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Summary solutions of varying concentrations as the alveo-

Previous experiments demonstrated that '25]-human lar instillate, we demonstrated that fibrinogen
fibrinogen (125-RIF) instilled into the distal airway is degraded within the distal airway by non
of the right lower lobe in intact dogs passed through  Jinear kinetics. The degradation resulted prin-
the microairway into the interstitium. This report cipally in the production of small tracer mole-

analyzed the subsequent interstitial clearance of p g 4 4
this fibrinogen by analyzing plasma and lymph cules which were soluble in trichloroacetic

samples for 1251 activity. This activity was separated acid and became evenly distributed in body
into clottable, and trichloroacetic acid (TCA) in- extracellular water (16). In this experiment,
soluble and soluble components. Clottable and however, small quantities of clottable tracer

TCA-insoluble 125-RIF in the same ratio appeared : : ; ;
in lymph from the right lymphatic duct (RD) and fibrinogen did pass through the microairway

thoracic duct (TD). From standard mixing equations by first order (concentration dependent) 4
we calculate that 1.4 times as much lymph from kinetics, and appeared in lymph collected

the right lower lobe flows into the TD as into the from the right lymphatic duct. The present
RD. With one exception, clottable 125-RIF appeared report is an analysis of the clearance routes

in plasma only in the absence of an RD; this sug- . o R S
gested the presence of accessory lymphatico-venous of interstitial ﬁbnnogen, and indicates not

communications rather than back flux of 125-RIF only the complexity of lung lymph drainage
at the capillary wall. By injecting '3 [-human fi- pathways, but also a clearance mechanism by
brinogen intravenously, we observed a small reduc- erythrocytes.

tion in clottability (maximum of 10%) in lymph

both from the RD and TD. Equilibration in RD

lymph was only 1/5 as fast as albumin, and from Methods

the measured equilibration rate constant, and the Alt.hough the experiment has been described

assumption that interstitial fibrinogen clearance is ; s 5 oy & y
entirely convective, we estimate that the pulmonary in detail prevnously (16)' it is summarized

interstitial distribution volume for fibrinogen is 70% briefly. Nine dogs of either sex were used in
that for albumin. Non dialyzable 125-RIF products the study. All were anesthetized with sodium
generated in the distal airway adhered to intracapil- pentobarbital (25 mgm/kgm [IV]) initially,

lary, circulating erythrocytes. These products re- Py
tained fibrinogen antigenicity, and appeared to be and 25 to 50 mgm IV subsequently every 2

further degraded in the vascular compartment. hours. In the first 7 dogs we explored the
right and left neck for the right lymphatic
Introduction duct (RD) (12) and thoracic duct (TD). We

identified and cannulated the RD in 4 of the
7 dogs, and the TD in 6 of the 7 dogs. We
placed cuffed tubes into the tracheas and
sampling catheters into both femoral veins and
a femoral artery. Under fluorscopic control,
a radioopaque catheter with a 2 mm diameter
was placed into the wedged position in the
lateral (costal) aspect of the right lower lobe.
Through the catheter we instilled approxi-
mately 1 ml of citrated, isoosmolar radioio-

It has been established that tracer albumin
instilled into alveoli of intact dogs, passes
through the microairway into the interstitium
(8, 13, 15). Using this technique, we were
able to separate subsequent interstitial clear-
ance of the albumin into transcapillary (per-
meative) and lymphatic (convective) compo-
nents (15). The permeative component aver-
aged approximately six times the convective
component. Recently, using tracer fibrinogen

~
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dinated 125 I-human fibrinogen (125-RIF)* in
carrier human fibrinogen containing two drops
of stock Evans Blue Dye. We varied the quan-
tity of carrier fibrinogen so that fibrinogen
concentration in the instillate ranged from
0.75 mgm/ml to 4 mgm/ml in individual ani-
mals. Simultaneously in all 7 dogs, we in-
jected approximately 20 uCi 3! I-human fibri-
nogen (131-RIF)* intravenously. The purpose
for this was to analyze the degradation of
radioiodinated fibrinogen within the vascular
compartment, and within the interstitium
during plasma to lymph transit. In the remain-
ing 2 dogs we instilled 125-RIF (3 mgm/ml
and 4 mgm/ml concentration) into alveoli but
1o 131-RIF iv. Otherwise, we prepared the
animals in the same manner as the other 7,
but used their lung tissue for autoradiography
and immunocytochemical marking instead of
homogenization for tracer recovery. The
osmolalities of 131-RIF and 125-RIF solutions
were determined by freezing point depression,
and all were dialyzed against cold phosphate-
buffered saline (PBS) using Visking cellulose.
Usually the dialyses were carried out over a
24 hour period during which the bath was
changed three times. At the time of instilla-
tion and injection more than 95% radioiodine
activity was clottable, and less than 3% was
soluble in 30% trichloroacetic acid (TCA).
These “ions” were subtracted from total
quantities instilled or injected in order to re-
move them from further calculation. All
drained lymph, and 3 ml blood samples, were
.~ collected each 20 min throughout the experi-
ment. The samples were collected in ice-cooled
plastic tubes containing 0.03 ml 38% sodium
citrate and 0.07 ml 5 M aminocaproic acid
(EACA) per 3 ml sample. Blood samples were
centrifuged immediately, and the plasma was
decanted, frozen, and stored at -40 °C. No
clotting occurred in any lymph sample, and
each was stored at <40 °C immediately after
the collection period. Plasma and lymph
samples were analyzed within 4 days of the
experiment by the following method. One

* Kindly supplied by Dr. Jose Martinez, Cardeza
Foundation, Thomas Jefferson University, Phila-
delphia, Pa.
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ml of each sample was analyzed for 1251 and
31T activity in a Picker well counter and scaler. In
the case of RD lymph, less than 1ml was usually
available. To an additional 1 ml of each sam-
ple, 0.2 ml clotting solution was added. The
clotting solution contained 22 mgm EACA,
1.2 units thrombin, and 1.2 mgm calcium
chloride. The clots were wound on glass rods,
washed three times with PBS, and analyzed in
the well counter for both isotopes. This
yielded the clottable quantity of RIF in the
sample. The remainder of the sample was
diluted 1:1 with TCA. The volume of the re-
sulting supernate was decanted, the volume
measured, and analyzed in the well counter.
This yielded the quantity of TCA-soluble RIF
products in the sample. The quantity of TCA-
insoluble RIF products was calculated by sub-
tracting the sum of clottable and TCA-soluble
quantities from that in original sample. In 4
of the 7 dogs receiving both 125-RIF and
131-RIF, we measured the quantities of 125]
and 13!] adherent to red cells by collecting
the cells after decanting the plasma, washing
them three times with PBS, and analyzing
them in the well counter. Fibrinogen concen-
trations in plasma and lymph samples were
determined using a Lancer Fibrinogen Ana-
lyzer. All dogs were killed by pentobarbital
overdose at 311 + 8 (SE) min. In the 2 dogs
not receiving 131-RIF we identified the blue
zone of instillate in the right lower lobe after
opening the chests by a sternal splitting in-
cision. A 5 mm thick slice of lung containing
instillate was processed for both autoradio-
graphy and immunocytochemical labelling of
the human fibrinogen. For autoradiography,
a portion of the slice was fixed in cold,
cacodylate-buffered 2.5% glutaraldehyde for
2 hours, diced into 1 mm cubes, and fixed
for an additional 10 hrs. The tissue cubes
were washed in several changes of cacodylate
buffer, post-fixed in osmium tetroxide, and
pre-stained with uranyl acetate and phospho-
tungstic acid. After embedding in Epon 812,
the blocks were sectioned with an LKB ultra-
tome and diamond knife. Sections of silver
interference color were placed on glass slides
coated with celloidin-amy] acetate. The sec-
tions were coated with a monolayer (gold-
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silver interference color) of Kodak NTE emul-
sion. As prepared, the emulsion and sections
were in direct contact. The slides were stored
at 4 °C for 10—12 weeks. After developing
in Dektol for 2 min and fixing for 1 min, the
celloidinamyl acetate film was stripped from
the slides, and the sections mounted on cop-
per grids. From section and emulsion thick-
nesses, halide crystal diameter, and the size
of developed silver grains, we estimated re-
solution for 1251 by the equations of Bach-
man and Salpeter (2). By these equations,
resolution is defined as the diameter of the
50% probability circle around each silver
grain. This indicates the 50% probability that
the radioactive source in the tissue originated
within the circle area. With our preparation,
we estimate that the 50% probability circle
had a diameter of approximately 150 nm. In
view of the long fixation and wash times, we
assumed that no 125 [-activity in the tissues
was produced by ions.

For immunocytochemical labelling of the in-
stilled human fibrinogen we fixed thin

(1 x 5 mm) lung sections in 2.5% cacodylate-
buffered glutaraldehyde for 15—30 min at
room temperature. After fixation, the strips
were washed in cacodylate buffer and embed-
ded in 7% agar. Using a Smith and Farquhar
TC-2 tissue sectioner, we cut the strips into
sections 40 um thick, and incubated them in
serial dilutions (1:10 to 1:100) of ferritin
conjugated IgG fraction rabbit anti-human
fibrinogen (Cappel Laboratories, Inc.) for

24 hours, and washed them in several changes
of PBS for an additional 24 hours. Then the
tissue sections were post-fixed in osmium
tetroxide, dehydrated, and embedded in
Epon 812. The tissue capsules were analyzed
in the well counter for 1251 activity. Those
with the greatest activity were selected for
subsequent sectioning. Sections of gold inter-
ference color were mounted on copper grids,
and post-stained with bismuth subnitrate for
improved definition of the ferritin label (1).
Control studies included (a) antigen-antibody
blocking by absorbing the ferritin-conjugated
antibody with human fibrinogen, and (b)
treatment of control lung with the ferritin
conjugate. All sections were viewed with a
Zeiss EM 9 electron microscope.
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Results

All animals appeared to be in a steady state
with regard to cardiopulmonary function.
There was no measurable pulmonary edema
from lung homogenate analysis: mean lung
water/bloodless dry lung weight was 3.46 £ 1]
(SE) ml/gm (16). Lymph flows from the RD
and TD decreased slowly and linearly with
time to 75% baseline levels during 5 hours of
observation. Measured fibrinogen concentra-
tions in plasma and lymph were constant
(steady state) and were (in mgm/ml):

3.25 + 0.06 (SE) for plasma, 1.23 + 0.04 (SE)
for TD lymph, and 1.17 + 0.04 (SE) for RD
lymph.

The measured fractions of clottable, TCA-in-
soluble, and TCA-soluble tracer in plasma, RD
lymph, and TD lymph are presented in Table
1. Since the concentration of TCA-soluble
products was equal in all three fluids, RD
lymph/plasma 1251 concentration ratio was
91.7/17.8 = 5.3, and that for RD lymph/TD
lymph was 80.7/17.8 = 4.5. It was apparent
that lymph from the right lower lobe drained
into both RD and TD systems, and that the
ratio of clottable 125-RIF in RD/TD lymph
(53.9/12.0) was approximately equal to the
TCA-insoluble ratio (28.3/7.3). This indicated
that clottable and TCA-insoluble 125-RIF

molecules passed together in both ducts with- |

out binding or absorption of one molecular
species as opposed to the other within lym-
phatics or lymph nodes. An estimate of relatiy
flow into both ductal systems can be calcu-
lated from the ratio of clottable and TCA-in-
soluble flux in each duct, that is: flux
(cts/min) = lymph concentration (cts/ml) x
lymph flow (ml/min). Therefore RD/TD flux
ratio was 4.5 (RD/TD concentration ratio) x
(53.9 + 28.3)/(12.0 + 7.3) (RD/TD clottable
and TCA-insoluble fractional quantities x
(042 x 10-3)/(1.12 x 102) (RD/TD flow
ratio [Table 3]) = 0.7. This indicated that
nearly 1.4 times as much lymph from the
right lower lobe zone of instillate drained into
the TD as into the RD when both ducts were
present. On the other hand, when only a TD
was present (Table 1) there were two note-
worthy observations. First, there was more
fractional clottable 125-RIF in TD lymph,

~r
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Tab. 1 Coagulation Properties of 125-RIF Following Intra-Alveolar Instillation

Dog Plasma (%) RD Lymph (%)* TD Lymph (%)*

+TCA + TCA = +TCA + TCA + +TCA * TCA =
Clottable Insoluble Soluble Clottable Insoluble Soluble Clottable Insoluble  Soluble
2 4! 11.0 0 89.0 - - - 2.0 9.0 89.0
) 25.6 0 74.4 - - - 21.6 5.4 73.0
3 12.8 0 87.2 - - - 40.0 0 60.0
4 0 0 100.0 63.6 20.1 16.3 - - -
4] 8.6 0 91.4 49.0 32.0 19.0 34 14.6 82.0
i1 0 0 100.0 40.0 36.5 23.5 15 5.6 92.9
0 0 100.0 63.0 24.6 124 34 9.3 87.3
” Mean 8.3 91.7 539 28.3 17.8 12.0 7.3 80.7
i 3.6 3.6 5o 33 23 6.4 2.0 5.0

' RD = right lymphatic duct TD = thoracic duct
+ Clottable = % of tracer activity clotted by thrombin and ca**
+ % of tracer insoluble and soluble in 30% trichloroacetic acid

on of 125]-human fibrinogen.
eveloped silver grains appear to
penetrate intact alveolar epithelium,
pass through capillary endo-
thelial vesicles toward the plasma-

d capillary lumen to the right.

ud second, there was clottable 125-RIF in products retained fibrinogen antigenic sites

ssma. The second observation suggested the  since they were labelled with immunoferritin
pesence of accessory lymphatico-venous junc-  (fig. 3). Moreover, in the course of time, they
tions, since clottable 125-RIF appeared in were released from erythrocytes (fig. 4), pre-
jlasma of only 1 dog with an RD (# 5 in sumably as TCA-soluble products since no
Table 1). TCA-insoluble products were found in plasma.

: : : : Since no selective adherence of intravenously

If accessory junctions existed, and if both e

ottable and TCA-insoluble 125-RIF products injected 131-RIF products was found on
fowed together in lymph, why were no TCA- washed' vy throcy.tes, I b a.pparent.that .
isoluble products identified in plasma? Auto- Processing of fibrinogen within the distal air-
adiographs indicated the passage of non-onic ~ WY Was necessary for the development of
acer (washed tissue) across intact epithelium ~ Molecules with an affinity for erythrocytes.
nd endothelium (fig. 1) and then selective In addition, erythrocy.tes apparently contain
finding to erythrocytes (fig. 2). These tracer an enzyme system which further degrades
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Fig. 2 Lower power electron mic
scopic autoradiograph of dog alveo: r
lar capillary following intra-alveolar
instillation of 125]-human fibrinoges
Developed silver grains lie over
erythrocytes. There is damage to
both epithelium and endothelium,
Approximately half the microair-
way was damaged following instills-
tion, but developed silver grains lay
over erythrocytes in all sections
(original magnification 9,000X)

P et o el o B o T e Bt el

Fig. 3 High power electron micro-
graph of intracapillary erythrocyte
in dog lung following intra-alveolar
instillation of 125I-human fibrinogen. L
The tissue was incubated with fer-
ritin conjugated rabbit-antihuman
fibrinogen. Ferritin labelling lies

over the erythrocyte (original mag-

A TR B ors Y Bt 4

nification §2,000X)

these products. Our data did not exclude the Is fibrinogen altered within the interstitium?
possibility that clottable fibrinogen penetrat- The results of 131-RIF analysis in lymph fol-
ing the microairway became adherent to lowing intravenous injection (Table 2) sug-
erythrocytes, but the usual presence of clot- gests that some alteration occurs along the
table 125-RIF in plasma in the absence of plasma to lymph transit route. Only clottable
an RD, suggested that there was no back flux  and TCA-insoluble fractional quantities in the
of clottable 125-RIF at the capillary wall. three fluids are presented in Table 2 because
Therefore, interstitial clearance probably oc- injected TCA-soluble molecules were subtracted
cured exclusively by convective flow in from futher analysis. The data indicate a re-
lymph. duction in clottable 131-RIF in passing from

B & % ) BA M
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100 200
TIME AFTER 125-RIF INSTILLATION
(MIN.)

fg. 4 Relationship between proportional increases
awashed red cell 1251 activity (counts/ml) and plas-
m '] activity (counts/ml) following intra-alveolar
hmllatlon of 125]-human fibrinogen (125-RIF) in
ogs. The points are means and the brackets + 1 SE
of measurements made on 4 dogs. Note the 14-fold
inerease in washed red cell activity at 150 min which
fcreases toward normal at 250 min. Plasma activity
wis caused exclusively by tracer molecules soluble
1 30% trichloroacetic acid. The peak level of activi-
Fh red cell samples was only 7% that of plasma
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plasma to lymph in both ducts. This reduction
might be accounted for partially by injected
TCA-insoluble molecules passing the micro-
vascular membranes more rapidly than clot-
table fibrinogen. However, the TCA-insoluble
molecules may range in molecular weight from
4000 to more than 300,000 daltons, and since
131-RIF transit into TD lymph was approxi-
mately six times the transit into RD lymph
(Table 3), the TCA-insoluble molecules would
have to have been very large to equilibrate at
precisely the same rate as clottable fibrinogen
in both ducts. This seemed unlikely. There is
an another explanation which appears more
reasonable: fibrinogen is degraded by first
order kinetics in passing the microvascular
membrane. If it is true that approximately
(98—-86)/96 = 10% of fibrinogen is altered in
passing the microvascular membrane, and if
this is one mechanism of fibrinogen catabolism,
then the catabolic half time should be approxi-
mately 10 times the plasma to lymph equili-
bration half time. This is approximately true
(19).

Equilibration of clottable 131-RIF was much
faster in TD lymph than RD lymph (Table 3).
Assuming that the equilibration with RD
lymph was monoexponential (14), the rate
constant can be calculated as (7):

A = 1n (1-C(t)/C(ss))/t (1)

b. 2 Coagulation PropertiesT of 131-RIF Following Intravascular Injection

* RD = rlght lymphatlc duct; TD = thoracic duct
+ % of tracer activity clotted by thrombin and ca**

Plasma (%) RD Lymph (%)* TD Lymph (%)*
Clottable+ TCA-lnsolubleﬁ Cl()ttable+ TCA-lnsolublei Clottable+ TCA-lnsolublet
98 -3 - = 89 11
95 5 - -~ 79 21
96 4 » o 94 6
94 6 81 19 - -

97 3 84 16 86 14

97 3 84 16 92 8

97 3 94 6 88 12

96 4 86 14 88 12
1 1 3

3 2 2

% of tracer activity insoluble in 30% trichloroacetic acid
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Tab. 3 Lymph Characteristics

Thoracic Duct Right Duct
Dog Flow x 102 * R Ct)/C(ss)*  Flow x 103 * R* C(t)/Clss)*
1 0.70 0.33 0.56 - - -
2 0.78 0.53 0.73 = s = L
3 1.88 0.33 0.36 - - -
4 - . 7 1.84T 0.33F 090"
S 1.35 0.41 0.33 0.43 0.35 0.04
6 1.13 0.35 0.90 0.49 0.31 0.14
7 0.92 0.37 0.84 0.34 0.42 0.11
Mean 112 0.38 0.62 0.42 0.36 0.10
+ SE 0.18 0.03 0.10 0.04 0.03 0.03
* in ml/kgm body wt/min ‘
+ steady state lymph/plasma fibrinogen concentration ratio
+ The ratio of clottable 131-RIF concentration in lymph at the end of the experiment (C(t)) to that atg

steady state (C(ss)). The (Css) was calculated as the product of R x plasma 131-RIF concentration as-

suming the latter was constant.

+ Not included in the calculated mean in view of the absence of a thoracic duct.

where A = rate constant (min-!') and C(t)/
C(ss) = ratio of equilibration at time =t
(min). Substituting from Table 3 where t =
311 min experimental time, A =4 x 104
min-!. This is only 1/5 the rate constant for
albumin (14).

In general, clearance of proteins from the in-
terstitium can be expressed most simply as
(20):

AV=PS+L (2)

where V = interstitial distribution volume of
the protein, PS = permeability-surface area
product of the microvascular membrane for
the protein (ml/min), and L = lymph flow
(ml/min). Since we identified no apparent
back flux of fibrinogen at the capillary wall,
(PS)p << L, where subscript F refers to fi-
brinogen. In the case of albumin (15), we
found that (PS)s = 6L, where subscript A
refers to albumin. Therefore, Ap Vg = L, and
AaVa = 7L. Since Mg /Ap =5 then VE/Vj =
5/7. This is a fairly big ratio considering the
difference in molecular sizes between albumin
and fibrinogen, and suggests that the inter-
stitial gel contains fairly large pores.

Finally, although the number of dogs was
small a single instance of an RD without a
TD was found (dog # 4). In Table 3, the large
flow rate and rapid equilibration rate of clot-

table 131-RIF in lymph collected from this
duct indicated that it functioned as a thorac
duct.

Discussion

The alveolar and interstitial compartments
appear to provide different environments for
fibrinogen. In the former, fibrinogen is slowl;
degraded by non-linear kinetics, and this may
be why Bignon et al. (3) found no fibrinoga
in normal rat alveolar lining liquid by im-
munoperoxidase staining. Presumably the de:
gradation occurs by macrophages although
Colvin and Dvorak (5) could find no fibrin/
fibrinogen receptors on alveolar macrophage
as opposed to peritoneal macrophages. We
have observed alveolar macrophages engulfing
fibrin (11), and macrophages are known to
produce plasminogen activator when stimul
(10). Within the interstitium, or at some po
in transit from plasma to lymph, fibrinogen
appears to be slowly degraded by first order
kinetics. However, this conclusion is specula
tive since it depends upon the applicability
standard plasma clotting solutions to lymph
After microvascular damage, the interstitial
compartment is highly fibrinolytic (11).

——

Autoradiographs indicated that tracer fibrin
ogen molecules, produced in alveoli, pene-
trated into erythrocytes, and were not me
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adsorbed to their surfaces. This distinction
- | was well within the resolving power of the
autoradiographs. There is a close relationship
between erythrocytes and fibrinogen. A spec-
tum of fibrinogen-like proteins have been
identified in saline elutes of sucrose-washed
bovine erythrocytes (9), and human erythro-
tyte membranes have been shown to alter
N-terminal amino acids of fibrinogen (17). A
number of proteolytic enzymes are bound by
~ erythrocyte membranes (4), and erythrocyte
hemolysate contains a plasminogen activator
(erythrokinase) (21). Our data demonstrated
a decrease in washed erythrocyte 125[-activity
from 150—200 min, and this proves release
of tracer. The fact that no TCA-insoluble
125-RIF products were identified in plasma
suggests that the erythrocyte-bound products
were released as TCA-soluble molecules. Pre-
sumably this involved some enzyme system
within the erythrocyte itself.

The fact that erythrocyte bound tracer was
labelled with immunoferritin requires some
interpretation. Tissue procedures for immuno-
ferritin marking have three requisites: (a) ade-
quate preservation of fine structure, (b) ade-

I quate preservation of antigenic sites which
Iy 4 crosslinked by fixatives, and (c) adequate
z penetration of large ferritin molecules into

the cell. The antigenic sites of fibrinogen
proved to be very sensitive to fixatives. Fi-
brinogen in alveolar instillate and epithelial
wesicles stained poorly with the immunoferri-
tin whereas that on erythrocytes consistently
stained well. We assume this was related to
different glutaraldehyde penetration rates.
Since no staining of erythrocytes was ob-
grved in control preparations, we conclude
that the fibrinogen-like molecules on the
uythrocytes contained fibrinogen antigenic
ites. Therefore, they were either fragment
D, fragment E, or the terminal carboxy por-
tion of the A « chain (6). It is important to
piterate that no intravenously injected 131-
RIF, either clottable or TCA-insoluble, ad-
lered to erythrocytes. Thus some action by
iveolar enzyme systems on fibrinogen is
necessary before the degration products de-
selop an affinity for erythrocytes.

Finally, the lymphatic drainage noted in the
experiment emphasizes the variability of lung
lymph ducts in the dog. Direct lymphatico-
venous communications appear to exist pri-
marily in the absence of an RD, and direct
communication of lung lymph trunks into the
azygos vein has been reported (18). On the
other hand, when no TD is present, the RD
serves as a functional TD. Lymph production
in the right lower lobe apparently enters both
the RD and TD when both are present. These
observations indicate the caution that must
be exercised in interpreting lung lymph flows
as recorded by RD flow in dogs. Experiments
should state not only whether a TD is present,
but the flow relationship between the two
ducts.
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