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ABSTRACT

The effect of acute venous hypertension
on the extravasation of plasma proteins,
erythrocytes, and leukocytes into regional
lymph was studied in the dog hindlimb.
Although the lymph protein transport
sharply rose with hindlimb phlebohyperten-
sion, capillary permeability was unchanged
with retention in draining lymph of a nor-
mal proportion of large to small molecular
weight proteins. Leukocyte transport also
increased initially but then progressively
decreased despite persistent venous hyper-
tension. Lymph transport of erythrocytes
was also high during venous hypertension
but in contrast to white cells, it remained at
that level as long as venous pressure was
elevated. These findings suggest that differ-
ent pathways and mechanisms are involved
in the capillary extravasation of plasma
proteins and cells capable of intrinsic mo-
tility (i.e., leukocytes) and those without
independent motion (i.e., erythrocytes).

The flow and composition of peripher-
al lymph reflect changes in the net trans-
capillary transport of plasma proteins (1)
and migratory cells (2,3) into the intersti-
tial space. Increased microvascular per-
meability with inflammation is demon-
strated by draining lymph with an aug-
mented transport of proteins and blood-

borne cells such as leukocytes and eryth-
rocytes. "Stretching of pores" or capillary
disruption facilitates greater extravasation
of higher molecular weight proteins such
as IgM and a-2-macroglobulins. Normal-
ly, these proteins are found in lymph at
low concentrations but with inflammation
the concentration of these proteins in
draining lymph approaches that in plas-
ma. Circulating immune cells such as
granulocytes, monocytes, and lymphocytes
attracted by chemotactic factors migrate
to the site of inflammation at an in-
creased rate. A portion of these cells can
be found in lymph exiting the inflammed
area. These migratory cells are also ac-
companied by cells without intrinsic mo-
tion such as erythrocytes. The mechanism
of escape of passive cells from the blood
compartment into the interstitium, howev-
er, is unclear. For example, if erythrocytes
are forced through large gaps in the capil-
lary membrane, plasma protein should
also escape through these gaps in an un-
restricted fashion and lymph protein con-
centration should rapidly reach the pro-
tein level of plasma. This occurrence,
however, is never observed. Thus, in this
study we examined the mechanism(s) re-
sponsible for different rates of capillary
extravasation of plasma proteins, erythro-
cytes, and leukocytes in normal tissues
during acute venous hypertension.
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MATERIALS AND METHODS

Six mongrel dogs weighing 18-22kg
were anesthesized with pentobarbital
(30mg/kg). Combelen (0.5mg/kg) was
also given for muscle relaxation. An affer-
ent lymphatic paralleling the saphenous
vein was cannulated for flow and pressure
measurements and for determination of
protein and cellular composition of re-
gional lymph. The femoral vein was isola-
ted for temporary occlusion. The paw and
foot were placed in a plaster cast just
above the ankle to prevent greater tissue
compliance, as fluid and cells accumulat-
ed in the engorged interstitial space dur-
ing the period of venous stasis.

Experimental setting

Dogs were kept upright. The observa-
tion time lasted 6 hours and was divided
into 3 two-hour periods. During the first
period, normal venous pressure was main-
tained; in the second, a clamp was placed
on the femoral vein to elevate venous
pressure in the foot; in the third, the
clamp was removed and peripheral ven-
ous pressure was allowed to return to
normal. During each experimental seg-
ment, after an hour equilibration, the leg
was passively flexed and relaxed for 20
minutes with use of an external mechani-
cal device. (Movement of the foot sharply
increases distal venous pressure when the
femoral vein is occluded as there is no
alternative superficial venous pathway in
the canine.)

Parameters measured

Venous pressure (Pv), lymph pressure
(PI), lymph flow (LF), total protein (TP),
albumin (A) and globulin (G), IgG and
IgM concentrations and the amount
transported in lymph were measured.
Erythrocyte (E) and leukocyte (L) con-
centrations and the amount transported in
lymph were also determined.

Statistical evaluation

Results were expressed as means +

SD. For evaluation of differences between
the mean, student t test for pairs was
used. The following ratios were calculat-
ed; A/G, IgM/IgG output, E/L output.
Correlations were determined between E
output and LF, L transport and LF, TP
and E transport, and L and E transport.

RESULTS
Venous pressure, lymph pressure, and flow

Venous pressure with the dog standing
quietly was 29.0+6.0mmHg and oscillated
during foot movements between 23.0+4.7
and 37.0+5.6mmHg. With femoral vein
occlusion ("venous stasis"), this pressure
rose to 67.0+21.8mmHg. With passive
flexion of the foot, it increased further to
83.7£17.5mmHg and decreased during
extension to 60.5+15.5mmHg. With de-
clamping, venous pressure returned
promptly to control values.

Pl during rest was 10.2+7.7mmHg and
increased during passive movement to
110.0+74.0mmHg (p<0.05) (Fig. 1). With
venous "stasis” resting Pl increased to
31.713.8mmHg (P! resting with venous
stasis vs. resting with free venous flow
(p<0.05). With passive hindlimb move-
ment Pl reached 177.5+119.3mmHg (Pl
movement with venous stasis vs. move-
ment with free venous flow p<0.05).

LF was 6.3+5.2ul/min in the initial
resting period, increased during hindlimb
movement to 160.0+136.0u1/min (p<0.01)
(Fig. 1). In the resting phase of venous
stasis LF was 18.4+11.2ul/min, signifi-
cantly higher than in the control resting
period (p<0.05). Foot movement raised
LF during venous stasis to 207.0+
189.1ul1/min, significantly above the level
of LF observed during foot movement
with uninterrupted venous flow (p<0.05).
After restoring free venous flow, Pl and
LF returned to normal values.

A/G ratio, TP, IgG and IgM lymph trans-
port

The A/G ratio decreased from
0.5310.04 to 0.49+0.01 during foot move-
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Fig. 1. Lymph pressure and flow in dog foot lymphatic with venous hyperten-
sion, 0-2h normal pressure, 2-4h femoral vein occluded, 4-6h venous clamp
removed. At 1, 3 and 5h leg was moved passively for a period of 20min. Values

are means of 6 experiments (p<0.05).

ment. During venous stasis it was
0.56+0.12 and 0.54+0.24, respectively. Af-
ter restoration of uninterrupted venous
flow the A/G ratio rose to 0.67+0.33 and
0.59+0.24, respectively; however, the dif-
ferences were not statistically significant.
TP lymph transport rose from the ini-
tial 0.14+0.12mg/min to 2.24+2. 14mg/min
with foot movement. During venous stasis
it rose from 0.24+0.2mg/min to
2.5+2.4mg/min. There was a statistically
significant difference between TP trans-
port in the resting period without and
with venous stasis (p<0.05). TP transport
increased during foot movement both

with and without venous stasis by a mean
factor of 16.

The lymph transport of IgG increased
during foot movement over the resting
value by a mean factor of 36.9, decreased
during the resting period of venous stasis
to 3.8 and rose again during hindlimb
movement to 36.9. The output of IgM
increased by 13.5, 1.5, and 20-times, re-
spectively.

The calculated IgM/IgG ratio in the
comparable experimental periods was
0.15, 0.083, 0.05, 0.09, 0.17, and 0.07. The
decreased ratio during the periods of in-
creased lymph flow was due to the higher
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Fig. 2. Erythrocyte and protein transport from dog foot lymphatic with venous

hypertension. For details see Fig. 1.

transport of IgG over IgM.
Enrythrocyte (E) and leukocyte (L) output

The E transport in lymph rose from
1.9+2.2x10 cells/min to 570+701x10°
cell/min (x300) during foot movements
(Fig. 2} and decreased during the resting
phase of venous stasis to 21.5+30.5x10°
cells/min (x11.5), followed by a rise dur-
ing subsequent movements to
613+988x10° cells/min (x323). After resto-
ration of venous flow the E transport was
4.53+8.13x10° cells/min (x2.38) and during
foot movement 338.2+702.4x10° cells/min
(x178). Leukocyte output was respectively
0.2+0.17x10 cells/min, 46+23.7x10°
(x230), 0.36+0.12x10° (x1.8), and
34.3£18.9x10° (x171) (Fig. 3). Release of
the venous clamp was followed by a fur-

ther drop to 0.08+0.046x10° cells/min
(x0.04) and during foot movement was
7.24¢3.9x10° cell/min (x34.2). The calculat-
ed mean E/L transport ratio was 9.9,
12.4, 60, 17.9, 56.5, and 46.9, respectively.
The correlation coefficient of the E and L
transports was r=0.799 (p<0.001).

Cellular transport and lymph flow

Leukocyte transport increased during
the consecutive periods of the experiment
by factors of 230, 1.8, 171, 0.3, and 40,
whereas lymph flow rose 25.3, 2.9, 32.8,
0.71, and 17.6 times, respectively. There
was poor correlation between the changes
in leukocyte transport and lymph flow
(r=0.444; p<0.05). Erythrocyte output
rose by a factor of 300, 11.5, 323, 2.6, and
204. The correlation coefficient with
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Fig. 3. Leukocyte and protein transport from dog foot lymphatic with venous
hypertension. For details see Fig. 1. Note a progressive decrease in white cell

output (p<0.05).

lymph flow changes was r=0.590
(p<0.001)(Fig. 4).

Total protein and erythrocyte transport

TP transport increased during consec-
utive periods of the experiment 16, 1.7,
17.8, 0.35, and 11.4 times and the trans-
port of erythrocytes was 300, 11.5, 323,
2.6, and 204 times, respectively. The cor-
relation coefficient of TP to erythrocyte
transport was r=0.962 (p<0.001)(Fig. 5).

DISCUSSION

The main question raised in this study

was whether increased microvascular hy-
drostatic pressure during acute venous
hypertension increased permeability of
the normal capillary membrane in terms
of "stretching pores", (i.c., widening of the
interendothelial gaps) and/or accelerated
vesicular transport. Had this occurred,
there would have been almost unrestric-
ted influx of plasma proteins and cells
into the tissue space. This microcirculato-
ry sequence of events occurs with inflam-
mation but not at the sites of tumor
growth where abundance of host leuko-
cytes and immune proteins may be desir-
able. Designing a method to augment
extravasation of these host constituents
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Fig. 4. Erythrocyte output plotted against lymph flow during rest (x) and
movements (a) in the period of normal venous pressure, rest (*) and move-
ments (o) during venous hypertension and rest (o) and movements (u) after
restoration of venous outflow, n=6, r=0.590, p<0.001.

into noninflammed tissues therefore is of
considerable practical usefulness. Raising
local venous and hence capillary hydro-
static pressure is one possible method.
However, as shown in this study, whereas
acute venous hypertension promotes a
modest increase in tissue extravasation of
plasma proteins, leukocytes, and erythroc-
ytes, capillary permeability is unaltered.
Moreover, the pathways and kinetics of

transcapillary migration of plasma pro-
teins, leukocytes and erythrocytes are ap-
parently different and complex during
venous hypertension. Thus, we found an
increase in total protein lymph transport
but no change in the lymph A/G ratio;
the lymph transport of IgG exceeded that
of IgM; erythrocyte but not leukocyte
transport correlated with lymph flow
while changes in erythrocyte output corre-
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Fig. 5. Erythrocyte output plotted against protein output, n=6, r=0.962,

P<0.001. For details see Fig. 4.

lated with those of total protein transport.
A 2-3 fold increase in venous pressure
brought about a mean 16-fold rise in net
total protein transport in lymph, a finding
which is supported by the results of oth-
ers (4). As expected, the concentration of
lymph proteins decreased. The question
remains, however, whether the total vol-
ume of proteins or their concentration in
tissues is key for immune homeostasis.
The augmented protein transport in
lymph is not the result of enhanced mi-
crovascular permeability, but rather great-
er microvascular exchange surface area,

that is, an increased capillary radius with
opening of previously closed capillaries.
With "stretched pore”, high venous pres-
sure would be expected to force across
the capillary membrane proportionally
greater amounts of larger molecular
weight proteins such as IgM than smaller
weight molecules such as IgG or albumin.
But this did not occur with "molecular
sieving" persisting in lymph despite
heightened microvascular hydrostatic
pressure with venous obstruction. Lack of
increased permeability of capillaries to
macromolecules in venous hypertension
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has been also found by others (5-8). A
combination of heightened venous pres-
sure with intraarterial histamine infusion
(8), however, results in a great influx of
macromolecules into tissue fluid and
lymph. This finding suggests that it is not
mechanical "stretching of pores" but rath-
er chemically regulated contractions and
relaxations of endothelial cells that regu-
late the macromolecular transport across
the capillary membrane.

A different pattern of transcapillary
transport emerged with examination of
migrating and non-migrating blood cells
(i.e., leukocytes and erythrocytes). Leuko-
cytes (approximately 80% of them being
lymphocytes) displayed an increased ex-
travasation with venous hypertension and
muscular contraction at first and a grad-
ual diminution in transcapillary passage
with time. Probably both intracapillary
trapped and extravasated pools of leuko-
cytes became gradually diluted by an in-
creased volume of capillary filtrate and
tissue fluid. Thus, two factors, intrinsic
migratory properties and solvent drag
were involved in augmenting lymph leu-
kocyte transport. Somewhat different find-
ings had been observed in human subjects
(2). In these individuals, the output of
lymphocytes did not depend on the net
capillary filtration. Only after leg muscu-
lar contractions promoted a transient in-
creased in lymph flow with a high number
of lymphocytes did a prolonged resting
period result in accumulation of lympho-
cytes in the interstitium.

Another transcapillary pattern of
transport occurred with erythrocytes,
where transcapillary migration was direct-
ly related to the rate of lymph flow. Al-
though it may be assumed that hydrostat-
ic pressure was responsible for erythro-
cyte extravasation, the exact microvascular
locus of this red cell leakage was not de-
fined. Lymphocytes and granulocytes
probably traversed capillaries through the
interendothelial junctions and likely also
depended on active motion of the white
cells. This process is in distinct contrast
with erythrocytes, cells not possessing
intrinsic motility. Thus, erythrocytes leave
the capillary either along the pathways

"opened” by migrating lymphocytes or
leaked via sporadically damaged capillar-
ies. A third possibility is extravasation of
red cells from the vasa vasorum of lym-
phatic collectors directly into the lumen
of a lymph vessel. If the first two possibil-
ities are valid, plasma would likely leak in
bulk and flood the tissue space. More-
over, protein concentration in lymph
would tend to high values and the propor-
tion of high to low molecular weight pro-
teins in lymph would approach that of
plasma. This scenario, however, is not
observed. Whereas there is a direct corre-
lation between E and TP transport, the
rate of changes of protein transport is
much less than that of E transport. The
appearance of erythrocytes in leg lymph is
a physiologic phenomenon with small
numbers invariably detectable in peri-
pheral lymph (2). With moderate exercise
(e.g., walking) there is a large increase in
erythrocyte concentration in peripheral
lymph in healthy humans (2). A high
erythrocyte count in thoracic duct lymph
was also observed by El-Gendi (10) in
patients with portal hypertension in schis-
tostomiasis. Extravasation of these red
blood cells correlated with increased ca-
pillary filtration rate as reflected in aug-
mented central lymph flow. Taken togeth-
er, these data suggest that there are dif-
ferent pathways for transport of plasma
proteins, erythrocytes, and leukocytes
from blood capillaries into the tissue
space under the conditions of acute ven-
ous hypertension. Capillary permeability
for plasma proteins is not increased de-
spite a greater transport of lymph protein.
Leukocyte transport into lymph increases
sharply at first but then gradually decrea-
ses. The concentration and lymph trans-
port of erythrocytes, on the other hand,
increases with acute venous hypertension
but remains elevated as long as venous
pressure is high.

ACKNOWLEDGEMENT

This study was supported by a grant
from the Polish Academy of Sciences
06.02. The help from American Cyanamid
Company is also greatly appreciated.

Permission granted for single print for individual use.
Reproduction not permitted without the permission of Journal LYMPHOLOGY .



REFERENCES

1. Courtice, FC: Lymph and plasma protein
barriers in their movement throughout the
extracellular fluid. Lymphology 1 (1971), 9.

2. Engeset, A, J Sokolowski, WL Olszewski:
Variation in output of leucocytes and
erythrocytes in human peripheral lymph
during rest and activity. Lymphology 10
(1977), 198.

3. Olszewski, WL, I Grzelak, A Engeset:
Cells in lymph draining normal human
skin. Lymphology 15 (1982), 168.

4. Szabo, G, Z Magyar, N Papp: Correlation
between capillary filtration and lymph flow
in venous congestion. Acta Med. Acad.
Sci. Hung. 19 (1963), 185.

5. Witte, CL, MJ Myers, MH Witte, et al:
Transcapillary water and protein flux in
the canine intestine with acute and chronic
extrahepatic portal hypertension. Circul.
Res. 53 (1983), 622.

6. Witte, MH, CL Witte, AE Dumont: Esti-
mated net transcapillary water and protein
flux in the liver and intestine of patients
with portal hypertension from hepatic cir-
rhosis. Gastroenterology 80 (1981), 265.

75

7. Renkin, EM, WL Joyner, CH Sloop, et al:
Influence of venous pressure on plasma-
lymph transport in the dog’s paw: Convec-
tive and dissipative mechanism. Microvasc.
Res. 14 (1977), 191.

8. Grega, GJ, DE Dobbins, JB Scott, et al:
Effects of histamine and increased venous
pressure on transmicrovascular protein
transport. Microvasc. Res. 18 (1979), 95.

9. Grega, GJ, SW Adamski: The role of ven-
ular endothelial cells in the regulation of
macromolecular permeability. Microcirc.
Endoth. Lymphatics 4 (1988), 143.

10. El Gendi, A: Lymphocyte and erythrocyte
turnover in thoracic duct lymph in patients
with schisostomal hepatosplenomegaly and
portal hypertension. Lymphology 20
(1987), 84.

W.L. Olszewski, M.D.

Department of Surgical Research
and Transplantation

Medical Research Center

Polish Academy of Sciences

02004 Warsaw

5 Chalubinski, POLAND

Permission granted for single print for individual use.
Reproduction not permitted without the permission of Journal LYMPHOLOGY .





