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The morphogenesis of glomerular basement membrane changes associated with
subepithelial immune deposits was studied in kidney biopsies from patients with
gold-induced membranous glomerulonephritis. Serial biopsies showed focal ac-
cumulations of additional basement membrane material around the deposits,
suggesting that the deposited material stimulated the epithelium to increased
synthesis. Moreover, the deposits were gradually displaced towards the inner
(endothelial) side of the basement membrane during the course of the disease,
suggesting that this layer undergoes a slow continuous turnover, with removal at
its endothelial aspect. The two processes-increased epithelial synthesis and
turnover-are suggested to constitute the basis of a natural healing process re-
sulting in elimination of the deposits and structural restoration of the basement
membrane. The epithelial slit membranes were dislocated externally by the de-
posits or the excessive basement membrane material, indicating that their barrier
function is preserved even in this pathologic condition. (Am J Pathol 79:219-236,
1975)

MEMBRANOUS GLOMERULONEPHRITIS (MGN) is a histopatho-
logic entity.1 2 The classic ultrastructural picture shows a combination
of two types of changes 3-7: a) extraneous deposits (which stain for
both IgG and C3 on immunofluorescence 7) located on the external
surface of or within the glomerular capillary basement membrane; and
b) irregularities, including projections and irregular thickening of the
basement membrane proper. Only when they are well developed are
the changes recognizable, and even separable from each other, in
specially stained sections studied by light microscopy.89 The changes
are not static, but evolve in a regular manner with time..57"10

Despite extensive studies of MGN, two questions have remained
unsolved: What is the origin of the changes of the basement membrane
proper and when do they develop in relation to the deposits? and
Which mechanisms form the basis of the evolutionary process?
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Preliminary results of a recent study" based on observations of
isolated biopsies from patients with gold-induced MGN (gold nephro-
pathy, GNP) of varying duration indicated that the changes of the
basement membrane proper projections and irregular thickening-
develop secondarily to and as a direct consequence of deposition of
immune globulins (immune complexes?) on the external surface of
the basement membrane proper. In the light of these observations and
the results obtained from experimental studies of others,'2-14 increased
synthesis of basement membrane material by the visceral epithelial
cells (stimulated by the deposited material?) was suggested to be the
mechanism responsible for the accumulation of excessive basement
membrane material around the deposits.
The present study is an extension of our previous study 11 and is

mainly based on observations of serial biopsies from patients with
GNP. Its purpose is twofold: first, to furnish conclusive evidence for the
precedence of the deposits in relation to the basement membrane
changes and to discuss the origin of the changes; and second, to de-
scribe the evolutionary sequence of the combined changes (deposits
and basement membrane irregularities) in relation to the duration of
the disease and to discuss the mechanisms involved.

Materials and Methods
Patients and Biopsies

In all, 14 percutaneous renal biopsies with ultrastructurally demonstrable MGN
(see below) were obtained from 8 patients with classic erosive rheumatoid arthritis
who had developed proteinuria or nephrotic syndrome during treatment with
sodium aurothiomalate (MyocrisineD, May & Baker). Four patients were biopsied
once, 2 patients twice, and 2 patients three times during the course of the study
(Text-figure 1). The MGN was attributed to the gold therapy principally because
of a) the close time relations between the gold treatment and the appearance of
proteinuria, and b) careful exclusion of other possible causes (this question was
discussed at greater length in a previous communication lt). Tissue for immuno-
fluorescent study was available from 11 biopsies.

Electron Microscopy

The methods used for electron microscopy have been described previously.1"
Briefly, the biopsy was fixed in 1.5% cacodylate-buffered glutaraldehyde, postfixed
in 2% osmium tetroxide, dehydrated in ethanol, stained en bloc with uranyl acetate,
and embedded in Epon 812. Sections with dark gray interference color were
mounted on bare 200-mesh copper grids, stained with lead citrate and uranyl
acetate and viewed in a Siemens Elmiskop I or a JEM lOOB electron microscope.

At least three glomeruli from each biopsy were studied in numerous sections.
The diagnosis of MGN was assessed on the basis of the following ultrastructural
criteria: a) few or many electron-dense deposits or electron-lucent areas, either
on the epithelial surface of (deposits) or within (deposits and lucent areas) the
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basement membrane proper, associated or not associated with b) irregularities such
as projections and irregular thickenings of the basement membrane proper. As
must be emphasized, these criteria imply that the diagnosis of MGN was assessed
on a qualitative rather than a quantitative basis. In fact, the extent of the changes
varied considerably from patient to patient and glomerulus to glomerulus, as could
be demonstrated most clearly with the immunofluorescent technic (see below and
Figure 6). The changes were classified according to a staging system introduced
in a previous communication.1"

Measurements of the Thickness of the Lamina Densa
The degree of displacement of the deposits within the lamina densa was roughly

estimated by measuring the distance between the most basal part of the deposits
and the inner border of the lamina densa. The measurements were made on paper
copies photographically enlarged three times. The primary magnifications were
5,000 to 30,000. The number of copies (different images) from each biopsy varied
between 50 and 150. Measurements were made in all places where the peripheral
capillary wall appeared cross-sectioned, and where the base of the deposits and
the inner border of the lamina densa were clearly distinguishable. The calculated
mean values for each biopsy were plotted on a graph (Text-figure 2).

Results
Subepithelial Deposits Without Changes in the Basement Membrane Proper (Stage I)

This pattern was seen in the initial biopsies from 3 patients, taken
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5 to 632 months after institution of gold therapy (Figures 1 and 4).
The deposits were located within the space delimited internally by the
basement membrane and externally by the portions of the epithelial
cytoplasmic membrane united by the slit membranes. Deposits were
never seen extending beyond the slit membranes (see below). The
deposits were moderately electron dense, slightly darker than the lamina
densa, and homogeneously finely granular.

Secondary Basement Membrane Changes: Accumulation of Basement-Membrane-Like
Material Around the Deposits (Stages Il-IV)

Changes described under this heading were found in biopsies ob-
tained after a minimum of 9 months after institution of gold therapy,
that is in all remaining biopsies (including follow-up biopsies from 2
of the 3 patients described above). The changes covered a wide spec-
trum. In some biopsies, the only changes seen were very short projec-
tions of basement-membrane-like material protruding from the base-
ment membrane proper on one or both sides of the deposits (Stage II) .
In other biopsies, the projections were taller and partly embraced the
deposits laterally (Stage III, Figures 2, 5 and 13). In still other bi-
opsies, a continuous layer of basement-membrane-like material totally
surrounded ("encapsulated") the deposits (Stage IV, Figures 3, 8,
9 and 14). Often (in Stages III-IV), the material also extended into
adjacent, irregular-shaped spaces between the epithelial foot processes
(Figures 8 and 10-12). The material, whether forming projections or
extending into adjacent intercytoplasmic (interpedicellar) spaces, al-
ways seemed to be in direct continuity with the lamina densa of the
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basement membrane proper. Furthermore, the material, like the de-
posits, was always located internally to those portions of the epithelial
plasma membrane that were connected by the slit membranes (Fig-
ures 8 and 10-12). It must be stressed that no projections or any of the
other changes described above were ever seen in capillary segments
devoid of deposits; the deposits and the excessive basement-membrane-
like material appeared to be intimately associated.
The basement-membrane-like material seemed to accumulate around

the deposits in a regular time-dependent manner. In early biopsies, 9 to
26 months after the institution of gold therapy, the projections, although
varying in height, rarely made contact external to the deposits. Total
encapsulation, on the other hand, was the dominant finding in biopsies
obtained later (Text-figure 1). The reverse sequence was not seen in the
serial biopsies, nor was a reverse pattern observed in isolated biopsies
(ie, a layer of basement-membrane-like material external to the deposits
without concomitant projections).

Displacement of Deposits Within the Basement Membrane

In biopsies obtained 5 to 14 months after the beginning of gold
therapy, there was no appreciable thinning of the lamina densa beneath
the deposits (the "normal" thickness ranged from 2000 to 3000 A) (Text-
figure 2). In biopsies obtained later, the distance between the inner side
of the deposits and the lamina rara interna was diminished. It was
approximately halved in biopsies obtained 2 to 3 years after the begin-
ning of gold therapy, and after 5 years it was diminished to about 500 A.
In these late biopsies it was often impossible to distinguish clearly be-
tween the inner aspects of the deposits and the lamina rara interna,
first because these deep deposits stained faintly and resembled the
lamina rare in electron density, and second because swelling and in-
creased granularity of the latter obscured its exact borders. In many
places the deposits actually seemed to coalesce with the lamina rara
interna.

Foot Processes and the Epithelial Slit Membranes

As a rule, there was some degree of focal loss ("fusion") of the foot
(terminal) processes (Figures 1 and 4), which characteristically was
confined to capillary segments containing deposits, the processes being
intact elsewhere. Wherever slit membranes (foot processes) over de-
posits were preserved, they were dislocated externally either by the
deposits themselves or by the excessive amounts of basement-membrane-
like material, sometimes by as much as 4000 A from the normal level



224 TORNROTH AND SKRIFVARS American Journal
of Pathology

(Figures 8 and 10-12). The deposits and the basement-membrane-like
material extended into the near proximity of the slit membranes (being
separated from them only by a thin layer resembling the lamina rara
externa; Figures 10 and 12), but were never seen to penetrate them.
Thus, the slit membranes seemed to constitute effective barriers to both
the deposits and the basement-membrane-like material.

Immunofluorescence Findings

Tissue from 11 biopsies was available for immunofluorescent study
(Text-figure 1). In all biopsies the glomerular capillary walls con-
tained small granules of IgG and C3 (Figures 6 and 7). In general, the
immunofluorescent distribution of the deposits (diffuse or segmental)
mimicked the ultrastructural distribution, but immunofluorescence
usually revealed a more heavy deposition than did electron microscopy,
probably because of the greater thickness of the cryostat sections (50
to 100 times thicker than the ultrathin sections). In biopsies taken late
in the course of the disease the glomeruli appeared to stain more weakly
than in the early biopsies, but it must be remembered that quantitative
comparisons of different immunofluorescent preparations are not very
reliable for technical reasons (differences in section thickness, illumina-
tion, etc) .

Discussion

Glomerular subepithelial deposits-the hallmark of immune complex
glomerulonephritis 1.5-have long been known to be associated with
projections and irregular thickening of the capillary basement mem-
brane.5' 13'16 The fact that such changes have never been reported to
occur without concomitant deposits has been taken to suggest a direct
causal connection between the deposits and the basement membrane
changes.5 7'10'1'3 The evidence for such a connection is greatly strength-
ened by the results of our present study of GNP, which showed the
characteristically segmental distribution of the changes: irregularities
of the basement membrane were never seen in capillary segments
devoid of deposits.

Hitherto, for lack of biopsies taken sufficiently early after the onset
of the disease, it has remained uncertain which of the two components,
deposits or basement membrane changes, develop first. Our present
findings confirm that the sequence is as expected by previous work-
ers 5,7,10,11,13: The 2 cases with deposits without basement membrane
changes in the initial biopsies but with both changes in the later
follow-up biopsies, leave no doubt that the deposits preceded the base-
ment membrane changes.
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Origin of the Excessive Basement Membrane Material

The structural identity of the excessive basement membrane material
(projections), on the one hand, and the basement membrane proper on
the other, as well as the direct continuity between these two, suggest
that they are one and the same material. Therefore, the excessive base-
ment membrane material may logically be considered to have originated
as part of the basement membrane. Embryologic,17 ultrastructural 1-20
and immunohistochemical 14 studies have indicated that the basement
membrane is synthesized by the visceral epithelial cells, either alone
or in association with other cells of the glomerulus. Our findings are in
keeping with this hypothesis: The excessive material was located on the
epithelial side of the basement membrane proper, which indicates that
it was formed on that side as a result of locally increased epithelial
synthesis.

It may be asked whether the increased synthesis was caused by the
deposits themselves or by some other local factors which gave rise to
both the deposits and the basement membrane changes. Our immuno-
fluorescent findings show that the deposits contained at least IgG and
C3. The fact that these proteins had reached the subepithelial region
may be taken as evidence for increased permeability of the basement
membrane, which normally impedes molecules of that size.'18'2122 Also,
the fact that all the patients were proteinuric seems to point to an
increase in permeability (although it must be kept in mind that the
proteinuria might have depended solely on a disturbed function of the
epithelial cells 23). A local increase in permeability, in turn, could have
rendered it possible for macromolecular substances (other than those
constituting the deposits) capable of stimulating synthesis to come in
contact with the epithelial cells. However, the fact that basement mem-
brane material continued to accumulate around the deposits despite
the absence of "new" (superficial) deposits (Stages III to IV) and cessa-
tion of proteinuria indicates that the deposited material itself possessed
some stimulating properties. Our immunofluorescent findings support
the assumption that the deposits contained immune complexes. Thus,
it is tempting to attribute the stimulating effect of the deposits to their
immune complex nature, including their ability to activate the injurious
complement system.24

Turnover of the Basement Membrane

As the deposits were originally observed in a subepithelial location
and were later found to have moved towards the endothelial side, the
material surrounding them-the basement membrane proper-had evi-
dently moved in that same direction. This, in turn, implies that the
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basement membrane has a turnover, maintained by continuous removal
at its endothelial aspect, because otherwise the basement membrane
would have grown steadily thicker. This view is strongly supported by
studies with the experimental argyric technic,20 which have indicated a
continuous turnover of the basement membrane, maintained by con-
tinuous synthesis at its epithelial aspect and continuous removal at its
endothelial aspect. Thus, the whole evolutionary process of the changes
seems to be based on the effect of increased synthesis of basement
membrane material coupled with continuous turnover of the basement
membrane proper.
From our findings, we roughly estimate that the rate of turnover of

the basement membrane-in GNP-is more than 5 years. One obvious
source of error is the difficulty of assessing the exact duration of the
disease, ie, the interval between the moment the first deposits were
formed and the moment of biopsy. The onset of proteinuria cannot be
considered a reliable sign of initial laying down of deposits.13 23 For that
reason, the time of institution of gold therapy appears to be a more
accurate starting point for assessing the duration, provided that the
time of "immunization" was fairly constant. We must also consider the
possibility that some biopsies contained deposits of different ages located
at various levels within the basement membrane which would result in
a too high value (slow rate) of the turnover, because all deposits were
included in the measurements.

The Epithelial Slit Membranes

The deposits and the excessive basement membrane material were
always located on the inner side of the slit membranes and clearly
dislocated them externally from their normal levels. The slit membranes
have been shown to exert a final selective effect upon the glomerular
filtrate, stopping molecules larger than about 64 A in greatest dimen-
sion.21 22'26'27 Therefore, one likely explanation is that the material con-
stituting the deposits was held back because of its molecular size. The
topographic relationship between the slit membranes and the excessive
basement membrane material, on the other hand, is more difficult to
understand. Assuming that the epithelial cells synthesize basement
membrane, it is likely that the transport of this material occurs only
through those portions of the epithelial plasma membrane that are
adjacent to the basement membrane, and that the slit membranes pre-
vent the escape of basement membrane material into the urinary space.
Our findings emphasize the important function of the slit membranes
as barriers between the sub- and supraepithelial sides.
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Immunologic Aspects

As shown by immunofluorescence, IgG and C3 remained in the
glomerular capillary walls as long as there were ultrastructurally detect-
able deposits. Some removal of the immune deposits probably did
occur, as indicated by the decreasing intensity of the immunofluo-
rescence in serial biopsies and the changing staining characteristics of
the deposits (from electron dense to electron lucent).

Because no technics were available for the detection of immune
complexes in the circulation, it cannot be decided with certainty whether
the long persistence of the deposits in the glomeruli (as revealed by
immunofluorescence) depended on continuous new deposition from the
circulation or a slow local removal alone. Nothing suggests, however,
that the formation of immune complexes continued for very long after
the cessation of gold therapy.
The local removal of the deposits could have been facilitated (except

by the turnover of the basement membrane) either by phagocytosis
(pinocytosis) by some cells, eg, the epithelial cells, or by increased
solubility of the deposits. Once inside the basement membrane (Stage
IV), the deposits are probably no longer accessible for phagocytosis.
Assuming that the deposits represented immune complexes, their solu-
bility could have been increased in the presence of extreme antigen
excess,28 which, however, did not seem to occur in our cases. Indeed,
1 patient (Case 4) was continuously treated with low doses of gold even
after GNP had been demonstrated in her first biopsy, without any
differences in the pattern of resolution as compared to the other cases.
This suggests that the formation of nephritogenic complexes occurred
during a relatively short period of time, after which ensuing antibody
excess prevented further formation of small soluble complexes. Con-
sequently, it may be considered that the immune deposits (complexes)
remained relatively insoluble and so became fixed to the basement
membrane for a long time, and that their removal was accomplished
mainly as a result of the turnover of the basement membrane. However,
even if the immune globulins would be resolved ("washed out") com-
pletely, the possibility remains that they could leave scars (electron-
lucent areas?) in the basement membrane, which would not disappear
until they reach the endothelial side.

In the light of the above considerations, it is extremely interesting
to note that a morphogenesis apparently identical with that in GNP
has been illustrated in a case of acute poststreptococcal glomerulone-
phritis,'6 another glomerular disorder thought to result from deposition
of immune complexes.9 In the patient in question-a 5-year-old boy-
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four consecutive biopsies revealed gradual resolution of the deposits and
basement membrane changes over a period of 560 days, although
electron-lucent areas were still detectable in the inner parts of the
lamina densa 560 days after clinical onset. This figure does not differ
very much from our calculated rate of turnover. We have similar experi-
ences in some cases of acute glomerulonephritis which, 2 to 4 years
after clinical onset (and recovery), showed basal defects in the base-
ment membrane identical with those we have described in Stage IV
of GNP.30 Recently, Richet et al 31 have documented a similar natural
history of subepithelial deposits in 3 patients with acute glomerulo-
nephritis. This leads us to believe that the process of resolution is the
same for all types of subepithelial immune deposits (immune com-
plexes?), provided that they are not resolved in the early phase of the
disease. It remains to be shown whether a prolonged or chronic course,
characterized by progressive thickening of the basement membrane,
depends on continuous deposition of immune complexes or decreased
turnover (removal) alone.

Treatment and Outcome

In all patients, gold therapy was discontinued soon after the appear-
ance of proteinuria. In 1 patient (Case 4), however, gold therapy was
reinstituted at low doses after GNP was demonstrated in her biopsy,
without apparent effects on the ultrastructural pattern of resolution
of the deposits.
Two patients (Cases 1 and 8) recovered spontaneously from their

proteinuria. The remaining 6 patients were treated with steroids and
responded promptly. Two of them are still on steroids and show slight,
intermittent proteinuria; the rest have recovered completely. No effect
of the steroid therapy on the ultrastructural pattern of resolution could
be observed, but in this respect our material is not very representative
(only 1 untreated patient was biopsied late in the course of the disease).
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Legends for Figures

Figures 1-3 are images from three consecutive biopsies of Case 3.

Fig 1-Six and one-half months after institution of gold therapy, the deposits (d) are
superficial and the outer contour of the basement membrane (bm) is smooth. In the
middle of the picture is a small projection (arrow). Such formations, however, were
extremely rare in this biopsy (x 34,500).
Fig 2-Ten months later. The deposits (d) are surrounded by broad projections
(arrows), giving an irregular appearance to the external contour of the basement
membrane. The slit membranes (arrowheads) are dislocated externally (x 33,000).

Fig 3-Nine and one-half months later. Some of the deposits (d) are covered ex-
ternally by a layer of basement-membrane-like material (arrow), which dislocates the
slit membranes (arrowhead). The illustrated pattern was seen infrequently in this
biopsy, the predominant pattern being like that seen in Figure 2. Notice the layer of
amorphous material (arrows) between the lamina densa and the endothelium
(x 33,000).
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Figures 4 and 5 are representative micrographs from two sequential biopsies of Case 4.
Fig 4-Five months after institution of gold therapy The deposits (d) are superficial. A
small deposit (arrow) is located in the interpedicellar space (x 30,000). Fig 5-Two
years later. The deposits (d) are less electron dense than in the first biopsy. They are
surrounded by excessive amounts of basement-membrane-like material (arrow). The dis-
located slit membranes (arrowheads) are clearly visible (x 30,000). Fig 6-Case 6,
second biopsy. Fluorescence micrograph of a part of a glomerulus stained with anti-IgG.
Notice the segmental distribution of the fine granular deposits of lgG along the capillary
walls (X 470). Fig 7-Case 6, second biopsy. Part of another glomerulus stained
with anti-C3. In this glomerulus the deposits are diffusely distributed over the whole
capillary tuft. The section is rather thick, which explains the apparent thickening of the
capillary walls (x 470).
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Fig 8-The deposits (d) are covered by basement-membrane-like material (arrow), which
extends into the interpedicellar spaces. The slit membranes (arrowheads) have been
"pushed" far away from their normal levels. The deposits are located at a regular distance
(line of dashes) from the inner surface of the basement membrane (x 16,000). Fig 9-
This picture clearly illustrates the regular arrangement of the deposits (d) within the base-
ment membrane. The intact part of the lamina densa (between the line of dashes and
the lamina rara interna) is thinned. Arrow indicates excessive basement membrane material
(x 16,500). Fig 10-A photomicrograph like those described in Figures 11 and 12,
(x 43,500).
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Figs 11 and 12-The deposits (d) are surrounded by basement-membrane-like material,
which forms long, slender processes (single arrows) in the interpedicellar spaces. The slit
membranes (arrowheads) seem to constitute barriers against the urinary space. The
basement-membrane-like material is lined by a layer resembling the lamina rara externa
(12, arrows), which separates the material from the slit membranes (11, x 30,000;
12, x 60,000).
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Fig 13-Case 4, 2 years and 5 months after institution of gold therapy. Survey picture
showing many deposits (d), some of which are electron dense and some rather electron
lucent. The lamina densa is clearly thinned beneath the deposits. Projections (arrows)
surround the deposits and dislocate the slit membranes (arrowheads) towards the urinary
space (us). c/ = capillary lumen (x 24,000).
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Fig 14-Case 8, 5 years after institution of gold therapy. The basement membrane is
irregularly thickened. The deposits (d) are electron lucent and coarsely granular and are
located near the inner surface of the basement membrane. They are externally covered
by a continuous layer of basement membrane material of varying thickness (arrows).
c/ = capillary lumen (x 22,000).
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