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Arachidonic acid labeled with '4C was injected directly into lymph nodes that had been
stimulated at various times with Escherichia coli. The efferent lymph was collected, and
labeled catabolites were extracted and analyzed chromatographically. The primary con-
version product recovered was prostaglandin E2 (PGE2), with the lesser products
thromboxane, prostacyclin and prostaglandin F,. (PGF2,) also detected. When the effe-
rent lymph was analyzed by radioimmunoassay after subcutaneous injection ofE coli into
the hock, PGE and PGF levels rapidly increased, reached the highest levels in the first 10
hours, and then returned to normal by 24 hours. When the afferent lymph plasma drain-
ing inflammatory sites was compared directly with efferent lymph, PGF levels were simi-
lar, but the PGE level was always several times higher in the afferent lymph. To examine
the catabolism of PG, either 3H-PGF21 or 3H-PGE2 was injected into the node, and the
efferent lymph plasma was analyzed. No conversion of PGF2, to other products was
found. In contrast, catabolic products of PGE2 were detected. With the use of equilib-
rium dialysis techniques, the binding of PGE2 and PGF2. to proteins in lymph and to bo-
vine serum albumin (BSA), human serum albumin (HSA), and BSA stripped of its fatty
acids was established. The binding to lymph proteins correlated with the albumin concen-
trations in the lymph. This albumin binding probably facilitated the retention and trans-
port of PG in the lymph. PG appears in the lymph at a time corresponding to the uptake
and processing of antigen by the node and near the time when lympholdnes are detected
in lymph and could modulate several steps in the immune response. The PGE detectable
in the lymph draining an inflammatory site may play a role in the modulation of blood
flow. (Am J Pathol 1980, 99:695-714)

PRODUCTS OF ARACHIDONIC ACID METABOLISM have been
shown by many investigators to be important mediators or modulators of
inflammation and hemostasis."2 These findings implicate prostaglandins
(PGs) with alterations in vascular permeability, blood flow changes, and
modulation of inflammatory cell function. Many of these actions are a
consequence of effects on cyclic nucleotides.2 Research of this type has
been extended to chronic inflammation and the immune system, where
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PGs (particularly of the E-type) have been shown to inhibit activities of
immune cells in vitro, including lymphokine release,3 antibody formation,4
cytotoxicity,56 mitogenesis,7'8 and others (reviewed 9 1). Other studies
have shown that indomethacin, a PG synthetase inhibitor, enhances anti-
body formation 11,12 and delayed hypersensitivity skin reactions.'3

Since PGs have the potential to modulate complex immune and inflam-
matory processes it is relevant to consider the concentrations of these
highly active molecules in pathophysiologic situations, the kinetics of
their appearance in relation to other events, and the distribution of PGs in
the fluids that constitute the natural milieu of immune and inflammatory
reactions. The lymph draining the reaction site either before or after it en-
ters the regional lymph node is a convenient site in which to monitor
these events.'4 The kinetics of PG appearance in lymph from sheep fol-
lowing a variety of insults has been described.'5 The studies reported here
outline some differences between afferent and efferent lymph, demon-
strate the significance of the interaction of PG with lymph plasma pro-
teins, and define the selective catabolism of PGE2 by lymph nodes.

Materials and Methods

Animals

Twenty-five- to forty-kilogram sheep of both sexes were used in all experiments. The an-
imals were kept unrestrained and allowed free access to food and water.

Surgical Procedures and Lymph Collection
Lymphatic vessels afferent to and efferent from the popliteal lymph node were can-

nulated with polyethylene catheters by the methods described by Hall and Morris.'4 Plas-
tic bottle holders were sutured to the animal's skin, and lymph was collected at room tem-
perature into sterile bottles. Each collection bottle contained 250 units USP heparin
(Organon, Canada, Ltd.) and 500 IU each of penicillin and streptomycin (Grand Island Bi-
ologicals, Grand Island, NY). The animals were placed in metabolism cages and allowed to
recover from the anesthetic (Nembutal Sodium, Abbott Laboratories, North Chicago, Ill)
for 1 day before the experiments were performed. In some experiments, labeled PGs and
arachidonic acid were injected directly into the nodes, and the lymph was collected on the
operating table. Cells were counted with a Model B Coulter Counter. Lymph samples
were centrifuged at 6OOg for 5 minutes, and the supernatants were frozen and stored at
-20 C for no more than 1 week before the prostaglandins were assayed. The cell pellets
were smeared and stained with Leishman's stain for differential counts.

Measurements of Prostaglandins

Prostaglandin E and F equivalents were measured with a radioimmunoassay developed
in this laboratory.'5 Briefly, an antibody was raised in rabbits to PGF,. This antibody
cross-reacted with PGFi, 75% and with PGE2, PGEI, PGA2, and PGB2 < 0.01%. PGE lev-
els were assayed by reduction to the corresponding PGF compounds with sodium borohy-
dride according to the method of Levine.'" The anti-PGF2, antibody did not distinguish
the degree of unsaturation; therefore, the results were expressed as PGE and PGF equiva-
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lents. Since substances that interfere with the binding of the PG to the antibody are pres-
ent in extracts of biological fluids, a suitable amount of extract from control samples was
added to the standard curve tubes. As a consequence, the results were expressed as pico-
grams or nanograms above the control lymph or blood samples. Only in this way can the
radioimmunoassay function properly. If the extract is omitted from the standard curve,
more displacement of the PG from the antibody occurs in the samples than in the standard
curve, with the result that measurements are too high. The labeled PGs, metabolites, and
arachindonic acid were purchased from Amersham (Oakville, Ontario, Canada) (3H-PGE2
and 3H-PGF2,,, 120-170 Ci/mmole; 3H-13, 14-dihydro-15-keto PGE2, 60-100 Ci/mmole;
14C-arachidonic acid, 55.5 mCi/mmole).

Thin Layer Chromatography (TLC)

To 1 ml lymph was added 1 ml PBS and 2 ml absolute ethanol. This was extracted with
petroleum ether (boiling point 40-60 C) to remove neutral lipids and the ether phase dis-
carded. The pH was adjusted to 3.5 with formic acid, and the lymph was extracted twice
with 4 ml chloroform. The chloroform was evaporated under a stream of air, and the ex-
tract was redissolved in absolute ethanol or acetone. Prostaglandin standards (10 ,ug in eth-
anol) or 10 ,ul lymph extract were applied to silica gel G plates (BDH, 20 cm X 20 cm,
Toronto, Ontario), and the plates were placed in a glass tank for development. Prostaglan-
din standards were visualized with iodine vapor, and the positions of labeled PGs were de-
termined by scraping 5-mm segments of the silica gel into plastic scintillation vials (New
England Nuclear, Lachine, Quebec), which contained 10 ml of ACS scintillation cocktail
(Amersham). The solvent systems used were: 1) chloroform, methanol, acetic acid, water,
90:9: 1:0.65; 2) chloroform, methanol, acetic acid, 95: 1:5; and 3) ethyl acetate, formic
acid, 80: 1.

In order to compare plates more easily, the total radioactivity on the plate was deter-
mined by adding each point (0.5-mm scraping). Each point was expressed as a percentage
of the total radioactivity applied to the plate.

Equilibrium Dialysis
The binding of PGs to lymph, blood, and various proteins was studied using equilibrium

dialysis techniques similar to those of Raz.7" 8 Briefly, 3H-PG and unlabeled PG was added
to heparinized (5 U/ml) sheep lymph and blood plasma and to different protein solutions
so that the final concentration of cold PG was 10 ng/ml (lymph draining inflammatory le-
sions often contains this amount of PG). Dialysis bags were prepared from dialysis tubing
(cellulose 1 cm flat diameter) (Fisher Scientific, Pittsburgh, Pa) previously washed 5 times
in boiling deionized water.
Two milliliters of the PG-protein solution were pipetted into the dialysis bags and the

bags placed in plastic test tubes (14 mm X 100 mm) containing 5 ml 0.02 M phosphate-
buffered saline (PBS) with 5.0 x 10-4 M ethylene diaminetetracetate (EDTA). The tubes
were rotated gently for 20 hours at room temperature. After dialysis 0.1 ml of the solutions
inside and outside the bag were counted for radioactivity with the use of an Inter-
technique Scintillation Counter (SL30). The percent of PGs bound to protein in the inside
solution after dialysis was calculated as

cpm (0.1 ml inside solution) -cpm (0.1 ml outside solution)

cpm (0.1 ml inside solution)

The recovery of radioactivity in the inside and outside solutions averaged 90%, reflecting
some binding of the labeled PG to the dialysis membranes and plastic tubes.
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Experimental Procedures

Experiments With Arachidonic Acid

Prefemoral or mesenteric lymph nodes were cannulated and drained on the operating
table. '4C-arachidonic acid (2.5 x 106 dpm) was injected simultaneously and 1, 2, and 3
hours after the injection directly into the node of 5.0 x 10' heat-killed E coli (Strain X,
Medical Teaching Laboratories, University of Toronto, Toronto, Ontario). In this manner
the various PG types formed from the precursor arachidonate could be determined in a
sequential fashion after stimulation. Evans blue dye was included at each injection and its
appearance in efferent lymph confirmed the positioning of the lymphatic catheter. The
lymph was collected on the operating table into plastic test tubes containing 10 units
heparin. The samples were spun and frozen prior to extraction and TLC analysis. In an-
other group of experiments '4C-arachidonic acid was injected into the hock of the animal
3 hours after 2.0 x 10" of E coli were injected into the hock. Lymph from draining affe-
rent lymphatics was collected and processed in the manner described.

Studies With Bacteria

Afferent lymphatic vessels entering the popliteal node and efferent lymphatic vessels
leaving the node were cannulated. Approximately 2.0 x 10" heat-killed E coli organisms
in 2 ml PBS containing sterile 2% Evans blue dye were injected in 2-ml volumes into 3
sites in the hock of the animal. Evans blue appeared in the afferent and/or efferent lymph
within a few minutes after subcutaneous injection into the hock in all preparations used.
In another group of studies E coli organisms were infused directly into the node via an in-
dwelling cannula placed in an afferent vessel.

Lymph Collections for Equilibrium Dialysis

Lymph was collected from efferent and afferent lymphatic vessels for periods of up to
1 week. The collections were spun and frozen as previously described and before use
were thawed, pooled, and stored at 4 C. Blood samples from the jugular vein were drawn
into heparin (5 U/ml blood), spun at 600g for 10 minutes, and the plasma was frozen at
-20 C until use.

Metabolism Experiments With Labeled PGE2 and PGF2.
Popliteal or mesenteric lymph nodes were exposed on the operating table, and their cor-

responding efferent lymphatics were cannulated. E coli (1.0 x 109) organisms were in-
jected directly into the nodes. Before, with, or 1 hour after E coli challenge 3H-PGE2 or
3H-F2< (1.2 x 107 dpm) were injected directly into the node. Some PG was injected into
nodes draining 6-week-old granulomatous lesions induced with the subcutaneous injection
of 1.0 ml complete Freund adjuvant into the hock. The lymph was collected on the oper-
ating table into plastic test tubes containing 10 units of heparin. The samples were spun
and frozen prior to extraction and TLC analysis. In this manner any catabolism of PGE2 or
PGF2, could be determined. PGE2 or PGF2G (1.2 x 107 dpm) were also incubated in lymph
for 1 hour at 37 C and extracted and processed in a similar manner to determine whether
any catabolism occurred in lymph.

Results

TLC Analysis of PG Types Formed After E coli Challenge

Arachidonic acid can be metabolized to classic PGs, ie, PGE2, PGF2,
and PGD2, as well as thromboxanes, prostacyclin, and other products.
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Many of these compounds have interesting biological actions, and a num-
ber of products have been identified in our studies by their comigration
with authentic standards. Text-figure 1 shows the radiochromatogram of
extracts of lymph collected from a prefemoral lymph node at various
times after E coli challenge. At the time the bacteria were injected no dis-
cernible product of arachidonic acid metabolism was present, but as the
lesion progressed up to 3 hours, 3 identifiable peaks became visible. The
largest migrated with authentic PGE2. Some label corresponded to
thromboxane B2, the stable metabolite of thromboxane A2. The peak of ra-
dioactivity close to the region could be either PGF2, or the metabolite of
prostacyclin, 6-keto Fia, because this solvent system (ethyl acetate: formic
acid, 80: 1) does not resolve these two compounds. However, in recent
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TEXT-FIGURE 1-Thin layer radiochromatograms of extracts of lymph after the injection of "4C-ara-
chidonate into E coli-stimulated nodes. Bands (0.5 mm) were scraped into scintillation vials for count-
ing. The plates were developed twice with ethyl acetate: formic acid (80: 1). Each point is expressed
as a percentage of the total cpm applied to the plates. The positions of authentic PG standards out-
lined with iodine vapor are depicted at the bottom of each plot. A-Metabolism of arachidonate
injected at the same time as the E coli. B-Metabolism of arachidonate injected 1 hour after E
coli. C-Metabolism of arachidonate injected 2 hours after E coli. D-Metabolism of ara-

chidonate injected 3 hours after E coli. Abbreviations: F2, (PGF2,), 6-K (6-keto PGFIa), E2
(PGE2), TXB2 (Thromboxane B2), D2 (PGD2), AA (arachidonate).
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studies with another solvent system, isooctane:ethyl acetate:acetic acid:
water 5: 11: 2: 10 (organic phase), a mixture of both of these compounds
was found. No PGD2 was detected. In studies of this kind it is common
procedure to incorporate labeled precursor arachidonic acid into the
phospholipids of the tissues before experimentation and quantitate its en-
dogenous release and conversion. In the studies reported here the arachi-
donic acid was injected and collected immediately, thereby providing ex-
ogenous substrate for the cyclooxygenase enzyme system that generates
the various PG types. The conversion of arachidonic acid to PGs (mainly
PGE2) rose steadily for the first 3 hours after E coli challenge (after which
point no samples were taken). A similar pattern emerged in afferent
lymph after E coli and '4C-arachidonate were injected into the hock. Be-
cause PGE2 has been implicated as a modulator of immune and inflamma-
tory reactions, we were interested in determining the kinetics of PG pro-
duction relative to the physiologic and cellular events that take place
after stimulation by E coli.

Pattern of PGE and PGF in Afferent and Efferent Lymph Following E coil Injection Into the Hock

Text-figure 2 (top) outlines a typical response to E coli in efferent and
afferent lymph. Increased vascular permeability is reflected by an en-
hancement of lymph flow rate, rising in the efferent lymph from a control
level of 1.9 ml/hr to a peak of 9 ml/hr at 33 hours. This represented a 5-
fold increase from normal values. The usual cell population in efferent
lymph is entirely lymphocytes, but during the inflammatory response
large numbers of neutrophils (PMNs) entered the lymph, rising to 4.6 X
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107 PMNs/hr between 15 and 24 hours. The total cell output rose to 1.6 x
108 cells at 70 hours, at which point the catheter clotted. The appearance
of blast cells in the lymph was noted and, in other responses, these cells
reached a maximum 3-4 days after antigenic challenge. The lower half of
the illustration outlines the flow and cell characteristics in the afferent
lymph of this response. The flow rate increased almost 8-fold, and the
PMNs were maximal at 3.0 x 107/hr between 6 and 9 hours. PMNs repre-
sented approximately 95% of the total cells, the remainder being lympho-
cytes and macrophages. Text-figure 3 outlines the concentration of PGE
and PGF equivalents above control lymph in efferent and afferent lymph,
respectively. In efferent lymph leaving the node PGF levels rose dramati-
cally in the first 3 hours and declined rapidly to control levels by the end
of a day. PGE levels, on the other hand, were maximal between 3 and 6
hours and were much lower than PGF levels. In the afferent lymph (Text-
figure 3, bottom) PGE levels were much higher than PGF levels, almost
completely reversing the pattern noted in the efferent lymph. By the end
of a day both PGF and PGE levels had returned to near normal values.
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This dramatic shift in the PG pattern across the node was a consistent
finding. In all experiments PGE levels in afferent lymph were higher than
in efferent lymph. In contrast, PGF concentrations were similar.
There are a number of explanations that could account for these differ-

ences. Since PGs are very small molecules, they should diffuse readily
from lymph to blood. In order for us to explain these results by diffusion,
the E-type PG would have to diffuse to a greater extent than the F-type
PG. However, their molecular sizes are similar, and PGE2 binds slightly
more avidly to albumin; therefore it should diffuse less.

In some experiments systemic venous blood and local venous blood
were sampled close to the site where the nodal vein enters the femoral
vein, and in these cases PGs have never been detected in the blood. The
radioimmunoassay has a sensitivity of 200 pg/ml PGE and 200 pg/ml
PGF equivalents. This may indicate that very little PG enters the blood,
compared with the lymph, or that the dilution factor and rate of blood
flow overcome the sensitivity of the assay. High levels in lymph with per-
haps minimal diffusion could be facilitated by protein binding. Once albu-
min leaves the vascular system, it does not diffuse back, but enters lym-
phatics to eventually reach the circulation via the thoracic duct or other
major lymphatics. Furthermore, radiolabeled albumin infused into an af-
ferent lymphatic vessel is almost totally recovered in the efferent lymph,
indicating that any molecule bound to albumin would be confined to the
lymphatics (unpublished observations). Another explanation to account
for the higher values of PGE in afferent, compared with efferent, lymph is
that selective catabolism of PGE might occur in the node. Bolla et al '9
demonstrated the conversion of PGE2 to PGF, by fetal and adult sheep
blood presumably through a prostaglandin 9-ketoreductase enzyme that
was confined to the erythrocytes. It is possible that this enzyme is active
in our system, since hemorrhage into lymphatics is not uncommon after E
coli challenge. However, PGF levels would have to be consistently in-
creased across the node, and that is not the case. PGE may be converted
to one or more of its metabolites, which would not be detected by the ra-
dioimmunoassay.

Infusions of E coli Organisms Directly Into Nodes

PGs infused into the lung are almost completely catabolized on one
passage 20 in spite of the fact that they can be synthesized and released un-
catabolized during stimulation of this organ.2' In order to determine
whether an analogous situation occurs in lymph nodes, the following ex-
periment was performed. Approximately 1.0 x 1010 E coli organisms were
infused into popliteal lymph nodes via afferent catheters, and the efferent
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Table 1-PG in Efferent Lymph Following the Infusion of E coli Directly Into a Popliteal Lymph
Node

Time (hrs) PGF2. (pg/mI) PGE2 (pg/ml)

0-1 2080 10,760
1-2 1040 2,520
2-3 900 1,320
3-4 440 2,800
4-6 440 1,760
6-8 580 1,840
8-15 440 1,720
15-23 1,800
23-29 260 1,360

PGF and PGE equivalents were measured with a radioimmunoassay, and the results are ex-
pressed as picograms of PG equivalents above those of the control sample.

lymph was analyzed for PGs. Table 1 shows a typical result obtained from
one such trial. The concentration of PG is expressed as picograms above
that of the control sample. E coli bacteria were infused at zero-time. Un-
der these circumstances the efferent samples contained much higher lev-
els of PGE equivalents than PGF equivalents. This result was a consistent
finding whenever bacteria were infused directly into the node. If degrada-
tion occurred, it would appear that PG formed in the node escaped ca-
tabolizing enzymes.

Thin Layer Chromatographic Analysis of 3H-PGE2 and 3H-PGF2. After Passage Through Lymph
Nodes

In order to test whether PGE2 and PGF2a were catabolized, they were
injected into lymph nodes at various times after E coli deposition in the
node. Text-figure 4 shows the results of experiments with PGF2a. Labeled
PGF, when tested on a silica gel G plate in a solvent system comprising
ethyl acetate: formic acid (80: 1) ran as a single peak (Text-figure 4A). Af-
ter incubation of 3H-PGF2a in lymph for 1 hour at 37 C and extraction, the
pattern was unchanged (Text-figure 4B). After passage through pre-
femoral lymph nodes (Text-figure 4C) or mesenteric lymph nodes (Text-
figure 4D) before, at the same time, or 1 hour after E coli challenge, no
other product was formed. Data obtained 1 hour after stimulation are
shown in this figure.

After purification on TLC plates with the solvent system chloro-
form: methanol: acetic acid: water (90: 9: 1: 0.65), 3H-PGE2 migrated as a
single peak (Text-figure 5A). After incubation in lymph and extraction and
development in ethyl acetate: formic acid (80: 1) a second peak emerged,
one corresponding to PGA2 as an in vitro artifact. After passage through
stimulated popliteal or mesenteric lymph nodes (Text-figure 5C and D)



704 JOHNSTON ET AL American Journal
of Pathology

3H-PGF2a

3H-PGF2a Extracted
From Lymph FDS

tOII
ORIGIN

3H-PGF2a After Passage
Through Prefemoral

Lymph Node

la

3H-PGF2a After Pasage
Through Gut Lymph Node

TEXT-FIGURE 4-Radiochromatograms demonstrating the fate of 3H-PGF2.S after extraction from
lymph or passage through lymph nodes. A-3H-PGF24, applied directly to plate. B-3H-
PGF2fS incubated in lymph for 1 hour at 37 C. C-3H-PGF2<S after passage through an E coli-
stimulated prefemoral lymph node. D-3H-PGF2.S after passage through an E coli-stimulated
mesenteric lymph node. The solvent system employed was ethyl acetate: formic acid (80: 1). Ab-
breviation: F2c, (PGF2c,).

two peaks were again visible, the second peak considerably larger than af-
ter extraction from lymph alone. The time of PGE2 injection relative to E
coli challenge made no difference. The data shown were obtained by in-
jecting PGE2 one hour after the bacteria. The peak seemed to migrate
very close to PGA2. Therefore, other solvent systems were tried to deter-
mine if another product was present. Chloroform: methanol: acetic acid
(95: 1:5) achieved resolution of this material into three distinct peaks
(Text-figure 6A): the first migrated with authentic PGE2 standard, the sec-

ond was tentatively identified with 13,14-dihydro-15-keto-PGE2 metabo-
lite, and the third was identified with authentic PGA2 standard. No con-

version of PGE2 to PGF2a could be identified in these studies, indicating
that the PG 9-ketoreductase enzyme probably plays no role in the lymph
node.

It is evident that the lymph node itself is responsible for the conversion
of PGE2 to some other form. Extraction from lymph alone and develop-
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TEXT-FIGURE 5-Radiochromatograms demonstrating the fate of 3H-PGE2 after extraction from
lymph or passage through lymph nodes. A-3H-PGE2 applied directly to the plate. B-3H-
PGE2 incubated in lymph for 1 hour at 37 C. C-3H-PGE2 after passage through an E coli-stimu-
lated popliteal lymph node. D-3H-PGE2 after passage through an E coli-stimulated mesenteric
lymph node. The arrow marks the position of the metabolite (M) standard. The solvent systems em-
ployed were for A chloroform: methanol: acetic acid: water (90:9: 1: 0.65) and B, C, D ethyl ace-
tate: formic acid (80: 1). Abbreviations: E2 (PGE2), F2, (PGF2<), A2 (PGA2), M (13,14-dihydro-15-
keto-PGE2).

ment with chloroform: methanol: acetic acid (90: 1:5) yielded only 2 peaks
corresponding to PGE2 and PGA2 (not shown). The metabolite has not
been positively identified by mass-spectrophotometric analysis, but it mi-
grates in our TLC system with 13,14-dihydro-15-keto-PGE2. It could pos-
sibly be 15-keto-PGE2 metabolite, because this migrates very close to the
dihydro-15-keto metabolite in many solvent systems.' The percentage of
radioactivity in the metabolite peak in Text-figure 6 was approximately
11% (adding the percentages of the 2 points comprising the peak). A con-
version of this magnitude is rather small, compared with the dramatic re-
duction of PGE equivalents across the node. It is possible that the experi-
mental conditions are not optimal (for example, these experiments were
carried out under anesthesia).
Normal nodes, ie, nodes that did not receive any bacterial challenge,
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and nodes draining granulomatous lesions were found to catabolize PGE2
to the same extent (Text-figure 6B and C). Therefore, the capacity of the
lymph node to catabolize PGE does not seem to be related to antigen
challenge.

Binding of Prostaglandins to Lymph and Blood Proteins
The binding of prostaglandins to proteins, notably albumin, is well es-

tablished.'7"8'23 A series of experiments was undertaken to determine the



Vol. 99, No. 3
June 1980

PROSTAGLANDINS IN LYMPH 707

degree of binding of PGE2 and PGF2, to lymph proteins and to estimate
the variation in binding that might occur during an inflammatory re-
sponse. Text-figure 7 (top) outlines the kinetics of the binding between bo-
vine serum albumin (BSA) (15 mg/ml) and 3H-PGE2 with 10 ng/ml unla-
beled PGE2 added to the mixture. Twenty hours were chosen for
measuring the percentage bound, since by this time equilibrium had been
reached. Table 2 shows the binding of PGE2 and PGF, to sheep lymph
and blood and a variety of different proteins. Raz 17,18 has shown that the
major binding protein is albumin. In the sheep the following values of
protein concentration in lymph and blood have been reported.2' In blood
the total protein concentration averages around 7.5 g/100 ml, of which
approximately 3.75 g/100 ml is albumin. In popliteal efferent lymph the
total protein and albumin concentrations are approximately 3.2 and 1.6

Equilibrium Dialysis
Time to Reach Equilibrium

TEXT-FIGURE 7-Studies of the
binding of PGE2 to BSA using equi-
librium dialysis. Top, 3H-PGE2 and
unlabeled PGE2 (10 ng/ml) were
placed in dialysis bags containing
BSA (15 mg/ml). The time course
of the binding was followed. Bot-
torn, 3H-PGE2 and unlabeled PGE2
(10 ng/ml) were placed in dialysis
bags containing various concentra-
tions of BSA. The binding was mea-
sured after 20 hours of dialysis.
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g/100 ml, respectively. In popliteal afferent lymph the values are 2.8 and
1.4 g/100 ml, respectively.
As can be seen from Table 2, blood plasma bound the most PG, fol-

lowed by efferent and afferent lymph, in that order. BSA at concentra-
tions that approach the concentration of albumin in sheep blood and
lymph bound roughly the same amount as the whole lymph or blood. BSA
stripped of its fatty acids and human serum albumin (HSA) at the same
concentrations exhibited similar binding. Gamma-globulin bound very
little.
Of interest is the fact that 45% of PGE2 bound to efferent lymph and

39% to afferent lymph and that these values paralleled very closely those
of BSA and HSA at similar concentrations, supporting the contention that
albumin is the major binding protein. PGE2 represents a significant pro-
portion of the prostaglandin, and these results suggest that the remaining
PG in an in vivo situation is free to equilibrate with blood. Although this
statement is overly simplistic, since many other factors could interfere
with binding and equilibrium, this factor indicates that significant binding
is possible in vivo. Similarly, PGF2G binds to lymph and blood, although to
a lesser extent, agreeing with the estimated association constants for the
binding of these PGs shown by Raz."7 He found the binding of PGE2 to be
slightly greater than that of PGF2a, the association constants being in the
order of 2.4 X 104 for PGE2 and 0.9 x 10i mole/l for PGF,.

Since the concentration of albumin in the lymph changes as an inflam-
matory reaction progresses, it is logical to assume that the amount of PG
binding changes also. The concentration of albumin in afferent lymph is
roughly 14 mg/ml and seldom falls below 10 mg/ml. During a severe in-

Table 2-Percentage of Binding of PGE2 and PGF2, to Sheep Lymph and Plasma and a Vari-
ety of Different Proteins With Equilibrium Dialysis

PGE2 PGF2a

Blood plasma 61.5 53.0
Blood plasma (diluted 1/2) 50.9 30.7
Efferent lymph 45.6 33.2
Afferent lymph 39.1 32.4
BSA (15 mg/ml) 41.0
BSA (37.5 mg/ml) 58.2
SBSA (15 mg/ml) 46.3
SBSA (37.5 mg/ml) 57.5
HSA (15 mg/ml) 49.4
Gamma globulin (15 mg/ml) 6.2
Control buffer 0.0 0.0

3H-PGE2 and 3H-PGF2, along with corresponding unlabeled PG (10 ng/ml) was incubated
in dialysis bags with various protein solutions and lymph. The results are expressed as the per-
centage of PG binding in the inside solution after dialysis for 20 hours.
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flammatory response, the concentration rises to approach that of blood,
around 37.5 mg/ml. Therefore, the binding of PGs is largely contained
within this range. Text-figure 7 (bottom) demonstrates the effect on PG
binding of various concentrations of BSA. A change in albumin concentra-
tion in the range of 10-37.5 mg/ml would represent an approximate 25%
variation in binding.

Discussion
PGs have been implicated as mediators or modulators of the inflamma-

tory reaction.2 In order to study their possible role in the inflammatory re-
action in vivo, we carried out studies, taking advantage of the collection
and analysis of the lymph draining inflammatory lesions directly or the
lymph that drains regional lymph nodes. The findings also have immuno-
logic implications.
The PGs have been studied in lymph draining inflammatory lesions in

the sheep. After E coli challenge PGs appear early in the lymph, reaching
maximal levels during the first 10 hours and usually returning to normal
levels by the end of one day. Experiments with '4C-arachidonic acid dem-
onstrated that the major product of arachidonate metabolism in nodes and
in the connective tissue of the hock was PGE2. Material comigrating on
TLC plates with thromboxane, prostacyclin (both measured as their stable
metabolites), and PGF, was also present, although in smaller amounts.
There was a fundamental difference in the profile of PGs in afferent and

efferent lymph draining E coli lesions. Whereas PGs of the E type were
dramatically elevated in afferent lymph draining the inflammatory lesion
directly, the levels of PGE were considerably lower in efferent lymph af-
ter passage through the regional lymph node. TLC analysis of 3H-PGE2
incubated in lymph indicated that no conversion of PGE took place in the
lymph itself. Only after passage through the node could material be iden-
tified that comigrated with the 13,14-dihydro-15-keto-PGE2 catabolite.
Therefore, selective catabolism of E-type PGs occurred within the node.
In experiments with nonstimulated and granulomatous nodes, the degree
of catabolism of 3H-PGE2 was similar to E coli-challenged nodes, in-
dicating that the catabolism was maintained at a constant rate. Other in-
vestigators have reported selective catabolism in blood vessels. Pace-As-
ciak and Rangaraj 2 demonstrated preferential catabolism of PGE1 as
opposed to PGFia and PGF2. in the lamb ductus arteriosus, aorta, and
pulmonary artery. Our experiments with TLC did not demonstrate any
conversion of PGE2 to PGF,. If, however, E coli bacteria were infused di-
rectly into the node, a considerable amount of PG formed in the node es-
caped the catabolizing enzymes, presumably because these enzymes are
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intracellular and newly synthesized PGs are released without passing
through the cytoplasm.

Considering the fact that draining efferent lymph from the node is not
just a sample but rather a quantitative collection, the total output of PGE
and PGF equivalents can be calculated knowing the lymph flow rates and
the duration of the collection periods. It should be noted, however, that
afferent collections are only samples of the lymph draining the inflamma-
tory lesion, as up to 10 afferent vessels may enter the node, and a por-
tion of these may drain the lesion. A series of calculations have been made
comparing the theoretical delivery of PGs via the afferent vessels and the
output of PGs from the node in the efferent lymphatics. Studying these re-
sponses in this way, we have estimated the loss of PGE equivalents across
the node to be in the vicinity of 90%, whereas PGF equivalents change
very little.

The kinetics of PG appearance in efferent lymph have been studied
from a variety of inflammatory stimuli,'5 and elevated levels in lymph, but
not blood, have been a consistent finding. Low levels in the venous blood
were expected, because the PGs would be diluted in the large vascular
space and then rapidly metabolized by the lung.20 Albumin binding may
be crucial for the transport of PGs in the lymphatics. Equilibrium dialysis
studies demonstrated a relationship between albumin concentration in
lymph and blood and PG binding. Sheep blood with the highest concen-
tration of albumin bound most (> 70%), and efferent (45%) and afferent
(39%) followed. PGF, bound less avidly than PGE2. PGs appear to retain
at least some biological activity when bound to albumin.'8 We have found
that PGE2 covalently bound to albumin for immunization purposes is still
able to enhance blood flow when injected intradermally into the rabbit
(unpublished observations).
The ability of PGE2 to enhance blood flow is well established,26 and it

may be one of its important roles in the lymph node. In fact, an enhanced
blood flow may account for the increased number of lymphocytes that mi-
grate through the node after antigen challenge.27'28 Other products of ara-
chidonate metabolism demonstrated in this study could alter the local in-
flammatory response in the node. PGF2, has been shown in some systems
to elevate c-GMP and stimulate the release of leukocyte lysosomal en-
zymes in vitro.29 Thromboxanes stimulate platelet aggregation and are
vasoconstrictors,7 while prostacyclin inhibits platelet aggregation and is a
vasodilator.3"32 Very little work has been done relating these last two
products with immune functions.

Studies in vitro have shown that the exogenous addition of E-type PGs
inhibit the expression of several immune functions, presumably through
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elevations in the cyclic nucleotides. When immune and inflammatory re-
actions are studied in lymph, there are several events that could be influ-
enced by PGs. Lymphokines appear in lymph near the time when PG lev-
els are maximal.33 Specific antigen-reactive cells disappear or are
unresponsive early in many immune responses.' Lymph plasma taken
from various stages of the immune response can modulate the synthesis of
immunoglobulins by lymphoblasts. A low molecular weight lymph factor
was found to suppress the number of antibody-forming cells.3 Although
the PG kinetics can vary when antigens other than E coli are used, in most
cases the appearance of PGs is an early phenomenon.'5 Webb and Nowo-
wiejski 4 have shown that PG synthetase inhibitors added to cultures of
mouse spleen cells stimulated with SRBC enhanced the number of anti-
body-forming cells, whether given at the time of culture initiation or 1 to
3 days later, implying that PGs may affect both the early initiation of the
immune response and its later expression. In vivo these effects may be me-
diated not only through alterations in cyclic nucleotide levels but also
through blood flow changes. PGs in lymph are present in sufficient con-
centrations to modulate several fundamental aspects of immune reactions.
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