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THE RENAL LYMPHATICS

CEAPTER I

INTRODUCTION

The Systemic Lymphatics

The mammalian lymphatic system and the importance of lymph in
bodily function is a relatively recent discovery. Man, in his earliest
beginnings, probably made crude observations concerning the size, loca-
tion and appearance of most of the organs and systems of the animals
he killed for food. The lvmphatic system, on the other hand, consists
of vessels so tenuous, and fluids so unremarkable, that even the larger
lymphatic trunks can be observed only after the most careful dissections
or application of special methods. Although lymphatics were probably
observed by members of the Alexandrian School (300-250 B.C.), it was
not until the 17th century that important treatises on the anatomy and
general significance of the lymphatic system were published (29). The
znatomy of the more important lymphatic trunks was established by the
end of the 18th century, but the bulk of the knowledge concerning the
T

lvmphatic svstem as a whole was yet to be discovered. The excellent
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iscerning reviews of Sabin (4%) in the early 1900s established
that the lymphatic vessels are derived frem veins, invading the body in
the seme manner as do tblood vessels. The invasion of the bodv by lymph-

atic vessels is, however, incomplete since some structures, such as



alveolse and the hepatic lobules, are revorted never to receive them

(8,25).

Organ Lymphatics

According to Drinker (11), lymphatic vessels are mainly found
in fibrous planes. In support of this generalization, Lee (25) has found
the lymphatic vessels of the liver to be distributed primarily in the
connective tissue of this organ and to be abcent from the hepatic lobule
itself. Lee has suggested that lymphatic vessels may extend up to but
probably do not penetrate the physiological units of the internal organs.
This concept is substantiated by the study of the lymphatic vessels of
the lung by Cunningham (8). He showed that the bronchi, arteries and
veins of the lung are accompanied by a rich network of lvmphatics, as
are the connective tissue septa. Yet the lymphatic vessels of the lung
are excluded from the area of the alveolze.

The distribution of lvmbhatic vessels varies rfrom organ te organ,
and the function and distribution of lvmphatics within each croan consti-
tutes a separate study.

Among the workers whose efforts have added to knowledge or organ
lvmph, Drinker and his associares are outstanding. Not the least zmong
the contributions of Drinker (10) is his important investigation concern-
ing the lymphatic system of the heart. Investigations such as these set
the stage for later workers, such as Miller, who investigated the possible

relationships between the coronary lymphatic system and diseases of the

The lymphatic trunks draining the heart and most organs are smeall

and tenuous and fluid from such vessels is collected onlv with great



difficulty. The lymphatics of the kidney are nc exception.

Renal Lymph and Lymphatics

Physiological experiments on renal lymph were reported by Ludwig
in 1863 (27), but it was not until 1942 that renal lymph was actually
collected for analysis (50). Numerous papers have since been published
which are prima:ily concerned with renal lymph and lymphatics. TleBrie
and Mayerson (22) and Keyl and co-workers (19) have published studies
concerned with the normal composition of renal lymph, while the effects
of elevated renal venous pressure were studied by Haddy and co-workers
(15). Other studies demonstrate the effects of ureteral obstruction (12,
36) and diuresis (37, 46) on renal lymph, as well as the effects of ob-
struction of renal lymphatics themselves (2, 16). These investigations
indicate that renal lymph is intimately associated with both renal hemo-

dynamics and urine production. It is well accepted that the composition
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o lymph is determined by the character of both tubular reabsorbate

and renal blood plasma (7, 17). Yet, little is known concerning the act-

val intrarenal sources of lvmph and how its composition is altered by

renal function.

Exogenous Substances
Renal lymph is apparently altered by the cortical nephron. TIhis
was demonstrated by

(PAE) and inulin in

Kevl and co-workers

he plasma concentration. Th
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plasma, but it is diluted by inulin-free reabsorbate from the renal
tubules. Water reabsorption in the cortical nephron thus reduces the
lymph inulin concentration by approximately 207.

Due to protein binding, plasma PAH is 80-90% filterable. PAH
is also bound to the protein of lymph, and renal lymph contains approxi-
mately 507 the protein concentration of blood plasma. If renal lymph
were a simple filtrate of blood plasma, it would contain a PAH concen-
tration near the plasma level. It was found that renal lvmph PAH con-
centration was only 587 of that in plasma. This demonstrates that PAH
of renal lymph is not only diluted, as is inulin, but also reduced by
active secretion of PAH from renal lymph into the proximal tubule. Renal
lymph composition can thus be affected by the activity of the cortical

portion of the nephrons of the kidney.

Endogenous Substances
Difrferent laboratories disegree in their wnalvses of renal lyvmph
compesition (19). As shown in Table 1, LeBrie and Maverson (22) found
2 renal lymph to plasma concentration ratio (L/P) for sodium greater than
one, whereas Swann and co-workers (51) and Xeyl and co-workers (19) found
this ratio to be essentially unity. Likewise, Swann and co-workers

(51) found an elevated L/P ratio for potassium while LeBrie and
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Kevl and co-workers (19) did not. The L/P ratios for urea found
by Sugarman and co-workers (50) and Swann and co-workers (51) were de-
finitely greater than uaity, while that found by Kevl and ceo-workers (19)

was less than unity.



TABLE 1

RENAL LYMPH COMPOSITION AS DERIVED IN FOUR LABORATORIES

Investigator L/P Nat(n)  L/P K'(a)  L/P Urea (n)
LeBrie and Mayerson (1959) 1.11 (27) 1.02 (12) ———mm———-
Sugarman et al. (1942)  —-—mmmmmm —mmmeeeo 1.45 (11)
Swann et al. (1958) 0.98 ( 5) 1.26 (5) 1.39 ( 5)

Keyl et al. (1965) 0.97 (13) 0.94 (14) 0.89 ( 7)

Sources of Variation
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Renal lvmph is thought to be composed of a filtrate o
plasma along with a component derived from tubular reabsorbate (7, 17).

The differences in lymph compositicn shown in Table 1 might be due to
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differences in tubular rezbsorbate from the various populations sampled

bv the investigators. The renel handling of sodium, potassium and urea

would be empected to vary in accordance with differing diets and result

compositions. Seascn of the vear, ambient
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Such an infusion may be necessary to offset slterations in extracellula
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fluid wveolume resulting Jrom blood loss and evaporation cduring lvymph



collectlions.

The data of Table 1 is further complicated by the fact that both
LeBrie and Mayerson (22) and Swann and co-workers (51) utilized lymph
collected from capsular collecting trunks, while Keyl and co-workers (19)
used only hilar lymph. On the other hand, Sugarman and co-workers (50)
derived their data from both cepsular and hilar lymph. Such differences

in source of lymph could account for variations in composition.

The Capsular and Hilar Lymphatics

The anatcomical arrangement of capsular and hilar lymphatic trunks
is shown in Figure 1. 1In this figure a capsular lymphtic vessel is shqwn
on the surface of the renal capsule. This capsular vessel is shown to
follow the curvature of the kidney and ta leave the renal capsule at the
left. In contrast to the capsular lymphatic, a hilar lymphatic vessel is
shown leaving the pelvis of the kidnev along the renal artery. Contrary
to the findings of Dogiel (9), Parker (38) failed to demonstrate continuity
of capsular lymphatics with the renal parenchyma. Other studies indicate
that the capsular lymphatics drain the renal cortex while the hilar lvmph-
atics drain both cortex and medulla (23, 50). TFor example, when a solu-
tion of Evans' blue dye is introduced by stab injection into the kidnevs

Tev s T i, 3 3 T~ —— e P - - |
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hin 0.5 to 4.5 minutes (50). 1In only 2 of 15
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sels. On the other hand, when injected into corticel tissue in 11 kidneys,

dve was observed to enter capsular lymphatics in 8 cases and hilar lymph-

capsuler and hilar lymphatic vessels (50). Unfortunately, the specific
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Figure 1. The Canin: Kidney Showing Capsular and Hilar
Lymphatic Vessels.,



sites of injection in these studies were nat reported. Such additional
data would make it possible to estimate which portions of the renal cor-

tex drained via the two lymphatic outflows.

Renal Medullary Lymph

Cockett and co-workers (4, 6) have suggested that antibiotic levels
in renal hilar lymph may reflect effective drug concentrations in the re-
nal medullary interstitium, and Katz and co-workers (18) have shown that
hilar lymph concentrations of the antibiotic, nitrofurantoin, may be
higher than those found in capsular lymph. In addition, LeBrie (21) has
concluded that much of the protein found in renal lymph is derived from
the medulla. L/P ratios for sodium and urea greater than unity for renal
lymph may result from a mixing of Rypertonic lymph from the renal medulla
and isotonic lymph from the cortex (32, 48). 1In fact, Selkurt (48) has
stated, "An interesting avenue of investigation of the countercurrent me-
chanism thus appears to be afforded by a study of the renal lymphatics'.
Yet, assuming a component of renal lvmph from the medulla neither explains
the fact that some investigators do not find elevated L/P ratios for sod-
ium and urea, nor does it account for the two reports of elevated L/P
ratios for potassium seen in Table 1 (22, 51). L/P ratios for potassiun
greater than unity mus. reflect cortical function since this ion is not
concentrated in the medulle as are sodium and urea (47). Furthermore,
if zny lymph is formed in the renal medulla, then its solute should equil-
ibrate across the wall of the lvmphatic vessel as it proceeds towarcd the

crticomedullary border. Lymph emerging from medullary lymphatics would

0

thus have sclute concentrations similar te these of blood plasme.



sources other than the countercurrent gradient..

Only 8-10% of the total renal bloed flow is distributed to the
medulla. Although the blood flow is small, there exists an opportunity
for plasma protein to leak out of the vasa recta and pcol in the medullary
interstitium (32). Gottschalk and Mylle (14) maintain that the gradient
of colloid osmotic pressure between the medullary interstitium and the
blood plasma within the vasa rectz is an important factor in removing
water which diffuses from the descending loops of Henle and the collect-
ing ducts. Pooling of plasma protein within the medullary interstitium
would decrease the effective colloid osmotic pressure of t. vasa recta.
Medullary interstitial protein must be maintained at a relatively low
concentration for efficient operation of the renal countercurrent mechan-
ism. Protein leaks out of blood capillaries in most tissues of the body,
and the lymphatic system returns this protein to the blood (30). Some
feel that lymphatic vessels must exist in the renzl medulla to carry
away plasma protein which would otherwise interfere with the counter-
current system. The low perfusion rate of the renal medulla allows

0ss
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countercurrent exchange to take place resulting in minimal solute
via the vasa recte. The importence of medullary lymphatics lies nct in

the blood flow of the medulla, but in their relationship to the counter-
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current gradient. enal lymph often has higher concentrations of sociunm

and urea than blood plasmea, and these higher concentrations mey have been

derived Irom the medulla. These unusueally high renal lymph sodium concen-

trations mey play a role in the sodium retention of congestive heart fail-
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fluid with its high concentrztions of sodium and urea, the countercurrent



10
multiplier system must overcome water gains from the vasa recta, descend-
ing loops of Henle and collecting ducts, as well as compensate for solute
loss vie the lymphatic vessels. Functicnal lymphatics in the medulla may

be of considerable importance in removing interstitial protein, yet direct

H

evidence that lymphatics remove medullary interstitiel fluid, with its

high concentrations of sodium and urea, is lacking.

The Intrarenal Distribution of Lymphatic Vessels

Cortical Lymphatics

It is known with some degree of certainty that the intrarenel
lymphetics follow the interlobular, the arcuate and the interlobar blood
vessels (39). The relationship of lymphatic vessels to other renal struc-
tures is highly controversiel.

Stab injection is frequently used to study intrarenal lymphatics,
since the numerous valves of the collecting lymphatic trunks usually pre-
vent retrograde injection. The stab injecticn technique involves injec-

India ink or other suitable media directly intc the renal tisste.

h

tion o
Lymphatic vessels are identified by their upteke of the injected sub-
stance. Stab injections involve a high probebility of filling many struc-
tures other than lymphatics with the injecticn medium. Interpretation of
these structures as lymphatic vessels may heve resulted In many conflict-
ing reports concerning intrarenal lymphatic distribution, vet carefully
analysed stab injection preparations cean be guite valuable.
tious study by Peirce (39) is verv illuminating. India ink was introduc-

-

ed into both cortex and meculla of living dog kidneys by stab injection.

Eistological sections revealed that only onme cut of fifteen injected kid-

nevs was sufficiently free of eartifacts Ior accurate analysis of the
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intrarenal lymphatic distribution. Peirce .(39). found that the lymphatié
vessels of the renal cortex were confined to the interlobular spaces and
to the vicinity of the major blood vessels .of .the kidney. igorous cri-
teria were used in this study to 2liminate artifacts due to filling of
blood vessels and renal tubules. These same .criteria may also have elim-
inated indications of lymphatic vessels within the renal lobules.

Since renal tubules and peritubuler capillaries are densely pack-
ed within the lobules, it is unlikely that one could insert z needle into
their midst without rupturing them and filling them with ink. The large
number of ink filled blood cepillaries and renal tubules would meke any
injected lymphatic vessels impossible to identify. Peirce (39) may have
drawn his conclusions only from stab injections made into the interlobular
spaces. Injected ink would be takgnxup by the interlobular lymphatic
vessels, be conducted to the hilus of the kidney, and appear within hilar
lymphatic vessels without filling eny intralobular branches of the lymph-
atic system. Thus, anatomical visualization of the intrarenal lymphetic

vessels by means of forward filling is highly informative, but has serious
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into them a contrasting medium by means of .the most physiologicel route,
i.e., vie the blood vessels of the organ. Yet dves introduced into the
renal artery stain blood cepilliaries as well as lymphatic vessels. Peirce

(39) found that certain dye substances injected intc the renal artery were

te capillary system within .
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larger ones. The failure to demonstrete smell lymphatic vessels was due
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to dilution of the dye by interstitial fluid.. The highly dilute dye witﬁ-
in the small lymphatics could not be distinguished from the other tubular
structures of the kidney. Until z substance is found which binds specif-
ically to the lymphatic vessels, this method will not be too useful.
Certain fluorescent dyes may be of utility for future studies, provided
these are sufficiently specific for lymphatic vessels and can be applied

with advantage to the kidney (45).

Medullary Lymphatics

Rawson (40) described lymphatic plexuses in both cortex and medulla
of the human kidney. These findings were drawn from examination of only
one preparation and were possible only by virtue of extensive carcinomatous
permeation. It is doubtful if such observations can be applied to the
canine kidney or to the normel humen kidney. Lymphatics have been found
in the renzl medulla of the rabbit azfter acute experimental hydronephrosis
(1), but this has never been demonstrated in dog or man.

The electron micrographic studies of Rodin (41) indicate that lymph-
atic capillaries are quite numerous in the renal medulla and papilla.

Pl .

These findings have not been confirmed by other workers since the criteria

by which lymphatic vessels are identified in electron micrograph
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esteblished.

As stated above, Peirce (39) injected ink directly into the renal
medulla. 1In these cases he never found the ink to be teken up by lymph-
atic vessels, and it was concluded that lymphatics did not occur in the

renal medulla.
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Unsolved Problems

The foregoing discussion of previous work concerning the source
and composition of renal lymph suggests several unsolved problems.

A. Renal lymph composition is determined by the composition of
toth tubular reabsorbate and blood plasma. It is not known what contri-
bution, if any, is made to renal lymph composition by renal medullary
interstitial fluid.

B. Renal lymph composition is specifically aitered by the activ-
ity of the tubular mass of the cortex. Peritubular fluid may be taken up
by lymphatic vessels within the renal lobules, or on the other hand, tub-
ular resbsorbate may alter renal lymph composition only by diffusion.

C. Variations in L/P ratios for sodium, potascium and urea have
been reported from different laboratories. The range of variations in the
same laboratory under conditions of constant experimental technique over

as long a2s 2 vear has not been studied.

Objectives
The experiments reported in this study were designed to provide

100s:

ct

date to answer the following ques

1. Can the intrearenal distribution of lvmphatic vessels demon-

N
.

strated by stab injection studies be confirmed by the retrogracde injection

method?
2. When visuelized by retrograde irmjecticn, can lvmphatic vessels
be cdemonstrated in areas of the kidney where stab injection studies have

feiled to show their existance?

3. Cen the variations in L/P raties for sodium, potassium aad

-

urea among cdiffereant lzborztories be reproduced in one lzboratory over a
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period of a year using constant experimental. techniques?
4. Do the high concentrations of sodium and total solute in
the renal medulla alter lymph composition, and if so, by what means?
5. TFinally, can our present understanding of renzl lymph and

lymphatics be synthesized into a single hypothesis?



CHAPTER II

METHODS
The experimental animals used in these studies were 117 mongrel
dogs cbtained from professional dealers and 7 horses and 11 calves obtain-
ed through the Department of Veterinary Surgery of Oklahoma State Univer-

sity, Stillwater, Oklahoma.

Anesthesia
In each experiment, a surgical plane of anesthesia was obtained by

an intravenous dose of sodium pentobarbital (Nembutal Sodium, Abbott Lab-
oratories) at 30 mg/kg of body wt. Additional sodium pentobarbital was
administered as needed to maintain each animal in a surgical level of
anesthesia for up to 4 hours. The level of anesthesia was judged by an
absent or weak reaction to noxiocus stimuli applied to the hind limb or
flank, while making certain that respiration was not severely depressed.
In addition, each experimental animal was tested for an absent or weak
evelid reflew, but care was taken not to anesthetize the animal so deeply
as to abolish the corneal reflex. In these wavs, the level of anesthesia

could be follewed throughout each experiment and additional anesthetic

agent administered as needed.

Surgical Preparation

Animals were placed on & surgical table and secured in a supine

15
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or lateral recumbent position by heavy cords loosely tied to front and
hind limbs. In dogs, tracheostomy was performed through a midline incis-
ion in the neck and a tracheal cannula was tied firmly in place. 1In the
horse and calf, free breathing was assured by inserting an endotrachial
catheter per os. In dogs, an incision was made directly over the femoral
artery and vein, and after exposure of these vessels, they were ligated
and catheterized with saline filled polyethylene tubing (PE 203, Clay
Adams, Inc.). The femoral arterycatheter was then attached to a Statham
P-23 arterial pressure transducer, and & continuous recording of arterial
pressure was made by use of a Grass Polygraph model 5. The femoral vein
catheter was used to administer drugs and infusions. In the horse and
calf, the jugular vein was catheterized to permit intravenous administra-
tion of drugs.

In 2ll animals the left kidney was exposed through a flank inci-
sion made just below the rib cage and extending from the level of the
lateral spinous processes to within an inch of the rectus abdominous
muscle. The incision was carried through the peritoneum, and upon re-
traction of the abdominal muscles, the left kidnev could be visualized
at the dorsal extent of the incision. The left kidrey, zlong with an ad-
herent flep of peritoneum was then dissected free of the dorsal body

wall and retracted ventrally to expose the hilus. Lateral retraction of

[$H

thc outer curvature and ventral aspect of the kidney

(51

the kidney expocse
where capsular lymphatic vessels could be vispalized. The left ureter
was isolated and catheterizec at this time. The ureter was ligated and

small incision was made rostrzl to the ligation. A blunt polyethvlene

s}

cath 205, Clay Adams, Inc.) was then inserted into the lumen of
- b

t1y

eter (P
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the ureter and slipped forward until ‘the tip could be felt at the pelvis
of the kidney. The catheter was then tied firmly in place and was ob-
served carefully to make certain that a free flow of urine was obtained.
It was found that moderate traction applied to the catheterized ureter

prevented blockage of the catheter tip by the wall of the ureter.

Lymphatic Catheterization

Hilar Lymphatics

Careful inspection of the hilar region of the kidney often re-
vealed one to four efferent lymphatic trunks running parallel to the re-
nal blood vessels (Figure 1). One of these hilar lymphatic vessels was
dissected free of surrounding tissue and ligated with 4-0 silk. The
lymphatic was divided distal to the ligature. The lymphatic vessel was
lifted into position for catheterization by gentle traction applied to
the 4-0 suture which is left long for this purpose. Polyethylene tubing

having an outside diameter of 0.16 mm (PE 10, Clay Adams, Inc.) was care-

(1%

ully cut to leave a bevel at the end intended to enter the lymphatic
vessel. The catheter was grasped near the bevel with a small thumb for-
ceps and, bevel down, the point is forced against the lymphatic vessel
nezr the ligature as shown in Figure 2. In a single motion, the catheter

pilerced the vessel wall and slipped well into the lymphatic. The tubing

=ty

vas tied in place with 4-0 suture. Renal lymph then filled the catheter

rom its free end.

(1)

and dripped

The disposition of a cepsular lymphatic vessel is shown in

Figure 3. These lymphatics lie on the surface of the fibrous ceapsule and
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drain toward each pole of the kidney. The occurrence and size of the
capsular lymphatic vessels are quite variable, and in approximately 207
of the animals they are too small to allow catheterization. When a large
capsular lymphatic vessel was found, it was ligated, and a ligature was
passed beneath it at the point where the catheter was to be tied in place.
A small incision was then made in the wall of the lymphatic and the be-
veled end of a polyethylene catheter was passed into the vessel in a
manner similar to that used to catheterize hilar lymphatics. The cathe-
ter was tied in place, and lymphatic fluid was observed to f£ill the cathe-
ter and drip from its distal end. .

Immediately upon catheterizing a hilar or both hilar and capsul-
ar lymphatic vessels, 1 mg/kg of body wt. sodium heparin (Sodium Heparin,
USP, Hynson, Westcott and Dunning, Inc.) was administered intravenously
as a 1% solution to prevent clotting of lymph within the catheter.

During all procedures, care was taken to leave the renal nerves

and other lymphatic vessels undisturbed.

Retrograde Injection

Rationale

N

The disadvantages of the stab injection method of study were
reviewed in the Introduction (p. 10). Retrograde injection of renal lym-
phatic vessels was chosen for the present study in an attempt to obviate
these difficulties. The advantages of the retrograde injection method

as used in this study are as follows:

The method is specific because injection medium is introduced

-

directly into the lvmphatic vessels.



2 Since the retrograde injection method does not involve the
introduction of any implement into the kidney substance, disruption of
the normal integrity and anatomical relationships of the intrarenal
structures is prevented.

3. The retrograde injection method involves positive pressure
filling; therefore, the injection mass is directed toward the end lymph-
atics rather than away from them as in a forward filling technique.

This offers an opportunity for filling lymphatics within renal lobules
if they exist there.

4. Artifacts due to lymphatic rupture during retrograde injec-
tion are easily recognized. Rupture results in filling of interstitial
spaces vielding a characteristic diffuse pattern which cannot be mistaken

as a lymphatic structure.

Injection Method
Retrograde injection of renal lymphatics was accomplished by
introducing 2 0.16 mm 0.D. polyethylene catheter (PE 10, Clay Adams,

.

Inc.) into a lymphatic vessel on the surface of the renal capsule. India

ink was introduced into the lymphatic catheter from a 1 c.c. tuberqulin

svringe. The ink was allowed to flow into the lymphatic vessel via the

the syringe plunger as needed. The lymphatic vessel was subjected to
gentle stroking in & retrograde direction which allowed the ink to pass
the valves filling a length of lymphatic. Injection pressure was deriv-
ed solely from the peristaltic effect of retrograde stroking. Such an

/,

injected lymphatic is shown in Figure 3. Figure &4 is a schematic repre-

sentation of the preparation. The catheter is secured in the lvmphatic
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Figure 4. Schematic Diagram of Capsular Lymphatic Vessel During
Retrograde Injection.
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lumen by a ligature seen at the right in Figure 4, A length of lymphatic
vessel is seen to fill with injection medium, as do communicating lymph-
atic vessels of the renal parenchyma. The left kidneys from 25 dogs, with
their injected lymphatics, were removed from the animals and prepared for
microscopic examination. Similar procedures yielded only one capsular
injection out of 7 attempts in the horse, since capsular lymphatics in
this species are extremely small.

A single hilar injection was obtained in a calf, an animal in
which capsular lymphatics were never observed. In this case injection
was possible by virtue of a fortuitous patency or lack of lymphatic

valves.

Histological Preparation

Blocks of tissue were cut from the injected kidneys and placed
in buffered 107 formalin. After fixation for 24 hours, the blocks were
removed from the formalin and sectioned without further treatment. Sec-
tions of suitable thickness (approx. 0.5 mm) were made with a Stadie
microtome, an instrument designed to prepare sections of living tissue
for metabolic studies. Sections were individually dehydrated by passage
through graded concentrations of ethyl alcohol (707, 80%, and 957), and
finally in acetone. The sections were cleared in xylene and mounted un-
stained on microscope slides and sealed with synthetic resin (Permount,

Fisher Scientific Co.).

xamination of the Sections

tr1

Fty

Sections were studied individually to ascertein the course o

the injected intrarenal lymphatic vessels and their relationship to the



other intrarenal structures. Sections with excessive extravasation of

injection medium were excluded from consideration.
Photomicrographs were prepared using a 35 mm SLR camera with

Kodachrome II film and a B and L student model microscope.

Lymph Composition Studies

Sample Collectiown

Collections of lymphatic fluid werc begun 20 minutes after hepar-
inization to insure that the heparin had equillibrated throughout the cir-
culation. Renal lymph was collected by inserting the free end of the
lymphatic catheter into a 2.5 ml. graduated centrifuge tube containing
approximately 0.5 ml. of mineral oil. All lymph collections were made
under mineral oil to prevent evaporation of water during the collection
periods which varied from 20 min. to 3 hours. Only one lymph sample
was collected from each dog.

Lymph and urine were simultaneously collected, and blood was
sampled via the femoral arterial catheter at equal intervals throughout

each collection period. A sustaining infusion of 0.97 saline was given
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intravenously at 2 ml./min. throughout each experiment

fluid losses due to evaporation and seepage.

Capsular-Hilar Collections
In 6 dogs simultaneous collection of capsular and hilar lymph was
possible, Each of these 6 anf.aals produced two samples of renal lymph,
each collected as described above. Care was taken in each case to
assure that the time course of the capsular lvmph collection coincided

exactly with that of the hilar lymph collection.

[ 1)
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Although 4 out of 5 dogs may yield satisfactory hilar lymph col-
lections, only 1 out of 4 may yield a suitable volume of capsular lymph.
When catheterization of these vessels is accomplished, the lymph flow
obtained is frequently so sluggish that the 0.5 to 1.0 ml of lymph nec-
cessary for analysis cannot be cbtained. The expenditure of time and
money necessary to collect a large volume of data comparing simultanecusly

collected capsular and hilar lymph was prohibitive.

Alterations in Urine Concentration
In certain cases it was desirable to obtain renal lymph samples
while urine of lcw total solute was being produced. Preparations pro-
ducing urine of minimal osmolality were obtained by hydrating dogs with
50 ml. of tap water per kg. of body wt. given by stomach tube both on
the evening preceding the experiment and again on the morning of <the

experiment.

Electrolytes were measured with a Baird flame photometer model
DB-%, requiring 1.5 ml of sample, or KY-3, requiring 0.5 ml of sample,
tsing a lithium internal standard. The internal standard method of
flame photometry is an ingenious way to obtain highly accurate and
stable analvses. Each sample is appropriately diluted with deionized
water to which is added a known constant concentration of lithium ion.
This sclution is atomized and fed into the flame as a finely divided

aeroscl. The characteristic emissions of sodium, potassium and lithium
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are selected by optical filters and directed upon ligh

which convert the emission intensities intc electrical signals. The
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emission intensity of either sodium or potassium is compared with that
of the lithium standard within the circuitry of the flame photometer; the
meter deflection noted is the result of the balance between the emission
intensity of the ion to be measured and that of the lithium standard.
Since the emission of the ion to be measured is always read against the
emission of the internal standard, variations in atomization and flame
intensity are partially compensated. The Baird flame photometer must be
calibrated daily, and known standards must be interspersed with samples
to insure maximum reproducibility. If these precaustions are followed
recovery studies reveal errors of less than + 27%.

Urea was measured by the colorimetric method of Rosenthal (42).
This method utilized a diacetyl monoxime reagent to develop color.
The relationship of optical density to urea concentration is linear only
in a limited range of concentrations when this method is used. A stand-
ard curve must therefore be generated from a large number of closely spaced
dilutions. In this way an exact plot of optical densityv against urea con-

centration can be obtained. This method is found to vield reproducibil-

itv of 997, and has been found quite suitable as long as known standards
are used Ifrequently to revalidate the standard curve. This procedure re-
quired 0.2 ml of sample.

Osmolality was measured using a Mechrolab model 30

bt

osmometer.
This device senses vapor pressure differences between a standard solution

[

(distilled water) and the test solution (lvmph, plasma or urine). This

device must be calibrated with solutions of known osmolalities and

™)
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response has been found to be linerarly relzted to osmolality within its

b

uszble range. The reproducibility of the Mechrolab osmometer mode

£l

301 has been found to be within 997.

1

sample volume of 0.1 =l is regquired,
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In order to maintain a high degree of accuracy, commercial control
sera such as Versatol (Warner Chilcott) or Lab-Trol (Dace Reagents Inc.)

or solutions of known concentrations were analysed along with unknown

samples.
The L/P Ratio

Raw data were tabulated and ratios for lymph to arterial plasma
The use of such

(L/P) or urine to arterial plasma (U/P) calculated.
Previous work concerning renal lympn

erived values 1s justified below.
fluid is composed of both tubular reabsorbate and an
Therefore, variations in plasma

showed that this
renal blood plasma.
result in similar alterations in renal lymph composition

ultrafiltrate of
the relationship of

composition will
The present study, however, is concerned less with

renal lvmph to plasma composition than with the functions peculiar to the
a ratio one answers the

By the use of the simple expedient of
What is the direction and magnitude of the difference between
he lvmph

nephron.
The ratio present

question:
lymph composition and plasma composition?
z substance as a fraction of the plasma concentra

of &

concentration
wiien

& Cinlne

substance at
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concerned with these specific lymph composition changes and the intra-

renal structures that produce them.

Statistical Treatment
The statistics used were limited to common technigues (49). Pro-

W1 o ,
tne Stad-

bability values shown in Tables 2 and 3 were derived by use o

. . W o= - . .
ent's t, calculated by the formula: t = ———0 . .oinotils )

we
1

which is the population mean, is taken tu equal 1.00: 1 15 the experl

mentally derived mean: S- is the standard deviati_on .7 the
S

A probability value of 0.05 or less was considezed to indicate
“"statistical significance."
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CHAPTER I1II

RESULTS

Anatomical Findings
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It was stated in the Introduction (p. 11) that the study of

lymphatics by stab injection is highly informative, but has sericus limit-
ations. The retrograde injection method was used to obviate these limit-
ations. Ink was introduced into the canine kidney via capsular lvmphat-

ics since the valves of the hilar vessels preclude retrcgrade injection.
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- The Capsular Lymphatics

The capsular lymphatic trunk of the canine kidney is 2 small

ular tube filled with clear colorless fluid. Two such capsular

irreg

lvmphatic vessels are often found draining toward opposite poles ci the
kidney. After ligation the capsular lymphatic vessel swells markedly,
irequent narrowings of the lymphatic wall appear vhere the valves are
located. The direction of fleow in these vessels is easily deternined

since the vessel collapses immediately on the cutflow sicde of the lioa-

branching from the sides of the rain trunk. This mav indicate an adsence
of functionel valves in these smaller lymphatic vessels.
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Figure 3 shows an injected capsular lymphatic on the surface of

a dog kidney. This lymphatic has a typically irregular path and a few

smaller branches. Other small lymphatic branches, not seen by gross in-

spection, leave the capsular trunks to enter the renal parenchyma.

The Interlobular Lymphatics

Lymphatics entering the kidney can be followed in sagittal

sections of the kidney, such as the one shown in Figure 5.

intrarenal lyvmphatics labeled "L' are tubular structures filled with

The injected

black injection medium. Microscopic examination reveals blood vessels,

labeled "B", and glomeruli (dense spots) as red and translucent

appearance due to trapped red blood cells.

in

The lvmphatic vessels shown

in Figure 5 follow a pattern which was seen repeatedly in these prepara-

tions. The lymphatic vessels enter the renal parenchiyma through (e

renal capsule shown at the top of Figure

5. Upon entering the kidney,

the lymphatic vessels branch into a narrow anastomosing plexus.

ally, the lvmphatic plexus is confined to the immediate vicinity

interlobular blood vessel, following it from the ca

comedullary border. For example, lyvmphatic vessels

a cortical blood vessel in Figure 5, and

[t

the lvmphatics of the

v
P

vessels, lateral branching in the cortex

ces, i.e., the periglomerular lyvmphatics

The intimate relationship of lvmphatic capillarie

even follow its

cel blood vessels is shown in more detail in Figure

anastomosing ink-filled lymphatic capille

!'Bl.

arouné & blond vessel labeled

and closely

ries labelc

of

Typic-
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be seen.

nay
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narrow columns of lymphatic vessels observed in the cortex of the canine
kidney are even clearer in the calf kidney injected via a hilar lymphatic.
A section from this preparation is shown in Figure 7. The renal lobules
appear as light colored bands radiating from the corticomedullary border
to the capsule. The darker bands observed between the lobules are the
interlobular areas containing the major cortical blood vessels and con-
nective tissue. Injected lymphatics labeled "L" in Figure 7 are found

in t.is interlobular connective tissue.

Periglomerular Lymphatics

Lymphatic capillaries are found in the immediate vicinity of
glomeruli. These periglomerular lymphatics appear to surround the glo-
merulus in close association with Bowman's capsule. These extensions of
the interlobular lyvmphatic plexuses are shown in Figure § and are labeled
"L" in this figure. The close association of lymphatic vessels with
Bowman's capsule in the horse kidney is shown in Figure 9. The lymphatic
vessel, labeled "L" in Figure 9, is closely applied to the outer side of
Bowman's capsule, labeled "BC" and appears to encircle the glomerulus.

Lymphatic capillaries are observed along afferent arterioles and

owman's ca

-ty
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ot
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sule,
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"

in intimate association with the parietel layer o

lymphatic vessels are never found to enter the glomeruli themselves.

The Corticomedullary Borcer
Careful evaluation of the retrograde injection preparations in-
dicates a rich lymphatic plexus at the corticomedullary beorder around the

arcuate vessels. These lvmphatic plexuses continue along the interlcbar
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Figure 7. A saggital section through a lobe of a2 calf kidney
which has been injected with India ink via a hilar lymphatic. The
lymphatics (L) form a plexus around the cortico-medullary border and
ascend to the capsule (C) along blood vessels. There is an absence of
injection medium in the medulla (4). X 10.



Figure 8. Section through the cortex of a dog kidney. Two
glomeruli (G1l) with attendant lymphatics (L) may be seen as well as
other lymphatics around blood vessels (B). Two artifacts (A) caused by
lvmphatic rupture. X 125.
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blood vessels and join at the hilus to form efferent lymphatic trunks.
Figure 10 shows the pattern of lymphatic drainage at the base of the cor-
tex. In this figure numerous lymphatic vessels, labeled "L" , at the cor-
ticomedullary border converge, leaving the renal parenchyma between ad-
jacent papillae. The relationship of the interlobular lymphatic networks
to that at the corticomedullary border is shown in Figure 7. The injec-
tion medium spreads laterally throughout the plexus at the corticomedul-
lary border, then fills the interlobular plexuses of the cortex. The in-
terlobular plexuses are thus in communication with the hilar lvmphatic

trunks as well as those of the capsule.

The Renal Medulla
The lymphatic plexuses shown at the corticomedullary border in
Figures 7 znd 10 are in sharp contrast to the lack of injected lymphatics
in the medullary areas, labeled '™M" in these figures. Medullary lympha~
tic vessels were never observed in retrograde injection preparations.
If such vessels exist, it must be concluded that they cannot be demon-

strated by this method.

tt

vmphatic Rupture
It was stated in Methods (p. 21) that artifacts due to lymphatic
shows two such artifacts, labeled "A' in this £fi

appearance of such artifacts is adequate to prevent thelr misinterpre-

tation.

Renal Lvmph Composition

Renal lvmph concentrations of sodium, potassium and urea differed
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from those of blood plasma. Yet these composition differences were not
consistent from one group of animals to another, although the experimental
techniques were icdsntical. Attempts to link renal medullary function to
lymph composition were unsuccessiul.

The data from the analysis of renal lymph and arterial plasma dur-
ing acute experiments in dogs are presented in Figures 11, 12 and 13. The
lymph to nlasma (L/P) ratios in these figures represent individual ani-
mals, since duplicate samples were excluded from this study. Mean L/P
ratios and ranges presented in part A of these figures were calculated
for the animals used during each month. Xonths are listed along the or-
dinate at the left, and the number of animals included in each mean are
listed along the ordinate at the right. The L/P ratios, in 0.05 units,

are plotted as a frequency distribution in part B of Figures 11 12 and

H

13. L/P ratios for both parts & and B are shown along the abscissa o
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he initial experiments were dene (5 animals) wa

those for October (5 animals) and December (9 animals) were near unity.

narrow range of variation among the individual L/P ratios, 82% of which
were greater than unity.
The mean Sodium L/P ratio (1.05) for 82 animals is shown in the

first column of Table 2. This mean is statistically different from
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Seventy-one L/p Ratios for Sodium

Presented as Time Related Grours.
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unity, as shown in the bottom line of this table.

Potassium

Variations similar to those of sodium are shown in Figure 12-A
which presents the L/P ratios for potassium from 64 dogs. ' The ranges
of L/P ratios are greater than those for sodium, but groups of potassium
L/P ratios obtained within a limited time period have similar L/P ratios
as was observed for sodium. All mean L/P ratios for potassium were
greater than unity except the mean for the 5 animals studied in November,
which was less than unity. The ratiocs for January and February, repre-
senting a total of 6 animals, were both greater than 1.30, whereas most
of the other ratios were 1.10 or less. The mean L/P ratios for potassium
derived from 3 animals in May and from 9 animals in December were both
near unity.

The freguency distribution curve of the L/P ratios for potassium
shown in Figure 12-B indicates a greater range of values than was noted
for sodium. 797 of the potassium L/P ratios fell above unity and several
of these values are greater than 1.40.

The seccnd column of Table 2 presents the mean value for 72
potassium L/P ratios (1.07). This mean is statistically different from
unity, even though the standard error is much greater than that for

sodiumnm.

Lrea

or urez derived from 52 animals are shown in Figure

Hh

L/P ratios
13. An unequal distribution among the means for the months is shown in

Figure 13-A. These mean L/P ratios are greater than unity except those
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"for June (19 animals) and October .(5 animals). In addition, all 11 L/P

ratios for urea obtained from January to May are either unity or greater
than unity, while the ranges .of .L/P ratios for the 41 animals used in
June, July, October and November extend both zbove and below unity.

The frequency distribution curve in Figure 13-B shows a very
hroad distribution of L/P ratios .for urea. 67% of the individual L/P
ratios for this substance were less than unity and values as low as 0.70
were found.

The total mean L/P ratio.for.urea (0.99) is shown in the third
column of Table 2., This mean.value .is not statistically different from

unity as shown in the last line in this Table.

Capsular Versus Hilar Lymph Compositiocn

Capsular and hilar .renal lymph were collected simultaneously in
6 zdditional experiments. The individual L/P ratios and capsular to
hilar lymph concentration ratios for sodium and potassium derived from
each of these 6 animals are shown in Teble 3. Each line in this Table
presents the datz derived from.one dog with the means for all dogs pre-
sented in the bottom line.

No sodium L/P ratios of less than 1.04 were found, and both mean
L/? ratios were significantly greater than 1.00. On the other hand the
mean capsular to hilar sodium concentration ratio (0.98) is not signifi-
cantly different from 1.00.

The L/P ratios for potassium shown in Teble 3 vary much more than

those for sodium. The mean L/P ratios for potassium are nigher then thos

th

or sodium, primarily as a result of experiment 2 in which both cepsular

hilar L/P ratios were 1.86. XNeither the capsular ner hiler meen

-

4]
3
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TABLE 3

RENAL LYMPHE TO ARTERIAL PLASMA (L/P) RATIOS
FOR Na AND K DERIVED FROM SIMULTANEOQUSLY
COLLECTED CAPSULAR AND HILAR LYMPH

Sodium Potassium

Experiment Capsular Hilar Capsular Cepsular  Hilar  Cepsuler
Yo. L/? L/P Hilar L/p L/p Hiler

1 1.06 1.11 0.95 0.99 1.03 0.9%

2 1.12 1.11 1.01 1.86 1.86 1.00

3 1.06 1.10 0.97 1.35 1,09 0.96

4 1.06 1.06 1.00 0.78 0.80 0.97

5 1.04 1.11 0.94 1.06 1.63 1.03

6 1.04 1.04 1.00 1.05 1,65 1.00

Mean 1.06% 1.09* 0.98 1.13 i.15 G.g8

1 Is significantly different Zron 1.00 when
level of confidence.

t
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n
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*Mear
at the 0.05 1
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L/P ratio were significantly different from unity.

Table 3 demonstrates that when the capsular L/P ratio for potas-
sium was elevated above unity, the hilar L/P ratio for this ion was also
elevated. Low capsular ratios for potassium were likewise accompanied
by low hilar L/P ratios for this ion. The mean capsular to hilar ratio
(0.98) was identical to that for sodium and was not significantly dif-

ferent from unity.

Renal Concehtrating Ability

It was pointed out in the Introduction (p. 8) that there is a
question of whether renal lymph composition is altered by medullary func-
tion. If such alterations occur, they would vary as medullary function
varies. This relationship was tested by analysing renal lymph from ani-
mals in different states of hydration. In these experiments, changes in
medullary function were detected by alterations in urine osmolality., Data
derived from 13 animals in various states of hydration and dehydration
are presented in Figure 14. One sample each of renal hilar lvmph and
urine was collected simultaneously from each animal. Arterial blood was
sampled periodically. Lymph, Plasma and urine were analvsed for totzl

solute concentration, and sodium concentrations were determined in plasma

in-

(1Y

and lymph. 1In Figure 14, the experiments are arranged in order o
creasing urinary osmolality with the experiments showing low urinary con-
centrations at the left. For these 13 experiments, the L/P ratics for

sodium and total solute remain almost constant in the presence of 3-Iold

differences in urine osmolality.
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4.04 U/P Csmolality
L/P Osmolality
LL/P Sodium Conc.
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Individual Experiments

Figure 14. Urine to plasma (U/P) osmolality ratios plotted with
lymph to arterial plasma (L/P) ratios for NaT concentration and osmolality.
Experiments are arranged in order of increasing U/P osmolality.



L/P Ratics For Lymph and Plasma Water

The L/P ratios presented above have been calculated on the basis
of the concentrations of the various substances measured in terms of whole
plasma and lymph, i.e., no corrections for protein volumes were made.
These data can therefore be compared directly with those published by
other investigators. The author is unaware of any study in which renal
lvmph composition was presented in terms of lymph water. Protein con-
centrations were not determined in the present study, since sample volumes
were inéufficient to allow this additional determination. Yet the protein
concentration of renal lymph has been measured, and such results can be
used here. According to Keyl and co-workers (19) lymph contains 1.71 and
plasma contains 5.04 grams of protein per 100 ml. (means for 17 animals).

These data are summarized in Table 4.

TABLE &4

3
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LYMPH AND PLASMA PROTEIN CONCENTRATIONS RECALCULALE
DATA OF KEYL AND CO~WORKERS (19)

Mean Protein

n g/100 ml Range Standard Error
Plasma 15 5.0 3.5-6.5 G.2¢4
Lymph 15 1.9 1.2-3.0 0.1

be cderived by dividing 100 by the per cent water content
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0f the sample. Solute concentration in the plasme sample
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equals solute concentration in plasma water.

Renal lymph also contains
protein, and a similar factor (fL) may be derived from each lymph protein

value. The ratio fT/fp then yields a correction factor (f) which can be
applied to the L/P ratio.

The renal lymph and plasma protein data of
Keyl and co-workers (19) yields the following analysis:

f=0.9677

5) =

2,145

0.9631 (£) -F _0.9725 (I )

is the

mean correction factor derived from 15

ani-
of the mean; t is the tabulated t applicable
this prublemy; F is the true correction factor. lthoesh the true cur
rection factor is not known, the data of Hevl znd co-workers (19) provides
»orange within which ic probably lies.  The lower limit oi (he correction,
v, wiil be applied to the data whose lower limit Is gieuter Chun one, and
thie updel ¢, fu, will be used for those date wiwse Lower limit is less
then one.  the L/P ratioc data for sodium, potassium amd oive Juslved in

ns 1or each animel used in the present study zre not avallable.
inerercre, nelther a firm statistical model nox
ments can be estaeblished.
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TABLE 5

CORRECTED L/P RATIOS FROM TABLE 2

Na© K" Urea

Experimental Mean 1.049 1.071 .990
Standard Error .005496 L0179 04995
1.99 2.00 2.00

dr 81 il 5/

Confidence Limits 1.038-1.060 1.035-1.107 L590-1.0%0
Corrected Mean 1.01% 1.3 LY6 3

Corrected Confidence Limits .9997-1.021% L9997~ 1 .000% .805~1.060%

#Lower limit of correction factor used.

##{pper limit of correction factor used.

present discussion is conservative;, the results Jo not signifiyv that

ilrierences eéxist in the L/P ratios relative to unity.
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the L/P ratio for protein, since the effect of such protein differences
would be the same for all dissolved substances. The mean potassium L/P
ratios for January and February are twice those found for sodium and urea
for these months, while all three parameters were very similar during
May, July and December. Furthermore, the mean urea L/P ratio for June
and October were less than unity while those of sodium and potassium were
both greater than unity. Similgr observations can be made for individual
dogs in Table 3. Since the variations of the mean L/P ratios for sodium,
potassium and urea in Figures 11, 12 and 13 and for sodium and potassium
in Table 3 do not always vary together, then their variation is not due

to a common factor, such as the L/P ratio for protein.



CHAPTER IV

DISCUSSION

Renal Lymphatic Distribution

The present study has shown that renal lymphatics are distribut-
ed as follows:
1. 1In the interlobular spaces.
2. In the immediate vicinity of glomeruli.
3. Alcong the arcuate blood vessels at the corticomedullary
border.

Not in the renal medulle.

i~

Retrograde Injection Method

The data derived from retrograde injection studies substantiate
the findings of Peirce (39) except for his failure to find periglomerular
lymphatics. It is nevertheless important that similar conclusions are
reached by two different methods of approach. Stab injection techniques,
such as used by Peirce (39), can be expected to deliniate only those
lymphatic vessels distal to the injection site. The retrograde injection
method is superior, because it f£ills the lymphatic vessels with a defin-
ite pressure directed toward the end lymphatic capillaries themselves.
Therefore, all lymphatic vessels in the area of injection have an oppor-
tunity of being filled with injection medium. One would never expect to

53
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£ill all the lymphatics of a given arez by this method. Intrarenal
morphology and local pressures during retrograde injection vary greatly
and result in injections of varying degrees of completeness. Retrograde
injection produces only a sampling of the lymphatic vessels present
rather than e complete injection. The advantage of the method is that
the sample should contair lymphatic vessels of all types, whereas stab

preparations demonstrate only those distal to the injection site.

Renal Lobule

The interlobular distribution of lymphatic vessels is relevant
to the nature of the renal lobule. After maceration in dilute acid, the
kidney can be divided into radiating fasciculi. One such fasciculus is
demonstrated in Figure 15, adapted from the work of Traut (52). This
drawing shows that the lobule, the structural unit of the kidney, has three
or more triangular sides, the bases being at the surface of the cortex,
and the apices lying within the papilla. All glomeruli of the structural
unit are located in the planes of these triangular sides. Filtrate from
these glomeruli enters renzl tubules located wholly within the lobule aad
is pooled in the centrally located collecting ducts of the structural unit.
Tnese collecting ducts then join through a common duct at the tip of the
papilia. The mecdullary portion of the renal lobule is composed of the

entral collecting duct tree surrounded by clesely packed loops of

(8]

Henle and the vasa recta. The entire blood supply of the renal lobule is

he interlobular arterics located in the connective tissue
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septa of the cortex which bind together the lobules to form the kidney.
Ixcept for the arcuate lymphatics, the only consistently demeonstrable

-
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vmphatic vessels zre found within these septe, and around the glemerulil
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of their walls.

Interlobular Lymphatics

t is not surprising to find lymphatics limited to the inter-
lobular spaces, since this was predicted by Lee (25) from his study of the
lymphatics of the liver. As demonstrated in Figures 5, 6, and 7, the dis-
tribution of the renel lymphatics is primarily along the interlobular
vessels. Therefore, it is likely that the lymphatics drain the inter-
lobular spaces of fluid formed by the high hydrostatic pressure of the
arteries of the kidmey. This is comparable to the function of lymphatics
in most arterial systems (24, 33, 43). Retrograde injection data, as well
as the findings of Peirce (39), indicate that lymphatic vessels do not
penetrate the lobules of the kidney. The renal lymphatics thus drain an
intrarenal compartment anatomically distinct from the tubular mass; yet
diffusion of solute or solvent between the lymph compartment and the tub-
ular mass must occur, causing lymph composition to differ from that of
arterial bloed plasma. The interlobular lymphatics deviate from their
radial orientation only to follow the a2fferent arterioles to the area of

the glomeruli.

Periglomerular Lymphatics

—
B!

The periglomerular lymphatics were not found by Peirce (39). The
reeson for the absence of injected periglomerular lymphatics in his pre-
parations is discussed below. These lymphatics represent the most later-
al collection point or the interlobular lymphatic plexus, and are, there-
fore, true end lymphatics.

If these lymphatics ere to pick up iznk after stab injection, the ink
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would have to be deposited in the interstitial spaces in their immediate
neighborhood. The ink thus deposited arcund the periglomerular lymphat-
ics would obscure them even though they were well filled. Peirce (39)
himeelf states that intrarenal lymphatics cen be studied only some dig-
tance from the stab injection site.

Previous investigators do not agree concerning the presence or
absence of lymphatic vessels in glomeruli or around Bowman's capsule (39).
In the present study periglomerular lymphatics were observed in both dog
and horse, but injected preparations failed to reveal penetration of
lymphatics into the glomerulus.

Lymphatic vessels cannot be demonstrated around every glomerulus
in the area of an injection; yet this does not necessarily mean thet fluid
formed in the area of the glomerulus is normelly an insignificant portion
of total renal lymph formation. It should be emphasized that neither re-
trograde injection nor any method thus far devised to visuzlize renal lymph-
atics can demonstrate all the lymphatics of an organ and their terminel
ramifications. It has been postulated that the renal lymphetics function
to relieve intrarenal pressures under conditions of diuresis and ureterezl
obstruction and to meintain a minimel interstitial pressure (12, 13, 36).

These ideas may have particular importance when epplied to the erez of the

]
(=1

glomerulus. Development of high interstitial pressure in the vicinity o

h function of the

rt

the glomerulus would oppose filtration and interiere wi
juxtaglomerular apparatus. Since Tobian (53) hes reported that the cells
of the juxtaglecmerular zpperatus are sensitive to the degree of stretch,

the maintenance of a constant interstitial pressure would be important in

tt
-

)

3

the efficient operation of such a pressoreceptor. On the othe
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"fluid of high oncotic pressure were to collect in the area of Bowman's
capsule, excessive diffusion of filtrate through the visceral layer of

Bowman's capsule would occur.

Arcuate Plexus

The present study demonstrates a rich plexus of lymphatic vessels
at the corticomedullary border (Figure 7 and 10). The intrarenal lymph-
atics form a continuous plexus extending from the glomeruli through the
interlobular spaces to join the arcuate plexus. The latter plexus con-
tinues along the interlobar blood vessels, finally forming the lymphatic
trunks of the hilus. This finding suggests that the renal lymphatics are
distributed primarily along the major blood vessels of the kidney. Neith-
er the present study nor that of Peirce (39) has demonstrated lymphatic
vessels accompanying blood vessels or any other structure beyond the glo-

meruli.

Renal Medulla
Since the blocd supply of the renal medulla is entirely post-
glomerular, it is not surprising that lymphatic vessels are not found
there. XNevertheless, negative findings from retrograde injection prepara-
tions are inconclusive. It is possible that either pressure relationships
or morphological peculiarities of the canine kidney during retrograde in-

jection prevent filling of medullary lymphatics. Injection pressure may

+h

be largely dissipated by the resistance of the cortical lymphatics. I

N

the lymphatic vessels of the medulla were rather small or contzined valves,

there would not be sufficient pressure to £ill them with ink.

Although some studies describe lymphatics in the renal medulla
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(5,40), Peirce (39) was unable to duplicate these findings in the dog
when he injected an India ink suspension directly into the medullary
tissue. Peirce (39) reported that lymphatics were never observed unless
the ink was deposited in the neighborhood of a large blood vessel. He
concluded that these studies show that medullary lymphatics are absent
from the canine kidney. This stab injection study is not subject to the
criticisms of retrograde injection method. It thus provides the best
evidence at the present time concerning the absence of lymphatic vessels

in the canine renal medulla.

Renal Lymph Composition

The time related presentation of renal lymph composition shown

in Figures 11, 12 and 13 can be compared with the findings of other in-

vestigators.

Comparison with the Findings of Previous Investigations

Data gathered for this study between the months of January and
August demonstrates that the L/P ratio for sodium is definitely greater
than unity in 52 animals. This is similer to the findings of LeBrie and
Mayerson (22) in 27 znimals shown in Table 1. In the same table, Swann
and co-workers (51) and Keyl and co-workers (19) found the L/P ratio for
sodium to be no different from unity in 5 and 13 animals respectively.
This same relationship is shown in Figure 11 for the 19 animels used in
October, November, and December.

t is seen that LeBrie and Maverson (22) and Swann

[N

In Table 1,

ané ce~workers (51) ob=ained L/P ratios for potassium greater than unity

.
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‘demonstrates such elevated potassium ratios during the months of January,
February and March. On the other hand, Keyl and co-workers (19) found
the L/P ratio for potassium to be near unity (14 animals). This situa-
tion is shown for the months of May and June in Figure 12 for 22 animals.

Similar relationships are demonstrated for urea. Two of the in-
vestigations shown in Table 1 found the urea L/P ratio elevated (50, 51)
while one found this ratio to be less than unity (19). Both of these
findings are shown for different time periods in Figure 13.

Possible Contribution of Technical Errors
To Reported Differences

Unless renal lymph is collected under mineral oil or in closed
vessels, evaporation of water will concentrate the specimen. Renal lymph
flow varies from 1 to 50 uL/min. At a flow of 25 uL/min. a volume of
lymph less than 0.25 ml would be exposed to air for the first 10 minutes.
A droplet of fluid of this size has a very large surface area to volunme
ratio, and evaporation would result in significant concentration changes
in the fluid (19). If uncontrolled, such evaporation could account for

the differences in lymph composition shown in Table 1 as well as those

Hty

of the present study. Lymph was collected under minerzl oil in the pre-
sent study, and in that of Keyl and co-workers (19), whereas LeBrie and
Maverson (22) utilized a stoppered test tube to receive renal lymph.
Neither Swann and co-workers (51) nor Sugarman and co-workers (50) report-
ed how evaporation of lvmph water was prevented. Since lymph was invar-
iably collected under mineral oil in the present study, evaporation of

the sample did not alter the results presented.

Contamination of lvmph glassware mav result in 2 high L/P ratio
H o - (=]
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for sodium and potassium but not urea. Figures 11, 12 and 13 show that
variations for all 3 parameters were observed. Care was taken to elimin-
ate contamination of lymph, plasma and urine samples in the present study;
therefore, variation from this source added minimally to the variances
of the data presented.

Since renal lymph must be collected in small quantities, micro
and ultramicro methods are developed for chemical determinations on lymph.
The accuracy of such methods is equal to that of similar methods using
larger quantities of sample. Adequate controls, using commercial stand-
ards, will keep errors within acceptable limits: yet errors due to
special properties of lymph cannot be eliminated in this way. Renal
lymph has less protein than plasma, and is thus less viscous. Lower vis-
cosity will cause lymph to drain from pipettes with greater freedom and
with less residual fluid left within the pipette bore. Elevated L/P
ratios resulting from this source of variation are similar fgr all sub-
stances neasured. Elevated L/P ratios for sodium shown in Table 1 are
accompanied by ratios for potassium neer unity while the reverse is true
when the ratio for potassium is elevated. ©No conclusion can be drawn

rom the elevated L/P ratio for urees (1.41) published by Sugarman (50).

Hty

Variations in the L/P ratios of the present study are not due to errors
of this nature. Figures 1l and 12 show that the ratios for potassium in
January end February were several times greater than those for sodium
while in March the sodium and potassium ratios were quite similar. Fur-

¥ >

he L/P ratio ranges shown for potassium in Figure 12 are

rt

ther, most of
greater than those for sodium in Figure 11. This shows that potassium is

subject to a source of veriation of which sodium is independent. Similar
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observations can be made from Table 3. L/P ratios for potassium in this
table varied both above and below unity, while the ratio for sodium was
consistently greater than 1.04.

Lack of a Medullary Component in
Renal Lvmph

The anatomical data of Peirce (39) and that derived for this study
show that lymphatic vessels are primerily distributed in the interlobuler
spaces of the kidney, Intralobular function then affects renal lymph
composition only by diffusion of solute and solvent between the interlob-
ular spaces and the tubular mass. The anatomical studies discussed shpw
that medullary lymphatic vessels probably do not exist, but it is possible
that renal medullary functiom might alter renal lymph composition indirect-
ly by diffusion.

One of the objectives of this study is to obtzin a working hypo-
thesis describing how renal physiology alters renal lymph composition.

To do this it is necessary to determine whether or not renzal lymph is
altered, even though indirectly, by the fluids made hypertonic by the

medullary countercurrent multiplier system.

Renal Concentrating Abi
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effects of medullary function on renzl lymph composition.

]

he elevated osmolality of the medullary interstitium is necessary
for the production of highly concentrated urine. Much of this high osmo-
lality is due to sodium which iIs concentrzted by the countercurrent mul-

tiplier system.
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medullary interstitial fluid causing an alteration in the L/P ratio for '
this ion, then this effect should be maximal at such times as the kidney
is producing highly concentrated urine. Conversely, the high medullary
interstitial osmolality and sodium concentration are reduced when urinary
concentration is reduced. The effect of the renal medulla on lymph sod-
ium concentration and osmolality should be minimal during these times
when the kidney is producing urine of lowered osmolality.

Figure 14 shows that no such relationship exists between urinary
concentrating ability and the L/P ratios for sodium and osmolality. The
13 data triplets recorded in Figure 14 were gathered from 13 different
dogs in widely varying degrees of hydration and dehydration. Since these
animals varied greatly in their state of hydration, it is expected that
their urinary osmolality would also vary to a large extent. The data of
these experiments are arranged in order of increasing urinary osmolality
with animals having low urinarv concentration placed at the left of the
graph.

Those animals whose urinary concentration was near that of plasma
had been given large guantities of water by stomach tube the evening
before the experiment and again on the morning of the experiment. Al-
though such animzls were well hydrated, their urine was not markedly
hypotonic. Failure to produce hypotonic urine results from antidiuretic
hormone which is released in response to anesthesia. Hypotonic urine
was never obtained during these experiments because of anesthesia induced
antidiuretic hormone release.

Figure 14 shows that osmolalities of more than three times that of

plasma were obtained. These high urine concentrations indicate high
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medullary solute concentration did not result in L/P ratios different from
those observed when urinary osmolality was similar to that of plasma. It
is concluded that lymph composition relative to that of plasma is not al-
tered by solute concentration in the renal medulla. If the physiology
and anatomy of this region allowed solute to leave fast enough to alter
lymph compositious, a high degree of inefficiency would result. Such
solute loss could severely compromise the ability of the mammalian kidney

to concentrate urine.

Composition of Capsular Versus Hilar Lymph

The experiments in which both capsular and hilar lymph were col-
lected were designed to provide evidence that renal lymph composition is
not independent of the composition of renal medullary interstitial fluid.

Renal hilar lymph is derived directly from lymphatic plexuses
around the arcuate vessels of the kidney located at the corticomedullary
border. 1If sodium, highly concentrated by the countercurrent multiplier
system, becomes mixed with lymph formed in the remal cortex, this mixing
would be most likely to occur in the plexus around the arcuate blood ves-
sels. This is logical since this plexus is the one nearest the reneal
medulla., Renal hilar lymph proceeds from its site of formation in the
cortex through the interlobular Ivmphatics to the plexus around the arc-
uate blood vessels and out of the kidney via the hilar lymphatics. Ana-
tomical studies and the observation that PAH is extracted from hilar
lymph demonstrate that corticzl lymph is drained in this manner (19).
Fluid of high sodium concentration derived from the medulla entering the
Ivmphatics around the arcuate vessels would be conducted out of the kid-

tev via hiler lymphatics., Lymphatic fluid formed in the renzl cortex is

foey

-
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divided between two outflows, i.e., the hilar and the capsular efferent
trunks. The intrarenal distribution of lymphatic vessels indicates that
lymph formed in the area of the cortex nearest the renal capsule is con-
ducted from the kidney via capsular lymphatics. Conversely, lymph form-
ed deeper in the renal cortex would leave the kidney via the plexus around
the arcuate vessels and the hilar lymphatic trunks. The division of cor-
tical lymph between capsular and hilar routes of exit is determined by
the balance between the hilar lymphatic pressure and resistance and the
capsular lymphatic pressure and resistance. Since hilar lymph flow is
known to be considerably greater than capsular lymph flow (19), most of
the lymph formed in the kidney leaves the renal parenchyma via hilar
vessels. The fluid of the capsular lymphatics consists of a small por-
tion of lymph formed rather high in the renal cortex and distant from
the medullary and papillary regions.

It was noted earlier that Sugarman (50) recovered Evans blue dve
from capsular lymphatics in only 15% of the kidneys in which the dye was
injected into the renal medulla (p. 6). Since up to 0.5 ml. of dye sol-
ution was injected, such an excess of interstitial volume would force
bulk flow of fluid upward toward the corticomedullarv border via all
routes available, t is also possible that a diffusable foreign sub-
stance such as Evans blue cdeposited in the mecdulla would be teken up by

cdescending loops of Henle and be carried into the cortex by the tubular

1>

urine. Arriving in the cortex, the dye may be free to diffuse out of

»

e distal convoluted tubules and into the interlobular spaces to be

ct
oy

taken up by lymphatic vessels. Although the mechanism(s) whereby Sugar-
man's findings occurred may be open to speculation, there is little doubt

as to their significance, Substances from the medulla which enter renal
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lymph are found primarily in hilar lymph, and only in unusual cases in
capsular lymph. Thus if the renal lymph sodium concentration is alter-
ed by virtue of a medullary component, as many have suggested (22, 48),
then this alteration should be found only in hilar lymph in the majority
of cases., Since potassium is not concentrated in the medullary inter-
stitial fluid, then the potassium concentrations in capsular and hilar
lymph would be similar.

The data presented in this study demonstrate that the concen-
trations of sodium and potassium in hilar lymph are no different than
those in capsular lymph. The sodium L/P ratios for both capsular and
hilar lymph were greater than unity in these experiments even when approx-
imate corrections are made for lymph and plasma protein concentrations.
These data show that sodium ion may be added to lymph within the kidney
and that this addition results in lymph sodium concentraiions greater
than those in plesma. Further, this addition is made to capsular and
hilar lymph in almost equal proportion. A similar argument can be ad-
vanced concerning potassium, except that much greater variability among
individual samples is noted. Table 3 shows that this variability is a
biological function and not a characteristic of the method of measurement,
The great variability of the L/P ratios for potassium is seen in the cap-
sular as well as the hilar ratios. This table reveals that the capsuler
and hilar ratios for potassium vary together and in the same direction.
The variation noted among L/P ratios for potassium is therefore a func-
tion of variation in the handling of potassium in the cortical portion

of the nephron.
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Possible Contribution of the Donnan Effect

The anatomical findings reported in this study suggest that renal
lymph may be formed in at least 2 separate regions of the renal cortex,
i.e., in the area of the glomerulus and in the interlobular spaces. It
is quite probable that lymph derived from such different areas would dif-
fer somewhat in composition.

Since the visceral layer of Bowman's capsule is known to be per-
meable to water, periglomerular lymph may be derived from the glomerular
filtrate. Such lymph would be expected to have a very low protein con-
tent. Low protein lymph thus derived would be coaducted to the interlob-
ular lymphatic plexus to mix with the protein containing fluid formed
by transudation of fluid from the high-pressure vessels of the cortex.
Lymphatic capillaries are notoriously permeable since even red blood

cells and carbon particles enter lymphatic vessels with ease. Yet it is

b=

quite possible that as the lymphatic capillaries converge upon larger
lymphatics at the corticomedullary border, permeability is gradually lost,

first to particulate matter, then to protein. A progressive, graded de-

crease in lymphatic permeability would result in & rapid difiusion of
water into or out of the Jvmphatic vessel in response to anyv oncotic pres-
sure gradients which might exist. Such water movements would equalize
protein concentrations within and without the lymphatic vessels.

If some force is available to prevent diifusion or water in re-
sponse to oncotic pressure differences, an alteration in the ionic com-

position of the lymph could result. The noadiffusable protein anion pre-
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sent in higher concentration on one side of the membrane would cause

the svstem. The resul

(s

fusable ions o
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unequal discribution of the di

would be a slightly higher concentration of cations on the side of the
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membrane having the higher protein concentration and a higher concentra-
tion of anions on the side where protein is more dilute. Unfortunately,
only the final result can be known, since sampling procedures and measure-
ment techniques are not yet available for determining whether such con-
ditions exist, or if they exist, to what extent their existence alters
renal lymph composition.

The retrograde injection preparations presented in this study
suggest that there may be ample opportunity for protein concentration
differences to alter renal lymph composition. On the other hand, these
anatomical studies also suggest that renal lymphatic fluid from all por-
tions of the cortex and of every protein concentration converge upon the
lymphatic trunks leaving the cortex between adjacent papillae along the
interlobar blood vessels. Renal hilar lymph wauld then be a mixture
of two fluids. It would contain lymphatic iluid which has equilibrated
with extracellular fluid of the cortex and zlso the {luid with which the

hrough which the

rt

equilibration was made. Since the intersticial {luid
Ivmphatic channels pass is also taken up by lvmphatic vwvessels to be
emptied into the common pool at the corticomedullary border, compusition
changes occurring at one point in the svstem nay be obliterated at
another. 1t is demonstrated that capsular renal lvamph is derived direct-
ly trom the small lymphatic plexuses of the interlobular spaces and thus

-1 - A G ey
be minimal. Although

mixing of tfluids of different compositions should

direct evidence is entirely lacking, the finding th
concentrations of sodium and potassium are indistinguishable Irom those
of hilar lymph suggests that Domnan effects, if they occur, mav be largelx

dissipated by the casual nature of the renal lIymphatic svstem.
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Further investigation into this facet of lymph formation must
await the development of much mor-= sophisticated experimental techniques

than those presently available.

Total Means for Sodium, Potassium and Urea

Table 2 demonstrates the mean relationships of renal lymph con-
centrations of sodium, potassium and urea to those of plasma when large
numbers of animals are used over an extended paricd of time. The mean
values shown in this table represent the most accurate estimates of the
parameters measured yet available. These data are valuable when exercis-
ing judgement as to whether or not a particular sample is an unusual
one with respect tov the average. Accurate estimates of overall mean L/P
ratios would be expected to be of value, not only in helping to analyse
data of future projects, but also in evaluating the iindings oi others.

In using the data presented in this study, it must be kept in
mind that the L/P ratios presented were calculated on the basis of con-
centrations in whole lvmph and'p]asma. These values are therefore some-
what greater than would be expected if calculated on the basis of lymph

and plasma water.

Variations in L/P Ratios Due to Renal Cortical iunction

Variations in L/P ratios for sodium, potassium and urea amon

aQ

different laboratories were reproduced in these expeériments over a period

of a year using constant experimental techniques. Renal function is re-

Hh

lected in renal lymph composition. This is adequately demonstrated by
studies utilizing inulin and PAH in which remal lymph composition was

altered by both active and passive tramsport systems of the kidney (19).
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If secretory and reabsorptive activity of the renal tubule alters renal
lymph concentrations of PAH and inulin, then they can also alter lymph
concentrations of sodium, potassium and urea. Changes in renal handling
of these substances would change their concentrations in renal lymph.

The time related graphs presented in Figures 11, 12 and 13 show
that L/P ratios for sodium, potassium and urea less than unity may be
found. This indicates that these substances may be extracted from renal
lymph. L/P ratios slightly less than unity for positive ions might be
expected because of a Donnan effect between blood plasma and the plasma
filtrate portion of lymph. Since the protein concentration of lymph is
almost half that of blood plasma, one would expect only a smell effect
to be exerted. Since urea is a non-ionic substance, its distribution
would not be altered by the protein anion of plasma.

Variations in composition. The wide ranges c¢f the L/P ratios

shown in Table 2 and indicated in Figures 11, 12 and 13 are quite strik-
ing. It is not possible at this time to eliminate the possibility that

a portion of renal lymph is derived from the medulla; yet it has been

demonstrated that if any lymph is formed in the medulla it does not alter
renal lymph composition. It follows, them, that if renal lymph is ob-
served to have concentrations of sodium, potessium or urea higher or

lower thean one would predict for z simple

Fty

iltrate or blood plasma, then
some function within the renal cortex hes altered the composition of che
lymph before it was collected. As indicated previously (p. 50) the dif-
ferences between lymph and plasma protein concentrations can account for

an elevated L/P ratio for solutes. he effects oI protein volume difler-

ences must be accounted for before lvmph composition can be considered to
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be unusual. Data presented in this studv shows that L/P ratios for
sodium, potassium and urea may vary with time. It is concluded that
there are potential scurces and sinks for sodium, potassium and urez with-
in the renal cortex which can alter renal lymph composition. The body of
literature defining accurately the various activities of the different
portions of the functioning nephron is as yet smell. Even so, some
tentative conclusions can be drawn from what has thus far been found.

Sources and sinks for sodium. Approximetely 707 of the sodium

filtered by the glomerulus is believed to be reabsorbed by active trans-
port in the proximal tubule (25); yet the proximal sodium transport me-
chanism has been shown to establish only a very smell gradient, and this
only under highly unusual conditions (33), A significant gradient for
sodium probably seldom occurs across the proximel tubular epithelium dur-
ing normal renal function. Thus the proximal tubule is a poor candidate

for either a2 sodium source or sink.

ty
v
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The nephron is capable of tramsporting sodium ageinst & high

gradient, but the most importaat of these mechanisms are located in the
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ascending loop of Henle and the collecting du

structures are located in the renel medulla and do not effect renzl lvmph

There is, however, a source for sodium in the cortex which

o]

compositio
might supply this ion et & high enough concentration to elevate the socé-
ium L/P ratio. This is the distzl convoluted tubule. Tubular fluid

to plasme TF/P) ratios as low as 0.09 have been reported in this region
(28). The TF/P ratio for sodium apparently decreazses along the length

of the distal tubule indiceting thet socium is being rezbsorbed =

greater rate than water (28). Since sodium is known to be reastsorhed
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against 2 high gradient in the collecting ducts of the medulla, there
is a possibility that the cortical portion of the collecting duct system
also might add to the sodium pool which can alter lymph composition.
The sodium transport mechanisms of the distal.tubule and collecting duct
are known to be under hormonal control. Changing levels of aldosterone
might alter the distel sodium transport systems sufficiently to account
for much of the variation observed in L/P ratios for this ion. A sink
to which renel lymph might lose sodium, or a source of sodium-poor water
which might dilute the renal lymph sodium concentration, might also be
located in the distal tubule. It is known that the ascending loop of
Henle actively transports sodium against e high gradient into the medul-
lary interstitial fluid while retaining water in the lumen. The result-
ing hypotonic fluid of low sodium concentration is delivered to the dis-
tal convoluted tubule of the cortex. In the presence of ADH, this fluid
equilibrates with the interstitial fluid of the cortex. In the absence
of stimulus for sodium reebtsorption, this sodium-poor water deposited
into the cortical interstitiel fluid could produce a difiusion gradient

for sodium resulting in lcss of this ion from lymph. Malnic (28) has

28 2

reported TF/? ratios as high as 1.25 for sodium in the distal tubule.

it is thus seen that there are mechanisms entirely within the renal cor-

1cs both greater than

[

tex which can be invoked to explain sodium L/P re
unity and less than unity.

Sources and sinks for potassium. Unlike sodium, e significant

assium gradient mey be observed across the proximel tubular epithelium.

'
O
rt

The rante of proximal TF/P ratios observed by Melnic for potassium was

from 0.45 to 0.37 in rats (28). As with sodium, potassium continues to
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be reabsorbed in the distal convoluted tubule, but in this case, even
higher gradients are found. Potassium is not only reabsorbed in the dis-
tal tubule, but may also be secreted into the urine at this point. Thus
TF/P ratios for distal tubular fluid potassium have been found to range
from 0.18 to 4.45 (28). There are, therefore, adequate mechanisms with-
in the renal cortex to explain lymph concentrations of potassium both

greater than and less than that of blood plasma.

Sources and sinks for urea. It is well known that the fluid with-

in the distal convoluted tubule has a urea concentration many times that
of the glomerular filtrate (54). TF/P values for urea in this segment
of the nephron have been found to be as high as 10.5 (20). Micropuncture
data derived by lassiter and co-workers (20) indicate that water is usual-
ly reabsorbed at a greater rate than urea in the distal tubule. Such ob-
servations might account for L/P ratios for urea of less than unity, but
as yet no source for elevated renal lymph urea concentrations has been
reported.

It must be emphasized that the various functions of the cortical
nephron which may alter renal lymph composition must, as yet, be only

er of conjecture. There is as yet no evidence which links tubular

ct

& mat

reabsorption or secretion of sodium, potassium or urea to renal lymph

composition. Since cortical water reabsorption and proximal PAH secre-
tion are reflected in renal lymph composition, it is evident that remal
lymph can be eltered by gradients developed within the cortex. Even so,
» carefully controlled experiments are needed to define the relation-

he renal handling of sodium, potassium

rt

ship of renal lymph ccmposition to

znd urea. The author inteds oanly to point out that, in most cases, there
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are secretory and reabsorptive mechanisms wholly within the renal cortex
which might account for the ranges of renal L/P ratios reported in the

present study.



CHAPTER V

CONCLUSIONS AND HYPOTHESIS

The retrograde injection studies described inr this study have
established that the lymphatic vessels of the renal cortex are distribut-
ed primarily within the interlobular spaces. In addition, no evidence
for the existance of medullary or intraglomerular lymphatic vessels was
found. These findings are in complete agreement with the findings of
Peirce (39) who used a radically different technigque. Retrograde injec~
tion technique has, however, demonstrated periglomerular lymphatic cap-
illaries which were not shown by the stab injection study of Peirce (39).
The conclusions from the present study represent a careful evaluagion of
both retrograde injection preparations and the steb injection work of
Peirce (39). Whereas neither method is valid for areas of the kidney in
which lymphatics are not observed, the lymphatic distribution as present-

ed 1n the present study appears to be more convincing than any previous

Renal lymph composition, as derived in this study, varies 1a a
manner incependent of experimental technique. Differences in the find-
ings of various laboratories have been duplicated in this study by comput-
g mean L/P ratios for sodium, potassium and urea from small numbers of
animals which were used during limited time periods. This finding lecd
to the hypothesis that the wvariztion among these means derived within

73
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1limited time periods results from differences in tubular reabsorp-
tion and secretion in the kidneys of the animals studied.
Experiments expected to demonstrate the effects of renal medul-
Jary function on renal lymph composition yielded entirely negative re-
sults. These findings led to the conclusion that if any portion of re-
nal lymph is derived from the medulla, this medullary component does

not alter lymph composition,

Hypothesis

No adequate hypothesis has as yet been published which defines
the origin of renal lymph and how renal physiology alters renal lymph
composition. The conclusions derived from the present studies make
possible the following hypothesis:

Renal lymph is formed within the interlobular spaces of the renal
cortex by transudation of fluid from tne high pressure arteries of these
areas., Therefore, the initiel renel lymph is no more than a protein-poor
filtrate of renal arterial blood plasma. Similar fluid is formed in the
neighborhood of the glomeruli along the walls bounding the interlobular
spaces. Periglomerular lymph may be formed by transudation from afferent
arterioles or by filtration through the parietal layer of Bowman's cap-
sule itself. The initial lymph formed in this manner leaves the renal
perenchyma vie two routes. The direct route of exit is upward through
perforeting capsular lvmphatics which join the capsular lymphatic trunks.
The second, less direct route, is downward toward the corticomedullary

border where the interlobular lymph is mixed with transudate from the

.
.

lerger arcuate arteries, The lymph then leaves the renal parenchyme

.
.

the hiler lymphatic vessels. Renal lvmph composition mey be altered b

<
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renal function, providing that diffusion gradients exist between the
interstitial fluid of the tubular mass within the lobule and that of the
interlobular spaces. It is hypothesized that all differences in concen-
trations of freely filterable substances between renal lymph water and
arterial blood plasma water are due to diffusional exchanges between these

two compartments and to the Donnan phenomenon.

Implications of the Hypothesis

This hypothesis predicts that any substance which is rapidly se-
creted into the tubular fluid will be found in renal lymph in relatively
low concentrations. After the present experiments were completed, evi-
dence was published that supports this prediction (6). Penicillin is
known to be rapidly cleared from blood by active secretion in the prox-
imal tubule. Cockett and co-workers (6) have recently shown that renal
lymph concentrations of this substance are one-fifth to one~tenth of
those found in blood plasma. It is expected that further evidence for
rapidly secreted substances will be found in the future.

According to the hypothesis one would expect substances which
are reabsorbed from the urine would cause only small alterations in

lvmph composition even though reabsorbed with great avidity. This Zollows

t+h

rom the fact that no more than the filtered quantity of any substance
can be reabsorbed, and filtered solutes will normally be reebsorbed zlong
with 80 to 90% of the filtered water. This situation does not produce
the high diffusion gracdient necessary for large zlterations in lymph

composition. Therefore, the L/P ratio for PAH is dramaticelly dif

H

erent

rom unity, while those for sodium, potassium and urea are not.

(1)

[

Finally, the reabsorption of water can alter renal lymph
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composition only in such cases as reabsorption dilutes the interstitial

concentration of some filterable solute. It has already been shown that
renal lymph inulin concentration is less than that found in blood plasma

(19). The same relationship would be expected for other non-reabsorbable

sugars and for creatinins.



CHAPTER VI
SUMMARY

A retrograde injection method was used to study the intrarenal
distribution of lymphatic vessels. The present study 1s not conclusive
concerning areas in which injected lymphatics were not observed; vet the
results of this study considered together with those of other investiga-
tors yields a more valid description of the distribution of the intra-
renal lymphatic vessels than has previously been available. It was con-
cluded that the renal lymphatics are distributed primarily withinithe
interlobular spaces, and along"the arcuate vessels. An additional dis-
tribution of lymphatics was found in the immediate vicinity of Bowman's
capsule, but not in the medulla.

Renal lvmph and arterial blood plasma were collected from a large
number of dogs over an extended period of time. These samples were anzlvs-
ed for sodium, pctassium and urea, and these parameters were expressed
as L/P ratios. Evaluation of these data revealed that variation existed
zmong small groups of data gathered within a limited time period. Thais
variation was quite similer to that observed among different laboratories
for the parameters studied. It was concludad that diiierences in reneal

reabsorption and/or secretion in difierent groups of dogs results zin

1]
Na)l
(=]
m
-

L/P ratios for sodium, potassium and uree which are greater than,

to or less than unityv.

~1}
O
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Two different sets of experiments were described, each being
carefully designed to demonstrate the effect of medullary function on
renal lymph composition. No such effect could be detected with either
type of experiment. It was therefore concluded that renal lymph compo-
sition is independent of renal medullary function.

L/P ratios for sodium and potassium derived from experiments
conducted over a long period of time were significantly greater than
unity. It was concluded that these ratios are elevated primarily as
a result of differences between lymph and plasma protein concentrations.

The conclusions drawn from the present study made possible the
statement of an hypothesis concerning how renal lymph is formed and how
renal function alters lymph composition. The implications of this hypo-

thesis are discussed.
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