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SUMMARY

The morphologic and migration characteristics of
separated human peripheral blood T and B
lymphocytes were evaluated by means of an
agarose plate technique. The motile T cells
migrated in a tightly packed and regularly
arranged monolayer, while the B cell monolayer
appeared much more disorganized with the cells
forming a loose spongelike network. Fixed
and stained preparations following 2-3 days of
incubation showed that the T cells maintained
mature lymphocyte features throughout the
period of migration. Although many of the B
cells were indistinguishable from the T cells,
many were irregular in size and shape with
monocytic characteristics. It is suggested that
the differences in T and B cell in vitro migration
patterns may reflect fundamental differences in
the mechanisms of locomotion for these cells.

INTRODUCTION

A modification of the agarose plate technique,
used for the study of granulocyte and monocyte
migration,""? recently has been applied to the
study of lymphocyte motility."' In this report
attention is focused on the random migration
patterns and morphologic characteristics of
migrating subpppulations of human lymphocytes.
In contrast to previous studies where observations
were made for periods of up to several hours,*™*?
each of our studies extended over a period of
several days. Emphasis in this report is placed
on the morphologic characteristics of migrating
T and B lymphocytes in the absence of any
known mitogenic substances.
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MATERIALS AND METHODS

Agarose A-45 (agarose) was purchased from
Nakarai Chemicals, Ltd., Kyoto, Japan; Medium
RPMI-1640 (RPMI) from Nissui Seiyaku Co.
Ltd., Tokyo, Japan; pooled human serum as
Pentex (PHS) from Miles Laboratories, Inc.,
Elkhart, Indiana; and fetal calf serum (FCS)
from Grand Island Biological Co., Grand Island,
New York. Sheep red blood cells (SRBC) were
purchased from the Japanese Biological Materials
Center, Tokyo, Japan; and Amphotericin B as
Fungizone from E. R. Squibb and Sons, Inc.,
Princeton, New Jersey. Plastic petri dishes,
60x 15 mm, were obtained from Falcon, Oxnard,
California; Ficoll-400 (Ficoll) from Pharmacia,
Uppsala, Sweden; and Conray 400 (Conray)
from Daiichi Seiyaku Co., Tokyo, Japan.

The agarose technique for the study of lympho-
cyte migration has been reported previously
in some detail.? Human granulocytes and
lymphocytes in heparinized venous blood were
separated according to the Boyum'? method
using sterile technique. T and B cell separation
by SRBC rosetting of T cells and density centrif-
ugation was accomplished by a modification of
the method of Greaves and Brown.'® In order to
reduce monocyte contamination in some B cell
preparations glass adsorption was used. The B
cells were suspended in 3.0 ml of RPMI in a
glass culture flask and were incubated for 30
minutes in a humidified 5% CO, incubator at
37C. The nonadherent cells were drawn off by
pipette and washed twice in balanced salt
solution. All cell preparations were finally
suspended in RPMI to a concentration of 1x 108
cells per 10 ul. Viability of the cells following
washing was more than 97% by trypan blue
exclusion.

Monocyte contamination was evaluated by
nonspecific esterase staining.ls Approximately
15%-20% of cells in the unadsorbed B cell
preparations were estimated to be monocytes;
glass adsorption reduced this figure to less than
5%. Fewer than 1% of cells in the T cell
preparations were identified as monocytes by
means of the nonspecific esterase stain studies.

An agarose mixture containing antibiotics and
other nutrients was prepared according to the
method previously described.®> Five ml of the
agarose-nutrient solution mixture was poured
into each petri dish. They were hardened by
refrigeration at 4C. Just prior to use, three
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circular wells, each 3.0mm in diameter and
4.0mm apart in a straight line were cut with a
stainless steel template. The core of agarose
in the center of each well was carefully removed
by gentle suction through a Pasteur pipette, care
being taken not to disturb the adherence of the
adjacent agarose-dish interface.

A 104l aliquot (1x10° cells) of T, B, or
monocyte adsorbed B cells suspended in RPMI
was carefully placed in each of the lateral wells
by means of a capillary pipette. The middle well,
reserved for the introduction of substances which
may influence migration, was not used for these
experiments. Sufficient numbers of cells were
obtained from each donor so that 5-7 different
plates containing either T, B, or monocyte
adsorbed B cells could be prepared. The plates
were incubated at 37C in a humidified CO,
incubator for periods up to 7 days. Plates were
removed at 1-2 day intervals and fixed by covering
the agarose with Carnoy’s solution following
which the agarose was removed and the cells
stained with either Giemsa or Wright-Giemsa.
This procedure was followed in order to make
histological comparisons among diffeTent
individuals, as well as in the same individual over
time. In addition, plates were periodically
examined during incubation to observe the
morphologic features of actively motile cells.
Migration distances in fixed preparations were
measured by means of a table top 35mm slide
projector with a ground glass screen which
provided 20-fold magnification. The distance
between the edge of the agarose well and the
leading edge of the migrating cells was measured
in four directions for each of the two wells on a
plate. The final migration distance which was
recorded for each study consisted of the average
of these values.

In order to differentiate B lymphocytes from
monocytes, even in monocyte adsorbed
preparations, the cells of some of the preparations
were stained for nonspecific esterase following
3 days of migration under agarose. The modified
method used for nonspecific esterase staining of
the migration preparations has previously been
described.®

RESULTS
The lymphocytes in both the T and B cell
preparations migrated outwardly from the well
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Figure 1 Stained lymphocyte migration preparations following 3 days of incubation. The center circles represent
the wells from which the cells have migrated radially . (A) T lymphocyte preparation (B) B lymphocyte

preparation (x10).
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as a monolayer on the bottom of each plate at
the agarose-plastic surface interface. Detectable
outward migration occurred only after several
hours and then proceeded quite uniformly during
the next few days producing visible opaque
rings of cells around the wells in a fashion similar
to that observed with granulocytes after a few
hours (Figure 1)."? The characteristics of the
migration patterns of the T lymphocytes, as
observed in the stained preparations, varied
little from one individual to another although
there were modest variations in migration
distances. T lymphocytes appeared as a
monolayer of contiguous cells in close apposition
to one another. The leading edge of the out-
migrating cells usually was sharply demarcated,
smooth and regular, but some preparations
presented scalloped or pedunculated borders.
In contrast, the B cell monolayers, both monocyte
adsorbed and nonadsorbed, were much more
loosely arranged with the leading edges being
fragmented, frayed, and irregular in appearance.
Moderate numbers of cells invariably were
located out beyond the leading edges of the B
cell preparations in contrast to the T cell
preparations where such occurrences were rare
(Figure 2). The precise measurement of the B
cell migration distance sometimes was difficult
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Figure 2 Portion of stained lymphocyte migration preparations following 3 days of incubation. Note the intact,
even advancing edge of the T cell preparation (A) in contrast to the characteristic frayed and indistinct leading

edge of the B cells (monocytes adsorbed) (B) (x35).
B2 3AMREDY RN LR BB A — .
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to obtain due to the absence of a sharp outer
margin.

The migration distances of the T and B cells were
quite similar for the first 2-3 days. Usually they
were in the range of 1-2mm. During the next
several days there was little evidence of continued
outward migration of the T cells. Further
outward migration of the B cells during the
next few days was erratic and inconsistent from
one individual to another. There was progressively
greater dispersion of marginal cells. The
unadsorbed B cell preparations were even more
spongy and frayed in appearance. Many
individual or clustered monocytoid cells extended
well beyond the advancing edge.

The morphologic appearance of Wright stained
cells in the T cell preparations was remarkably
uniform during the first 2-3 days of observation
(Figure 3). Well over 90% of the cells had the
characteristics of small to medium sized lympho-
cytes. About half had elongated cytoplasmic
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Figure 3 Stained T cell preparation foﬂbu-ring 3 days of incubation. Note the typical appearance of small and
medium sized mature lymphocytes. A portion of the advancing edge is shown (A x100, Bx400).
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tails with agranular, homogeneous light blue
staining cytoplasm and oval or round nuclei. The
tails of the cells pointed in various directions
with no more than 30% pointing towards the
point of origin at any one time. Moderate
cytoplasmic vacuolization was observed. Most
of the remaining lymphocytes were round or
oval in shape without a tailed configuration. The
cytoplasmic borders of most cells were quite
sharply demarcated, especially in the outer several
layers of cells. The nuclear chromatin of the
lymphocytes had a uniform moderately dark
blue appearance. No nucleoli were observed and
there was little evidence of nuclear chromatin
clumping. No mitoses were observed. The cells
along the outer edge tended to be more clearly
defined, slightly larger, and more irregular in
shape than the other lymphocytes. Lymphocyte
size for all lymphocytes on these preparations
was estimated to range from 5-10g. Occasional
monocytoid cells and polymorphonuclear
leukocytes were observed. From 1%-3% of the
cells in the preparations were condensed, pyknotic
or karyorrhectic in appearance.
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By the third or fourth day of incubation some
aggregation of cells with different morphologic
characteristics into bands or zones was evident.
An outer zone, comprising about 15%-20% of the
total, consisted primarily of medium-sized, well
preserved, normal appearing lymphocytes. Cells
in the outer zone usually just touched one
another giving the zone a uniform and solid
appearance. The pattern of the middle layer of
cells of the T cell preparations tended to be more
disorganized. There were spotty acellular areas
scattered throughout the zone and in other areas
the cells tended to cluster moderately. The
middle zone comprised 30%-50% of the total
cells. In this layer there was some evidence of
degeneration and cellular breakdown. Most of
the karyorrhectic and pyknotic cells were located
in this area. The cells in the middle zone often
were poorly defined due to the presence of
increased light staining and vacuolization of the
cytoplasm which tended to intermingle with or
merge with adjacent cells. The nuclear chromatin
in many of these cells was less dense than in
those cells in the outer zone, but nucleoli and
mitoses were not present. The inner zone
consisted mostly of tightly packed, small; found
cells, but this area also contained significant
numbers of large round or oval histiocytic-
appearing cells (1%-2% of the total) containing
phagocytized debris. No mitoses were found.

Observations on preparations which had been
incubated between 5-7 days showed an increased
tendency for cellular degeneration. The advancing
outer zone became relatively decreased in width
with an eventual thickness of about two cells.
The middle zone became larger with increased
cellular breakdown and karyorrhexis. The inner
zone contained relatively better preserved cells.
In the middle and inner zones a number of large,
histiocytic-appearing cells was observed. These
cells constituted about 5%-10% of the total cells
in the entire preparation. An occasional mitotic
figure was observed by days 6-7. Some of the
large cells had a fibroblastic appearance.

The monocyte adsorbed B cell preparations
after 1-3 days of migration were distinctly
different from those of the T cell preparations
(Figure 4). About 30% had elongated, some-
times tortuous, and frequently eccentrically
placed nuclei with abundant light blue staining
cytoplasms and cell outlines which frequently
were quite indistinct. The remaining cells were
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Figure 4 Stained B cell preparation (monocyte adsorbed) following 3 days of incubation. Note that a number
of the cells in this preparation have tortuous and eccentric shapes with histiocytoid characteristics. The remaining
cells have the characteristics of small and medium sized mature lymphocytes (A x100, B x400).
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very similar to T cells in size and shape, but were
slightly to moderately larger than the T cells.
Some of these cells were elongated with their
axes in random directions. A relatively small
number of mature-appearing small lymphocytes
was located near the outer margin of the
advancing cell layer. No mitoses were seen
during the first few days of incubation. The
relative number of monocytoid cells showing
phagocytic activity increased after the third day
of incubation. At that time the cells near the
periphery were quite loosely packed and by days
5-7 more histiocytic-appearing cells were present
and phagocytosis of degenerate cells and other
debris was more prominent. By day 6 some
plasmacytoid cells were observed, and an
occasional mitotic figure was present. Most of
the cells in the inner zone retained mature
lymphocyte characteristics. The smears of one
subject on day 7, in both the monocyte adsorbed
and nonadsorbed preparations, contained a
sizeable number of large histiocytic-appearing
cells with abundant eosinophilic staining
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cytoplasmic masses, some of which appeared
vacuolated and frothy.

The overall cell morphology of the unadsorbed
B cell preparations was similar to that of the
adsorbed preparations except that the unadsorbed
preparations contained more phagocytic and
monocytoid cells. Monocytes in these prepa-
rations did not exceed 15%-20% of the total cell
population in the migration zone as judged by
means of nonspecific esterase stain.'® Monocytes
in these unadsorbed preparations were randomly
distributed throughout the migration zone and
it was estimated that about half remained in the
well where they originally were instilled. The
majority of the histiocytoid cells which were
scattered beyond the leading edge were esterase
negative. No important differences in migration
distances or cell morphologic characteristics
were observed with the use of either glass or
plastic surfaces.!”

In some of the preparations, particularly at the
latter stages of incubation, moderate to_heavy
bacterial contamination was present.” The
morphologic characteristics of the T and B
lymphocytes of the contaminated preparations,
however, did not appear significantly different
from those of the uncontaminated preparations.

DISCUSSION

The agarose plate characteristics of migrating T
and B lymphocytes are quite different from one
another. This difference applies to both the
pattern of the monolayer of advancing cells as
well as to the morphologic characteristics of the
individual cells in fixed preparations. The cell
migration patterns for each individual tested
were quite reproducible, and there were only
moderate variations in the lymphocyte migration
patterns of the various individuals in the study.

The T cell preparations consistently showed
uniform and regular packing of the cells out to
the leading edge during the first few days of
migration. In contrast, B cells tended to be more
closely packed near the well, but as the periphery
was approached the cell arrangement became
much looser and the leading edge was frayed and
indistinct. The T cell leading edge always
remained even, sharply demarcated and distinctly
identifiable. = Occasional cells could be seen
beyond the leading edge, however, and in some
instances they were identifiable as contaminating
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neutrophils. In the monocyte adsorbed B cell
preparations the basic pattern of B cell migration
was unchanged, but the migration distance was
usually less than in the unadsorbed preparations.
In general, the T cells in these preparations
seemed to have maintained contact with one
another during the entire period of migration,
whereas a loss of B cell contact may have been
associated with wide cellular dispersion.

Differences in the microscopic appearances of T
and B cells during the first several days of
migration were evident. T cells generally had the
characteristics of typical medium-sized adult
lymphocytes, with round or oval nuclei, and pale
blue cytoplasms. About half of the motile B
cells were similar in appearance to the motile T
cells, but the remainder had elongated, often
tortuous and eccentrically located nuclei and
appeared somewhat larger than the T cells. The
reasons for these differences are not clear; they
do not appear to be attributable to increased
motility of B cells, since in this and our previous
study® the distances achieved by the migrating T
and B cells were quite similar during the first
2-3 days of migration and the number of B cells
in the migration were even fewer. Contaminating
monocytes probably are not responsible for the
differences, since their removal did not result in
any significant alteration of B cell morphologic
characteristics. ~ Furthermore, the number of
contaminating monocytes even in the unadsorbed
preparations was relatively small. Previously,
we had demonstrated that our B cell preparations
contained up to 20% monocytes, but following
adsorption this was reduced to less than 5%.%

The morphologic changes in both the T and B
cell preparations beyond the first 3 days of
migration were consistent with the occurrence
of some cellular degeneration and possibly some
transformation. At the later stages of migration
(6-7 days) some mitoses and phagocytic histio-
cytoid cells appeared in the T cell preparations.
Some of the larger cells had fibroblastic charac-
teristics. @ In the B cell preparations many
phagocytic histiocytoid cells were present, some
plasmacytoid cells were observed, and there was
even greater evidence of cellular degeneration.
Although some condensation and clumping of
nuclear chromatin was observed in both types
of preparations, clearly defined blast cells were
not observed.
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Maximum lymphocyte migration in most
preparations is achieved following 3 days of
incubation. There is little to be gained through
further incubation and observation. The
morphologic characteristics of the cells are quite
regular and predictable up to 3 days but, later,
some pyknosis and other evidence of cell
degeneration are observed. Thereafter, many of
the cells look quite bizarre and there is some
evidence of stimulation or transformation of
some of the cells. Increased migration distances
may be obtained in the future through improve-
ment in technique, but it is unlikely that there
will be changes in the appearance of the migratory
cells.

A number of previous reports have suggested that
a basic requirement for T cell migration, especially
for chemotactic migration, is cellular activation
or transformation.!®'®23 This requirement also
has been questioned.” Our study does not settle
this issue but it suggests that both T and B cells
will randomly migrate in the absence of any
appreciable mitogenic stimulation. During the
first few days of migration there was -little
morphologic evidence of either T or B cell
transformation except for the occurrence of
some cytoplasmic vacuolization and fail
formation.?® After the first 4 or 5 days of
incubation there were suggestive changes and
eventually some mitoses appeared. No known
mitogens were added to the preparations, but it
is recognized that serum activation products
are capable of eliciting chemotactic and chemo-
kinetic responses for granulocytes in agar
preparations.”"®?>  Serum in the agarose is
essential for lymphocyte migration with the
agarose plate technique so that it is difficult to
exclude serum-agar interactions.'”  Recently,
however, we have studied the migration of
human lymphocytes under agarose in which
heat-inactivated autologous human serum was
employed and have observed no decrease in the
migration of either T or B cells."” This does not
exclude the presence of other serum activation
products, however, since heat-inactivated autolo-
gous human serum is chemokinetic for human
granulocytes in the agarose system.?®

Taking all evidence into consideration it now
seems likely that there may have been modest
membrane perturbation or stimulation of the
migrating lymphocytes, but certainly neither the
addition of a mitogen nor blastogenic trans-
formation is a motility requirement.
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Moderate bacterial contamination was noted in
several of the preparations, especially those fixed
during the later stages of incubation. Compari-
sons with preparations without bacterial growth,
however, for differences in individual cell
morphology, phagocytic activity, and general
migration pattern revealed no significant
difference.

The motile lymphocyte has been shown to have a
characteristic shape, with a uropod consisting of
a tail of cytoplasm trailing in a direction opposite
to the direction of locomotion, with the nucleus
located in a forward position, resulting in a
“hand mirror” configuration.”®?"?*  Variable
numbers of cells in all preparations, both in the
living stage and in the fixed and stained
preparations, showed this or a very similar type
of configuration suggesting active motility. In
some cases, 25%-30% of cells were observed to
be actively motile using these criteria.

The morphologic differences between migrating
T and B cells are distinctive enough to permit

easy identification of each type of cell preparation.

Whether these differences are a resuft of the
experimental conditions or represent manifes-
tations of fundamental differences in the way T
and B cells migrate is a question which deserves
further attention. The source of the histiocytic-
and fibroblastic-appearing cells in the inner zone
of the T cell preparations also is a matter of
speculation which deserves further investigation.

The extravascular localization of lymphocytes in
tissue at sites of acute and chronic inflammation
suggests that they are motile cells with a capacity
to migrate into relatively avascular areas 13033
Unlike granulocytes and monocytes for which
the relationship between in vitro motility and
biological function is well recognized, the
importance of lymphocyte movement in vitro to
biological function is far from clear. One reason
for this gap in our knowledge is that few satis-
factory techniques have been developed for the
study of lymphocyte motility. A number of
important early studies were conducted on the
migration characteristics of mixed lymphocyte
populations under direct vision in plasma, tissue
culture media, or electrolyte solutions,*!1:34-3¢
and, more recently, by means of the Boyden and
other microfilter techniques,7%10:12:21.23,37
Knowledge concerning lymphocyte random and
chemotactic migration mechanisms has been
greatly extended in the past few years, but much
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remains to be learned concerning both the
intracellular and extracellular factors which are
responsible for the flow of intravascular lympho-
cytes to their tissue targets.

Previous studies on the velocity of lymphocyte
random locomotion in liquid phase media have
generally agreed on an average migration rate
of about 6-20u/minute.'?73%3¢  The average
maximum outward T cell migration by the
agarose method was about 1.3mm at 2 days, or
about 0.5p/minute. Thus, the unidirectional
migration of normal peripheral blood lympho-
cytes under the conditions of these studies was
considerably less than the average rate of
migration in liquid media. Differences between
the actual rates of migration are considerably
less, however, since only the distance of migration
in a single direction is measured by the agarose
method. Outward migration of cells in these
preparations is favored, but movements are
random so that the actual distance traversed by
each cell is much greater than that which is
measured from the edge of the well. Furthermore,
movement velocity in a liquid phase enViron-
ment should be greater than in a semisolid
environment.

The lengthy period of lymphocyte migration in
the agarose system is quite consistent with the
observations of McCutcheon'' over 50 years ago.
He noted that human lymphocytes moved very
little in vitro during the first few hours of
incubation, and that by 8-10 hours 100% of the
lymphocytes were motile. He also observed that
in contrast to neutrophils, all of which moved
early then slowed after 6-8 hours, that there was
no reduction in either the speed of lymphocyte
movement or the number of cells involved at
11 hours. Our studies may only have extended
his observations by means of a more refined
technique. On the other hand, our preliminary
studies indicate that the versatility of the agarose
migration technique is such that it should be
extremely useful as a method for the study of
lymphocyte migration mechanisms.
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