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Abstract. It was recently demonstrated that renal tissue trans-

glutaminase (tTg) protein and its catalytic product the e(g-

glutamyl) lysine protein cross-link are significantly increased

in the subtotal (5/6) nephrectomy model (SNx) of renal fibrosis

in rats. It was proposed that the enzyme had two important

physiologic functions in disease development; one of stabiliz-

ing the increased extracellular matrix (ECM) by protein cross-

linking, the other in a novel form of tubular cell death. This

study, using the same rat SNx model, demonstrates first by

Northern blotting that expression of tTg mRNA when com-

pared with controls is increased by day 15 (170% increase,

P , 0.05), then rises steadily, peaking at day 90 (1391%, P ,

0.01), and remains elevated at 120 d (1205%, P , 0.05) when

compared with controls. In situ hybridization histochemistry

demonstrated that the tubular cells were the major site of the

additional tTg synthesis. Immunohistochemistry on cryostat

sections revealed a sixfold increase (P , 0.001) in ECM-

bound tTg antigen at 90-d post-SNx, whereas in situ transglu-

taminase activity demonstrated by the incorporation of fluo-

rescein cadaverine into cryostat sections indicated a 750%

increase (P , 0.001) on day 90 in SNx animals. This increased

activity was extracellular and predominantly found in the peri-

tubular region. These results indicate that increased tTg gene

transcription by tubular cells underlies the major changes in

renal tTg protein reported previously in SNx rats, and that the

presence of the e(g-glutamyl) lysine cross-links in the extra-

cellular environment is the result of the extracellular action of

tTg. These changes may be in response to tubular cell injury

during the scarring process and are likely to contribute to the

progressive expansion of the ECM in renal fibrosis.

The progression of chronic renal insufficiency is characterized

by a relentless fibrosis of the kidney. This is typically de-

scribed as an accumulation of the extracellular matrix (ECM)

above normal requirements and a loss of specialized renal cells

and architecture. Increased synthesis and decreased breakdown

of the renal ECM have been implicated in its expansion (1,2).

The latter may be due to changes in the ECM-regulating

enzymes including a fall in renal matrix metalloproteinases

(MMP) and plasminogens or an increase in their inhibitors

(tissue inhibitors of matrix metalloproteinases and plasmino-

gen activator inhibitors) (3–5). Other factors important in the

pathogenesis of renal fibrosis that have thus far received little

attention are those contributing to the increased deposition and

stabilization of the ECM, thereby increasing its resistance to

enzymatic breakdown. Such a proposal has been put forward as

a contributing factor in the development of other fibrogenic

processes including lung and liver fibrosis as well as athero-

sclerosis (6–10). We have recently described (11) the expres-

sion of tissue transglutaminase (tTg) in the 5/6 subtotal ne-

phrectomy (SNx) model of renal fibrosis in which the cross-

linking of the ECM by tTg and the formation of irreversible

e(g-glutamyl) lysine bonds may underlie its resistance to

breakdown. Furthermore, the intracellular consequence of high

tTg and its product in the scarred kidney was hypothesized to

be a novel type of transglutaminase-mediated cell death

whereby the cross-linking of intracellular proteins in the cell

leads to its death. Transglutaminase-mediated cell death has

since been confirmed as a distinct biologic process in a hamster

fibrosarcoma cell line in response to dexamethasone induction

of tTg in the absence of any increase in apoptosis (12) and in

tTg transfected 3T3 fibroblasts after exposure to ionomycin

(13). The ability of the enzyme to not only stabilize ECM

proteins but also to be a key player in a novel cell death process

represents a major step in improving our understanding of the

mechanisms of tissue fibrosis.

Transglutaminases are calcium-dependent enzymes that cat-

alyze the posttranslation modification of proteins through an

acyl transfer reaction between the carboxamide group of a

peptide-bound glutaminyl residue and various primary amines

(14). Covalent cross-links using e(g-glutamyl) lysine bonds are

stable and resistant to enzymatic, chemical, and mechanical

disruption (14). Endopeptidases capable of hydrolyzing the

e(g-glutamyl) lysine cross-links formed by transglutaminases

(Tg) have not been described in vertebrates, and even lyso-

somes do not contain enzymes capable of splitting the e(g-
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glutamyl) lysine bonds (15–17). A number of Tg enzymes have

been characterized that have distinct genes, structures, and

physiologic functions. Examples include the plasma factor

XIIIa involved in cross-linking fibrin during wound healing

(18) and the keratinocyte transglutaminase involved in the

formation of the cornified envelope during terminal differen-

tiation (19,20). tTg is the most widespread member of this

family and is present in many different cell types.

Recent evidence suggests that the tTg may have a number of

key functions in cells. These include a role in programmed cell

death (21–23), cell adhesion (24), and interactions between the

cell and its ECM via the cross-linking of proteins such as

fibronectin, laminin, nidogen, and collagen types I, III, and IV

(7,13,25–27). In addition, tTg has recently been demonstrated

to play a role in the covalent stabilization of collagen fibrillar

formation through cross-linking of the core fibrils (28).

Previous investigations in renal fibrosis have demonstrated

that the product of tTg, e(g-glutamyl) lysine cross-link, is

present both in the extracellular space and in the cytoplasm of

tubular cells during the scarring progress (11), whereas ele-

vated tTg can only be found intracellularly. This raised the

question of whether ECM components were being cross-linked

internally before secretion or, as noted previously, whether the

tTg antigen present in the matrix is difficult to detect because

of occlusion of the epitope by standard fixation techniques

(13). In addition, there is only circumstantial evidence that

elevated tTg cross-linking of ECM components affects the

resistance of these proteins to the catalytic action of MMP.

Although we demonstrated previously that enzyme activity is

increased by virtue of the presence of increased amounts of the

e(g-glutamyl) lysine cross-link product in renal scarring, no

claim was made as to whether this increase in activity was a

result of de novo synthesis of the enzyme, or, alternatively, the

activation of a latent proenzyme (29,30) as proposed previ-

ously following wound healing in skin (31).

In this study, we demonstrate that induction of renal fibrosis

in rats using the SNx model leads to de novo synthesis of tTg

by the renal tubular cells. Moreover, by using cryostat rather

than fixed tissue sections, we show that there is increased

amounts of tTg antigen present in the intercellular space of the

renal tubules, which, by using a novel in situ activity method,

we demonstrate to be active after progression of the fibrotic

disease. In keeping with the importance of tTg in the stabili-

zation of ECM proteins, we also demonstrate the increased

resistance of tTg cross-linked ECM proteins to the action of

MMP.

Materials and Methods
Experimental Animals and Protocol

Male Wistar rats (Sheffield University strain) of approximately

similar weight (350 to 400 g) and age (8 to 10 wk) were subjected to

SNx by complete removal of the left kidney and upper and lower pole

resections of the right kidney. Rats were housed two to four to a cage

and were maintained at 20°C and 45% humidity on a 12-h light/dark

cycle. They were allowed free access to standard rat chow (Labsure,

March, Cambridge, United Kingdom) and tap water. At days 7, 15,

30, 60, 90, and 120 post-SNx, experimental groups of five to six rats

were sacrificed and the remnant kidney was removed. At each time

point, five to six control animals were also sacrificed that had been

subjected to a sham operation. Before sacrifice, renal function (serum

creatinine and creatinine clearance) and proteinuria were measured in

all rats. Creatinine was measured by the standard autoanalyzer tech-

nique and proteinuria by the biuret method. All procedures were

carried out under license according to regulations laid down by Her

Majesty’s Government, United Kingdom (Animals Scientific Proce-

dures Act, 1986).

Assessment of Renal Scarring
Analysis of renal scarring was determined on formal calcium-fixed,

paraffin-embedded sections (4 mm) stained by hematoxylin and eosin

or Masson’s trichrome. One of the authors (G.L.T.) scored the sever-

ity of glomerulosclerosis and tubulointerstitial scarring, blinded to

their code, according to a previously described 4-point arbitrary score

(11). An overall renal fibrosis score was determined by taking a mean

of glomerulosclerosis and tubulointerstitial scores. Scores were attrib-

uted as follows:

Glomerulosclerosis Score (0 to 3). 0, normal glomeruli; 1, pres-

ence of mild segmental glomerulosclerosis affecting ,25% of the

glomerular tuft; 2, moderate segmental sclerosis affecting 25 to 50%

of the tuft; 3, diffuse severe glomerulosclerosis affecting .50% of the

tuft including glomeruli with total tuft obliteration, fibrosis, and

obsolescence. A minimum of 25 glomeruli per kidney per remnant

kidney was examined, and the mean of the glomerular scores was

taken to represent the severity of glomerulosclerosis for a given rat

(11).

Tubulointerstitial Scarring (1 to 4). 0, normal tubules and

interstitium; 1, mild tubular atrophy and interstitial fibrosis; 2, mod-

erate tubular atrophy and dilation with marked interstitial fibrosis; 3,

end-stage kidney with extensive interstitial fibrosis and few remaining

atrophic tubules. A score was given to each microscopic field viewed

at a magnification of 3200. A minimum of 10 fields was scored per

kidney per remnant kidney, and the mean value was taken to represent

the tubulointerstitial score for a given rat (11).

tTg mRNA Levels
tTg mRNA levels were determined by Northern blot analysis. Total

RNA was extracted using Trizol™ (Life Technologies BRL, Paisley,

United Kingdom) and quantified by both optical density at 260 nm

and ultraviolet (UV) densitometry of the 18S rRNA subunit. Fifteen

micrograms of total RNA was then run on a 1.2% (wt/vol) agarose/

4-morpholinepropanesulfonic acid/formaldehyde gel and then capil-

lary-blotted on to Hybond-N (Amersham, Buckinghamshire, United

Kingdom) and cross-linked with 70 mJ/cm2 UV radiation (UV cross-

linker, Amersham). This was then probed with a 32P-dCTP random-

primed (Prime-A-Gene, Promega, United Kingdom) tTg-specific

DNA probe corresponding to a 385-bp BamHI fragment of the com-

plete mouse tTg sequence extending from bp 1240 to 1625 of the

coding region. This was then exposed to Biomax MS film for approx-

imately 4 h. The resulting autoradiograph was then quantified by

scanning densitometry using a Bio-Rad GS-690 densitometer and

Molecular Analyst version 4 software. Transcript size was determined

by comparison to RNA molecular weight markers (Promega) using

the same analysis package. Values were then corrected for loading

using repeat probings with the housekeeping genes cyclophilin and

b-actin. Regulation failure of housekeeping genes was by comparison

with the 18S rRNA subunit on ethidium bromide-stained gels.
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tTg mRNA Location
tTg mRNA location was determined by in situ hybridization. Five-

micromolar sections of 10% neutral-buffered, formalin-fixed, paraf-

fin-embedded tissue on aminopropyltriethoxysilane-coated slides

were rehydrated, treated with 5 mM levamisole, and 0.2N hydrochlo-

ric acid for 20 min and then digested with 5 mg/ml proteinase K

(Sigma, Poole, United Kingdom) for 60 min at 37°C. They were then

post-fixed in 1% paraformaldehyde, washed, and dehydrated. These

were then probed with sense and antisense riboprobe constructs to tTg

constructed using digoxigenin-labeled rUTP and generated from the

same tTg cDNA sequence used above using the riboprobe Gemini II

system (Promega). Hybridization was performed at 50°C for 18 h in

50% (vol/vol) deionized formamide, 5 mM ethylenediaminetetra-

acetic acid (EDTA), 10 mM NaH2PO4, 0.2 mg/ml herring sperm DNA

(Promega), 0.1 mg/ml yeast tRNA (Sigma), 23 SSC, 13 Denhardt’s

solution, and 10% dextran sulfate containing 10 ng/ml digoxigenin-

labeled riboprobe. After stringency washes, any nonduplexed RNA

was digested with 20 mg/ml RNase A (Sigma) for 30 min at 37°C.

Binding of the riboprobes was then revealed using alkaline phos-

phatase-conjugated sheep anti-digoxigenin antibody (Boehringer

Mannheim, UK) diluted 1:500 (1.5 U/ml) in TBS containing 1%

(vol/vol) normal sheep serum for 60 min at room temperature, fol-

lowed by addition of a color substrate solution consisting of 4-ni-

troblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate.

The color reaction was developed in the dark at 37°C and stopped

with distilled water and mounted under aqueous mounting medium

(60% [vol/vol] glycerol).

tTg Immunohistochemistry using Cryostat Sections
Kidney tissue was snap-frozen in liquid nitrogen and then mounted

in OCT mounting media (Raymond Lamb, United Kingdom). Ten-

micrometer cryostat sections were cut at 212°C and placed onto low

iron clear glass slides (Raymond Lamb) and stored at 220°C before

use.

All solutions before fixation were supplemented with the protease

inhibitors 1 mM leupeptin, 1 mM benzamidine, 1 mM pepstatin, 1

mM phenylmethylsulfonyl fluoride, and 10 mM EDTA. Sections were

thawed by adding blocking media, washed, and then blocked for 1 h

at room temperature with blocking media (3% bovine serum albumin,

0.01% Triton X-100 in phosphate-buffered saline [PBS] at pH 7.4) to

which was added 5% (vol/vol) goat serum to absorb out any tTg

released from damaged cells during hydration. Sections were then

washed with PBS and either a 1:300 dilution of a mouse monoclonal

anti-tTg antibody (CUB7042) (Stratech Scientific, Luton, United

Kingdom) or mouse nonimmune serum (Dako, UK) applied to the

sections and incubated overnight at 4°C. Sections were washed with

PBS and then fixed with cold methanol (220°C) for 10 min. These

were then washed in PBS before addition of a 1:500 dilution of a goat

anti-mouse Cy5 (indodicarbocyanine)-conjugated antibody (Stratech

Scientific) and incubation for 1 h at room temperature. Sections were

then washed in PBS and mounted with vector shield fluorescence

mounting media (Vector Laboratories, Peterborough, United King-

dom).

Sections were visualized using a Leica TCS NT confocal micro-

scope (Leica DMRBE; Lasertechnik, Wetzlar, Germany) using a

Table 1. Renal function and scarring of subtotal 5/6 nephrectomy (SNx) kidneys

Days post-SNx
Body Weight

(g)

Serum
Creatinine
(mmol/L)

Creatinine
Clearance
(ml/min)

Proteinuria
(mg/24 h)

Scarring Index

7

SNx (n 5 6) 331 6 5.7 68.5 6 5.8 0.81 6 0.06 16.8 6 4.5 0.22 6 0.10 (G)

0.31 6 0.13 (T)

sham (n 5 6) 414 6 11.0 33.8 6 3.1 1.60 6 0.29 6.5 6 0.7

15

SNx (n 5 5) 322 6 6.9 84.2 6 7.9 0.65 6 0.08 16.7 6 2.8 0.18 6 0.06 (G)

0.28 6 0.06 (T)

sham (n 5 5) 387 6 2.2 42.6 6 2.4 1.08 6 0.01 9.3 6 2.7

30

SNx (n 5 6) 402 6 16.1 78.7 6 6.4 0.86 6 0.08 40.4 6 8.8 0.34 6 0.05 (G)

0.54 6 0.06 (T)

sham (n 5 5) 395 6 22.3 52.6 6 3.4 1.43 6 0.14 7.9 6 1.5

60

SNx (n 5 5) 404 6 23.3 107.4 6 28.5 0.67 6 0.13 131.1 6 23.0 0.73 6 0.12 (G)

1.18 6 0.25 (T)

sham (n 5 5) 455 6 13.0 43.2 6 1.6 1.30 6 0.13 6.9 6 1.8

0.02 6 0.02 (T)

90

SNx (n 5 5) 424 6 12.1 111.2 6 19.9 0.76 6 0.12 234.1 6 45.2 1.67 6 0.16 (G)

1.73 6 0.20 (T)

sham (n 5 5) 499 6 19.6 53.4 6 5.6 1.65 6 0.22 9.9 6 1.1

120

SNx (n 5 5) 448 6 6.3 140.6 6 36.5 0.76 6 0.25 256.8 6 56.8 1.86 6 0.15 (G)

1.93 6 0.24 (T)

sham (n 5 5) 498 6 9.8 40.0 6 1.6 2.08 6 0.27 7.4 6 0.8
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Kr/AR laser (647 and 488 nm) for both Cy5 (optimal excitation 650

nm) and autofluorescence. Computer imaging and analyses were

obtained at 665 and 530 nm for Cy5 and autofluorescence, respec-

tively (Leica TCS NT, Lasertechnik).

Tg in Situ Activity Assay
The method is a modification of that used previously for detection

of in situ Tg activity of cells in live culture (13). Cryostat sections

were prepared as described above. All solutions before fixation were

supplemented with the protease inhibitors as described above. Fifty

microliters of 0.2 mM fluorescein cadaverine (32) (Molecular Probes,

Leiden, The Netherlands), 50 mM Tris-HCl, pH 7.4, and either 10

mM CaCl2 or 10 mM EDTA was pipetted on to a section and

incubated for 1 h at 37°C in a humidity chamber. As additional

negative controls to EDTA, some sections were also preincubated for

5 min with 10 mM cystamine (Tg inhibitor) or with the inactivating

tTg antibody (CUB7402 purified IgG) dilution 1:50. To verify that

available endogenous Tg substrates were not a limiting factor, 50 mg

of tTg was included in the reaction buffer as a positive control.

Sections were then washed in Tris-HCl, pH 7.4, and then fixed with

220°C methanol for 10 min. The methanol was allowed to evaporate

and the section was then blocked for 1 h at room temperature with

antibody dilution buffer (3% bovine serum albumin, 0.01% Triton

X-100 in PBS, pH 7.4) containing 5% (vol/vol) goat serum. After PBS

washes, the sections were probed with 50 ml of a 1:50 dilution of

mouse anti-FITC monoclonal antibody (Sigma) at 4°C overnight.

Sections were then washed again with PBS, and 50 ml of a 1:500

dilution of goat anti-mouse, Cy5-conjugated antibody (Stratech Sci-

entific) was applied for 1 h at room temperature. Finally, sections

were washed in PBS and mounted using vector shield fluorescence

mounting media (Vector Laboratories).

Sections were visualized using confocal microscopy (Leica

DMRBE, Leica), using Kr/AR laser (647 and 488 nm) for both Cy5

(optimal excitation 650 nm) and FITC (optimum excitation 494 nm).

Computer imaging and analyses were obtained at emission wave-

lengths of 665 and 530 nm for Cy5 and FITC, respectively (Leica TCS

NT). Antibody binding to the FITC was shown to quench emissions

from the FITC cadaverine conjugate such that emissions at 530 nm

were predominantly due to the autofluorescence of the tissue.

Measurement of the Effect of tTg Cross-Linking on
MMP Activity

This was undertaken using a modification of the collagen fibril

assay of Werb and Burleigh (33). Briefly, 3H-labeled collagen (New

England Nuclear, United Kingdom) with a specific activity of 925

GBq/mmol was added to 1 mg/ml solution of purified collagen type 1

(Sigma) in 0.01 M acetic acid, until the dpm were equivalent to 2500

dpm per ml. An equal volume of 40 mM Tris, 100 mM NaCl, 20 mM

CaCl2, and 20 mM dithiothreitol was then added. This was supple-

mented with either 10 mg/ml tTg (Sigma), 10 mg/ml tTg plus 100

mg/ml fibronectin (Life Technologies BRL), or PBS. This was then

left for 3 h at 37°C for collagen fibril formation to occur, after which

a small volume was removed and centrifuged at 10,000 3 g to pellet

the collagen fibril clot, and then the incorporation of labeled collagen

was determined. To the remaining fibril solution, semipurified and

activated MMP-1 was added to 1 mg/ml and incubated for an addi-

tional 16 h at 37°C. This was then centrifuged as before and the

amount of solubilized collagen was determined. To verify that tTg

was not cross-linking MMP and thus reducing its activity, controls

were undertaken by adding the tTg inhibitor cystamine (34) before

MMP addition. Inhibition of tTg activity was confirmed by the use of

the [14C]-putrescine incorporation into N1N1-dimethylcasein assay for

Tg activity (29). MMP activity at the end of the assay was determined

by gelatinase zymography (35) and by assays using the fluorogenic

MMP substrate Dnp-Pro-Leu-Gly-Cys(Me)-His-Ala-D-Arg-NH2

(Bachem Ltd., Essex, United Kingdom) (36).

Figure 1. A Northern blot of total RNA from control and 5/6 subtotal nephrectomy (SNx) kidneys over a 120-d time course probed with a 32P

random-primed DNA probe specific for tissue transglutaminase (tTg). Representative panels are shown. n $ 5.
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Statistical Analyses
Data analyses were performed using one-way ANOVA and t test.

P , 0.05 was taken as significant in both tests. All tests were

performed on Microsoft Excel 97.

Results
General Observations

SNx rats demonstrated a steady increase in proteinuria and

serum creatinine with time (Table 1), indicating progressive

renal insufficiency as documented previously (11) in our ear-

lier studies using this model. All rats survived the SNx and the

experimental time course. The level of kidney fibrosis rose

steadily throughout the experimental time course showing se-

vere scarring by day 90 post-SNx (Table 1). Mean tubular and

glomerular scarring indices were comparable at each time point

(r 5 0.95, P , 0.001). Both proteinuria and serum creatinine

showed a strong correlation with overall renal scarring (r 5

0.99, P , 0.0001, and r 5 0.82, P , 0.01, respectively).

Creatinine clearance in SNx animals became progressively

lower than control animals with the development of renal

scarring.

tTg mRNA Levels
The autoradiograph in Figure 1 clearly shows that tTg

mRNA levels in SNx remnant kidneys are increased compared

to controls as early as day 7 post-SNx. These remain elevated

throughout the experimental period. Densitometric analysis of

the autoradiograph corrected for loading using the housekeep-

ing gene cyclophilin (Figure 2) shows a nonsignificant 27%

increase in tTg mRNA at day 7 in the SNx rat. The increase in

the SNx animal reaches significance by day 15 post-SNx

(170%, P , 0.05) and steadily rises (day 30: 197%, P ,

0.05; day 60: 1151%, P , 0.05), reaching a peak at 90 d

post-SNx with a 351% increase over controls (P , 0.01).

Levels remain elevated at 120 d post-SNx. Control animals

show a small but nonsignificant decrease in tTg mRNA over

the 120-d experimental period.

tTg mRNA Location
In situ hybridization using an antisense construct to tTg

showed no detectable binding to either glomeruli (Figure 3D)

or tubules in both the cortical (Figure 3A) and medullary

Figure 2. Volume density analysis of the autoradiograph depicted in Figure 1 showing control animals (light bars) and SNx animals (dark bars).

Data represent mean density (arbitrary units) 6 SEM corrected for loading by a repeat probing with cyclophilin. n $ 5.

Figure 3. In situ hybridization for tTg. Representative photomicrographs from normal and scarred kidneys (day 90 post-SNx) subjected to in

situ hybridization studies using sense and antisense digoxigenin-labeled RNA probes specific for tTg. Panel P (scarred kidney) is probed with

a sense construct, with all remaining panels probed with an antisense construct. Panels A, D, F, and I are from control kidneys, and all other

panels are from scarred kidneys. Panels F through J are from the medulla, and the other panels are from the cortex.
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(Figure 3, F and I) compartments within the development

period used. In scarred kidneys (day 90 or later post-SNx),

extensive staining was detected in the majority of proximal

tubular cells (Figure 3B) and to a lesser extent in distal tubules

(Figure 3C), the relative levels of which can be seen at lower

magnification (Figure 3O). No increase in the glomerular ex-

pression of tTg was detectable in glomeruli in SNx kidneys

(Figure 3E). Although staining was predominantly observed in

the cortex, there was also some increase in tTg mRNA detected

in the medulla, where pockets of what appear to be the ascend-

ing limb of the loop of Henle and the occasional collecting duct

displayed strong staining (Figure 3, G, H, and J). In some

sections of scarred SNx kidneys, the identification of tubular

segments was made difficult by the degree of tubular atrophy

and tubular dilation, a problem compounded by the nature of

this technique.

tTg mRNA could also be found raised in some of the cells

constituting the expanding tubular interstitium in terms of both

stain frequency and density, although this is best described as

sporadic rather than a uniform expression throughout the in-

terstitium. Although this staining typically was seen in areas

where elevated tubular expression was seen (Figure 3M), it

also occurred independently of tubular expression (Figure 3, K

and L). We believe that these cells are fibroblasts, because a

similar staining pattern is obtained with a-smooth muscle

staining as reported previously by us in this model (37). We

also detected tTg mRNA in blood vessels (Figure 3N), but this

did not appear to change from that detected in the controls.

Probings performed at the same time on consecutive sections

using a sense probe to tTg failed to show any binding at all to

SNx tissue.

tTg Protein Location
Immunohistochemical analysis of tTg on blocked, unfixed

cryostat sections revealed areas of tissue where tTg is strongly

bound to the renal architecture. Staining with a nonimmune

mouse serum on SNx tissue demonstrates no significant stain-

ing (Figure 4, A and D). When this was repeated on normal

kidney tissue with a specific anti-tTg monoclonal antibody

(CUB7402), there was widespread low-level staining (Figure

4B), which when viewed at higher magnification (3400) is

clearly in the extracellular environment (Figure 4E). An in-

crease in the serum content of the blocking buffer to 10% from

5% or the addition of fibronectin at 20 mg/ml did not alter this

staining, indicating that the interstitial staining is unlikely to be

from nonspecific binding of enzyme released during incubation

Figure 4. Immunohistochemistry for tTg. Representative photomicrographs from normal (Panels B and E) and scarred kidneys at day 90

post-SNx (Panels C and F) stained for tTg and revealed using a cy5 fluorochrome emission at 665 nm (red) measured by confocal microscopy.

Panels A and D represent scarred kidneys probed with nonimmune serum. Panels A through C are shown at low magnification (3160), whereas

Panels D through F are viewed at high power (3400).
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of sections since this would have been absorbed to the fi-

bronectin in the serum. In scarred, 90-d post-SNx remnant

kidneys, there is a large increase in the level of tTg antigen

found (Figure 4C) that is obviously in the expanding ECM

(Figure 4F) when viewed at high magnification (3400). Semi-

quantification of this increase in tTg antigen staining by mea-

suring the emission intensity of the Cy5 label at 665 nm

showed a significant increase in the SNx compared with con-

trols, rising from 19 6 6 to 116 6 19 mV/mm2 (P , 0.001)

(Figure 5).

Measurement of tTg in Situ Activity
In situ tTg activity assays revealed low incorporation of

fluorescein cadaverine (tTg substrate) in normal kidneys (Fig-

ure 6D) that could not be localized to any specific renal

structure and was not visible when combined with autofluo-

rescence emissions at 530 nm to enable renal morphology to be

viewed (Figure 6A). However, in scarred remnant kidneys 90-d

post-SNx, incorporation of fluorescein cadaverine was mark-

edly increased (Figure 6, B and E). At 665 nm emission

(fluorescein cadaverine [Cy5 label] location only), an image

characteristic of ECM staining is generated (Figure 6E), al-

though it is also possible to see lower levels of intracellular tTg

activity. With emission monitoring at both 665 and 530 nm,

autofluorescence reveals renal morphology, but hides lower

levels of tTg activity (Figure 6B). This image suggests that the

greatest incorporation of fluorescein cadaverine is peritubular;

however, the resolution obtained using this methodology does

not allow specific localization to the tubular basement mem-

brane. Interestingly, tTg activity in the expanding ECM (top

half of the panel) seems to be concentrated at the periphery of

the ECM giving a characteristic “tram line” appearance. There

appears to be less tTg activity in the middle of the expanding

ECM. Addition of exogenous guinea pig liver tTg to the

cryostat incubation medium (100 mg in 50 ml reaction buffer)

leads to an increase in the amount of incorporation of fluores-

cein cadaverine in this area, suggesting that enzyme activity

rather than available protein g-glutamyl groups was the limit-

ing factor (data not shown). Pretreatment of the SNx sections

with the tTg inhibitor cystamine (34) removes all fluorescein

cadaverine incorporation. Incorporation of fluorescein cadav-

erine was also reduced if the inactivating tTgase antibody

CUB7402 was preincubated with the sections rather than cys-

tamine (data not shown). Semiquantification of Tg activity by

measurement of Cy5 emission intensity at 665 nm revealed a

sevenfold increase in Tg activity rising from 12.3 6 1.4 mV/

mm2 in normal animals to 90.4 6 7.8 mV/mm2 in 90-d SNx

kidneys (P , 0.0001) (Figure 7).

Effect of Tg Cross-linking on MMP Degradation of
Collagen

Fibril formation was able to incorporate 80.4 6 1.1% of

radiolabeled collagen into the insoluble clot. There was no

significant change in the incorporation of radiolabeled collagen

if Tg or fibronectin was added to the collagen mixture.

When 10 mg/ml activated purified MMP-1 was added to the

insoluble collagen clot and incubated for 16 h at 37°C, it was

able to solubilize 84 6 2.0% of incorporated radiolabeled

collagen, compared with 7.4 6 0.7% purely by incubation

alone (Figure 8). When analyzed by polyacrylamide gel elec-

trophoresis, the characteristic band shift obtained after colla-

genase treatment reported previously by Cawston and Barrett

(38) was noted (data not shown). However, when MMP-1 was

added to the insoluble clot that was preincubated with tTg for

3 h, the amount of solubilized collagen dropped significantly to

36.6 6 0.8% of incorporated labeled collagen (P , 0.0001)

(Figure 8). The addition of 5 mM cystamine (tTg inhibitor)

before MMP-1 addition had no significant effect on the amount

of collagen solublized from the insoluble clot (40.9 6 4.2%),

indicating that any reductions in solubilized collagen are not

due to cross-linking of the MMP-1 by the tTg. Furthermore, if

the insoluble clot was allowed to form in the presence of tTg

plus fibronectin, then the ability of MMP-1 to degrade collagen

was reduced further, since it was only able to solubilize 19.7 6

1.8% of incorporated labeled collagen.

Measurement of the MMP activity at the end of the exper-

iment using both semiquantitative gelatinase zymography (data

not shown) and a fluorogenic substrate for MMP-1 (data not

shown) showed no statistical difference between MMP activity

Figure 5. Quantification of the cy5 emission intensity at 665 nm (i.e.,

tTg antigen) from the confocal microscopy pictures in Figure 4. Data

represent mean intensity 6 SEM. Analysis is from a minimum of 10

fields (3160 magnification) from at least three individual kidneys per

group.
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in any of the groups, further confirming that MMP-1 was not

being cross-linked by tTg.

Discussion
In this study, we demonstrate that the previously described

alterations in tTg protein expression in the SNx model of renal

scarring (11) are a consequence of de novo synthesis that

commences immediately after SNx and increases steadily as

the disease progresses. Moreover, we have shown that renal

tubular cells, known to accumulate tTg (11), are also the major

site of its synthesis. We have also noted that some of the

interstitial cells (which we believe to be fibroblasts) infiltrating

the scarred renal interstitium are able to upregulate tTg mRNA

production. Importantly, we have been able to detect increasing

levels of tTg in the extracellular space, where it is then able to

act on the ECM. Furthermore, we have demonstrated that

although this enzyme is present throughout the expanding

ECM, it appears that the majority of the active form when

measured by incorporation of fluorescein cadaverine into cry-

ostat sections is in the ECM with the greatest activity around

the basolateral aspect of renal tubules.

Although we have demonstrated intracellular accumulation

of tTg in epithelial cells (11), the extracellular localization of

this enzyme and its role are yet to be fully clarified. Our

findings here confirm its extracellular location in mature rat

tissues (39). The previous failure to detect extracellular tTg

seems to be one of fixation and/or antibody accessibility. We

have been unable to visualize extracellular tTg antigen in

paraffin-embedded sections or fixed cryostat sections; how-

ever, as demonstrated on unfixed sections, detection is possi-

ble. This result is analogous to our previous findings using

tTg-transfected Swiss 3T3 fibroblasts whereby extracellular

tTg was only detectable when the antibody was added directly

to live cells in culture before fixation (13). The extracellular

localization of tTg may be the result of a number of mecha-

nisms, the first of which involves leakage of the enzyme from

damaged and/or stressed tubular epithelial cells. It is possible

that changes to the cell membrane possibly as a result of some

type of cell insult could lead to such an externalization of tTg.

However, in previous studies using both a human endothelial

cell line and mouse Swiss 3T3 fibroblasts, we have presented

evidence for the presence of matrix and cell surface-associated

enzyme that is not related to leakage via cell rupture (13,27).

Externalization of the enzyme could also be the result of the

Figure 6. In situ activity for tTg. Representative photomicrographs from normal (Panels A and D) and scarred kidneys at day 90 post-SNx

(Panels B, C, E, and F) subjected to in situ activity assays for Tg by the incorporation of fluorescein cadaverine and revealed using a cy5

fluorochrome emission at 665 nm (red) measured by confocal microscopy as described in Materials and Methods. Panels C and F represent

scarred kidneys pretreated with the Tg antagonist cystamine. Panels A through C represent emissions at both 665 nm (cy5) and 530 nm (tissue

autofluorescence), whereas Panels D through F are viewed with emissions at 665 nm (cy5) only.
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death of these cells particularly via necrosis, where the cell

contents are not maintained as in apoptosis, thus resulting in

the spillage of their enzymatic content. This seems unlikely

since tTg was detected in the vicinity of apparently healthy

tubular cells. Given previous evidence obtained from cells in

culture (13,27,40), it seems more likely that the enzyme that

has no leader sequence or evidence for its glycosylation (41) is

predominantly secreted by a non-Golgi/endoplasmic reticulum

route probably via the basal membrane of renal tubular cells.

This could explain its concentrated distribution in the vicinity

of the peritubular region. However, it cannot be ruled out that

the origin of part of the tTg pool is from the interstitial

fibroblasts, since some of these cells also show increased

expression of the enzyme. The immediate binding to and

cross-linking of the proteins in the ECM may also be a mech-

anism for regulating the enzymes’ extracellular activity as

judged by the limited amount of incorporated fluorescein ca-

daverine beyond the peritubular regions.

The upregulation by tubular cells of their synthesis and

content of tTg may prove to be a key step in the scarring

processes. This enzyme, once elevated and intracellularly ac-

tivated, can lead to a beneficial stabilizing influence or a

detrimental death signal. On one hand, tTg may be involved in

wound repair by stabilizing the underlying ECM to compensate

for both loss of renal cells and architecture (11), thus main-

taining tissue integrity. The detected activity of tTg, which is

confined to the tubular basement membrane area, suggests a

preferential site of activity consistent with a stabilizing role on

peritubular ECM. Such localization of the active enzyme pe-

ripheral to the tubular cells is consistent with a role in the

deposition of new ECM rather than cross-linking of existing

ECM. This is consistent with increasing evidence to indicate

the importance of tTg in basement membrane stabilization of

both endothelial cells (26) and in epithelial cells such as those

found in the embryonic lung, where it has been suggested that

tTg may be used to prevent or delay further remodeling by

cross-linking the alveolar basement membrane and stabilizing

the ECM (39). On the other hand, it has been shown that the

excessive accumulation of tTg within renal epithelial cells can

lead to their death through extensive intracellular cross-linking

of proteins in the absence of apoptosis (11,12). This tTg-

mediated death process is dependent on Ca21 influx into the

cell as a result of damage, perhaps via ischemic injury as the

tubular interstitial fibrosis progresses. However, activation of

Figure 7. Quantification of the cy5 emission intensity at 665 nm (i.e.,

tTg activity) from the confocal microscopy pictures in Figure 6. Data

represent mean intensity 6 SEM. Analysis is from a minimum of 10

fields (3400 magnification) from at least three individual kidneys per

group.
Figure 8. Determination of the ability of matrix metalloproteinase-1

(MMP-1) to digest collagen fibrils by the solubilization of radiola-

beled collagen when pretreated with either tTg or tTg and fibronectin.

Data represent mean percentage solubilization 6 SEM from three

experiments.
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tTg is also thought to be a key step in the final events of the

apoptotic process, whereby increases in intracellular Ca21 lead

to formation of the apoptotic envelope (16,17,22). Conceiv-

ably, the level of tTg expression and its subsequent activation

may determine its beneficial healing properties or its detrimen-

tal death signals.

A role for tTg in the pathogenesis of renal fibrosis has

previously been put forward by our initial observations. tTg

may influence the renal fibrotic process through various path-

ways. It may, as we postulated previously, stabilize the ECM

through the incorporation of e(g-glutamyl) lysine cross-links

(28). Such a bond appears to be resistant to any mammalian

enzyme, making it irreversible and resistant to the action of

collagenases (15–17). An indication of this was demonstrated

in our in vitro assay, which clearly indicated that collagen or

collagen mixtures including fibronectin become more resistant

to MMP breakdown when previously exposed to tTg. The

collagen I used in this assay, which is one of the predominant

collagens found in the scarring process (42), has previously

been shown to have limited lysine amine acceptor sites for tTg

cross-linking (43). However, our data clearly show that incu-

bation of the enzyme with this collagen leads to increased

resistance to MMP breakdown, indicating that intermolecular

cross-links are occurring either between collagen fibrils or

between collagen and tTg itself since the enzyme has previ-

ously been shown to incorporate itself into the ECM (44). The

inclusion of fibronectin into this mixture, which can act as both

a lysine acceptor and glutamine donor in tTg cross-linking

(27,45), further increased the resistance to MMP breakdown.

This ability of tTg cross-linking to increase the resistance of

proteins to protease breakdown, which in the damaged kidney

is likely to include a greater array of ECM substrates than those

tested in an in vitro assay, is in keeping with the action of the

plasma Tg (factor XIIIa), which cross-links fibrin making it

more resistant to the action of proteinases such as plasmin (18).

The widely described phenotype of fibrosis of elevated ECM

production and decreased ECM degradation due to the reduc-

tion of MMP activity can now surely be expanded to include

reduced breakdown due to qualitative changes to the ECM as

demonstrated in this study. Qualitative changes may in fact

prove to be the major reason for reduced degradation of the

ECM as suggested by recent studies on atherosclerosis (9),

liver fibrosis (10), and kidney fibrosis (11).

The importance of tTg in the stabilization and deposition of

the ECM may also be linked directly or indirectly to its role in

the incorporation and storage of the transforming growth fac-

tor-b1 (TGF-b1)-binding protein LTBP-1. The cross-linking

of LTBP-1 to the matrix via tTg has been reported as a

necessary step in both the storage and activation of matrix-

bound TGF-b1 (46). In our previous studies using the rat SNx

model, we have shown an increase in TGF-b1 staining in the

interstitium of diseased kidney from day 15 onward (47) in a

similar distribution to that observed with tTg. Hence, the

amount of matrix-bound TGF-b1, which is dependent on ex-

tracellular tTg, could be crucial in determining the extent of

progression of the wound-healing/fibrotic response given the

reputation of TGF-b1 as one of the most fibrogenic renal

growth factors (48).

In conclusion, this study has demonstrated for the first time

that the induction of renal fibrosis leads to large changes in the

synthesis, activity, and location of tTg. The consequences of

these changes both intracellular in renal tubular cell death and

extracellular where the enzyme is likely to play important roles

both in matrix deposition/stabilization and in the storage and

activation of TGF-b1 are likely to have a profound effect on

the progression of renal fibrosis. tTg may therefore be a po-

tential novel target in a therapeutic approach aimed at control-

ling renal scarring and renal failure.
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