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Wiig H, Swartz MA. Interstitial Fluid and Lymph Formation and Transport: Physiolog-
ical Regulation and Roles in Inflammation and Cancer. Physiol Rev 92: 1005-1060,
2012; doi:10.1152/physrev.00037.2011.—The interstitium describes the fluid,
proteins, solutes, and the extracellular matrix (ECM) that comprise the cellular micro-
environment in tissues. Its alterations are fundamental to changes in cell function in
inflammation, pathogenesis, and cancer. Interstitial fluid (IF) is created by transcapillary filtration
and cleared by lymphatic vessels. Herein we discuss the biophysical, biomechanical, and functional
implications of IF in normal and pathological tissue states from both fluid balance and cell function
perspectives. We also discuss analysis methods to access IF, which enables quantification of the
cellular microenvironment; such methods have demonstrated, for example, that there can be
dramatic gradients from tissue to plasma during inflammation and that tumor IF is hypoxic and
acidic compared with subcutaneous IF and plasma. Accumulated recent data show that IF and its
convection through the interstitium and delivery to the lymph nodes have many and diverse
biological effects, including in ECM reorganization, cell migration, and capillary morphogenesis as
well as in immunity and peripheral tolerance. This review integrates the biophysical, biomechanical,
and biological aspects of interstitial and lymph fluid and its transport in tissue physiology, patho-

physiology, and immune regulation.
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. INTRODUCTION

The interstitial space, or interstitium, is a general term
pertaining to the connective and supporting tissues of the
body that are localized outside the blood and lymphatic
vessels and parenchymal cells. It is comprised of two
phases: the interstitial fluid (IF), consisting of interstitial
water and its solutes, and the structural molecules of the
interstitial or the extracellular matrix (ECM). The IF
transports nutrients and waste products between cells
and blood capillaries, signaling molecules between cells,
and antigens and cytokines to local draining lymph nodes
for immune regulation. Its composition and biophysical
properties vary between organs and in tissue develop-

ment, pathogenesis, inflammation, and remodeling as
well as over normal functional cycles. Whereas there has
been a rapidly growing interest in the tissue microenvi-
ronment over the last decade, the IF in general and espe-
cially that of tumors is largely overlooked.

The IF volume (V) is kept fairly constant under normal
conditions at ~20% of body weight by several interstitial
buffering mechanisms (25) including structural changes,
adjustment of forces acting across the capillary wall, and
lymph flow. This traditional concept of the interstitium
does not include a role for cells (24, 25). These cells are,
however, an integral part of this space, since they partic-
ipate in continuous bidirectional cell-matrix interactions that
ultimately bring about microenvironmental changes. More-
over, cells in the interstitium have important roles in initiating
immune responses (375). Due to their potential roles in fluid
volume regulation in inflammation (381) and since the “de-
ranged” IF phase of inflamed tissue and of solid tumors are
central elements in this review, we will here need to include
cells in the term interstitium. The typical connective tissue cells
in this context are those that are not organ-specific, but an
integral part of the ECM, e.g., fibroblasts or dendritic cells.

IF flow and lymph formation have been addressed in previ-
ous extensive reviews in this journal (24, 25, 414). In sev-
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eral areas, our work is an update of the review by Aukland
and Reed (25) almost two decades ago. During this period,
IF research has shifted focus away from IF volume regula-
tion and buffering (“autoregulation”), and instead made
new advances in elucidating the roles of IF in physiology,
inflammation, cancer, and immune regulation. One notable
example is the role of mechanical forces, namely, IF flow
through the interstitium and into the lymphatic capillaries,
in modulating important biological events that contribute
to morphogenesis, ECM remodeling, cell migration, and
cell-cell signaling that we will cover here.

During the last 15 years, lymphatic vascular biology has
advanced rapidly through the discovery of lymphangio-
genic factors, identification of lymphatic vascular markers
that can be used to distinguish lymphatic from blood ves-
sels, isolation and culture of lymphatic endothelial cells and
the development of animal models to study lymphangiogen-
esis. These discoveries have bearings on the formation and
transport of IF and will be discussed in that light when
pertinent. The topic of lymphangiogenesis, however, has
been addressed in several recent reviews (e.g., Refs. 11, 12,
305, 459, 501) and will not be covered in this review.

II. STRUCTURE AND BIOPHYSICAL
PROPERTIES OF THE INTERSTITIUM

The interstitium, located between the capillary wall and cells
(25), consists of a predominantly collagen fiber framework, a
gel phase of glycosaminoglycans (GAGs), a salt solution, and
plasma proteins. The relative composition of these compo-
nents varies considerably between tissues (TABLE 1). Further-
more, the amount of IF varies from ~50% of wet tissue
weight in skin to ~10% in skeletal muscle. The composi-
tion and structure of the normal interstitium (50, 91, 147,
216, 246, 374) and that of tumors (93, 230, 231, 273, 282,
303, 444) have been covered in several extensive reviews
and are thus only briefly described here. GAGs and the
major fibrous structural elements (collagen) are the central
mediators of V; regulation, volume exclusion, and hydrau-
lic conductivity (497), and they are discussed summarily
here. Other components of the ECM include elastin as well
as the cell adhesion proteins, fibronectin, vitronectin,
thrombospondins, and laminins (216, 296). We will first

address the structure of the normal interstitium in this per-
spective and then turn to that of tumors.

Additionally, the IF phase contains plasma proteins and
electrolytes in addition to other substances either produced
locally or originating from plasma. The protein composi-
tion of IF along with techniques for its isolation are ad-
dressed in section VI.

A. The Interstitial Matrix
1. Collagen

The collagens are a family of ECM proteins with a multi-
tude of functions that include a dominant role in scaffolding
of various tissues, and their structures and functions have
been extensively reviewed (e.g., Refs. 19, 227, 309, 429).
All collagens consist of three polypeptide chains (« chains)
with characteristic triple-helical collagenous as well as non-
collagenous domains. There are 28 types of collagen re-
ported to date in vertebrates, that based on supramolecular
assemblies and other features can be grouped into nine dis-
tinct families (227, 309).

As will be seen in sections IIC and IVD, when discussing
fluid pressure and volume regulation, the fibrillar collagens
L I, I, V, and XI (227) that assemble into long, highly
ordered polymers needed to withstand high tensile forces
are of particular interest. They have a characteristic 67-nm
axial periodicity, are millimeters in length, and have diam-
eters that range from a few nanometers to ~500 nm de-
pending on the tissue and stage of development (76).

Most abundant are collagen types L, IT, and III, while V and
Xl are quantitatively less important. In the body, types I, 11,
and V are widely distributed, whereas types IT and XI are
mainly restricted to cartilage, vitreous body, and the tecto-
rial membrane of the inner ear (19). In tissues, fibrils are
most often assembled into higher-order structures (76).
Tendon, bone, and skin have type I collagen as their major
component, whereas in cartilage, fibrils mainly comprise
type II collagen. Usually fibrils are heterotypic in that they
can contain more than one type of fibrillar collagen, exem-
plified by skin made up of both types I and type III collagen.

Table I. Volume and composition of interstitium

Tissue V;, ml/g wet wt Collagen, mg/g wet wt GAG, mg/g wet wt Hyaluronan, mg/g wet wt

Skin 0.40-0.45 (496, 509) 170-180 (379, 509) 3.7-4.2 (3783, 509)* 0.5-1.6 (378, 380, 509)

Muscle 0.07-0.12 (173, 496) 10-13 (233, 509) 2.2 (509)* 0.09-0.13 (380, 509)

Lung 0.24 (321) 5-35 (462, 475) 6.1 (475) 0.07-0.13 (13, 475)
Reference numbers are given in parentheses. *Based on a conversion factor GAG:uronic acid of 2.61 (28).
V,, interstitial fluid volume; GAG, glycosaminoglycans. Amount collagen was calculated as 6.94 ug collagen/ ng
hydroxyproline (214).
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In tendons, fibrils vary in diameter from 30 to 300 nm,
depending on the stage of development (135). In skin, col-
lagen fibril diameter ranges from 50 to 100 nm (407, 446),
and collagen accounts for almost 20% of tissue wet weight
(e.g., Ref. 379 and TABLE 1). Collagen is the dominant
component of connective tissue in skeletal muscle, account-
ing for 1-10% of the mass (246) (TABLE 1). In intramuscu-
lar connective tissue, several collagen types have been
found, whereas the fibrillar type I and III and to some extent
type V and VI are the dominating ones in epi-, peri-, and
endomysium. Of these, collagen I dominates as being the
major intramuscular collagen (246).

Another aspect of interest in relation to collagen struc-
ture here is whether the fibril is charged at physiological
pH, since this factor may affect fluid volume exchange as
discussed in section IIC. Collagen is a protein polyam-
pholyte with both positively and negatively charged
groups that self-compensate at pH 7.4. Although charge
may vary with the microenvironment (161), collagen I
fibrils generally possess a slightly positive charge (pl
~8.0) at physiological pH (267, 384), estimated to +14
mol/mol in reconstituted collagen (236), while collagen II
has a zero net charge density in cartilage (485), leaving a
slight net positive charge on the molecule (160, 267).
Accordingly, since collagen has almost no net charge, it
behaves as a tissue element with effectively no areas with
high local charge (i.e., it does not support an electron
cloud and has no Debye length) (502).

2. GAGs

GAGs are polyanionic polysaccharide chains of variable
length consisting of repeating disaccharide units of hexo-
samine and uronic acid or galactose (91). The disaccharide
groups are fully charged at physiological pH and thereby
contribute strongly to the negative charge of the intersti-
tium in vivo. There are four main classes of GAGs (374):
heparin/heparan sulfate, chondroitin/dermatan sulfate, ker-
atin sulfate, and hyaluronan. All are bound covalently to a
protein backbone with the exception of hyaluronan, and
the combined macromolecule is called a proteoglycan (PG)
(25). They are immobilized in the interstitium with the ex-

ception of hyaluronan that has been found in lymph in
substantial amounts (464). Recently, an important role for
GAGs has been suggested in maintaining a concentration gra-
dient of growth factors or morphogens because of the graded
affinities between different GAG sequences with the given pro-
tein (374).

The high net negative charge density of GAGs attracts coun-
terions and establishes a Donnan distribution of diffusible
species that is mostly responsible for the osmotic pressure
and thereby the hydration of the interstitium (24). Hyalu-
ronan, a major constituent of GAGs in skin (25), is partic-
ularly important in this context. Hyaluronan has a quarter-
nary structure of a random coil, which implies that the
molecules will occupy a domain with radius 100-1,000
times larger than that of the organic material (91) and has a
molecular mass of several thousand kilodaltons. As deter-
mined by Reed et al. in rats (380), the largest pool of hya-
luronan in the body (>50% of total) is found in skin,
whereas <10% is located in skeletal muscle (173, 379). The
composition of the ECM in absolute terms is of relevance
for, e.g., interstitial exclusion of macromolecules (see sect.
I1C). Examples of data on collagen, GAG, and hyaluronan
in skin, muscle, and lung have been summarized in TABLE 1.

3. Elastin

Elastin fibers are composed of an elastin core and a sur-
rounding microfibrillar network (19) and provide elasticity
and resilience to flexible tissues like skin (347). The amount
of elastin in most tissues (except arteries and ligamentum
nuchae) is, however, small (e.g., amounting to 2-5% of the
dry weight in skin; Ref. 50), so the quantitative importance
of elastin for fluid exchange in most organs is limited and
can be neglected in the present context.

4. Interstitial composition of solid tumors

The tumor interstitium has a different composition and fea-
tures than normal tissue (TABLES 2 and 3). Properties of the
tumor ECM or “reactive” stroma, which are covered in
several extensive recent reviews (e.g., Refs. 74, 110, 122,
231, 242, 282, 303, 444, 469) are mostly outside of the

Table 2. Interstitial fluid volume in tumors

Plasma Volume,

Tumor Type Host ml/g wet wt Interstitial Fluid Volume, ml/g wet wt Reference Nos.
Thyroid carcinoma (KAT-4)* Mouse 0.02 = 0.02 0.34 = 0.09 338
Ovarian carcinoma (OVCAR-3) Mouse 0.01 = 0.001 0.60 = 0.03 137
Ovarian carcinoma (SKOV-3) Mouse 0.01 = 0.003 0.53 =0.11 137
Fibrosarcoma (chemically induced) Rat 0.007 = 0.003 0.60 = 0.05 332
Mammary carcinoma (DMBA induced) Rat 0.014 = 0.001 0.39 = 0.02 494
Fibrosarcoma Rat 0.50 = 0.11 251

* Assuming wet/dry weight of 4.88 as for mammary carcinoma (494).
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Table 3. Composition of the extracellular matrix in tumors

Collagen, mg/g Hyaluronan, * mg/g Proteoglycans, Reference

Tumor Type Host wet wt wet wt mg/g wet wt Nos.
Mammary carcinoma (murine) MCa1V Mouse 1.7 = 0.4 0.22 = 0.02 0.16 = 0.04 323
Colon adenocarcinoma (human) (LS174T) Mouse 1.8 0.7 0.10 = 0.04 0.18 = 0.04 323
Glioblastoma (human) (U87) Mouse 9+4 0.10 = 0.04 0.18 = 0.05 323
Soft tissue sarcoma (human) (HSTS) Mouse 6 1 0.22 = 0.03 0.16 = 0.04 323
Osteosarcoma (human) (orthotopic- OHS cell line) Mouse 2.0+0.2 0.78 = 0.09 1.9 = 0.1 105
Mammary carcinoma (DMBA induced) Rat 46 0.7 1.9 + 0.3 1.6 + 0.9 494
Ovarian carcinoma (OVCAR-3)# Mouse 7.7 0.5 0.08 = 0.04 85
Ovarian carcinoma (SKOV-3) £ Mouse 9+3 0.20 = 0.02 85
Rhabdomyosarcoma (BAHAN]) (average of 3 clones)  Mouse 59 +0.3 1.4 + 0.09 1.1 = 0.04 104

*Hyaluronan/uronic acid coversion factor 2.28. fProteoglycan/uronic acid conversion factor 2.61 (28).
tAssuming wet/dry weight of 4.88 as for mammary carcinoma (494). Amount collagen calculated as 6.94

ug collagen/ug hydroxyproline (214).

scope of the present review except for issues related to fluid
exchange (231). Briefly, a reactive tumor ECM often con-
tains myofibroblasts, vascular endothelial growth factor
(VEGF), and enhanced capillary density (71). VEGF in-
creases microvascular permeability and promotes extrava-
sation of plasma proteins such as fibrinogen, leading to
extravascular fibrin that is invaded by fibroblasts, inflam-
matory cells, and endothelial cells (121, 422). Additionally,
the tumor ECM contains increased amounts of collagens,
PGs, and GAGs, especially hyaluronan and chrondroitin
sulfate (122, 280, 391, 458, 525).

Early pioneering work on collagen content in tumors was
performed by Gullino and co-workers (163, 165), both
studies summarized in an earlier review by Jain (219).
Gullino et al. studied collagen in various tumor types,
mainly focusing on hepatomas, and found that tumors con-
tained more collagen than the original tissues from which
the tumors arose (219). Furthermore, there was a significant
variation in collagen content depending on tumor type.
They also showed that collagen in tumors is produced by
the host stromal cells, although its synthesis is regulated by
the tumor cells, and that during growth of a given tumor
type, the collagen content per unit tumor weight is constant
at all tumor transplant generations independent of age and
site (163). Collagen content can vary depending on the
tumor type; measured values include ~2 mg/g tissue in
xenografted adenocarcinoma (323), osteosarcoma (1035),
and ovarial carcinoma (85) and 4.6 mg/g tissue (85) in
chemically induced mammary carcinoma (494).

In addition to providing structural features to the intersti-
tium, GAGs together with collagen offer a significant resis-
tance to interstitial fluid flow (see sect. IIID), in turn influ-
encing the uptake of therapeutic agents (104, 323, 365).
Both hyaluronan as well as PGs play important roles in
tumor growth and progression (54, 134, 408, 466). Many
of their functions depend on the ability to bind and affect
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the activity of various ECM components, and the fine struc-
ture of the GAG chains determines the ability of PGs to
interact with other molecules, such as growth factors and
chemokines. PGs can serve both tumor-promoting as well
as tumor-suppressing roles depending on the protein core,
the GAG attached, molecules they associate with, localiza-
tion, tumor subtype, and tumor stage (134). Interestingly,
PGs may also influence the structure and organization of
collagens that in turn influence transvascular exchange in
experimental tumors. In KAT-4 tumors grown in mice de-
ficient in fibromodulin, a PG with a known role in collagen
assembly and maintenance (14), collagen fibrils were thin-
ner and less abundant compared with wild-type mice (338).
These changes in the tumor matrix structure resulted in a
reduced IF pressure (P;) and an increased V,, in turn affect-
ing fluid convection out of the stroma.

As for collagen, PG content varies with tumor type, but not
to the same extent as for collagen (see above). For two
tumor types, one neuroblastoma and one sarcoma, the PG
content was 0.06-0.07 mg/g tissue (323), whereas some-
what lower values were found for osteosarcomas (1.0-1.2
png/g) (105) and rhabdomyosarcomas (0.3—-0.4 pg/g) (104).

Another important GAG-structural component of the tu-
mor interstitium is hyaluronan. The role of hyaluronan in
tumor growth and development has been realized for many
years (219) and has been the topic of several extensive re-
cent reviews (156, 473, 474). Hyaluronan is overproduced
by many tumors, and hyaluronan is known to promote cell
invasiveness and epithelial-mesenchymal transition.

Elastin is not a common component of tumors. In “scirrhous”
breast carcinomas, however, elastoid material has been ob-
served in breast carcinomas in significant amounts (up to 3%
of dry tissue weight) (226) and, furthermore, in malignant
salivary gland tumors and some intestinal tumors (226).
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B. Charge of the Interstitium

The various components of the interstitium may carry
charges that can affect the composition of the IF and affect
fluid balance. This may particularly apply to GAGs that
carry one to three negatively charged side groups on each
disaccharide unit at physiological pH (91), but the charge of
collagen, although small (see sect. IIB), may also influence
the composition of the IF. Such charge effects have been
particularly well-studied in cartilage by Maroudas and co-
workers, who showed that the intra- and extrafillbillar dis-
tribution of extracellular fluid, and thereby molecular pack-
ing of collagen, is dependent on electrostatic repulsion
(485) and the amount of osmotically active components in
the extrafibrillar fluid (236). Furthermore, these polyan-
ionic GAGs will draw monovalent cations into the gel, re-
sulting in a very high Na™* concentration that may exceed
250 mM (299). The fluid within the collagen fiber may
influence the structural organization of the collagen fibril
and thereby the interstitial distribution of macromolecules
as discussed in the following section.

Whether charged components affect the composition of the
IF in other compartments has been debated. In rabbit skin,
Haljamae et al. (177) compared IF sampled by micropi-
pettes with fluid from implanted capsules and plasma. They
found a higher K™ and Na* and a lower Cl~ content in
tissue and capsular fluid than in plasma and ascribed this to
a higher content of GAGs in both extravascular fluids. Dif-
ferences in electrolyte concentration and protein concentra-
tions between capsular and tissue fluid were interpreted in
light of differences in types of GAG species and thereby
charges in the two compartments from where the fluid de-
rived. Such differences in ionic composition were not found
by Gilanyi and Kovach (150), who concluded that the ions
distributed according to the Gibbs-Donnan equilibrium,
where the negatively charged plasma proteins attracts cat-
ions to increase Na™ and K", and decrease Cl~ concentra-
tions in plasma compared with the interstitium. Interest-
ingly, whereas Haljamaie et al. (177) found a higher protein
concentration in capsular fluid than in IF, the opposite was
observed by Gilanyi and Kovach (150). These discrepancies
may be due to methodological approaches used; Haljamaie
et al. (177) isolated up to 50 nl by careful aspiration,
whereas Gilyanyi and Kovach (150) collected 20-60 ul
without aspiration but after exposure of subcutaneous tis-
sue surfaces by electrocoagulation. Clearly, the latter pro-
cedure is more traumatic and may have resulted in an in-
flammatory reaction, plasma protein leakage, and a higher
protein concentration in interstitial than in capsule fluid less
exposed to inflammation. Their experiments might there-
fore not be used as evidence of a Gibbs-Donnan distribution
of ions between plasma and interstitium.

Later Gilyani and Kovach (151) modified tissue charge by
local generation of H" and OH™ in a classical Guyton
capsule to show significant effects on P;; of generated posi-

Physiol Rev . VOL 92 . JULY 2012 . www.prv.org

tive as well as negative charge, supposedly resulting from
increased charge repulsion in the interstitial gel. Since the
most positive P, was observed upon generation of a low
amount of negative charge (151), it was concluded that
subcutaneous tissue has a positive charge. This might seem
surprising considering the negative charge of the GAGs
present in the interstitium. The explanation might be that
collagen has a weak net positive charge at physiological pH
(236) (see sect. IIA1) and that the larger amount of collagen
may contribute to cancel out the negative charges of GAGs in
rat skin. Even if Gilanyi and Kovach’s conclusion that the
subcutaneous tissue has a positive charge is correct, negatively
charged GAGs still influence fluid volume distribution in skin
and muscle as discussed below and in section IIC.

A series of recent experiments by Titze and collaborators
have suggested a new and more active role of skin GAGs in
total body Na™ and thus fluid volume regulation. They first
showed that Na™ retention during high salt feeding was
associated with increasing GAG content in cartilage and
skin (468). Then, they measured osmotically active and in-
active Na™ (i.e., Na™ accumulation without corresponding
accumulation of water) during growth of rats on a low-
(0.1%) vs. high-salt (8%) diet (412) and found that while
salt was lost from the body during growth, there was addi-
tionally a dietary-induced salt loss of osmotically inactive
Na™ that originated mostly from skin. Long-term salt de-
privation resulted in a shift of PG composition with reduced
sulfated PGs and increased hyaluronan, which lowered the
charge density and water-free Na® binding to the ECM.
These important findings suggest that GAGs may provide
an actively regulated interstitial cation exchange mecha-
nism for regulating fluid volume and blood pressure. Later
experiments have suggested that the response to high salt is
orchestrated by activation of tonicity-responsive enhancer
binding protein (TonEBP) in infiltrating macrophages, that
in addition to change in GAG charge density and amount
results in VEGF-C secretion and hyperplasia of the lymph
capillary network (279) (FIGURE 1). Although the function
of the newly formed lymphatics was not tested, i.e., whether
the skin lymph flow was actually increased, they concluded
that TonEBP-VEGF-C signaling in macrophages were ma-
jor determinants of extracellular fluid volume and blood
pressure. In this context, it would be of interest to assess the
concentration of Na™ in IF proper, i.e., whether the tissue
GAGs create a gradient in Na™ different from what is pre-
dicted by the Gibbs-Donnan effect discussed above for the
capsule and IF (151).

C. Interstitial Volume Exclusion
1. Definition

Structural interstitial macromolecules, particularly GAGs
and collagen, will restrict the space available to macromol-
ecules in the interstitial space simply because the molecules
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FIGURE 1. Lymphatic hyperplasia induced by high salt. A and
B: representative images of ear lymphatic capillaries in mice fed a
low-salt diet (LSD) (A) or a high-salt diet (HSD) (B) for 2 wk visualized
by LYVE-1 immunostaining (red). C and D: representative images of
the lymphatic capillary network in proximity to cartilage within the ear
of rats fed a LSD (C) or HSD (D) for 2 wk. Reconstructions of
three-dimensional lymphatic capillary networks (green) using 143
individually stained 7-um serial sections of rat ear specimens in a rat
with LSD and in a rat with HSD. Bottom panels show reconstructions
of 3 selected lymph capillaries. [Modified from Machnik et al. (279),
with permission from Nature Publishing Group.]

cannot occupy the same space (FIGURE 2A4). This phenome-
non is called geometrical or steric interstitial exclusion and
was first described by Ogston and co-workers (333, 334).
ECM GAGs that are negatively charged at physiological pH
values may add to this steric effect by exerting an electro-
static exclusion effect on negatively charged macromole-
cules, notably plasma proteins, and as evident from several
recent studies discussed below, both effects contribute in
determining the distribution volume of macromolecules
(FIGURE 2B). To quantify available and excluded volume,
which may be expressed either as a fraction of the total IF
volume or as an absolute volume, it is essential to have a
reliable method to estimate the concentration of the macro-
molecular probe in the IF. Methods for IF isolation are
evaluated in section VIA.

Interstitial exclusion phenomena with focus on in vitro data
have been reviewed extensively in this journal (24, 25, 91),
and more recently by Wiig et al. (497). A significant amount
of new data originates from skin and muscle, and central
questions have been how charged tissue elements and hy-
dration affect the excluded volume effect.

1010

2. Excluding structures

The structures responsible for interstitial exclusion are the
major components of the ECM, i.e., collagen and GAGs. By
combining in vitro and in vivo data it is possible to assign
excluded volumes to specific tissue components and thereby
to provide information on the structural organization of
tissues. The importance of the structural organization of
macromolecules was illustrated using collagen from human
dermis by Bert et al. (49), who compared albumin exclusion
in collagen fiber preparations versus intact dermis and
found that disorganized fibrils excluded albumin from
twice the volume of 1.57 g fluid/g collagen found in the
intact dermis. It is likely that the excluded volume ascribed
to collagen may be modified by hyaluronan as shown for
the rat tail (26). Hyaluronan in the IF will furthermore have
an additional exclusion effect, estimated at 50 g fluid/g hya-
luronan in vitro (257). Although hyaluronan has a ~30-
fold higher exclusion effect than collagen in vitro, the fact
that the collagen content in dermis is >600 times that of
total hyaluronan (502) makes hyaluronan quantitatively
less important in that tissue. The remaining GAGs, how-
ever, may contribute significantly to the excluded volume
effect. On the basis of the value 1.57 g fluid/g collagen (49),
it was estimated that collagen and GAGs contributed to 56
and 44 % of the exclusion effect, respectively (502), and that
>90% of the GAG effect was due to PGs. In the same
experiments, the specific excluded volume for PGs was es-
timated at 44 g fluid/g, i.e., close to that of hyaluronan
discussed above.

The origin of the excluded volume effect is strongly depen-
dent on the ECM composition, as shown in rat mammary
tumors where the excluded volume that could be ascribed to
hyaluronan was 10 times that of collagen (498). Further-
more, in the rat mesentery, a change in ECM structure
caused an 80% increase in albumin excluded volume with
increasing age (352).

3. Physiological influence of exclusion

Mathematical modeling has provided much insight into the
importance of the exclusion phenomenon with respect to
interstitial volume regulation (158, 378). These studies in-
dicated that the extent of exclusion has little effect on the
steady-state IF protein concentration and thereby colloid
osmotic pressure. A higher excluded volume will, however,
shorten the tissue response time to perturbations in IF vol-
ume and decrease the transfer of interstitial protein to
plasma for a given capillary hyperfiltration. The amount of
exclusion will accordingly influence plasma volume regula-
tion (25).

Although not commonly thought of in a fluid balance per-
spective, the volume exclusion effect may also be important
in shaping the structure of the ECM as suggested by recent
experiments in vitro. Increased macromolecular crowding
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FIGURE 2. Schematic models of the interstitium and the exclusion phenomenon. A: sterical exclusion. The
presence of structural molecules, e.g., neutral collagen (cross-striped bars) and negatively charged hyaluronan
and proteoglycans, results in macromolecular crowding of the interstitial space. Consequently, the fluid space
available for other species diffusing through the interstitial media is less than the total interstitial fluid volume
V. The center of the spherical molecule (yellow) can only access the area inside the dotted line, the available
volume V,, and is excluded from the area outside the dotted line, V. B: sterical and charge exclusion. GAGs
are negatively charged at physiological pH values that may add to its steric exclusion effect. Electrostatic
factors are involved in selectively excluding negatively charged macromolecules that are distributed in and
transported through the interstitium. A negatively charged probe will accordingly have a higher apparent radius
(light blue) than an uncharged one. The case illustrated shows that, when the combined effect of steric and
electrostatic factors are considered, Vg is higher than in the case where only steric factors were accounted for

(A). [From Wiig et al. (497).]

(and thereby volume exclusion) was shown to have dra-
matic consequences for reaction kinetics and molecular as-
sembly resulting in strongly accelerated collagen deposi-
tion, reactions that were affected by hydrodynamic radius
of macromolecules as well as charge (256).

4. Interstitial volume exclusion in skin and muscle

The question whether ECM charge can affect the macromo-
lecular distribution in the IF has been addressed in several
recent studies in vitro and in vivo by Wiig and collabora-
tors. By titration of albumin charge from an isoelectric
point (pl) of 4.8 (native albumin) in gradual steps to a value
of pI = 8.0 and equilibrating the tracer in fully swollen
dermis (502) or in an equilibration cell where swelling was
restricted (513) in vitro, they demonstrated that there is a
significant and graded effect of the probe charge (FIGURE 3A).
This effect was shown as a distribution volume of native
albumin of 49% of the corresponding V,, increasing to 72 %
for positively charged albumin (pI 8.0). From other exper-
iments they estimated that the steric and the charge effects
accounted for 61 and 39% of the exclusion effect in fully
swollen dermis, respectively (502), and accordingly that the
charge effect was significant.

Interestingly, this effect of charge was dependent on hydra-
tion (513) (FIGURE 3B). As the interstitial fluid volume V;
was reduced, the absolute difference in available volume
between the neutral and the negative albumin decreased.

Calculations showed that whereas charge contributed sig-
nificantly to the exclusion effect at high hydration, this ef-
fect was gradually reduced and abolished when albumin
was excluded from the entire extracellular fluid phase. The
authors explained the findings by a gradual loss of hydra-
tion domains for negatively charged macromolecules in
conditions of increased electrostatic interactions resulting
in a change in matrix geometry at low hydration. Then a
situation may occur where polyelectrolyte chains merge and
the network tends to collapse (59), resulting in reduced
contribution of charge to volume exclusion at reduced hy-
dration. Another conclusion from the same study was that
hyaluronan associated with collagen might influence the
intrafibrillar volume of collagen and thereby available and
excluded volume fraction.

The question of distribution volumes of macromolecules
has also been addressed in more recent in vivo studies. By
applying a continuous infusion method to establish steady-
state levels of radiolabeled tracers, available and excluded
volumes have been measured in several organs (496), show-
ing that albumin was excluded from 41 and 26 % of the rat
hindlimb skin and muscle, respectively. With the use of the
same approach, similar excluded volumes were found for
albumin and the larger IgG (Stokes radius 3.53 vs. 5.61 nm,
respectively; Refs. 50, 372) and suggested that electrostatic
differences due to a more positively charged IgG might com-
pensate for the larger size of this molecule compared with
albumin (500). That there is a significant charge effect on
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FIGURE 3. A: available volume fraction for native and charge-modified human serum albumin (cHSA) relative
to that of the extracellular tracer ®'Cr-EDTA. A gradual change in pl was achieved by varying the reaction time.
*P <0.05 and **P < 0.01 compared with native albumin; +P < 0.05 and ++P < 0.01 when compared with
cHSA-pl 6.5. Error bars indicate +SE. [Modified from Wiig et al. (502).] B: relative contribution of steric and
charge effects to excluded volume of native human serum albumin (pl = 4.9) related to hydration of dermis.
Area below division line represents steric whereas area above line represents charge effect. There is an
increased importance of steric and a reduced importance of charge for exclusion of HSA with reduced

hydration. [From Wiig et al. (513).]

plasma protein distribution volume in rat skin and skeletal
muscle was shown using native albumin (pI = 5.0) and
cationized neutral albumin (pI = 7.6) (173), as well as using
subclasses of human IgG, namely, IgG 1 (pI = 8.7) and IgG
4 (pI = 6.6), where the negative IgG 4 was excluded from a
volume of about twice that of the positive IgG 1 (512).
From the former study it was estimated that the fixed neg-
ative charges of the interstitium were responsible for 40%
of the total albumin exclusion in skeletal muscle and 25%
in full skin and, moreover, that the similar exclusion of
homologous IgG and albumin was due to a more negative
charge of the latter (173).

A controversial issue has been if and how variation in hy-
dration during perturbations in fluid balance affects ex-
cluded volume. Reed et al. (379) found that absolute avail-
able and excluded volume for albumin varied with hydra-
tion in rat skin. Suspecting that hydration status might be
the explanation for deviation in reported available and ex-
cluded volume, Wiig et al. (513) compiled available data
related to hydration from dermis (FIGURE 4). From these
data it is evident that there is a linear relationship between
hydration in the range of 1.0-3.0 and available volume,
strongly suggesting that the initial hydration is an impor-
tant determinant of available and excluded volume, a fact
that may also explain some of the diversion in published
control values.

5. Interstitial volume exclusion in tail tendon and
rabbit lung

Aukland and co-workers have used the tail tendon as a
model for a well-organized tissue with high collagen con-

tent (40% of wet weight, Ref. 20), a model well-suited to
study the effect of tissue structure on excluded volume.
They applied a centrifugation technique to isolate intersti-
tial fluid and assayed the distribution volumes for a range of
endogenous proteins as well as radioactive probes (20, 26,
28). In this specialized tissue only 39% of the V; was avail-
able to albumin, in agreement with previous data from an-
other collagen-rich tissue, namely, dermis (51). These ex-
periments also suggested that the intrafibrillar water con-

100 -
W (513)

=
2 90
[e]
R
o 801 m (513)
S
> K @9)
£ 70
=
Q ¥ (51)
3T 604
§ }(379)
3 (379)
< (502)
3 50 - E E(sn

40 . . . . . . 1

05 1.0 15 20 25 3.0 35 4.0

Hydration, g H,O - g dry wt-!

FIGURE 4. Excluded volumes relative to hydration. Compiled rela-
tive excluded volumes (Fg) in dermis expressed as percent of inter-
stitial fluid volume (V) relative to hydration. Symbols represent data
from the following studies: ¥, Ref. 51; o, Ref. 502; A, Ref. 379; m,
Ref. 513. Values are +SE. Results for Ref. 513 are derived from
regression equations and SE not shown. A linear relationship be-
tween hydration and excluded volume is demonstrated [Excluded
volume (Fg) (%) = 109-18 * Hydration, r = 0.93]. [Modified from
Wiig et al. (497).]
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tained in collagen fibers was variable, a phenomenon that
may affect fibril volume and organization and thus the over-
all exclusion value provided by such fibers (26). Such vari-
ation was ascribed to hyaluronan that was intrafibrillar and
elutable (26) and may thus contribute to variation of the
absolute excluded volume of collagen dependent on hydra-
tion.

In the rabbit lung, albumin distribution volumes have also
been estimated in recent studies using the tracer equilibra-
tion technique described above and sampling of interstitial
fluid by implanted wicks. Negrini et al. (321) found a high
excluded volume fraction of 0.66 in control situation com-
pared with previous values of ~0.38 in dog lung (353, 354),
a finding that led them to conclude that the lung interstitium
must have a tight fibrous structure that is highly restrictive
with respect to plasma protein distribution. In another
study they found that the albumin distribution volume was
highly sensitive to hydration, since an increase in V; of 39%
reduced the excluded volume fraction to 33 % of the control
value (320). It is likely that the discrepancy in excluded
volumes in control situations is due to tissue hydration as
discussed for skin in section IIC4.

6. Interstitial volume exclusion in tumors

Apart from its physiological importance in normal tissues,
exclusion phenomena in tumors are of additional interest in
the context of drug delivery. The tumor interstitium is con-
sidered a major barrier to drug delivery (136, 217, 221,
251), and excluded volume fraction is thereby one of the
factors that may affect uptake and distribution of protein
and antibody therapeutics. The question of distribution vol-
ume of macromolecules has therefore also been addressed
in tumors. Krol et al. (251) determined available volumes
for various dextrans (mol mass 10% to 2 X 10° Da) and
bovine serum albumin and related these volumes to extra-
cellular volume measured using inulin as an extravascular
tracer in tissue slices of fibrosarcomas. They found low
available volumes of ~5% of the total tissue volume for
albumin using low tracer concentrations (0.1 and 1.0 mg/
ml), thus corresponding to ~10% of the extracellular vol-
ume since this was estimated at 50% of tumor weight. The
albumin volume increased to 18 % of total and thereby 36 %
of the extracellular volume when tracer albumin concentra-
tion was increased to 10 mg/ml. It is likely that they under-
estimated the available volume fraction, thereby overesti-
mating the excluded volumes significantly, even with the
highest tracer concentration since albumin is >10 mg/ml in
tumor interstitial fluid (439, 494). In a later study they
found no effect of hyaluronidase treatment (250), thought
to reduce excluding GAGs, but hyaluronan fragments re-
sulting from degradation might be as effective excluding
agents as intact hyaluronan because the total charge density
is maintained.
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In a recent study of chemically induced mammary tumors in
rats, the effects of macromolecular size and charge on dis-
tribution volume were assessed using native (pl = 4.8) and
cationized albumin (pI = 7.6), IgG (pI = 7.6), and the
monoclonal antibody trastuzumab (pI = 9.2) (498). Neu-
tralizing albumin resulted in a reduction of excluded vol-
ume by 50%. Trastuzumab, the most positively charged
probe, had the largest distribution volume (71%), com-
pared with 64% for IgG. The available volumes in tumors
were higher for all probes than in back skin, suggesting a
lower restriction of macromolecular uptake in tumors, thus
contrasting the ex vivo studies discussed above. Later, with
the use of similar approaches in ovarian carcinoma models,
somewhat lower IgG available volumes of ~50% have been
found (85), but it is likely that these volumes were affected
by variation in ECM structure as well as hydration as dis-
cussed above.

Clearly, the increased density of charged matrix compo-
nents in tumors, notably hyaluronan (391, 474), influences
volume exclusion and thus the distribution of charged mac-
romolecular species and therapeutic agents. In light of the
studies discussed above, it has been proposed that either the
extracellular GAGs or the net charge of therapeutic mole-
cules can be modulated to increase the available volume,
thus enhancing drug distribution and thereby the likelihood
of therapeutic effect (497). This hypothesis needs to be fur-
ther tested experimentally.

D. Structural Properties of
Lymphatic Capillaries

IF is formed continuously by filtration, and lymph vessels
are required for carrying fluid, interstitial proteins and pep-
tides, and cells to the lymph nodes and back to the blood
circulation. We will briefly discuss the structure of the initial
part of the lymph system based on several more extensive
reviews (336, 414), adhering to the terminology of Schmid-
Schonbein (414).

Prelymphatic channels, whose existence has been debated
(78), are characterized as well-defined tissue channels that
conduct fluid from the capillaries to the initial lymphatic
vessels, also described as a “low-resistance pathway” in
skin and muscle as opposed to the “high-resistance path-
way” exerted by the ground substance (ECM) (185). Such
structures have also been described in liver (335), lymphoid
tissue (29), and lung (418). In the brain, nonendothelialized
spaces between the internal vascular and the external glial
basal laminae act as a prelymphatic drainage system (283).

Lymph vessels are present in almost all tissues. Exceptions
are avascular tissues such as epidermis, cartilage, the eye
lens, and cornea as well as some vascularized organs like
brain, retina, and bone marrow, and lymphatic architec-
ture can vary depending on the organ and tissue (414). The
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lymphatic system originates in the interstitium as initial
lymphatic vessels (also referred to as lymphatic capillaries
or terminal lymphatics). With the exception of bat wing,
these vessels are noncontractile, considerably larger (10-60
um; Ref. 448) than surrounding blood capillaries, consist of
a single layer of endothelial cells without pericytes or
smooth muscle media, and have little or discontinuous
basement membrane (30). Of note, the fact that bat wing
initial lymphatics are contractile is important when inter-
preting data on lymph formation discussed in section VA.
The abluminal part of the initial lymphatics is connected to
the elastic fibers in the surrounding ECM via so-called an-
choring filaments (258, 260) consisting of collagen VII
(238, 404), a connection made via the transmembrane in-
tegrin and focal adhesion kinase (148). The single layer of
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endothelial cells are overlapping and interdigitated, as first
demonstrated in elegant microscopy studies of Leak and
Burke (258-260). More recently, these overlapping endo-
thelial cells were found to be joined together by the junc-
tional protein VE-cadherin in “buttonlike” patterns (32,
307) that may serve as flaps that allow one-way absorption
of cells, fluid, and proteins. These structures may also be
considered as the “primary” valves proposed to exist based
on functional analysis (476) (FIGURE 5A).

Lymph forming in the initial lymphatics drains to larger
collecting lymphatics that are generally not tethered to the
ECM but often surrounded by adipose tissue. Collecting
lymphatics are endowed with smooth muscle cells, contin-
uous endothelium, basement membrane, and regular valves

FIGURE 5. A: lymphatic endothelial flap junctions ("primary valves®) in skeletal muscle. Typical cross sections
of initial lymphatic channels (L) in muscle fixed without muscle compression (top panel) and during periodic
muscle contraction to enhance lymph flow (middle and bottom panels). The lymphatics are located adjacent to
skeletal muscle fibers (S) and some adipose cells (A). Note the presence of open flaps along the lymphatic
endothelium (arrows), which are absent in resting lymphatics. These open flaps were encountered in small
initial lymphatics (middle panel) and in a larger one (bottom panel) irrespective of size or location inside the
muscle, and were denoted primary valves (476). No open endothelial flaps were encountered in muscles fixed
in the resting state. [From Trzewik et al. (478).] B: confocal reconstruction of a secondary valve in a rat
mesenteric lymphatic obtained in Ca®*-free solution to prevent contractions. View is taken from downstream,
looking back (against normal flow) into the valve. Structures at 1 o’clock and 7 o’clock at the inner edge of the
lumen are the valve insertion points, or buttresses. Calibration bar = 40 um. C: images of a representative
vessel with the valve in the open (top) and closed (bottom) positions. Calibration bar = 120 uwm. [Images kindly
provided by Dr. Michal J. Davis and modified from Davis et al. (106).]
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[i.e., “secondary” valves using the notation by Trzewik et
al. (476)] that aid lymph propulsion and prevent retrograde
flow, elegantly visualized in rat mesentery in a recent paper
by Davis et al. (106) (FIGURE 5, B AND C). In the human
skin, there are nonmuscular precollectors that connect the
subpapillary initial lymphatics with collecting vessels
deeper in dermis (252). Precollectors have been difficult to
differentiate from initial as well as collecting lymph vessels
(403), but recent studies show that precollectors express
lower levels of the membrane mucoprotein podoplanin
(LECPdelow) compared with initial lymphatics (denoted as
LECPedohighy (489 The authors could thus show that pre-
collector vessels branch out of LECPdohish initial lym-
phatic capillaries as well as differerential expression of
chemokines in the two segments, implicating that the ex-
pression pattern might have functional consequences with
respect to dendritic cell and T-cell trafficking in skin inflam-
mation.

Collecting lymphatic segments between valves are called
lymphangions, which serve as contractile compartments
that propel lymph to the next compartment. Lymph in col-
lecting vessels passes through lymph nodes, and vessels are
accordingly classified as pre- or postnodal (or afferent or
efferent) to specify whether lymph is carried to or from the
lymph node, respectively. This distinction is functionally
important since lymph composition is altered during pas-
sage through the nodes (7, 414) and important immune cell
modifications occur in lymph nodes (375), as will be dis-
cussed in section IX. Lymph nodes are organized in clusters
throughout the lymphatic system and are compartmental-
ized with narrow fluid crevices where the vascular compart-
ment opposes each lymph compartment for fluid exchange
and cell transport (375, 448).

Significant knowledge in lymphatic biology has accumu-
lated during the last ~15 years due to the discovery of
lymphangiogenic factors and identification of lymphatic
vascular markers, isolation of lymphatic endothelial cells,
and the development of animal models to study lymphan-
giogenesis. Since our focus is lymph formation and trans-
port, we will not cover the molecular regulation of lymp-
hangiogenesis and lymphatic function but rather refer to
excellent recent reviews addressing these topics (11, 12,
222,305, 459), along with a review of how the interstitial
microenvironment can influence lymphangiogenesis (501).

lll. MECHANICAL PROPERTIES
OF THE INTERSTITIUM

The mechanical properties of the interstitium have critically
important consequences for normal cell function, and
changes in these mechanical properties that are seen in
many pathological situations often drive cell behaviors that
govern tissue remodeling, cell migration, stem cell differen-
tiation, and even malignant transformation. The IF compo-

Physiol Rev . VOL 92 . JULY 2012 . www.prv.org

sition, P;;, and flow depends on the biomechanical proper-
ties of the matrix, and thus we first define and differentiate
mechanical stress, strain, and material properties like stiff-
ness, since these three terms are often misused.

A. Definitions of Stress, Strain, and
Mechanical Properties

Mechanical stress is an applied force per unit area. Both
fluid and solid stresses exist in the interstitium, and because
the interstitial space is a poroelastic medium, they are in-
trinsically coupled. For example, a tissue perfusion causes
local increases in Py, which in turn exerts tensile forces on
the ECM. The heightened pressure gradients also cause in-
terstitial flow, which brings both tangential (shear) stresses
as well as normal (drag) stresses on cells and ECM compo-
nents in the interstitium. In addition to extrinsic forces,
biomechanical stress in the interstitium can also arise from
intrinsic forces due to fibroblast contraction or tissue
growth (as in solid tumors).

Mechanical strain, in contrast, is the relative deformation of
a material under applied mechanical stress. The degree of
strain for a given stress is determined by the mechanical
properties; the stiffer the matrix, the lower the strain for a
given applied stress. Mechanical stress is often transmitted
to cells by strain (e.g., by the degree to which interstitial
matrix fibers pull on integrins, or the extent to which gly-
cocalyx molecules or primary cilia deform).

The mechanical properties of the interstitium thus relate
stress and strain. Cells can apply mechanical stresses on the
ECM by contraction, and measure stiffness based on how
easily they can deform the matrix. Other than this intrinsic
contraction, cells cannot control extrinsic stresses or
strains; however, they can actively regulate mechanical
properties to alter stresses or strains locally. For example,
an interstitial fibroblast may maintain homeostasis accord-
ing to “normal” levels of shear stress and matrix strain
imposed by physiological interstitial flow. However, if in-
terstitial flow increases, the cell then experiences heightened
shear stress and matrix strain due to shear stresses on the
ECM fibers (358). In response, the cell can align the ECM
fibers locally to shield itself from stress (325-327, 359),
thereby changing the local interstitial mechanical properties
to modulate its mechanical stress environment.

The matrix stiffness is a material property that describes
resistance to deformation under mechanical stress. For a
linearly elastic material, the stiffness is defined by the
Young’s modulus E, the slope of the stress versus strain
relationship (i.e., stress = E-strain). For nonlinearly elastic
or viscoelastic materials, as most tissues, we can either de-
fine the Young’s modulus for a small linear range of stress/
strain or describe it more accurately with different types of
models and multiple moduli.
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Most often used in interstitial physiology is the inverse of
stiffness, the compliance, because it can be directly mea-
sured experimentally. The interstitial compliance (C,) is de-
fined as the change in interstitial fluid volume (V;) divided
by the corresponding change in P;; measured with fluid
equilibration techniques (discussed in sect. IIIC) during per-
turbations of in fluid volume; i.e., C; = AV/AP,. C; will
determine how much the tissue will swell under a given fluid
pressure, or conversely, how much P;; will change under a
given change in V,. C, is governed by the composition, orga-
nization, architecture, degree of crosslinking, and charge of
the interstitium and can be modulated by proteolysis, matrix
synthesis, cell infiltration, and other events that occur in in-
flammation, injury, fibrosis, remodeling, and cancer.

Another important mechanical property of the interstitial
space is the hydraulic conductivity or permeability. Analo-
gous to compliance, which describes the inverse resistance
to matrix strain, the hydraulic conductivity represents the
inverse resistance to fluid flow (451). It can be modeled as
the entire fluid-solid composite, or as a porous solid me-
dium through which a fluid of viscosity (u) flows. It depends
on the extent of hydration of the interstitium, and thus
indirectly depends on P;; and tissue compliance. These are
described below.

B. Interstitial Fluid Pressure

P;; is the normal, isotropic force exerted on the interstitium
by hydrostatic forces. It is balanced by the elastic properties
of the structural components; in steady-state conditions
without tissue deformation, solid tensile stresses are bal-
anced with P;; according to the bulk elastic modulus (452).
P; relates V,, transendothelial flow, interstitial flow, and
lymph flow, and thus its importance in drug delivery, im-
munity, and potentially a host of pathological conditions
related to defects in transport or aggregation cannot be
overstated.

1. Definitions

Pioneering work by Guyton and co-workers about five de-
cades ago, using implanted perforated capsules showing
that P;; in subcutis was subatmospheric (169, 171), is still
central in our conceptual understanding of this area. They
defined “total tissue pressure” as the sum of the pressure in
the interstitial fluid, i.e., Py, and “solid tissue pressure”
suggested to result from local compression exerted by the
interstitial gel and fibers. Moreover, they introduced the
concept of “fluid equilibration techniques” defined as pres-
sure in a saline column brought in contact with the intersti-
tium through various approaches allowing sufficient time
for equilibration with the fluid in the tissue spaces.

As pointed out by Aukland and Reed (25), a prerequisite for
negative pressures in vivo is that the interstitium is kept in a
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state of relative dehydration by removal of fluid by lymph
vessels combined with a small net capillary filtration pres-
sure. An ex vivo parallel to the negative interstitial pressure
is the tendency of an excised tissue to swell or imbibe fluid
when soaked in a saline solution (66, 291). A central ques-
tion that remains unresolved is what generates this swelling
pressure, i.e., whether it is of hydrostatic or osmotic origin.
The energy of dehydration may be “stored” in the intersti-
tial gel either as an osmotic pressure of immobilized sub-
stances or as a negative intragel hydrostatic pressure bal-
anced by elastic forces of tissue elements (24,25, 158). Here
we will understand Pj; as the pressure measured with fluid
equilibration techniques irrespective of its origin. This pres-
sure will be the sum of immobilized GAG osmotic pressure
and intragel hydrostatic pressure and thus equal to the hy-
drostatic pressure in any free fluid in the tissue. Other pres-
sures introduced by Guyton (171) to explain differences
between subcutaneous capsule and needle pressures, the
solid tissue pressure; a stress exerted by solid elements, and
total tissue pressure; the sum of P;; and solid tissue pressure,
might be considered obsolete in light of more recent data
showing similar steady-state pressures with all fluid equili-
bration techniques (493). As pointed out previously (25,
493), P;; is of interest for several reasons, since it is one of
the determinants of capillary fluid filtration, is a likely de-
terminant of initial lymph formation, and is a necessary
parameter for estimating interstitial compliance.

2. Measurement of Py

The conclusions reached in previous summaries on tech-
niques for P;; measurement about two decades ago (235,
493) are still valid and may be used when choosing a
method. Although there has been some methodological de-
velopment during the recent years, a few of the basic tech-
niques are still applied and may be considered as “gold
standards,” notably the micropipette and wick-in-needle
techniques. Common for all the established techniques is
that they measure the hydrostatic pressure in the free inter-
stitial fluid surrounding the probe, and whereas all tech-
niques have previously been named “fluid equilibration
techniques” because of a saline-filled column connecting
the interstitium and the transducer, this may still be the case
even if the transducer is moved to the interstitium itself.

The established methods may be classified as “acute” and
“chronic.” With acute methods, measurements are made
within minutes to a few hours after insertion of the device,
whereas the chronic devices are implanted into the tissue
4-6 wk before a measurement can be made. Chronic de-
vices are the classical implanted perforated Guyton capsule
(169), and variants thereof like the implanted porous cap-
sule (346) and skin cup method (4). Although the chronic
techniques were important for the development of this field,
they seem to not have been used during the last decades.
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Acute methods are the needle method (73), the wick cathe-
ter technique (416), the wick-in-needle technique (129),
and the micropipette technique developed by Wiederhielm
et al. (491) to determine microvascular pressure and later
used for P,y measurements (508). As previously summarized
(25, 493), the acute and chronic techniques give similar Py
when used in steady-state conditions. When assembling
data from skin/subcutis and muscle in rat, cat, and dog,
pressures ranged from —2 to 0 mmHg with no difference
between techniques except for cat skin, where the wick-in-
needle was more positive than the micropipette pressure,
assumed to result from the insertion trauma (493). During
acute transcapillary fluid perturbations, however, the
chronic methods will overestimate the changes in pressure
due to changes in vascular volume and low protein perme-
ability in the capsular wall (507). The micropipette method
is practically atraumatic, reproducible, requires a low dis-
placement volume, and should be used whenever applica-
ble, but is restricted to immobilized tissue and few millime-
ters of depth. Wick techniques are clearly more traumatic,
but are more versatile, and recorded pressures in skin and
muscle have been found to agree well with the micropipette
when compared directly, although that has not been tested
in other tissues. Still, the wick-in-needle is a generally ac-
cepted standard method and is frequently used in experi-
mentally induced tumors in animals as well as in patients.

Recently, transducer-tipped catheters (349) and fiberoptic
pressure transducers (348) were introduced for measure-
ment of P;;. The transducers are introduced into tumor or
subcutis using a fairly large (18 gauge) introduction needle,
and because of their fragility, fiberoptic transducers need to
be located in a perforated tube when in the tissue to prevent
breakage (348), adding to the needle insertion trauma.
Since these devices are not connected to the pressure trans-
ducer via a saline-filled column but rather the transducers
are directly in contact with the interstitial fluid, they cannot
be classified as fluid equilibration techniques in a traditional
sense. Moreover, since the sensor is introduced into the
tissue, the pressure-sensitive area may be directly in contact
with tissue elements and thereby susceptible to solid tissue
pressure artifacts, as also realized by the authors (349). Still,
the good correspondence between P;; measured with minia-
ture transducers introduced into mouse skin with the wick-
in-needle technique, all giving a pressure in subcutis of ~—3
mmHg, suggests that this effect is minimal and that minia-
ture tissue-implanted transducers may be used for P re-
cording.

C. Interstitial Compliance

Interstitial compliance (C,) is as discussed in section II1A
above defined as the change in interstitial fluid volume (V;)
divided by the corresponding change in interstitial fluid
pressure (P;;) measured with fluid equilibration techniques
during perturbations of in fluid volume, i.e., C; = AV/AP;. C,

will determine the hydrostatic counterpressure to a given
change in V,. Accordingly, in a tissue with low C,, an increased
net filtration will be counteracted by a marked increase in P;;
even at a low increase in V;, whereas in a tissue with low C;
a considerable amount of volume will be allowed to accu-
mulate before P rises. The importance of C; in fluid volume
regulation has been suggested by mathematical models de-
scribing whole body fluid and macromolecule exchange,
having shown that volume-pressure relationship of the in-
terstitium as a sensitive parameter with significant effects on
predictions of distribution and transport of fluid and
plasma proteins (e.g., Refs. 82, 378, 521).

In pioneering studies by Guyton (170), a C; of 0.2 ml-100
g~ .mmHg ! was found in subcutis using implanted cap-
sules and by estimating interstitial volume changes by pleth-
ysmography. Later studies, where local changes in V; and P;;
were measured with extracellular tracers and micropipettes,
respectively, showed severalfold higher C; of 3.4 ml-100
g~ 'mmHg ! (corresponding to 7.6% of V; per mmHg de-
crease in P,) in dog skin (506), similar to measurements in
skin and muscle in other species (493). The underestimation
of C, due to overestimation of the change in P;; (25, 493)
notwithstanding, the more recent studies verified the overall
shape of the initial volume-pressure curve (FIGURE 6) ob-
served by Guyton (170) as being 1) linear in dehydration
and in the initial phase of overhydration; 2) showing prac-
tically no rise in P;; at >50-100% increase in V,, indicating
an almost infinite C;; and 3) showing an increased P; at
extreme overhydration because of tissue volume restriction
most likely by collagen-rich fascias. The AP (FIGURE 6)

if,max

+___— Compliance = AV{/AP

APy, max

Control V;and Py

Interstitial fluid pressure (Py)

Interstitial fluid volume (V;)

FIGURE 6. General shape of the interstitial volume-pressure rela-
tionship. The following features should be noted: 17) interstitial com-
pliance (C; = AV,/APy] is constant in dehydration and the initial part
of overhydration; 2) at further overhydration, compliance increases
to infinity but decreases at excessive increase in V;; and 3) maximal
rise in P that can be obtained as counterpressure toward filtration
(AP} max)- [Modified from Aukland and Reed (25).]
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represents the maximal counterpressure against increased
fluid filtration discussed in more detail in section VIIA.

1. Compliance of normal tissues

Bert and Reed (53) determined the volume-pressure rela-
tionship in vitro by compression of excised rat dermis. Us-
ing hydration as a surrogate for V,, they found a volume
change of 6.6%/mmHg around normal hydration, ~50%
of C; in rat skin measured in vivo (504). Although it has not
been established how different interstitial components af-
fect the shape of the volume-pressure curve, collagen and
hyaluronan were shown to influence C; in skeletal muscle
and back skin of hypothyroid rats (503). In hindlimb mus-
cle, V; changed by 12.2 and 19.9%/mmHg in hypothyroid
and euthyroid rats, respectively, and was suggested to result
from a 56% higher muscle hyaluronan (509). This struc-
tural change was suggested to result in an increased gel
osmotic pressure and thereby a more negative P;; for the
same change in V; in the hypothyroid rats. If so, we would
expect the opposite effect on C; upon removal of hyaluro-
nan, which was actually observed in abdominal wall muscle
(530). During increased hydration, C; increased severalfold
from control levels corresponding to 4%/mmHg that was
associated with a 50% reduction in hyaluronan. The colla-
gen content and fiber distribution may also influence C;
(503), but this has not been shown experimentally.

Evidently, the state of hydration and condition of the tissue
may also influence C;. In rats, P, rose by 2 mmHg to approx-
imately +1 mmHg, and the compliance in hindlimb skin
was almost infinite at a hydration 2-3 times control (504).
In freeze injury, however, the volume-pressure relationship
in rat paw skin was linear up to an overhydration of 140%
with a corresponding C; of 6%/mmHg (46). A C, more than
50% lower than in dehydration in normal rats (504) sug-
gests that the matrix is stiffer in this injury model, an
assumption supported by the dramatic increase in P;; that
rose to 22 mmHg 60 min postfreeze (46). Interestingly,
this study also indicated that C; may change with time
due to stress relaxation as suggested by Guyton (170),
since Py fell by 15 mmHg at constant tissue volume dur-
ing the 60 min following placement of a tourniquet. Re-
laxation of tissue elements in longstanding overhydra-
tion may also be the explanation for the relatively high
compliance of 21%/mmHg in upper arm skin in second-
ary lymphedema (37).

The volume-pressure relationship is of particular impor-
tance in the lung. Miserocchi et al. (297) measured P;; by
micropipettes and volume by weight to estimate lung com-
pliance at 0.47 ml-100 g~ '-mmHg ', which is in the same
range as abdominal wall muscle (530). Interestingly, dis-
ruption of the lung ECM causes dramatic increases in C;
(318,319, 364). C; has also been estimated as 8% in trachea
(520) and 6% in rat submandibular gland (47), showing
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that these organs will counteract fluid filtration more effi-
ciently than rat skin, where C; is 14%/mmHg (504).

2. Interstitial compliance of tumors

Since C; determines the counterpressure against fluid filtra-
tion and thereby affects tissue distribution of therapeutic
agents, tumor C; is important for cancer therapy. We are
not aware of any C; data based on local V, measurements in
tumors, but this parameter has been estimated from the
pressure generated during constant inflow of fluid by
Boucher et al. (64). In human colon adenocarcinoma tu-
mors implanted in mice, they found a C; of 35 pul/mmHg.
This value translates to ~100% of the tissue volume per
mmHg if we assume that the infused substance distributes
in a sphere with radius 2 mm surrounding the infusion point
that corresponds to the outer limit used for P;; recording. As
pointed out by the authors, however, the values were first-
order approximations only and difficult to compare with
values discussed above because the data were highly depen-
dent on assumptions used in the calculations. Of note, in
this study, compliance increased approximately threefold
after cardiac arrest, suggesting that vascular distension
strongly affected the estimated value.

D. Hydraulic Conductivity of the Interstitium

Just as the interstitial compliance determines how much a
tissue will deform under stress, the hydraulic conductivity is
another mechanical property of the interstitium that deter-
mines how fast fluid will move through the tissue under a
given fluid stress (pressure gradient). It can also be consid-
ered as an inverse resistance to fluid flow. It is a bulk prop-
erty of the interstitium, and like compliance, it is deter-
mined by the interstitial composition, organization, and
charge, although these contribute differently to conductiv-
ity versus compliance. In particular, while the overall
strength of fibrous components like collagen and its degree
of cross-linking largely determine compliance, the free wa-
ter volume fraction, resulting from the balance between
swelling forces (hydrostatic and osmotic pressure and elec-
trostatic forces from highly charged macromolecules like
GAGs) and counteracting forces like cell contraction and
matrix tension, largely determines the hydraulic conductiv-
ity (25, 382).

1. Darcy’s law

The civil engineer Henry Darcy first described a linear rela-
tionship between pressure gradients and flow rate through a
sand bed (97); his empirically determined relationship was
later theoretically confirmed by considering the resistance
due to shear stress on the fluid-solid interface in a fluid-filled
porous matrix. Darcy’s law is most commonly written as
follows:
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vg=—K' VP = —(K/p) VP #))

where vy is the bulk interstitial fluid velocity (or flow rate
divided by cross-sectional area), K’ is the hydraulic conduc-
tivity (with units of cm*s~'-mmHg '), VP is the pressure
gradient (i.e., the pressure drop AP divided by the distance
L,or VP = AP/L), K is the hydraulic permeability or specific
permeability (with units of cm?), and w is the viscosity of the
fluid phase. Note the difference between K’ and K; the first
(K') is an effective property of the combination of fluid and
porous solid matrix, while the second (K) is a property of
the porous matrix alone, independent of the fluid viscosity.
The latter is also often referred to as the Darcy permeability
coefficient. These relationships emphasize the fact that the
fluid viscosity is directly proportional to the effective resis-
tance to flow through porous media.

This simple relationship has been widely used in interstitial
physiology. Measurements of hydraulic conductivity can
reveal important functional information about changes in
tissue hydration (e.g., during acute phases of inflammation)
and matrix remodeling (e.g., in fibrosis). For example, in

three-dimensional perfused culture systems, an increase in
the resistance to flow (i.e., decreased K) was correlated with
matrix alignment and synthesis (326, 327). TABLE 4 shows
measurements of hydraulic conductivity and permeability
in a variety of tissues and biomaterials (451).

2. Relationship between shear stress and
hydraulic conductivity

While Darcy’s law is an excellent approximation for relat-
ing pressure and flow through a bulk material, it is a first-
order equation and as such does not permit one to account
for nonporous boundaries, because it does not permit no-
slip boundary conditions. In the case of interstitial tissues,
an example of the type of problem this poses is when at-
tempting to calculate shear stresses on the surface of a cell
embedded in a porous (interstitial) matrix. To address this,
Brinkman modified Darcy’s law in 1947 (70) by including a
second-order viscous term and is most often written as the
following;:

VP = — (M/K)Uif + I.LVZUif (2)

Table 4. Selected permeabilities measured in tissues

Tissue/Material K, cm? K’, cm2/mmHg-s Method *
Biopolymers Fibrin (3 mg/ml) 1078t 10717 (111) 3
102 t0 10-"° (15,

Type | collagen (1.5-3.5 mg/ml) 326)
Tumors MCalV tumor 248 (323)

LS174T tumor 45 (323)

U87 tumor 65 (323) to 7,000 (288)t 1

HSTS2BT tumor 9.2 (323)

Rat fibrosarcoma
B16F10 murine tumor
4T1 murine tumor
Hepatoma

Normal tissues Rat abdominal muscle

Rat dermis

Mouse tail skin

Subcutaneous plane

Subcutaneous slice

Vitreous body

Blood clot, unretracted/retracted

Corneal stroma

Mesentery

Cartilage (femoral condyle)

Cartilage (femoral head)

Aortic media and intima

Sclera

Wharton’s jelly

Synovial intima

108 to 1079 (111)

1.36 to 1360 (533)t
4100 to 11000 (288)%
950 to 2300 (288)+
0.8 to 4.1 (531)t, 28 (265)t
15 to 78 (531)
5.33 (52)
70 to 150 (452)
0.6 to 0.85 (531)
6 (265)t
280 to 560 (265)

0.7 to 1.8 (265)
41 to 253 (265)t
0.3 to 0.7 (265)t
0.1 (265)1

0.4 to 2.0 (265)t
1.7 (265)t

26.7 (265)t

0.5 to 1.3 (265)t

PP PPDPAPLPOVOD - =NV =TVNVDPVPNLN W
n

Values are listed as either specific permeability (K) or hydraulic conductivity (K’). *Methaod key refers to how the
measurement was made: 7)in vivo, Z) ex vivo, 3] in vitro, and 4) unknown. TReferences contained within cited
work. tValues found to be pressure dependent. [From Swartz and Fleury (451), with permission.]
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Using the Brinkman equation, Wang and Tarbell (486, 487)
estimated that the average shear stress 7 on spherical cells
embedded in three-dimensional matrices undergoing flow
can be estimated by

.= KUif

Pedersen et al. (358) further showed using computational
fluid dynamics simulations of cells embedded in three-di-
mensional fibrous matrices that shear stresses on such cells
were extremely heterogeneous, with peak stresses up to an
order of magnitude above average. Furthermore, even small
changes in fiber alignment or reorientation locally around
the cell may have drastic effects on the local permeability
and thus shear stress on the cell (359). Thus, while such
approximations are useful for estimating average shear
stresses and how these may be affected by interstitial flow
velocity or hydraulic conductivity, they cannot estimate the
peak shear stresses and shear stress gradients that may be
imposed by interstitial flow.

(3)

3. Effects of tissue swelling and compaction on
hydraulic conductivity

As mentioned, fluid volume fraction is the most important
determinant of the hydraulic conductivity K (52), and the
relationship between fluid volume fraction and K is nonlin-
ear (172). As a tissue undergoes deformation, its micro-
architecture and fluid volume fraction changes, leading to
changes in K. For example, in acute stages of inflammation
or after tissue injury, increased blood vessel permeability
leads to increased Pi, which induces tissue swelling and
increased fluid volume fraction. In such cases, K is rapidly
increased (52).

Guyton (172) was the first to demonstrate that hydraulic
conductivity varies nonlinearly with P, and when tissue
pressure exceeded atmospheric pressure, hydraulic conduc-
tivity increased by orders of magnitude. He also reproduced
this result in a nonbiological system using collapsible tubes
with fibrous filling, confirming the physical basis for the
pressure and swelling dependence of K. More recently, it
was shown that K was drastically increased in secondary
lymphedema (402, 452) and after overhydration in the cor-
nea (126). In mouse tumor perfusion models, Yuan and
collaborators (288, 533) demonstrated drastically nonlin-
ear increases in hydraulic conductivity with increasing per-
fusion pressures.

On the other hand, tissue compaction leads to decreases in
K. A classic example is the articular cartilage during walk-
ing (240), when water is exuded from the tissue as if from a
sponge being squeezed. In fact, most ex vivo methods for
measuring K rely on compression tests. Removing PGs and
GAGs, which imbibe water due to their high electrostatic
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charge density, also leads to decreased hydraulic conductiv-
ity (48).

Thus, to summarize, the hydraulic conductivity K is an
important property of the interstitial matrix that deter-
mines how fast fluid will flow through the matrix for a given
pressure gradient driving force. It is strongly and nonlin-
early dependent on hydration, whereby small increases in
tissue hydration lead to large increases in K; conversely,
small amounts of compression greatly increase the resis-
tance to flow.

IV. INTERSTITIAL FLUID FORMATION
AND FLOW

A. Transcapillary Transport of Water

The transcapillary exchange and formation of interstitial
fluid is determined by properties of the capillary wall, hy-
drostatic pressure, and protein concentrations in the blood
and interstitium. Although the basic principles for such
transport originating from fundamental work by Starling
more than a century ago (436) still applies, important mod-
ifications have been introduced (266), leading to the follow-
ing conventional expression for transmembrane flux |, (rep-
resenting the volume of fluid crossing the membrane per
unit time), known as the Starling Equation

J, = L,S[(P, — Py) — o(COP, — COPy)] (4

where ], is the volume filtration rate (cm?¥/s), L, is the hy-
draulic permeability of the capillaries (cm-mmHg '-s™'); S
is the surface area available for filtration (cm?); o is the
capillary reflection coefficient (dimensionless, with values
between 0 and 1); P, and P; are the hydrostatic pressures
(mmHg) in the blood capillary and interstitial compart-
ments, respectively; and COP, and COP;; are the colloid
osmotic pressures (mmHg) in the capillary and interstitial
compartments, respectively. The colloid osmotic pressure
difference is due to the relative impermeability of the vessel
wall to macromolecules and proteins (of which albumin is
the most abundant), and o corrects for the overall effective
permeability to these proteins. For example, o = 1 repre-
sents a completely impermeable barrier, while o = 0 refers
to a freely permeable barrier (and thus no effective oncotic
pressure difference). These hydrostatic and colloid osmotic
pressure differences are commonly referred to as Starling
forces, and due to our focus on IF we will mainly address the
interstitial fluid or the “inaccessible tissue factors” in fluid
volume regulation (24) and not transcapillary transport in
general. We will, however, briefly discuss two factors per-
taining to filtration: transcapillary protein transfer and the
quantitative importance of interstitial proteins and thereby
COP;; in the Starling equation. Others have provided de-
tailed, comprehensive reviews on transcapillary fluid ex-
change and V; regulation (25, 96, 290, 292,294, 387, 410,
460).
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B. Transcapillary Transport of Proteins

Proteins may be transported across the capillaries by diffu-
sion and convection, and we assume that the same amount
filtered is removed by the lymphatics in a steady-state situ-
ation (25). The flux of proteins (or other solutes) across the
capillary wall (J,) is generally considered as the sum of
convective and diffusive fluxes (460)

Jy = J,(1 - 0)C, + PS(C, — Cy) (5)

where C, and C;; are concentrations in plasma and intersti-
tium, respectively, and PS is the permeability-surface area
product, i.e., a measure of the diffusive capacity of the cap-
illary membrane. Equation 5 describes convection and dif-
fusion as separate processes, whereas these processes occur
simultaneously in the same pathway and influence each
other. This fact is reflected in the Patlak equation (357) used
extensively by Taylor et al. (460) to describe transcapillary
transport:
J,(1-0)C PS(C, — Cy)[x/(e" = 1)]

_ p
Jo = (convection) * (diffusion) 6

where x is the Peclet number describing the convective flux
relative to the diffusive capacity of the membrane. With
increasing J,, the modifying term x/(¢* — 1) for the PS
product decreases and Equation 6 will approach a constant
value

J,=Jy(1 - 0)C, =J,ClorC = (1-0)C, (7)

predicting that the protein concentration in lymph (C)) will
approach a constant value at high J,. This will occur at
Peclet numbers >3-5, resulting in a more dilute capillary
filtrate and washdown of interstitial proteins with a limiting
concentration in the filtrate of C (1 — o).

C. Interstitial Proteins as Determinants
of Filtration

Equation 4 is the “classical” Starling equation where C;;
and thereby COP;; are determinants of fluid filtration, but
recently the importance of COPy;in filtration has been ques-
tioned. Rather, it has been suggested that the pressure rele-
vant for fluid exchange is that immediately distal to the
filtration barrier or glycocalyx, denoted as COP,, which is
significantly lower because of continuous fluid filtration
and dilution of proteins. That there might be gradients in
interstitial albumin (and thereby protein) concentration
was initially proposed for fenestrated capillaries by Levick
(264) based on data from rabbit synovium (287). In these
experiments they found that changes in bulk COP; had
approximately one-third the effect on fluid exchange as
COP,, a result that could be explained by local gradients of
albumin.

In continuous capillaries there are clefts (pores) (8, 9) that in
the endothelial lumen are covered with fiber matrix glyco-
calyx (recently reviewed in Refs. 40, 385) proposed to rep-
resent the ultrafiltration pore (95). This led Michel (293) to
suggest that because of high fluid flow resulting in protein
dilution in the cleft, the COP to be used in the Starling
equation is that immediately below the glycocalyx rather
than the global COP;;. This model was further developed by
Hu and Weinbaum (203) and predicts substantial gradients
in subglycocalyx and global (COPj) colloid osmotic pres-
sure depending on velocity in the filtration cleft and thereby
filtration rate. These model predictions have been substan-
tiated by experiments performed by Curry and co-workers
in mesenteric capillaries of frogs (202) and rats (8).

In the rat experiments they measured filtration in venular
capillaries (25-40 um) at capillary pressures of 15-60
c¢cmH, O with no or 50 mg/ml albumin in the perfusate, and
could assess tissue concentration by confocal microscopy
within 5 wm of a microvessel wall. Their experiments indi-
cated that the effect of interstitial protein on filtration was
substantially less than predicted from the Starling equation.
These observations were in keeping with the model predic-
tions that the colloid osmotic pressure in the global interstitial
fluid does not directly determine microvascular fluid balance.
Their results were summarized in a model (FIGURE 7), predict-
ing the COP gradients in the immediate vicinity of the cap-
illary at variable filtration, suggesting that the transcapil-
lary oncotic pressure gradient is highly filtration dependent.
At low filtration rates, the difference between glycocalyx
and tissue COP is reduced, and the model suggests that the
effective COP (i.e., relevant for filtration) is ~80% of the
global COP;; at normal filtration pressures (8). That this
gradient effect is modest during control conditions is also
suggested by experiments by Smaje et al. in rat cremaster
muscle (434), where a direct correlation was found between
COP;; and filtration. Although these recent developments
suggest less importance in high filtration states, COP;; as
determined in global IF is still a major determinant of nor-
mal fluid filtration.

D. Interstitial Fluid Forces and Flow in
Inflammation and Tumors

Whereas in section IIIB above we have considered P;; as a
concept, we will in this section discuss P;; as determinant of
interstitial fluid formation. Up to three decades after the
introduction of the chronically implanted Guyton capsule
in 1963 (169), much of the discussion was related to the
level of P;; in various tissues and to the role of P to coun-
teract an increased filtration in situations with fluid pertur-
bations (safety factor against edema formation) and inter-
stitial compliance (see sect. IIIC). Much of the debate orig-
inated in the question of appropriate methods for P
measurement and were to a large extent resolved when
direct comparison showed similar steady-state pressures
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FIGURE 7. Proposed model for the effective oncotic pressure in a
filtering microvessel. P, and P, represent hydrostatic pressure in
capillary and interstitial fluid, respectively; m is the colloid osmatic
(oncotic) pressure in the capillary; and 7, and =, are the oncotic
pressure in the subglycocalyx space and the “global” interstitium,
respectively. The effective oncotic pressure difference determining
fluid balance in filtering microvessels is greater when calculated
using the oncotic pressure in the subglycocalyx region (m, — g)
rather than the mixed interstitial fluid (7, — 7). The model predicts
that it is the oncotic pressure in the subglycocalyx region () that
offsets the . in the Starling equation, and that the difference be-
tween 74 and m is highest at high transcapillary filtration (high flow).
[From Adamson et al. (8), with permission from John Wiley and
Sons.]

with all methods as reviewed (25, 493). During the last two
decades, this has not been an area of active research. In this
period, however, data have been emerging suggesting that
P, plays an active role during edema formation in inflam-
mation and in tumor fluid exchange and biology, and these
topics will be considered below.

1. Interstitial pressure and flow in inflammation
and injury

During the last two decades it has been established that a
reduction in (more subatmospheric) P;; generated during
tissue injury and inflammation is a major factor responsible
for the acute edema generation. The data emerging during
this period to show such an edema-promoting effect of P
under these conditions were recently reviewed by Reed and
Rubin (381). This topic has also been addressed in a previ-
ous review (510) and will therefore not be discussed in
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detail here. The initial observations showing that P;; could
contribute to acute edema formation came from rats, where
full skin burn injuries resulted in a precipitous reduction in
Pi¢ (277). Whereas edema in rat skin is usually associated
with a positive Pj; (e.g., Ref. 504), they found strongly neg-
ative pressures during injury. This effect was most pro-
nounced when transcapillary fluid transport into skin was
blocked by circulatory arrest and prevention of fluid trans-
port from muscle, when pressure fell from —1 mmHg in
control situation to —150 mmHg after injury. Later exper-
iments suggested that the P;; reduction was associated with
denaturation of collagen (276) and introduced the concept
that the interstitium can “actively” contribute in P;; regula-
tion and thus enhance rather than prevent filtration. Such a
mechanism of edema generation has later been confirmed in
other burn injury models (245, 428) and in frostbite injury
(46). Although less pronounced, inflammation induced by a
multitude of agents without simultaneous denaturation of
collagen also resulted in P reduction (for references, see
Ref. 381), suggesting that this is a general mechanism for
inflammatory edema generation. Later, Reed and collabo-
rators have worked to establish the molecular mechanisms
involved and found that the collagen-binding 81 integrins
(382), more specifically «2B81 (389) and recently a11B1
(445) integrins, have a role in control of P;; in inflammation.
Interestingly, the inflammatory reduction in P;; can be at-
tenuated by the BB-isoform of platelet-derived growth fac-
tor BB (PDGF-BB) (389) mediated by the PDGF- receptor.
This effect is dependent on phosphatidylinositol 3’-kinase
(192), and is exerted via the avB3 integrin (269). Taken
together, these experiments suggest that during control con-
ditions, tension from fibroblasts on dermal collagen fibers is
maintained via B1 integrin mediated contraction. Proin-
flammatory mediators will release this tension resulting in
negative Py and edema formation, an effect that can be
counteracted by PDGF-BB stimulation via av3 integrin
(381). Later experiments have suggested that a reduction in
P;; not only contributes to inflammatory edema but also to
the normal formation of saliva from the submandibular

gland (47).

Although most of these mechanistic experiments were done
on skin, other data indicate that reduced P;; may also be
important for inflammatory edema formation in trachea
(519) and oral mucosa (57). It may, however, not be a
general mechanism for edema formation, since there was no
effect on P in the rabbit synovium after disrupting the
cytoskeleton by cytochalasin D treatment, although result-
ing in hyperfiltration into the joint mimicking an inflamma-
tory reaction (368).

In the sustained phase of skin edema, P;; has generally been
around 0 to +2 mmHg (e.g., Ref. 504), suggesting that the
counterpressure against filtration (edema safety factor) is
modest. Recent experiments in mice lacking initial lymphat-
ics, however, suggest that P, can increase by 6—8 mmHg
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and thus have a quantitatively more important role in
edema prevention and at the same time showing the role of
lymphatics to determine the level of P (232, 401).

2. Interstitial fluid pressure and flow in solid tumors

Since the early studies showing a high P;; in rabbit testicular
(528) and rat mammary cancer (515), it is now well estab-
lished that P;; is elevated compared with normal tissues in
all solid tumors, which in turn affects uptake of therapeutic
agents and thus treatment outcome (e.g., Refs. 142, 187,
218,221,278). Whereas P;; in skin and muscle ranges from
—2 to 0 (see sect. IIIB), the corresponding pressure in tu-
mors is positive in experimental animals as well as humans,
with reported values in humans in the range of 10-40
mmHg (142, 187). On the basis of one study in tissue-
isolated and subcutaneous tumors (63), it has been claimed
that there are no pressure gradients within tumors (142),
whereas previous (515) and more recent studies (136) have
suggested that such gradients exist. The reason for such
discrepancy is not evident, but there may be variation be-
tween various models. This question is not a semantic one
since existing gradients will determine whether there is fluid
and substance flow within the tumor.

As recently summarized (142, 187, 221), there are several
factors that contribute to the high P;; in tumors. One im-
portant contributor is the tumor vasculature that due to the
effect of VEGF and other factors is irregular, convoluted
and highly permeable (120) and without pericyte coverage
(33). This may result in low restriction to protein transport
across the capillary wall and high interstitial “counterpres-
sure” or Py (65) as well as high COP;; (439, 472, 494).
Furthermore, there will be a low transmural pressure gra-
dient and thereby reduced convection, and P, will be
strongly influenced by and dependent on intravascular pres-
sure (65, 322, 515). That the increased permeability and
vascular abnormality are central contributors to the high P,
is shown by the reduction in pressure in animal and human
tumors after treatment with VEGF inhibitors resulting in
“normalized” tumor vessels (e.g., reviewed in Refs. 142,
152). Other possible factors that may contribute to the high
P, are the lack of functioning lymphatics in central tumor
areas (262, 350), intratumoral blood vessel compression
due to solid stress from the growing tumor (351), and direct
effects of growth factors like PDGF, TGF-B, and VEGF
(187).

A strategy to overcome this therapeutic obstacle would thus
be to reduce Py, and that has proven successful in several
instances. Targeting the VEGFR-2 with monoclonal anti-
bodies results in “normalization” of the vasculature, a re-
duced Py (e.g., Refs. 472, 516), and an increase in the initial
uptake rate of macromolecular substances (472). Collage-
nase treatment also resulted in P reduction and increased
transport rate of monoclonal antibodies (123). Another
strategy to reduce P has been to inhibit the effect of
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PDGF-BB that exerts a tension on the ECM (see sect. IVD).
A selective low-molecular-weight inhibitor of the PDGFR
kinases, imatinib, and a DNA aptamer that specifically in-
hibits the PDGF B-chain reduced P;; by 2-4 mmHg, in-
creased uptake of low-molecular-weight substances and
chemotherapeutic agents, and reduced tumor growth (361-
363). Similarly, PGE, was found to reduce tumor P;; and to
increase the tumor concentration of small-molecular-weight sub-
stances (395, 406).

Other attempts to increase macromolecular uptake have
been less successful. Flessner et al. (136) recorded how the
monoclonal antibody trastuzumab entered experimental
ovarian carcinomas after reducing P;; by various measures
like PGE, and even decapsulation, but were unable to in-
crease the transport into tumors even if the pressure was
reduced from 12.5 mmHg to zero. Moreover, although
treatment with pazopanib, a small-molecular-weight in-
hibitor of VEGF and PDGF receptors, resulted in vascu-
lar normalization and reduction in P, there was no in-
creased uptake of liposomal doxyrubicin (456); instead,
tissue penetration was reduced and hypoxia increased in
pazopanib-treated animals.

Reduction of P; should increase the transmural pressure
gradient and thereby net filtration and bulk flow. One
might therefore expect an increased uptake of macromole-
cules like monoclonal antibodies that are transported by
bulk flow (387), but not small molecules transported by
diffusion. It is therefore possible that a reduction in Py is not
the reason for the increased small-molecular-weight uptake
in the studies discussed above. Since blood flow was unaf-
fected after the induced pressure reduction by PGE, (406),
another possibility would be that the P, reduction increased
the surface area available for exchange. When regarding
macromolecules, initial uptake rate was increased after P;;
reduction in some studies (123, 472), but not in other tumor
types (136, 456). Interestingly, the transport of trastu-
zumab into an ovarian cancer model was found to be two to
three times that of muscle (137). Moreover, in steady-state
conditions, that may be more similar to the therapeutic
situation with repeated injections of monoclonal antibod-
ies, trastuzumab was available to a larger fraction of the
interstitial fluid phase than albumin (498) in a mammary
tumor model with high P, (515), suggesting that uptake
was not limited by P;. Taken together, a reevaluation of
available data suggest that P;; may not be such a significant
barrier to therapy as has been proposed, and that other
vascular factors might be more important in determining
tumor drug uptake.

V. FORMATION AND TRANSPORT
OF LYMPH

For the maintenance of fluid homeostasis in the intersti-
tium, the net flux of filtered plasma must be balanced by
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lymph formation into the initial lymphatic vessels. In the
following sections we will briefly discuss the transport of
interstitial fluid through the interstitium and the uptake of
interstitial fluid into lymphatic capillaries (i.e., lymph for-
mation). As this topic has been extensively reviewed earlier
(25, 414), we present a condensed synopsis from these re-
views and focus more on recent developments.

A. Passive Versus Active Mechanisms in
Lymph Formation

1. Pressure gradients

For the net fluid filtrate to reach the initial lymphatics there
has to be a downstream pressure gradient from capillaries
to initial lymphatics, an issue addressed in a few studies
only. Using micropipettes in the bat wing, Hogan (197)
found that P;; adjacent to a lymphatic capillary averaged
zero, while distant (116-224 um) from the lymphatic cap-
illary, P;; was 0.6 cmH, O, resulting in an average pressure
gradient of 3.7 cmH,O/mm. Support for pressure gradients
has also been shown with an estimated pressure gradient of
0.08 mmHg/mm in rat hindlimb skin (533). While much
lower than gradients in the bat wing, such pressures can still
drive lymph formation, since calculations by Schmid-
Schonbein (414) suggest that a gradient of 0.09 mmHg/mm
is sufficient to drive even a large filtrate from capillaries to
the initial lymphatics. An even lower gradient may be suf-
ficient in edema, which can increase the hydraulic conduc-
tivity five orders of magnitude or more (158, 172). More-
over, other factors such as tissue movement, arterial pulsa-
tions, or external tissue forces may affect fluid movement
through the interstitium (25, 414).

2. Translymphatic transport

The uptake of interstitial fluid into initial lymphatics has
been a subject of much controversy, but data gathered dur-
ing the last decades have added clarity to the subject. Three
mechanisms have been suggested: vesicular transport, os-
motic pressure gradients, and hydraulic pressure gradients.
After review of available data at that time, Aukland and
Reed (25) concluded that little room was left for the vesic-
ular transport mechanism, although new reports described
below may challenge that hypothesis. With regard to the
osmotic mechanism, advocated by Casley-Smith (77, 79), it
was concluded “the weight of evidence against the osmotic
theory for lymph formation is so great that it seems unlikely
that it could be rehabilitated by future observations” (25).

In the hydraulic mechanism for initial lymphatic filling,
which is most widely accepted, P;; is the main determi-
nant of lymph flow. This assumption is based on consis-
tent findings of increased lymph flow upon a rise in Pj;
caused by hyperfiltration, again assumed to raise pres-
sure more in the interstitial fluid surrounding the initial
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lymphatic than within the lumen (reviewed in Ref. 235).
What has been problematic with this mechanism has
been to demonstrate a pressure gradient from the inter-
stitium to the initial lymphatic, considering that time-
averaged P is subatmospheric and pressure in initial
lymphatics is close to ambient pressure (e.g., Ref. 197).
The pressure gradient may, however, be variable, allow-
ing for cyclic fluid uptake. Such cyclic pressure gradient
variation was first shown by Hogan (196, 197), who
found that the pressure in the lumen of contracting initial
lymph bulbs of bat wings fell below P;;in diastole. In light
of the fact that these initial lymphatics are contractile
(199), one might argue this is a specific phenomenon for
bat wings, but similar cyclic gradients have later been
demonstrated for thoracic tissues (302, 315, 316)
(FIGURE 8), suggesting that this may be a general mecha-
nism, at least in organs where lymphatics are regularly
exposed to external forces and pulsations resulting in
contraction/compression and relaxation cycles. For this
mechanism to work, it requires that the initial lymphatic
vessels do not collapse in spite of the pressure gradient,
and it seems generally accepted that such support is pro-
vided by the anchoring filaments (24, 25, 376). Another
requirement is that there is a functional one-way valve
system that will allow fluid uptake during relaxation/
expansion (diastole) and prevent or limit fluid loss during
contraction/compression. Evidence for such a valve sys-
tem in rat cremaster muscle has been found by Schmid-
Schonbein and collaborators (476), who showed that mi-
crospheres (0.31 wm) that had entered the initial lym-
phatic could not be forced back into the interstitium by
elevation of the initial lymphatic pressure by outflow
obstruction. These experiments suggested that the initial
lymphatics have a “primary” valve system at the level of
the interstitium that in conjunction with the classical
“secondary” valve system provide a system facilitating
unidirectional flow during periodic compression and ex-
pansion of the initial lymphatics (476) (FIGURE 5). As
mentioned above, initial lymphatics having overlapping
flaps at borders of endothelial cells that junction at the tip
but are anchored on the sides by discontinuous button-
like junctions (32) could act as the proposed primary
valve system.

If we accept the hydraulic mechanism for initial lymph for-
mation, the question is whether interstitial volume or pres-
sure is the main driving force. As discussed in section IIIC,
these parameters are interrelated in interstitial compliance,
i.e., C; = AV/AP,, making it hard to differentiate between
them. Strong evidence for a major role of V; was found by
Hogan and Unthank in the bat wing (198). A local increase
of V, gave a similar rise in mean P;; and pressure in the initial
lymphatic. Still, in the diastole, there was an increased dia-
stolic filling pressure gradient and increased contraction
frequency and force, observations that can be explained by
volume expansion of the interstitium and increased traction
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FIGURE 8. Effect of cardiac and respiratory activity on interstitial (P;.,) and lymphatic (P, fluid pressure.
A: cardiogenic oscillations of diaphragmatic interstitial (b, P;.) and intraluminar lymphatic pressure (¢, Pyympn),
measured with micropipettes in anesthetized rats under neuromuscular blockade. Both diaphragmatic P, and
Piympn OsCillate almost in phase with systemic arterial pressure (&), shifting from a minimum to a maximum
value during cardiogenic oscillations. [Modified from Negrini et al. (316).] B: simultaneous recording of
respiratory tidal volume (V+, top panel) as well as lymphatic (Py.on; continuous lines) and interstitial (P,
dashed lines) pressures obtained in intercostal lymphatics of supine anesthetized rats during spontaneous
breathing showing a (variable) pressure gradient from the interstitium to the lymphatic. [Modified from

Moriondo et al. (302).]

of the anchoring filaments. Likewise, in the rat tail, chronic
venous stasis, that increased P;; by 14 mmHg although at an
unaltered V;, gave less increase in lymph flow than a
3-mmHg increase in P induced by hypoproteinemia that
increased V; by 45% (2). These observations suggest it is the
lymphatic transmural pressure and not P per se that is the
stimulus for initial lymph formation.

3. Evidence for active regulation of lymph formation

For decades, electron microscopy studies have demon-
strated intracellular vesicles carrying large solutes, lipids,
and particles across lymphatic endothelium (31, 115, 130),
yet the importance of active transport mechanisms in lym-
phatic endothelium remains nearly unexplored. As re-
viewed by Dixon (112), this question may be of particular
interest in relation to lipids, where recent studies in mouse
models have emphasized the importance of the lymphatic
vasculature in lipid homeostasis and our lack of knowledge
on how the lymphatic system is regulated to absorb and
transport lipids. Heterozygous inactivation of Prox1 in
mice suggested that lymph contains adipogenic stimuli and,
moreover, that lymphatic vascular dysfunction may con-
tribute to adult-onset obesity (183). Other studies have
shown the importance of integrin a9 for chyle reabsorp-
tion (39).

Recently, new evidence has been provided for active regu-
lation of transendothelial transport of solutes, lipids, and
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even water across lymphatic capillaries (69, 114, 298),
which will hopefully spur more research on this important
but overlooked aspect of functional lymphatic biology. In a
tissue engineered model of small intestinal lymphatics,
which are responsible for absorbing dietary lipids in the
form of chylomicrons formed by enterocytes, Dixon et al.
(114) used fluorescent lipid tracers with confocal micros-
copy along with transmission electron microscopy to dem-
onstrate the abundant presence of lipid-filled vesicles within
lymphatic endothelial cells that appeared to shuttle across
from the basal to luminal side (FIGURE 9). This apparent
transcytosis mechanism was consistent with the earlier
studies of Azzali et al. (31). Dixon then used this model to
explore the active regulation of such transport, showing for
example that basal-to-apical transport of chylomicrons was
much more efficient than apical-to-basal transport, provid-
ing an alternative mechanism to one-way transport to the
“second valve system”; in other words, one-way transport
from the interstitium to the lymphatic capillary may be
actively regulated in addition to physically regulated by
valves.

In another study of dendritic cell and solute transport across
lymphatic endothelial cells, Miteva et al. (298) demon-
strated the importance of active transport and its regulation
by transmural flow. In vivo, the effective permeability of
lymphatic capillaries was increased in mice exposed to in-
creased flow (via overhydration) for 24 h, reflecting the
likelihood that effective permeability can be actively mod-
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FIGURE 9. Fluorescent lipid particles (green) are transported across lymphatic endothelial cells (LECs]) in
vitro via both paracellular and transcellular pathways. A: maximum projection confocal image of LECs stained
with VE-cadherin (red) show chylomicrons (green) being transported both transcellularly (arrowhead) and
paracellularly (arrow). Bar, 10 um. B: cross-section of a single LEC stained with VE-cadherin (red), showing
transcytosis of chylomicrons (green) across the cell via vesicles in a chainlike fashion. Bar, 2.5 um. C: enlarged
view of the inset marked in A demonstrates chylomicrons (green) traversing through the cell and overlapping
with VE-cadherin (red) as shown from two different perspectives: perpendicular to the imaging plane (/eft) and
parallel to the imaging plane (right). Bar, 5 um. D: transmission electron micrograph of lipid-containing vesicles
(arrow]) transcytosing across the LEC monolayer even in the proximity of an overlapping junction (arrowhead).
Bar, 250 nm. [From Dixon et al. (114), with permission from John Wiley and Sons.].

ulated. In vitro, they found that transmural flow upregu-
lated not only permeability but also aquaporin-2 (298).
Since aquaporin-2 is a highly specific water transporter, this
suggests that even water transport across lymphatic endo-
thelium may be at least partially regulated by active mech-
anisms.

Active mechanisms of interstitial fluid transport across the
lymphatic endothelium may seem unnecessary compared
with passive transport, since lymphatic endothelial cell-cell
junctions are overlapping and apparently extremely permis-
sive. On the other hand, lymphatic endothelial cells are
extremely attenuated, and thus the relative surface area for
intercellular convection may be too small. More impor-
tantly, active mechanisms would allow rapid control over
lymph formation rates without altering lymphatic vessel
integrity, for example, in response to inflammatory cyto-
kines or increased interstitial fluid load following tissue in-
jury, consistent with the enormous capacity of lymphatics
to immediately respond to heightened load during acute
phases of inflammation. It is also consistent with the role of
lymph flow in modulating immunity, which is discussed
below.

The exact mechanisms and relative importance of active

versus passive transendothelial transport remain to be de-
termined, as well as how other cytokines or inflammatory
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signals may modulate these active transport functions of
lymphatic vessels. Further research will hopefully shed
more light on these processes and their potential roles in
modulating immunity.

B. Lymph Propulsion

Having entered the initial noncontractile lymphatic, lymph
is moved towards the valve-containing collecting vessels by
external compression, a pressure gradient (force from be-
hind) or by suction from downstream collecting lymphatics.
A prerequisite for such propulsion is that collapse is pre-
vented by anchoring filaments or by elastic forces in the
vessel wall (25).

When the initial lymph enters the smooth muscle containing
collecting vessels, it is driven centrally through the lym-
phatic bed by phasic coordinated contractions of the lym-
phatic smooth muscle cells. There is an extensive previous
literature on this topic that was summarized in two earlier
reviews in this journal (25, 414). Moreover, during the last
decades, the field of functional and molecular control of
lymphatic contractility has been an area of active research,
and accumulated knowledge has been summarized recently
in several comprehensive reviews (308, 482) and is there-
fore not discussed more extensively here.
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C. Lymph Composition

The question whether lymph is modified in collecting lym-
phatics and lymph nodes is of relevance to decide whether
sampled lymph is representative for free interstitial fluid. It
appears well documented that lymph is modified by passage
through the lymph node, whereas data with respect to pos-
sible changes in the collecting lymphatics are less conclu-
sive.

The data on whether there is fluid and solute exchange in
the collecting lymphatics are diverging, but such diversion
may partly be due to variation in properties of lymphatic
vessels in different vascular beds. Studies from other vascu-
lar beds than the mesentery suggest little or no exchange in
collecting lymphatics. Thus Garlick and Renkin (145)
found complete recovery of fluid volume, dextran, and dex-
trose after perfusion of a segment of a prenodal lymph
vessel isolated from dog paw. Even more convincing are
autoradiographic data from the mouse lung (328) showing
uniform concentration of radiolabeled albumin in differ-
ently sized lymphatic vessels and thus no change in concen-
tration as the lymph flows along the vessel. In line with these
observations are recent data from Ono et al. (344) who
found no exchange of albumin in lymphatic vessels isolated
afferent to the iliac node even at a transmural pressure of 8
c¢cmH, 0. They found, however, that there was some transfer
of sodium fluorescein and dextrans, but this transport was
not related to transmural (filtration) pressure and therefore
most likely representing diffusion down a concentration
gradient, probably not present for native substances. More-
over, since there was no change in albumin concentration
with transmural pressure, it is likely that the hydraulic con-
ductivity and thus fluid exchange of the isolated vessels was
low.

Observations from the mesentery seem to contradict those
of other lymphatic vascular beds. In cat and rabbit intestine,
Hargens and Zweifach (181) found indications that lymph
is concentrated during central passage, with protein con-
centration rising from 1.5 in small terminal (initial) to 2.6
g/dl in larger collecting vessels. These data are also sup-
ported by an increased concentration of macromolecular
dextran passing from upstream to downstream in collecting
lymphatics in rat mesentery (457). Contrasting these find-
ings, in technically demanding experiments, Zawieja and
Barber (532) measured protein concentration in nanoliter
samples of initial lymph sampled from an intestinal villus
and mesenteric collecting lymphatics in rats. Although they
found a slightly lower concentration in superfused com-
pared with oil-covered preparations, there was no differ-
ence between initial and collecting vessels, averaging 2.5
and 2.3 g/dl, respectively, in the oil-covered preparation.
Recently, Scallan and Huxley (411) showed that collecting
lymphatics in rat mesentery had a permeability to albumin
and water similar to that of venules, suggesting that they
could act as exchange vessels and thereby extravasate solute
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and filter fluid provided sufficient net driving pressure. As-
suming that peritoneal fluid was similar in composition to
mesentery IF, they found the average total protein concen-
tration in collecting duct lymph (31.3 mg/ml) to be not
different from peritoneal fluid (32.4 mg/ml). The albumin
concentration and thus colloid osmotic pressure was how-
ever, slightly, but significantly, higher in lymph than in in-
terstitial (peritoneal) fluid, averaging 9.4 and 7.2 cmH, O,
respectively. Taken together, although not conclusive, these
studies from the mesentery indicate that the lymph may be
slightly modified in prenodal vessels. These findings not-
withstanding and as discussed in section VIA, it is still a
question to what extent these data apply to other vascular
beds, and the bulk of data from nonmesentery tissue suggest
that there is no appreciable change in protein concentration
and thus no addition or removal of water along prenodal
collecting lymphatics. Accordingly, with the possible excep-
tion of the mesentery, and even in light of new data, there
seems to be no reason to abandon the generally accepted
view that prenodal lymph is not modified during its passage
to the lymph node and may be considered as representative
for IF (24, 25, 329, 386).

D. Lymph Modification in the Lymph Node

Whereas there appear to be minimal exchange of fluid and
solutes in prenodal lymph, passage through the lymph node
may strongly modify the lymph composition as shown in a
series of studies by Adair and collaborators (reviewed in
Ref. 3). They used a canine popliteal node preparation and
found that water was removed from diluted and added to
concentrated afferent lymph, resulting in more concen-
trated and more diluted efferent lymph, respectively (7).
There was, however, an equilibrium lymph concentration
of ~60% that in plasma where no change occurred between
the efferent and afferent concentrations. A rise in nodal
venous pressure increased efferent flow and reduced protein
concentration (5), whereas increased pressure in the effer-
ent lymphatic increased fluid reabsorption in the node (6).
The change in concentration was due to the transfer of
water except during very high efferent pressures (6). From
these studies they concluded that the protein concentration
in postnodal lymph is changed such as to establish equilib-
rium of the Starling forces acting across the blood-lymph
barrier. Accordingly, the protein concentration in lymph
may be increased or decreased depending on the direction of
fluid transfer.

The obvious implication of these studies is that postnodal
flow rate and protein concentration may deviate signifi-
cantly from that of prenodal lymph and should not be con-
sidered as equivalent to initial lymph and IF. Rare excep-
tions to this rule would be an exceedingly high lymph flow
through the node or that the afferent lymph has “equilib-
rium” concentration of ~60% that of plasma (3).
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Vi. COMPOSITION OF INTERSTITIAL FLUID

In this section we will discuss methods for IF isolation and
their inherent strengths and weaknesses, and moreover how
IF relates to prenodal (afferent) lymph. In light of the pre-
ponderance of data in other organs (with the possible ex-
ception of the mesentery) suggesting that IF and lymph are
similar in composition (see sect. VC), we will here consider
IF and prenodal lymph as equal representatives of the fluid
microenvironment for cells in a tissue. The composition of
IF and lymph in several organs and species have been re-
viewed previously (e.g., Refs. 25, 45, 341, 527). We will
here give an update with respect to composition focusing on
new knowledge regarding signaling substances and what
can be learned about production in individual tissues from
studies of absolute concentrations of substances and tissue-
plasma gradients. It may be important to quantify known
bioactive compounds in the IF since this fluid represents the
microenvironment for most bodily cells. Moreover, numer-
ous growth factors and cytokines are associated with and
are sequestered in the ECM (e.g., Refs. 125,131, 134, 209)
that serve as a reservoir for freely diffusible bioactive mol-
ecules available to tissue cells by proteolytic cleavage (131,
201). There may accordingly be microenvironmental post-
translational activation processes, and to be able to under-
stand biological processes, it may be necessary to monitor
substances in the compartment where they are biologically
active, i.e., in the IF, rather than at the gene level. In support
of such an assumption are studies by Garvin and Dabrosin
(146) who observed that although estradiol and the antian-
drogen tamoxifen increased mRNA and intracellular VEGF
protein, the secreted VEGF to the extracellular phase and
thereby angiogenesis was decreased by tamoxifen. We will
first discuss IF in inflammatory conditions in experimental
animals and humans and then specifically address the IF
composition in tumors. The composition of IF with respect
to plasma proteins and COP;; are considered when discuss-
ing the respective techniques.

A. Techniques for IF Isolation

To quantify one of the determinants of the transcapillary
fluid transport, the IF protein concentration, and thus
COP;y, it is imperative to have the appropriate methodolo-
gies that provide representative native IF. IF may, however,
not be readily accessible, and therefore various techniques
have been developed for fluid isolation. Although access to
native fluid is required for COP;; determination, other sub-
stances may also affect filtration, e.g., cytokines, and we
will therefore also discuss techniques that are used for sam-
pling of derived IF, notably microdialysis. We will classify
the techniques according to whether the isolated fluid is
native or derived fluid, and will first describe methods for
native (sect. VIA, 1-7) and then derived fluid sampling (sect.
VIA, 8-11). The special characteristics of the tumor inter-
stitium, e.g., the high vascularity and cellularity, result in
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special challenges when trying to gain access to the tumor IF
as recently emphasized by one of us (514) and will therefore
be addressed separately.

1. Lymph

Even though initial lymph cannot be defined as IF per se, it
may be representative of true IF and is because of that fact
discussed here. Previously, there have been vigorous discus-
sions on whether the initial lymph is similar to IF and
whether it is modified prior to reaching the lymph nodes
(for review, see Refs. 24, 25, 329).

Previous direct comparisons between lymph and IF sampled
with other techniques (127, 461, 484) suggest that the pro-
tein concentration and composition in IF and prenodal
lymph is similar in steady-state conditions. This assumption
is valid only if there are no changes in lymph protein con-
centration in prenodal lymphatics, and here the data are
conflicting, as discussed in more detail in section VC. Re-
cent studies from the mesentery suggesting that the lymph
may be slightly modified in prenodal vessels (411) may
question the use of prenodal lymph as representative for IF.
Still, the mesentery is a highly specialized vascular bed, and
until more data are available from other tissues than the
mesentery, we may accept that prenodal lymph is represen-
tative for true IF (at least during steady-state conditions)
and moreover that lymph measurements provide a good
estimate for the concentration of a macromolecule of inter-
est in its available space in the tissue. The only time, how-
ever, we can be certain that lymph is representative of true
IF are those conditions where the sampling is made directly
from the organ, e.g., skin (42), muscle (41), intestine (157),
and lung (355).

The protein concentration in lymph is ~50% of that in
plasma in skin and muscle (25), whereas for lung and spleen
this ratio is significantly higher, ~0.65 (462) and ~0.9
(237, 421), respectively. An extensive review on the com-
position of lymph, especially relative to plasma, was given
by Yoffey and Courtice (527) four decades ago and is still
useful as a reference.

Lymphatics may not be cannulated in tumors, making
lymph sampling inapplicable in this tissue.

2. Wick techniques

The wick technique was developed by Aukland and co-
workers to allow simple and direct sampling of IF (21, 128).
In the original version of the method, saline-soaked wicks
were inserted into skin and muscle (22) using a needle.
These authors also showed that the insertion resulted in an
inflammatory reaction that was later avoided by perform-
ing experiments in rats after arresting the circulation (249,
499) in skin and combined with catheters for muscle im-
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plantation (284, 511). In peritoneum, where pressures de-
termining fluid flux are of special interest due to the impor-
tance for determining fluid exchange in peritoneal dialysis,
COP;; was 60% of that in plasma in the control situation,
falling to 28% after a 4-h peritoneal dialysis dwell (394).
Moreover, the wick method has been applied successfully in
the perivascular and peribronchial space in rabbit lungs
(317).

As for several normal tissues, wicks have also been used in
solid tumors to isolate IF. Stohrer et al. (439) implanted
saline-soaked wicks either acutely into established tumors
(“acute” wicks) or simultaneously with tumor implantation
(“chronic” wicks). They evaluated the effect of acute and
chronic insertion but also the effect of both implantation
time and tumor type, and concluded that acute wick im-
plantation requires a long time for equilibration (i.e., >120
min) and that chronic wicks should be preferred because
then potential problems associated with bleeding and cellu-
lar damage are avoided. As pointed out by the Stohrer et al.
(439), cellular proteins deriving from necrotic cells or cells
disrupted during wick removal may enter the wick fluid and
cause a higher protein concentration (and thus higher
COP).

3. Pipettes

Whereas it is possible to drain fluid from edematous tissue
by inserting a needle, fluid will not drain from a needle
located in normally hydrated tissue. Nanoliter volumes
have been isolated from euhydrated skin by applying suc-
tion to a micropipette (176). Later studies have shown that
this fluid has a protein composition similar to that of preno-
dal lymph (399) and implanted wicks (398), suggesting that
this is a technique that can be applied for studies of IF,
although it has apparently not been used during the last
decades.

Somewhat larger glass capillaries have also been used for
sampling of IF in tumors, as initially described by Sylven
and Bois (453). Admixture of fluid from the normal tissue
surroundings, plasma and intracellular fluid that results
from the cell damage by the sampling procedure are main
disadvantages with this method that has not been used the
last decades.

4. Catheters

Applying suction to empty wick catheters can also be used
for isolation of IF (179). This method has been compared
with the saline-soaked wick technique in human subcutis.
Whereas the two techniques corresponded well when a low
suction pressure was used, a pressure >10 mmHg lowered
the COP, suggesting that the composition of the fluid was
sensitive to suction pressure (330).
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5. Implanted capsules

Another device that can be used for IF isolation is the per-
forated Guyton capsule (169). During steady-state condi-
tions, fluid isolated from the lumen of capsules implanted
subcutaneously in dogs had a COP of 8.4 mmHg (507), not
different from that of wick fluid averaging 8.2 mmHg (506).
These and lymph data (461) suggest that capsule fluid
reaches a steady state with respect to composition of IF.
This will, as pointed out by others (24), not be the case
during perturbation of fluid balance. Although potentially
useful, this technique has not been used during the last
decades.

Gullino et al. (164) described a modified version of the
Guyton capsule for sampling of tumor IF, and this tech-
nique has been pivotal in providing knowledge on the inter-
stitial fluid phase in tumors. Although there are potential
problems associated with the method (219), a main advan-
tage is that fluid can be harvested for longer periods, e.g., to
follow effects of therapy. One aspect that has not received
much attention is that fluid was drained from the chambers
to the atmosphere, and that a positive pressure of 8-16
mmHg was needed to stop the drainage. This means that
the fluid drained to a lower pressure creating hyperfiltration
that may again lead to sieving of macromolecules and a
lowered tumor fluid protein concentration. One obvious
problem is the inflammatory reaction and subsequent scar-
ring that is induced by chamber insertion. Based on com-
parison of capsule and wick fluid in dogs, however (507), it
is likely that the fluid reflects true tumor interstitial fluid in
steady-state (nonfiltering) conditions, whereas this will not
be the case during perturbations as described for the Guy-
ton capsule above.

6. Suction blister technique

The suction blister technique, originally described by Ki-
istala (244), was developed as a way to separate epidermis
from dermis and to study the pathogenesis of blister forma-
tion in human skin, but has frequently been applied to iso-
late IF from skin. With this technique, a hollow cup with
typical diameter 20 mm with 5-mm bores is placed on the
skin, and a negative pressure of 100—200 mmHg is applied.
Fluid (~20 wl) can then be collected after 60—90 min. Re-
cently, a variety of the technique was presented where mi-
cropores are made in the skin using a laser to allow mobi-
lization of fluid when suction is applied in the next step
(419). The traditional suction blister technique has been
used widely for IF isolation in human skin, and isolated
fluid has been found to have an electrolyte composition
similar to serum (481), whereas the ratio of albumin in
blister fluid relative to serum has ranged from 0.3 (480)
through 0.40 (200) to 0.5 (435), and an inverse relation
between blister fluid/serum ratio and molecular weight
(480).
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Clearly, the negative pressure will create hyperfiltration,
and the blister formation induces an inflammatory reaction
evidenced by high levels of the proinflammatory cytokines
IL-6, IL-8, and RANTES in control blister fluid (537); re-
lease of neural and vascular peptides in human skin (162);
and increased migration of Langerhans cells from epidermis
(108), elements that will all contribute to increased protein
permeability. There are hence factors that may influence the
blister fluid protein concentration in opposite directions
and moreover its composition, e.g., with respect to media-
tors, and it is doubtful whether samples will be representa-
tive for IF at least regarding composition of proteins. This is
particularly important if the method is used to sample fluid
for identification of protein biomarkers from the presumed
extracellular fluid phase in skin (e.g., Ref. 248; see sect.
VIE) as well as for estimating COP;;.

7. Tissue centrifugation

An alternative method to isolate native interstitial fluid that
has gained increased use during the last years is to expose
excised tissue to an increased G-force by centrifugation,
first introduced by Aukland et al. (23) in rat tail tendon.
Later, Wiig (492) exposed cornea to increased G-force and
found that the COP of the isolated fluid was strongly de-
pendent on G-force in such a way that the COP fell dramat-
ically upon increasing the G-force.

In a later study designed to evaluate whether IF could be
isolated from solid tumors by centrifugation that will be

Interstitial fluid  Intracellular fluid

discussed in more detail below, skin from rats was used as a
“control” tissue (494). On the basis of extracellular tracer
experiments and a HPLC pattern of the isolated fluid simi-
lar to that of dry wicks implanted post mortem, it was
concluded that exposure of skin to G =424 g gave fluid
representative for undisturbed IF. Skin COP;; determined
with this method averaged 13.8 mmHg in rats with COP_ of
23 mmHg. This method has later been used for several
organs where the IF because of lack of available other meth-
ods has been difficult to access, like bone marrow (495),
dental pulp (55), trachea (420), and salivary gland (47).

Recently, centrifugation was added to the armamentarium
of methods for IF isolation in tumors (494). This might
seem surprising considering that tumors are cell rich and
richly vascularized, in contrast to cornea (492) and tail
tendon (20, 28), where the technique had been used initially
at that time. On the other hand, the two latter tissues are
both rich in collagen, which may restrict the removal of
macromolecules when high G-forces are applied. Tumor
tissue has at least an order of magnitude higher hydraulic
conductivity than cornea (219, 447) that will facilitate fluid
removal by centrifugation. Wiig et al. (494) used the extra-
cellular tracer *'Cr-EDTA as a probe to show possible
“contamination” of cellular fluid. Tumor cell fluid addition
to the centrifuged volume should thus show up as a reduced
>ICr-EDTA concentration in the centrifugate relative to
plasma (FIGURE 10). An observed ratio in peripheral tumor
not significantly different from 1.0 for G =424 suggested no
dilution of extracellular fluid, whereas the gradual reduc-

1.2 7 Tumor N
Skin

1.0

T T T *
T *
0.8
T
0.6
0.4
0.2
0.0 -

27-68xg 106xg 424xg 1700xg 6800xg

51Cr-EDTA centrifugate / 51Cr-EDTA plasma O

FIGURE 10. Determination of possible contamination of interstitial fluid. A: a tracer that does not pass
intracellularly is equilibrated in the extracellular fluid phase. B: if undiluted interstitial fluid (IF) is isolated, the
concentration in IF and plasma (P) will be equal, i.e., IF/P = 1.0. If, however, intracellular fluid (with dissolved
proteins) not containing tracer is added to the interstitial fluid during the isolation process (e.g., centrifugation),
the IF will become diluted and as a consequence IF/P <1.0. C: tissue-to-plasma distribution ratios (IF/P) of the
extracellular tracer 5'Cr-ethylenediaminetetraacetic acid (EDTA) as a function of G-force for interstitial fluid
isolated by centrifugation from intact tumor and skin (=SE). For g < 424, the IF/P ratio was not significantly
different from 1.0, suggesting negligible dilution and thus contamination of IF. AnIF/P <1.0for g> 424 (*P <
0.05 for tumor as well as skin) suggested contamination of IF with intracellular water and proteins. [From Wiig

et al. (514).]
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tion of this ratio when exposing the tissue to higher G-
forces indicated an increasing dilution probably due to ex-
trusion of cellular fluid and/or cell damage. Tumor fluid had
an average COP of 16.6 mmHg, compared with 13.8 and
20.5 mmHg in skin and plasma, respectively (494).

Whereas only one model was evaluated initially, the proce-
dure has later been found suitable for IF isolation in other
tumor models (85, 405) and has been translated for use in
human ovarian carcinomas, where the origin of the fluid
was verified using Na® and creatinine as extracellular
markers (184). In these tumors, the COP;; averaged 24
mmHg that was 79% of the corresponding pressure in
plasma.

8. Microdialysis

Microdialysis is a frequently used method for sampling of
endogenous and exogenous substances from the extracellu-
lar space, especially in the brain (e.g., Refs. 84, 268, 467),
but also in other organs like muscle (e.g., Ref. 247) and in

skin (e.g., Ref. 89). The sampling technique is based on the
passive diffusion of substances across a semipermeable
membrane. It has mainly been used for sampling of small
molecular species. An extensive review on theoretical prin-
ciples, available methods for estimating extracellular con-
centrations, and the various factors that affect in vivo rela-
tive recovery have recently been provided by Chefer et al.
(84). During the last years the method has also been applied
to study peptides and proteins dissolved in the IF (for recent
reviews, see Refs. 18, 88). As pointed out by Clough (88),
however, as a consequence of various physical restraints,
the recovery of macromolecules in the dialysate may be very
low (~1%), and it is therefore unlikely that the dialysate
provides a representative concentration for the IF. Various
techniques have been applied to enhance the recovery, like
antibody-immobilized microspheres (17), heparin-immobi-
lized microspheres (118), or adding albumin, modified
starches, or lipids to the probe perfusate (reviewed in Ref.
88). Even though these modifications have increased the in
vitro recovery, the effect in vivo is not well established. As
pointed out by Stenken et al. (437), there are several caution-
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FIGURE 11. Cytokine recovery using 3,000-kDa molecular mass cutoff dialysis probes from 17 healthy
volunteers with a positive skin prick test at two sites before and after intradermal injection of either allergen or
saline control. The periods of dialysate collection were as follows: baseline, the 30-min period immediately
before injection of allergen or saline (control); 30 min, the 30-min period immediately following injection of
allergen or saline; 3 h, 3-3.5 h after injection of allergen or saline; and 6 h, 6-6.5 h after injection of allergen
or saline. Bars represent median values. Insertion of the microdialysis probe results in increased levels of IL-6
and IL-8 also in control subjects injected with saline. [From Stenken et al. (437), copyright 2008 American

Association of Pharmaceutical Scientists.]
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ary notes in relation to tissue injury when using this technique
for cytokine collection. Notably, an inflammatory reaction or
wounding response is induced by implantation of the device,
as shown in FIGURE 11. This is of course a special problem
when investigating inflammatory responses, as shown in a
study on temporal and spatial generation of cytokines in
allergen-induced responses in human skin in vivo (89).
Thus, although a significant increase in the level of several
cytokines were observed in the challenged site, most pro-
nounced for IL-6 and IL-8, there was also an increase in the
control site (FIGURE 11), which is important to consider
when interpreting the results (437). Similarly, Clausen et al.
(87) found a severalfold increase in the proinflammatory
cytokines interleukin (IL)-18, IL-6, IL-8, MCP-1, and tu-
mor necrosis factor (TNF)-a during the first days of a 4-day
subcutaneous large-pore microdialysis.

The microdialysis technique has been applied extensively
also in tumors including those in the brain (for recent re-
views, see Refs. 44, 62,72, 86, 98-100, 534), and there has
been an increased interest in using the technique for studies
of pharmacokinetics and pharmacodynamics in tumors
(72,86, 535). In more recent work the method has also been
applied in investigations of peptides and proteins dissolved
in the interstitial fluid (43, 523).

9. Capillary ultrafiltration

Ultrafiltration is a technique traditionally used for separa-
tion or purification of chemicals. More recently, however,
this method has also been applied to sample tissue fluid in
vivo by implanting capillary ultrafiltration probes (re-
viewed in Ref. 261). Negative pressure is the driving force
for sampling, and accordingly, fluid and solutes are re-
moved from the interstitium by bulk flow. The characteris-
tics of the semipermeable membrane used will affect the size
of molecules that are allowed in the ultrafiltrate sample. For
small molecules, the recovery is (as for microdialysis) close
to 100% (261, 272), whereas the observed in vitro recovery
for albumin has been 74-100% depending on dialysis time
(415), indicating that ultrafiltration can be used for sam-
pling of macromolecules. To better allow for sampling of
interstitial proteins, membranes with a molecular mass cut-
off of 400 kDa have been used, and tissue fluid has been
collected from ear (206) and abdominal skin (205) in mice
using this approach, yielding protein concentrations of 100
and 8.6 ug/ml, respectively.

Although the in vitro data suggest that the protein recovery
is high and severalfold that of microdialysis (415), the pro-
tein concentration in the fluid sampled fluid is, however,
1/300 or less of the interstitial fluid concentration as esti-
mated from COP;; in mouse subcutaneous wick fluid (284,
439) and the Landis-Pappenheimer equation for relation-
ship between plasma protein concentration and COP (255).
A likely explanation for this finding is that the negative
pressure used during the ultrafiltration induces an increased

1032

capillary filtration, resulting in sieving of proteins at the
capillary membrane, in the tissue, or at the tissue-mem-
brane interface.

The capillary ultrafiltration technique has also been used
for fibrosarcomas in mice (204), but the protein concentra-
tion is <1/2,000 of interstitial fluid in other tumors in mice

(439) calculated as described above (255), and the explana-
tion is again probably sieving at the capillary wall.

10. Tissue elution

Recently, tissue elution was proposed as a method to access
the interstitial fluid phase of tumors (80), and later of fat
tissue (81). With this method clean, fresh biopsies are cut
into small pieces (1-3 mm?), washed carefully, and placed
in tubes containing phosphate-buffered saline. After incu-
bation or elution for 1 h followed by centrifugation, the
supernatant is collected and named IF. In the tumor study,
they found that the IF contained some major serum proteins
as might be expected, but that its overall protein profile was
remarkably different from that of serum (80).

Clearly, fluid isolated this way will be dilute but may oth-
erwise reflect the interstitial fluid phase. A potential prob-
lem is that dividing cell-rich tissues like tumors into small
pieces will result in sectioning of a substantial fraction of
cells resulting in addition of cell fluid to the eluate. This fact
has consequences for the use of this method to measure,
e.g., interstitial fluid protein concentration, and in search
for proteins that are specific for the interstitial fluid phase.

11. Other methods

There are methods that have been used to determine COP;;
directly without the need to isolate interstitial fluid. These
are tissue osmometry (66) or implanted colloid osmometers
(377,441). None of these devices appears to have been used
the last decades.

12. Summary of methods for isolating IF

In TABLE 5, we have summarized features with the various
techniques used to access IF in selected normal tissues and
tumors, elements that should be considered when planning
experiments and interpreting data in this area. If the aim is
isolation of native IF, isolation of prenodal lymph is a good
alternative in many organs if this option is possible, even
considering the recent observations related to possible mod-
ification of prenodal lymph (411). Wick implantation may
also give representative samples if the inflammation can be
controlled either by arresting the circulation or allowing
sufficient time for the inflammatory reaction to subside.
This also applies to implanted devices like capsules, al-
though several weeks are needed for the inflammatory re-
action to wear off, also taking into consideration that the
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dynamic response is very slow because the capsule fluid is
sequestered in the tissue. Even though the suction blister
technique is convenient and may be used in vivo and also in
humans, the influence of inflammation and hyperfiltration
should be bore in mind when interpreting the results. Tissue
centrifugation has been validated as a method for isolation
of native IF in several organs, including tumors, and may
serve as a reference method if applicable. For tumors, blood
contamination and cellular damage represent special chal-
lenges in relation to in vivo sampling with glass capillaries
and wicks. This problem can at least partially be remedied
by implanting wicks chronically.

If native fluid isolation is not a requirement, microdialysis
and capillary ultrafiltration may represent alternatives al-
lowing in vivo and repeated sampling to monitor dynamic
responses. The techniques may reflect the concentration of
small molecules in the IF, whereas the recovery may be
reduced with increasing molecular size and be especially
low for macromolecules. Full recovery may be achieved by
tissue elution, but with that technique intracellular content
may add to the eluted fluid.

B. The IF in Inflammation
1. Animal studies

By isolating native IF in small experimental animals, it has
been possible to assess the quantitative importance of local
production of inflammatory mediators in various organs
and thereby get a better quantitative understanding of the
mechanisms involved in inflammatory processes occurring
at the tissue level. A central element in such considerations
is to determine the ratio between the concentration in IF
and serum/plasma, since any solute transported across the
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microvasculature from plasma will be present in a lower
concentration in IF (and thus afferent lymph) than in
plasma (96, 294). An IF/plasma ratio >1 will thus show
local production.

After isolation of IF by centrifugation of rat skin, Nedrebe
et al. (314) were able to demonstrate a differential response
of two proinflammatory cytokines during endotoxemia and
ischemia-reperfusion (I/R). Whereas the concentration of
IL-1p increased dramatically in interstitial fluid upon lipo-
polysaccharide (LPS) stimulation, averaging close to 300
times that of serum 30 min after LPS injection, the corre-
sponding concentration ratio for TNF-a was ~0.1, clearly
showing that the IL-18 was produced locally whereas there
was a strong gradient from plasma to interstitium of TNF-«
(FIGURE 12). In I/R, both of these cytokines were produced
locally in skin, although the increase in IL-18 was less
prominent in endotoxemia. Immunohistochemistry sug-
gested that the sources of IL-18 were cells in epidermis and
around hair follicles as well as fibroblast-like cells in the
interstitium. Interestingly, by applying the observed con-
centrations directly to subcutis, the authors were able to
elicit a reduction in P;¢ shown to induce fluid flux and edema
formation in endotoxemia (312) and I/R (313), strongly
suggesting a mechanistic role of these cytokines in the in-
flammatory edema formation.

A differential cytokine response in serum and IF was also
found in the rat dental pulp, where LPS-induced inflamma-
tion resulted in IL-1« and IL-1B IF concentrations up to 11
times that of serum, whereas other proinflammatory cyto-
kines, notably interferon (IFN)-v, were higher in serum and
thus derived from other tissues (55). The observed response
was interpreted as being the result of a high abundance of
macrophages in the normal dental pulp (337) that were
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FIGURE 12. Ratio of skin interstitial fluid and serum concentrations in endotoxemia. A: ratio of concentration
of TNF-a and IL-1 8 in interstitial fluid over serum in early (30 min, black bar) and late (210 min, gray bar) phase
of the endotoxemia. B: ratio of concentration of TNF-a and IL-1 8 in interstitial fluid over serum in early (3 min,
black bar) and late (20 min, gray bar) phase of ischemia-reperfusion injury. Early phase of IL-18 is missing due
to undetectable amounts in serum. Data are means + SE. [From Nedrebo et al. (314).]
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activated by the LPS stimulation and known to be the major
source of IL-1 (55). As suggested by the authors, the high
local concentration of IL-1 (and TNF-a) relative to serum
may actually induce a pain and illness response via a neural
route during development of pulpitis, an assumption sup-
ported by the finding of IL-1 receptor on sensory nerves in
the pulp (56). One might expect that the high local produc-
tion of proinflammatory cytokines should result in in-
creased capillary permeability and edema formation (e.g.,
Refs. 101, 285, 490), but the V, was unaltered after LPS in
the pulp as well as trachea (420) and skeletal muscle (61)
having comparable cytokine patterns. A lack of edema for-
mation is likely a result of a reduced blood pressure and
blood flow as observed in the dental pulp (55), since cyto-
kine-induced increased capillary permeability is insufficient
to cause edema unless capillary pressure is elevated (143).

2. Human studies

Much of the accumulated data on the assumed composition
of the IF phase derives from studies on thoracic duct lymph
(reviewed in Ref. 527), thereby representing most organs of
the body. More recent knowledge on composition of the
microenvironment in skin is from studies of afferent lymph
in the leg, a technique that was pioneered by Engeset and
Olszewski (124, 340). In a review based on many years
work in the field, Olszewski (341) has summarized data on
normal afferent leg lymph plasma protein and cytokine con-
centrations as well as cellular content. The total protein
concentration is highly variable, ranging from 0.1 to 0.39
relative to serum, depending on capillary filtration rate,
activity, and positions of the limb. Of note, normal leg
lymph contains severalfold higher concentration of many
proinflammatory cytokines, showing local production in
uninflamed skin and likely reflecting an immune alert situ-
ation (341).

By sampling lymph draining inflamed joints, Olszewski et
al. (343) have also provided insight into the mediators in-
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volved in the inflammatory process occurring in rheuma-
toid arthritis. Although several protein fractions, including
IgM and IgG, were significantly increased compared with
control, their lymph/serum (L/S) ratio was unchanged and
remained <1 and was thus likely a consequence of an in-
creased plasma concentration and not local production. In
contrast, cytokine and chemokine levels in lymph draining
the inflamed joints and foot connective tissue of rheumatoid
arthritis patients exceeded those of plasma severalfold,
showing a local production by cells in the synovium and
affected tissue in the drainage area. Observing that gluco-
corticoids rapidly decreased lymph but not serum concen-
trations further supported the notion of local cytokine pro-
duction (343) (FIGURE 13) and emphasizing the importance
of studying disease processes at the local level.

Analysis of human prenodal lymph has also provided new
knowledge on lipoprotein metabolism, as pioneered by
Reichl and collaborators (reviewed in Ref. 383) and more
recently by Miller et al. The latter group verified what had
been suggested by Reichl et al. that lipoproteins and lipids
in lymph did not correlate well with concentrations in
plasma (310) amounting to ~10% of the plasma level.
Moreover, they were able to show that high-density lipo-
proteins undergo extensive remodeling and acquire choles-
terol in human tissue fluid (311). In this context, we might
consider that interstitial lipid accumulation seems to nega-
tively affect lymphatic function, as suggested by recent ex-
periments in apolipoprotein E-deficient (apoE™'") mice
(270). ApoE™'~ mice fed a high-fat diet had substantial
lipid accumulation in the interstitium, edema of the paw
and tail, hyperplastic initial lymph vessels, and reduced
lymphatic conductance. The reduced conductance due to
interstitial lipids may thus be part of a vicious circle that will
aggravate the lipid accumulation.

Recently, Miller et al. (295) studied how peptides secreted
by adipose tissue (adipokines) enter the systemic circulation
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Lower leg lymph (solid lines) and serum (broken lines) cytokine levels of two patients with

rheumatoid arthritis [named patient 1 (e) and patient 2 (A)] before (time O) and after intravenous infusion of

1.0 g methylprednisolone. A: arithmetic scale. B: logarithmic scale. A substantial decrease occurred in lymph
concentrations, but not in serum concentrations, of interleukin-1g (IL 18), tumor necrosis factor-a (TNF-a),

IL-10, IL-1 receptor antagonist (IL 1Ra), and IL-6. Only a small effect of methylprednisolone on IL-15 concen-
tration was recorded. [From Olszewski et al. (343), with permission from John Wiley and Sons. ]
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and their production rate. They used nonsecreted proteins
to derive indexes of vascular permeability and thus to esti-
mate the fraction of adipokines leaving via capillaries, and
lymph adipokine concentrations and flow to measure
lymph flux. With the exception of adiponectin, adipokine
concentrations were always higher in lymph than in plasma,
showing local production in the tissue drained. Surpris-
ingly, the average concentration of IL-6 in normal lymph
was ~40 times that reported in normal subjects in other
studies from some of the contributing authors using the
same approach, and even ~6 times higher than in lymph
draining joints affected by rheumatoid arthritis (341, 343).
Still, the other cytokines were within normal range, suggest-
ing that local inflammation, which one might suspect from
the high level of IL-6, was not a problem. Since the cannu-
lated vessel drains superficial tissues of the foot and ankle
(310), the origin of the sampled lymph is mixed and not
adipose tissue only, but clearly some adipose tissue was
drained since there were higher concentrations in lymph of
glycerol and leptin, substances produced specifically by adi-
pocytes (295). Based on current pore theory, they were able
to predict that the proportion of an adipokine transported
via lymph was directly related to its molecular radius, in-
creasing from 14 to 100% as radius increased from 1.18 nm
for IL-8 to 3.24 for TNF-a (FIGURE 14), the latter approach-
ing the size of albumin (3.56 nm). The observed partitioning
between lymph and plasma may have functional impor-
tance and influence the biological effect of secreted sub-
stances, also applying to other tissues secreting peptides.
Moreover, accepting that prenodal lymph is representative
for IF, the study also delineates actual concentrations that
the various cell types in adipose tissue (and in other tissues
in the drainage area) as well as draining lymph nodes are
exposed to.
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FIGURE 14. Relation between molecular radius and percentage
transport via lymph for six adipokines. Values for percentage trans-
port via lymph were calculated from the mean values for lymphatic
and total transport. Spearman rank correlation coefficient = 0.94,
P = 0.025. [From Miller et al. (295), with permission.]
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Collectively, these studies on IF and lymph in experimental
animals and humans show that the quantification of sub-
stances and mediators in plasma/serum does not give a rep-
resentative picture of concomitant conditions in the inter-
stitium and accordingly that tissue fluid may have to be used
to investigate processes occurring in the local microenviron-
ment.

C. IF in Lymphedema

Lymphedema, i.e., IF accumulation due to insufficient
lymph drainage, may affect the composition of the intersti-
tial fluid, and further analysis of such fluid may add to
knowledge on the pathomechanisms of the condition. Since
the removal of filtered proteins is impeded, one might ex-
pect an accumulation of plasma proteins in the IF, which
was already suggested by Drinker et al. (117) after inducing
a chronic lymphatic obstruction in dogs. A rise in lymph
protein concentration was, however, not observed in dogs
with chronic limb lymphedema even after 6 yr of duration,
where the lymph protein concentration averaged 37 and
34% of that in serum in lymph on the lymphedema and
control side, respectively (339). In early studies in primary
lymphedema patients, Taylor et al. (463) found that pro-
tein concentration in lymphedema fluid increased with
the severity of the disease, from 2.5 g/dl in moderate to
3.2 g/dl in severe cases, agreeing with the protein concen-
tration range of 2.1-3.6 g/dl in primary lymphedema
fluid observed by Crockett (94). The latter data corre-
spond to a range in COP;; of 5.2-10 mmHg according to
the Landis-Pappenheimer equation (255), i.e., rather low
compared with what has been obtained with the wick tech-
nique in the lower leg of 11.1 mmHg in normal humans
(331) and suggesting that COP;; in lymphedema is not in-
creased. Interestingly, whereas primary lymphedema pa-
tients had a similar protein concentration in afferent lymph
as normals (28 and 24 % of serum, respectively), the lymph/
serum ratio in patients with obstructive lymphatic disease
was doubled (53%) (339), suggesting that the pathogenic
mechanism may affect the composition of the IF and lymph.
Still, there may also be species variation, as indicated by a
significantly higher COP;¢in hindlimb skin that was 87% of
serum in the Chy mouse model of primary lymphedema,
with a corresponding value of 75 % in wild-type mice (232).
Similar data were found in K14-VEGFR3-Ig mice (C.E.
Markus, T.V. Karlsen, &.S. Svendsen, K. Alitalo, and H.
Wiig, unpublished data), another model of primary lymph-
edema (281).

More recent data from obstructive/secondary lymphedema
in humans indicate, contrary to expectations, that the pro-
tein centration and COP;; is not increased but may rather be
reduced. In postsurgical and postinflammatory edema, Ol-
szewski (342) found lower leg afferent lymph protein con-
centration similar to that of controls. Much to their sur-
prise, Bates et al. (36) observed a lower COP;; in postmas-
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tectomy lymphedema fluid isolated by wicks of 14.1 mmHg
compared with wick fluid from the normal arm of 15.7
mmHg, and that there was a negative correlation between
edema fluid COP;; and the percentage increase in arm vol-
ume. They proposed that a rise in capillary pressure might
explain their results. The same group has, however, in a
more recent study shown that lymphatic pump failure may
contribute to the swelling (301) and thus a reduced protein
concentration and COP;; in secondary lymphedema.

Reference
Nos
164, 166
190
220
191
195
478

Lactic Acid, mg/|
Plasma
514

TIF
=+

The pathogenetic role of inflammation in lymphedema is
debated, and a widely held view is that high interstitial
protein concentration induces an inflammatory reaction re-
sulting in fibrosis and tissue degeneration (e.g., Refs. 12,
388). This question might be addressed by assessing inflam-
matory markers in lymphedema interstitial fluid. In support
of such a role, Olszewski (342) observed a moderately in-
creased level of IL-18 and strongly increased IL-6 in afferent
lymph draining a limb with secondary lymphedema. In con-
trast, there was no increase in proinflammatory cytokines in
IF in the Chy primary lymphedema model in young mice
(3—4 mo) (232) and rather a reduction in proinflammatory
cytokines in the K14-VEGFR3-Ig primary lymphedema
model (Markhus et al., unpublished data). Since these two
latter models as discussed above both have a high COP,,
cytokine data suggest that a high IF concentration per se
does not result in inflammation and that alternative mech-
anisms are required.

20 = 1.2

12

pH
SIF Plasma (arterial)

TIF
6.85 = 0.05
6.98 = 0.13

7.044 = 0.044 7.341 £0.30 7.313 =0.041
7.30 = 0.11
7.04 = 0.02

D. IF in Tumors

e
<10
<10

1. Fluid composition

Composition of interstitial fluid in tumors

Plasma
31 =1
8.3

Although the functional importance the tumor IF for the
understanding of tumor biology has been acknowledged
(e.g., Refs. 139, 514), there are surprisingly few studies
addressing this topic specifically. We will therefore include
some old data in the discussion before we turn to new
developments. Our focus is analyses on native IF that may
serve as a reference for the noninvasive methodologies that
are emerging in this area.

Table 6.
Pco,, mmHg
SIF
50 = 2

TIF
796
76879

In TABLE 6, we have summarized examples of data on some
characteristics of tumor IF. When compared with plasma
and subcutaneous IF, tumor IF has high H*, CO,, and
lactic acid and low glucose and O,. In rats, the pH of the
tumor IF has also been found to be related to tumor size,
decreasing linearly from pH 7.3 to 6.2 with increasing tu-
mor mass up to 50 g (220), the Pco, 16-39 mmHg higher,
and the concentration of bicarbonate 4—6 mM higher when
compared with afferent plasma. Gullino et al. (164) also
assessed Na™, K, and Cl™ in tumor IF and found the
composition to be not different from serum except for a few
instances where Na™ was increased, but this change was
“neither constant nor significant,” suggesting that the ionic
composition of tumor IF is similar to plasma.

10

8.3+1.6
<10
<

Po,, mmHg
IF

Host
Rat
Mouse
Rat
Mouse
Human
Human

adenocarcinoma

(LS174T)
Cervical cancer

lung fibroblasts
Various

Carcinoma (Walker

256)

Colon

256)
Chinese hamster

Tumor Type
Carcinoma (Walker

TIF, tumor interstitial fluid; SIF, subcutaneous interstitial fluid. If no value is given, value was not determined.
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In light of the invasive character of malignant tumors, it is
also of interest to study activities of proteolytic and lysozy-
mal enzymes in IF. A generally increased activity of such
enzymes has been found (167, 453, 454). Furthermore, an
increased hyaluronidase activity has been observed (132,
133) that could explain the lower concentration of hyalu-
ronan in tumor compared with subcutaneous IF.

During the last years data have emerged regarding the mac-
romolecular composition and COP;; and thus of impor-
tance for our understanding of transcapillary fluid ex-
change in tumors. Although tumor vessels are known to be
highly permeable for water and proteins (e.g., Refs. 119,
142, 187, 422 and references therein) suggesting a low o
and thus a low, if any, COP gradient between interstitial
fluid and plasma, exact knowledge of this parameter is im-
portant for understanding transcapillary fluid transport in
tumors. Whereas there are numerous studies addressing tu-
mor P (for review, see Ref. 187 and sect. IVE), data on
COP;; in tumors are more scarce (TABLE 7). Most extensive
are studies by Stohrer et al. (439), who measured COP;; in
four different human tumor xenografts in mice after im-
planting wicks. With “chronic” wicks inserted at the time of
tumor implantation (see sect. I[IIC2), they found a generally
higher COP than in subcutaneous tissue. COP;; was not
significantly different from plasma (or actually tended to be
higher) in three out of four tumor types, while in a colon
adenocarcinoma (LS174T) the COP;; was 82% of that in
plasma and significantly higher than in subcutaneous IF,
which amounted to 41% of the plasma value. More re-
cently, Wiig and co-workers found a tumor IF/plasma COP
ratio of 0.75-0.79 in chemically induced mammary tumors
in rats (494) and ovarian carcinomas in humans (184),
again significantly higher than the corresponding subcuta-
neous ratio of 0.60 and close to the value for LS174T colon
adenocarcinomas. The high COP observed in these two
studies and that of Tong et al. (472) corresponds well to the

high protein concentration relative to plasma of 0.8-1.0
found by Sylven et al. (453), although not so well to the data
from Gullino et al. (164). The latter authors found a protein
concentration in IF of 3.2 g/100 ml (average of 4 tumor
types), with corresponding concentrations of 4.1 g/100 ml
in fluid draining from subcutaneous capsules and 4.8 and
5.2 g/100 ml in serum flowing into and out of the tumor,
respectively. In general, the protein concentration in IF was
lower than in subcutaneous fluid and on average 67% of
that in serum. It is, however, likely that the concentration
was underestimated in the study of Gullino et al. due to
sieving at the interface between capsule and tissue. This may
have occurred since fluid was drained to atmospheric pres-
sure from an area with high P;; as discussed in section VIAS.
Of note, whereas it is possible to reliably calculate COP
from total protein concentration in plasma and normal IF
using, e.g., the Landis-Pappenheimer equation (255) to
translate these protein concentrations to COP;g, such calcu-
lations will probably not be valid for tumor due to a differ-
ent protein distribution pattern relative to plasma, espe-
cially with respect to low-molecular-weight proteins (439).

The potential contamination by intracellular and plasma
proteins during capillary and wick sampling notwithstand-
ing (see sect. VIA2), all data suggest that there is a high
colloid osmotic pressure and protein concentration in IF
and thus that the colloid osmotic pressure gradient across
the tumor microvascular wall is low. This conclusion is also
consistent with the findings of increased permeability of
tumor vessels and may together with the lack of functional
lymphatics result in an elevated tumor P; (see sect. IVE).
Together, all these factors contribute to reducing the filtra-
tion and thus the delivery of macromolecular therapeutic
agents.

The protein distribution pattern in IF in general and in
tumor IF specifically is also a function of the tissue microen-

Table 7. Protein concentration and colloid osmotic pressure of interstitial fluid in tumors

Protein, mg/ml COP, mmHg
Tumor Type Host TIF Subcutis Plasma TIF Subcutis Plasma Reference Nos.

Carcinoma (Walker 256) Rat 32 =1 41 +2 48 =1 164, 166
Mammary carcinoma Mouse 54 55-60 453
Carcinoma (Walker 256) Rat 220
Colon adenocarcinoma

(LS174T) Mouse 16.7 = 3.0 439
Small cell lung carcinoma

(54A) 21.1 2.8 82+23 200=x16
Mammary carcinoma

MCalV 17.1 = 0.8 19.5 0.5 472
Mammeary carcinoma

(chemically induced) Rat 44.7 54.9 166 1.0 13.8+x1.0 20.5=*+x0.8 494
Ovarian carcinoma Human 24.0 = 3.0 30.3 2.0 184

TIF, tumor interstitial fluid. If no value is given, value was not determined.
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vironment as it is a consequence of fluid exchange as well as
the local production of substances. Gullino et al. (164) sub-
jected tumor IF to paper electrophoresis. Interestingly, they
found that the fluid did not contain any fibrinogen. The
relative proportions of electrophoretic components were
similar to that of serum except for a-globulins (i.e., a-lipo-
proteins, al-antitrypsin, a2-macroglobulin, al-glycopro-
tein, ceruloplasmin, and orosomucoid; Ref. 372) that was
moderately smaller than that of plasma. Of note, these pro-
teins have higher as well as lower molecular mass compared
with albumin. The albumin-to-globulin ratio of tumor IF
was similar to that of afferent blood. Stohrer et al. (439)
observed a somewhat deviating pattern after separation by
SDS-gel electrophoresis. Compared with plasma, tumor IF
had a significantly lower fraction of proteins with molecular
mass >75 kDa and not different fraction for proteins 25-75
kDa, indicating some size selectivity of the tumor vessels.
For proteins with molecular mass <25 kDa, the concentra-
tion in IF was on average 2.4 times higher than in plasma,
and these smaller proteins can be breakdown products from
necrotic areas and tumor-derived cell proteins as well as
cellular enzymes (439, 453). Similar relative protein distri-
bution pattern, i.e., a larger fraction of molecules eluting in
the lower molecular mass region, has later been found by
gel chromatography (494). The latter authors concluded
that a prominent peak observed was a specific tumor pro-
tein. It is, however, likely that there are a plethora of pro-
teins in this fraction.

Obviously, identification of proteins in tumor IF is useful
to better characterize the microenvironment and to look
for tissue-specific proteins as discussed in following sec-
tions. The importance of studying signaling substances
locally in the target organ was recently shown for bone
marrow. By isolation of bone marrow IF from acute my-
eloid leukemia patients at the time of diagnosis and 2-4
wk after start of induction therapy, Iversen and Wiig
(213) observed that leukemia-derived bone marrow IF,
but not plasma, repressed hematopoietic cell growth, an
effect that was lost by successful induction treatment.
Moreover, TNF-a and adiponectin concentrations were
higher in bone marrow IF showing that these substances
were produced locally, leading to the conclusion that
these two cytokines had a central role in the disease pro-
cess (213). This assumption was further supported by the
observation that TNF-a and adiponectin fell significantly
in bone marrow IF in patients entering remission,
whereas their plasma levels were unaffected by therapy.
The therapeutic importance of addressing substances in
the local microenvironment has also been shown for
other hematological cancers (239, 524). Moreover, re-
cent data on autologous chemotaxis in the inflammatory
and tumor microenvironments (discussed in sect. VIIIC)
further emphasize the importance of studying signaling
occurring locally in the interstitial fluid phase.

Physiol Rev . VOL 92 . JULY 2012 . www.prv.org

E. Tissue-Specific Proteins in IF

Although our main focus is the fluid phase of the interstitium
and the composition of this phase in the context of fluid ex-
change and local signaling, we will briefly discuss this fluid in
the context of biomarker discovery, the reason being that IF
has emerged as an important source for disease- or biomark-
ers, i.e., molecular indicators of disease-related processes
and/or disease outcomes (223). The most commonly used
source for searches is plasma/serum, but due to the complexity
of this fluid and the dynamic range in the proteins sampled,
techniques have emerged to enrich and study subproteomes in
an attempt to reduce the complexity and to be able to detect
low abundant proteins (149, 360, 479). This fact notwith-
standing, the potential biomarkers deriving from a local dis-
ease process like solid cancer will be diluted by several orders
of magnitude even if subproteomes of plasma/serum are used
as substrate (431) that moreover represents an integration of
cellular processes of the body. Accordingly will the chances of
finding disease specific biomarkers that may eventually end up
in plasma and there be detected by a specific approach be
greater if the search is performed closer to the disease process,
i.e., in the local IF.

Several authors have searched for proteins in the IF phase in
diseased tissues having used various methods for fluid iso-
lation (see sect. VIA). Some of the first studies were those of
Celis and co-workers in breast carcinomas (80) and adipose
tissue from breast carcinoma patients (81) using the tissue
elution method, that has later also been used, e.g., in liver
(443). A proteomics approach has also been applied on IF
isolated by centrifugation in rat bone marrow (488), pig
skin (68) and human ovarian carcinomas (184), by capillary
ultrafiltration in fibrosarcomas in mice (204), a human head
and neck squamous carcinoma (440) and by the suction
blister technique in human skin (248). The available data
suggest that this is an emerging area with significant po-
tential. Prevailing candidate proteins should, however,
be interpreted in light of validation studies and inherent
strengths and weaknesses of the methods applied and
whether they sample fluid representative of IF, as dis-
cussed in section VIA.

Vil. LOCAL REGULATION OF INTERSTITIAL
FLUID VOLUME (“AUTOREGULATION")

Above we have discussed P;; and COP;; and their role in for-
mation and flow of lymph. These determinants of fluid volume
will also adapt to oppose primary perturbations in COP, and
P. and thus to maintain a stable V. A general finding in all
tissues studied is that an increase in the net filtration will in-
crease Py (i.e., hydrostatic buffering) and reduce COP; (col-
loidosmotic or oncotic buffering), but their relative changes
and thus contributions to fluid volume regulation may vary
substantially among organs (25). Moreover, an increased
lymph drainage induced by the increased filtration may also
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contribute to prevent edema formation. Together, these fac-
tors are “safety factors against edema,” a term introduced by
Guyton (171) and that is useful when discussing the mainte-
nance of V,. This relates to another useful concept in normal V;
control, namely, “autoregulation” of V; (24, 25), i.e., that
normal control of V; is obtained via changes in interstitial fluid
hydrostatic and colloid osmotic pressures to counteract
changes in capillary fluid filtration to restore normal filtration.
In relation to maintenance of V,, it is also pertinent to consider
interstitial compliance, as discussed in section IIIC, that gives a
measure of the change in P, and net filtration pressure created
by a given change in V, that will vary depending on the inter-
stitial matrix and the “encapsulation” of the organ. This was
previously an area of active research, and an analysis of V;,
autoregulation and safety factors against edema was provided
by Aukland and Reed (25). During the last two decades, how-
ever, the interest in this topic has been moderate, briefly sum-
marized here focusing on recent developments.

A. Hydrostatic Buffering

In early experiments by Guyton using the implanted perfo-
rated capsule in dogs (170), he found that P;; rose from the
normal level of —7 to +2 mmHg when overt edema devel-
oped, suggesting a maximal hydrostatic buffering in skin/
subcutis of 9 mmHg. Even though this pressure is still re-
ferred to as the level of hydrostatic buffering (410), more
recent data show that the control P in these experiments
was too negative (493, 507) and that the maximal hydro-
static counterpressure is ~2 mmHg in dog skin and muscle
(506) as in the same tissues in other species. It may, how-
ever, increase more in excessive overhydration in dogs
(506), and in human skin where accumulated data suggest a
counterpressure of ~5 mmHg (reviewed in Ref. 25). That
the hydrostatic counterpressure in human skin is higher
than that of other species is supported by data from Bates et
al. (36, 37), finding a rise in subcutaneous P;; measured with
wick-in-needle of ~5 cmH,O from control level upon de-
velopment of edema.

A more pronounced increase in P;; may occur if the edema
formation is rapid, as shown by the increment in P from
—1 to 25 mmHg in rat frostbite injury (46) as the fluid
volume increased to two to three times control (see sect.
IVD). Moreover, in lymphedema mice, a rise in P;; of ~6
mmHg was recorded after volume expansion (232), sug-
gesting that skin compliance is altered in these conditions
since similar changes in volume result in severalfold lower
increment in P if edema develops slowly (e.g., Ref. 504).
Clearly, the counterpressure against edema formation is
dependent on compliance of the tissue. Thus, in the myo-
cardium, P, rose by 12.6 mmHg when abolishing lymph
flow (438), although this may represent an overestimate due
to the use of porous polyethylene capsules during an acute
perturbation (507) (see sect. I[1IB2). Moreover, counterpres-
sures in this range have also been found in encapsulated
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organs in rats like bone marrow (212) and brain (505) and
even higher in the tail where this pressure may exceed 15
mmHg (1, 27). To summarize, if developing slowly, P;; will
counteract edema formation by ~2 mmHg, but may be
severalfold higher in rapidly generated edemas or if devel-
oping in enclosed organs.

B. Oncotic Buffering

As pointed out previously (25), the maximal edema-preventive
effect of lowering COP;; is determined as the difference be-
tween the normal COP;; and its minimal value corresponding
to a protein concentration of C(1 — ). When reviewing a
number of studies in humans (ankle), dogs, cats, rats, and
sheep and tissues including skin, skeletal muscle, intestine and
lung (25), the data were remarkably consistent showing an
oncotic edema prevention by dilution/washout of interstitial
proteins in the range of 6-9 mmHg. The exception was hu-
man chest where the maximal counterpressure was 14 mmHg
that may be explained by a higher control COP,,.

In apparent contrast to these data are observations from the
myocardium, where a 5.6-fold rise in lymph flow induced
by partial coronary sinus occlusion resulted in a halved
protein concentration but a reduction in COPy, ., of 2.9
mmHg only. Apparently, this was due to an increased albu-
min fraction in lymph, thereby limiting the edema preven-
tive effect of protein washout/washdown. The fact that we
do not know at what COP;; edema develops notwithstand-
ing, recent data suggest that the interstitium in this organ
can compensate for a significantly higher increase in net
filtration pressure than skin and muscle discussed above
because of a higher control COP;;. After isolation of inter-
stitial fluid by centrifugation, Semaeva et al. (420) found a
control COP;; of 18.8 mmHg that was 3.2 mmHg lower,
only, than the corresponding COP,. In support of the as-
sumption of an important role in edema prevention was the
finding of a dramatic reduction during induced hypervol-
emia. Even though the data reviewed above all suggest that
washout/dilution of protein will contribute in edema pre-
vention, the presented recent studies indicate a wide span of
variation between organs.

C. Lymphatic Buffering

Clearly, the lymphatics will by removal of fluid and proteins
also contribute in edema prevention during increased net fil-
tration. Although Aukland and Reed in their review called for
more studies to address this question quantitatively (25), there
appear to be a lack of new data in this field. For completeness
we will briefly summarize a few of their main points.

In steady state (i.e., constant V,), the net filtration ], will
equal lymph flow (];), and by rearrangement of the Starling
equation (see sect. IVA), it can be shown that ], relates to the
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net filtration pressure AP as J/L,A = AP, and accordingly
that /L A can tell us how much imbalance of the Starling
pressure that can be compensated by lymph flow (25). Al-
ternatively, AP can also be determined from J, estimated
from the removal rate of albumin (k,;,) from the intersti-
tium, in such a way that AP = k,,/L A,, where L A, is the
L,A per milliliter available volume for albumin (25). By
careful review of available data either based on direct mea-
surement of ]| or by its estimation via k,y;,, they concluded
that “it seems safe to assume that lymph flow in various
tissues normally neutralizes a net filtration pressure of only
a few tenths of a millimeter of mercury” (25). No new data
seem to dispute that statement.

During increased filtration, lymphatic compensation may
be higher, estimated to 612 mmHg for lung, intestine, and
hindpaw in response to venous stasis (329). By reanalysis of
data from Landis and Gibbon (254), lymph flow was found
to compensate for 15 mmHg increase in net filtration pres-
sure (25). In contrast to these studies are data discussed
above where a net filtration pressure of 10-15 mmHg can
be compensated by the combination of hydrostatic and on-
cotic buffering without the need of lymphatic buffering.
Clearly, the contribution of lymphatic buffering is variable
but may have its most important role in preventing edema
in tissues exposed to orthostasis (25).

VIil. INTERSTITIAL FLOW AND ITS
BIOLOGICAL EFFECTS

A. Measurements of IF and Shear Stress

Interstitial flow, caused by Starling forces between the cap-
illary, interstitial, and lymphatic compartments, is highly
heterogeneous, and few direct measurements exist. Early
estimates of average interstitial flow within the tumor mi-
croenvironment were made by Butler and Gullino, who
compared hematocrit in the afferent versus efferent blood
vasculature of the tumor (75). Chary and Jain (83) mea-
sured interstitial flow directly in the rabbit ear window
model and found a wide range of velocities between 0 and 2
pm/s with an average of 0.6 um/s. Measurements in anes-
thetized mice using magnetic resonance imaging found sim-
ilar, albeit slower (0.1-0.5 um/s), flows (103); whether this
is due to differences in measurement techniques or animal
species remains to be determined.

Importantly, interstitial flow may be substantially increased in
peritumoral tissue (103) and in acute stages of inflammation,
as evidenced by dramatically increased lymph flow rates drain-
ing these regions (186, 286, 300, 304). Increased lymphatic
drainage to the sentinel lymph node of tumors has also been
demonstrated (182, 369, 396), again inferring increased inter-
stitial flow since interstitial and lymph flow are coupled. The
increased flow in the tumor microenvironment is presumed to
be due to the high P;; in tumors, and subsequently high gradi-

ents in Pj; at the tumor margin, as discussed in section IVE.
Increased interstitial flow in acute inflammation may be due to
temporarily increased blood vessel permeability, but we will
show below in section VIIIE that increased fluid flow can
induce lymphatic endothelial cells to increase their effective
permeability via active transport mechanisms, thereby further
increasing interstitial and lymphatic flow.

How might interstitial flow affect interstitial cells? Of
course, interstitial flow imparts mechanical stresses on
ECM fibers and cells embedded in the matrix, including
shear stress and drag forces. These stresses can be estimated
by the hydraulic conductivity K of the interstitium (dis-
cussed in section IIID), since the latter is governed by the
flow resistance of the solid phase of the material, i.e., the
fluid-solid interactions in the pores or at the ECM fiber
boundaries (487). In physiologically relevant interstitial
flow rates, average shear stresses have been estimated at
<0.1 dyn/cm? (423). These are much lower than those
found in the blood vasculature, for example, but similar to
shear stress estimates in lymph vessels (113, 449).

On the other hand, flow through porous media is heteroge-
neous, and thus peak shear stresses and shear gradients can be
high when fluid is forced through confined and tortuous
spaces like the ECM (455), particularly when considering
ECM remodeling near the cell that can substantially shield
local shear stress (358, 359). Drag forces on the ECM need
also to be considered (358, 359), which can transmit stress to
nearby cells through tethering forces on integrin attachments.
Thus mechanical stresses imposed by interstitial flow are com-
plex and heterogeneous, and depend on the specific architec-
ture of the ECM and organization of the interstitium.

B. Effects of Interstitial Flow on
Fibroblastic Cells

Fibroblasts are responsible for maintaining and remodeling
the ECM. In some types of inflammation, namely, those
leading to fibrosis and cancer, fibroblasts can differentiate
into myofibroblasts, which are more contractile and syn-
thetic, and are characterized by a-smooth muscle actin ex-
pression, increased secretion of matrix proteins, and MMPs
and can also secrete angiogenic growth factors and tumor-
promoting cytokines (107, 193, 194, 345). Myofibroblast
differentiation depends on TGF-, which is secreted by the
myofibroblast and can also be activated from latent stores
in the matrix by mechanical stress (10, 517, 518).

Interestingly, it was found that superphysiological or path-
ological levels of interstitial flow, i.e., 3-10 wm/s, could
induce fibroblast motility through MMP-1 upregulation
(423, 424) as well as drive myofibroblast differentiation
and matrix alignment (325-327) (FIGURE 15). This matrix
alignment was more rapid (within 12-24 h after flow onset)
than the myofibroblast differentiation (1-5 days). Interest-
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FIGURE 15. Interstitial flow induces «-SMA expression in fibroblasts. A: confocal images of fibroblasts
exposed to flow for 2 and 5 days showing o-SMA expression under mechanically constrained static and
interstitial flow conditions (green, factin; red, o-SMA; arrow indicates flow direction). Bar, 200 uwm.
B: significantly higher levels of a-SMA expression are seen in fibroblasts under interstitial flow at both time
points (**P < 0.01). Box plot shows 95% confidence intervals with midline showing the median. C: the
percentage of proliferating (KiB67 +) cells after 2 days was higher under interstitial flow conditions than either
constrained or relaxed static controls (bar represents the mean value and error bars represent SD; **P <

0.01). [From Ng et al. (325), with permission.]

ingly, the alignment was perpendicular to flow (326), rather
than parallel, and corresponded to a decrease in hydraulic
conductivity (326, 327). The alignment and myofibroblast
differentiation were both dependent on TGF-B, which was
increased by flow (325).

Why is flow-induced ECM alignment significant? ECM align-
ment is commonly seen in tissue remodeling and wound heal-
ing (470), where interstitial flow is increased, and in response
to all types of mechanical signals. A matrix made of perpen-
dicularly aligned fibers should experience greater drag force
than matrices parallel to the direction of flow (178, 215), so
when matrices align perpendicular to interstitial flow, the
shear stress is increased on the ECM fibers but, as computa-
tional fluid dynamics studies revealed, decreased on the cells
(358, 359). In other words, perpendicular matrix alignment
transfers fluid stresses away from the cells and onto the matrix
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fibers, thereby shielding fluid stress from the cell. This occurs
even if the fiber rearrangement does not alter the bulk tissue
porosity (359).

In addition to altering the hydraulic conductivity, matrix
alignment and ECM compaction from by fibroblast con-
traction can increase the ECM stiffness, which communi-
cates mechanical stresses to cells. Interstitial flow can in-
duce matrix tension to which cells may respond by aligning
and stiffening the ECM. Fibroblasts appear to be highly
sensitive to interstitial flow, and heightened flow drives
myofibroblast differentiation and ECM remodeling that re-
capitulates certain pathological features of fibrosis (325-
327). These in vitro findings suggest that chronically in-
creased interstitial flow may contribute to ECM stiffening
and alignment, as well as myofibroblast differentiation,
hallmarks of interstitial fibrosis as well as tumor stroma.
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C. Pericellular Gradient Formation by
Interstitial Flow

Another effect of interstitial flow on cells is that it may bias
the local extracellular distribution of secreted molecules
like proteases, cytokines, or growth factors. Even when in-
terstitial flow rates are very small (such that diffusion still
dominates mass transport distances), convective forces due
to interstitial flow can bias the local gradients of these fac-
tors around individual cells (138). And since cells often

respond to local concentration gradients of such factors
rather than absolute amounts, such forces may theoretically
direct growth or migration (FIGURE 16).

This concept was first demonstrated experimentally with
microvascular endothelial cells cultured in 3D fibrin matri-
ces to which a growth factor, VEGF, was covalently teth-
ered (189). Cells could liberate the growth factor (required
for its function) by secreting proteases. Under flow condi-
tions, theoretical modeling predicted that the secreted pro-
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FIGURE 16. Creation and amplification of autologous morphogen gradients by subtle physiological flows and
matrix-binding properties of morphogen. A: dimensionless concentration gradients of cell-released proteases
calculated using a constant surface concentration are increasingly skewed in the direction of flow with
increasing flow velocities. Red, 1 (maximum concentration); dark blue, O. B: dimensionless concentration
gradients of liberated morphogen are released from the ECM through the action of the cell-secreted protease
whose profiles are shown in A. C: distributions of cell-released morphogen demonstrate, when compared with
the corresponding profiles in B, the marked gradient amplification effect in matrix-released versus cell-secreted
morphogen properties under otherwise identical conditions. D: cell-secreted morphogen concentrations as
calculated along a line parallel to flow and passing through the cell midlines. All flow conditions result in cell
concentrations that decrease with increasing distance from the cell. £: ECM-released morphogen concentra-
tions show greater asymmetry compared with those of cell-secreted morphogens for the same flow conditions.
Interestingly, the higher Peclet numbers (0.25 and 0.5) show increasing concentration gradients with increas-
ing distance downstream from the cell. F. calculated transcellular gradients (percentage difference between
the downstream and upstream sides of the cell) reveal the degree of gradient amplification that is achieved
when morphogen is secreted into matrix-binding form and demonstrate the potential for autologous che-
motaxis gradients. [From Fleury et al. (138), with permission from Elsevier.]
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tease distribution would be skewed by flow so that more
protease was downstream of the cell, and thus liberated
more VEGF in the downstream direction. Furthermore, the
newly soluble VEGF would also be skewed by flow in the
downstream direction, with the net effect of amplified peri-
cellular gradients. The experimental data supported this
hypothesis, and directed capillary formation only occurred
when both flow and VEGF were present (189).

The concept was then applied in special cases of che-
motaxis, when the chemotacting cell both secretes a chemo-
kine as well as expresses its receptor. Such is the case for
dendritic cells, which use the receptor CCR7 to chemotact
to lymphatic vessels, but also secrete its ligand. Some tumor
cells also express both CCR7 and its ligands, and it was
shown that such cells can use interstitial flow to chemotact,
so-called “autologous chemotaxis,” by secreting the chemokine
and then following the gradient that is skewed by flow
(427). Thus autologous gradients created by interstitial
flow may provide morphogenic and chemotactic cues re-
lated to direction in some cell behaviors.

As a side note, since autologous chemotaxis requires both
the chemokine receptor and its ligand to be expressed by the
same cell, it may only apply to a small subset of certain cell
populations. For example, both dendritic cells and certain
tumor cells express heterogeneous levels of CCR7 and its
ligand, rendering a subpopulation to be flow-responsive. A
recent report has demonstrated that in addition to autolo-
gous chemotaxis, interstitial flow can also drive competing
mechanisms in tumor cells, including strain-induced migra-
tion in the upstream direction (367). Thus autologous che-
motaxis is only one of many biophysical effects that inter-
stitial flow may have on cells.

D. Effects of Interstitial Flow on Lymphatic
Growth and Function

1. Lymphangiogenesis

The formation of new lymphatic vessels, or lymphangio-
genesis, is also affected by interstitial flow. Lymphangio-
genesis occurs during development as well as in wound
healing, inflammation, and cancer (459, 522); it occurs
both in the inflamed tissue as well as in their draining lymph
nodes (16, 175, 182, 235, 396, 430). In some models of
experimental inflammation, VEGFR-3-dependent lymp-
hangiogenesis has been shown to play a role in the resolu-
tion of inflammation and edema, including in a mouse
model of chronic airway inflammation (34) and inflamma-
tion in mouse skin (228, 229). Other studies have lent fur-
ther support to this, showing, for example, that VEGF-D
and VEGF-A are important for the resolution of inflamma-
tion in mouse skin (207, 208, 234). In arthritis models,
inhibition of lymphangiogenesis via blockade of VEGFR-3
reduced lymph drainage and aggravated inflammation (168),
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while intra-articular delivery of VEGF-C improved lymph
drainage and attenuated the joint tissue damage (536). Col-
lectively, these studies in mice suggest that inflammatory
lymphangiogenesis plays a key role in clearing edema fluid
and antigens, and that local delivery of VEGF-C may be
useful in treating certain types of inflammatory disorders.

In tumors, lymphangiogenesis has obvious importance as a
route for cancer cells to disseminate to lymph nodes, and
lymphatic vessels are known to secrete a wide range of
chemokines that attract tumor cells, including CCL5 and
CCL21 (210, 426, 459). At the same time, tumor-associ-
ated lymphangiogenesis leads to a more extensive drainage
network to capture IF flowing from the tumor and through
the microenvironment. Since fluid drainage is one of the
main functions of lymphatic capillaries, it is perhaps not
surprising that interstitial fluid flow might regulate lym-
phatic capillary regeneration.

The role of interstitial flow in adult ymphangiogenesis was
first explored in 2003, using a model of circumferential
dermal regeneration in the tail of the mouse (450). While
epidermal regeneration and blood angiogenesis occurred
equally in both ends of the regenerating skin, lymphatic
vessels organized around fluid channels, and only in the
lymph flow direction (distal to proximal) (58). Without
“forcing” lymph flow through the regenerating region, lym-
phatic vessels failed to organize (400). Furthermore, while
VEGF-C was found to be required for lymphatic endothe-
lial cell proliferation and migration, interstitial flow was
required for capillary organization and functionality (per-
fusion) (153-155).

In vitro, interstitial flow was also found to play an organi-
zation role in lymphatic capillary morphogenesis, stimulat-
ing lymphatic endothelial cells in three-dimensional cul-
tures to organize into structures (155, 324). Similar effects
were found for blood endothelial cells in culture, in a man-
ner synergistic with the growth factor VEGF (155, 324).
These studies highlight the importance of interstitial flow in
driving morphogenesis of lymphatic and blood capillaries
and can be used as the basis for interstitial flow as a design
principle for in vitro capillary tissue engineering.

2. Lymphatic function

In addition to guiding lymphatic morphogenesis, interstitial
flow can also affect lymphatic endothelial cell function. In
vitro, lymphatic endothelial cells cultured in a monolayer at
the bottom of a culture insert are very sensitive to transmu-
ral flow, responding by upregulating expression of the lym-
phoid homing chemokine CCL21 and the cell adhesion
molecules ICAM-1, VCAM-1, and E-selectin (298), all im-
portant for dendritic cell transmigration and homing to the
lymph node (224, 375). Such changes have also been ob-
served upon stimulation by cytokines like TNF-a and -
and IL-1 (224, 366, 409), implying that heightened flow
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may act as an inflammatory cue, perhaps as an early cue,
since it is almost immediately increased upon tissue in-
jury or insult (35, 67, 186, 304). Transmural flow also
maintained the organization of the cell-cell junctional
molecules PECAM-1 and VE-cadherin, and increased
fluid and solute transport rates across lymphatic vessels
(298), indicating active regulation to some extent of
lymph formation.

Since increased interstitial flow correlates with increased
lymph flow, increased interstitial flow may also have impor-
tant consequences on the collecting lymphatics. Studies
from isolated rat mesenteric vessels have demonstrated that
lymph pump function is sensitive to fluid flow via both
stretch and shear stress-activated mechanisms (45, 308).
Shear stress in collecting vessels was estimated to average
<1 dyn/cm?, but throughout normal functioning, peaks of
4-12 dyn/cm? (113) were estimated due to pump-induced
fluctuations in flow velocity and diameter. Shear-sensitive
pump function of collecting lymphatic vessels is thought to
be primarily regulated by shear-modulated nitric oxide
release from lymphatic endothelium (60, 116, 174, 373,
477), particularly in the valve regions (60). However,
when very high lymph flow rates are imposed, pump
function decreases and the vessels switch to conduit-like
behavior to more efficiently move fluid (373). Thus, since
interstitial flow and lymph formation is inherently and
obviously coupled to lymph flow downstream, lymphatic
pump function helps to determine interstitial flow veloc-
ity and lymph formation rates, and all three have posi-
tive-feedback control loops in sensing and responding to

fluid loads.

Finally, interstitial flow may also affect the lymph node.
Fibroblastic reticular cells secrete matrix proteins and
chemokines that are critical for guiding adaptive immune
responses, including CCL21 and CCL19, both ligands to
the lymphoid homing chemokine receptor CCR7. With the
use of a tissue-engineered model of the lymph node stroma,
it was demonstrated that CCL21 regulation and stromal
organization by these fibroblastic cells depended on IF flow
(471). In vivo, blocking afferent flow to the lymph node led
to rapid downregulation of CCL21 gene expression (471)
and was also found to drive collapse of high endothelial
cells and reduce lymphocyte entry (289). Interestingly,
lymph node lymphangiogenesis has also been correlated
to increased lymph flow, at least in tumor-bearing mice
(102, 182, 369, 397). Thus interstitial flow appears to
have important functional consequences on both the lym-
phatic vessels as well as the draining lymph nodes, im-
plying key roles for flow in modulating immunity in sec-
ondary lymphoid organs. And although it is fascinating
to consider, the role of altered lymph flow into the tumor-
draining lymph node on tumor immunity has yet to be
elucidated (275).
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E. Interstitial Flow in the
Tumor Microenvironment

As described above, interstitial flow can have important
effects on stromal fibroblasts, immune cells, lymphangio-
genesis, and lymphatic transport functions. All these are
important in the tumor microenvironment, and thus inter-
stitial flow may have important implications for tumor in-
vasion and metastasis.

For one, interstitial flow may promote tumor cell invasion
via autologous chemotaxis, which was described above.
Some tumor cells express chemokine/receptor pairs, includ-
ing CCR7/CCL21 and CXCR4/CXCL12, which in the
presence of interstitial fluid flow may generate pericellular
gradients that in turn guide cell migration in the flow direc-
tion, i.e., towards the nearest draining lymphatic vessel
(367,427). For example, invasive human breast cancer cells
that expressed CCL21 and CCR7 were found to polarize
and directionally migrate in the flow direction, but this
directionality was lost when either CCR7 signaling was
blocked or when exogenous CCL21 was added so as to
overpower any local gradients (427).

Of course, in vivo tumor cells do not migrate as single cells
in a collagen gel, but rather in a complex microenvironment
where they are often seen following migratory fibroblasts
(140, 243). As explained above, fibroblasts are also sensi-
tive to interstitial flow and in enhanced flow environments
can become myofibroblasts and align their ECM (325-
327). When human melanoma cells were cocultured with
dermal fibroblasts in three-dimensional cultures under
flow, tumor cell invasion was markedly compared with that
without flow or without fibroblasts; however, in the ab-
sence of flow, the fibroblasts did not affect tumor cell mi-
gration (425). It was found that while interstitial flow in-
creased TGF-B1 levels by fibroblast upregulation and en-
hanced liberation from latent stores in the matrix, as
described above (325), the fibroblasts migrated up the flow-
induced gradients of TGF-8 in the flow direction, remodel-
ing the ECM along the way, facilitating tumor cells to fol-
low them. This was consistent with other reports of fibro-
blast-led tumor cell invasion in live imaging studies of the
tumor microenvironment (144, 243), but showed for the
first time how interstitial flow might influence such behav-
iors. Such a mechanism may also synergize (or compete)
with other proposed mechanisms of interstitial flow-en-
hanced migration via MMP upregulation (423, 424) or
ECM stress-mediated effects (367).

Finally, the fact that interstitial flow can drive ECM align-
ment and stiffening, as described above in section VIIIB,
may also have implications in tumor cell invasion and me-
tastasis. This is because interstitial flow-induced ECM
alignment and myofibroblast formation are associated with
matrix stiffening, and stromal stiffening can promote tumor
initiation, progression, and invasion, at least in breast can-
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cer (356,371,390, 529). For example, increased mammary
tissue density correlates with poor prognosis of patients
with breast cancer, and collagen alignment in the stroma of
breast tumors negatively correlates with survival (92). Ex-
pression levels of the collagen cross-linking enzyme lysyl
oxidase, which stiffens the tumor stroma, are correlated
with tumor cell invasion both in experimental mice as well
as in human biopsies (263). Fibroblasts and tumor cells can
also migrate along bundled collagen fibers radiating out-
ward from the tumor (140, 370). Thus ECM stiffening in
the tumor stroma is associated with tumor invasion, and
since interstitial flow drives stiffening via the upregulation
of TGF-B expression and myofibroblast differentiation, in-
terstitial flow may promote tumor cell invasion via indirect
actions on fibroblasts that tumor cells follow.

IX. INTERSTITIAL AND LYMPH FLOW
IN IMMUNITY

A. Immunological Roles
of Lymphangiogenesis

In addition to cancer, lymphangiogenesis occurs in chronic
inflammation and in lymph nodes draining the inflamed
regions (175, 207, 483, 522, 526). Currently, very little is
known about how inflammatory lymphangiogenesis affects
immunity, and the literature is puzzling. In cancer, we know
that cancer progression is positively correlated with both
lymphangiogenesis and immune suppression and tolerance
(274). In mouse models of acute inflammation, lymphan-
giogenesis was important in resolving the inflammation, as
discussed in section VIIID1 (207). On the other hand, lym-
phangiogenesis is also frequently seen in autoimmunity-
related chronic inflammatory disorders (483, 522) and in
transplant rejection (241), suggesting that lymphangiogen-
esis may somehow contribute to immune rejection. Block-
ing lymphangiogenesis before experimental corneal or islet
transplantation was found to decrease graft rejection (271,
526), but 1-yr follow-ups of renal transplant patients found
a positive correlation between transplant function and lym-
phangiogenesis (442). Such apparently contradictory find-
ings raise questions of how inflammatory lymphangiogen-
esis affects immune response in different types of inflamma-
tion.

The inflammatory context may be critically important in
considering the roles of lymphangiogenesis in inflamma-
tion. In particular, the stromal changes, cytokines, and cells
present differ in acute versus chronic inflammation or in
cancer. Lymph node lymphangiogenesis, at least in acute
inflammation, is driven by B cells (16, 430) and inhibited by
cytotoxic T cells and their cytolytic cytokines like IFN-y
(235). Tertiary lymphoid structures that may arise during
inflammation are rich in B cells and produce autoantibod-
ies, such as those seen in renal interstitial injury (188). It is
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unclear whether lymphatic drainage in such cases goes to
the tertiary lymphoid structures or the lymph node (465).

In the tumor microenvironment, lymphangiogenesis has
been correlated with metastasis, but not necessarily B-cell
recruitment. VEGF-C can recruit VEGFR-3" tumor-associ-
ated macrophages (433), which are tumor-promoting (109)
and which secrete VEGF-C when stimulated by tumor-de-
rived factors like TNF-a (417). Lymphangiogenic tumors
have increased lymph flow to the draining lymph node
(182,369, 396, 397), which would increase the transport of
tumor antigens to lymph node lymphatic endothelial cells
that can dampen dendritic cell maturation (366) and may
suppress tumor antigen-specific T cells (90, 274). Thus,
while the immunological implications of lymphangiogen-
esis are unclear in acute and chronic inflammatory condi-
tions, tumor lymphangiogenesis appears to be correlated
with immunological tolerance.

B. Possible Roles of Interstitial and Lymph
Flow in Immunity

Proteins, proteases, ECM fragments, processed peptides,
and cytokines are among the soluble factors that are com-
municated from the periphery to the local draining lymph
node by lymph flow. These may be sampled by lymph node-
resident DCs as well as blood or lymphatic endothelial cells,
which in turn can affect the immunological outcome (38,
211, 253). While DCs activated in the periphery have time
during transit to the lymph node to upregulate costimula-
tory molecules and cytokines before activating T cells,
lymph node-resident DCs interact with T cells on a shorter
timescale relative to antigen uptake and in the presence of a
different cytokine milieu, leading to a different quality of
T-cell activation (211).

It is likely that the lymph node-resident DCs play essential
roles in maintaining peripheral tolerance, since they con-
stantly sample lymph-borne antigens as well as constitu-
tively expressing endogenous autoantigens (413). Early
studies comparing response to dermal contact hypersensi-
tivity in transplanted skin with or without lymphatic con-
nection to the skin-draining lymph nodes suggested that
lymphatic flow may be required for immunological toler-
ance (141). In the tumor-draining lymph node, resident
DCs are more tolerogenic (306). Therefore, lymph flow
regulation may help to control the balance between immu-
nity and tolerance in the lymph node.

C. Lymph Flow Through the Lymph Node

Several afferent lymphatic vessels drain towards a single
lymph node, but only a single efferent lymphatic vessel
drains away. Lymph flows mostly around the lymph node in
the subcapsular sinus, but also through the regions of the
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lymph node, carrying different sized particles to different
regions and in turn helping to regulate appropriate immune
responses to different types of stimuli (225, 253, 392, 432)
(see also section VD). Subcapsular macrophages line the
subcapsular sinus and phagocytose large particles, patho-
gens, and molecular aggregates and can present these to B
cells (225,253, 392). Lymph is also directed from the sinus
into the cortex by narrow conduits (200 nm to 3 um), lined
by fibroblastic reticular cells, that regulate the flow of un-
opsonized small molecules (<70 kDa) to the T-cell zone
(159, 253, 392, 393). Therefore, flow pathways within the
lymph node help to direct different types of molecules to
different regions, which in turn affect immunity. Given the
renewed interest in active transport mechanisms of fluid
and soluble antigen by local lymphatic vessels (114, 298),
future studies will hopefully elucidate how such flow path-
ways might be altered under conditions of inflammation.
Such detailed studies will be important for revealing the
likely critical roles of lymph flow, and the mechanisms of
lymph flow regulation, on fine-tuning immune responses to
peripheral inflammation.

X. SUMMARY AND
FUTURE PERSPECTIVES

In this review, we attempted to illustrate how the biochem-
ical, biomechanical, and biological functions of IF and its
regulation can affect cell function in physiology, pathology,
and immunity. When addressing the formation of IF and
lymph we found it useful first to describe the molecular
structure and biophysical aspects of the interstitium and
lymphatics to place the topic in a framework, well aware
that these are large and important fields in their own right,
and that including the tumor interstitium makes limitation
of this part even more challenging. Our focus has been on
the interstitial structure from a functional perspective, inas-
much as affecting IF formation and transport, and the ma-
jor structural components collagen and GAGs both have
such effects. Moreover, the tumor interstitium in general
contains increased amounts of both collagen and GAGs,
which in turn influences fluid exchange and substance up-
take in such tissues. The various components of the inter-
stitium, notably the GAGs, carry charges that can affect the
IF composition and exchange, and recent data suggest that
GAGs provide an actively regulated interstitial cation ex-
change function contributing in fluid volume and blood
pressure regulation. The major structural molecules also
restrict the space available to macromolecules due to their
inherent size and charge, resulting in an excluded volume
effect of importance for plasma volume regulation. During
the last years it has been shown that excluded volume has a
strong inverse relation to hydration, and that the relative
importance of charge effects on excluded volume is signifi-
cant, amounting to ~40% in skin. Recent data also indicate
that there is a significant charge effect on distribution vol-
ume of macromolecular substances in tumors that may be
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exploited to enhance the uptake of therapeutic agents by
targeting either the GAGs or the net charge of the sub-
stances to be delivered.

The mechanical properties of the interstitium and the
stresses imposed by fluid pressure gradients (which drive
interstitial flow and lymph formation and which can be
dramatically altered in inflammation and cancer) have crit-
ically important consequences for a variety of cell functions.
Pathological changes in these properties often drive tissue
remodeling, cell migration, stem cell differentiation, and
malignant transformation. One of these, the P;; of different
tissue compartments, relates V; with transendothelial, inter-
stitial, and lymph flow, thereby also affecting the delivery of
drugs to the interstitium and antigens and cytokines to the
lymph node. P;; also relates tissue hydration with interstitial
compliance (C;) determining the hydrostatic counterpres-
sure to a given V,. Recent advances include elucidating the
importance of structural components, most notably hyalu-
ronan, as determinants of tissue compliance, and demon-
strating that stress relaxation may contribute to a high C; in
long-standing edema. Another interstitial mechanical prop-
erty, hydraulic conductivity, determines IF flow for given
pressure gradients, and recent evidence has accumulated for
its importance in matrix remodeling, cell migration, and
morphogenetic processes as well as in regulating immune
responses. This new area of research was facilitated by
novel in vitro systems allowing slow interstitial flow through
three-dimensional cultures of cells, and the strongly nonlinear
behavior of hydraulic conductivity during tissue swelling
and compaction has recently been quantified in vivo.

Whereas exchange and formation of IF is determined by
structural properties of the capillary wall, transcapillary
pressure differences, and protein concentrations, we have
mainly focused on the importance of interstitial tissue fac-
tors for filtration. Several recent studies have questioned the
importance of the colloid osmotic pressure exerted by inter-
stitial proteins, COP,, in the general (global) interstitial
fluid, but a closer examination of these data suggest that
although this may be the case for high filtration states,
COP;; is a major determinant of normal fluid filtration.
During the last two decades, it has become increasingly
clear that Py plays an active role in edema formation in
inflammation and in tumor fluid exchange and biology.
Tissue injury and inflammation induce a strongly negative
P, that is a major factor responsible for acute edema for-
mation, an effect that is mediated via the collagen-binding
integrins a,B; and a8, and attenuated by PDGF-BB. In
tumors, it is now well established that P is high compared
with normal tissues, and widely held that this compromises
the delivery of therapeutic agents across the vasculature.
After re-evaluation of the available data, however, we con-
clude that P;; may not be such a significant barrier to ther-
apy as has been proposed, and that other vascular factors
are important in determining tumor drug uptake.
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Lymph formation is facilitated by small, cyclically variable
hydraulic pressure gradients between the interstitium and
initial lymphatics, as well as by vesicular transport, al-
though the importance of active transport mechanisms in
lymph formation has yet to be elucidated. Aiding this pro-
cess is a functional one-way valve system that has been
suggested by structural as well as functional studies. Lymph
composition is modified in the draining lymph node, due to
selective size-dependent filtration through different com-
partments and into the blood via high endothelial venules,
and whether there is modification also in collecting lym-
phatics is currently debated. Having reviewed available
data it seems that, with the possible exception of the mes-
entery, that prenodal lymph is not modified during its pas-
sage to the lymph node and may be considered as represen-
tative of IF.

IF may not be readily accessible, and we discuss established
methods for fluid isolation in normal tissue and solid tu-
mors, and their strengths and weaknesses. An important
question is whether the experimental situation requires
sampling of native or derived IF. By analysis of native IF and
lymph, in experimental animals as well as humans, it has
been possible to assess the quantitative importance of local
production of mediators and thus knowledge on the mech-
anisms involved at the tissue level. These studies show that
there can be dramatic gradients from tissue to plasma.
When compared with plasma and subcutaneous IF, tumor
IF has high H*, CO,, and lactic acid, and low glucose and
O,. Moreover, tumor IF has a high protein concentration
and COP;y, as determined in experimental as well as human
tumors, and is representative for the fluid part of the tissue
microenvironment.

In the overall regulation of V,, COP;; and P;; will adapt to
maintain a stable V; in such a way that an increase in filtra-
tion will increase Pj (hydrostatic buffering) and reduce
COPj; (colloid osmotic or oncotic buffering) that together
with an increased lymph flow will act as “safety factors
against edema formation” and contribute to “autoregula-
tion” of V,. The effect of an increase in P;; may be modest if
edema develops slowly, but may be significant in rapidly
generated edemas or in enclosed organs. A reduction in
COP;; by washout/dilution of interstitial proteins will con-
tribute in edema prevention, but the relative importance of
this mechanism depends strongly on the organ. The effect of
lymphatic buffering, i.e., increased lymph flow, is also vari-
able but especially important in preventing edema due to
orthostasis.

The biological effects of interstitial flow have begun to be
explored in the last decade. The mechanical stresses im-
posed are complex and heterogeneous and depend on the
specific architecture of the ECM and the organization of the
interstitium. In vitro data suggest that chronically increased
interstitial flow may contribute to ECM stiffening and
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alignment as well as myofibroblast differentiation. Another
important effect of interstitial flow on cells is that it may
bias local extracellular distribution of secreted molecules
like proteases, cytokines, and growth factors, thus skewing
gradients and affecting direction of cell behaviors. It may
additionally drive morphogenesis of lymphatic and blood
capillaries, as well as affecting the lymph node implying a
key role in modulating immunity in secondary lymphoid
organs. In tumors, interstitial flow may have important im-
plications for tumor invasion and metastasis, since it drives
stroma stiffening associated with tumor invasion via up-
regulation of TGF-B expression and myofibroblast differ-
entiation.

It has also become increasingly clear that interstitial flow
and lymph flow influence immunity and peripheral toler-
ance. It appears that there are positive-feedback loops in the
tumor stroma between lymphangiogenesis, interstitial fluid
flow, and the upregulation of TGF-, which is important for
promoting T-cell tolerance in the tumor stroma. Lymph flow-
ing to the tumor draining lymph nodes induces modifications
that make the node a key component of the tumor microen-
vironment, also inducing immune tolerance and providing a
permissive environment of metastatic growth. Within the
tumor itself, interstitial flow may promote lymphoid-like
features to develop in the stroma, which may mimic the
lymph node T-cell zone that is critical for attracting, recruit-
ing, and educating T cells in the tumor microenvironment,
being another example of the many and diverse biological
effects of interstitial fluid flow.
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