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● Bull terrier hereditary nephritis may represent a model for autosomal dominant Alport’s syndrome because
affected dogs have the typically lamellated glomerular basement membrane (GBM) and father-to-son disease
transmission occurs. This study examined the ultrastructural appearance of the renal and extrarenal basement
membranes and their composition in affected Bull terriers. Affected stillborn animals and puppies had subepithelial
frilling and vacuolation of the GBM. In adult dogs, lamellation was common, and subepithelial frilling and
vacuolation were less prominent. Foot-process effacement and mesangial matrix expansion occurred fre-
quently. Basement membranes in the glomeruli, tubules, and Bowman’s capsule were significantly thickened and
often mineralized. Immunohistochemical examination showed a1(IV) and a2(IV) collagen chains in all renal
basement membranes; a3(IV), a4(IV), and a5(IV) chains in the GBM, distal tubular basement membrane, and
Bowman’s capsule; and the a6(IV) chain in Bowman’s capsule. Conversely, the basement membranes from the
affected Bull terrier cornea, lens capsule, retina, skin, lung, and muscle had a normal ultrastructural appearance
and were not thickened compared with membranes in normal age-matched dogs. The distribution of basement
membrane abnormalities in Bull terrier hereditary nephritis may occur because the defective protein is present
exclusively or more abundantly in the kidney and is structurally more important in the kidney or because of local
intrarenal stresses.
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M OST PATIENTS with Alport’s syndrome
have the X-linked form in which affected

males have hematuria and subsequently develop
renal failure, deafness, and often anterior lentico-
nus and retinopathy.1-3 In X-linked disease, all
mutations affect the COL4A5 gene,4,5 resulting
in the loss of thea5(IV) collagen chain, together
with the a3(IV) and a4(IV) chains from the
glomerular (GBM) and other affected basement
membranes.6 Autosomal recessive Alport’s syn-
drome is less common, and mutations affect the

COL4A3/COL4A4 genes7 that encode thea3(IV)
and a4(IV) chains. These, together with the
a5(IV) chain, are usually absent from the GBM
of affected patients.8

Autosomal dominant disease is rare. The clini-
cal features differ from the phenotype seen in
X-linked and autosomal recessive Alport’s syn-
drome. Some affected individuals have hematu-
ria without renal failure and eye abnormalities do
not occur, and nearly all individuals have large
platelets, low platelet counts, and neutrophil in-
clusions.9-13 The a3(IV), a4(IV), and a5(IV)
collagen chains are present in affected GBM,14

and autosomal dominant Alport’s syndrome is
genetically heterogeneous, with linkage shown
to the locus for autosomal recessive Alport’s
syndrome (COL4A3/COL4A4) in one family15

and to a novel locus in others.16

The diagnosis of Alport’s syndrome usually
depends on the presence of the typical clinical
features, together with a family history of the
disease or demonstration of a lamellated GBM
on ultrastructural examination of the renal bi-
opsy specimen.17-20 The initial abnormality seen
in the GBM of children is a focal or diffuse
attenuation, which may persist in females as the
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only abnormality throughout life. In adult men,
the GBM is usually thickened threefold to five-
fold and split into two or more lamellae that
branch and rejoin to form a basket weave with
irregular spaces, sometimes containing electron-
dense deposits. The thickening and lamellation
can be focal or diffuse and alternate with regions
of thinning and discontinuity in which the endo-
thelium and epithelium are apposed.17 Epithelial
foot-process fusion is common. A lamellated
GBM sometimes occurs in the healing phase of
other glomerulonephritides, but lamellation is
more widespread and more pronounced in Al-
port’s syndrome.20 A lamellated or thickened
tubular basement membrane (TBM) and Bow-
man’s capsule can also occur in noninherited
forms of glomerulonephritis. Basement mem-
branes affected in X-linked Alport’s syndrome
include those in the glomerulus, cochlea, lens
capsule, and retina21-24and account for the clini-
cal manifestations seen in this condition. In auto-
somal recessive and dominant Alport’s syn-
drome, the GBM has been lamellated in all the
case reports, but there have been no detailed
ultrastructural studies of the renal and extrarenal
membranes. In the case of autosomal dominant
Alport’s syndrome, this occurs partly because
the condition is rare or unrecognized and partly
because the associated thrombocytopenia often
precludes a renal biopsy.

Bull terrier hereditary nephritis represents a
model for autosomal dominant Alport’s syn-
drome25,26 because affected dogs have the typi-
cally lamellated GBM and father-to-son disease
transmission occurs.Affected animals have hema-
turia and proteinuria, and all progress to renal
failure in adulthood. They are not deaf and do not
have the typical hematologic abnormalities, but
extrarenal features are variably penetrant in hu-
mans and absent from the Samoyed and cocker
spaniel models of X-linked and autosomal reces-
sive disease.27,28 The primary genetic defect in
Bull terrier hereditary nephritis is not known, but
both thea3(IV) anda5(IV) collagen chains have
been demonstrated in affected dog GBM.26 Bull
terrier hereditary nephritis thus provides the op-
portunity to describe the ultrastructural appear-
ance of the renal basement membranes in a
model of autosomal dominant Alport’s syndrome

and to determine whether the basement mem-
brane abnormality is widespread.

ANIMALS AND METHODS

Dogs
Bull terrier puppies (n5 6) were stillborn (n5 1) or aged

1 day to 12 weeks (n5 5) and were consecutive puppies
with one parent with Bull terrier hereditary nephritis and an
abnormal GBM ultrastructural appearance in tissue obtained
at postmortem examination. An additional four puppies with
GBM abnormalities from two litters that had resulted from
the mating of two affected Bull terriers were also examined.
All puppies examined postnatally had been killed, and
specimens were prepared immediately for examination. Pro-
teinuria is common in puppies at some time, and an in-
creased urinary protein-creatinine (UPC) ratio was not used
to identify affected animals.

Normal puppies (n5 5) were not Bull terriers and were
either cross-breeds or from pedigrees in which there was no
known history of renal disease. These animals were age-
matched for affected puppies. Bull terriers were not used as
controls in this part of the study because hereditary nephritis
is widespread in this breed in Australia, and identification of
affected animals by definitive genetic testing is not yet
available.

Adult affected Bull terriers (n5 18) were identified on the
basis of a UPC ratio greater than 0.3, which has previously
correlated strongly with histological evidence of Bull terrier
hereditary nephritis.29 Affected dogs were often related to
other known affected animals. The corresponding serum
creatinine levels varied from normal to very elevated (.1,000
umol/L). Renal biopsies were performed under general anes-
thetic or when dogs were killed for medical indications.

Normal adult dogs (n5 5) were in general not Bull
terriers but were either cross-breeds or from pedigrees in
which there was no known history of renal disease. How-
ever, the kidneys from one apparently normal adult Bull
terrier were available for examination. All normal animals
had a UPC ratio less than 0.3.

Histological Examination
Tissues obtained from affected Bull terriers and normal

animals were fixed in buffered formalin and processed for
light microscopy by standard methods. Three-micron paraf-
fin-embedded sections were stained with hematoxylin and
eosin, periodic acid–Schiff, and silver methenamine.

Ultrastructural Examination
Kidney tissue was fixed in 1.5% chilled glutaraldehyde in

0.1 mol/L of phosphate-buffered saline, postfixed in 1%
Dalton’s osmium tetroxide, and embedded in Epon 812
(TAAB Laboratories, TAAB Lab Equipment, Berkshire,
England). Thin sections were cut on Reichert Ultra Cut E
microtome (C. Reichert AG, Wien, Austria), supported on
200-mesh copper grids, and stained with saturated uranyl
acetate and lead citrate. After carbon coating, the grids were
examined in a Philips 301 transmission electron microscope
(Phillips Electrical Optics, Eindhoven, The Netherlands).

Other tissues were treated in the same way except that
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Fig 1. Electron microscopic appearance of kidney basement membranes in affected Bull terrier and normal
puppies showing: (a) subepithelial frilling with vacuolation and loops of membrane around the capillary loop
(original magnification 35,100); (b) subepithelial frilling showing membrane on subendothelial and subepithelial
surfaces with loops between (original magnification 314,500); (c) lamellation of the GBM (original magnification
314,500); (d) subepithelial frilling in a stillborn puppy (original magnification 35,100); (e) uniform flattening of the
foot processes and focal microvillous transformation of the cytoplasm and fetal appearance of podocytes (original
magnification 35,100); and (f) GBM from a normal puppy showing uniform appearance (original magnification
35,100).



they were postfixed in 1.5% osmium tetroxide and embed-
ded in Spurr’s resin. Thin sections were cut on an LKB
Ultrotome (LKB Instruments Inc, Gaithersburg, MD), and
the grids were examined in a JEOL 1200 EX transmission
electron microscope (Japan Electronic Optical Limited, Pea-
body, WA).

Measurements of Basement Membrane Width
In the dog kidneys examined, electron micrographs were

taken of the center and periphery of a capillary loop, overly-
ing Bowman’s capsule, and nearby TBM for each of five
glomeruli. In addition, basement membranes from the cor-
nea, retina, skin, lung, and muscle were studied.

Basement membrane widths were determined using a
magnification and illumination system (Leitz Reprovit R;
Leitz Microscope, Weitzmar, Germany) and computer anal-
ysis (Videopro 32; Leading Edge Pty Ltd, Adelaide, South
Australia). At least 50 measurements of basement membrane
width were made at random on electron micrographs of
individual tissues from three affected and three normal dogs
(except where indicated). A minimum original magnification
315,000 (except for lens capsule,36,300) was used.

The mean widths for each tissue from affected and normal
animals were compared using Student’st-test.

Basement Membrane Composition
Affected Bull terrier and normal kidney tissues were

obtained immediately after death and fixed in neutral-
buffered formalin. Paraffin-embedded sections were treated
to remove the paraffin, incubated in 0.2 mol/L of HCl, and
heated to 110°C to 127°C for 6 minutes, depending on the
requirements of individual antibodies. The sections were
then incubated with mouse monoclonal antibodies against
the a1(IV) through a6(IV) collagen chains, and the color
developed with the LSAB2 kit (Dako, Glostrup, Denmark).
The antibodies were made by immunizing mice with syn-
thetic peptides from the carboxyl termini of the human
a(IV) noncollagenous domains, and their use has been
described previously.30,31

RESULTS

Ultrastructural Appearance of Renal Basement
Membranes in Affected Bull Terrier Puppies

In affected puppies, the most striking abnor-
mality was subepithelial frilling of the GBM
with subepithelial and subendothelial layers (Fig
1) and membrane loops between these that en-
closed subepithelial vacuoles and vesicles. These
changes were present in all six affected puppies
(100%) and were widespread (three of six pup-
pies; 50%), sparse (two of six puppies; 33%), or
rare (one of six puppies; 17%). Involvement of
different glomeruli was usually patchy. Within
individual capillary loops, the changes were not
circumferential and were present in both the
paramesangium and periphery of capillary loops.

The subepithelial frilling and vacuolation were
often marked. Identical GBM abnormalities were
present in the affected stillborn puppy in which
the kidney appearance was clearly embryonic.

Minor degrees of lamellation of the GBM
were present in the subepithelial frills, suggest-
ing that the lamellae arose from strands of mem-
brane. Otherwise, lamellation was seen in only
one 3-day-old puppy (one of six puppies; 17%),
but this was sparse, and subepithelial frilling was
also present. Central and subendothelial vacuola-
tion and intramembranous deposits were not
shown.

Where there was no subepithelial frilling and
vacuolation, the GBM width was normal (Table
1), but elsewhere, it was increased as a result of
the subepithelial changes.

Effacement of the epithelial foot processes
overlying both abnormal and apparently normal
GBM was present in all affected puppies (100%).
The mesangial matrix was expanded in two of
six dogs (33%). The TBM was uniform and
regular, except in one 3-day-old puppy in which
there were sparse regions of lamellation (one of
six puppies; 17%). The TBM width and the
appearance and width of Bowman’s capsule were
also normal (Table 1).

In four of the five normal puppies (80%),
GBM, TBM, and Bowman’s capsule had no
abnormalities, but in the fifth puppy (one of five
puppies; 20%), there were rare and mild ex-
amples of subepithelial irregularity.

One puppy from each of the two litters in
which both parents were affected was much
smaller than the other, with small limbs and a

Table 1. Basement Membrane Widths in Affected
Bull Terrier and Normal Puppies

Basement Membrane

Width (nm)

Affected Puppies
(n 5 4)

Normal Puppies
(n 5 3)

GBM (random) 171 6 41* 122 6 12
GBM (no subepithelial

frilling or vacuolation) 135 6 8.5 122 6 12
TBM 190 6 48 129 6 61
Bowman’s capsule 730 6 313 797 6 223

NOTE. The width of the basement membrane itself was
measured. Values expressed as mean 6 SD.

* P , 0.05 compared with normal puppies; otherwise not
significant.
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Fig 2. Electron microscopic appearance of kidney basement membranes in affected adult Bull terriers showing:
(a) irregular lucency on the epithelial aspect of the GBM separated by a peripheral band of membrane from adjacent
epithelial cells (original magnification 314,500); (b) subepithelial lucency separated from overlying epithelial cells
by membrane that is also found between epithelial cells (arrow) (original magnification 314,500); (c) in this older
dog, the lucent zones are both subepithelial and central (arrow), and there is a dense nodule protruding from the
epithelial aspect of the GBM; this appearance may represent a late healing phase of the subepithelial lesion (original
magnification 314,500); (d) the GBM is widened by variably laminar and vacuolar lucencies, and there is no
subepithelial irregularity (original magnification 314,500); (e) there are numerous predominantly microvesicular
lucencies in the GBM, especially prominent adjacent to the mesangium (original magnification 35,100); (f) the
lucencies extend from the paramesangial areas into the peripheral GBM, with some on the subendothelial aspect
(original magnification 35,100).



form of spina bifida but without macroscopic
abnormalities in other organs at postmortem ex-
amination. In one litter, both puppies had exten-
sive and marked subepithelial changes in the
GBM that were similar to the more severe le-
sions previously described. In addition, there
was epithelial foot-process effacement and mild
mesangial expansion, but the TBM and Bow-
man’s capsule were normal. In the other litter,
the puppy with the skeletal abnormalities had
moderate subepithelial changes in the GBM, and
its littermate had less marked features. Again,
there was foot-process effacement, but the TBM
and Bowman’s capsule were normal in both
animals. Thus, the extent and severity of the
GBM ultrastructural changes did not differ be-
tween puppies with skeletal abnormalities that
were possibly homozygous for the underlying
genetic mutation and their littermates or the
affected offspring of a single affected parent.

Ultrastructural Appearance of Renal Basement
Membranes in Affected Adult Bull Terriers

In affected adult dogs, subepithelial frilling
(16 of 18 dogs; 89%), vacuolation (15 of 18
dogs; 83%), and lamellation (11 of 18 dogs;
61%) were present in the GBM. In the 2 dogs
without subepithelial frilling (11%), vacuolation
and lamellation were present. All examined glo-
meruli from each dog were abnormal, but involve-
ment was patchy (Fig 2).

The subepithelial frilling was more extensive

but less prominent than in the puppies. Again, the
frilling in individual glomeruli was not circumfer-
ential and affected both the paramesangium and
periphery of capillary loops. In the younger adult
animals, there was often a complex spicular
arrangement of newly formed GBM lying be-
tween adjacent foot processes similar to that seen
in membranous nephropathy but without the char-
acteristic deposits. This appearance suggested
active formation of new GBM by epithelial cells
adjacent to the lucent zones. Some animals had
scattered nodular protrusions of variably dense
GBM, which may have represented a later stage
of the subepithelial lesion.

The vacuoles were smaller and more regular
than in the puppies. Again, the lesions were not
circumferential and affected both the paramesan-
gium and peripheral capillary loops. Lucencies
were present in 15 of 18 dogs (83%) and were
centrally located within the GBM (15 of 18 dogs;
83%) or in a central and subendothelial location
(3 of 18 dogs; 17%). The lucencies were vacu-
olar, vesicular, microvesicular, or lamellar in
nature. Some dogs had extensive central lucency
of the GBM with a multivesicular bubbly pat-
tern, especially around the mesangium. There
were occasional electron-dense deposits within
the vacuoles.

A lamellated GBM was more common in
affected adult dogs (11 of 18 dogs; 61%) than in
puppies (1 of 6 puppies; 17%), and the lamella-
tion was often extensive. Sometimes the lamel-

Fig 2. (Cont’d). (g) thickened lamellated TBM (arrow) (original magnification 314,500); and (h) thickened Bow-
man’s capsule with mineralization (original magnification 314,500).
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lae comprised layers of small vesicles between
sheets of membrane.

The extent and nature of the GBM lesions
were not different in male and female adult dogs.
In the males, subepithelial lesions were present
in 9 of 10 animals (90%), with central lucencies
in 5 of 10 animals (50%), central and subendothe-
lial lucencies in 3 of 10 animals (30%), and
lamellation in 5 of 10 animals (50%) compared
with females, who had subepithelial lesions in 7
of 8 animals (88%), central lucencies in 6 of 8
animals (75%), no central and subendothelial
lucencies (0 of 8 animals; 0%), and lamellation
in 6 of 8 animals (75%). The abnormalities were
present in all glomerular loops examined in the
adult dogs (17 of 17 dogs; 100%) compared with
puppies (3 of 6 puppies; 50%), and subepithelial
frilling was less prominent in adult animals but
still frequently seen (16 of 18 animals; 89%)
compared with puppies (6 of 6 puppies; 100%),
whereas central and subendothelial lucencies were
present only in adult dogs, and lamellation was
more common (11 of 18 animals; 61%) com-
pared with puppies (1 of 6 puppies; 17%).

The GBM ultrastructural changes were com-
pared among affected dogs within pedigrees.
Two half-sibs had subepithelial GBM changes,
central lucencies, and lamellation, and in a sec-
ond pedigree, the mother had subepithelial
changes, central lucencies, and lamellation,
whereas the daughter had subepithelial changes
only.

Again in affected dogs, the presence of subepi-
thelial frilling, vacuolation, and lamellation meant
that the width of the GBM in affected dogs was
significantly increased compared with that in
normal animals (Fig 3 and Table 2).

Foot-process effacement overlying both abnor-
mal and normal GBM and mesangial matrix
expansion was common. The TBM was lamel-
lated in 3 of the 17 adult dog kidneys (18%) in
which it was examined. Bowman’s capsule was

Fig 3. Electron micro-
scopic appearance of GBM in
normaladultBull terriersshow-
ing a uniform GBM (original
magnification 312,600).

Table 2. Basement Membrane Widths in Different
Tissues in Affected Adult Bull Terriers and

Normal Dogs

Basement Membrane

Width (nm)

Affected Adult
Bull Terriers

(n 5 3)
Normal

Dogs (n 5 3)

GBM 554 6 99* 305 6 39
TBM 988 6 190† 467 6 127
Bowman’s capsule 2,312 6 357† 1,088 6 409
Cornea 114 6 17 102 6 4
Retina 107 6 41 90 6 6
Skin 89 6 17 68 6 18
Lung 156 6 40 115 6 42
Muscle 85 6 38 61 6 18

NOTE. Results were calculated from the means of mea-
surements made on three affected and three normal dogs.
Values expressed as mean 6 SD.

* P , 0.02 compared with normal dogs; otherwise not
significant.

† P , 0.05 compared with normal dogs; otherwise not
significant.
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split in 16 of the 18 kidneys examined (89%).
The widths of the TBM and Bowman’s capsule
in adult dogs were significantly increased com-
pared with normal animals (Table 2), and the
GBM, TBM, and Bowman’s capsule were com-
monly mineralized in adult affected dogs.

Four of the five normal dogs (80%) had no
GBM abnormalities, but one had minor rare
subepithelial irregularity (1 of 5 animals; 20%),
and another had minor TBM lamellation (1 of
5 animals; 20%). Bowman’s capsule appeared
split in some places in all normal dogs.

The GBM from the normal Bull terrier was
uniform in appearance (Fig 3).

Basement Membrane Composition

Each of thea1(IV) through a6(IV) collagen
chains was shown in renal basement membranes
from affected dogs (Fig 4). Thea1(IV) and

a2(IV) chains were present in all basement mem-
branes; thea3(IV) througha5(IV) chains in the
GBM, Bowman’s capsule, and distal TBM; and a
tiny amount of thea6(IV) chain was shown in
Bowman’s capsule and also appeared to be
present in the vascular basement membrane. This
distribution was identical to that seen in normal
dogs.

Ultrastructural Appearance of Extrarenal
Basement Membranes in Adult Affected Dogs

The light microscopic appearance of the cor-
nea, lens, retina, skin, lung, and muscle in af-
fected dogs was normal (Fig 5) and did not differ
from the appearance in normal animals. The
ultrastructural appearance of the basement mem-
branes in these tissues was generally normal,
without lamellation, thickening, or thinning.
There were rare focal regions of lamellation in

Fig 4. (A-F) Immunofluo-
rescent examination of af-
fected dog kidney stained
with antibodies against
a1(IV) through a6(IV) colla-
gen chains shows that all
these collagen chains are
present.
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Fig 5. Electron microscopic appearance of the basement membranes (arrows) in (a) cornea (normal; original
magnification 363,000); (b) cornea (affected; original magnification 363,000); (c) lens capsule (normal; original
magnification 36,300); (d) lens capsule (affected; original magnification 36,300); (e) retina (normal; original
magnification 315,120); (f) retina (affected; original magnification 315,120).
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Fig 5 (Cont’d). (g) kin (normal; original magnification 363,000); (h) skin (affected; original magnification 363,000);
(i) lung (normal; original magnification 342,000); (j) lung (affected; original magnification 342,000); (k) muscle
(normal; original magnification 363,000); and (l) muscle (affected; original magnification 363,000).
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the alveolar basement membranes in two af-
fected but no normal dogs. These lesions were
not considered to reflect Alport’s syndrome be-
cause they were not generalized.

The widths of the basement membranes from
the cornea, retina, skin, lung, and muscle did not
differ significantly from those in normal animals
(Table 2).

DISCUSSION

This study has shown that the GBM in Bull
terriers with autosomal dominant hereditary ne-
phritis is abnormal from birth, with subepithelial
frilling and bubbly vacuolation but without thin-
ning. The only descriptions of GBM in children
with Alport’s syndrome are in the X-linked form,
in which the basement membrane is thinned,32

but thinning does not occur in the Samoyed or
cocker spaniel models of X-linked and autoso-
mal recessive disease. The GBM in affected
adult Bull terriers is lamellated, but the subepithe-
lial expansion and vacuolation, although exten-
sive, is less prominent than in puppies. The
occasional case reports of adults with autosomal
dominant Alport’s syndrome indicate that the
GBM is lamellated, with minor subepithelial
frilling identical to that seen in X-linked and
autosomal recessive disease9,10 and in the corre-
sponding canine models.27,28The differences be-
tween the ultrastructural abnormalities in af-
fected puppies and, to a lesser extent, adult Bull
terriers and human disease may result from differ-
ences in the composition of dog and human
GBM, the nature of the protein abnormalities in
these diseases, or the expression of affected
proteins at different stages of development of the
kidney.

Affected Bull terriers are descendants of a
common forebear and are assumed to have the
same genetic mutation; however, the ultrastruc-
tural appearance of the GBM varied between
different dogs and between parents and off-
spring. Thus, factors other than the genetic muta-
tion must contribute to the nature and extent of
the GBM ultrastructural lesions. We found no
difference in the GBM lesions between male and
female Bull terriers, but the abnormalities were
different and more extensive in adult animals
compared with puppies. As with thinning in
human X-linked disease, the subepithelial frill-
ing and vacuolation seen in Bull terrier puppies

may reflect abnormal membrane synthesis,32

whereas the lamellation in adult dogs may repre-
sent an attempt at membrane repair. We have not
examined dogs for worsening of the GBM lesion
with increasing age, but in X-linked Alport’s
syndrome and the Samoyed model, GBM lamel-
lation increases with deteriorating renal func-
tion,18becoming more extensive and more promi-
nent.27 Other factors that may contribute to
variability of the ultrastructural appearance of
the GBM in different Bull terriers include envi-
ronmental and local intrarenal stresses.

In X-linked Alport’s syndrome, the extent of
the GBM abnormalities partly depends on
whether the individual is a male with a single
copy of the abnormal gene and no normal gene,
or a heterozygous female. The effect of a double
dose of the mutation has not been described in
autosomal dominant Alport’s syndrome but
occurs with autosomal recessive inheritance,
which may affect the same gene. Each litter of
two affected Bull terrier parents was small, imply-
ing that the parents were less fertile or that
homozygous offspring were less viable than nor-
mal. One puppy from each litter was much
smaller than the other, with marked skeletal
abnormalities. Skeletal defects are not uncom-
mon in dogs but have not been described in a
form of Alport’s syndrome, and it is not clear that
the abnormal protein in autosomal dominant dis-
ease is present in bone. The GBM of all four
offspring in these litters had an abnormal ultra-
structural appearance, but there was no differ-
ence in the nature and extent of the abnormalities
between littermates nor differences from those
seen in the affected offspring of a single affected
parent. These observations suggest that none of
the puppies examined was homozygous for the
mutant gene or that there is no difference be-
tween the GBM abnormalities in heterozygous
and homozygous animals.

As well as the abnormalities seen in the GBM,
the TBM was lamellated in at least one Bull
terrier puppy. A lamellated TBM has been de-
scribed in X-linked Alport’s syndrome19 but can
also be normal. The thickened TBM noted in
adult Bull terriers is a common finding with
many forms of glomerular damage.

In Bull terrier puppies with autosomal domi-
nant Alport’s syndrome, Bowman’s capsule was
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not lamellated or vacuolated, but in adult dogs, it
was thickened, probably nonspecifically. In af-
fected adult dogs, the GBM, TBM, and Bow-
man’s capsule were calcified, which again prob-
ably represents a nonspecific finding related to
renal impairment. The vascular membranes were
not examined.

An additional ultrastructural abnormality noted
in Bull terrier kidneys was epithelial foot-
process fusion, which was present in puppies
only a few weeks old, as well as in older dogs.
This was shown overlying both normal and abnor-
mal GBM and has been well described in X-
linked disease.19

The immunohistochemical studies described
here indicated that all type IV collagen chains
were present in affected Bull terrier GBM. These
findings thus confirm a third pattern of type IV
collagen staining in Alport’s syndrome. In males
with X-linked Alport’s syndrome, thea3(IV)
througha5(IV) collagen chains are usually but
not always absent from the GBM6,30; in autoso-
mal recessive disease, thea3(IV) througha5(IV)
chains are often absent from the GBM, but the
a5(IV) chain is present in Bowman’s capsule8;
and in autosomal dominant disease, thea3(IV)
through a5(IV) chains are present in affected
GBM.14

Thus, there are differences between the clini-
cal features and GBM appearance in humans
with autosomal dominant Alport’s syndrome and
Bull terriers with hereditary nephritis. These dis-
tinctions may result from different proteins being
affected or from differences in protein expres-
sion between the species. The demonstration of
all type IV collagen chains in affected Bull
terrier GBM does not preclude a mutation in one
of the corresponding genes, but linkage studies
have suggested that a novel gene is involved.16

In the Bull terrier model of hereditary nephri-
tis, the kidney was the only tissue with basement
membranes containing the Goodpasture anti-
gen26 and thea3(IV) through a5(IV) collagen
chains that had an abnormal light microscopic
appearance.

In affected Bull terriers, the ultrastructural
appearance of the cornea, lens capsule, retina,
skin, lung, and muscle was normal, without lamel-
lation or thickening. These tissues were exam-
ined either because they corresponded to clinical

manifestations in X-linked disease or because
their basement membranes had a similar compo-
sition to the membranes affected in this condi-
tion. The thickness of the lens capsule was not
measured because it depends precisely on the
site of sampling, but thinning has been observed
in human X-linked disease.33 The retinal base-
ment membrane is normal in affected male
Samoyeds.34The corneal membrane has not been
studied in human X-linked disease or Samoyeds,
and the associated clinical manifestation of pos-
terior polymorphous corneal dystrophy is rare.35

The other common associations of autosomal
dominant Alport’s syndrome are deafness and
platelet defects, but Bull terriers are not deaf and
have morphologically and functionally normal
platelets. The basement membranes of the stria
vascularis in the dog ear were not examined
because of difficulties obtaining and fixing the
tissue but they are abnormal in humans and
Samoyeds with X-linked disease.34 Ultrastruc-
tural studies of platelets in humans with autoso-
mal dominant disease have been inconclusive.36

Affected Bull terriers had focally lamellated
and thickened lung basement membranes, but
these changes were sparse and hence were not
considered typical of Alport’s syndrome. The
lung basement membranes have not been exam-
ined in patients with X-linked or autosomal reces-
sive disease but are normal in male Samoyeds.34

We were unable to show ultrastructural changes
in the skin, and the results of studies of X-linked
disease have been inconclusive,36 or normal in
male Samoyeds.

Thus, the basement membrane abnormalities
in autosomal dominant Alport’s syndrome affect
the GBM but not the basement membranes of the
lens, cornea, retina, skin, lung, or muscle. Mem-
brane abnormalities may occur because the abnor-
mal protein is present exclusively or more abun-
dantly, or is structurally more important in the
kidney, or because of the effect of local intrarenal
stresses. Observations made in this study provide
the impetus to examine whether the ultrastruc-
tural membrane changes in human autosomal
dominant Alport’s syndrome are present before
birth, whether these abnormalities vary between
different individuals, and whether the extrarenal
membranes are normal when there are no corre-
sponding clinical features.

AUTOSOMAL DOMINANT HEREDITARY NEPHRITIS 389



ACKNOWLEDGMENT

The authors thank the National Health and Medical Re-
search Council of Australia; Heather Simpson and members
of the Bull Terrier Club of Victoria; and Dr Tim Blofield,
Veterinary Surgeon.

REFERENCES

1. Gubler MC, Levy M, Broyer M, Naizot C, Gonzales
G, Perrin D, Habib R: Alport’s syndrome: A report of 58
cases and a review of the literature. Am J Med 70:493-505,
1981

2. Grunfeld JP: The clinical spectrum of hereditary nephri-
tis. Kidney Int 27:83-92, 1985

3. Flinter FA, Cameron JS, Chantler C, Houston I, Bo-
brow M: Genetics of classic Alport’s syndrome. Lancet
2:1005-1007, 1988

4. Barker DF, Hostikka SL, Zhou J, Chow LT, Oliphant
AR, Gerken SC, Gregory MC, Skolnick MH, Atkin CL,
Tryggvason K: Identification of mutations in the COL4A5
collagen gene in Alport syndrome. Science 248:1224-1227,
1990

5. Tryggvason K, Zhou J, Hostikka SL, Shows TB:
Molecular genetics of Alport syndrome. Kidney Int 43:38-
44, 1993

6. Nakanishi K, Yoshikawa N, Iijima K, Kitagawa K,
Nakamura H, Ito H, Yoshioka K, Kawawa M, Sado Y:
Immunohistochemical study ofa1-5 chains of types IV
collagen in hereditary nephritis. Kidney Int 46:1413-1421,
1994

7. Mochizuki T, Lemminck HH, Mariyama M, Antignac
C, Gubler M-C, Pirson Y, Verellen-Dumoulin C, Chan B,
Schroder CH, Smeets HJ, Reeders ST: Identification of
mutations in thea3(IV) and a4(IV) collagen genes in
autosomal recessive Alport syndrome. Nat Genet 8:77-87,
1994

8. Gubler MC, Knebelmann B, Beziau A, Broyer M,
Pirson Y, Haddoum F, Kleppel MM, Antignac C: Autosomal
recessive Alport syndrome: Immunohistochemical study of
type IV collagen chain distribution. Kidney Int 47:1142-
1147, 1995

9. Epstein CJ, Sahud MA, Piel CF, Goodman JR, Bern-
field MR, Kushner JH, Albin AR: Hereditary macrothrombo-
cytopathia, nephritis and deafness. Am J Med 52:299-310,
1972

10. Clare NM, Montiel MM, Lifschitz MD, Bannayan
GA: Alport’s syndrome associated with macrothrombo-
pathic thrombocytopenia. Am J Clin Pathol 72:111-117,
1979

11. Brivet F, Girot R, Barbanel C, Gazengel C, Maier M,
Crosnier J: Hereditary nephritis associated with May-
Hegglin anomaly. Nephron 29:59-62, 1981

12. Peterson LC, Rao KV, Crosson JT, White JG: Fecht-
ner syndrome—A variant of Alport’s syndrome with leuko-
cyte inclusions and macrothombocytopenia. Blood 65:397-
406, 1985

13. Turi S, Kobor J, Erdos A, Bodrugi T, Virag I, Ormos
J: Hereditary nephritis, platelet disorders and deafness—
Epstein’s syndrome. Paediatr Nephrol 6:38-41, 1992

14. Naito I, Nomura S, Inoue S, Kagawa M, Kawai S,
Gunshin Y, Joh K, Tsukidate C, Sado Y, Osawa G: Normal
distribution of collagen type IV in renal basement mem-
branes in Epstein’s syndrome. J Clin Pathol 50:919-922,
1997

15. Jefferson JA, Lemmink HH, Hughes AE, Hill CM,
Smeets HJM, Doherty CC, Maxwell AP: Autosomal domi-
nant Alport syndrome linked to the type IV collagena3 and
a4 genes (COL4A3 and COL4A4). Nephrol Dial Transplant
12:1595-1599, 1997

16. Toren A, Amariglio N, Rozenfeld-Granot G, Simon
AJ, Brok-Simoni F, Pras E, Rechavi G: Genetic linkage of
autosomal dominant Alport syndrome with leukocyte inclu-
sions and macrothrombocytopenia (Fechtner syndrome) to
chromosome 22q11-13. Am J Hum Genet 65:1711-1717,
1999

17. Spear GS, Slussler RJ: Alport’s syndrome: Emphasiz-
ing electron microscopic studies of the glomerulus. Am J
Pathol 69:213-224, 1972

18. Hinglais N, Grunfeld J-P, Bois E: Characteristic ultra-
structural lesion of the glomerular basement membrane in
progressive hereditary nephritis (Alport’s syndrome). Lab
Invest 27:473-487, 1972

19. Churg J, Sherman RL: Pathologic characteristics of
hereditary nephritis. Arch Pathol 95:374-379, 1973

20. Hill GS, Jenis EH, Goodloe S: The non-specificity of
the ultrastructural lesion of the glomerular basement mem-
brane in progressive hereditary nephritis (Alport’s syn-
drome). Lab Invest 27:473-487, 1972

21. Kleppel MM, Kashtan C, Santi PA, Wieslander J,
Michael AF: Distribution of familial nephritis antigen in
normal tissue and renal basement membranes of patients
with homozygous and heterozygous Alport familial nephri-
tis. Relationship of familial nephritis and Goodpasture anti-
gens to novel collagen chains and type IV collagen. Lab
Invest 61:278-289, 1989

22. Arnold W: Uberlegungen zur Pathogenese des cochle-
orenalen Syndroms. Acta Otolaryngol 89:330-338, 1980

23. Kleppel MM, Michael AF: Expression of novel base-
ment membrane components in the developing human kid-
ney and eye. Am J Anat 187:165-174, 1990

24. Cheong HI, Kashtan CE, Kim Y, Kleppel MM, Mi-
chael AF: Immunohistologic studies of type IV collagen in
anterior lens capsules of patients with Alport syndrome. Lab
Invest 70:553-557, 1994

25. Hood JC, Robinson WF, Huxtable CR, Bradley CR,
Sutherland RJ, Thomas MAB: Hereditary nephritis in the
bull terrier: Evidence for inheritance by an autosomal domi-
nant gene. Vet Rec 126:456-459, 1990

26. Hood JC, Savige JA, Hendtlass A, Kleppel MM,
Huxtable CR, Robinson WF: Bull terrier hereditary nephri-
tis: A model for autosomal dominant Alport syndrome.
Kidney Int 47:758-765, 1995

27. Jansen B, Thorner PS, Singh A, Petterson JM, Lums-
den JH, Valli VEO, Baumal R, Basrur PK: Hereditary
nephritis in Samoyed dogs. Am J Pathol 116:175-178, 1984

28. Lees GE, Wilson PD, Helman RG, Homco LD, Frey
MS: Glomerular ultrastructural findings similar to hereditary
nephritis in 4 English cocker spaniels. J Vet Intern Med
11:80-85, 1997

HOOD ET AL390



29. Hood JC, Robinson WF, Clark WF, Sutherland RJ,
James H, Thomas MAB, Huxtable CR: Proteinuria as an
indicator of early renal disease in bull terriers with heredi-
tary nephritis. J Small Anim Pract 32:241-248, 1991

30. Ninomiya Y, Kagawa M, Iyama K, Naito I, Kishiro Y,
Seyer J, Sugimoto M, Oohashi T, Sado Y: Differential
expression of two basement membrane collagen genes,
COL4A6 and COL4A5, demonstrated by immunofluores-
cence staining using peptide-specific monoclonal antibod-
ies. J Cell Biol 130:1219-1229, 1995

31. Naito I, Kawai S, Nomura S, Sado Y, Osawa G, and
the JapaneseAlport Network: Relationship between COL4A5
gene mutation and distribution of type IV collagen in male
X-linked Alport syndrome. Kidney Int 50:304-311, 1996

32. Gubler MC, Gonzales-Burchard G, Monnier C, Habib
R: Alport’s syndrome: Natural history and ultrastructural

lesions of glomerular and tubular basement membranes.
Contrib Nephrol 2:163-169, 1976

33. Streeten BW, Robinson MR, Wallace R, Jones DB:
Lens capsule abnormalities in Alport’s syndrome. Arch
Ophthalmol 105:1693-1697, 1987

34. Thorner PS, Jansen B, Baumal R, Harrison RV, Mount
RJ, Valli VEO, Spicer PM, Marrano PM: An immunohisto-
chemical and electron microscopic study of extra-renal base-
ment membranes in dogs with Samoyed hereditary glomeru-
lopathy. Arch A Pathol Anat Histopathol 412:281-290, 1988

35. Colville DJ, Savige J: Alport syndrome. A review of
the ocular manifestations. Ophthalmic Genet 18:161-173,
1997

36. Gregory MC, Atkin CL: Alport syndrome, in Schrier
RW, Gottschalk CW (eds): Diseases of the Kidney (ed 6).
Boston, MA, Little, Brown, 1997, pp 561-590

AUTOSOMAL DOMINANT HEREDITARY NEPHRITIS 391


