Leukocyte rolling: a prominent feature of venules
in intact skin of anesthetized hairless mice

HARVEY N. MAYROVITZ

Microvascular and Physiological Studies Unit, Wound Care
and Vascular Department, Miami Heart Institute, Miami Beach, Florida 33140

Mayrovitz, Harvey N. Leukocyte rolling: a prominent
feature of venules in intact skin of anesthetized hairless mice.
Am. J. Physiol. 262 (Heart Circ. Physiol. 31): H157-H161,
1992.—Leukocyte (white blood cell; WBC) rolling in postcap-
illary venules is a frequently reported phenomenon in the
microvasculature of experimental preparations. In most reports
where this phenomenon has been systematically studied the
confounding effects of various procedures associated with tissue
preparation have been present. Thus there is sparse informa-
tion on the extent of WBC rolling under fairly normal condi-
tions. Here observations and features of this phenomenon in
venules in the intact skin microvasculature of the homozygous
hairless mouse ear are described. One venule in each of 10 mice
was observed and continuously video recorded for 90 min. The
parameters determined (means + SD) were diameter, 15.9 +
3.1 um; red blood cell velocity, 359 + 227 um/s; flux of rolling
WBCs, 3.2 + 2.6/min; velocity of rolling WBCs, 9.6 £ 1.1 um/
s; systemic WBC count (CWBC), 3,220 + 1,072/ul; and total
WBC flux, estimated as the product of CWBC and calculated
venule blood flow, 8.5 + 3.0/min. Overall, 44.8 + 13.8% of the
total WBC flux exhibited rolling with a velocity that was 3.6 +
2.9% of the red blood cell velocity. During the total 15-h
combined observation time, no WBCs were seen to be adherent.
These findings establish that in small venules of normal skin,
WBC rolling is common, since on the average nearly one of
two WBCs delivered to the venule exhibits rolling. Further-
more, because the translational rolling speed is very low, they
contribute to the marginated pool, which, according to the
present data, might be better termed the “rolling” pool.

microcirculation; leukocyte adherence; endothelium

LEUKOCYTE ROLLING along venular endothelium is a
common observation following tissue exposure (3, 4, 10,
14, 18). The fact that leukocyte rolling usually precedes
their firm adherence to endothelium has been taken by
some to suggest that the rolling process itself is abnor-
mal, perhaps induced by the surgery or trauma required
for microvascular viewing. However, a key question re-
mains open: Does the rolling reflect a generalized change
in a “normal” leukocyte-endothelial interaction in which
rolling was initially absent, or does it reflect a modulation
of rolling already present? In arterioles, data from non-
traumatized tissue show that normally leukocyte rolling
is absent (24), although it can be readily induced by
tissue injury (22) and increased by ischemia (21). In
venules, the fact that trauma can further modulate these
events is also clear from studies that show that the
number of rolling leukocytes diminish from a postpre-
paration peak toward a relatively constant background
level (3, 4) or in some cases increase monotomically (9).
Maintained and lengthy tissue exposure and microvas-
cular “deterioration” are often associated with an in-
crease in leukocyte adherence that is presumably pre-
ceded by an increase in the number of rolling leukocytes.

These types of observations do not rule out the possi-
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bility that leukocyte rolling is initially present in the
venules and is merely exacerbated by surgical or other
trauma to the tissue or microvascular environment to be
observed. The objective of the present investigation was
to determine if such leukocyte rolling could be detected
in venules within a tissue in which surgery and trauma
to the microvasculature under study were absent. For
this purpose the ear skin microvasculature of the homo-
zygous hairless (H/H) mouse was systematically studied,
and, somewhat contrary to expectations, significant leu-
kocyte rolling was indeed detected. The magnitude of
this rolling, some of its dynamic features, and its poten-
tial physiological implications are the topics of this re-
port.

METHODS
Initial Procedures

This investigation used 10 H/H mice (19) (SKH-1; Charles
River Laboratories), 8-10 wk of age, weighing between 35 and
40 g. Following anesthesia induction (pentobarbital sodium, 6
mg/100 g ip) the mouse was placed under a surgical microscope
(Zeiss OPMI6-S), and a 27-gauge Minicath (Abbott Laborato-
ries) was inserted into the anterior intraperitoneal cavity for
the administration of maintenance anesthesia. The mouse was
then wrapped in a 4 X 4 in. cotton gauze pad to minimize
convective heat loss and placed in the supine position on an
observation board. The board supports the animal’s body and
has an attached standard microscope slide on which the ear is
placed for microscopic observation. The ear was carefully po-
sitioned with the dorsal surface gently positioned against the
slide to obtain as flat a field as possible without compressing
the tissue. Paraffin oil was placed on both the dorsal and ventral
surfaces of the ear before placement of a no. 1 thickness (0.1 g)
micro-cover slip. The cover slip was supported by the underly-
ing oil film. Temperatures were monitored using two thermistor
probes (Bailey Instruments), one inserted rectally for monitor-
ing core temperature and another positioned in the external
meatus of the ear. Temperatures were maintained using a heat
lamp mounted on the microscope, and the animal’s core tem-
perature was maintained between 32 and 35°C and ear temper-
ature between 28 and 31°C. Heart rate was monitored using a
Medsonics photopulse adaptor (model PA 13) with the cuff
attached to the proximal portion of the tail, and data were
recorded on a chart recorder (Grass RPS 7C 8 A).

The observation board with the mouse secured was then
placed on the stage of a trinocular microscope (Zeiss, Laborlux)
that had a calibrated zoom magnifier in the trinocular port that
was coupled to a low-light-level television camera (MTI-65)
and associated video cassette recorder (Panasonic model AG-
1950).

Venule Selection

A single postcapillary venule from each animal was randomly
selected for a 90-min observation interval. The selection proc-
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ess was accomplished by first randomly locating one of the very
large number of capillary loops (17, 28) and then by tracing
one of these capillaries to its venous confluence. This venule
then became the one selected for study. This process eliminated
any bias for choosing a venule with either a large or small
number of rolling leukocytes because the venule was chosen
before it was observed. The elapsed time from positioning the
ear until the begining of venule observation was <5 min.

Data Acquisition

The venule was visualized on the television monitor, and its
image was recorded using a X50 dry objective (numerical ap-
erture = 0.75). Effective magnifications to the monitor (range
%250-%650) were adjusted for optimum determinations of ven-
ule diameter (D,), red blood cell velocity (Vrgc), and leukocyte
dynamics. The directly measured leukocyte parameters were
the number of rollers observed passing a fixed observation site
and the velocity of these rollers (white blood cell or WBC
velocity; Vwac). Vwec was determined by timing the transit of
the rolling leukocytes over a calibrated axial distance on play-
back of the videotape. Venule diameter was measured from the
video image using a calibrated video analyzer (CVI model 321).
Diameters were measured at three sites within each venule, and
the average of these was used to characterize its diameter. To
determine Vygye the venule was imaged using transillumination
with a 420-nm narrow band filter interposed between the light
source and the condenser to enhance red blood cell contrast.
Use of this filter renders the image quality inadequate for
optimum leukocyte viewing. To circumvent this problem, 2.5-
min intervals of Vipc determination were sequentially alter-
nated with 5-min intervals in which the filter was removed.
During the 5-min interval, leukocyte parameters were deter-
mined, and this sequence was maintained throughout the 90-
min data acquisition time. Sequential leukocyte and Vguc data
are reported, corresponding to the time midpoint for each
consecutive leukocyte observation interval. Vggc was measured
from the playback of the video recordings using the dual-
window video desitometric method. In this procedure, two video
cursors, separated by a known distance, are inserted into the
video image and positioned on the capillary, one upstream and
one downstream. The video signals within these cursors, which
correspond to the optical signature of the flowing blood, were
obtained (IPM video photo analyzer 204), and the output
signals were transmitted to a microcomputer. With the use of
custom software, Vg was determined by cross-correlating the
upstream and downstream signals to obtain the average transit
time of the optical signature of the blood. Data were automat-
ically acquired in sequential sampling segments of 5 s, yielding
38 discrete velocity determinations in each 2.5-min interval.
Individual velocity determinations with a normalized covari-
ance <0.70 were rejected, and the remainder were averaged to
produce a single velocity value for each 2.5-min segment.

Calculated Quantities

The Vgye for each 5-min leukocyte observation interval was
determined as the average of the values determined immedi-
ately before and after this interval. Volumetric blood flow was
calculated as the product of mean blood velocity (V,) and
venule cross-sectional area assuming a cylindrical shape. V,,
was calculated from Vggpc as V./1.6 (6). The total leukocyte
flux passing through the venule was calculated as the product
of volumetric blood flow and systemic leukocyte concentration.
The latter was determined from a blood sample drawn at the
end of the 90-min data acquisition interval and subsequent
leukocyte counting.
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Calculated and Measured Leukocyte Flux

To determine how well calculated leukocyte flux predicts
actual flux, an additional group of mice (n = 5) was studied. In
this group each animal received an intravenous injection of
acridine orange, which renders the circulating leukocytes bril-
liantly fluorescent (20), thereby permitting an accurate assess-
ment of the total leukocyte flux in the observed venules. Except
for the insertion of an intravenous catheter, mice receiving the
acridine orange were prepared for microscopic study the same
as already described. The total number of leukocytes passing a
fixed position in the venule being observed was determined for
5 min from video recordings made under fluorescence video
microscopy. The videotape was replayed, and the velocity ( Vieux)
of nonrolling freely flowing leukocytes during this same interval
was determined by tracking (frame by frame) the cells over a
fixed axial distance. The Vgpc was estimated from Vi by the
equation Vgpgc = 1.05Viu (16), and V,, was determined as
previously described. The total calculated flux was determined
as the product of V,,, venule cross-sectional area, and systemic
leukocyte count. The leukocyte count was determined as pre-
viously described. The calculated leukocyte flux was then com-
pared with the directly measured flux expressed as cells per
minute.

RESULTS
Acridine Orange Group (n = 5)

The result of this part of the study is shown in Fig. 1
where the relationship between the average measured
and calculated total venular leukocyte flux is depicted.
The calculated and measured cell fluxes are highly cor-
related (r = 0.999), with a slope of 0.9 for the linear
regression equation. All values fall slightly below the line
of identity (dashed line), which has a slope of 1.0. Thus
there is a tendency for the calculated flux to slightly
underestimate the measured value. A possible source of
this discrepancy is the conversion factor of 1.05 used to
estimate Vgpc from Vi, Strictly speaking, it is appli-
cable to the hamster cheek pouch from which it was
obtained. If a slightly larger value is applicable to the
present situation, then the slope would be closer to unity
and the small discrepancy would be reduced. A conver-
sion factor of ~1.1 would result in near coincidence of
the calculated curve and the line of identity. The result
depicted in Fig. 1 indicates that with reasonable accuracy
total venular leukocyte flux can be estimated by calcu-
lation for the present conditions. Furthermore, because
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Fig. 1. Calculated and measured total venular leukocyte flux (¢eac,
Pmeas, respectively) following fluorescent labeling of leukocytes with
acridine orange. D, venule diameter range; v, velocity range; WBC,
range of systemic leukocyte counts.
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Vree is measured for the main study, no conversion
factor is required, and the calculated flux values are
independent of any conversion factor-related error. Thus
the method of calculating total flux as the venule flow-
systemic concentration product would appear to be ade-
quate for the present purposes.

Main Study Group (n = 10)

Physiological parameters. Heart rate, respiratory rate,
and core and skin temperature remained relatively con-
stant over the experimental observation interval with no
evidence of a trend in any parameter. Means + SD of
these parameters (averaged over the total observation
interval) were 321 + 22 min~!, 65 *+ 4 min~!, 33.8 +
0.8°C, and 29.1 + 2.1°C, respectively. These data suggest
reasonably stable systemic parameters during the exper-
imental time.

Number of rolling leukocytes. The number of leukocytes
that were observed to be rolling (F:) and the calculated
total leukocyte flux (F;) over the 90-min observation
interval are shown in Table 1. No trends in either the
flux of rollers or in the total number of leukocytes were
detected. The means + SD of these quantities were found
to be 3.2 £ 2.4 and 8.5 = 3.0 cells/min, respectively.
Some leukocytes were observed to be rolling in each of
the 10 mice studied (D, = 15.9 + 3.1 um), with individual
animal values ranging from a minimum of 0.72 to a
maximum of 8.46 rollers/min. Overall leukocyte counts
for the 10 animals were 3,220 *+ 1,072 cells/ul with a
granulocyte count of 48.9 + 26.5%. As shown in Fig. 2,
the average number of rollers in each animal was posi-
tively correlated with the total number of leukocytes
passing through the venule under observation. Contrast-
ingly, there was an indication of a negative correlation
between the percentage of the total leukocyte flux that
exhibited rolling and D,. This is shown in Fig. 3 along
with the regression equation and its significance. The
percentage of the total venular leukocyte flux that were
rollers is shown for each observation time in Table 1.
There was no time trend in this ratio over the entire 90-
min observation interval, and the overall average was
44.8%.

Velocity of rolling leukocytes. Table 1 also shows the
sequential Viwpc and Vgrpc measurements over the 90-
min observation interval. No trend in either parameter
was detected. Means + SD of Vypc and Vrpc were 9.6 +

Table 1. Cellular fluxes and velocities
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1.1 and 359 + 227 um/s, respectively. Also shown in
Table 1 is Vwgc expressed as a percentage of Vrpc, which
over all intervals and animals was 3.5 + 2.9% of Vggc.
On an individual animal basis, this ratio ranged from a
minimum of 1.6% to a high of 10.9%. Although there was
a significant correlation between the number of rollers
and Vggc as illustrated in Fig. 4, no statistically signifi-
cant relationship between Vipc and either Vgpc or wall
shear rate was detected (data not shown).

DISCUSSION

Leukocyte rolling, as a component of the inflammatory
process, has long been recognized, and many features of
the sequence leading to the firm adherence of leukocytes
to endothelium and their diapedesis are also generally
agreed on (29, 30). Although significant questions re-
garding mechanisms exist, it is thought that some frac-
tion of the leukocytes flowing in a microvessel are
brought to the vicinity of the endothelial margin due to
a combination of rheologic, hemodynamic, and random
factors (5, 8, 12, 24, 27). The presence of some flowing
leukocytes in the vicinity of the vessel wall occurs under
all conditions, although the percentage can be increased
or decreased depending on a variety of factors (11, 15,
25, 26, 29). In the absence of an appropriate leukocyte-
endothelial cell interaction, leukocytes within the periph-
eral margin would on the average move with speeds
determined by the hydrodynamic forces in its vicinity.
However, when leukocyte-endothelial interactions de-
velop, either by modifications to the leukocyte or to the
endothelium, the leukocyte translational speed is altered
in both magnitude and form. This rolling process, which
is well described in the literature (3, 4), is seen in most,
if not all, microvascular preparations surgically prepared
for observation. Although leukocyte rolling is principally
viewed as a phenomenon that occurs in the postcapillary
vessels, it can be induced to occur in arteriolar vessels
(22). Because rolling has been mainly observed under
conditions in which surgery, tissue trauma, or tissue
exteriorization were required for microvascular observa-
tion, it is easy to think of the rolling as an “abnormal”
process. The main result of the present study suggests
that this is not the case, since significant leukocyte
rolling was detected in venules in intact skin in a model
that required minimal manipulation for microvascular
study. Some rolling was observed in each of the 10 mice

Time, Flux, WBC/min Velocity, um/s Ratios, %
min Fr Fv, VWBC VRBC Fr/Fl VWBC/VRBC
5 2.9+1.0 8.1+1.7 7.2+1.5 36376 356.2+£4.5 3.1£1.0
15 3.2+1.0 7.3+1.3 9.8+1.8 315+56 46.9+5.3 3.8+0.9
25 3.3+0.9 7.5+1.5 9.6+2.1 31657 47.4+5.3 4.3+1.7
35 3.2£0.9 8.3+1.9 11.0+2.4 35173 45.0+6.7 3.7+£0.9
45 3.1+0.9 7.7£1.8 9.2+1.7 327+70 48.3+6.3 3.6+1.0
55 2.8+0.7 7.8+1.7 8.1+1.7 329+66 46.5+7.1 3.8%+1.5
65 3.2+0.8 8.5+1.9 10.5+2.0 35773 45.9+5.6 3.7+0.8
75 3.6+0.8 9.3+£2.0 10.8+1.9 378+74 45.3+6.6 3.8+1.3
85 3.1+0.8 9.7+£2.3 12.1+2.4 388+87 38.6+£7.0 3.1+0.7

Values are means = SE; n = 10 mice. F,, flux of rolling leukocytes (white blood cells; WBC); F,, total calculated WBC flux; Vwgc, velocity of

rolling WBC; Vggc, red blood cell velocity.
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Fig. 2. Relationship between rolling and total venular leukocyte flux.
Each data point represents average value of flux determined over 90-
min observation time for each of 10 mice studied.
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Fig. 3. Percentage of total venular leukocyte flux that exhibited rolling
vs. venular diameter (D...ue). Each data point represents average value
of flux determined over 90-min observation time for each of 10 mice
studied.
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Fig. 4. Relationship between rolling WBC flux and measured red blood
cell velocity (Vrsc). Each data point represents average value of flux
and Vigce determined over 90-min observation time for each of 10 mice
studied.

studied, with 44.8% of the leukocytes passing through
the venules being observed as rollers. This percentage is
consistent with data from small postcapillary venules in
the exposed cremaster muscle microvasculature where
~48% of the total leukocyte flux were rollers (18). The
average speed of the rollers determined here (9.6 um/s)
was only a small fraction (3.6%) of the prevailing eryth-
rocyte speed. The low rolling velocity reported here is
consistent with values reported in the literature for sur-
gically exposed preparations (3, 4, 10). For Vggc values
<1 mm/s, which constituted all of the cases studied here,
a mean Vwgc of ~40 um/s in venules with diameters
ranging from 20.3 to 60.8 um was reported (10). From
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these data one can calculate a corresponding Vwec/ Vrae
ratio of ~5%, which is close to the value determined
here.

The number of rollers is dependent on the total num-
ber of leukocytes delivered, as well as on local rheological
and hemodynamic conditions. In arterioles (23) and in
venules (10) it has been shown that this number de-
creases with increasing Newtonian wall shear rate in a
nonlinear fashion. In the present study, overall shear
rates were 109 = 58 (SD) s™' (range 45-250 s7'), with
80% of the values <125 s™'. Thus for this model signifi-
cant rolling is present in small venules even at moderate
shear rates.

Potential Physiological Implications

Although a significant body of indirect evidence would
suggest that rollinglike dynamics must be present to
account for the “marginated” leukocyte pool (2, 13, 29,
30), the present findings appear to be the first to directly
demonstrate this phenomenon in systemic venules in
intact tissue in a near normal state. Furthermore, until
now there has been controversy as to whether the various
procedures necessary to prepare tissue for microvascular
observation induce the leukocyte rolling. The present
findings do not dispel the concept that such procedures
augment rolling and adherence; however, they do show
that, at least in skin venules under reasonably normal
conditions, significant leukocyte rolling is indeed pres-
ent. The principle abnormal condition connected to the
present study was the fact that the animals were anes-
thetized. Although a possible direct or indirect effect of
the anesthesia cannot be ruled out, the present findings
suggest that the systemic venules may play a role in
modulating the level of circulating leukocytes in response
to a variety of stimuli. It is known that the lungs (1) and
pulmonary circulation (7) play an important role in this
regulation process. The mechanisms whereby the lungs
store and release leukocytes are not known in great
detail, although several hypotheses have been put for-
ward, including modulation of the status of a marginated
pool within the pulmonary circulation (13). There is also
evidence that systemic factors may be involved. Epi-
nephrine administration produces leukocytosis first in
arterial blood and then after 30-120 s in venous blood
(7). The later rise in venous leukocyte counts was as-
sumed to be either a delayed reflection of the arterial
leukocytosis or due to a release from a different (non-
pulmonary) source. Because it was found that the venous
counts exceeded the arterial counts, an additional source
is indeed likely. The conversion of rolling leukocytes in
the systemic venules to circulating cells could be that
source. Indeed, measurements of the overall circulating
and marginated pools indicate about one-half in each
under normal conditions. This is about the ratio of
circulating to rolling leukocyte determined here. The
results of the present study indicate that, at least under
some conditions, the systemic venules have the potential
for being both a source and a sink for leukocytes that
could be rapidly mobilized or sequestered in accordance
with prevailing physiological stimuli. The magnitude of
this “rolling pool” could be substantial, since, according
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to the present data, almost one-half of the leukocytes are
found to be in this category. The overall potential of the
skin rolling pool to contribute to changes in systemic
leukocyte count depends on the fraction of the cardiac
output passing through the skin microvasculature. Be-
cause this has a wide range, the potential effects are
likely highly variable. If the present observations on skin
venules are indicative of events within systemic venules
of other organs, then the magnitude would increase pro-
portionately.

In summary, the present data provide evidence in
support of the concept that leukocyte rolling may be a
normally occurring process within the venules of the skin
microvasculature. The potential functional significance
of this process is speculative, as is its extension to other
organs and tissues. In skin, the very low translational
speeds of these rolling cells endows them with the prop-
erty of being a rolling storage pool having the potential
for functioning in a manner akin to the classic “margin-
ated” pool. The importance of the skin storage pool in
the acute regulation of the systemic leukocyte count and
the impact of the rolling on venular hemodynamics in
humans remain to be established.

The technical assistance provided by John Moore and Dr. Elizabeth
Sorrentino is gratefully acknowledged.

This research was supported in part by the Juvenile Diabetes Foun-
dation International Grant 1891090.

Address for reprint requests: Microvascular and Physiological Stud-
ies Unit, Miami Heart Institute, 4701 N. Meridian Ave., Miami Beach,
FL 33140.

Received 29 June 1990; accepted in final form 2 September 1991.

REFERENCES

1. Ambrus, C. M., J. L. Ambrus, G. C. Johnson, E. W. Pack-
man, W. S. Chernick, N. Back, and J. W. Harrisson. Role of
the lungs in regulation of the white blood cell level. Am. J. Physiol.
178: 33-44, 1954.

2. Athens, J. W., O. P. Haab, S. O. Raab, A. M. Mauer, H.
Ashenbruker, G. E. Cartwright, and M. M. Wintrobe. Leu-
kokinetic studies. IV. The total blood circulating and marginal
granulocyte pools and the granulocyte turnover rate in normal
subjects. J. Clin. Invest. 40: 989-995, 1961.

3. Atherton, A., and G. V. R. Born. Quantitative investigations of
the adhesiveness of circulating polymorphonuclear leukocytes to
blood vessel walls. J. Physiol. Lond. 222: 447-474, 1972.

4. Atherton, A., and G. V. R. Born. Relationship between the
velocity of rolling granulocytes and that of the blood flow in
venules. J. Physiol. Lond. 233: 157-165, 1973.

5. Bagge, U., A. Blixt, and K. G. Strid. The initiation of post-
capillary margination of leukocytes: studies in vitro on the influ-
ence of erythrocyte concentration and flow. Int. J. Microcirc. Clin.
Exp. 2: 215-227, 1983.

6. Baker, M., and H. Wayland. On-line volume flow rate and
velocity profile measurement for blood in microvessels. Microvasc.
Res. 7: 131-143, 1974.

7. Bierman, H. R., K. H. Kelly, F. L. Cordes, R. L. Byron, J.
A. Polhemus, and S. Rappoport. The release of leukocytes and
platelets from the pulmonary circulation by epinephrine. Blood 7:

10.

11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.
30.

H161

683-692, 1952.

. Blixt, A., P. Jonsson, M. Braide, and U. Bagge. Microscopic

studies on the influence of erythrocyte concentration on the post-
junctional radial distribution of leukocytes at small venular junc-
tions. Int. J. Microcirc. Clin. Exp. 4: 141-156, 1985.

. Fiebig, E., K. Ley, and K. E. Arfors. Rapid accumulation by

“spontaneous” rolling and adhesion in the exteriorized rabbit mes-
entery. Int. J. Microcirc. Clin. Exp. In press.

Firrel, J. C., and H. H. Lipowsky. Leukocyte margination and
deformation in mesenteric venules of rat. Am. J. Physiol. 256
(Heart Circ. Physiol. 25): H1667-H1674, 1989.

Gaehtgens, P. Pathways and interactions of white cells in the
microcirculation. Prog. Appl. Microcire. 12: 51-66, 1987.
Goldsmith, H. L., and S. Spain. Margination of leukocytes in
blood flow through small tubes. Microvasc. Res. 27: 204-222, 1984.
Hogg, J. C. Neutrophil kinetics and lung injury. Physiol. Rev. 67:
1249-1295, 1987.

House, S. D., and H. H. Lipowsky. Leukocyte-endothelium
adhesion: microhemodynamics in mesentery of the cat. Microvasc.
Res. 34: 363-379, 1987.

House, S. D., and H. H. Lipowsky. In vivo determination of
the force of leukocyte-endothelium adhesion in the mesenteric
microvasculature of the cat. Circ. Res. 63: 658-668, 1988.
Mayrovitz, H. N. The relationship between leukocyte and eryth-
rocyte velocity in arterioles. In: White Blood Cells, Morphology and
Rheology Related to Function, edited by U. Bagge, G. V. R. Born,
and P. Gaehtgens. Boston, MA: Nijhoff, 1982, p. 82-88.
Mayrovitz, H. N. Skin capillary metrics and hemodynamics in
the hairless mouse. Microvasc. Res. In press.

Mayrovitz, H. N., S. J. Kang, B. Herscovici, and R. N.
Sampsell. Leukocyte adherence initiation in skeletal muscle cap-
illaries and venules. Microvasc. Res. 33: 22-34, 1987.

Mayrovitz, H. N., J. Moore, and E. Sorrentino. A model of
regional microvascular ischemia in intact skin. Microvasc. Res. 39:
390-394, 1990.

Mayrovitz, H. N., and R. Rubin. Leukocyte distribution to
arteriolar branches: dependence on microvascular blood flow. Mi-
crovasc. Res. 29: 282-294, 1985.

Mayrovitz, H. N., R. F. Tuma, and M. P. Wiedeman. Effects
of stasis on leukocyte activity in microvessels. Bibl. Anat. 16: 403-
405, 1976.

Mayrovitz, H. N., R. F. Tuma, and M. P. Wiedeman. Leu-
kocyte adherence in arterioles following extravascular tissue
trauma. Microvasc. Res. 20: 264-274, 1980.

Mayrovitz, H. N., and M. P. Wiedeman. Leukocyte adhesive-
ness as influenced by blood velocity. In: Microcirculation, edited by
S. Grayson and G. Zingg. New York: Plenum, 1977, vol. 2, p. 128-
130.

Mayrovitz, H. N., M. P. Wiedeman, and R. F. Tuma. Factors
influencing leukocyte adherence in microvessels. Thromb. Hae-
mostasis 38: 823-830, 1977.

Nobis, U., A. R. Pries, G. R. Cokelet, and P. Gaehtgens.
Radial distribution of white cells during blood flow in small tubes.
Microvasc. Res. 29: 295-304, 1985.

Schmid-Schonbein, G. W. Leukocyte kinetics in the microcir-
culation. Biorheology 24: 139-151, 1987.

Schmid-Schonbein, G. W., S. Usami, and R. Skalak. The
interaction of leukocytes and erythrocytes in capillary and post-
capillary vessels. Microvasc. Res. 19: 45-70, 1980.

Sorrentino, E. A., and H. N. Mayrovitz. Skin capillary reper-
fusion after regional ischemia. Int. J. Microcirc. Clin. Exp. 10: 105-
115, 1991.

Vejlens, G. The distribution of leukocytes in the vascular system.
Acta Pathol. Microbiol. Scand. 33: 1-235, 1938.

Wilkinson, P. C., and J. M. Lackie. The adhesion, migration
and chemotaxis of leukocytes in inflammation. Current Pathol. 68:
47-88, 1979.



