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Morphologic Features and

Functional Implications

Introduction

Structure of TN

Deposition of newly formed extracellular matrix
(ECM) in the glomerulus is a common feature seen in
most glomerular diseases. The expanded ECM not only
serves as a structural element but is also known to
influence the disease activity by moderating the glomerular cell function through cell surface receptors including
integrins [1-4J. The expanded ECM in glomerular diseases is composed of fibronectin, various types of collagen, laminin, entactin/nidogen, and heparan sulfate proteoglycans [1-4]. More recently, several new components
of glomerular ECM have been described including undulin, osteonectin, thrombospondin and tenascin (TN) [57]. Among them, TN has emerged as one of the most significant ECM proteins, which seems to playa significant
role not only in nephrogenesis, but also in many pathologic processes involving the mature kidney including the
glomerulus [8-11]. Although the general features of TN
have been well described [8-11], a detailed review of the
intricate relationship between TN and the kidney is not
available. This communication will focus on the expression of TN during nephrogenesis and in normal or pathologic glomerulus in adult kidney; the functional implication of the pertinent morphological observations is also
discussed.
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TN is a large oligomeric protein which is composed of
six identical subunits connected to a common central globular domain at their amino-terminus by disulfide bonds.
Each subunit, with a molecular weight ranging from 180
to 320 kD, is composed of three consecutive domains connected together in a linear manner (fig. 1) (10]. The proximal domain starting near the amino-terminus contains 13
repeats of a 31 amino acid segment, each of which is similar to a portion of the epidermal growth factor (EGF) molecule and is also found in several other ECM proteins.
The next component con tains 8-15 repeats of a 90 amino
acid segment which shows 26-40% homology to the type
II domain in the fibronectin molecule. It is the variation
in the number of the repeats in this component as a result
of alternative mRNA splicing that is responsible for the
variation in the molecular weight of TN subunit and for
the presence of several isoforms of TN observed in many
types of tissue including kidney [9-11]. Some of these
fibronectin type III repeats have the amino acid sequence
Arg-Gly-Asp which is known to bind to cell-surface receptors of the integrin family. The final component of the
subunit, found at the carboxyl-terminus, is a knob-like
structure with an amino acid sequence similar to the globular domain of the ()- and y-chains of fibrinogen.
Recently, two new types of TN coded by genes different from that of the original TN were discovered [12-14].
One of them is restricted to the central and peripheral ner-
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vous system and is termed restrictine or TN-R (R stands
for restrictine); the other has a tissue distribution often
reciprocal to that of the original TN and is termed TN-X
since the encoding gene is located on chromosome X. The
original TN, the encoding gene of which is on chromosome 9, is termed TN-C (C stands for cytotactin. another
name for the original TN). Practically, nothing is currently known about the role of TN-R and TN-X and all the
discussion below, unless otherwise specified, refers to the
original TN (TN-C).

General Functions of TN

Fig. 1. A diagram of the hexabrachion structure of tenascin.
Altemative FN type III exons in the thick distal segment account for
the presence of isoforms oftenascin. EGF = Epidermal growth factor;
FN = fibronectin: S-S = disulfide bond. Reprinted from Erickson and
Bourdon [I OJ,with permission.

Table 1. Possible functional activities of TN [adapted from ref

9-11]
Promotion

of organogenesis

Promotion

of chondrogenesis/osteogenesis

Promotion

of neurite outgrowth

Inhibition of attachment
fibronectin substrate
Promotion

Distribution

of cerebellar granular cell migration

of neural crest cell migration

Hemagglutination
Immunosuppression

ofT cells

Providing signal to cells through attachment
including those ofintegrin family

to cell surface ligands

Structural component of extracellular matrix in pathologic conditions
Binding with other extracellular matrix proteins, especially
chondroitin sulfate proteoglycans
Direct cell-cell adhesion
Modulation
event
Promotion
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of TN in Kidney Tissue

and spreading of cells cultured on

Cells cultured on TN substrate do not attach or spread
(antiadhesive effect)
Modulation

The functional activities of TN regardless of the organ
systems in which TN is expressed are listed in table 1. The
relevance of these putative functions to the embryonic
development of the kidney and to the pathogenesis of glomerular diseases will be discussed later in more detail. It
should be noted that several of these functions have been
demonstrated only in cellitissue culture system and their
in vivo relevance remains to be determined [8- I I). Some
of these reported functions may be attributed to a particular domain in the TN molecule: for example, the EGF-like
domain probably accounts for the mitotic effect of TN on
some epithelial cells in culture [10). In general, however,
the structural-functional correlation has not been well
worked out for the TN molecule.

of cell migration during organogenesis or on metastatic
of epithelial cell growth in culture
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To the best of our knowledge, there are 13 articles up to
this date describing the expression of TN in kidney tissue
but most of them do not focus on this topic [15-26). The
earlier among them have clearly established the crucial
role of TN in the embryonic development of the kidney
[21, 22). The process of nephrogenesis is known to be initiated by an invagination of a growing ureteral bud into
the surrounding parenchyma, causing the latter to condense first and subsequently to convert into an epithelial
structure called S-shaped body from which the nephron
eventually develops [22]. It was well established by Aufderheide et al. [22) that TN is not found in mouse kidney
until tubular epithelium begins to form at about embryonic day 14, and thereafter becomes strongly expressed only in the ECM of the condensed mesenchyme
surrounding these tubules. This topographically precise
expression of TN persists into the postnatal period as long
as nephrogenesis lasts [22). Thus, in newborn mice, TN is
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still observed because new glomeruli and tubules continue
to form: but in adult mice, in which nephrogenesis ceases,
TN disappears from cortex and can be seen only in the
deep medulla (22].
Data relating to the expression of TN in mature kidney
tissue in normal or pathologic conditions are comparatively scanty. As early as 1983. Bourdon et a!. [19J, using
an immunohistochemical technique, found that TN was
present in deep medullary interstitium but not cortical
interstitium of two normal kidneys obtained at autopsy;
moreover, variable staining was noted in vascular media
and in mesangium. Ventimiglia et a1. [15], in a study of
two human kidneys obtained at autopsy, found two bands
of TN proteins (340 and 250 kD) and two species of TN
mRNA (9 and 7 kb) by Western and Northern blotting
studies, respectively. Koukoulis et a1. (17] in a general
review of TN distribution in human tissue mentioned
briefly that TN staining in humans is 'delicate in mesangium and uneven around some tubules' and that in pathologic conditions, the staining was 'increased in active
phase of glomerulopathies and interstitial nephritides'.
Gould et a1.[18] noted in a study of 26 human renal transplant biopsies with acute or chronic rejection that in acute
rejection, there was strong, diffuse staining of mesangium,
vascular wall, and interstitium in chronic rejection while
mesangial and vascular staining were strong, there was
weak, uneven staining of the interstitium. Most recently,
Assad et a1.[25J studied 30 human renal specimen (5 normal, 5 minimal change disease, 5 membranous lupus
nephritis stage I, 5 membranous lupus nephritis stage II, 5
segmental proliferate lupus nephritis, and 5 diffuse proliferative lupus nephritis) by immunohistochemical technique and found that TN staining was noted focally in
mesangium of normal kidney, but diffusely in mesangium
in minimal change disease. The basement membrane
spikes between electron-dense deposits in the case of
membranous GN were strongly stained, as were the crescents and the areas of endocapillary cell proliferation in
proliferative GN. These above studies strongly suggest
that TN is present in normal adult kidney and its expression is increased in pathologic conditions.
In order to comprehensively evaluate the expression of
TN in human kidney tissue, we used the avidin-biotin
complex peroxidase technique with a well-characterized
monoclonal antibody against TN to study 186 renal specimens representing the whole spectrum of renal pathologic
changes [27]. We found that in normal glomerulus there
was global, diffuse staining limited to the mesangium
(fig. lA). This finding suggests that even in the normal
condition, TN may be a native component of mesangial
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matrix. Abnormal glomeruli, regardless of the pathologic
diagnosis, retained the mesangial staining pattern seen in
normal tissue. In addition to that pattern, staining for TN
was consistently observed in the expanded ECM, whether
this expansion occurred in the mesangial areas, in the
endocapillary proliferative lesion, in the areas of mesangial interposition, in the crescents, or in the periglomerular areas (fig. 2B-D).

Functional Significance

of TN

The expression of TN at a precise time and location
during embryonic development of the kidney, its immuno localization in normal mesangium, and its ubiquitous
presence in glomeruli with diverse diseases, all suggest
that TN must play an important role in nephrogenesis,
and participate in the control of glomerular function in
normal and pathologic conditions.
It has been known that normal nephrogenesis is under
strict control by an epithelial-mesenchymal interaction,
which in turn is mediated by the ECM [22]. Several observations assign a crucial role for TN in this process: (a) in
contrast to many ECM proteins such as lam in in, which is
seen ubiquitously throughout nephrogenesis and in adult
kidney, TN is expressed only in the periepithelial areas
and disappears once the formation of new glomeruli and
tubules is completed [22], and (b) in organ culture studies,
where nephrogenesis is manipulated by removing the ureteric bud as the differentiation inducer, or by replacing it
with spinal cord tissue as a heterologous inducer, there is a
precise temporal and topographic relationship of TN
expression and epithelial formation [22). How TN influences nephrogenesis is not known but some pertinent
speculations have been proposed, several of which are
related to the putative functions of TN listed in table 1.
For example, Chiquet [8] speculates that the antiadhesive
effect of TN may induce loosening of the mesenchymal
cells and separation of epithelial cells from other ECM
proteins, thereby allowing the growth and penetration of
epithelial tubes into the mesenchymes. In addition, TN
may be important for epithelial cell growth since it has
been shown to have a mitogenic effect by itself or through
binding growth factors [8). Given the almost uniform recognition of the role of TN in nephrogenesis, it was a shock
that organogenesis, including that of kidney, occurs normally in a recently developed model of TN knock-out
mice in which the gene encoding the original TN (TN-C)
is deleted [28J. Whether the hypothesis relating TN to
nephrogenesis is, then, wrong, or other recently discov-
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Fig. 2. The expression oftenascin in normal and pathologic glomeruli. A Tenascin is limited to the mesangium of
a normal glomerulus. B An area of segmental sclerosis displays strong staining for tenascin. C Strong staining for
tenascin is noted in a crescent. 0 The areas of nodular or diffuse mesangial sclerosis in diabetic nephropathy express
tenascin. Immunoperoxidase technique with methyl green counterstain. x 1,000.

ered types of TN, such as TN-X and TN-R can assume the
usual function ofTN-C is not currently known [12].
In adult normal kidney, TN may be a constitutive component of mesangial matrix and, in conjunction with other ECM proteins, serves as the exoskeletal framework supporting normal mesangial cells. However, whether TN
has any influence on the physiologic function of mesangial cells including proliferation, synthesis of ECM proteins, vasoconstriction and phagocytosis, thereby maintaining the homeostasis of mesangium is not known. It is
of note that the same ignorance is also true for other
known ECM proteins of the mesangium in physiologic
conditions [29].
The significance of TN accumulation in pathologic glomeruli has recently been emphasized. It has been noted
that there is a differential participation of ECM proteins
in the process of glomerulosclerosis; for example, fibro-
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nectin was thought to be a more important component
than either collagen type IV or laminin in a murine model
of graft-vs.-host glomerulosclerosis, and probably in glomerulosclerosis in humans [2-4]. How important is the
role of TN in relation to those of other ECM proteins in
the process of glomerulosclerosis has not been determined; nevertheless, the strong and ubiquitous staining of
TN in both normal and pathologic glomeruli suggests that
TN is a common and crucial structural participant in such
as process.
Although it has been generally known that the ECM
can modulate many functions of the cells it surrounds,
including their adhesion, migration, differentiation and
proliferation, only very few experiments leading to these
general conclusions have been done on glomerular cells
[29]. Moreover. the evaluated ECM proteins in these
experiments did not include TN [29]. Nevertheless, the
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somewhat preliminary results of these experiments support the concept that there is matrix modulation of
mesangial cell behavior. For example, mesangial cells
grown in a three dimensional framework of ECM showed
less expression of platelet derived growth factor B chain
and a site-related variation in the synthesis of ECM proteins, as compared with the same mesangial cells grown
on flat substrates [29]. Likewise, mesangial cells cultured
on collagen I matrix show an increased synthesis of collagen I and III, but a decreased synthesis of collagen IV
[29].Whether TN exerts a modulating effect on any type
of glomerular cells including mesangial cells has not been
directly addressed. Nevertheless, some morphological observations suggest that this may be the case. For example,
several glomerular lesions involve cell spreading and detachment such as separation of visceral epithelial cells
from the underlying glomerular basement membrane in
focal segmental sclerosis or mesangial circumferential interposition in membranoproliferative glomerulonephritis
in which mesangial cells 'migrate' peripherally to the
widened lamina rara interna. It is of note that TN is
expressed precisely in the glomerular areas where these
changes are found and may, indeed, facilitate their occurrence through its antiadhesive effect. Glomerular cell proliferation may also be modulated by TN. For example,
mesangial cells in vivo adhere to many types ofECM proteins through cell surface receptors of non-integrin or integrin family [30, 31]; this binding must be loosened before
mesangial cells can proliferate and expand; the antiadhesive effects of TN may playa role in this process [8]. The
most convincing evidence to support the role of TN in
modulating glomerular disease, ironically, comes from
the same TN 'knock-out' mouse model that casts doubt on
the putative function of TN in nephrogenesis. Nakao et a!.
[32, 33J created antiglomerular basement glomerulonephritis in mice deficient in TN gene and in their littermates and found that the severity of the disease, as measured by proteinuria, glomerular cellularity, crescent formation, glomerular matrix expansion and tubulointerstitial changes, was much more severe in the TN-deficient
mice, supporting a protective role for TN in the development of glomerulonephritis.
The relatively poor understanding of the functional
significance of TN is related, at least in part, to the notion
that, like other ECM proteins, TN does not merely provide a supportive framework for the cells it surrounds but
can also modulate many functions of these cells. Such
modulation is mediated through the capability of TN to
bind to its specific receptors (of integrin or non-integrin
family) on the cell surface and through such binding trans-
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duce a signal to influence cell function and phenotype
[34]. Yet, knowledge in this area is still in its infancy [35J.
The well-recognized amino acid sequence Arg-Gly-Asp
(RGD) responsible for the binding of many ECM proteins
to cell surface receptors is present in several ECM proteins and was demonstrated at least in human and chick
TN [10]. Moreover, an integrin with specificity for TN
was demonstrated in a human glioma cell line (10] and a
human embryonic kidney cell line was shown to express
the integrin a9 B 1 mediating attachment of these cells to a
non-RGD site on the TN molecule (36J. On the other
hand, different types of integrins are found not only in
mesangial, but also in glomerular epithelial and endothelial cells, the expression of which may be upregulated in
pathologic conditions [30, 31, 37J. It is crucial for further
understanding of the role of TN in glomerular disease to
determine whether these integrins have binding affinity
for TN.

Cell Types Responsible for TN Synthesis in
Glomerulus

Although it is generally stated that TN is the synthetic
product of glial cells and mesenchymal types of cells
including fibroblasts; the cell types responsible for TN
synthesis in glomerulus have not been elucidated [16-27].
Nevertheless, several observations, mostly from immunohistochemical studies have provided some insight into
this matter. In normal adult kidney, immunolocalization
of TN in mesangial matrix suggests that TN may be synthesized by mesangial cells. Additional evidence in support ofthis hypothesis comes from our study of rat mesangial cells in culture [38J, which demonstrated that (a) several species of mRNA for TN were expressed by these
cells (fig. 3, upper); (b) TN within these cells and in the
ECM surrounding these cells was detected by immunohistochemical techniques, and (c) Western blotting studies
showed TN in protein extracted from cell lysates and
from the supernatant (fig. 3, lower).
In pathologic conditions, other glomerular cell types
may also be the source of TN. For example, preliminary
evidence for an epithelial origin of TN includes the
immunolocalization of TN in cytoplasm of epithelial cells
of the crescents in crescentic GN [25]. Unequivocal staining of TN in ECM of early crescents, and in the basement
membrane 'spikes' between subepithelial electron dense
deposits in membranous GN also was observed [25, 27].
In these two types of GN, the ECM proteins of crescents
and glomerular basement membrane are traditionally
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Fig. 3. Upper panel: Two distinct species of mRNA for tenascin
are expressed by rat mesangial cells in culture (lane 1), normal rat
renal cortex (lane 2) and normal rat renal medulla (lane 3). Lower
panel: Western blotting study shows tenascin isoforms from Iysates
of cultured mesangial cells (lane B) and from conditioned medium
(lane C). Lanes A and MW represent negative control and molecular
weight markers, respectively. Reprinted from Truong ct al. [38], with
permission.
Fig. 4. Northern (upper panel) and Western blotting' (lower
panel) studies. respectively, of cultured rat mesangial cells exposed to
a-thrombin (lane 2), prothrombin (lane 3) and D-phenylalanyl-Lpropyl-L-arginyl-chloromethyl
ketone (PPACK)-a-thrombin.
Lane I
represents negative control. All studies are done in duplicate. athrombin enhances synthesis of tenascin by mesangial cells at both
transcription
and translation levels. GAPD = Glyceraldehyde-3phosphate dehydrogenase, an enzyme constitutively expressed in
mesangial cells.

thought to be, at least in part, synthetic products of parietal and visceral epithelial cells, respectively. Moreover,
TN expression by visceral epithelial cells was recently
noted in the rat with 5/6 nephrectomy [39]. Whether glomerular capillary endothelial cells participate in TN synthesis is not clear.
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Fig. 5. Northern blotting study of cultured rat mesangial cells
exposed to transforming growth factor (TGF)-~l (12 nglml) at 6, 24
and 96 h. For each time point. lanes a and b represent the culture
without and with exposure to TGF"~I, respectively. Increased
mRNAs for tenascin is noted at 6 h. GAPD = Glyceraldehyde-3phosphate dehydrogenase, an enzyme constitutively expressed in
mesangial cells.

Mechanism Controlling the Expression of TN

The mechanisms controlling the expression of TN in
glomeruli have not been entirely elucidated. An everincreasing number of mesangial cell mitogens has been
described including cytokines, grov-.'thfactors, autocoids,
and hormones, several of which are also known to upregu-
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late the synthesis of various ECM proteins by mesangial
cells in culture (29]. \Vhether or not the same process
occurs for TN synthesis by mesangial cells has not been
thoroughly tested, but some preliminary observations
have suggested that this is the case. We recently observed
that thrombin, which has a known mitogenic effect on
mesangial cells, upregulated the expression of TN mRNA
by rat mesangial cells in culture; moreover, Westem blotting study showed that more TN was present in the supernatant of cultured mesangial cells exposed to thrombin as
compared to controls (fig. 4). Epithelial cells grown in culture, or developed during embryogenesis of several organs
including kidney, can induce TN expression by adjacent
mesenchymal cells, an effect potentially mediated by the
transforming growth factor (TGF)-~ secreted by epithelial
cells [10, 22]. On the other hand, it has been well documented that mesangial cells are a source ofTGF and that
increased TGF expression occurs in some types of glomerular disease [40,41]. Also pertinent is the observation that
vascular smooth muscle cells, which share several features
with mesangial cells, display increased expression of TN
under the influence of angiotensin II, TGF-0, and plate-

let-derived growth factor [42, 43J. Indeed, we have noted
that TGF-0 enhanced the expression of TN mRNA of rat
mesangial cells in culture (fig. 5).

Conclusion

The distribution of TN in renal tissue known from
morphological studies suggests that TN must play an
important role in nephrogenesis and participate in the
control of glomerular function in normal and pathologic
conditions. Although many aspects of the complex interaction of TN and different types of glomerular cells are
still poorly understood, additional studies focusing on this
area may provide new insights into the pathogenesis and
evolution of glomerular diseases.
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