X(J)

CONTINUE

STORE=MOB(L)
MOB(L)=MOB(T)
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X(L)=X(1}

MOB(L)=STORE

X(I1)=XHIN
i80 CONTINUE

PRINT OUT MOBILITIES FOR VERILFICATION
WRITE(6,185)
185 FOPMAT(////” “,4(" CHAMBER CELL’,12X)/* “,4( " DEPTH MORILIT

1Y7,11x))

no 190 J=1,LIMIT1

N=J+INC1
190 WRITE(6,193) (X(I1),MOB(1),I=J,N,IROW)
193 FORMAT( " “,4(F6.4,5%,F6.3,12X))

DO 195 J=LIMIT2,IROW

N=J+INC2
195 WRITE(6,193)(X(L),MOB(L),I=J,N,IROY)
200 IF(ERROR.NE.0.0) GO TO 225

PUNCH CHAMBER POSITIONS, APPARENT MOBILITLES FOR CURVE FITTING
PROGRAM

210 WRITE(7,220)(X(L),/10B(I),I=1,NUMPTS)
220 FORMAT(10X,2F10.6)

CHECK FOR REMAINMING EXPERIMENTS
225 IF(CHECK} 250,230,230

PUNCH FORMAT CARDS, AXES LABELING AND SYMROLS FOR PLOT, HISTOGRAMN
CHARACTERS, AND EXPERIMENTAL DESCRIPTION FOR CURVE FITTING PROGRAM

230 WRITE(7,240) RUN,XMAX,FSP,BSP,{(A(1),I=1,9),CHECK,SUHX, SUMXSQ

240 FORMAT (" TRANSFER’ /12X, CHAMBER DEPTIL, MM7,17X,» BILITY MICRON/SKC
1/VOLT/ Q" /7 %04, 123 #xdsiindkikikadikisiddidbbidhitbifhihhiliiits
2%%%7 f12,3F5.3,9A4,12,2F10.4)

GO TO 10
250 WRTTE(7,260) RIN,XMAX,FSP,BSP, (A(T),T=1,9),CHECK, SIRX, SIIMXSQ
260 FORMAT( “ENDT /12X,  CHAMBER DEPTH, MM7,17X, "/ OBILITY MICRON/SEC

1/VOLT/CM’ /7 %04, 123 fefeiediiiddeidndied thrhkihiokidihihfdhh st dahiik
2%%%” f12,3F5.3,9A4,12,2F10.4)
E¥D

Y

(r“
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SUBROUTINE EXTRA

THIS SUBROUTINE IS CALLED BY A CGURVE FITTING PROGRAM,POLY2, WHICH
GENERATES A REFERENCE PARABOLA FROM MOBILITY DATA. THIS SUBRQUTIE
DETERMINES STATIONARY POSITIONS, CLLL MOBILITY, DATA PLOTS,

CONFIDENCE INTERVALS, AND HOBILITY HISTOGRAMS FOR EACH EXPERIMENT.

DEFINITION OF VARIABLES

A=ARRAY CONTAINING LITERAL DESCRIPTION OF EXPERIMENT

B=ARRAY OF HISTOGRAM SYMBOLS

BSP=BACK STATIONARY POSITION

C=ARRAY OF % CONFIDENCE FOR T-INTERVAL

CHECK=FLAG FOR LAST EXPERIMENT

CIEBSP=MOBILITY CONFIDENCE INTERVAL AT BACK STATIONARY POSITIONM

CIEFSP=MOBILITY CONFIDENCE INTERVAL AT FRONT STATIONARY POSITION

COEFN=ARRAY CONTAININGC REGRESSION COEFFICIENTS

DX=X INCREMENT FOR REGRESSION CURVE PLOT

FACTOR=ASYMMETRIC FACTOR

FSP=FRONT STATIONARY POSITION

HIST=SWITCH FOR HISTOGRAM ROHTINE, 0=MO HISTOGRAM,

1=.05 MICRON/SEC/V/CM CLASS WIDTH HISTOGRAM, 2=.05,.02 CLASS

WINTH HISTOCRAMS, 3=.05, .02, .06 CLASS WIDTH HISTOGRAMS

LABEL=ARRAY CONTAINING AXES LABELS FOR PLOT

HOBBSP=MOBILITY AT BACK STATIONARY POSTITTON

{HIOBFSP=MOBILITY AT FRONT STATIONARY POSITINN

NBRPIS=NUMBER OF FOINTS CONNECTED BY PLOTTER TO REPRLSENT
REGRESSION CURVE

OBS=NUMBER OF OBSERVATIONS (CELLS) FOR EXPERIMENT

PLOT=SWITCH FOR PLOT ROUTINE, (.0=N0, 1.0=YES

RES=ARRAY CONTAINING HISTOGRAM CLASS WIDTHS (MICRON/SEC/V/CH)

RUN=EXPERIMENT WNUMBER

STAT=SWITCH FOR STATISTICAL ROUTINE, 0.0=NO, 1.0=YES

SYM=ARRAY OF PLOT SYMBOLS

T=T-INTERVAL VALUES"

X,¥Y=APRAYS OF CHAMBER POSITIONS, APPARENT MOBILITIES

IMIN=X ORIGLIN FOR PLOTTER

XPLOT, YPLOT=ARRAYS OF X,Y POINTS TO BE PLOTTED

RFAL*4 PI
REAL*8 COEFM,X,Y,ERRSUM,ERRSAR, ERRSS0O,YPRED, DIFNT, RES

COMMON COEFN(41),X(2000),Y¥(2000},ZRRSUM, ERRSAB,ERRSSQ,YPRED,
IDIFNT,PI(5),%X,T

INTEGER*2 Al1(500),A2(500),A3(500)

LOGICAL*i SY(8),LABEL(40,2)

DIMENSION B(50),RES(3)

REAL R1(6,500)

RFAL XPLOT(2Q00),YPLOT(2000) ,M0BFSP,MOBBSP ,MOBFTY ,MOBBYM ,A(9) ,T(4)
1,CIEFSP(4) ,CIEBSP(4)

INTECER RUN,CHECK,C(4),HIST

DATA T(1),T(2),T(3),T(4)/1.65,1.96,2.23,2.58/,C(1),C(2),C(3),C(4)/



N

468

190,95,98,99/,RES(1) ,RES(2),RES(3)/.05,.02, .01/
NBRPTS=400

XMIN=0.0

0BS=T

v NeNe]

SET OQUTPUT SWITCHES

PLOT=1.0

PLOT=0.0

STAT=0.0

STAT=1.0

HIST=(Q

HIST=2 o
HIST=3 s
HIST=1

READ PLOT AXES LABELS, PLOT SYMBOLS, HISTOGRAM SYMBOLS,
EXPERTMENTAL DESCRIPTION

aQgoaonOan

READ(5,40) ((LAREL(I,J),I=1,40),J=1,2)

READ(5,40) (SYM(I),I=1,8),(B(I),1=1,50)
40 FORMAT{S80Al)

READ(5,50) RUN,XMAX,FSP,BSP, (A(J),J=1,9),CHECK, SUMX, SUMXSQ
50 FORMAT(I2,3F5.3,9A4,12,2710.4)

c

C  PLOT ROUTINE —

c h“)
TF(PLOT.EQ.0.0) GO TO 250 C
1=0B5

Do 100 J=1,I
XPLOT (J)=X(J)
100 YPLOT(J)=Y{(J)
IF(RUN.XE.1) GO TO 150
CALL INITQ(Al,A2,A3,R1,500)

c
c PLOT AXES, LABELS, AND DATA FROM FIRST EXPERIMENT
C
CALL PLOTIT(YPLOT,I,0,0,8+,5.4,0.,.04,18,2.0,~.2,20,LABEL,0.,.72,
12.,-2.1,XPLOT,SYM(1),1, .060,2,1,.125)
XPLOT(1)=.72
YPLOT (1)=—2.0
YPLOT (2)=2.0
XPLOT(2)=.72
c
C COMPLETE AXES PLOT
c
CALL SAMEP(YPLOT,Z,XPLOT,S¥M,0)
GO TO 160
C .
c PLOT DATA FROM NEXT EXPERIMENT ON SAME #LOT
C

150 CALL SAMEP(YPLOT,I,XPLOT,SYM(RUN),1) —
(_ 160 DX=(XMAX~XMIN) /NBRPTS o ' t:}
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s D9 200 J=L,NBRETS QF POOR QUALITY

L ¥ XPLOT (J)=XMIN+RI*DX
900 YPLOT (J)=COEFN(1)+COEFN(2)*XPLOT (J)+COEFN(3)*XPLOT (J) %2

c PLOT REGRESSION CURVE

g CALL SAMEP(YPLOT,MNBRPTS,XPLOT,SY!H,0)
? 250 WRITE(6,300) RuUM,(A(J),J=1,9),SYM(RUN)
! 300 FORMAT("-","RUN",12,” : 7,9A4/° *,"PLOT SYMBOL “,AL///'07,

c ROUTINE FOR STATIONARY POSITION DETERMINATION

i 17t ARt ek AN AR AR ARASYMIETRIC FLOW AMALYSISSSdsitidhsdvhtitts
; 2uERESC L[ 2 11X, STATIONARY POSITIONS (M) AV, MOBILITY(MICRON/
% 3SEC/V/CMY /* “,40X,”OF POPHULATION, HMEASURED AT: /7 <,19¥%,° FRONT’,
5 43X, BACK” ,16X, " FRONT” , 8%, BACK")

CALCULATE AVERAGE MOBILITY AT UNCORRECTED STATIONARY PNSITIONS

Qa0

HORFSP=COEFN(1)+N0EFN(2) *FSP+COEFN(3) *FSP®*+%2
HOBBSP=COEFN(1)+CORFN(2) *BSP+CORFN (3) *BSP#%2
WRITE(A,3h0) FSP,RSP,MOBFSP,MOBRSP
360 TORMAT(/® °, UNCORREGTED® ,8X,F5.7,2X,F5.3,13%,F10.6,2%,Fi10.6/" ~,

2°FOR ASY!M. FLOUW")
STOREL=FSP

. STORE2=BSP

L STORE3=MOBFSP

L STORE4=HOBBSP
FACTOR=3.098% (1 .0+CORFN(2)/ (COEFN(3) *XHAXY)
K2=XMAY%(.54.1614% (~FACTOR—~SQRT(FACTOR*%*2+3,4)}))
X1=XUAX*(,5+.1614% (~FACTOR+SQRT (FACTOR*%2+3,4)))
FSP=AMINI (X1,%2)
BSP=AMAX1(X1,X2)

c CALCULATE AVERAGE MOBILITY AT PREDICTED STATIONARY POSITIONS

350 HOBFSP=CORFN(1)+CORFN(2)XFSP+CORFN(I ) *FEp# el
HOBBSP=COEFN(1)+COEFII(2) *BSP+CORFN(3) *RSPH%2
WRITE(6,370) FSP,BSP,MORFSR,MORRSP

370 FORMAT(/® *,1¥%,’ CORRECTED", 9X,F5.3,2X,F5.3,13X,F10.6,2%X,F10.6/" *
1, FOR ASYM. FLOW")
STORE1=( FSP~-STORE1) /XMAX*100.
STORE2=(BSP~-STORE2) /%MAX*100.
STORE3=5TORE3-HORFSP
STORE4=STORE4~MOBBSP
WRITE(6,380) STOREL,STORE2,STORE],STORESL

380 TORMAT(/* *,UNCORRRGCTFRD’ ,8X,F5.1,2%,F5.1,17%,F5.3,7¢,F5.3/° *,
13X, “ERROR” ,7X,” (% OF CHAMBER UIDTH)”,12X,” (MICRONS/SEC/V/CM)‘)
WRITE(6,407) FACTOR

403 FORMAT(/® 7,224, ASYMMETRIC INPEX = 7, F6.3)

(l. c STATISTICAL ROUTINE — GEMERATES COMFIDENCE INTERVALS FOR AVERAGE

C - ok
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MOBILITY

IF(STAT.EQ.0.0) GO TO 415

$=SQRT(SNGL (ERRSSQ) / (0BS~2,))

XMEAN=SUMX/0BS

CONST1=S*SQRT (1 .+1./0BS+0BS*( FSP-XMEAN) *%2/ARS (OBS*SUNXSQ-SUHX**2)
1)

CONST2=8#SORT (L .+l ./GRS+OBS#* { BSP—XMEAN) *%2 / ABS (OB S%*SUMKSQ--SUMK*#2)
1)

DO 405 J=1,4

CIEFSP{J)=T(J)*CONST1

405 CIEBSP(J)=T(J)*CONST2

WRITE(6,410) FSP,MOBFSP,CIEFSP(1),C(1) ,BSP,MOBBSE,CIEBSP(1),C(1),
1L(CIEFSP(I),C(I),CIERSP(1),C(1),1=2,4)

410 FORMAT ( L g N ’ :%*********************:&*******H**CONFIDENCE INTERVAL
lESTI}[ATE‘.’::':*:’c*'.!;7‘::‘::’::‘:**************:E:‘::’cﬁ:*:’c**.**' /" ‘ . ]_X_, TFSp” ) 5% . “MOB
1(FSP)",5X,” INTERVAL',5X,’ ZCONFIDENCE",5X, BSP’,5X, “MOB(RSP)“,5X, I
2NTERVAL’ ,5X, “ CONFIDENCE"/’ *,F5.3,3X,F10.6,3X,F10.6,8%,12,9X,F5.3
3,3%,Fl0.6,3%X,F10.6,8X,12,3(/* *,21X,F10.6,8%,12,30%X,F10.6,8%,12))

415 CONTINUE

PLOT FRONT AND BACK STATIONARY POSITICONS AND AVERAGE MORILITY

IF (PLOT.EQ.0.0) GO TO 420
XPLOT(1)=FSP
YPLOT(1)=2.0
YPLOT(2)=FSP
YPLOT(2)=MOBFSP
XPLOT (3)=XMIN
YPLOT(3)=MOBFSP .
CALL SAMEP(YPLOT,3,XPLOT,SYM,0)
XPLOT(1)=BSP
YPLOT(1)=2.
XPLOT(2)=BSP
YPLOT (2}=MOBBSP
XPLOT(3)=.72 -
YPLOT(3)=HOBBSP
CALL SAMEP(YPLOT,3,XPLOT,SYM,0)
IF(CHECK.LT.Q) CALL EPLOT
420 CONTINUE
I=0BS

HISTOGRAM ROUTINE
IF(HIST.EQ.0) GO TO 520
DETERMINE THE ACTUAL MOBILITY OF EACH CELL FROM REFERENCE CURVE

DO 425 J=1,1
425 Y(J)=MOBFSP+(Y(J)—{COLEFN (i )+COEFN (2) X (J)+COEFN (3) %X (J) **2))

ORDER MOBILITY ARRAY WITH INCREASING NEGATIVE VALUES
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st A ——

' = DO 450 J=i,I
-% Q ,:' T,=J
'; L8 YHMAX=Y (J)

§ DO 440 ¥=J,1
| IF(Y(K)-YMAY) 440,440,430
) 430 L=K
y YMAX=Y (K)
y 440 CONTINUE
g Y(L)=Y{J)
Y (J)=YMAX
1 450 CONTINUE

GENERATE 1-3 HISTOGRAMS AT 1-3 RESOLUTIONS

OO0

No 5i5 L=1,HIST
458 WRITE(6, 455)
455 FORJAT(// 1' C XERAMOBILITY HISTQCRAHx*x**x&*#ak*x%**kxﬁ*k*w*x*'//

: 1° *,4X,”RANGE® ,6X, N’ ,1X, FREQUENCY" /" *,” "“
- C——
3
i

3

DETERMINE UPPER MOBILITY LIMIT WHICH IS AN EVEM MULTIPLE OF
HISTOGRAM CLASS WIDTH

OO0

‘ RA=Y (1)-DMOD(Y (1) ,RES(L))
'j R2=RA~RES(L)

N , GENERATE FREQUENCILS FOR EACH BAR OF THE HISTOGRAM
':.‘ BS.. J-l

T 460 N=0

470 IF({Y(J)-RZ) 490,490, 480

480 N=N+i

, J=J4+1

- IF(J-1) 470,490,490

L 490 Ni=N+1

—
aOan

WRITE OUT HISTOGRAM

>N NT]

WRITE(6,510) RA,R2,N,(B(K),K=1,N1)
RA=R2
R2=R2-RES (L)
IF(J-I) 460,460,500
| 500 COMTINUE
;- 510 FORMAT(® *,F6.2,"-",F6.2,1X,12,50(Al,1X))
i 515 GCONTINUE
i 520 CONTINUE
¥ RETURN
END
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CYTOLP, a program in BASIC for microscopic electrophoresis

This program is an adaptation of the Fortran program described in
Appendix 4A., It is used interactively with the following hardware
configuration: PDP 11/10 minicomputer, Tektronix 4010 terminal,

data from a coated chamber. Lines 9000-9310 describe a graphics
routine for a special operating system, and are probably not applicable
to typical computing hardware and monitor configurations.

N
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e =) tn - meh o

5,0 Bad s men e ok wge

~r Ry o,
e L

t‘-
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-

REM

REM  CUORDINKITES

™

P
I'l'l

REM  MOIr=vRRAY CONTAINING APFREENT ZELL M2L

m

i

an

M
m

REit CALCULATES CELL MUkILITY
REM E=ERROR FLRG FOR INWPPRUOFPRIAYE DATA
REM F=+HRGNIFICATICN FACTCR

REM BE=dMNCORRECTED EnLK ATHTIGHNHRY POSITIGN

’

M FEI=UNCUORRECTED FRONT STATIUNARY POSITI0N

l.*..-

REM RCIy=uUMBER OF REFICULES ZELL MRS CLOCKED FOR

Mo BLl=EUNM OF CHAMBER DEFPTH FOLEITICHE

FEM SZ=SUN OF SQURRES OF DEPYE FOSITICNS

REM  TL=sTiBYERSE TIME, MOVING LEFT <SELCD
REM TE=TEIRVERZE TIME, MOVING RIGAT (SEL
FRINT “CURSENT THROLRGH UEAMBER <RAPSY, NINGT oi

PREINT "NMNUMBER OF RETICULEES EETHEEN RLFERENCE®
FRINT "hc RATCHES OH BACKE WALL»:-INPUT D2

FRINT “NuUMgdr GOF mRETICULES GETWKEEN REFERENCE™
FRINT "CORERTLCHES OGN FROMWT WaLL"™; ~INFUT Fi
FRINT "COHDUCTIVITY OF ZUFFER WBOCCHa ™ S IHPUT W
PRINT "CHAMBER THICKNESS <WMICROMETER Riebing, AMas;
INFUT H

ERINT "WIZCQ8ITY 2F BUFF
[HAPUT ¥4

PTINT "VISCOSITY aF
INFUT w2

RRINT "NO. QF CELLS MERSURED FGR CIVEMN EHFT. ®: SINPUT
DM Yed80r, KoanBr, RO4BEY, 11'490',1“:4981.“.4333
IR RCZD, TL42 . DREC4r. RECAY, RECIY

m

NOBT ERFTRIMENTEL VENP.

=

AT

i
=

RT EHFERIMENTAL FEAP.

The program

CONYERTS RAW CYTOPHEROMETER DATA TO DEPTH-MOBILI

FUR R CURVE~EITTING ROUTINE wHICH

fLfiiiw

T

H

ﬁ“
' 1
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OF POOR QUALITY

! ' TR DIM MO, Hliak@ _ :

~a8 REM INPUT B8 DRTH _

PRINT “LATR FILEWAKE “, L INPUT DS

QFEN [f FOR INPUT RS FILE VELTA888

FOR I=3 TO N“i{s=a#]

LET V:Lv-uF=’4~~*§

LET RCIyaWFA¢Id~20

LEY TAC{x=2FLlfs-4

LET Tas.u=WPLglss

NEMT I . :

CLOSE VR

REBD Hoiy, He2a, 4043 REM HISTOGRAM CLASS KRIDRTHS

DRATA . 85, . 22,. A1 _ _

BRERD oL, TCOR: THE:, T as%REA T-IHNTERVALS

DATA L. el d. 58,2 23,2 S8

READ Q810 CEi22 0GC20, CECAINREN H-CONFIDENCES

DATAR 20, &85, 28, 329

cdft REM CONVERT WMICKROMNETER READING 0 ACTURL SHuMBER DERTH
241 REM BY INTERPGLATION CH CORRELATION FUNGTIAN.

FAR Hl=. BETecll-a, Lo 45 223

PR Fa=Ki® 2624

#5851 E&=¥iw FOTE

PED REM  SETVERMINE LHHNBEP CQDSS-SECT;ON. CONSIDERING TRERANL
shE REM  EXNPANI{ON, BY CONVERTING X4 FROM MM T8 CM, SOURR N,

-

LS

Wy my Hh Yy by one
Y By AR e

LA
y R Ry

0 €0 O LR W PO UG LSRR b o3 e P oD

SNSRI

. & - o - .
e R s A

‘ #n? REM  BND ﬁLLaIPL?IHE BY THE HETGHTﬁMIDTH RETID QF a2
gg FLE ReRLATCST
. PES Cﬂlh BRI (R AL Wk WL AWRY
' c¥dt REM  ChuculiTE A#GNLFLOCRTION FRETOR
el F=FiHBl
SER REM O PROGAT DUT FOR DARTHA UEEIFICHFIDN
£BL PRINT "TfE HERDING ON DECKRITER (E. 5. DATE, EXPTARL. CONDS. 2"
fe2 PRINT “CUTPLUT RAKM DRATHR FOR UERIFICJTIDH WadiTCH 10

fBE PRINT “LOCAL, HIT <CR> DN DECHRLITER ™ ZIHNPUT R$
g8 PRINT "HMAGNIFICATION FACT '”7&’ = "; o

286 PRINT "DHAMBER THICKNESS = ; i1; “Nu®

SET PRINT "FRONT SVATIONHRY PLHHE = MG FE; "HHY

c8B FRINT "RRCK STATIONRRY PLAME = i g2; vine

288 PRINT "BEDLI:H Wl WHSITY = .‘# Wi % ‘:'“__.

OB FRINT “"HRETER ¥ISCODSITY = %3u8; "Cpv

UL OPRINT "muisup wdbubifvs!” = "nii;“ﬁﬂﬂfﬁ?"

9% PRINT "CURRENT = “:84;" RAHrSH

EBIT FRINT “NUREBER LF 9ﬂra FOINTS = “:iy

20 PRINT SPLINT " ZATA FILE O3 %508

i BB FRINT

Sud FRINT % . EET JELL zibk

Tta FOR I=1i TD N ' _ " '

nE FRLR?-fi‘};ﬁﬁzs-’iﬁlb,?aiié

e HMERT U ' '

250 REH  CONYERT MIURUMETER READINGE fU - ACTUAL CHRHBER ka R SRR
ZEL REM - BY INTERPOLETION M. A 4-SEGE EN“':&RRE-iTqu FUHE’ Bu

e
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cimo OMIGINAL PAGE’ P

el OF POOR QUALITY, .

FOP I=L TO H

e w(ls>m 28 (HEN 338 ‘
':.I -'&"\-d:'# 1‘:'* “...%CQ To F.28 ' . :

IF ¥Yaluvs, 65 JHEN P

BOIhm A (P¢In=~, 2807 3% SRFWGO T 428
IF #Clxbmd, & THEN 355 :
HOlh= ZRP#(YCId~ 355, 45 2HESI0 T 428
iF ¥(Ive=4, 55 THEN 4

My CDBIHCYL =L, Ly 48w SIEVLED TL 420
PnINT I,¥gia

PRINT “RECHECK LRTH FOINT"

E=1 ’

REM  CRLCULATE APPaRINT SOEILITY

& ﬂkiﬁ—”‘*ﬁ{ia*k‘?h?‘~oVn«IJfﬁl)f‘ lfI¢+!Ei“

L=CL+KCIy

cd-"-'SZ"-"?-f(I AP I.v

| NEMT I

REM RESEQUENCE RTH ARRAYS Bv INCRERSING CHRMBE:

‘:,f
m
T
-4
T

) REM  FOR EFFICIENT PILOTTING

FOR I=2 TO NML= T*Mghu'ld

- FOR J=I 70 NNIF NOdYR=NE THEN 486 “\L=J

SP et e
HESHLIN

HEXT Sh£=MfL)MmE£ﬂ*ﬂ“IJ\Q&V&L;&?QLJszI}EH(Lk=HE(3 Rt
MOI =8NS 0 om0k T =is %i)
HEST 1 .
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N85-31752
OPERATION OF THE ZEISS CYTOPHEROMETER WITH Zn/ZnSO4 ELECTRODE |

SYSTEM OF TENFORDE ET AL.

Procedure feor Microscope Electrophoresis
Cytopherometry procedure has been covered in great detail by
Seaman (152), Tenforde (167), Streibel (163) and Milito (116). A

general checklist description of this procedure fellows:

Setup

The disassembled glassware was submerged 1 hr in a 10X dilution
of chromic acid one day prior to the experiment. The eleetrophoresis'
chamber, positionéd in the eytopherometer, was also given a 1 hr treat-
ment with this chromate solution using a 2 ml pipette and a rubber
connecting tube for filling. Both the chamber and glassware were
rinsed and then socaked in 2 x HZG overnight to remove chromate ions
from the glass surfaces. The following day, the glassware was drained
and air dried while the appropriate water thermostat was connected to
the cytopherometer, filled with 2 x H20, adjusted to the proper tempera-~
ture, and turned on te equilibrate. (In lieu of refilling the reservoir

with fresh water for each experiment to prevent the growth of mold en
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the surfaces of the chamber and its water jacket, 0.5 mg/ml Na Azide
was added to the bath water.) The addition of ice to the reservoir
sped equilibration to lower temperatures. Each zine electrode was
carefull& filed to remove surface oxide and then fitted tightly to its
proper electrode chamber (larger stopper to larger diameter chamber).
Four teflon stopcocks were assembled to the glassware (without grease),
two one-inch pieces of connecting rubber tubing (0.4 cm 1.d.) were
fitted to the sidearms, and a six-inch piece of tubing was joined to
the outlet pipe on the left-hand assembly. Each half of the glassware,
in turn, was held upright over a sink for the following procedure.

A 25 ml pipette was filled with electrophoresis buffer and
connected to the rubber hose at the sides arm. - (Buffer from one 500 mi
bottle was used throughout a given experiment for consistency; this
volume was adequate for setup, cell suspensions, and flushing.) Buffer
wag then introduced into the glassware slowly te aveid bubble fermation
until its level entered the flush tube. Both stopcocks were then
closed with 1/8 turn and the pipette removed to fill the flush tube
completely. Replacing the pipette at the sidearm, opening both stop-~
cocks and applying suction removed all trapped bubbles from the system.
The stopcocks were then clesed, the glassware held horizontally, and
the electrode chamber filled with a saturated solution of ZnsSO, to its
brim through its vent using a Pasteur pipette. All bubbles were
removed and the vent was corked.

Both‘halves of the glassware, filled with buffer and electrode

solution, were then bolted to their plexiglass backing, and the plexi-

glass, in turn, was bolted to the cytopherometer stage while guiding

al



the rubber tubing at each sidearm onto the chamber ends. The left end
of the assembly was then lowered by rotating the stage counterclockwise
and a 25 ml pipette, filled with electrophoresis buffer and attached to
the drain tube, was used to prime the sidearms, chamber, and sample
inlet tube. All bubbles were removed by simultaneous pressure from the
pilpette and from squeezing the commecting tubes. The chamber was
leveled and then flushed by filling the sample inlet tube with buffer,
controlling its level with the stopCQck at the, left-hand sidearm, and
collecting buffer from the drain tube in a 500 ml beaker. To prevent
the reintroduction of bubbles and the time-consuming procedure for
their removal, the sample inlet tube was never entirely drained.

In preparation for physical chemical measurements on th; cell
suspension (or suspending buffer), the 50 ml centrifuge tube was filled
with 30 ml of sample and placed in the jacketed water bath along with
the empty pycnometer and the clean barrel of the conductivity probe to
temperature equilibrate., The conductivity bridge was then turned on
to the "line" pesition te warm up.

The fine focus micrometer was set at zero and its locking screw
loosened. With its illuminator on, the microscope was focused on the
vertical lines scored equidistantly on the inside front surface of the
Zeiss chamber, first using the coarse focﬁs, then the fine focus. The
micrometer locking screw was then tightened at the zero position and
the coarse focus was not touched for the remainder of the experiment.
This micrometer calibraticn depends on eye refraction and must Se
repeated for each individual. The number of squéres of the eyepiece

reticule, to the nearest tenth, observed between neighboring vertical
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lines was noted on a cytopherometer data sheet, designed and mimeo~ i:)
graphed to provide a form which organized all recorded data. By i
advaneing the fine focus mierométer, the microscope was then focused

on the hbfizoncal scratches scored equidistantly on the inside back

surface of the chamber, The number of reticule squares observed

between these lines, to the nearest tenth, was recorded. The four

digit micrometer reading at this position was recorded as the chamber

width (depth). See Figure 10. The electrical_}eads were clipped to

the electrodes, the stopcocks positioned for electrical centinuity, and

the current turned up to the desired amperage (usually 1 mA). Result-

ing veltages in excess of 600 V usually indicated the presence of

bubbles trapped in a stopcock; they were removed by disconnecting the

power and repeating the final priming procedure with buffeéi Amperéé; \
was more accurately measured and adjusted using a velt ohm meter k:;
(Simpson) temporarily connected in series between the right electrode

and its power elip. Amperage and voltage were then recorded and both
stopwatches wound fully,

Cell Preparation for Microscope
Electrophoresis

A cell suspension containing >90% single cells was obtained by
using a 5 ml pipette to disperse fixed erythrocytes. An EDTA treatment
developed by Thompson (172) was used for tissue-cultured cells. (See
Cell Preparation for Electrophoresis.) Cells were washed and
resuspended in electrophoresis buffer at 2-5 x 106 cells/ml. AG ml
suspension proved to be a minimum working velume for each experiment;

40 ml was optimal, allowing viscosity and conductivity measurements on

O
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the cell suspension rather than on the suspending buffer. If the cells

were unfixed, the cell stock remained on ice during the experiment.

Data Taking

In a typical experiment one hour was required to time 50-70 cells,
using the following procedure.

The cytopherometer inlet tube was carefully drained of buffer to
a level just above 1its stopcock, and 6 ml of cell suspension from the
cell stock was introduced by Pasteur pipette,. “About 3 ml of this
sample was admitted te the chamber followed by a 2 min pause for
temperature equilibration and dissipation of the cells' momentum. If
a substantial drift remained, it was minimized by adjusting the corks
at each electrode vent to equalize the fluid pressure at both ends of
the chamber. Cells near the front and back chamber walls were timed
first because their numbers decreased during typical experiments. A
well-defined cell was focused on, and the field switch rolled to the
left, marked "L". The time required for the geometrical center of the
cell to cross a convenient integral number of reticule squares as it
moved left was recorded. The field was then revérsed and the cell
timed for the same distance in the opposite direction. This distance
was normally one reticule square for slowly moving cells, and twoe or
more squares for fast cells, such that their migration time always
exceeded two seconds and was typically seven seconds. Cells moved
toward the anode (at the left end for "L", the right end for "R")
unless they were close to the chamber walls where direction reversals
were sometimes noted, Reversals are caused by the increasing electro-

osmotic buffer flow near the wails which forces cells having a low
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enough mobility to move against the electric field forece. Four data
were recorded on the work sheet for each cell measured: the four digit
micrometer reading ("X"), the number of reticule squares traversed
("RET"; édual for the left and right measurement, negative to indicate
a reversal), and migration time, to the nearest tenth of a second, to
the left (MSECL") and to the right ("SECR"). The velocities to the
left and right for each cell were calculated and averaged by computer
to correct for possible net fluid drift through the chamber at the time
of measurement. About 50 cells were usuially timed at positions
throughout the chamber depth. The work sheet suggests four measure-
ments every 0.1 mm (1/2 turn) on the micrometer. A micrometer reading
of zere at the front wall, the chamber thickness, the amperage and
voltage, and the chamber level were all rechecked, and adjusted if
necessary, at least once during each experiment. If the majority of
cells had sedimented from view, the chamber and sidearm glassware were
first flushed with buffer from the left and right flush tubes and the
chamber was replenished with 3 ml fresh cell suspension. Very
infrequently poor focus definitien required a realignment of the

microscope phase contrast optics.

Trouble Shooting

Three recurring problems for the cytopherometer, their probable
causes and the corrective measures are covered below.

If the cells do not move after pressing the fleld switch, the
causie is probably one of the following: the stopcocks are not
positioned for electrical continuity; a leak at one electrede cork has

created an airgap below the sintered glass; a stopcock bore contains

L)
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air and requires flushing to remove it; one of the power clips is not
connected to its electrode; or the power supply has blown a fuse.

If the cells move in only one direction independently of the field
direction, the problem is excessive drift. This can be caused by a
leak occurring at an inadequately sealed joint in the glassware, by
unbalanced fluid pressure at the electrede vents or from unleveled
glassware, or by temperature instabilities. If the glassware is
leveled and sealed, and temperature equilibrium has been reached, drift
can usually be minimized by adjusting the fluid pressure exerted by the
corks at the electrode vents.

If reversals (cell moves toward cathede) are observed throughout
the chamber depth, a net electroosmotic flow is occurring because the
system is not completely sealed. The usual remedy in this case is to
top up each electrede at its vent and firmly seal it with a cork.
Beyond this, the glassware can be disassembled, cleaned with chromic
acid, and reassembled using new rubber joints while checking for cracks.
Some of these corrective procedures warrant rescue of the cell sample

from the inlet tube using a Pasteur pipecte.
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Use of the
- CAM-APPARATUS MICROELECTROPHORESIS SYSTEM
with Ag/AgCl/KCl Electrodes

PREPARATION OF ELECTRODES

1) The solid silver electrodes must be scrupulously clean
and dry prior te¢ coating with AgCl. Clean as foellows:

(a)

(b)
(c)

{d)
(e)

Tmmerae in cone. ammenlia solution to remove o0ld
coating (use hoed). . _

Polish with fine emery paper.

Rinse in 95% ethanol (handle with forceps and
'Kimwipes').

Rinse in ether.
Allow to dry.

2) Assemble an electrochemical cell using a spare silver
electrode and a constant current power supply. Immerse

both

electrodes in 0.1} HCl so that they are parallel

te each other (for optimum coating uniformity).

(a)

(b)

ASSEMBLY _

Refer to

With the spare electrode as anode, apply ca. 50mA
for some 10~-15 s. Vigorous gassing will occur from
the electrode to be chlorided. Remove this electrode
from the electrolyte and re-immerse to remove gas
bubbles.

Reverse the polarity and apply 2-3 mA or less.
Coating uniformity will be improved by using
lower currents and longer times.

OF MICROELECTROPHORESIS APPARATUS

fig.1 for an exploded view of the CAM-APPARATUS

electrode housings.

1) Ensure that all O-rings and the sintered glass discs
are seated firmly.

2) The glass two-way stopcocks should fit snugly into the
plexiglass ports and must be held tightly by the
knurled screws.
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3)

L)

5)

6)
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{

Fill the electrode chambers with 0.15 M KCl ensuring that

no air bubbles are trapped anywhere within the chambers,

Insert the electrodes allowing the glass-impregnated teflon

tapers to form an efficient seal.

N.B. If buffers of lower than physiological ienic strength
- are to be used it is desirable to use a KCl solution

of comparable molarity in the electrode chambers.

Attach the plexiglass blocks to the matching metal plates.

Thege can then be mounted directly on the Zeiss Cytopherometer

stage. Using silicone rubber, or similar, tubing, jein

the rectangular electrophoresis chamber to the short

lengths of glass tubing inserted into the plexiglass

housings.

Attach syringe housings to the filling ports to serve as
funnels. Flush the system with distilled water, removing

KC1l solution which has leaked through the sintered glass
discs. Load the system with buffer being careful to remove

all Air bubbles betkween the two phapaaalkr (8

Attach the constant-current power supply leads to the
electrodes and switch on.

N.B. Typical operating voltages are in the range
150-200 volts. Refer to Table I for typical
operating currents for standard buffers.

IIT. EXPERIMENTAL PROCEDURE

1)

2)

Check that the water-bath is adequately filled with clean
water.{(Use of double-distilled water will help to minimise
microbial growth.) Regular draining of the complete system
is necessary.
N.B. The pump and thermostat unit contain mercury
' switches and, therefore, must be disconnected

from electrical power whenever they are placed

in an horizontal position.
Adjust the temperature to 25:0.2 °C by balancing thermostat
control of the heating ceils against the flow of cold tap-

water through the pump cooling coil,




3)

k)

6)
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Check electrical continuity of the electrophoresis system
~-=voltage and current readings should fall near the values
shown in Table I.

After equilibration of the electrophoresis chamber to

25 9C, and with the phase optics correctly aligned (see
Zeiss Manual for aligmnment procedure), the chamber depth
and magnification readings may be carried out as follows:

(a) Using the coarse and fine adjustments on the
micrometer, focus on the vertical lines etched
onto the inside of the front wall of the chamber.
Ensure that the chamber flat is vertical. Do not
touch the coarse focus again.

(b) Set the micrometer fine adjustment to zero.

(c) Measure the line spacing in units of eyepiece
reticule divisions.

(d) Now fecus on the horizontal lines etched onto the
back wall of the chamber and note the micrometer
reading.

(e) Meacure the line spacing on the back wall in units
of eyepiece reticule divisions.

N.B. The front and back wall focus and corresponding
" micrometer readings should be repeatable. On

account of wear of the micrometer movement it is
desirable to check perioically for uniformity ef
response of this adjusiment by measuring the depth
of the chamber swarting from different initial
positions of the fine adjustment. In use, the
calibrated fine adjustment must be used only over
the range of uniform response.

Lead thu ehamber with coll nuﬂpqﬁuinnn-u suliable

concentration being ca. 106 /ml. If the concentration

is too high interaction between individual particles

will occur and focussing at the deeper levels of the

chamber will be difficult. Close both stopcocks and

adjust the rotating stage so that the chamber is

horizontal as indicated by the bubble level.

Check that, in the absence of an applied electric field,
cells do not drift in one direction or another, Cells
should merely fall under gravity in this situation.
Drifts may arise through improper sealing, presence of
bubbles, or to the nori-establishment of temperature
equilibrium.
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8)
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Mobility data is collected throughout the chamber denth,

()

For each cell in focus record the micrometer depth reading -

and the times for left and right traversal of a fixed
number of reticule divisions. The latter is also recorded
and will vary depending on the depth of the measurement.

N.B. (i) Transit times should be in the region of
5-10 seconds. Shorter times may lead to
Brownian motion errors and operator timing
errors. Inaccuracies due to particles falling
out of focus, etec., may have a pronounced
effect if much longer times are used.
(11)Veloc1ty reversals may occur near the front

and back walls. These are recorded by assigning

a negative sign to the number of reticule
spacings traversed.
Periodic checks should be made of temperature, current,
voltage, levelling, and drift.

The yiscosity and electrical conductivit
solution at 25°C must be determined.
(a) Electrical Conductivity Measurement:

A #3403 conductivity cell in conjunction with
a Model 31 conductivity bridge (Yellow Springs
Instrument Company, Inc.) is used to determine
buffer electirical conductivitg, ensuring that
the buffer temperature is 25

(b) viscosity Measurement:

of the buffer

t )
C

An Ostwald viscometer and a 25 ml Kimax pycnometer

e used to measure buffer viscosity.
) | Rinse'viscometer with double-distilled water.
i

ar
(i
(ii) TLoad with 4 ml 2xdH20 and measure flow times

until two consecutive readlngs are comparable.

(Ensure that water-bath is at 25 ©C, at which
‘temperature the flow time is 76-80 seconds.)

(1iii) ZLoad with buffer and repeat (ii).

(iv) Rinse viscometer with distilled water and
acetone and store dry.

(v) Weigh clean and dry pycnometer.

{(vi) Fill with double-distilled water and weigh.

(vii) PFill with buffer solution and weigh.

(viii) Rinse with distilled water and acetone and
store dry.

(ix) Calculate viscosity of buffer at 25 °C using

weight(buffer) _ time(buffer)
n83er = 0.8904 x X Neignt (water) X Time (water)

where
q ﬁgo = 0, 890“‘.
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IV. DISASSEMELY AND CLEANING

1)
2)

3)

Remove electrodes and store in KCl solution.

Remove plexiglass housings and rinse thoroughly with
distilled water. Leave to dry. Complete disassembly is
not normally required unless the sintered glass discs
need replacing.

Cleaning of the electrophoresis chamber may be performed
in situs
{a) Rinse with distilled water.

(b) FPill with formaldehyde solution and leave for
15<20 minutes. .

(¢) Rinse with 95% ethanol.
{(d) Rinse with ether.
{(e) Leave to dry.

N.B. (i) Cleaning should be accomplished by the least
drastic methed possible to aveid destructioen
of the glass surfaces or the adsorption of
extraneous materials, either of which can
produce changes in the electro-osmotic flow

- of liquid across the surfaces.

(ii) If the above cleaning procedure is not
sufficient try 30% formic acid and/or 6%
NaCl solution.

(iii) If a detergent is used, the chamber must be
thoroughly washed, first with a dilute solution
of hydrochloric acid and then with large
volumes of water to ensure complete removal
of the detergent.

(iv) Cleaning agents containing chromate ions
are not recommended, since these ions; which
are polyvalent and highly toxic, are very
strongly adsecrbed to glass and can only be
removzd by washing in flowing water for 24
hours.

(£f) The outer surfaces of the chamber will occasionally

become dirty necessitating removal of the chamber
and cleaning with tissue.
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V. DATA ANALYSIS B

Data are processed by a computer program originally written !L
in FORTRAN by R.A. Gaines and converted to BASIC for use on
the Departmental PDP 11/10 computer by L.D. Plank.

Use of the. BASIC program CYTOLP:

1) Use disk labelled TODD.

2) The raw data are loaded into virtual file storage using
the program CYTSTR. This will accommodate up to 250 sets
of readings of depth, reticules traversed, and left and
right traversal times.

3) Call up CYTOLP and run.

N.B. Additienal features:

(1) Two histograms may be superimposed on the graphics
terminal by using the progr=a HISTOP.

(ii) A chi-squared analysis of the difference between
two histograms may be accomplished using CHISQ.
This program also has provision for performing
a Student's t-test for the difference between
two population means assuming the population
variances are unknown and unequal. ii)

(iii) To combine two virtual files and analyse as one
file call up CYTOCOM.



5-16

_ TARLE I Typical Buffer Conductivities and Cytepherometer
g&f Operating Conditions at 25 °C.
BUFFER IONIC CONDUTIVITY TYPICAL TYPICAL
STRENGTH mmho/cm CURRENT VOLTAGE
A 's
D=1 0.015 0.8 0.85% 300
PBG-Sucrose 00030 106 009 160
Saline . ‘
~Bicarb. 0.145 13 8.0 180

S D YhERERSSETITEeImRE T
a

*This is the lowest current achievable with the Zeiss power
supply unless a bypass resistor is incorporated.
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Electrophoretic Mobility of Cells in a
Vertical Ficoll Gradient.
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ELECTROPHORETIC MOBILITY OF CELLS IN A VERTICAL FICOLL GRADIENT

Lindsay D. Plank, Paul Todd, M. Elaine Kunze, and Richard A. Gaines

1t was found experimentally in early work that.the upward migration
of living cells and test particles under the influence of a constant
electric field in a low-conductivity Ficoll gradient occurs at nearly
constant velocity. In the course of migrating for 2 - 3 hr over a
distance of 2 - 4 cm upward moving particles encounter changing density,
viscosity, conductivity, and neutral-polymer concentration. All of these
factors affect migration rate, but the most important are viscosity and
neutral paiymer concentration. Decreasing viscosity as the particles
ﬁigrate upward has the effect of speeding them up; decreasing neutral-
polymer (Ficoll) concentration, on the other hand, slows particle migratien,
since electrophoretic mobility increases approximately linearly with
neutral-polymer concentration. Neutral polymers intera;t with the cell
surface te effectively raise its zeta potential. An apalytic function
was developed from the known_dependenee of these physical variables on
migration disﬁance; it expresses migration velocity as am explicit
function of pesition inlthe deﬁsiéy gradient. It predicts an almost linear
increase in velocity of about 12 ~ 16% (depending on cell type) over the
working region of the gradient. It has been numerically integrated by
computer and found to correctly predict cell migration distance-vs.-time
curves without the use of any fitted parameters. These resulting migration
curves follow the expected slowly-varying exponenvial form that elose;y
resembles a straight line. The ability to determine standard electrophoretic
mobilities from such curves depends on knowledge of the effect of Ficoll on

the zeta potential of the cell type being separated.

Supported by National Cancer Imnstitute Grant RO -CA-24090.
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o RESULTS

The effect of varying Ficell conecentration on cell electrophoretic ':
mobility (EPM) was determined by micreelectrophoresis of glutaraldehyde-fixed
rat and rabbit erythrocytes (RBC) in various concentration of Ficoll in
"ceiling" bﬁffer (for buffer compositions, see Chapter 12) at low ioenic
strength, I'/2 = 0.030 M Figure 1 shows that anodie mobility increases linearly
with Ficoll concentration, as predicted from the work of Brooks et. al. Thus
the effective zeta potential of cells will decrease as cells migrate upward
threugh a gradient of upward-décreasing Ficoll econcentratien,

This variable is included in the migration equation, in which migration

velocity V (x) is implicityly dependent upon migration distance x:

v (%) = LR N (He0) I 2a%g [Po - p (x)]

n (x) AK (z 9n (x (1)
and the variables that depend on migration distance are: (ﬁ}
n (x) = be™™ viscosity (2) C
K (1) = Ry#iox + Eox’ conductivity (1)
p (x) = r;+rax density %)
(%) = my+ max mobility (from Fig. 1). (5)

By using these explicit functions and equation (1) it is possible to derive

the time T required to migrate distance x:

- Pdx QG0 e Tax
T .I vix) ) (6)

in which Q(x) is a quadratic function of x, and C(x) is a cubic function of x,
derived by combining coefficients from equations (3), (4), and (5). Equatiom (5)
was integrated numerically by computer for various cases, and Figure 2 shows an
example in which the upward migration of fixed rat RBC's was predicted using the
data of Figure 1 and a 2-8% Ficoll gradient under the conditions specified in

the diagram.
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Below the break in the graph, migration is alwost linear with time; actually,
it is a slowly-rising exponential function (equation 6). Above the break the
inverse dependence, Q(x)/C{(x), becomes mildly apparent. : .- SRS

Figure 3 indicates that, in the real experimental situation, equation (6),
the dashed lines, very closely predicts the upward electrophoretic migration
of fired rat and rabbit erythrocytes.

Onece it was established that a single value of EPM could be used to
successfully predict migration distance, equation (6) was applied to the
prediction of the distribution on the density-gradient column of cells subjected
to a specific electrophoresis procedure. The EPM distribution was determined
for fixed rat RBC's by microelectrophoresis; this is presented in Figure 4,
which predicts a mean EPM of 1.22+0.06 pm-cm/V-sec at 4°C, the operating temperature
of the density gradient. Each histegram subclass in Figure 4 was subjected
to the calculation of migration distance using equation (6), and the resulting
distributions of cells on the density gradient celumn were determined at various
times. These are shown in Figure 5, which ineludes an experimental profile for
comparison. The experinental data indicate that the cells did not migrate
as far as predicted, and the coefficient of variation was greater, probably
owing to cell band distortion that results from the cell collection procedure.

. CONCLUSION ]

From simple physiecs and the known dependence of EPM on neutral polymer
(Ficoll) concentration ;t 1§ gossible to predict the upward anodic
electrophoretic migration of cells in a Ficoll density-gradient column.
Predictions are consistent with experimental data, and both theoretical and
experimental plots of migration distance vs. time are approximately linear.

From these facts it is possible to characterize a cell population by its EPM
found by density-gradient electrophoresis, and at 4°C with no viscosity correction,

one can define Ficoll-column mobility as

= X KA
bt 1ep)
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where I=current, A=cclumn cross-sectional area, K=conductivity, and x/t is a ")
good approximation of v(x). The predicted distribution of cells on the !L
column is narrower than that observed; this is probably due to the increase

in apparent bandwidth that occurs during the coellection of cells in fractions

from the column.

ORATRBC .
A RABBIT RBC -

MOBILITY, pM—=CM/V-SEC

L2 Dt ER el SR S e
>

ERETERE S

ke i I B I

| Lt ]
C PER CENT FICOLL C

¥ TR
o

Figure 1. Dependence upon Ficoll concentration of the electrophoretic

mobilities of fixed rat and rabbit erythrocytes.




t@

6-6

1 T ] ] |
s RAT RBC —
I =20mA
T =40°C |
— v=2-8%FICOLL -
= )
()
uj © ]
(&)
< .
~ 9 =
2
[ al |
<
o
= 3| -
(0
552
= 2 ]
| —i
O 60 1[20 180 240 300 360

TIME, MIN

Figure 2. Predicted electrophoretic upward migration of fixed rat
erythrocytes in a Ficoll gradient under the conditions

indicated on the graph.
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_and collected in fractiens by pumping the gradient out the

top of the column. Vertical bars represent predictions on

the basis of the distribution of Figure 4 and equation (6).
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DEXSITY GRADIENT ELECTROPHORESIS OF CELLS IN A RBVE#EIBLE
GEL

Lindsay D. Plank, M. Elaine hunze, Richard A. Gaines, and
Paul Todd .

Althouse Laboratory, The Pennsylvania State Univers1ty,
University Park, Pennsyl\anxa 16802
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Density pgradient electrophoresis permits the separation of
cell types according to surface charge density with very
high resolution. Any source of flow compromises the
resolving power of density gradient electrophoresis.
Although procedures have been devised to successfully
couitteract electroosrotiec and convective flows, the final
collection of separands requires that they be pumped out of
the electrophoresis colurm. Experiments were therefore
designed to test the hypothesis that this flow could also
be eliminated by trappirg the separated bands in a gel,
from vhich they could subsequently be collected with high
resolution by slicing thin bands frem the cylindrical gel.
Glutaraldehyde-fixed rat and rabbit erythrocytes were used
as test particles in a phosphate-buifered isotonic
Filcoll-sucrose density gradient in a 2.2 cm dianeter,
thernostated vertical glass column (Prep. Biochem. 3, 383,
1973). A special column design permitted passage of a
Plunger 'in at one end and the formed gel out at the other.

- Two types of agarose were used as gel polymers:

Electrophoresis grade agarose (J. T. Baker Chemieal Co.) at
final concentrations of 0.1 to 0,257 and SeaPrep(Ti)
ultralow gelling agarose (llarine Colloids Div. FHC -Corp.)
at a final concentration of 1,55, Electrophoratic
saparability of the test particles and fluid stability were
tested independently in the range of temperatures (32 -
55 C) at which the agareses were liquid and found to be
telatively unaffected, The experiments demonstrated that
the higher temperature required and the presence of agarose
corpronised neither the stability of the density gradient
nor the nmigration properties of the cells.

This research was susported by National Aeronautics
and Space Adzinistratiem Contract ::.;@1553:..
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DENEITY SRADIENT ELECTACPHORESIS OF CELLS IN REVERSIELE AGAROSE CGELS
M. £. Xunze, L D. Flank, R. A. Gaines, and P Todd

403 Althouse Laboratory
The Pennsylvania State University
Univarsity Park, Pennsyivania 14902

INTRODUCTION

Two af tha factors that affect achievable resolution in the separation of
cells by density-gradient electrophoresis are ralated to the procedure of
obtaining calls after thay have been separated. Disturbance of call-contiining
zones as they are removed from the column and sedimentation of cells ftrom cone
zone to inother compromise the purity of fractions harvested by drop collection.
The eliminaticon of the time and motion involved in pumping or draining liquid
frem the eolumn after ceil separation should thereiora improve elactrophoretic
resclution. Disturbing fractionation procedurss could be aveided if the cells
ceuld be trapped in a2 gei matrix after separation and the gel sliced into bands
for the collection of fractions without parturbing the ¢sll-containing zonass.
Trapping Separated ceils :n a gel would aiso have applications in remote
operations such as column electrophoresis aboard the space shuttle and in
sami-automatic devices that might be used in the future.

Experiments were therafore undertaken to assess the feasibility of using—
raversible gels in density-gradient electrcphoresis in a vertical column. Fixe
erythrocytes were used as test particles and, after considering several
gei-forming poiymers, agarose was chosen f{or testing as gel matrix material.
The aigration of test particles in the reversible gel and their ability to be
trapped in position were tested. Fractionation procedures were aot tested in
this study.

MATERIALS AND METRODS

Calls. Rat and rabbit erythrocytes were diluted from fresh, unheparinicad

blood into 0.047 M Sorensen's bduffer and washed and fixed in the same buffer in

2.5% qlutaraldehyde for 10 2in. After two nore centriivgations in the sane
butfer the calls were stored in 0.145 ¥ MaC!, 0.1 mM Na bicarbonate (1,2).

Gely. Two typas of agirose were usag,

The othar, ESeaFrep(TM) is arn uitralow galling temperature agaros: (Mirine
Calloids Div., FMC Corp., Rockland, NE). decause this agarose remains fluid at
room tempareture, it is aspacially useful with live cells.

. Elazrrophorasis. Thi solumn 2lectrcphorasis mathod of Boltz a2t ai. was
used :3,4,5) with some modifications. An 1ileglass zolumn was conmsicuctad 30
that both ends couid be opened completely for gel extrusion. This arsangement
requicted additional adaptations as dascr:bed in Figure 1. Polvaccylamide gel
riugs formed in the side-arms and ends isolzted the electrophores:s column frem
the elecrrodas. Two-hole rubber stoppers formed the ands of the columns. The
gel plugs were formed with the column orientsd so that gravity established the
2lug shapes and, when necessary, balloons were inflated in the electrode vassels
to provide a surface against which gels z2ouid form. 3uffer solutions and
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alectrede solutions were 15 previously described (41,5). (

Procedura. In the case of raguiar agarose, it was dissclved in "C-i®
Suffer (5) normally used to for the density gradient, but ~fFizoll was omitten
while sucrose was it iseotonic concentration. The finai agarosa zoncentration
was 0.2%, which ts liguid above 50 € and solid below 30 C. Thus, the coluan
tempariture was held at 37 C with tharmostat water at that temperature while tha
agarose solution was admitted at the bottom of the coluan, foliowed by the cell
suspension (fixed rcat and rabbit erythrocytes, 20 millioniml each). The
temperature remiined at 37 C until the and of ce!l separation, and the column
was cooled with thermostat water at 4 C until the gel solidified for extrusion.
in the case of BSea Prep agarose it was possible to use @ procsdure more
conpatidle with cell viability. A normal Ficoll density gradiant was uysed
£3,5), and agarose was dissolved at 1.5% in all solutions at 37 C. Tha colusn
was loaded from the bottom, first with "C-{* buffer, then with gradiant, cells,
end “floor" (%) all contzining agarose at 37 C. The column temperature was then
brought to 32 (¢ where Sea PFrep remains liquid, and upward cel! elsctrophoresis
was performed. The column temperature was slowly reduced to below 15 C, and the
3el was axtruded through the top of the column after remeval of overlying
matatials.

AESYLTS

The results of a cell separatien with ordinary agarosa at $7 C aras
illustrated in Figure 2, which consists of photographs taken every 30 min as
upward celi migration proceded. Although a clear separaticn of tha two types of
arythrocytes (rat and rabbit) occurred., the temperaturs raquired was
tncompatible with cell viability. No density gradient was used, yet the fluid

colunn remained stable at the operating temperature.

Before Seafrep sgarose was wused in eonjumtion with a Fizoll gradient
preliminary evaluations of electrophoresis at the elevated tamperature wera
made, as it i’ normal to aperate the column 2t 4 C with this density gradiant.
The shallow density gradient remained stable through a three~hour test at 32 ¢,
ds indicated by Figura 3. Over a similar period of time tha electrophoretic
migT-ation of a zone of fixed rat erythrocytes was normal, as indicated in Figqure
4. it was found possible to shiit, during a successivi separation of rat and
rabbit srythrocytes, from 10 € te 32 C without compromisiny <he migration
Fattern of the cells (Figqure 5). Thus the density gradient and 2lectrophoratie
pattern in the columpn were found to be stable through 3 wida temnerature range.

The migration of rat erythrocytes was examined in the t1.S5% JeaPrap ficoll
gradient column 2nd found to be normal, as can be seen ifn Figure 4. The
migration was iinear. 1s predicted (7), but the band was broadena2d, possibly due
to the time allowed for temperature eguilibration before apply:ng current. The
solumn was cooled slowly to 10 € and axtruded in a2 4 C coldroom. It was found
that cooling toc rapidly sfter the completion 2i elactroshores:s ecan lead to
convaction that compromis=s hand sharpness.

J15cussIon
The creversibla gel procedure is, in principal, usable for density-gradient

zel! separation. To this point it has not been proven 1o improve resolution of
separation, but it has the potential af jproviding a harvesting mechanism ‘where

1



ORIGINAL T3
OF PGOR GUALITY

T23g soclactian is not 2351512, sych as in zero-3 column aslectrophoresis or in
the separation of ecalls :cortaining a1 very dense subpopulation that cediments
during Rirvasting. & :eversx‘!e gel dansity gradient could also be used ior the
aceparatian of gradients J3r iransportation ot sale where gradient forming
equignent is unavailadie e¢r undesirgdle. The use of this techniqua, if suitable
cemparature cecniroi had bean available, abozard Shuttle flight STS-3 could have
aver:ad tha loss 2f -—rweeweeted c2ils through loss of freezing capacity after

recovery of the Zrozen, separated ca2ll samplas (),
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FREE-ZONE ELECTROPHORESIS OF ANIMAL CELLS I. EXPERIMENTS ON
CELL-CELL INTERACTIONS

Paul Todd and Stellan Hjertén
Institute of Biochemistry, Biomedical Center, University of

Uppsala, Box 576, S-751 23 Uppsala, Sweden

Summary

Free-zone electrophoresis is the horizontal electrophoresis
of materials introduced into a rotating quartz tube as dense
zones. The progress of electrophoretically migrating zones
is monitored by scanning the tube with an ultraviolet
photometer. The absence of fluid flows in the direction of
migration permits direct measurement of electrophoretic
velocities of any material (small molecules, macromolecules,
particles, cells). As sedimentation is also orthogonal to
electrok iretic motion, effects of particle-particle
interaction on electrophoretic mobility can be studied by
free-zone electrophoresis. Fixed erythrocytes at high
cecncentrations, mixtures of fixed erythrocytes from
different animal species, and mixtures of cultured human
cells were studied in low ionic strength buffers. The
electrophoretic velocity of fixed erythrocytes was not
altered by increasing cell concentration or by the mixing
of erythrocytes from different species. Concentrations up
to 2 x 10° cells/ml were used. When zones containing
cultured human glial cells and neuroblastoma cells were
permitted to interact during electrophoresis, altered
migration patterns occurred. As in the case of molecule-
molecule interactions previously studied by free-zone
electrophoresis, cell-cell interactions appear to depend
upon cell type.
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Introduction -,

Free-zone electrophoresis (FZE) in a rotating tube (1) has :
been applied to the study of proteins (2) and cells (3) in

buffers of widely varying composition. The method has been
applied also to the study of the interaction of samples in

two zones when the zones electrophoretically collide with

one another {(1-4)., Any subseguent mobility changes are
attributable to the occurrence of a chemical reaction during
collision.

The interaction of animal cells during electrophoresis in
free fluid is difficult to evaluate due to dropiet, or zone,
sedimentation at high cell concentrations (5). But Omenyi
and Snyder (6) have presented data that erythrocytes might
interact at high concentration, and evidence concerning
cell-cell interaction was sought in experiments with human
and rabbit erythrocyte mixtures in the microgravity
environment, where zone sedimentation does not occur (7). &:)
The results of microgravity experiments, although consistent

with a lack of cell-cell interaction, were not firm and

unambiguous; the optical images available for analysis did

not show two clearly separated peaks (7-9). Previous

studies using FZE (3) indicated a lack of aggregation of

fresh erythrocytes under all conditions of ionic strength

and buffer composition tested; however, microorganisms _
aggregated under a wide variety of buffer conditions at high
concentration and high field strength. This aggregation

occurred abruptly after prolonged exposure (ca. 30 min.) to

high fields.

Because zone sedimentation deoes not affect electrophoretic
migration in FZE, and because this method also reveals
interactions that affect electrophoretic migration, FZE was
chosen as a means of eiploring possible effects of animal
cell interactions on electrophoretic mobility.
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Materials and Methods

Cells, Humaﬁ ery throcy tes were obtained from a 47-year-old
healthy male donor by venipuncture and immediately diluted
into isotonic phosphate buffer containing 0.01% EDTA as
anticoagulant. After three rinses in this buffer the cells
were suspended in 2.5% paraformaldehyde in isotonic phosphate
buffer at ambient temperature (19-24 °C) for 2 weeks. Rabbit
erythrocy tes were obtained from a 6-month-old healthy New
Zealand white rabbit by ear venipuncture and treated
subsequently in the same manner as the human RBC's (7). The
cells were washed 3 times in electrophoresis buffer "D-1"
prior to experiments. Two strains of cultured human cells
were used: Normal human cells of glial origin, "787CG" and
neuroblastoma cells "SKNSH-5YSY", kindly supolied by Dr. S.
Pahlmann of the Wallenberg Laboratory, Uppsala. They were
suspended from monolayer culture by rinsing 5 min in 0.02%
EDTA in phos-phate-buffered isotonic¢ saline (PBS) and
incubating 5 min at 37°C im 0.25% trypsin (1-3C0) in PBS.

The action of trypsin was stopped by the addition of complete
culture medium (Eagle's Minimuin Essential Medium) containing
10% fetal bovine serum. Cells were removed from medium by
centrifugation and suspended in buffer C-1 with 3.4% Ficoll

{6.2% sucrose) to discourage sedimentation and aggregation,

Buffers. The blood=collection buffer and the cell-fixation
buffer are described in Table 1, which lists the concentra-
tions of the ingredients. The electrophoresis buffer used
for RBC electrophoresis, designated "D-1", and the buffer
"C-1" used for cultured human cell electrophoresis are also
described in Table 1.

Elect:gpnqyesis. The free-zone electrophoresis apparatus

(1), consists of a thermostated rotating horizontal tube
coated with methylcellulose to prevent electroosmotic
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back flow. The RBC experiments reported here were performed 1 )
with the following parameters: temperature, 14°C; tube (
rotation speed, 70 rpm; tube diameter, 3.0 mm; conductivity

of buffer, 0.90 mmho/cm; applied current, 0.80 mA; optical
monitoring wavelength, 320 nm or 290/320 nm ratio; column

scanning interval, 5 min; column scanning time, 1 min (with

field turned off). Cells were introduced in two starting

bands at the "origin" of the tube 2 cm apart at

concentrations of 2 x 10% cells/ml. The cultured human cell
axperiments were performed under the following conditions:
temperature 3°C; conductivity of buffer, 1.5 mmho/cm;

applied current, 4.0 mA; potential, 1450.V. Other

conditions were the same as for RBC experiments. Optical

scans were recorded, usually at 5 min intervals, on paper

with an analog strip-chart recorder.

Table 1. Composition of buffers used in human and rabbit
ery throcyte collection and fixation and in the .
free-zone electrophoresis tube and electrodes (:'

{concentrations are mM or %)

COMPONENT BLOOD RBC TUBE ELECTRODE
COLLECTION F1X D-1 D-1 C-1

NaoHPOy — 53.7 T.76 T1.76 8,10

NaHoPOy4 13.5

KH,POy 0.367 0.367 1.47

NaCl 145.0 150.0 6.42 6.42

KC1 - 0.889 0.889 2.65

MgCl, 0.48

NasEDTA 4.0 0.336

Glucose 222,0 55.5

Sucrose 199.0

Dimethy 150 5%

Paraformaldehyde 1.5%

Conductivity (mmho/cm) 6.9 1.5

Ionic Strength (g-ions/litre) 0.015 0.030 (:)
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Fractions of electrorhoretically-separated human cells were
collected from the tube with the long, thin needle normally
used for inserting samples zones. Each fraction
corresponded to a 2 cm interval along the tube. Each
collected fraction was added directly to 5 ml of complete
culture medium in a 60 mm plastic culture dish. The number
of each cell type per microscope field was counted in ten
fields by phase contrast microscopy 28 hours later. The two
cell types were distinguishable in phase contrast at 160x
total magnification. Figure 1 indicates the principle of
multiple sample zone insertion, and figure 2 is a photograph
of two erythrocyte zones inserted at different locations in

the tube.

r (7t

RS |

Figure 1. The insertion of multiple zones into the rotating
free-zone electrophoresis tube.

Figure 2. Photograph of 2 zones of erythrocytes ince:-ted
into the rotating free-zone electrophoresis tube.



e

Results

Cell-cell interaction was not found to be a significant ![
factor in the electrophoresis of fixed erythrocytes. Figure

3 is a series of optical scans of the free-zone electro-

phoc- 2sis tube at various intervals after the initiation of
electrophoretic migration of two cell zones initially 2 cm

apart. The human cell zone ("H") migrated through the

rabbit cell zone ("R") without any modification of its

velocity or zone shape.

H \R |
H R R — R
lem
H H
EXP 16086
I-08
V= 595v -~

po—

D-f BUFF

SN ko
| \
| T

H+R RBC {
C

Figure 3. Optical scans of migrating zones of fixed human
{("H") erythrocytes and fixed rabbit ("R")
erythrocytes. FEach zone contained 2 x 109 cells.
Cell-cell interaction was found to occur in living, non-
ery throid cells. Figure 4, lower panel, is a graph of the
migration of a rapidly moving zone of cultured glial cells
through a lower-mobility zone of cultured neuroblastoma
cells. These cells interacted when the zones collided, and
the aggregates that formed were visible so their motion in €;>
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Electrophoretic migration profile (top) and
distance migrated vs time (bottom) of human
neuroblastoma (circles) and glial (dots) cells
inserted as zones initially separated by 4 cm.
The glial cell zore (1.4 x 103 cells) with a
higher mobility, collided with the neuroblastoma
cell zone (1.3 x 10* cells) after 30-50 min of
migration, during which aggregates formed and
migrated more slowly (indicated by x's). The two
individual cell types continued to migrate with
their original mobilities. The aggregates that
formed during collision contained both cell ty pes
as indicated by their simultaneous presence in
fraction 6 in the top figure, where the glial
cell count has been multiplied by 5,



!, E
2

B

ey e Wt e e e

8-8

the field could be followed. Their mobility was lower than
that of the individual cell types, After the field was
switched off, and the cells were collected from the tube in
2 cm increments, most of the cells of both types appeared in
the fraction that contained the aggregates.

Discussion

This study has confirmed previous findins (3) that

ery throcy tes do not interact with one another in a way that
affects electrophoretic mobility and has extended these
findings to very high cell concentrations, mixtures of cells
from different species, and conditions encountered in
preparative cell electrophoresis. On the other hand, living
animal cells do interact, consistent with eariier

observations involving microbial cells and leukocytes (3,4).
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FREE-ZONE ELECTROFHOESIS OF ANIMAL CELLS. Paul Todd and
Stellan Hjertén*, Institute of Biochemistry, The Biomedical
Centre, University of Uppsala, S75 123 Uppsala, Sweden.
Free-zone electrophoresis consists of horizontal electro-
phoresis of samples applied in a small liquid zone in a hori-
zontal capillary tube rotating at 60 vpm. The rotation and
narrowness of the tube prevent purterbations due to sedimenta-
tion and convection from affecting motion in the direction of
the applied electric field. Ultraviolet absorption scanning
is used to determine the location of sample materials in the
tube. This method has been used to determine mobilities of
macromolecules and bacterial cells; experiments were therefore
undertaken to test it in analytical and preparative animal
cell electrophoresis. Fixed erythrocytes from rat, rabbic,
and chicken and cultured living human cells were used as test
particies. Cells were electrophoresed in a4 Ficell-containing
medium having conductivity of 0.5 mmhos/cm; field strengths
used were around 100 V/em. !Migration rates were around 20
em/h, znd cells differing in mobility by 20% were separated by
4 cm. True mobility distributions of fixed test cells were
determined, and coefficients of variation were around 4%,
Separated cells were removed by syringe, and fractions B6-99%
pure were obtained. The maximum separated sample size was
3 x 107 cells, and viable cell fractions were obtained when
living cultured cells were used. Free-zone electrophoresis is
a very effective analytical method for animal cells and is a
useful preparative tool in certain applications. (Supported
in part by a Yamagiwa-Yoshida !llemorial International Cancer
Study Grant,.
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AN EVALUATION OF ECONAZOLE, AN ANTIFUNGAL AGENT,
FOR USE IN QUANTITATIVE CELL CULTURE EXPERIMENTS

M, ELAINE KUNZE' anp PAUL TODD
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University Park, Pennsylvania 16802
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SUMMARY

Econazole, an imidazole derivative with high antifungal activity, was tested for cyto-
toxicity using five senaitive tests of human cell function in vitro: colony forming efficiency,
growth rate, cell cycle distribution of a permanent epithelioid cell line (T-1E), and attach-
ment efficiency and urokinase production by early passage human embryonic kidney cells;
None of these endpoints was detectably affected by 1 ug/ml Econazole in serum containing
medium. At 3 ug/ml, Econazole reduced slightly the growth rate of T-1E cells but did not

detectably affect the other end points.

Key words: Econazole; amtifungal agents; human kidney cells; antimycotics; toxicity of

antimycotic.

INTRODUCTION

Wyler et al. (1) announced that Econazole {1-[2,
4-dichloro-fi- (p-chlorobenzyloxy)-phenetyl]-imida-
zole) is an efficient antifungal agent that is not
toxic to mammalian cells in culture, The guanti-
tative toxicological tests used were the ability of
cells to replicate virus, rate of DINA synthesis,
and rates of RNA and protein synthesis. It was
concluded that 1 ug/ml could be used safely and,
on the basis of these tests, wounld not be toxic to
cells. Many applications of modern cell culture
include the requirement that individual cells form
colonies when plated at low density. This end
point is one of the most sensitive tests of viability
because it requires that several cell functions re-
main unaffected. Furthermore, the rate at which
single cells multiply to form colonies is a yet more
sensitive test of cellular metabolic and molecular
integrity. We therefore performed a series of
experiments in which effects of Ecuuazole on plat-
ing efficiency, cell multiplication rate, and pro-
gression through the cell cycle were evaluated.

Certain cell purification procedures subject
cells to higher than normal risk of fungal con-
tamination. A biochemical or secretory function is
frequently demanded of cells after separation.

The effect of Econazole on the ability of early pas-
sage cultured human embryonic kidney cells to at-
tach and secrete urokinase into medium was
therefore also evaluated.

MATERIALS AND METHODS

Ceils chosen for the study of eolony formation,
growth rate, and cycle progression were human
T-1 epithelioid cells. These aneuploid cells pro-
liferated in cultures of normal human kidney (2)
and have been used extensively in plating effi-
ciency experiments (3,4). It is possible that they
are an early isolate of HeLa cells (5). They were
propagated in Eagle’s minimum essential medium
supplemented with 10% newborn or fetal bovine
serum, 100 U/ml strepiomycin, and 100 ug/ml
penicillin, at 37° C in 3% CO;, 100% relative
homidity incubator. Plating efficiency and
growth rate experiments were cartied out in the
usual way (4},

Human embryonic kidney cells were purchased
as primary monolayer cultures from M. A. Bio-
products, Inc. (Walkersaville, MD} and subcul-
tured in Medium 199 with 10% newborn and 5%
fetal bovine serum, 100 U/ml streptomycin, and
100 ug/ml penicillin. These cells were tested for
their ability to produce urokinase in urckinase
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TABLE |

ComPOSITION OF UROKINASE P RODUCTION MEDIUM

Milliliters

Component Grame/Liter Milliosmolar  of Stock
NaCl 5.21 179
KCl 0.56 9
CaCl,-2H,0 0.37 3
Mg50, - TH,0 0.57 4.6
NaHCO, 0.80 21
NaH,PO,-H,0 0.23 33
NaOH. I N 1.56
Glycine 6.0 80
Glutamine 0.29 2
Glucose Lo 5.6
Lactaibumin

hydrolysate 5.0 42
Human secum

albumin 1.0
Phenol Red, 0.5% 0.5
Eagle's Vitamins

100X 10.0

production medium consisting of Eagle’s vita-
mins, Hanks' salts, lactalbumin hydrolysate,
0.1% human serum albumin, and 80 mM glycine
{Table 1}.

Econazole (Cilag-Chemie Lid., Schaffhausen,
Switzerland) was a gift from Dr. Heinz Méhl of
Cilag-Chemie Ltd. It was dissolved at 1 or
3 ug/ml in complete medium from a 100x stock
solution in distilled H,O which was routinely
stored at 4° C.

Urokinase activity was assayed either by the
amidolytic effect on the substrate 5-2444, pyro-
glutamylglycylarginyl-p-nitroanilide, manufac-
tured by AB Kabi Diagnostica, Stockholm,
Sweden {0), or by the fibrin plate method, using
the following procedure.

Ten milliliters of bovine fibrinogen (75% clot-
table} {Miles Laboratories, Elkhart, IN) at
5 mg/ml was placed in ¢ petri dish and clotted
with 0.2 ml of thrombin |bovine, Miles Labora-
tories} at 15 U/ml. Both reagents were dissolved
in 0.1 M Tris pH 8,0. The clotted plate was al-
lowed 1o stand for up to 1 h. Twenty microliters
of sample were added to the surface of the clot

TABLE 2

PLATING EFFICIENCIES OF HUMAN
T-1E CELLS IN ECONAZOLE

Econazole tug/mit Plming Efficiencics (%}
[+ 61.3+1.7
1 55.3+2.4
3 62.0=1.0

which was incubated at room temperature for 15
to 24 h, and the major and minor diameters of the
elliptical lysis zones were measured. Solutions of
the International Reference Preparation of uro-
kinase were used to obtain standard curves of lysis
area vs. CTA (Commitee on Thrombolytic
Agents) units.

Cellular DNA content was measured by
fluorescent flow cytometry using a modified
Bio/Physics Systems, Inc. (now Ortho Instru-
ments,-Bedford, MA) Cytofluorograf 4800 A (7)
after staining the cells by the acriflavine-Feulgen
procedure (8). The resulting cellular DNA dis-
tributions were analyzed by computer programs
written by Wood (9,10) for simplified analysis and
comparison of the distributions,

RESULTS

Plating efficiency. The plating efficiency of cul-
tured human T-1E cells was not affected by a
range of concentrations of Econazole considered
effective in fungus control, as indicated in
Table 2.

Attachment efficiency, The percent of early
passage cultured human kidney cells able to at-
tach and spread within 18 h was not affected by
Econazole present at recommended useful con-
centrations, as indicated in Table 3,

Growth rate. Econazole at 1 ug/ml did not
introduce growth or division delay, nor did it
modify the colony doubling time of human T-1E
cells, as the growth curv:s of Fig. 1 indicate. At
3 ug/ml there seemed tc be a8 10% increase in
doubling time, but no indication of division delay.

Cycle phase distribution. Consistent with the
lack of growth curve moclification wae the finding

1 T 1T T 7 Tt T 1
15p- EXP 1t ,ECONAZOLE -
x !0:— O CON -1
S 7= ® ) ug/ml -
8 B O Jpg/imi -
N~ fp— p—
N
] b -
-4
w
(%3 22— p—
@
by S SO N OV N NN I WO N B0
(4] 20 40 60 80 100

HRS AFTER PLATING

F16. 1. Growth curves of colonies of human epithelioid
F-1E cells in 0 teircies), 1 {dots), and J (eriangles) pg/ml
Econazole as assayed by phase microscopic examination
of 30 to 100 colonies in growing cuitures.
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o 2C 4C
DNA/CELL

F16.2. DNA distributions of cell populations exposed
to 0 {dotted curve) and 3 (solid curve) ug/ml Econazole.
The difference between the two distributions is the same
as the difference between paire of identically treated
populations.

that 1 ug/ml Econazole produced no noticeable
modification in cellular DNA distributions whea
applied to human T-1E cells for 48 h, as compari-
son of the DNA distributions in Fig. 2 shows.
Also, 3 ug/ml had no noticeable effect. The inte-
grated differences between the DNA distributions
of control cells and cells treated with 1 and
3 ug/ml were, respectively, 3.94 + 0.87% and
4.36 + 4.25%. These differences are too small to
be significant, inasmuch as identically treated cul-
tures, including controls, when pairs were com-
pared differed by 5.01 = 3.50% in the same ex-
periments. Apparently Econazole does not per-
turb progression through the human cell cycle by
the introduction of delays in specific phases.
Specific enzyme production. The production of
nrokinase by cultured human embryonic kidney
cells in high glycine, serumless production
medium is not altered by 1, 3, and 5 ug/ml

TABLE 3

EFFECT OF ECONAZOLE ON 24 H ATTACHMENT
EFrFiciency oF HUMAN E MBRYONICK IDNEY
CELLS — PASSAGE 3

Econszole ug/ml| Fo Cetls Avtached
0 e
1 835
3 8235

TABLE 4

URrOKINASE PRODUCTION OF HuMAN EMBRYONIC
KIDNEY CELLS IN ECONAZOLE

Econazole lyg/mli  Fibrin Plate (CTA U/mbl 52444 (CTA L/mly
0 35 32.5
1 50 40.8
3 60 56.4
5 45 48.5

of Econazole, as indicated by the results of fibrin
plate tests and colorimetric assays shown in
Table 4. After 4 d in Econazole, standard cul-
tures produced 55 CTA U/ml of urokinase, and
cultures treated with 3 ug/ml Econazole pro-
duced 60 CTA U/ml. The similar size of the
thrombolytic zones also implied that no change
occurred in the type of urokinase produced; that
is, the treated and control cultures produced
plasminogen activators with the same molecular
weights.

DI1SCUSSION

On the basis of five additional sensitive tests of
cell function in vitro, it seems that Econazole at
1 ug/ml has a negligible effect, and its cytotoxic-
ity at this concentration is sufficiently low to
indicate that it is a safe antifungal agent for
guantitative cell culture research. At 3 ug/ml,
Wyler et al. {1) observed detectable inhibition of
macrcmolecular synthesis; this is consistent with
the observation (Fig. 1) that this concentration
slightly slowed the growth rate of a permanent
cell line. Nevertheless, it was reported that
3 pug/ml can counteract heavy “ungal contamina-
tion, and it seems that very minute cell damage
accompanies treatment with this concentration,
In substantial agreement with Wyler et al., we
recommend use of Econazole at 1 ug/ml as anti-
fungal agent in quantitative cell culture
experiments,
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Lysis zones formed in the fibrin plate assay of human kidney
cell urokinase. The 100-mm plate on the right contains zones
formed by aliquots of WHO urokinase standard. These are used
to develop a standard curve in every experiment. The plate omn
the left contains two lysis zones (left side) produced by uro-
kinase activity of 0.2 ml of production medium from control
human kidney cell cultures and two lysis zones (right) produced
by identically-treated cultures that contained econazole.
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TASK I, Development and testing of electrophoresis sclutions.e
1,12
I.1. Development of optimal buffer system. : 85 3, 755

'} 0f the four types of buffers proposed for testing, two have been
explored: low ilonic strength electrophoresis buffer with and without
density-gradient material. When the ability of cells to attach and
spread was used as viability criterion it was found that the electro-
phoresis routine was better tolerated when Ficoll was present., Table 1
shows the results of & viability study that began with a poor-viability

population of primary human fetal kidney (HFK-1) cells at the first
passage.

Three cell lines have been utilized so far in various aspects of
the project, including the other tasks (below). Human T-1 cells orig-
inated from a biopsy of a kidney of an adolescent male in 1957 (1)
and have been in continuous use in the project laboratory. Cell strain
"HFK" (our designation) was obtained at first passage from Grand Island
Biological Co. Aliquots were frozen at second passage, and it was
propagated to the 13th passage. Cell strain "HFK-1" has been used in
several experiments at the first and second passage. HFK consisted
mainly of fibroblasts, and HFK-1 has a high epithelioid cell content.
The chromosomes of HFK were examined, and the cells were found to be
euploid.

The stock medium for cell electrophoresis is described in Table 2.
In this solution are dissolved density-gradient solutes such as sucrose
and Ficoll to bring the osmolarity to 0.30. Its ionic strength is less
than 0.01M, and its conductivity is usually 0.0011 mho/cm. (2).

. [ Methods for viability determination have included direct microescopic
- counting of the percent cells attached and spread within 24 hr of plating
] test cultures or electrophoretically separated fractions. In terms of

R the project objectives, this seems to be the most relevant test. The

ot Cytograf viability assay concept has been tested, and Figure 1 shows,

" as expected that blue-stained cells scatter less light into the 0.8 - 3. 3°
angular interval than do unstained cells., Experiments are continuing
using a HeNe laser with the Los Alamos flow cytophotometry system

"FMF II" currently on loan from the Environmental Proteéction Agency.

This apparatus permits optimization of the light-scatter detection angle
s$0 that stained cells will be maximally discriminated (3).

O B

Ilonic strength tolerances.

All cultured cells tested so far appear to be highly tolerant of
the low {less than 0.01 M) ionic strength of electrophoresis buffers
(see also Table 1). This finding is consistent with the experience of
the ASTP MA-011 experimenters, who used "A-1" buffer with 0.0097 M ienic
strength. It is presumed, therefore, that the full range of ionic
strength between 0.14 M (physiological) and 0.01 M is acceptable,

I
]
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: 1.3. Testing of viability at non-standard pH's.

Studies have not yet been initiated on this aspect of the project,

(T‘ which will be impertant only 1f isoelectric focusing studies are contem-
L § plated.

I.4. Optimum inorganic salt concentrations.

Low'(Na+] seems to be acceptable as long as the osmolarity is
maintained with neutral solutes (glucose, sucrose, Ficoll). The
standard buffer is 1.6 mM Na (Table 2} compared to 8.1m§+used in
the MA-011 buffer. However, our buffer contains 4.1 mM K' and 5 mM
Mg™* while the A-1 buffer contains only 0.37 mwM K and no Mg .

Preliminary experiments indicate that EDTA is very toxic.
TASK II. Optimization of freezing and thawing.

IT.1. Determination of optimum additive concentrations
The use of 10%Z DMSO had always been satisfactory in our customary
procedure (5). Strain HFK did not survive after thawing, and the cells'
morphology was clearly indicative of severe membrane damage. The
method of trypsinizing is currently under ianvestigation as an etiologic
factor in low post-freezing viability. The optimization of trypsinization

will be entered into the project before DMSC and glycerol concentration
studies continue,

II.2. Determination of optimum freezing rate.

Due to conditions just described, studies have not yet been initiated
L\ on this aspect of the project.

TASK III. Procedure for evaluation of separated cells,
ITI,1. Standard culture cenditions.

A 1-to-6 dilution of cells suspended in electrophoresis medium
directly into growth medium (Eagle's BME + 10% fetal calf serum) in
a 60 mm culture dish for each fraction has worked extremely well. . Cells
of the strain HFK-1 do very well in "maintenance medium'" consisting of
Medium 199 plus 5% fetal calf serum. There is very little cell multi-
plication, and cells are not lost from the vessel surface, They attach
readily in both media. Passing cultures of this strain at high density
has resulted in a lack of fibroblast overgrowth and maintenance of
epithelioid, granular morphology.

Electrophoretic fractions of HFK and HFK-1 attach and spread
within 1 hr after plating 1 ml .} cells suspended in low-ionic strength
electrophoresis buffer into 4 ml of Eagle's BME + 10% fetal calf serum,
The use of 15% serum was not found to improve the viability of cells
plated from frozen stocks.
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TASK I, Development and testing of electrophoresis sclutions.

The testing of buffers and media continued, using additional new
human kidney cell explants obtained from Microbiological Associates,
Inc. These were designated HFK~6 through HFK-9. The earlier source,
Grand Island Biological Company, 1s no longer supplying human kidney
cells. During this 6-month reporting period a problem requiring additional
research arose, PFetal calf serum became scarce then essentially un-
available. Alternatives tested for the growth of HFK~7 and HFK-8 cells
included Calf serum, newborn calf serum, donor calf serum, "bobby" calf
serum, and bovine (adult) serum. No qualitative differences were observed
between cultures of these cells grown in fetal and newoorn calf sera at
10% concentration in Eagle's BME. If anything, newborn serum was oetter
(EXP 1064). A more quantitative evaluation was.made using our colony-
forming human cell line T-1E, which shares phenotypic properties with
Hela cells. It was found (EXP 1069) that plating efficiencies were not
significantly different whether fetal, newborn, calf, or bovine sera
were used at 10% concentration and that growth curves in fetal and
newborn sera were indistinguishable. Experimentation therefore con-
tinued using newborn calf serum on a2 routine basis.

Comparisons between PBG and A-1 buffers continued at various
stages of cell preparation and electrophoresis, The formulae for
these solutlons were given in the previous progress report. Emphasis
was placed on the effect of spending 4 hr at 4°C in the two buffers
containing DMSO or glycerol on the cells' ability to attach and spread
in culture and to form confluent monclayers. The regular culture medium
"BME-10" was used as control standard. .The effects of 5% DMSO or
gplycerol were compared in complete medium, and it was found (EXP 1036)
that without freezingy DMSO produced denser cultures than glycerol in
72 hr, and the cultures in the two solutions were comparable after 96 hr.
Supernatants contained cells that later attached in both cases, and
cells from both treatments ultimately produced confluent sheets. When
5% glycerol was used in A-1 or PBG buffers (EXP 1037) for storage at
4°C for 4 hr it was found that A-1 plus glycerol led %o slightly higher
viapility than PBG plus glycerol, as shown in Table 1. It is concluded
that, if cells are not to be frozen, A-1 buffer is slightly better.
However, see below under "freezing" task.

Another step in the procedure was examined, namely the use of EDTA or
scraping in place of trypsinizing to prepare cells for electrophoresis.
Although neither procedure was as gentle as our usual trypsinization it
was clear that incubation of monolayers in 0.37% EDTA in Puck's Saline A
(PSA), which produced 48% attached and flat cells in 24 hr was superior
to scraping cells in PSA and no EDTA, which produced less than 20% cells
attached and spread in 24 hr (EXP 1062), Due to an earlier decision to
try to avoid trypsinization in future electrophoresis rums, cell dispersal
for electrophoresis is now bDeing done with 0,37% EDTA in PSA. Monolayers

are incubated 10 min in this solution, and suspending fluid is added to
dilute the EDTA.
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TASK LI, Optimization of freezing and thawing,

It was previously reported that freezing and thawing of HFK cell
suspensions resulted in large numbers of non-adherent but apparently
viable cells, These cells were subjected to further study, and no
evidence could be found that they are capable of proliferation (EXP
1024). Attempts to evaluate their DNA content by laser flow cyto-
fluorometry failed when it was found that the 4N HCl used in Feulgen
hydrolysis destroyed these cells (EXP 1027, 1039). It is tentatively
concluded that these are dead cells whose unattached carcasses do not
readily lyse or otherwise disappear from cultures. Cells with this
peculiar behavior have not been found in large numbers in recent
explants.,

Glycerol and DMSO (5%) were compared as freezing agents in
complete medium (EXP 1036). Cells frozen 18 days in liquid nitrogen
attached more quickly after thawing in.glycerol than in DMSO. On the
second and third days, however, the cultures were indistinguishable.
When 5% glycerol was used in A-1 or PSB and cells were frozen 2 days,
the results shown in Table 2 (EXP 1037) were obtained, and it was
concluded that PSB is superior to A-l when cells are frozen in glycerol,
despite the above finding that cells in A-1 buffer survive better when
freezing is not part of the procedure.

The effect of incubation time after thawing and before adding medium
was ilnvestigated. By allowing cells to attach 1 hr and removing medium
and replating the supernatant while changing medium on the attached cells,
it was possible to conclude that 75% of the cells (HFK-6) attach in the
first 2 hr after thawing and that they tolerate the residual DMSQ
(diluted to about 0.8%) for this 2-hr period (EXP 1083).

In a combined 3-day freezing test of glycerol vs, DMSO and A-l vs.
PBG it was found, as indicated in Table 3 (EXP 1060) that combining
glycerol and DMSO was very bad for the cells, otherwise glycerol and
DMSO were about the same in A-1 buffer, but in this particular test
glycerol appeared to be better than DMSO in PBG; however, the fraction
of cells that also spread in 24 hr was actually greater in DMSO--
28% vs. 13%. Cells spread more slowly yet (10-12% in 24 hr) in the
A=l buffer solutionms.

The results of freezing and thawing experiments to date slightly
favor the use of 5% DMSO in PBG, but it is also evident that 5% glycerol
in A-1 is really not very different. It seems that 50-60% viability
(in terms of cell attachment in culture} is to be expected under several
of the conditions tested. The present data do not give very strong
reasons for making recommendations of any particular combination of buffer
and freezing agent,
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" Table 1, Effect of medium composition on the viability of cells stored

~ at 4°C for 4 hr.
Ql_ 2ER CENT CELLS ATTACHED AFTER

! MEDIUM 24 HB 48 HR 72 HR 96 HR

| ”BME-lO” 95 100 Confluent Confluent
A-1 + 5% glycerol 76 77 77 Confluent
PBG + 5% glycerol 68 63 70 81

Tabie 2. Effect of medium composition on the viability of cells frozen
in liquid nitrogen for 2 days.
PER CENT CELLS ATTAGHED AFTER

MEDIUM 24 HR 48 HR - 72 HR 96 HR
A-1 + 5% glycernl 29 19 20 23
PEG + 5% glycerol 39 45 33 53

{ Table 3. Effect of medium composition on the attachment of cells froz:zn

[ in liquid nitrogen for 3 days and examined 24 hr after thawing.

% % % CELLS

BUFFER GLYCEROL DMSO ATTACHED
: A-1 - 3 : 0 57
i " 0 5 57
j " 0 10 0
s PBG 5 0 72
? C s s
— g > 49
5 " 0 10 48
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Table 1, Viability of HFK-1 cells at first passage under various simulations
of electrophoresis treatment. The ability to attach and spread in
culture was used as viabllity criterion.

(13
L MEDIUM TREATMENT VIABILITY )
PBG + 6.8% sucrose 30 min. 25°C 427
PBG. + 6.8% sucrose 4 hr. 4C 44%
PEG + 5.9% sucrose 4 hr. AOC - 66%
+ 5.0% Ficoll
»
Table 2. Composition of phosphate-buffered glucose Wedium (PBG).
COMPONENT MW : g/l M
KCl 74.56 0.20 0.00268
MgClz = 6H20 203.33 0.10 0.00049
i Na, HPO, 141,96 1,15 0.00810
L Kﬁz PO, 139.09 0.20 0.00144

Glucose 180.16 10.00 0.05551

Table 3. Composition of zero-g electrophoresis
buffer used in viability tests (A-1).

COMPONENT MW g/s M

NaC% 58.45 0.380 0.00642
NazHPQ,, 94.98 0.167 0.00176
Kii, PO, 136,09 0.050 0.000367
Neip EDTA 372.24 0.125 0.000336
Clucosc 180,10 40,0 0.221%
Glyccrol v2.10 47,34

0.514
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Chapter 11,

Separation of Functioning Mommalian Cells
by Density Gradient Electrophoresis,
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Introduction

One of the promises of preparative cell electrophoresis is its
ability to purify functioning, living animal cells in useful
guantities., One of several such methods is density-gradient
electrophoresis. When a low~icnic~strength, isotoniec gradient
of Ficoll and sucrose is used in a glass column at 4°C, the
physical factors that determine the upward velocity of cells
combine to produce a nearly-constant migration rate. Density-
gradient electrophoresis has been applied to suspended cells
prepared from freshly dispersed tissues, cultured-cell mono-
layers, and naturally suspended cells from body fluids (1, 2,
3, 4). It is the purpose of this report to briefly describe
recent work performed at the Pennsylvania State University con-
sisting of further physical characterization of density-
gradient electrophoresis and the results of a small number of
recent applications to living cells. The most popular uses of
preparative cell electrophoresis have been in the field of
immunology, and this is true of density-gradient electrophcr-
esis (4, 5), Some rather more unusual applications will be
discussed here. All of the research reported here used the

© 1981 Walter de Gruyter & Co,, Berlin - New York
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apparatus and methods described by Bolfz &t al. (6). Columns
without a central cooling finger were used. (_

Electrophoretic Cell Migration in a Ficoll Gradient

As cells migrate upward through a decreasing Ficoll concentra—!
tion in the electrophoresis column they encounter changes in |
viscosity, density, and conductivity. In addition, Ficoll it-
self affects electrophoretic mobility (1, 6, 7). The effect
of Ficoll was determined quantitatively by the microscopic
method of cell electrophoresis using the-Zeiss cytopherometex

and determination of mobilities from complete velocity para-

bolas corrected for asymmetric electroosmotic backflow (2, 8).

A linear increase of the mobilities of various erythrocytes
‘with increasing Ficoll concentration was found. From the

remaining known and measured properties of the cells and solu-

tions (9) it is possible to predict the upward migration velo-

city of cells under the influence of the combined forces of f_?
gravity and the applied electric field. The resulting mathe- (;
matical relationship, when integrated numerically, produces a
migration plot (distances vs. time) such as that shown in Fig-

ure 1. Because migration velocity depends slightly, but

roughly linearly, upon migration distance, an exponential func-

tion is expected, but, as Figure 1 indicates, this is a slowly

rising exponential function which is indistinguishable from a
straight line within the accuracy of most distance measure-
ments. The electrophoretic mobility, u, normally defined as
migration velocity per unit field strength in um-cm/V-sec, was
therefore determined in these studies by dividing the distance
migrated by the electrophoresis time and dividing this ratio
by the constant field strength.
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Plot of migration distance vs. time for upward
migration of erythrocytes im a Ficoll gradient.

The graph was determined by numerical integration
of the relationship between cell velocity and the
varying properties of the gradient: viscosity,
density, conductivity, and Ficoll concentration.
Below the break shown near the middle cf the curve
the numerical integration is approximated satisfac-
torily by an exponential function resulting from .
the assumption that cell velocity depends linearlv’
on migration distance.

l

Effect of Cell Cycle Phase on Electrophoretic Mobility

Cells from a long-term cultured epithelial line designated
"p-1" (L0, l1) were cultured in monolayers in plastic flasks
and suspended in electrophoresis buffer by detachment with
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EDTA. After subjecting the suspended cells to density-gradient
electrophoresis, fractions were collected, and the DNA content
of individual cells was measured by flow cytometry using the
staining method of Trujillo et al. (12) and flow cytometry with
a Bic/Physics Systems, Inc. Cytofluorograf (13). The cellular
DNA distribution of individual fractions revealed that low-
mobility fractions were enriched in cells in the G2 phase of
the cell cycle (Figure 2). However, the mobility distributions
cf cells in different phases of the cycle are broad (14), and
the data of Figure 2 reveal only, as found by Forrester (14),
that there is a general trend toward lower mobilities as cells
progress through the cycle. - '

yd
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Figure 2. Cellular DNA distributions of cultured human T-1
cells in fractions collected after density-gradient
electrophoresis. DNA content per cel.i was cali-
brated biochemically (15). Higher mobility frac-
tions were depleted, while lower moblllty fractions
were enriched, with respect to c¢ells in the G2 phase
of the cell cycle. -
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Urcokinase-producing Cells in Human Embryonic Kidney Cell
Cultures

Human urokinase, a plasminogen activator produced in the kid-
ney, is being considered as a therapeutic agent for thrombosis
(16) . Electrophoretically purified cultured human embryonic
kidney cells are considered a potentially efficient source of
this material (17), and electrophoretic purification attempts
have been reported (18). Cells from early-passage culture,
designated "HFK-18", were propagated in monolayers in plastic
flasks and suspended in electrophoresis buffer by detachment
with EDTA. After subjecting the suspended cells to density-

gradient electrophoresis, fractions were collected and cultured

in complete medium. Just before these cultures became conflu-
ent the complete medium was replaced by a high~glycine, incomp-

lete medium into which urckinase-producing cells secreted their

product. Urokinase activity was measured in CTA units by a
calibrated fibrin~plate method (19; every 3-4 days after this
medium change. Figure 3 indicates that most electrophoretic
fractions contain cells that produce urokinase and, in this
particular culture, the highest mobility fractions produced the
highest levels of urckinase activity per cell.

Freshly Dispersed Lymphocytes from the Irradiated Mouse Spleen

Radiation therapy often leads to lymphopenia in treated cancer
patients (20). It had previously been found that lymphocyte
population changes in thymus lymphocytes of irradiated mice
could be followed by analytical electrophoresis as a function
of time after irradiation and that a clear rise and fall of the
proportion of high-mobility (presumably cortical) cells occurs
(21). Similarly, spleens of contreol and irradiated mice were
excised 9 hr after exposure to 5.5 Gy of 60¢co gamma radiation;
lymphocytes were teased away from stromal tissue and purified
by the magnetic removal of macrophages and the removal by
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Figure 3. Density-gradient electrophoretic profile of cultured (;
human embryonic kidney cells "HFK-18" at the £fifth
passage in vitro. Cells per field (0) in each frac-
tion was determined by phase-contrast microscopy of
cultures in dishes; urckinase activity (@) was
determined by a fibrin-plate method (19). High
mobility cells showed a high specific activity.

centrifugation of erythrocytes (22). The resulting lymphocyte
suspensions were subjected to density-gradient electrophoresis,
fractions were collected, and the number of cells per fraction
in the 5.0-6.3 um diameter range was determined by Coulter
counter. The results shown in Figure 4, which is a distribu-~
tion of cell number vs. electrophoretic fraction, indicates
that there was a preferential loss of cells from the low-
mobility cell population after irradiation. The high-mobility
fraction has been recorted to consist mainly of T-lymphocytes
in adult mice (23). From this result we conclude that non-T-
lymphocytes are preferentially reduced in number in the spleens

of irradiated mice. €=
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Figure 4. Density~gradient electrophoretic profile of 5.0-6.3
um cells in fractions collected from columns to
which were applied splenic lymphocytes from control
{(0) and irradiated (@) mice. The percent cells in
the low-mobility (presumably non-T) population was
preferentiali: reduced 9 hr after exposure to 5.5
Gy.

Suspended Somatotrophin~producing Cells from the Rat Anterior
Pituitary

Purified populations of live somatotrcphin-producing cells have
numercus potential applications, including implantation for
growth enhancement (24), production of mRNAs for gene cloning,
investigation of single~cell responses to releasing agents
(25), the study of other functions of somatotrophs (26), and
hormone prcduction in vitro (27). Preparative cell electro-
phoresis is one of the methods that is potentially applicable
to this particular cell purification problem. Somatotrophin-
secreting cells constitute about 30 percent of the cells in
the mammalian adenchypophysis so their electrophoretic mobility
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-4 Figure 5. Electrophoretic profiles of suspended rat anterior
pituitary cells after enrichment {(upper panel) or

: depletion (lower panel) cf somatotrophs by centrifu-

a gation. Bands 1, 2, 3, and 4 define fractions
that were pooled for radioimmunoassay of hormone per
1000 cells. Band 4 in the upper panel was richest
in somatotrophs, and their specific activity was
nearly twice that of centrifugally purified somato-
trophs.

cannot be determined by analytical cell electrophoresis methods.
Heavily granulated rat somatotrophs were separated to ca. 80%
purity by a single centrifugation procedure (28) consisting of
layering freshly dispersed cells over 28% bovine serum albumin

; .(_ (BSA) (density 1.069 g/cm3) which in turn was layered over a

(2% P
+
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dense, 34% BSA, layer. Centrifugation produced two rat pitu-
itary cell bands, band I at the top interface and band II at
the intermediate interface. Cells in band II were enriched
somatotrophs. The electrophoretic mobility distribution of
these partially purified cells was determined by density-
gradient electrophoresis. At the same time electrophoretic
fractions were collected and assayed for growth hormone content
so that specific mobilities could be associated with specific
levels of hormone production per cell. Two electrophoresis
columns were used to simultaneously separate cells in centri-
fugal bands I and II. The éeparation profiles (Figure 5) reveal
obvious differences in the mobility distributions between bands
I and II. Radioimmunoassay of pooled fractions of cells from
this separation experiment showed that the specific activity of
cells from band 4 (lowest mobility group) in the upper panel of
Figure 5 was 872 rng of growth hormone per 1000 cells, whereas
pooled fractions represented by bands 1, 2, and 3 had 300 +

50 ng/1000 cells. Cells from all fractions from column II
(lower panel of Figure 5) had only 30 ng/l000 cells. These
data suggest that a small pool of somatotrophs that contain
relatively large guantities of hormone can be separated from
other cell types on the basis of their low electrophoretic
mobility.

Discussion and Summary

The fact that cell migration in Ficoll density-gradient elec-
trophesis is nearly linear allows meaningful separations and
analyses to be performed by density-gradient electrophoresis.
In specific research projects it was found that the electro-
phoretic mobiliity of logarithmically growing cells from a long-
term cultufed human cell line depends on cell cycle phase.
Preparative electrophoresis mal.es this experiment possible in
the absence cf artificial synchronization of the cells. Elec-
trophoretic subpopulations of cells from human embryonic kidney
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are enriched in cells that produce urokinase, a plasminogen
activator used in thrombolytic therapy. Preparative electro-
phoresis concentrates larger numbers of these senescing cells

.
| L

than could be done by the selection of single clones. Electro-
phoretic separation of freshly dispersed lymphocytes from the
irradiated mouse spleen indicates a preferential loss of low-
mebility ("non-T"} cells. Freshly dispersed cells from the rat
anterior pituitary have a low-mobility subpopulation that is
rich in somatotrophs that contain growth hormone after electro-
phoretic purification. Preparative electrophoresis permits the
post-separation use of functional assays to unequivocally iden-
tify classes of cells having known electrophoretic mobilities.
These research examples also indicate the utility of prepara-
tive electrophoresis, especially including density-gradient
electrophoresis, in producing populations of functioning cells
for further study or use in the production of cell products.
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ELECTROPHORETIC MOBILITIES OF ERYTHROCYTES IN VARIOUS BUFFERS
(1> L. D. Plank, M. E. Kunze, and P. Todd ~ o " e T
§ N85-317586.
INTRODUCTION

The calibration of space flight equipment has grown to depend upon a
source of standard test particles, and the test particle of choice has become
the fixed erythrocyte. Erythrocytes from different species have different
electrophoretic mobilities. Most buffers used in space electropheresis
applicatons have low conductivity and hence low ionic strength,

Electrophoretic mebility depends upon zeta potential, which, in turn depends
upor. ionic strenth. Zeta potential decreases with increasing ionic strength,
so cells have high electrophoretic mobility in space electrophoresis buffers
than in typiecal "physiological" buffers, which have ionic strength = 0.145
g-ions/l. Therefore, a series of experiments was conducted to characterize the
electrophoretic mobilities of fixed human, rat, and rabbit erythrocytes in
0.145 M salt, the standard experimental condition, anfl buffers of varying ionic
strength, temperature, and composition, in order to assess the effects of some
of the unique combinations used in space buffers.

Several effects had to be assessed: glycercl or DMSO (dimethylsulfoxide)
were under consideration for use as cryoprotectants. The effect of these
substances, if any, on erythrocyte electrophoretic mobility was therefore
important to know. The choice of buffer partly depended upon cell mobility
(owing to operating comstraints of the EEVT apparatus). Primary experiments
with kidney cells established the choice of buffer and cryoprotectant. A

( non-standtard temperature was antiecipated in the EEVT experiment, so the

L temparture dependence of EPM in the suitable buffer had to be determined.
Since there was a loss of ionic strength control in the course of preparing
columns for flight, the efffects of small increases in ionic strength over the
expected low values were also in need of evaluation.

MATERIALS AND METHODS

Approximately 10 different buffers were used in EPM measurements that were
performed over the 6-year project period. Most of these are described, with
respect to composition, ionic strength, conductivity, and osmolarity, in Table
1. In addition, the buffer designated "C-2", one of the glucose-sucrose Boltz
buffers originally developed for density gradient electrophoresis, is described
in Table 2.

Rat erythrocytes were collected by cardiae puncture or exsanguination
after cervical dislocation. For fixation they were collected into 0.067 M
Ssorensen's buffer and fixed in formaldehyde by Seaman's method or in
glutaraldehyde by Tenforde and Glaeser's method., Human and tabbit bloed were
collected by venipuncture and fixed in the same way.

Measurements of EPM were performed using the Zelss "Cytopherometer” with a
rectangular chamber and Cam-Apparatus electrodes or with the "Pen Kem 3000"
automated electrokinetic analyser. In the former case, cells at all depths
through the chamber were clocked (by hand), and the resulting data were

- recorded on a DEC PDP-1l oi Zenith Z100 miocrocumpter for fitting of assymetrie

( ! parabelas and analysing them into histograms of cell count vs. mobility, using
the BASIC RI-11 programs developed by L. D. Plank on the basis of the work of R
A. Gaines (Chapter 4),.
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RESULTS

During the 1980-1982 calendar years numerous EPM measurements were mmade
on fixed human erythrocytes; the raw list of resulting mobilities is given in

i” *#adble 3, The other standard particle chosen of use on EEVT was fixed rabbit

erythrocytes, which have about 0.55 the mobility of human erythrocytes.
although the literature values tend to vary by about 157 around this ratio.
Table 4 ig as raw list of rabbit erythrocyte mobilities. From these two tables
it was possible to derive the final mobility values most relevant to the EEVT
experiment; these are the human and rabbit erythrocyte mobilities in buffer
D=1, finally chosen for the flight experiment, and 0.145 M NaCl in bicarbonate
buffer, the standard buffer for erythrocyte electrokinetic mauseruemts. These
measurements are summarized in Tables 5 and 6. All values are corrected ot the
viscosity of water at 25 degrees C.

During the final months before flight an invonsistency arose concerning
the EPM of the cells fixed by G. V. F, Seaman to be used as the flight
standards. Measurements at McDonnel-Douglas Astronaoutics Corp. (MDAC) yielded
unexpectedly high mobilities, and measurements at Marshall Space Flight Center
(MSFC) yielded unexpectdely low mobilities. These discrepancies were resolved
when it was found that the MDAC samples had become contaminated, and they also
had high mobilities when measured at the Pennsylvania State Universtiy (PSU)
(Table 3, lines 1 and 2), and when the same viscosity corrections were applied
to data obtained at MSFC (Figure 1) and PSU (Tables 3 and 4) the mobiliteis and
standard deviations were essentially the same. Thus, the ACTUAL mebilities
agreed upon, that would apply in D-1 buffer at 25 degress, are those seen in
Figure 1, prepared by Dr. R. S. Sayder of MSFC, using Rank Bros.
electrophoresis microscope with circular chamber.

The several questions that arose in the ccurse of this study were answered
23 follows:

1., Cells that were studled at MDAC had higher mobility, especially those that
had been stored in D-1 buffer at MSFC.

2., Mobility in D-1 is consistently higher than in A~1l, but only bo 0.1 - 0.2
unit.

3. Mobililties measured in saline in all laboratories are correct.

4, The lowest mobilities meeasured were 2.31 and 2.35; these were made in D=1
without DMSQ, in the Cytopherometer and Pen Kem, respectively.

5. Using higher current did not increase mebility.

6. The range of reliable mobilities (3/82) of formalin-fixed human erythrocytes
is 2.54 - 2.79.

7. Deriving mobililties from whole velocity parabelas does not increase
measured mobility. If anything, parabola mobilities are about 0,1 - 0.2
unit less that mobilities derived from stationary-plan-only measurements.

8. Glutaraldehyde-fixed cells do not have higher mebility than formalin-
fixed cells.

Another method used in the course of the research was density gradient
electrophoresis, using the same fixed cells as standards, So that this work
could be related to the microgravity studies, absolute mobility measurements
were also made in C-1 buffer (Table 3 and 4) and verified using the Pen Kem
3000 Automated Electrokinetic analyser, using glutaraldehyde fixed rat
erythrocytes rather than human (Figure 2).

Conduetivity and temperature of the column buffers in the EEVT were not
exactly as planned, so post-flight analysis depended upon understanding the

)
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effects of changing the concentration (and hemce ionic strength, conduetivity,
viscosity, etc.) of D~1 buffer. The dependence of mobility on ionic strength
is well known (Heard and Seaman, 1960). The buffers used in evaluating the
ionic strength dependence of RBC mobility using the Cytopherometer are listed
in table 7, and a graph of EPM vs. ionic strength is given as Figure 4. An
example of the study of the effect of temperature using the Cytopherometer is
given in Figure 5, in which complete velocity parabolas are presented at two
temperatures in D-1 buffer. A series of such experiments was conducted and the
final results are presented in Table 8, where EPM as a function of both
temperature and buffer concentration is given.

Table 2. Composition of buffer C-2 used in density gradient electrophoresis

systems,
COMPONENT GRAMS/LITER MOLEC., WT. MILLIMOLARITY
KCl 0,2 74,35 2.68
KH, PO 0.84 136,09 6.17
Glucose 10 180.16 5,55
Sucrose 68 342,3 198.7
Conductivity (mmho/cm) 0.87

Viscosity (cP) 1.10
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Table 1. Compositions of Buffers Used in Microscopic Electrophoresis of Cells Prepared From

Monolayer Cultures.

CONCENTRATIONS, MILLIMOLES/LITER

Buffer Name MzCl, NaCl KC1 KH ;PO Na oHPO,, Glucose Sucrose  NaHCO, r/2 ngzo
Standard Saline 0 145.0 0 0 0 0 0 0.30 0.145 12.5
.12 0.48 89.7 2,65 1.47 8.10 55.5 19.9 0 0.120 9.2
.09 0.48 59.8 2.65 1.47 8.10 55.5 80.1 0 0.090 6.8
.06 0.48 29.9 2,65 1.47 8.10 55.5 14.0 0 0.060 4,2
.03 0.48 0 2.65 1.47 8.10 55.5 199 0 0.030 1.5
1 mM Phosphate 0.48 0 2,65 0.15 0.81 55.5 199 0 0.015 0.5
Josefowicz 13.0 [10 mM Tris] 290 (sorbitol) 0.015 1.5
%E'Seligmans + it 4.36 .089 L0245 .0175 0.185 280 0.28 0.005
0.61 mM NaAc
D-1 0 6.42 0 0.367 1.76 222 0 0.015 0.9
A-1 + 336 mM 0 6,42 0 0. 367 1.76 222 0
EDTA + 5% glycerol
(A-1) + 5% pMSO (D-1)
o~

H=271
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-~ Table 3
(_? List of fixed human RBC mobilities from individual experiments,
L § corrected to viscosity of water at 25°C.
MOBILITY BUFFER DATE SPECIAL CONDITIONS
2.74 + 0,12 D-1 from MDAC 3/4/82 Sent in formalin-galine
2.83 + 0.13 D-1 made at PSU 3/4/82 Sent in formaliri-saline
2.31 + 0.18  D~1 without DMSO 10/7/81
1.99 + 0.11  C-1 (T'/2 = 0.030) 7/28/81
2,76 + 0.18  D-1 7/15/81
3.02 + 0.20  b-1 - 6/30/81
1.76 + 0.13  C-1 (I'/2 = 0.030) 5/20/81
1.69 + 0.11  C-1 (I'/2 = 0.030) 4/14/81
1.47 # 0.12  C-1 (/2 = 0.030) 3/20/81
3.05 + 0.09 D-1 11/12/80
2,05 + 0.11  D-1 made at MSFC 10/23/81 Meas. at MSFC
2,40 + 0.0 D-1 8/21/81 Pen-Kem, 0059
2,35 + 0.15  D~1 without DMSO 8/21/81 Pen-Kem 0057
1.76 + 0.12 -2 (T'/2 = 0.015) 8/21/81 Pen-Kem 0063
2.76 + 0,16  D-1 without DMSO 3/10/82  Seaman-MSFC cells (7/20/81)
2.67 + 0.11  D-1 3/10/82
2.54 + 0.15  A-1 3/10/82
2.70 + 0.14  D-1 3/12/82 I = 0.5 mA
2,64 + 0.17  D-1 3/12/82 1 = 0.9 mA
2.78 + 0.13 D1 - 3/12/82 I = 0.5 mA, Frout S. P
{ 1.35 + 0.06  0.145 MNaCl, 10_*MNaHCOj 3/12/82 Front S. P. meas. only
\_ 1.24 +0.06 0,145 MNaCl, 10 “MNaHCOj 3/12/82 Parabola
2.79 + 0.13 D-1 . 3/12/82 F.S.P. only, after saline
2.59 + 0.15  D-1 _ 3/12/82 Parabola
1.10 + 0.08  0.745 MNaCl, 10_*MNaHCO, 3/14/82 Seaman-formald 7/20/81
1.02 + 0.08  0.145 MNaCl, 10_°MNaHCO; 3/14/82  PSU Glut. 10/23/80 cells
1.13 # 0.07  0.145 MNaCl, 10_*MNaHCO; 3/14/82 pH 6.9
1.28 + 0.07  0.145 MNaCl, 10 *MNaHCOj 3/14/82 pH 9.1
1.10 + 0.08  0.145 MNaCl, 10_‘MNaHCO; 8/21/81 Pen~Kem 0055 Rat RBC
1.10 + 0.08 0.145 MNaCl, 10 *MNaHCOj 8/21/81 Pen-Kem 0053 Rat (repeat)
2.65 + 0.15 D-1 3/15/82 Pool of 274 cells, 4 runs
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MOBILITY
0.93 + 0.28
1.08 + 0.07
1.47 + 0.14
0.31 + 0.07
0.79 + 0.08
2.11 + €.09
2.50 + 0.18
3.35 £ 0.34
2,83 + 0,27
1.91 + 0.15
3.51 + 0.28
0.82 + 0.06
0.63 + 0.09
0.98 + 0.07
1.29 + 0.09
1.47 +0.11
1.82 + 0.11
2.30 + 0.15
2.70 + 0.17
3.25 + 0.20
3J.63 + 0.31
2.18 + 0.11
0.96 + 0.09
1.62 + 0.12
1.89 + 0.13
1.22 + 0,11
1.41 + 0.12
1.53 + 0.13
1.70 + 0.18
1.80 + 0.20
0.30 + 0.05
0.35 + 0.10

Table 4

List of fixed rabbit erythrocyte mebilities from individual
experiments, corrected td viscosity of water at 25°C

BUFFER
C~1
(I'/2 = 0.3299)
Cc-1
0.145

PBG-sucrose-NaCl (0.090)

-3 (T/2-0.007)

B~2/3% Ficoll (0.0299)

B-2/10% Ficoell (0.0299)
B-2/7.3% Ficoll (0.0299)
B-2/2.5% Ficoll (0.0299)
PBG~-Sucr./12.3% Ficoll (0.0299)
PBG-Sucr. NaCl (I'/2 = 0.060)

PBG-Sucr. NaCl (I'/2 = (¢.120)
PBG~Sucr. NaCl (I'/2 = 0.060)
c-1
c-1
PBG Sucr. Ficoll 2.57% (0.030)
5.0%
7.5%
10%
12.5%
D=1 (T/2 = 0.015)
c-1 (0.030)
D-1
D-1
c~-1 (0.030)
C-1 Ficoll 2.57%
5.0%
C-1 Ficoll 7.5%
C~1 Ficoll 10.0%
0.143
0.145
Fa ﬂ)_

DATE

4/11/78
6/30/80
7/3/80
7/8/80
7/9/80
7/14/80
7/16/80
7/16/80
7/23/80
7/25/80
7/28/80
7/29/80
8/30/80
8/25/80
10/15/80
12/9/80
12/9/80

2/20/81
5/20/81
6/19/81
6/30/81
9/21/81
9/21/81

CONDITIONS

Pen Kem 00553
Pen Kem 00533 (repea
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{‘j . corrected to the viscosity of water
BUFFER MOBILITY Q&ZE-
D~1, no DMSO 2.31 + 0.18 10/7/81
D-1, no DMSO 2.35 + 0.15 8/1/81
D-1, no DMSO 2.76 + 0.16 3/10/82
D-1 2.67 + 0.11 3/10/82
A-1 2.54 + 0.15 3/10/82.
D-1 2.59 + 0.15 3/12/82
0.145 Nacl, 10 * NaBECO; 1.10 + 0.08 3/14/82
0.145 NaCl, 10 NaHCO; 1.02 + 0.08 3/14/82
0.145 NaCl, 10 * NaHCO; 1.13 + 0.07 3/14/82
| 0.145 NaCl, 10 * NaHCO, 1.28 + 0.07 3/14/82
A D1 2.65 + 0.15 3/15/82

Table 3 Human RBC mobilities

Table 6 Rabbit RBC mobilities

12-7

at 25°C

CONDITIONS

Pen-Kem 3000

Seaman cells from MSEC
Seaman cells from MSFC
Seaman cells from MSFC
Complete parabola (usual)
Seaman formald. 7/20/81
PSU glut., 10/23/80

pH 6.9

pH 9.1

Pool of 274 cells, 4 Tuns

corrected to the viscosity of water at 25°C

BUFFER
D=1
D-1

0.145 NaCl, 10™* NaHCO,

MOBILITIES

1.62 + 0.12
1.89 + 0.13

0.51 + 0.07

DATE
6/19/31
6/30/81
7/8/80

CONDITIONS
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Table 7

Conductivity, K (mmho/cm), and ionic strength,.T/Z (M), for buifers used to
determine cell mobilities, concentrated D-1 buffer, and flight column buffers.

MEDIUM r/2 K(25°C)
D~1 0.015 0.95
c-1 0.030 1.5
c-2 0.015 0.5
0.145 0.145 - 12.5
B-3 0.007
B-3" 0.060 4.2
B-3" 0.120 9.2

2xD-1 0.030 1.52

1.5%D-1 0.0225 1.29

1.25%0-1 0.0165 1.03

1.0XD~1 0.015 0.97
019 0.0237 1.306
049 0.0190 1.142

Table8. Temperature dependence of the electrophoretic mobility of
glutaraldehyde~fixed human erythrocytes as a function of

temperature in D=1 and 1.25 concentrated D-1 buffer, corrected

for HZO at 25°C.

ELECTROVHORETIC MOBILITY

TEMPERATURE pm-cm/V-sec
°C IN D-1 IN 1.25 x D=1
12.0 2.41 % 0.31 2.41 £ 0.18
14.0 2.76 £ 0.21 2.52 + 0.30
20.0 2.59 * 0.26 2.45 £ 0.26
25.0 2.70 = 0,27 2.62 *+ 0.36
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Figure ], Elactrophoretic mobility distributions of formaldehyde-fized tabbit
and human sacythrocytes in D-1 buffer as determined using Marshall Space Flight
Center's Rank microscopic electrophoresis apparatus by measuring velocities at
the stationary position in a cylindriecal chamber at 25 C.
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Figure 2, Electrophoretic mobility distribucion of glutaraldehyde-~
fixed rat and rabbil erythrocytes mixed together in equal
concentrations in C-1 buffer, measured using the Pen Kem
"3000" automated laser light-scattering electrokinetic

analyzer.
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Figure 4. Electropheratic mobility of fixad human, rat, and cabbit
srythrocytes as a function of jonic strength in various bduffers (Table 11)
using pre-existing laberatory data.
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Figure 5. Mobility parabolas for glutaraldehyde-fixed human erythrocytes
in D=1 buffer (1.0X) at two temperatures.
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Chapter 13.

Effects of Method of Detachment on Electrophoretic
Mohility of Mammalian Cells Grown in Monolayer
Culture.
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INTRODUCTION

A variety of proteolytic and mucolytic enzymes, mechanical procedures,

oA

and changes in the ionic environment, especlially Ca*t chelation, have been

Lldice Rl

BN

routinely used for dispersal of monolayer—-grown cells. If either chelating
agens or mechanical dispersion are used alone, the cell yield is often low and
suspensions of single cells are difficult to obtain. Confluent monolayers

treated with EDTA tend to be released from their surfaces in sheets, and

F
e
]

- «lumpts of cells remaln even after further incubation in EDTA (Snow and Allen,
1967). Crude trypsin is the mest popular dispersal agent and is known to

contain a variety of contaminating enzymes (Rinaldini, 1958; Waymouth, 1974;

Pine et al., 1969) which may contribute in many cases to the dispersal of

cells (Pine et al., 1969). Roports of a variety of cell injuries resulting

from the activity of proteolytic enzymes have appeared. These include adverse

B Sk A )
'

effects oz cellular metabolism and viability (Berry et al., Gunther et al.,
Hebb and Chu, Weiss, 1958; Malucci, Konigsberg, Edwards, et al., Kellner et
al.) as well as specific injury to the cell surface (Seaifecta, Lehmkuhlod,
Haltzer et al.) Snow and Allen ( ) have reported the release of
macromolecules containing bound awino sugars from cells in tissue culture
after harvesting with erude trypsin, Crystalline trypsin, and EDTA. Further,
crystalline trypsin was shown to be least harmful to cell integrity as judged
by trypan blue uptake.

There is considerable evidence that both erude trypsin and crystalline
trypsin treatment removes surface sialoglycopeptides from monolayer grown
celsl (Snow and Allen, 1967; Shen and Ginsburg, 1969; Vogel, 1978) ascites
tuvmor cells (Langley and Amkrose, 1964, 1967; Gasic and Gasic, 1962 a and b,
Codington, 1970) and human (Cook et al., 1960) and beef erythrocytes (Walter

t al., 1972), It is noteworthy that Cook et al., 1961) found no release of

— ——
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sialic¢c acids from Ehrlich ascites tumor cells after treatment with crude
trypsin. EDTA treatment, however, does not release surface sialic acids from
cells in tissue culture (Snow and Allen, 1970; Vogel, 1978) but is expected to
remove caleium from the cell periphery (Welss, 1967) (Borle, 1966).

Crude trypsin preparations from different sources are know to vary
markedly in their compsoiticon with regard to contaminating enzyme activities
(Speicher, 1977). A number of studies have investigated the effects of
protevlytic enzymes and chelating agents on the e.p.m. of mammziian cells
(Seaman and Ulntlerbreck, 1963; Tenforde, 1979; Hayry gt al., 1965; Fike and
van Oss, 1976; Brent and Forrester, 1967; Ponder, 1951; Seaman and Heard,

1960; Thompson et al., 1978; Thompson 1977; Molito 1977; Weiss 1966; Woo and
Cater, 1972).

Crystalline ctrypsin has been shown to reduce the e.p.m. of human red bloed
cells by approximately 30% when measured in physiological saline (Seaman and
Uhlenbruck, 1962, 1963; Ponder, 1951). Appreciable reduction in e.p.m. has
also been observed in chimpanzee and dog erythrocytes whereas those of hose,
ox, pig énd sheep exhibited small decrements or no change (Seaman and
Uhlenbruch, 1962, 1963).

In the case of monolayer cultures, adequate controls are difficult to
achieve. Adherent cell types whicn also grow in suspension have heen
investigated by Brent and Forrester (1967} and by Fike and van Oss {(1976). The
former group concluded that EDTA dispersal of Hela cells probably does not
affect the e.p.m. when measured at physiclogical ionic strength. Likewise, no
significant change in the e.p.m. of RPMI 1846 cells after EDTA treatment was
observed by Fike and van Oss (1976). These authors reported that crude
trypsin, however, caused a significant increase in zeta potential and identical

mobilities were reported for the treated suspension cells and for the trypsin
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dispersed monolayer cells. A low ionic strangth tuffer (0.015 g.ions/l) was
used in this work.

The effects of trypsin and EDTA dispersal on the e.p.m. of
anchorage~dependent cells have generally been considered in comparison with a
mechanical dispersal technique. Hayry et al. (1963) reported that the e,.p.m.
of Hela cells in physiological saline was reduced significantly after
disaggregation with trypsin when compared with the mobility of mechanically
dispersed cells which was similar to that obtained by EDTA dispersal.
Simon-Reuss (1964) also compared the effects of scraping and crude trypsin
dispersal on a variety of primarv and continuous cell types. Mobility
measurements in stand:cd suline could not detect any significant differences
between the two treatments. A novel approach was adopted by Fike and Van Oss
(1976) who determined the zeta-potential of intact cell monlayers by measuring
the electro-osmotic flow velocity in their capillary chamber on the inner
surface of which a confluent layer of cells was present. Their results
indicated that both EDTA and mechanical scraping caused no significant change
in zeta potential but that trypsin dispersal resulted in an aprpeciable
decrease in the two cell types examined.

In the present work, the effects on zeta potential of EDTA dissociation of
monolayer cultures was compared with the effects of detachment by exposure to
hypotonic wedium followed by mechanical agitation. Gaffney ard McElwain (19)
had used briefe expsoure to hypotonic salt solution to selectively detach

mitotic cells from inenolayers. In our lab, all cultures were routinely

subcultivated approximately 24 hours prier to harvesting so that subconfluent
monolayers only were dispersed. This protocol enabled single cell suspensions
to be obtained by EDTA treatment. TIn all the adherent cell cyptes examined

crude trypsin dispersal resulted in signficantly decreased zeta potentials when
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compared with disjersal by EDTA. This was true for low and intermediate values
of huffer ionic strength as well as Sor physiological saline. Identical value.
of e.p.m. were invariably obtained after harvesting by trypsin compared with
crypsin-EDTA. Two lines of evidence thus show that trypsin, not EDTA, modifies
the charge composition of the cell periphery. In chinese hamster cell lines,
the hyptonic medium removal method resulted in lower e.p.m. than that obtained
for EDTA dispersal. Trypsan blue viability measurements indicated that the
former method was more damaging to cellular integrity. EDTA and hypotonic
medium dissoeciation of T-1E cells, however, resulted in similar mobility
readings. After maintenance in spinner culture, following trypsin dispersal
the e.p.m. was significantly higher than that of the EDTA dispersed cells, The

effect of EDTA treatment on the spinner-maintained cells has not been

investigated.

Measurements of e.p.m. provide an indixe of net surface charge density at
the hydrodynamic slip plane of a cell (Briton and Lauffer, 1958)., All studies
ot date have shown that thkz vertebrate ceil surface exhibits a neagative seta
potential. Sialic acid groups have been implicated as an important determinant
of this negative charie in many cell types (Seaman and Heard, 1960; Cook,

Heard and Seaman, 1961; Walliach and Eyler, 196l; Forrester, Ambrose and
MacPherson, 1962). The contribution from other anionic groups in the cell
periphery will vary according to cell type and conditions of measurement. “The
further away from the electrokinetic surface of a cell an ionized group is, the
less will be its projected contribution at the plane of the zeta potential,”
Lowering the ionic strength of the buffer in whi~h electrophoretic mobility
determinations are made results in extension of the Debyl shielding distance
which means that the net surface charge density measured is averged over a

greater depth of the cell periphery (Seaman and Heart, 1960).

e
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After incubation with trypsin~EDTA, the e.p.m. of the mouse lymphoma cells
at intermediate fonic strength (0.03) was significantly higher than that of
untreated cells. EDTA treatment had no appreciable effect on the e.p.m. of
control cells. Weiss (1967) has remarked that this latter result could
indicate that either the majority of the chelated calecium is bound to anionin
groups in rhe glycocalyz whicha re appreciably deeper than 20A from the
hydrodynamic shear plane, or univalent cations readily mask any superficial
anionic sites revealed by calcium removal., Woo and Cater (1972) demonstrated
that incubation of hepatoma ascites cells with trypsin, resulted in a 22%
reduction of mobility. Weiss 91966) found, however, no significant change in
the mobility of murine sacroma 37 ascites cells after incubation with
crystalline trypsin. Both these studies used physiological ionic strengch
buffers. Weiss (1967) has also observed the effect of EDTA incubation on the
mobility of murine sarcoma cells and found no detectable change.

This study was undertaken to assess the effects of trypsin and EDTA
dissociation on cellular electrophoretic mobility and viability in view of the
importance of maintaining cell integrity and electrophoretic heterogeneity for
preparative electrophoresis experiments. Primary human embryonic kidney
cultures used in this work possess morphologically distiuguishable
subpopulations which may well be separable electrohoretically, as has been
achieved for rabbit kidney cortex cells by Heidrich and Dew (1977) and
Vandewalle et al. (1982). Although no consistent reduction in electrophoretic
heterogeneity tollowing trypsin treatment as compared with other treatments was
observed in the present work, the greater surface charge alterations seen
following trvpsin dispersal could yet be detrimental to separation, The
variabiiity of different trypsin batches in enzyme composition and activity

(Speicher) also may affect reproducibility of a separation protocol based on
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surface charge differences. The apparently less severs effect of EDTA
dispersal on the electrokinetic surface needs to be considered along with the

reduced viability sometimes seen following this treatment.

MATERTALS AND METHODS

The electrophoresis buffer composition is given in Table 1. Cells were
removed from subconfluent cultures by incubation in 0.37% EDTA in Puck's
saline A (composition given in Table 2) or the same solutioen with 0,03% crude
trypsin added. Cells were centrifuged out of these sqlutions and washed and
resuspended in D~1 buffer for electroporesis. The Zeiss Cytophercmeter with
Cam—-Apparatus electrodes wzs used to obtain ﬁobility hisotgrams from the

analysis of the complete cell flow parabola.

RESULTS

A parabola giving cell velocity vs. chamber depth is shown in Fig. l., and
the mobility histograms are shown in Fig. 2. Due to the small number of cells
available for measurement in the chamber theré is no statistically significant
difference between the histogram obtained with cells dispersed with trypsin and
EDTA and that for cells dispersed with EDTA only. In any case, trypsin
treatment did not reduce the electrophoretic mobilities.

The combination of cell dispersal with EDTA and suspensions in D-1 buffer
still does not lead to fully satisfactory viability. Table 4 summarizes the
results of a preliminary experiment designed to test the ability of D-l buffer
on its own to disperse cells. This experiments was based on a recently
anunounced finding that DMS0 at 10% concentration disaggregates actin-containing
microfilaments in epithelicid cells in culture. The results indicate that D~1

buffer does digperse cells, but that it might selectively suspend cells with
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low viabiity, since the traditional method employing EDTA in Puck's saline A
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led to much higher viability, as measured by percent attachment in 24 hours.

Variant of this experiment are to be performed in the near future,

Table 1.

Composition of D-1 Buffer, Low Ionic Strength Medium for Cell

Freezing and Electrophoresis.

NaCl 0.380
NapHPO,, a.167
KHy POy 0.050
NagEDTA 0.125
Glucose 40.0
DMSO 50.0

MOLARITY

0.00642
0.00176
0.000367
0.000336
0.222

0.64
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Table 2.

Table 4.

DISPERSING
SOLUTION

D~-1 buffer

Composition of Puck's Saline A, Used as the Medium for Cell

Dispersing AGents Trypsin and EDTA

COMPONENT
NaCt

KCz

KalCO3y
NapHPO4« 7H0
KHp POy
Na»EDTA
Glucose

Phenol red

Effect of Method of Cell Removal on Viability (attachment in 24 hr)

of Strain HFK-15 (Passage 5) Cells Plated in BME + 10% Newborn Calf

Serum (Experiment 1212)

0.,37% EDTA in
Puck's Saline A

INCUBATION
TIME, 37°C

e e e

10 min

20 min

% ATTACHED DENSITY

IN 24 HR IN 24 HR
46 Sparse
35 Confluent
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Figure 1. Cell velocity vs. distance from the front wall of the Zeilss

cytopherometer electrophoresis chamber. Cells are HFK-13, passage (;

5, resuspended with 0.,03% trypsin and 0.37% EDTA in Puck's saline A.
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Figure 2.
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Electrophoretic mobility histograms of HFK15 cells, passage 5, in

D-1 buffer after suspension in EDTA or EDTA plus trypsin.
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PREPARATIVE ELECTROPHORESIS OF CULTUREP HUMAN CELLS: EFFECT OF CELL
CYCLE PHASE

Y™ e L R
M. E. Kunze, P. Todd, C. Goolsby, and J. T. Walker N8 5-3 1 (4 508

ABSTRACT

Human epitheliecid T-1E cells were cultured in suspension and
subjected to density gradient electrophoresis upward in a vertical
column. Three lines of evidence indicated that the most rapidly
migrating cells were at the beginning of the cell cycle and the most’
slowly migrating cells were at the end of the cell cycle. The most
rapidly migrating cells divided 24 hr later than the most slowly
migrating cells. Colonies developing from slowly migrating cells had
twice as many cells during exponential growth as did the most rapidly
migrating cells, and the numbers of cells per coeleomy at any time was
inversely related to the electrophoretic migration rate. DNA measure-
ments by fluorescence flow cytometry indicated that the most slowly
migrating cell populations were enriched in cells that had twice as
much DNA as the most rapidly migrating cells., It is concluded that
electrophoretic mobility of these cultured human cells declines
steadily through the cell cycle and that the mobility is lowest at
the end of G, phase and highest at the beginning of G; phase.

INTRODUCTION

Changes in cell shage (1), surface interactions (2), and surface
composition (3) through the cell eycle imply that significant cell surface
modifications oceur. Presumably some aspects of these surface modifications
are manifested in the form of surface charge density changes that are
detectable by cell electrophoresis. The electrepheresis of synchronized
cells requires large numbers of narrowly-synchronous cells in suspension

with undamaged surfaces. Such cell populations are extremely difficult

w




to obtain. An early attempt at synchronous cell electrophoresis was made

by Brent and Forrester (4) who collected mitotically detached Hela cells .
_ f;omlmitoticall&-enriched (5) populations in monolayer culture. The
| m;:otically-collected cells had a much higher electrophoretic mebility

(EPM) than did asynchronous cells growing in suspemsion (see Table 1).

Subsequent cultivation of asynchronous cells in suspension led to a de-

crease in EPM, which rose again at the time of the next synchronous

mitosis. These experiment= were performed by microscopic electrophoresis

at ionic strength approximately 0.16 M.

Nearly all other experiments on the EPM of syn;hronous cells have

been performed using suspension-grown cells. Mayhew and 0'Grady partially

synchronized RPMI 41 .sarcoma cells by double thymidine block and measured

EPM as a function of time. A mitotic péak occurred 14-17 hr (15% mitotic

cells) after thymidine release, and at this time EPM was highest, about

-1.3 pm-em/V-sec (see Table 1). During DNA synthesis cells had mobilities .(:'

similar to or lower than asynchronous cells. After cecell divisien the

mobility fell sharply (6,7) and appeared to rise again around Gy or the

1 next mitesis. Neuraminidase-treatment of double-thymidine and cold-shock

. synchronized cells eliminated the cyclic variation of EFM (7). Shank and
Burki (8) reported that the EPM of L>178Y mouse lymphoma cells synchronized
in suspension by sequential thymidine and colcemic blockades did not change

= through the cell cycle (see Table 1). They suggested that cells that are

.
3
1
‘

normally non-adherent have no need te change surface features through the
cell cycle, so EPM may also be expected to remain constant. However,
Gersten and Bosmann (9) studied the same cells with the same synchronizing
procedure but measured EPM at much lower ionic stremgth and found that
EPM fell from a maximum of -2.0 during G1 phase to a constant value of

about -1.7 during S phase and rose again at the next cell division, ‘E{?
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Despite rather substantial differences in the cell systems studied
to date, it is possible to discern a mild concensus in the findings.

EPM is highest at one or both ends of the cell eycle, By examining the
published data it can be seen that EPM is definitely high at the very
beginning of the cell cycle (early Gl)’ but it is less certain that

EPM is high at the end of the cycle, sinceall experiments reported to
datz report measurements made after considerable desynchﬁonizatiom and
hence in the presence of early G; cells. All cell synchronizations were
also accomplished by the use of abnormal metabolilic conditiens, such as
excess thymidine S~phase blockade, colcemid Mrphase-bleckade,-and

cold shock,

In view of the above state of affairs and our own research objectives,
the study of radiation effects on EPM, a gseries of experiments was under-
taken to determine whether human T-1E cells experienced modulatien of EPM
throgh the cell eycle, whether cyelic changes inm EPM oeccur in the absence
of metabolic synchronization, and, if so, whether EPM is high at beth or
only one end of the cell cycle. To achieve these objectives, asynchronous .
T-1E cells were grown in suspension without metabolic synchronization
and subjected to preparative demsity gradient electrophoresis, subsequent
to which individual electrophoretic subpopulations of cells were subjected
to DNA distribution analysis by fluorescence flow cytometry.or growth
analysis to determine position in the cyecle following electrophoresis.

MATERIALS AND METHODS

Human T-1E cells were maintained as monolayer cultures in Eagle's
Minimum Essential Medium according to routines previously described (10).
In preparation for experiments, suspensions were prepared using 0.037%
crude trypsin in Puck's Saline A, and cells were diluted te 3 x 10° /mi

in complete medium and transferred to spinmer flasks for cultivation in
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24 hr. These asynchronous cells were centrifuged out of the complete
medium and resuspended in electrophoresis buffer (11) for electrophoretic
separation at low (0,030 M) ioniec strength in a Ficell gradient (1l1).
After electrophoresis for approximately 2.5 hr at 19 mA, cells were
collected, usually under sterile conditions, :n fractions pumped out
the top of the column., In some instances cells were then cultured in
monolayers for growth or colony formation measurements, and in some in-
stances cells were fixed and stained for flow cytometry (12). Growfh
curves were determined by periodic counting of the number of cells in
each of about 100 colenies by phase contrast micros;opy as a function
of time after plating cells in 60 mm culture dishes, as previcusly
deseribed (13).
RESULTS

When humap T-1F cells were subjected to density gradient electro-
phoresis and collected in 3-drop fractions (high reselutien) the
electrophoretic profile given in Figure 1 was found., The circles indicate
the pumber of visible colonies formed in each culture prepared from the
individual fractions by collecting three drops of column effluent directly
in 60 mm culture dishes with 5.0 ml of complete medium. The plotted dots
represent the ratio of colonies formed to cells per unit area in the
starting culture prepared from each fraction. The electrophoretic profile
is a broad deuble- or triple-peaked distribution, but there is not clear
trend in plating efficiency vs. fraction number. When selected fractioms
were examined microscopically feor the determination of average number of
cells per colony it was found that the rapidly migrating fractions (40-50)
had fewer cells per coleny than did slowly migrating fractions (60-68) during
logarithmic phase growth (65.5 hr after plating). Furthermore, the number of

cells per colony at this stage increased with fraction number in a regular

)e.
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fashion between fractions 50 and 60@. 1In other words, more slowly

migrating cells gave rise to larger colonies. These results are seen in

Figure 2. The slowly-migrating eells could give rise to more rapidly

'f growing colonies or colonies that enter .legarithmic growth sooner. The
complete growth curves of selected fractions, given in Figure 3, indicate
that the growth rates do not differ significantly, but the growth curve
of the most slowly migrating fractien {dots) leads the growth curve of
the most rapidly migrating fraction (circles) by as much as 18 hr,

The more accurate growth curves from a lower-resolution electrupheresis

experiment, given in Figure 4, confirm this finding. Cells from slowly-

H
L

g: migrating fractions multiply scomer, but not faster, than cells from

% rapidly-migrating electrophoretic fractionms.

. Growth curves of asyuchromous T-1E cells determined by counting

§' cells per celony can be analysed to show that large celonies correspend

\;. to cells plated in the later part of the cycle (G, phase, for example),

- ’ and small colonies correspond to cells plated in the Gy phase. Thus
Figure 5 shows that the growth curve for the 20% largest colonies in a
population starts with a delay of 0-2 hr, and the growth curve for the
20% smallest colenies in a pepulation starts with a delay of 19-23 hr
(about one cyele time), The smallest colonies started growth with a
division delay of about 1 cyele, implyiung that they had to pass through

? nearly a full cycle before dividing. It is deduced from this type of
analysis that, in normal cultures, large colonies correspond to single
cells plated in G2 phase, and small colenies correspond te cells plated in

early Gy phase. This principle was applied to growth curves of cells from

specific fractiens distributed throughout the high-resolution electrophoretic

profile shown in Figure 6, and it ean be seen in Figure 7 that the most
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rapidly migrating cells were the last to divide (fraction 15), while the
most slowly migrating cells divided first (fraction 33).

In a similar series of experiments growth curves were determined
with greater time resolution during the first two cell cycles after
electrophoresis, and Figure 8 shows that evidence for synchronous waves
of division exist and that they occur at different times in cells from
different electrophoretic fractions; in slowly migrating fractions they
occur before they do in rapidly migrating fractions.

When collected fractions were subjected to DNA analysis by flow
cytemetry it was found that rapidly migrating fractions (high apparent
mobility fractions in Figure 9) were nearly devoid of Gy cells and very
low in 5 cells, but slowly-migrating fractions (0.5 - 0.6 apparent mobility
units in Figure 9) were enriched in Gz cells. These differences are seen
more clearly in Figure 10, in which fractions 16 (high mobility) and 22
(low mobility) are compared on the same scale,

To determine whether or not this finding of electrophoretic enrich-
ment of cells in speecific phases of the cell eycle applies to oiher cell
types, experiments were also performed in which mouse lymphoma L5178Y cells
were grown in logarithmic phase in Fischer's medium (14) with 10% newborn
calf serum, subjected to density gradient electrophoresis, and analysed
for DNA content by flow eyteme:ry. In complete analogy with Figure 10
for T-1E cells, these cells alsoe shown electrophoretic embhancement of

G, cells in rapidly migrating fractiomns and of G, cells in slowly migrating

1

fractions.

&j



g 14-7

DISCUSSION

The migration rate of cells in density gradient electrophoresis
depends wvpo>n their position in the cell cycle, and rapidly migrating
fractions are clearly enriched in early G1 cells, while slowly migrating
fractions are enriched in G, cells. Preliminary evidence indicates that
this principle applies to more than one cell type. The results of the
density-gradient electropheoretic studies are consistent with the hypothesis
that EPM is highest at the beginning of the cell c¢cycle, as shown in
several previous reports (4,6,7,9). Published results, strictly inter-
preted, do not indicate a rise in EPM during G,y phase, and the present
results are comsistent with lowest EPM occurring at G, phase.

Density-gradient electrophoresis differs from microscopic analytical
electrophoresis in many ways, including the necessity to use low ionic
strength buffers and the presence of the sedimentation ecomponent in the
cell migration velocity. Although provisions are made for the gradient
to be very close to meutral bucancy throughout the separation process, it
is possible that sedimentation plays a significant role cell separation by

this method, and this pessibility is under continuing investigation.
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Table 1. Summary of published experiments in which EPM was measured

on synchronized cultured mammalian cells.

Cell Type Conditions Buffer Mobility Ref.
Hela Asynchronous, suspension 0.146 M NaCl -0.98+0.06 (4)
0.01 M PO,
}
Asynchronous, EDTA from monolayer 0.01 M PO, ~1.06+0.10 A (4)
! Synchronous, mitotic 0.01 M PO, -1.4140.11 T(4)
, Synchronous, mitetie, EDTA-treated 0.01 M PO, -1.3640.10 (&)
hd
RPMI 41 Asynchronous 50% HBSS ' -1.05+0.02 (6)
&_ + 5% sucrose
» _ Mitotic (15% in M) 50% HBSS ~1.29+0.03 (6)
ks + 5% sucrose
{ : .
_ L5178Y Synchronized or asynchronous, M/15 PO, -1,12 (8)
L3 throughout cycle ‘ '
L5178Y Mitosis and early G; phase .LU145 M NaCl . =2.0 (9
0.6 mM NaHCO;
4.5% sorbitol

S-phase 4.5% sorbitol -1.7 (9)
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and circles correspond to rapidly migrating cells, T, = doubling
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Figure 4. Complete growth curves of cells obtained from four electrophoretic
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grew at the same rate as cell from other fractions, but with a
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Electrophoretic profile of colony-forming T-1E cells (eircles)
collected from the density gradient electrophoresis celumn, Dots
show relative values of colonies formed per cell per unit area in
initial cultures, and dashed limes mark the standard deviations
of this relative ratio. Electrophoresis was from right to left,
so low fraction numbers correspond to rapidly migrating cells,

and this condition applies to all subsequent figures.
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exception of the extremely slow cells, rapidly migrating cells

had fewer cells per coleny that slowly migrating cells.
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Figure 5. Growth curves of colonies of T-1E cells according to percentile

Smaller colonies grow at the same rate but begin
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Density gradient electrophoretic separation of human T-1E cells
at high resolution. Cell numbers were determined by Coulter
counting, and squares represent the positions of the 5 fractions

used in the determirnation of the 5 growth curves of Figure 7.
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Figure 8. Early grewtﬁ of cells from 5 fractions of eleet?ophoretically
seﬁarated human T-1E cells. Evidence for the first doubling
in cell number oceurs earliest in slowly-migrating fractions
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Figure 9. Cellular DNA distributions of 9 eleetrophoretic fractions of
<‘l T-1E cells separated at low reselution. The mobility parameter

is the uncorrected apparent value and not absolute mobility.
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of Figure 9, The slowly migrating fractien is énriched in, and

the rapidly migrating fraction is depeleted of, G2 cells.
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Figure 11. Comparison of cellular DNA distributions of rapidly aud slowly
migrating fractions of mouse lymphoma L5178Y cells after demsity-
gradient electrophoresis. The slowly migrating fraectiom is

enriched in GZ cells { solid curve).
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SIZE AND DA DISTRIZUTIONS OF ELECTROPHORETICALLY SEPARATED CULTURED IIUHAN
- RIDWEY CELLS

|

E

]
' & ‘. E. Kunze, L. D. Plank, and P, Todd
SUI™MARY

The zpplication of electrophoretic purificatien to the problem of
purifying cultured cells according to function presumes that the size of
cycle~-phase of a cell will net bhe an overriding determinant of its
electrophoretic velocity in an electrophoretic separator. [Lxperiments were
] therefore performed in which the size distributrions and DMA distributions of
i fractions of cells purified by density gradient electrophroesis were
: deternined. XNe systematic dependence of electrophoretic migraction upward in a
density gradietn colurn upon either size or DFA content were found. In
contrast, human leukenia cell populations, which are mere uniform with respect
to function and found in all phases of the cell cycle during exponential
growth, separated on a vertical censity gradient electrophroesis column
t according to their size, which is easily shown to be strictly cell-cyclie
dependent,

RESULTS

, In third-passaze cultures of heterogeneous populations ef human embryonic
kidney cells (iIFi-9) the size distritutiens of various electrophoretic
fractions supgpgest that cell size and electropheretic migration are not related

in a systematic and significant way. See Figure 1.

In third-nassage cultures of heterogeneous populations of human embryonic
zidney cells (FFr-= ) the DUA distributions of various electrophoretic
fractions supgest that cell cyecle phase and electrophoretic nmigration are not

related in a systematic and significant way. See Figure 2.

.)_l
K\
\

n

In third-passage cultures of honogeneous populations of human B lynmphona
cells (line ™IAN') the DA distributions of various electrophoretic fractiens
suggest that cell cycle phase ard electrophoretic mipgratien are related in a
! systematic and significant way. In other experiments it was determined that
; the effect of ecell size on sadimentation velocity during upward migratien is
responsible for the slower nigration of the larper, G2, cells. See Figure 3.
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Figure 1.

Coulter volume distributions indicate that there is no
systematic variation in cell size with electrophoretic
fraction number. Apparently sedimentation is not an

important facter im the vertical separation of HFK cells.
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TOHE ZOQLE 0OF CELL SIZE IU DERSITY GRADIZEXNT FLECTROPHORETIC SEPARATION OF lQUSE
LEUKEITA CELLS ACCORDING TO POSITION IN THE CZLL CYCLE

Lindsay D. Plank, . Flaine Xunze, and Paul Todd

Vhen cultured nouse leukemia cells, line L5173Y, are subjceted to upwvard
electrophoresis in a density gradient, tne mere slowly nigrating cell
populations are drastically enriched in G2 cells, Fipure 1. As published data
indicate that this cell line does not chanpe electrophoretiec mobility tihrough
the cell cyele the possibility that increased sedinentation dewnward on the
nart of the larger G2 cells caused this separation was axplored.

I'hen two different cell populations were investigated, one of then
dleliberately enriched with G2 cells by exposure to ionizing radiation 24 hr
previously, the log phase pepulation was found te miprate upward faster than
the G2 population, and a similar difference between their velocities could be
calculated on the basis of a 1 un diameter difference between the two cell
sopulatiens. The solid lines in Tigure 2 are caleulated on this basis.

To furher explore this question, G2 and Gl enriched pepulations were
isolated by Ticoell density pradient sedinentation. Figure 3.

The bottom fractien was enriched in G2 cells Figure 4), and the top
fraction was enriched with Gl cells (Figure 5), especially when compared with
starting material (Figure 6).

The electrophoretic mobilities of these two cell populations did not
differ significantly from one anoether. Figure 7.

Cell diameter deperndent nmigration curves were calculated on the basis of
the theory mentioned previously, and they were found te differ. Tigure 3.
This exercise predicts families of migratien curves that differ when cell size
is considered as a paraneter.
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Chapter 15.

Electrophoretic Mobilities of Cultured Human
Embryonic Kidney Cells in Various Buffers,
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INTROPUCTION

This interim repert was prepared in response to an immediate need
for data on the electrophoretic mobility distributiens ef cells in the
new D-1 buffer and the interlaboratery standardizatioen of urokinase
assay methods. In additien, a table of cell strains and recent data on

cell dispersal metheds are included.

1. ELECTROPHORETIC MOBILITIES OF KIDNEY CELLS IN D-1 BUFFER
It was decided among laborateries that glycerol in A-1 buffer should

be replaced by dimethylsulfoxide (DM30); therefare: a need developed for
electrophoretiec mebility data en cultured human embryonie kidney cells
subjected to electrophoresis in this buffer. The buffer combosition is
given in Table 1.

Cells were removed from subconfluent cultures by incubation in .37%
EDTA in Puck's saline A (compesition given in Table 2) or the same solution
with 0.03% crude trypsin added. Cells were centrifuged out of these
solutions and washed and resuspended in D-1 buffer for electrophoresis.
The Zeiss Cytopherometer with Cam-Apparatus electrodes was used to ebtain
mobility histegrams from the analysis of the complete cell flow parabola.
A parabela giving cell velocity vs. chamber depth is shown in Fig. 1., and
the mebility histegrams are shewn in Fig. 2. Due te the small number of
cells available for measurement in the chamber there is no statistically
significant difference between the histogram obtained with cells dispersed
with trypsin and EDTA and that for cells dispersed with EDTA only. Iu any

case, trypsin treatment did not reduce the electrophoretic mobilities,
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4, TESTING OF DISPERSAL PR(QCEDURES

The combination of cell dispersal with EDTA and suspensions in D-1
buffer still deoes net lead te fully satisfactory viability. Table 4
summarizes the results of a preliminary experiment designed to test the
ability of D-1 buffer on its own to disperse cells. This experiment was
based on a recently announced finding that DMSO at 10% cencentratien
disaggregates actin~containing microfilaments in epithelioid cells im
culture. The results indicate that D-l1 buffer does disperse cells, but
that it might selectively suspend cells with low viability, since the
traditienal method employing EDTA in Puck's saline A led to much higher
viability, as measured by percent attachment in 24 hours. Variants of

this experiment are to be performed in the near future.
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Table 1. Composition of D-1 Buffer, Low Ionic Strengin Medium for
Cell Freezing and Electrophoresis

COMPONENT GRAMS /LITRE MOLARITY

NaCl 0.380 0.00642

NaZHPO4 0.167 0.00176

KH2P04 0.050 0.000367

NazEDTA 0.125 0.005336

Glucose 40.0 0.222

DMSO 50.0 0.64

Table 2. Composition nf Puck's Saline A; Used as the ﬁedium for
%L Cell Dispersing Agents Trypsin and EDTA

COMPONENT 5[2
NaCL 8.00
KCZ 0.40
NalCO3 0.35
NaHPO, -+ 7H20 0.09
KH2PO, 0.06
NazEDTA 0.20
Glucose 1,00
Phenol red 0.01
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CELL
LINE
HFK
HFK~1
HFK- 2
HFK-3
HFK- &
HFK-5
HFK~6
HFK-6S
HFK-7
HFK-75
HFK-8
HFK~9
HFK-10
HFK-11
HFK-12
HFK-13
HFK-14
HFK~15

Table 3.
START
DATE  €O.
8/21/78 GIB
10/25/78 G1B
12/13/78 GIB
3/7/79 GIB
3/30/79 GIB
4/28/79 G1B
7/24/79 MAB
7/24/79 MAB
9/6/79 MAB
9/6/79 MAB
11/27/79 MAB
1/22/80 MAB
3/18/80 MAB
5/14/80
7/2/80 MAB
7/8/80 MAB
9/15/80 MAB
10/21/80 MAB

Short Table of Human Kidney Cell Lot Data and Experiﬁentation

LOT #

D-110
830107TE
81812TE
70503TE
90204TE
93004TE
HEK7923
HEK7923
HEK8251
HER8251
HEKB988
HEK9470
HEK9933

HEK0711
HEKO0804%
HEK20.1246
HEK1466

FREEZE

YES
YES
YES
KO~
YES
NO-
YES
NO-

YES

YES
YES
YES
YES
YES

MaX
PSG

14

[
L
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UK
TEST

MEDIUM

YES

YES
YES
YES
YES

BME
BME
BME
BME
BME
BME
BME
BME
BME
mME
BME
BME
BME
BME
BME
BME
BME
BRME

STOP
DATE
11/12/78
2/14/79
2/18/79
4/3/79
4/30/79
5/16/79
8/10/79
10/12/79
11/26/79
10/30/79
12/17/79
4/13/80
5/8/80
6/11/80

. 7/11/80

8/7/80
10/8/80

ELECTRO

PHORESIS

YES
YES
YES
YES
YES
YES
YES
YES
YES
YeS
YES
YES
YES
YES
NO

YES

REMARKS

Used Up Cells
Last To Fold
Last To Mold
Contamination
Non—-attaching
Senescence

Non—-attaching

Still Going

H-c1



&t; Table 4. Effect of Method of Cell Removal on Viability
(attachment in 24 hr) of Strain HFK-15 (Passage 5)
Cells Plated in BME + 10% Newborn Calf Serum

(Experiment 1212)

BISPERSING INCUBATION % ATTACHED
SOLUTION TIME, 37%¢ IN 24 HR

D-1 buffer 10 min 46

0.37% EDTA 20 min 85

in Puck's

Saline A

Confluent

15=-5

Figure 1. Cell velecity vs, distance from the front wall of the Zeiss

cytopherometer electropheresis chamber.

Cells are HFK-15,

\; passage 5, suspended with 0.03% trypsin and 0.37% EDTA ia

Puck's saline A.
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Figure 2.

NULSER OF CELLS
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Electrophoretic mebility histograms of HFK-15 cells, passage 3,

in D-1 buffer after suspension in EDTA or EDTA plus trypsin.
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Mobilities of two cell lots determined using the Pen Kem 3000 Automated

i g(} electrophoretic analyser. Early passage cells are clearly more hetero~-
geneous in D-1 buffer than late passage cells.
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KIDNEY CELL ELECTROPHORESIS III. EFFECT OF PASSAGE NUMBER ON ELECTROPHORETIC
MOBILITY DISTRIBUTIONS OF CULTURED HUMAN EMBRYONIC KIDNEY CELLS

M. Elaine Kunze N85-31 762

A systematic investigation was undertaken to characterize population
ehifts that ececur in cultured human embryoniec kidney cells as a function of
passage number in vitro after original explantation. This approach to cell
population shift analysis follows the suggestion of Mehreshi, Klein and Revesz
that purturbed cell populations can be characterized by zleectrophoreclic
mobility distributions if they contain subpopulatiens with different
electrophoretic mobilities., It has been shown that this is the case with
early=-passage cultured human embrye cells.

The figure below shows that, in the case of strain "HFK-40" a downward
trend in mean mobility was found during the first three passages in vitro, and
this shift is mainly due to the reduction in the fraection of cells with high
mobility (-1.6 to =-1.3).

I557 HFK40 Pl
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Chapter 16,

Density Gradient Electrophoresis of Cultured
Human Embryonic Kidney Cells.
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DENSITY GRADIENT ELECTROPHORESIS OF CULTURED HUMAN EMBRYONIC KIDNEY CELLS

- ~ . . vv'
N85-31763
Ground-based confirmation of the electrophoretic heterogenelty of human
embryonic kidney cell cultures, the general characterization of their
electrophoretic migration, and observations on the general properties of
cultures derived from electrophhoretic subpopulations were the objectives of

this research. To accomplish these objectives, the following sub-projects were
undertaker:

('—(_) Ll DI Plan.k, Mo En K'un'ze, V. Giranda’ an.d Pl Todd

INTRODUCTION

1. The relationship between cell migration in a density gradient .
electrohoresis column and cell electrophoretic mobility.

2. Comparison of the mebility and heterogeneity of cultured human embryonic
kidney cells with those of fixed rat erythrocytes as model test particle.

3. Examination of electrohoretically separated cell subpopulations with respect
to size, viability, and culture characteristics.

RESULTS

1. The relatiounship between cell migration in a density gradient
electrophoresis column and cell electrophoretic mebility.

) The composition of the buffer used for making the density gradient (Boltz
{ et al., 1973) is given in Table 1. The mixing of Ficoll and sucrose in this
(- buffer in the gradient maker gives an upward gradient of sucrose and a downward
gradient of Ficoll, which has changing conductivity, viscosity, and effect on
cell zeta potentials as a function position in the celumn. The dependence of
conductivity on Ficoll concentration is given in Figure 1.
It was pointed qut in am earlier feport that standard tes. particles
(fixed rat,. chick, and rabbit erythraeétes (RBC)) were being used to calibrate
the migration of cells in the density gradient column against the traditional
analytical electrophoresis method using the Zeiss CyLopherometer. Careful
measurements. of conductivity, viscoesity, temperature, osmolarity, and
density have now been made throughout the gradiemt. In addition, it
was necessary to measure the effect of Ficoll vun the mobilicy of test
pariicles in che column electropheresis buffer, owing to the well-known

effect of neutral polymers on effective zeta potential. Figure 2

clearly indicates that Ficoll increases zeta pocential, and the results

g predict that cellular zeta potential will decrease as cells migrate up

the column toward lower Ficoll concentrations. By using this complete
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information set it is possible to predict the veloecity a charged particle
will have at any pesition in the column., The mathematical functioq

v c%rﬁssggﬁg?aﬂ F? these dependencies can be integrated to produce a migration '\(%
fﬁnction (?ié. 3 ) that is approximately quadratic near the bottom of the
column and inverse exponential near. the top. This functionAcorrectly
predicts the shapes of RBC migration plots (Fig. 4.5) and comes wichin 15%
of predicting the absolute value of the distance migrated by rat RBC's
under the conditions described in Fi;. 3.

Cantipuing data analysis and experimentation indicate that thé agreement

between theory and experiment is actually much better, and algorithms are
beiny developed to convert demsity-gradient fraction numbers into mobilicy

units.

2. Comparlison of the mobility and heterogeneity of cultured human embryonie
kidney cells with those of fixed rat erythrocytes ag model test particile.

During an attempt to prepare a teaporary spinner culture for elec- -
trophoresis of HFK cells at the 10th passage it was found that most of v
the cells died in suspension within &-10 hr. and were not suitable for (‘
electrophoretic separation. The culture was re-plated and saved until
the surviving cells re-grew to confluence over a 75 cm? area. The
resulting separated bands of RBC's and HFK cells were clearly visible
(Figure5') in scattered light, so the migration of the bands ceuld be
monitored by eye for determination of migration rates, as shown in Fig. 6a
The average HFK cell migration rate iz about 0.67 - 0.72 as great as that
for fixed rat RBC's. Although the profile ar the end of the separatiom
was dominated by RBC's '~ "} it could be shown by using Coulter
volume analysis that the added RBC's separated cleanly from
the HFK cells. This separation is easier te visualize when the data are
plotted on relative scales as in Figure 7. The HFK cells seem to occupy
a single peak, so there is very little evidence for heterogeneity. This
is not surprising, considering the seilected nature of the cells. Each
fraction was examined by phase microscopy after it had been plated in a
€0 mm Falcon tissue culture dish, and additional heterogeneity was found.
Fraction 8, the most populeus fraction in culture (see Figure 8) centained
viable cells which multiplied in suspension without attaching te anything.
Fraction 6 contained fibroblasts that attached and spread and formed
monolayers. Fractions 12-15 consisted mainly of dead cells. Direct ob~
servations of fractions in cultures yielded information about purity, as
shown in Figure 9. The purest fractions contained 97.8% HFK cells and
99,82 fixed RBC's; these were 3 fractions apart (about 1.5 em in this
case). Coulter volume analysis also facilitates the determination of peak
compositions. Figure 10, which presents three volume histograms, shows éé;
that the starting mixture was mostly RBC's (channels 6 & 7) and that
channels 5 & 6 include debris and some RBC's while chamnels 11 & 12
account for most of the BFK cells. Fraction 5 is mainly RBC's, while
fraction 10 is mostly HFK cells and debris. Cultures of fractions 6 & 8
have been maintained for further characterization.
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Early passage cells of strain HFK-1 were subjected to demsity gradient
. electrophoresis after mixing with fixed rat erythrocytes (RBC). The resulting
A electrophoretic profile indicated that the electrophoretic mobility of the
modal HFK~-1 cells is about 70% that of the fixed RBC's in the Ficoll gradient -
and the non-adherent cells had about 60% the mobility of RBC's. Non-adherent
("round") cells were fewer in number than attaching cells, and their average
mobility was lower, This particular population was not studlied for its uro-
kinase activity. Se¢ Figure 1l.

Most experiments to date have involved the collection of large-volume

(0.5 - 1.0 ml) fractions, and in these early experiments high reselution
separations were not the geal. Experiments in which 0.25 ml fractions are
collected have begun with cell strain HFK-1l. Fractions of 1.0 ml volunme
have given a resolution of Au(min) 0.054 um-cm/V-sec per fractiom after
4 hr of separation, and the harvesting of 0.25 ml (5 drop) fractiens provides
resolution of Au(min) 0.0l um—cm/V-sec. Fractions of HFK-1 cells have
been collected at this latter resolution for fibrin slide analysis. The
data of Figure 4 form the basis of these calculations., Figure 7 provides
additional insight into resolution. The RBC and HFK cell peaks are separated
by 4 fractions and are 1.5 and 2.0 fractions wide, respectively. These
numbers give

Ax = 4 = 1,14

T 3.5

X

ag the classical separability resolution.

(

v 3, Examination of electrohoretically separated cell subpopulations with
respect to size, viability, and culture characteristiecs.,

By combining the results of this work period with those presented
in previous progress reports it becomes ¢lear that different primary
cultures produce different electrephoretic meouvility profiles. Some
additional examples are presented here. Cell strain HFK-7 produced
copious quantities of non-adherent cells, and the electrophoretic
migyration plet of Fig. 12 indicates quite clearly that the nen-adherent
cells belonged to a completely different mebility class from the
fioroblasts, which dominated tuis cell strain at the 6th passage, when
this separation was performed.” The morphology of the cells in the
fractions was determined by phase-contrast microscopy of the plated
culiures. As was found to oe the case with other HFK strains, this
cell strain was much mere heterogzeneous at earlier passages. Fig. 13
shows the migration plet (EXP 1l028) of a separation experiment with
strain HFK-7 at passage #2, which is the earliest possible culture
passage available to us for study. In tuis experiment alternating
fractions were plated and counted so that quantitative counts (in-
cluding volume distributions) and evaluations in culture could be
obtained on adjacent fractions. This is the procedure followed in
about 75% of the HFY separation experiments. The density gradient
electrophoretic distribution profile, Fig.l4, confirms that these
cells ars very oroadly distributed with respect to electophoretie
mobiiity. Although 60 pairs of fractions were collected over a 12-

( | cm migration distance in this experiment, electrophoretic hetero-
gpeneity was not manifested as a numwer of sharp peaks but as a broad
distribution. Both cases have been seen in past experiments, but
sharp peaks are more likely to appear when smaller fraction are
collected.
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A very homogeneous population of (epithelioid) kidney cells designated
HFK-10 was found to have a narrow electrophoretic profile after demsity
gradient electrophoresis. In Figure 15 it is seen that nearly all of the
viable cells were found in only in the narrow band between fractions 49=58, and
that fractions above and below this band contained mainly unattaching,
non-viable cells. The Coulter counts of these fractions (dta not shown)
matched this profile. Further evidence of the homogeneity of this population
is found in the Coulter volume distributions of three widely-separated
fractions in Figure 16.

Nifferent starting materials have produced different results.
Figure 17 presents a density-gradient electrophoretic profile of cells
trypsinized from passage 10 of strain HFK. The starting population con-
sisted only of about 10° cells, and Coulter volume analysis was the only
procedure applied to each fraction. Although most of the cells in the
starting culture were fibroblastic, there is evidence for considerable
electrophoretic heterogeneity. Fractions numbered 35 or higher consisted
of clumped cells which sedimented farther during upward electrophoretic
migration. When only large clumps were counted (Channel 13 on Coulter
Counter TA II) they were found principally near the bottom of the gradient;
Their distribution is indicated by the empty circles. None of the fractions
from this experiment were saved for further culturing.

Over the entire period of the project all kidney cell cultures of
reasonable quality have been subjected to density gradient electrophoresis,
so that several dozen experiments have been performed using this technique.

The solutions used in the columms have in all cases been those described

in Table 1. — e

Figures 19 through 33 constitute a cataleg of electrophoretic profiles
of a variety of kidney cell cultures. Many of these have been presented
in ear. er reperts, but some trends are now beginning te emerge. Early
results, Figure 19  , confirmed that human kidney cell cultures are
electrophoretically heterogeneocus and therefore present the pessibility of
separating cells according to function, Figures 20 and 21 illustrate
that it is possible to determine electropheoretic mobility profiles of
different classes of cells identified by size in the Coulter volume
analyser. At least one size class, Channel 12, had a bimodal mobilicy
distribution.

In highly hetetogeﬁeous populations, such as described in Figs. 22,

24, and 25, there is a high-mobility populatiom of cells that are non-
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viable by microscopic in vitre criteria. This appears to be a very
consistent observation. As indicated previously, as well as in Fig. 25,
strain HFK-10 had a very large populatien of very-low-mobility viable
cells., There is no evidence tha. these are UK producers. Figures 26
through 29 portray a computerized version of the analysis described i:
Fig. 21, namely the determination of the electrophoretic profiles of
cells in specific volume classes as determined by Coulrer volume spectro-
metry. Again, multimodal electrophoretic distributions are found
within size classes. ]

Figures 30 through 33 describe electropheretic profiles of recencly-
acquired cell strains, and it can be seen that micrescopic evaluatioﬁ
comiinues to reveal a high-mobilicy fraction of cells with low viabilicy.

Cultures from these fractions are to pe analysed for UK productien also.

Table l. Composition of phosphate-buffered glucese (PBG) and PBG-sucrose,

which is PBG with 6.8% sucrose te give isosmolaricy.

COMPONENT MW g/l M
.KCL 74.56 0.20 - 0.002638
MgClz - 6it,0 203.33 8.10 0.00049
Nap HPQ, 141.96 1.15 G.00310
KH2 PO, 139.09 0.20 0.00144
Glucose 180.16 10.00 0.05551
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Figure 1. Conductivity of Ficoll-sucrose solution mixtures used
in density gradient column electrophoresis. The apparent
conductivity falls with increasipy Ficoll concentration.
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Figure 2, Fixed erythrocyte mobiliries as a funetion eof Ficoll concentration

in phosphate-buffered glucose medium used for densiLy gradient

electrophoresis.

Measurements were made using the Zeiss Cyto-
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Comparisen of migration ploLs for fixed rat and raboit
RBC's with the predicted function calculated for rat RBC's

(solid line). Same physical conditions as in Fig. 14.
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Figure 5. Photograph of red blood cell marker band (upper band) and broader
band of HFK cells (lower band) after 3.0 hr of electrophoresis

in the Ficoll gradient. The numbers on the scale give migration

distance in cm.
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Figure ‘6. Plot of the migration distance vs. time of electrophoresis of
fixed rat -red blood cells (circles) and HFK cells that had been

selected by suspension culture (dots).
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Figure 8.
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Microscopic counts of flxed red blood cells (RBC) and HFK cells

from the experiment descrlbed in £igure 5. Fractions were collected
directly into culture dishes and counted in the inverted phase
contrast microscope 24 hr after harvesting. The large peak at

fraction #8 consisted of multiplying, non—attaching cells.
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Evaluations of purlty of fractlons harvested from the experlment

of figure 5. Microscopic counts were made of percent RBC's (circles)

 and percent HFK cells (dots) in each fraction. The maximum purity

of each is indicated in percent at the top of the graph.
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Figure 10. Coulter volume disztributions of a starting mixture of marker Ffixed

CELLS /7 FIELD

60

40

20

rat RBC's and HFK cells (top panel). Channel 10 corresponds to

10 ym diameter spheres, and each chanael corresponds to a factor
of 2 in volume, There are 16 channels, but particle counts in
channels 1-4 are discriminated égainst, because they account mainly
for debris and particles in counting solution. RBC's are counted
in channels 6 and 7, and cultured cells are counted in channels

11 and 12. The volume distribution of fraction 3 (Figure 53) shows
that most of the particles are RBC's (middle panel).. The volume
distribution of fraction 10 (Figure 5) shows that most of the -

particles are cultured cells (bottom panel). SEE PREVIOUS PAGE.
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Figure 1l. Density gradient electrophoretic profile of early-passage
‘HFK-1 cells co-elactrophoresed with fixed rat red bloed cells

as markers. The mobility of the kidney cells in the peak
fraction is estimated to ‘be 70% of that of the RBC's. Fractions
were collected directly into culture vessels, and the number of
cells per 16X field was counted 24 hr later.
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. Figure 12. Distance migrated in the density gradient column as a functiom

of time of electrophoresis of human kidney HFK-7 cells. The
lower envelope describes the migration of a marrow band con-
sisting of round, non-adherent cells, and the upper emvelope
describes the migration of a broadly distributed band of cells
consisting mainly of fibroblasts. The culture was in its 6th
passage,
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Figure 13. Eléctrophoretic migration of HFK-7 cells at the 2nd passage,

as in Fig. 1. The uppermost envelope descripves the migration |,
of an extremely diffuse band of cells having a mixture of
morphologies. The electrophoretic heterogeneity of this early-
passage culture is reflected in tae distribution shown in Fig. 3,
in which the fraction numbers correspond to the numbers on the

right axis of this migration plot.
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Figure 14,

16=-17

Electrophoretic profile of HFK-7, 2nd passage, cells subjected
to density gradient electrophoresis for 3.75 hr and harvested

in 1 ml fractions. Fraction numbers correspond to numwers in

Fig. 2. Electrophoresis was upward, from right to left on the
plot, .
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Figure 13. Electrophoretic profile of HFK-1l0 cells that attached and '(:
did not attach in culture. The profile corresponds teo thac A
determined by Coulter counting. The starting population was
morphologically homogeneous (epithelioid). -
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Coulter volume diztributions indicate that different fractions

of electrophoretically separated HFE~10 cells were similar in s
size. This observation is consistent with the opservation tha.

the starting population was morphologically homogeneous, and
electrophoretically separated fractions did not differ morphologically,
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Figure 17. Electrophoretic profile of HFK eells at the LOth passage after

explanting. Approximately 1.5 x 10° cells were suspended from

a flask culture using 0.25% "trypsin” and 0.01 M EDTA. They

were applied to the bottom of the demnsity gradient and electro-
phoresed upward for 5.0 hr, and 10-drop fractioﬁs were coliected
£rom the top of the column. Fractions were doulter counted for
single cells (dots) and clumps of eells (eircles). Counts in
fractions greater than #40 are indicative of clumped cells that

sedimented during electrophoresié.
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Figure 19, Cell counts in cultures Lwo weeks after collection of densily-
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gradient electrophoretic fractions of HFK-3 cells. Suspended
cells were non-adherent and were determined by Coulter counting
of the supernatant medium in each culture. Attached cells were
determined by trypsinizing each monolayer and Coulier counting.
Volume distributions were ootained for bath components of each
cultured fraction. Electrophoretic migration was toward the left,
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Figure 20.

Figure 21,

Figure 22.
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Electrophoretic profile of HFK-9 cells, passage &, as

determined by Coulter counis of harvested fractions after

density gradient electrophoresis.

The size classes {large)

‘corresponding to Coulter volume channels 9 through 14 are

included in the cell count.

Electrophoretic heterogeneity is

evident, with at least a trimodal distribucion. Page 16-23 -

Electrophoretic profiles from the same experiment as in Fig. 20.

In this case the distributions of cells having specific sizes

were determined by plotting only the cell counts in individual

Coulter channels. Channel 12 cells, for example, comsist of at

least two electrophoretic subpopulations.

Page 1l6-24,

Electrophoretic profile of HFK-10 cells as determined by phase

contrast microscopy of cultures from each fraction made by plating L)

.

10-drop fractions in 5 ml of complete medium (BME + 10% fetal

bovine serum). Attached cells are distinguished from dead cells.
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Figure 23, -Electrophorctic profile of all wells after density gradient

electrophoresis of HFK-10 cells,
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Figure 24. Microscopic counts of cultures in same experimint as

shown in Fig. 23. Dead cells predominate at very high -
and very low mobilities,
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Figure 25,
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DATE: 19-AUG~80
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Combined electrophoretic profiles of HFK~10 cells, passage &,
asvdELermined by phaSe.cuntrast_microscopy of cultured

fractions (dots)rand by Coulier counting ofiall cells (circles).
& highly viable, very-low;mobility subpopulation of cells
existed in HFK-10 cultures. The high mobility cells (fractions
15-25) showed very low viability in cultufe. Page 38.
Elecfrophoretic profile of HFK-13 cells, passage 5, as

determined by CoulLer counting of all cells and storing counts

in individual Coulter volume channels on computer disk. This page.
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Figures 27-28-29. Electrophoretic profiles of jspecific size clasaes

of HFK-13, Passage 5, éells; CoulLer channels 5 and

‘6 (small), 9 (medium), and 13 plus 14 (large) respectively.
-Data froﬁ the experiment of Fig., 26. Plots were

déveloped from stored files Bf the complete data set

(all individual Couleer volume channels) for the

experiment. Exp 1168.
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IDENTIFICATION AND QUANTITATION OF MORPHOLOGICAL CELL TYPES IN
ELECTROPHORETICALLY SEPARATED HUMAN EMBRYONIC KIDNEY CELL CULIURES

Kimberly B, Williams, M. Elaine Kunze, and Paul Todd
ABSTRACT . ‘ ’

Four major cell types have been ldentified by phase microscopy in
early-passage human embryonic kidney cell cultures: small and large
epithelioid, domed, and fenestrated cells. Fibroblasts are also prasent in
sone explants. The per cent of each cell type changes with passage number as
any given culture grows; as a general Tule, the fraction of small epithelioid
cells increases, while the fraciton of fenestrated cells, always small,

.decreases further. When fibroblasts are present, they alway increase in

percentage of the total cell population. Electrophoretic separation of
early-passage cells showed that the domed cells have the highest
electrophoretic mobility, fibroblasts have an intermediate high mobility, small
epithelioid cells have a low mobility, broadly distrihuted, and fenestrated
calls have the lowest mobility. ALl cell types were broadly distributed among
electrophoretlc subfractions, which were never pure but only enriched with
respect to a given cell type,

INTRODUCTION

Primary human embryonic kidney cells, when placed in culture, maintain
several differentiated functions (Ieighton et al., Bermik and Kwaan, Taub et
al., Sato), and these are reflected biochemically as well as morphologically.
Commercializable bilochemical products are produced by some of thess
subpopulations, so their purification and characterization has both scientifie
and practical value, The correlation of a morphological property with a
biochemical function, as has heen done in the case of the pancreas, liver, and
anterior pituitary, for example, would greatly facilitate the purification of
biochemically specific kidney cells for study and applicatcons.

MATERIATS AND METHODS

Human embryonic kidney cells were purchased from MA Bioproducts, Inc.,
Rockville, Maryland, as fresh sheets of cells prepared from human embryonic
kidneys. Some of these were subcultured for experiments through passage 1 2,
3, etc. using a 1:2 or 1l:4 split ratio, some were frozen at these passages for
subsequent study, and some were used immediately for experiments. They were
propagated in Medium 199 with 10Z fetal bovine serum. Electrophoretic
separations were accomplished using the density gradient procedures and
equipment described by Boltz et al. (1973, 1977). Morphological types were
scored on the basis of appearance of cells, as shown in the photographs of
Figure 1 and the sketches of Figure 2, under phase contrast at a total
magnification of 200X. The two sizes of epithelioid cells were sometimes
lumped into a single class., Approximately 1,000 cells wer counted per datim.

RESULTS

Epithelioid cells were found to be the dominating cell type in
early-passage cultures. Fenestrated cells, although very conspicuous by their .

bizarre appeéarance, were always very few in number, almost never constituting

more than 10Z of any culture. Table 1 is a skatch of the growth patterns Found
in early-passage cultures derived from three different explants. Although
gross giffErences_a:e_seen.with respect to the per cent of each cell Eype in -
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‘each culture strain, their growth trends are very consistent. As days pass in
culture and the number of monolayer cells increases, the fraction of
fenestrated cells always decreases, the fraction of fibroblasts always
increases (when they are present), and domed cells appear to increase at about
the same rwate as the overall culture growth. This finding 1s also expressed in
Figure 3, which is a plot of percentage of each cell type vs. days in 2nd
passage culture.

Electrophoretic separation of early-passage cells into subfractions by
density gradient electrophoresis never ylelded pure populations of any of the 5
cell types, but nearly all fractions were enriched with respect te one or more
of the cell types. Figure 4 is a plot of the per cent of each cell type in
each electrophoretic subfraction. Electrophoresis was upward, and the column
was harvested from the top, so low fraction numbers correspond to high
alectrophoretic mobility and vice versa. Domed cells were nearly 3 times as
frequent in high-mobility fractions as in low-mobility fractions, while exactly
the Teverse was true of epithelioid cells. These two cell types constituted
more than 95% of the initial starting population, so-their distributions should
be reflexive of one another. The maximum number of fibroblasts appeared at the
center of the electrophoretic distribution, while fenestrated cells were found
only in the lowest mobility fractions.
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Figure 2. Sketches of the 5 major identifiable cell types found in
g egrly-passage human embryonic kidney cell cultures.
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Chapter 18

Urokinase Production by Electrophoretically

Separated Human Eﬁbryonic Kidney Cells.
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KIDNEY CELL ELECTROPHORESIS V. UROKINASE PRODUCTION BY ELECTROPHORETICALLY
SEPARATED CULTURED HUMAN EMBRYONIC XIDNEY CELLS - -

I Yo
M. E. Kunze, L, D. Plank, V., Girenda, K. Sedor, and P. Todd N8 5-8 17 65

INTRODUCTION AND RATIONALE

Urokinase is a plasminogen activator found im urine (Celander and Guest,
1960). Relatdvely pur preparations have been tested in Europe, Japan and the
United States for the treatment of deep vein thrombaosis and other dangerous
blood clots. This treatment method appears to have great potential, but a
single dose requires material prepared from nearly 100 man-days of urine,
Human embryonic kidney cell cultures have been found to produce urokinase at
much higher concentrations, but less than 5% of the cells in typical cultures
are producers (White and Barlow, 1970; Huseby et al., 1977), Since humman
diploid cells become senescent in culture the selection of clones derived
from single cells will not provide enough material to be useful, so a bulk
purification method is needed for the isolation of urckinase producing cell
populations. Preparative cell electrophoresis was chosen as the method, since
evidence exists (Knox, 1978) that human embryonic cell cultures are richly
heterogeneous with respect to electrophoretic mobility, and preliminary
electrophoretic separations on the Apollo~Soyuz space flight produced cell
populations that were rich in urckinase production (Allen et al., 1977).
Similarly, erythropuigzin is useful in the treatment of certain anemias and
is a kidney cell proj s and electrophoretically enriched cell populations
producing this product have been reported (Allen et al., 1977). Thus, there
is a clear need for diploid human cells that pipduce these products, and there
is evidence that such cells should be separablz by free~flow cell electrophoresis.

Progress made in the Project Laboratory

Human embryonic kidney cells have been acquired from commercial produters
and given serial names: HFK-1l, HFK-2, etes. The cell strains have been
subcultured and/or frozen in liquid nitrogen. Microscopic and density gradient
electrophoresis have been applied to these populations, and evidence has bheen
found favoring the notion that urckinase producing cells should be separable by
preparative electrophoresis, such as free-flow electraophoresis.

Human kidney HFK-3 cells at the first passapge were separated by density
gradient electrophoresis, and fractions were grown in culture in 5 ml couplete
medium in 60 mm tissue culture dishes for two weeks. After the supernatant was
sampled for urokinase activity it was sampled for non-adherent cells. The mono-
layers were trypsinized and also counted. It appeared from the cell-count profile
that fractioms containing the high numbers of attached cells also contained high

numbers of unattached cells. Coulter volume spectrometry revealed that non—-adherent

cells were smaller than attached cells by as much as a factor of 4 in volume.

The fractioms highest in cells did not coincide wi