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It is now generally accepted that many, if not all, human cases of glomerulo-
nephritis develop on the basis of immunologic mechanisms. Several key
developments in experimental studies have contributed to our current under-
standing of the pathogenesis of glomerulonephritis.
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The first historical step in the field of experimental glomerulonephritis
was taken by MAsuGI about 40 years ago. Employing heterologous antikidney
sera (nephrotoxic sera), he produced and thoroughly described a variety of
glomerular diseases in animals compatible with acute, subacute, and chronic
glomerulonephritis in humans (MAsuGL, 1933; MasuGl, 1934). This experi-
mental model (Masugi nephritis or nephrotoxic nephritis) is distinct from
others because of its high reproducibility. Advances in methodology made it
possible to analyze the underlying mechanisms responsible for the induction
of Masugi nephritis (Kay, 1940; HAMMER and DixoN, 1963 ; FujiMOTO et al.,
1964). It has been clarified that Masugi nephritis is basically a biphasic disease
consisting of the first phase (initial or heterologous phase) and the second
phase (secondary or autologous phase). In the first phase, nephrotoxic anti-
bodies (NTAbs) are immediately localized along the glomerular basement
membrance (GBM), with or without the immediate onset of glomerular lesions
owing to the nature and amount of the NTAbs administered; the second
phase occurs several days later following the formation of specific host anti-
bodies that react with the antigen (NTAbs) fixed in the glomerulus resulting
in either exacerbation or initiation of glomerular lesions (reviewed by: UNANUE
and Dixon, 1967b; McCLUSKEY and VASSALLI, 1969).

The next outstanding progress in this field was made through studies on
experimental acute serum sickness produced by a single i.v. injection of a
large amount of foreign serum (RicH and GREGORY, 1943; RicH, 1947) or
purified foreign serum antigen (HAwWN and JANEwAY, 1947). Studying this
“one-shot”’ serum sickness, special attention was directed to the host immune
response in relation to the induction of serum sickness inflammations. The
results obtained indicated that various tissue injuries, including proliferative
glomerulonephritis, developed at the time of antigen—antibody interaction in
the circulation (GERMUTH, 1953). Further investigation disclosed that the
formation of antigen-antibody complexes (usually antigen excess, soluble
complexes) and their tissue depositions were the major pathogenesis of acute
serum sickness diseases (D1XON et al., 1958). The pathogenetic role of antigen—
antibody complexes was again confirmed in experimental chronic serum
sickness (D1xON ¢t al., 1961). Probably considerable numbers of experimental
or naturally occurring nephritis in animals may develop on the same im-
munologic basis as revealed in experimental serum sickness. It was also
proposed that autoimmune disorders including lupus-like nephritis developed
under the condition of prolonged antigenic stimulation, correlating with
characteristic immune system alterations (OKABAYASHI, 1964).

Another important item of information comes from the observation that
renal glomeruli can be damaged by autologous antikidney antibodies produced
by repeated immunization with heterologous or homologous kidney antigens.
At present, two well established models are available as examples (HEYMANN
et al., 1959; STEBLAY, 1962).

In this review, we will describe pathologic processes in these glomerular
diseases with some emphasis on their ultrastructural features.
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II. Immunologic Basis of Glomerular Injury

In immunologically induced glomerulonephritis, there can be at least
three possible patterns of immunologic processes taking place in renal
glomeruli, particularly around the GBM as shown in Fig. 1.

In the first type the GBM per se acts as an antigen that is capable of
reacting with either heterologous or autologous anti-GBM antibodies in the
circulation. A typical example is the first phase of rat Masugi nephritis in
which rabbit NTAbs combine with rat GBM in a characteristic continuous,
linear fashion as revealed by the fluorescent antibody method (ORTEGA and
MELLORS, 1956; ANDRES et al., 1962; SEEGAL ¢t al., 1962). The antigen (rat
GBM)-antibody interaction and the concurrent participation of complement
(C3) usually result in the immediate onset of glomerulonephritis (UNANUE
and Dixon, 1964). A similar mechanism may also be operative in other
glomerular diseases produced after injection of heterologous antitissue sera
that contain cross-reacting antibodies against the GBM (SEEGAL ¢t al., 1963 ;
CHASE et al., 1972). Another example is sheep nephritis caused by repeated
injections of heterologous GBM antigen incorporated in Freund’s complete
adjuvant (STEBLAY, 1962). By the immunization, autologous anti-GBM anti-
bodies are formed in the sheep and are then deposited in the glomerulus with
a resultant induction of severe glomerulonephritis.

The second type is mediated by the interaction between an antigen
previously localized on the GBM and a specific host antibody in the circula-
tion, as seen in the second phase of Masugi nephritis. In this situation the
NTADbs behave as an antigen. Therefore, a significant difference exists between
the first and the second phase with regard to the sequence of immunologic
events, although the importance of the NTAbs is critical for both occasions.
Since the NTAbs have been localized diffusely along the GBM, the host
antibody also distributes in a similar continuous linear fashion in immuno-
fluorescence (ORTEGA and MELLORs, 1956). It is tempting to assume that some
other antigens, which have no specific affinities to the glomerular constituents,
are first deposited on the GBM and then interact with circulating antibodies.
However, in no instances has this possibility been clearly proved.

The third type results from glomerular depositions of antigen-antibody
complexes initially formed in the circulation. A well known model of this
glomerulonephritis is seen in experimental acute serum sickness induced in
rabbits by i.v. administration of a large amount of antigen, e.g. bovine serum
albumin (BSA). Glomerular localizations of antigen—antibody complexes and
complement (C3) are demonstrated by immunofluorescence (DixoN et al.,
1958; FIsH et al., 1960). The distribution pattern of the complexes is distinctly
different from that seen in Masugi nephritis and is characterized by granular
fluorescence scattered discontinuously on the capillary wall. The incidence of
acute serum sickness nephritis is less frequent than Masugi nephritis since
neither antigen nor antibody possesses any affinities to the glomerular
constituents.
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Fig. 1. Three possible immunologic processes occurring around the glomerular basement

membrane (GBM). (1) Interaction between endogenous GBM antigens (ag) and circulating

heterologous or autologous anti-GBM antibodies. (2) Interaction between antigens

previously fixed on the GBM (ag) and circulating antibodies (ab). (3) Deposition of

circulating antigen—antibody complexes (ag-ab) which have no specific affinities to the
glomerular constituent

Fig. 2. (a) A fluorescent micrograph of a rat glomerulus in the first phase of Masugi

nephritis. Characteristic linear localization of nephrotoxic rabbit IgG. X 500. (Courtesy

of Dr. H. TomIoka.) (b) A fluorescent micrograph of a rabbit glomerulus in acute serum

sickness nephritis. Discrete, finely granular fluorescence demonstrating deposition of

rabbit IgG along the capillary walls and in the mesangium. X 540. (Courtesy of Dr.
M. Sano)

Such a mechanism as shown in serum sickness nephritis would account
for the pathogenesis of a number of acute as well as chronic experimental
glomerulonephritis cases and various substances, e.g. foreign proteins, infec-
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tious agents, or endogenous cell and tissue components might serve as antigenic
constituents of the nephritogenic immune complexes.

ITI. Morphologic Aspects of Immunologically
Induced Glomerulonephritis

Although there have been many excellent publications dealing with
pathologic features of immunologically induced glomerulonephritis, the refer-
ences cited here will be limited to those concerned with the ultrastructural
pathology and possible pathogenesis.

1. Masugi Nephritis

NTAbs are prepared in an animal by immunization with the kidney from
a different species of animal. Masugi nephritis is elicited by a passive ad-
ministration of the NTAbs into the donor animal of the kidney antigen and
is divided into two phases. In general, definite glomerular changes are seen
both in the first and the second phase when mammalian NTAbs are employed,
whereas fowl NTAbs are not nephritogenic during the first phase. It has
been demonstrated that the major nephritogenic antigen is included in the
GBM (KrRAKOWER and GREENSPON, 1951; CRUICKSHANK and Hirr, 1953).

a) The First Phase of Masugi Nephritis

Pathologic processes during the first phase have been extensively analyzed
in rat Masugi nephritis produced by injection with rabbit NTAbs (PIEL et al.,
1955; MILLER and BoOHLE, 1957; CHURG ¢t al., 1960; FELDMAN et al., 1963 ;
FujimoTo et al., 1964; COCHRANE et al., 1965). The rabbit NTAbs are fixed
to the GBM immediately after injection and persist for at least several months
(OrRTEGA and MELLORS, 1956; SEEGAL et al., 1962). Localization is visualized
by immunofluorescence in a uniform, linear pattern. Fixation of rat or guinea
pig complement is also seen in a similar fashion (BURKHOLDER, 1961; VOGT
and KocHEM, 1961; UNANUE and DixoN, 1964). Glomerular changes shortly
after injection of the NTAbs are recognizable only by electron microscopy,
consisting of a slight loosening of the mesangium and circumscribed sub-
endothelial accumulation of electron lucent material accompanying the de-
tachment of the endothelial lining. More definitive changes are observed after
several hours. There is a variable thickening of the GBM and local depositions
of wispy, poorly delineated substances within or at the luminal side of the
GBM (FELDMAN, 1963). Attenuated portions of the endothelium are often
desquamated from the GBM so that the GBM is exposed directly to the
capillary lumen. Simultaneously, accumulations of polymorphonuclear leuko-
cytes (PMNs) are seen in the capillary tufts. An intraluminal aggregation of
platelets and fibrin can also be seen in varying degrees depending upon the
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Fig. 3. Glomerular lesions of rat Masugi nephritis 2 hrs after injection with nephrotoxic

rabbit IgG. The capillary lumens are occluded by leukocytes (PMN), fibrin (F), platelets

(PL), and a monocyte (MO). PMNs show direct contact with basement membranes.
X 5600. [H. SHIGEMATSU, Virchows Arch. Abt. B 5, 187 (1970)]

severity of the glomerular injury. Migrant PMNs exhibit direct contact with
the denuded GBM or appear to be replacing the endothelium (COCHRANE ef al.,
1965 ; SHIGEMATSU, 1970). Increased GBM permeability is suggested by the
foot process fusion of podocytes. At 24 hours and thereafter PMNs disappear
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from the capillary tufts but the lumen is again crowded with monocytes.
Some monocytes are found to be closely attached to the GBM (SHIGEMATSU,
1970). These monocytes exhibit prominent phagocytic activities for fibrin or
cell fragments and change into large macrophages or epithelioid cells. The
monocytic accumulation is transient and the patency of the lumen is well
restored within 72 hours. The denuded GBM is again covered by the endo-
thelium. In this reparatory process, the participation of endothelial cells is
reflected by increased numbers of cytoplasmic ribosomes and occasional
mitotic figures. It has been confirmed in rats tolerant to rabbit IgG (FELDMAN
et al., 1963) that the first phase is transient and that the original glomerular
architecture is restored within a few weeks.

On the other hand, marked thrombotic changes can be induced by the
administration of a large dose of rabbit NTAbs (UNANUE ¢f al., 1968). Under
this condition, the migrant cell accumulation is not prominent and the
glomerular capillary lumens are diffusely occluded by fibrin or fibrinoid
material. Such exaggerated thrombotic lesions terminate in diffuse necrosis
of the renal parenchyma and rapid uremic death of the diseased animals.

It has been suggested that the first phase of rat Masugi nephritis depends
largely upon the participation of serum complement (HAMMER and DIXoN,
1963 ; BAXTER and SMmALL, 1963) and of PMNs mediated by the complement
fixation (COCHRANE ef al., 1965). In fact, glomerular changes are significantly
modified in an experimental system in which there is little or no participation
of complement. In rat Masugi nephritis produced by nephrotoxic guinea pig
IgG, which did not fix complement ¢n vitro at all but did so a little e vivo,
endothelial exfoliation and fibrin deposition were detectable, but accumulation
of PMNs was minimal (KoBayasHI ef al., 1973a). F(ab’), fragments obtained
from the nephrotoxic IgG; only caused endothelial exfoliation (KOBAYASHI
et al., 1973b). Moreover, it was reported that in congenitally complement
deficient mice, NTAbs caused only a very mild glomerular disease in which
leukocytic infiltration and proliferative change did not take place (UNANUE
et al., 1967Db).

b) The Second Phase of Masugi Nephritis

The second phase develops several days after injection of NTAbs and is
consistent with the appearance of autologous antibody (Kay, 1940). The
autologous antibody specifically reacts with antigen (NTAb) fixed previously
on the GBM so that its distribution is basically identical to that of antigen
(OrRTEGA and MELLORS, 1956; SEEGAL ef al., 1963). Thus, in this phase, the
host antibody is visualized by immunofluorescence as a continuous linear
pattern. Simultaneously, complement is also fixed in the glomeruli in a similar
fashion (UNANUE and DixoN, 1964). The pathologic changes in the second
phase might be greatly modified by a number of factors such as animal species,
the nature and amounts of NTAbs injected, and the intensity of host immune
responses. In rat Masugi nephritis the kidney damage in the second phase is
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usually progressive, undergoing a chronic glomerular disease probably due to
the continuing production of host antibody and its fixation to antigen (rabbit
NTAD). This is in sharp contrast to the transient glomerular injury in the
first phase as was proved in rats that were tolerant to rabbit IgG (HAMMER
and Dixon, 1963 ; FELDMAN et al., 1963).

Ultrastructurally, the predominant change in the second phase is the
appearance of dense granular subendothelial deposits intimately applied to
the GBM (FELDMAN, 1963 ; FELDMAN et al., 1963). Endothelial cells are swollen
and mesangial cells increase in numbers (SUZUKI ef al., 1963). In a more
chronic stage the mesangium is conspicuously widened due to an increase of
the cellular elements as well as the basement membrane-like material or
ground substance containing collagen fibers (SUZUKI et al., 1963). The GBM
is progressively thickened, apparently by incorporation of the subendothelial
deposits (FELDMAN, 1963). The basement membrane-like material then appears
in the lumen, irregularly separating the intracapillary cells. These processes
may terminate in the virtual obliteration of the capillary tufts with destruction
of the glomerular architecture.

An attempt has been made to clarify glomerular events limited to the
second phase by using a weak rabbit NTAb that is not capable of inducing
the first phase (SHIGEMATSU and KoBavasui, 1971). The results obtained so
far again confirm that the major change in the secondary phase is the GBM
thickening with dense deposits. There were mild proliferative changes caused
by intraluminal or subendothelial accumulation of migrant monocytes. The
deposits were mostly observed at the subendothelial aspect of the GBM but
some were also present at the outer aspect. With fluorescent microscopy, the
subepithelial deposits were discernible as a granule located at the outer surface
of linear fluorescence.

As compared to rat Masugi nephritis, a more severe, proliferative glomerular
injury is seen in rabbit Masugi nephritis. It seems that this rabbit glomerulo-
nephritis can serve as an excellent model for analyzing the nature of prolif-
erative glomerular changes. Therefore, its pathologic features will be described
below in some detail.

The second phase can be induced in rabbits without the preceding first
phase by injection with an appropriate amount of duck NTAbs. The glomerulo-
nephritis becomes manifest after a latent period of several days, and, within
a month, a resolution occurs if the glomeruli have not been severely damaged.
The GBM shows swelling and thickening, and appears somewhat porous
because of its decreased density (SAKAGUCHI et al., 1957). Electron dense or
opaque deposits are present at the subendothelial side of the GBM. The
mesangial matrix is edematous and becomes inhomogeneous. These changes
are often associated with the detachment of the endothelium from the GBM
(SAKAGUCHI et al., 1957; KoNDO and SHIGEMATSU, 1972).

The second step of the process is characterized by marked glomerular
hypercellularity. Obviously both endothelial cells and mesangial cells contrib-
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ute in varying degrees to the proliferative glomerular change (SAKAGUCHI ¢t al.,
1957; FujmMoTo et al., 1964). These fixed cells are swollen, proliferated, and
their organelles are either enlarged or increased in number. However, with
regard to the origin of increased mononuclear ce.ls in the affected glomeruli,
the progressive accumulation of migrant monocytcs is more important (KoNpo
and SHIGEMATSU, 1972). Of particular note is that these monocytes show a
remarkable tendency to contact intimately with the GBM. Their phagocytic
activities are also prominent. Furthermore, a series of transformations of
monocytes into macrophages, epithelioid cells, and occasional multinucleated
giant cells is seen. Infiltration of PMNs is variable. Platelets, fibrin, or other
thrombotic materials are seen occasionally in the lumen. As mentioned above,
the proliferation of the fixed glomerular cells is important, yet it is not a
major factor contributing to the hypercellularity. Therefore, the disappearance
of migrant monocytes is principally followed by a resolution of the glomerular
changes without severe structural alterations (KoNDO and SHIGEMATSU, 1972).
However, a thickening of the mesangium may persist for several months.

In contrast, rapidly progressive glomerulonephritis with a marked struc-
tural distortion is seen in rabbits receiving a larger amount of duck NTAbs
(KonDo et al., 1972). It seems that such a disorganizing glomerulonephritis
is initiated by a conspicuous loosening of the mesangial matrix and the GBM.
The mesangium is widened due to extensive edematous swelling or lysis of
the matrix and hypertrophy as well as a proliferation of mesangial cells. There
are local proliferations of endothelial cells and an enhanced accumulation of
monocytic cells which are located in the capillary lumen, subendothelial space,
and loosened mesangium. The tufts are frequently occluded by fibrin or
fibrinoid substances and PMNs. The significance of mesangiolysis is a loss
of the supporting element of the glomerular tuft structure which is then
followed by an accentuation of lobular appearance in a mild case and, in an
advanced stage, bollooning or globular transformation of the tufts. In fact,
in a severely affected glomerulus, neither the mesangium nor the capillary
lumen can be discerned, and the tufts are transformed into a dilated sack
filled with numerous monocytes, proliferated glomerular cells (mostly mesangial
cells), thrombotic material, and PMNs. Under these conditions, the GBM
becomes progressively thinner and extended, eventually resulting in local or
diffuse rupture. Owing to the GBM rupture a massive influx of monocytes
or other blood elements occurs in Bowman’s space. Although both visceral
and parietal epithelial cells are involved in the process and damaged, their
reactive overgrowth soon becomes evident. The extracapillary inflammation
thus leads to formation of the crescent composed of monocytic cells and
proliferated epithelial cells (KONDO et al., 1972).

Little is known about mediators involved in the initiation andjor the
persistence of the second phase, despite these remarkable histologic findings.
It is unlikely from the morphologic aspect that PMNs again play a significant
role as they do in the first phase of rat Masugi nephritis. The participation
of complement is not sine gqua non, although the disease process might be
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Fig. 4. An early glomerular change of rabbit Masugi nephritis induced by injection

with nephrotoxic duck antibody (second phase). Marked swelling of mesangial cells

(MS), a monocyte (MO) exhibiting localized contacts with basement membrane (arrow),

and subendothelial mottling of basement membrane (GBM) are seen. EN: endothelial
cell. X 8600

modified in complement deficient animals (UNANUE efal., 1967b). Of the
many possible mediators accounting for the pathogenesis, the most outstanding
is the coagulation process. There is evidence that coagulation apparently
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Fig. 5. Rabbit Masugi nephritis induced by injection with nephrotoxic duck antibody
(second phase). Note a balloon-like distortion of a tuft filled with numerous monocytic
cells (MO) and some swollen mesangial cells (MS), and endothelial cells (EN). X 4100

contributes to glomerular lesions in rabbit Masugi nephritis induced by a
potent sheep NTADb (VasarLrLr and McCLUSKEY, 1964). About 5 days after
injection of this sheep NTAD, a definite proliferation of endothelial and
mesangial cells (intracapillary cells) developed, often associated with deposits
of material with staining properties of fibrin. Fibrin and fibrinoid material
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were also seen in Bowman’s space where they were invaded by proliferating
epithelial cells (crescent formation). In contrast, it was found that these
changes could be prevented strikingly, if the animals were treated with anti-
coagulant (warfarin).

Ultrastructural analysis of Masugi nephritis has been performed in other
animal species. In dogs injected with rabbit or sheep NTAD, the first phase
was characterized by a “quellung” and occasional longitudinal splitting of
the GBM, whereas in the second phase there was proliferation of intracapillary
cells with a deposition of electron dense material between the endothelium
and the GBM, and between the proliferated intracapillary cells (MOVAT et al.,
1961). In the monkey, a proliferative glomerulonephritis appeared 610 days
after injection of rabbit NTAb. Progressive basement membrane irregularities
including thickening, splitting, and focal defects were observed, together with
proliferations of endothelial, mesangial, and epithelial cells (BATTIFORA and
MARKOWITZ, 1969).

2. Steblay Nephritis

Autologous antibodies with a nephritogenic property (autologous anti-
GBM antibody) could be produced in some species of animals through im-
munization with homologous or heterologous GBM antigens. The sheep is
particularly susceptible and fulminant glomerulonephritis is manifested within
several months by repeated injections of human or other heterologous GBM
antigens in Freund’s complete adjuvant (STEBLAY, 1962). The antibody is
localized linearly along the GBM as seen in immunofluorescence, and is
capable of inducing glomerular injuries passively in the same species of
animals, thereby indicating the autoimmune nature of the disease (LERNER
and D1xoN, 1966). Antibodies eluted from the GBM of nephritic sheep react,
in vitro, with sheep GBM. They also react with lamb GBM n vivo, fix C3,
and induce immediate glomerular injury (STEBLAY and RUDOFsSKY, 1968). In
the sheep or goat the glomerular lesions resulting in progressive renal failure
are of a generalized crescentic type. Before the formation of fulminant crescents,
characteristic GBM alterations are noted by electron microscopy (GERMUTH
et al., 1972b; OnNvuKI, 1975). The GBM shows irregular thickening and in-
creased density, becomes tortuous, and terminates in its rupture. Such serious
GBM damage is accompanied by a massive exudation of blood elements into
Bowman’s space. It seems that crescentic epithelial proliferation involving
both visceral and parietal epithelium is partly stimulated by increased GBM
permeability (proteinuria) but more intensely by the influx of red cells, PMNs,
monocytes, and fibrin in the extracapillary space through the GBM break.
Between the proliferated epithelial cells, basement membrane-like material
may soon appear and the cell clusters undergo fibroepithelial crescents (STEBLAY,
1962). In contrast, intracapillary changes are not remarkable and no dense
deposits have been detected so far (MUEHRCKE ¢t al., 1967). Various glomerular
alterations were also elicited in other animal species by similar procedures
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Fig. 6. A glomerular portion from a goat immunized with human glomerular basement

membrane in Freund’s adjuvant (a precrescentic stage of Steblay nephritis). Marked

proliferation of podocytes and basement membrane irregularities (GBM) are seen. There

are no peculiar abnormalities in the lumen (LU). X 5800. [T. OuNUKI, Acta path. jap.
25, 319 (1975)]

and mechanisms (STEBLAY, 1963 ; PARONETTO and KOFFLER, 1967; UNANUE
and D1xon, 1967a; UNANUE et al., 1967a; COUSER et al., 1973). The incidence
of the glomerulonephritis could be increased by using enzymatically purified
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GBM glycoprotein antigen (SHIBATA ef al., 1971). It is of interest that a very
purified GBM antigen was no longer effective in stimulating animals to form
anti-GBM antibodies, but was, for reasons unknown, still capable of producing
glomerular lesions (SHIBATA et al., 1972).

3. Acute Serum Sickness-Type Nephritis

In experimental acute serum sickness, a variety of tissue lesions including
necrotizing angiitis and pioliferative glomerulonephritis may develop in the
rabbit some days after a single i.v. injection of a large dose of antigen (‘“‘one-
shot” serum sickness) or within a few days after a second injection (‘‘accel-
erated” serum sickness) (see MCCLUSKEY, 1965). It has been shown that the
injected antigen (BSA) is eliminated from the circulation in three phases
consisting of: (1) an equilibration of the antigen between the intravascular
and extravascular fluid spaces, (2) non-immune catabolism by the host, and
(3) a rapid elimination resulting from the formation of antigen—antibody
complexes (GERMUTH, 195%; DIXON ¢f al., 1958). The onset of the tissue lesions
is recognized during the immune phase of antigen elimination and they tend
to disappear at the time when free antibody appears in the circulation. Indeed,
it has been confirmed that soluble antigen—-antibody complexes formed in the
circulation in an antigen excess environment are capable of inducing the in-
flammation in serum sickness subsequent to their deposition at the tissue
sites (D1XON ef al., 1958).

The pathogenic role of the complexes shown in this ““active serum sickness”
can be more directly evidenced in “‘passive serum sickness” which develops
after i.v. injection of soluble antigen—antibody complexes prepared i vitro
(McCLUSKEY and BENACERRAF, 1959).

a) Active Serum Sickness Nephritis

The glomerular disease occurs between one or two weeks after the antigen
administration, consistent with the immune phase of antigen elimination. By
immunofluorescence, the antigen, host antibody (IgG), and complement are
detectable as scattered, discrete granules located along the glomerular capillary
walls (DixoN et al., 1958; FisH et al., 1960). A common feature of glomerular
alterations is an increased cellularity in which PMN accumulation is sometimes
remarkable but at other times minimal. There is a marked proliferation and
swelling of endothelial cells, often to such a degree that the lumens are
completely occluded (FELDMAN, 1958; FELDMAN, 1964). Mesangial cells also
contribute to the hypercellularity (ROBERTSON and MORE, 1961; ARAKAWA
and KIMMELSTIEL, 1970), and are related to the formation of the mesangial
matrix or basement membrane-like material. It seems, however, that the
hypercellularity is more often characterized by a massive influx of migrant
monocytes (KoBayasHI and SHIGEMATSU, 1975). The monocytes (macrophages)
and PMNs are present in the lumen and mesangium or subendothelial space.
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Fig. 7. ““One-shot”’ serum sickness nephritis of a rabbit produced by i.v. injection with

large dose of bovine serum albumin (healing stage). Large subepithelial deposits are seen.

A capillary lumen is still occluded by a phagocyte (MO) and a swollen endothelial cell (EN).
MS: mesangial cell. X 12000

Thrombotic, necrotizing changes are seen focally in severely involved glomeruli.
Epithelial foot processes are fused in varying degrees. During the active stage,
the GBM appears for the most part to be intact (FELDMAN, 1958; UNANUE
et al., 1968), although detailed observation may disclose the presence of small
subepithelial deposits (FELDMAN, 1958; ARAKAWA and KIMMELSTIEL, 1970).
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Fig. 8. Florid serum sickness nephritis of a rabbit produced by two injections of large
dose of bovine serum albumin. Note disintegration of the mesangium and loss of normal
capillary structure. The tuft is filled with mesangial cells (MS), monocytes (MO), and
leukocytes (PMN). Some of PMNs are located directly on basement membrane. X 6400

Characteristic large subepithelial deposits, compatible with humps in human
acute poststreptococcal glomerulonephritis (KIMMELSTIEL et al., 1962), are
found after the antigen elimination when the inflammatory process is subsiding
and a reparatory process is taking place in the affected glomeruli (Fisu e al.,
1966). Presumably the deposits are not causatively related to the glomerular
inflammation (ARAKAWA and KIMMELSTIEL, 1970). The glomerular changes
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Fig. 9. Passive serum sickness nephritis of a mouse produced by i.v. injections of antigen

(DNP-BSA)-antibody complex prepared in vitro. (a) A fluorescent micrograph of a

glomerulus showing large aggregates of mouse IgG in the lumens and mesangium. X 360.

(Courtesy of Dr. T. Kovama.) (b) Large dense deposits are seen in the mesangium (DP).

Some deposits (arrow) are engulfed by an infiltrating leukocyte (PMN). MS: mesangial
cell. X 7800

are fairly well resolved within a few weeks, leaving focal sclerosing and collapsed
areas. Vanishing processes of the subepithelial deposits have not yet been
clarified.

Several procedures have been known to enhance the serum sickness disease,
e.g. exaggerated glomerular lesions are evoked by an additional injection of
the same dose of antigen into the rabbit just before the appearance of free
antibody in the circulation (KoBAYASHI and SHIGEMATSU, 1975). The glomerular
disease thus developed is characterized by prominent edema or lysis of the
mesangium. The disorganized tufts are occluded by proliferated glomerular
cells as well as migrant phagocytes, and proteinaceous substances. A crescent
formation may also be seen whenever the GBM is severely damaged. It is
interesting that subepithelial deposits are rarely encountered. After the in-
flammation has diminished, a sclerosing process takes place which rapidly
terminates in collapse and scarring of the involved tufts. It should be em-
phasized that the ultrastructural pathology of this florid serum sickness
nephritis strikingly resembles that just described in rabbit Masugi nephritis.

The deposition of immune complexes and the following tissue injury might
be considerably modified by factors which will be discussed later.

b) Passive Serum Sickness Nephritis

Acute proliferative glomerulonephritis can be easily produced in mice or
rats by a single or repeated injections of preformed antigen—antibody com-
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plexes (McCLUSKEY and BENACERRAF, 1959; BENACERRAF ef al., 1960;
McCLUSKEY ¢t al., 1960 ; MILLER ¢f al., 1960; OKUMURA et al., 1971). Fluorescent
microscopy shows that both antigen and antibody are deposited in the glo-
merular mesangium, on the capillary wall, and within the lumen (McCLUSKEY
et al., 1962; MELLORS and BRzosko, 1962; OKUMURA et al., 1971). In mouse
glomerulonephritis, deposits of large dense material in the mesangium are
most prominent and accumulations of monocytes (macrophages) and PMNs
(OKUMURA et al., 1971) are conspicuous. The deposits are sometimes detectable
in the subendothelial space or within the GBM but there are no subepithelial
deposits. The mesangium is infiltrated by these migrant phagocytes which
contain numerous dense phagosomes, suggesting their role in the removal of
the deposits. In contrast, the swollen endothelial and mesangial cells exhibit
little phagocytic activity toward the deposits.

Both active and passive serum sickness nephritis may develop on a common
immunologic basis; however, there are considerable differences between the
two as to the site of deposits and the inflammatory tissue responses. This
discrepancy is partly explained by the difference of the animal species used and
the property of immune complexes deposited.

4. Chronic Serum Sickness-Type Nephritis

Animals receiving repeated injections of protein antigens may develop
chronic glomerulonephritis. In rabbits that received daily i.v. injections of
variable amounts of BSA or other antigens, it has been observed that the
incidence of chronic glomerulonephritis is independent of the kind and absolute
amount of antigen injected and is only seen in those animals responding with
antibody barely sufficient to neutralize the antigen (Dixon et al., 1961).
Histologically, glomerular lesions can be divided into two major types: pro-
liferative or inflammatory glomerulonephritis, and degenerative glomerulo-
nephritis. In immunofluorescence both are usually characterized by granular,
often confluent, beaded deposits of antigen and host IgG distributed diffusely
on the capillary walls (D1xoN et al., 1961). Similar results have also been
obtained in the animals immunized repeatedly with sufficient amounts of
antigens via different parenteral routes (MoPPERT and FRESEN, 1967 ; KURIYAMA,
1973). Immunoelectron microscopy has revealed the sites of the deposition
in great detail (ANDRES et al., 1963).

Lobulation of glomerular tufts, proliferation and swelling of endothelial
cells, and subepithelial dense deposits with GBM thickening occur in the
proliferative type. The mesangium is enlarged due to the increase in cellular
and intercellular elements (FELDMAN, 1964). These changes lead to a pro-
gressive alteration of glomerular architecture resulting in collapse and scarred
obsolescence of the glomeruli.

In addition to this rather common proliferative glomerulonephritis, a few
rabbits show a different proliferative change confined to the mesangium
(D1xoN et al., 1961 ; GERMUTH ¢t al., 1972a; KUriyaMa, 1973). By fluorescent
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Fig. 10. Membranous nephropathy developed in a rabbit following repeated i.m. injections

of egg albumin. Marked basement membrane thickening associated with numerous

subepithelial deposits. Dense deposits are also present in the mesangium (arrow). Swelling

of a podocyte (EP) and diffuse foot process fusions are seen. X 6500. (Courtesy of Dr.

K. Kurivama.) Inset: A fluorescent micrograph of rabbit membranous nephropathy.

Beaded deposits of rabbit IgG along capillary walls are evident. X 540. (Courtesy of
Dr. N. SHINOHARA)

and electron microscopy, immune deposits are seen to occur mostly in the
mesangium. The increased mesangial cells are occasionally located in the
space between the endothelium and the GBM entirely along a capillary loop
(KurivaMa, 1973), exhibiting a feature which has been referred to as circum-
ferential mesangial interposition (ARAKAWA and KIMMELSTIEL, 1969).
Degenerative glomerulonephritis is principally characterized by the pres-
ence of numerous dense deposits at the outer aspect of the GBM (DixoN et al.,
1961). The deposition is frequently associated with GBM thickening but with-
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out significant proliferative changes. These features, together with the clinical
manifestation of the nephrotic syndrome, closely resemble those of membranous
nephropathy (membranous glomerulonephritis) in humans. Presumably the
complexes are initially deposited at the subendothelial space as a flocculent,
ill-defined mass. These deposits might be able to penetrate the GBM under
conditions of increased GBM permeability and then aggregate at the sub-
epithelial site, thus forming a typical dense deposit (KURIYAMA, 1973).

The subepithelial deposits are surrounded by newly formed basement
membrane-like material so that GBM thickening gradually becomes manifest.
The deposits enclosed within the GBM substance probably disintegrate;
however, they would still persist after cessation of antigen injection over a
period of many months (FELDMAN, 1963).

5. Heymann Nephritis

Some strains of rats, after receiving repeated i.p. injections of homologous
renal tissue in complete Freund’s adjuvant, develop a progressive glomerular
disease with the nephrotic syndrome (HEYMANN et al., 1959). The glomerular
disease resembles chronic serum sickness nephritis in many respects, namely
granular localization of host immunoglobulin and C3 (OKUDA et al., 1965;
DixoN et al., 1965) and a membranous thickening of the capillary wall without
notable proliferative changes. The GBM thickening apparently results from
subepithelial depositions of electron-dense material (BLozis et al., 1962;
FELDMAN, 1963 ; ALOUSI et al., 1969; LAGUENS and SEEGAL, 1969; SUGISAKI
et al., 1973). The deposits are rare, if present, and the GBM thickness is normal
at the prenephrotic stage (ALOUSI ¢t al., 1969). The deposits are finely granular
and irregular in shape. They become larger and greater in number with time
and are gradually surrounded or enclosed by newly formed GBM substances.
Although the mesangium is more or less accentuated and the mesangial cells
extend their cytoplasmic processes peripherally or into the lumen, changes
in the luminal side of the tufts are not remarkable in most instances.

These features suggest that the glomerular disease is evoked by the
deposition of immune complexes. This has been supported and further ex-
tended by several important observations. Firstly, the nephritogenic antigen
has been identified as a renal tubular epithelium-specific antigen which is
derived primarily from the brush border of proximal tubules of the rat kidney
(EDGINGTON ¢t al., 1968). Secondly, the renal tubular antigen has been demon-
strated in the diseased glomerulus along with host immunoglobulin and C3
(GLAsSOCK et al., 1968). Thirdly, circulating antibodies directed against the
renal tubular epithelium have been detected in the nephrotic rat. In addition,
immunoglobulin eluted from the diseased kidney reacts specifically with the
luminal portion of the proximal tubular epithelium (GRUPE and KAPLAN,
1969). These results strongly indicate that this disease results from the glo-
merular deposition of peculiar immune complexes consisting of the renal
tubular antigen(s) and the corresponding antibodies.
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6. Glomerulonephritis and Prolonged Antigenic Stimulation

Alterations of immune responses should also be considered with respect
to the pathogenesis of chronic serum sickness diseases since a wasting of
immune system activities occurs in the later stage of prolonged antigenic
stimulation. On the basis of such an alteration of the antibody forming tissues,
a number of unusual antibodies appear in animals, including autoantibodies
directed against blood cells and nuclear antigen (OKABAYASHI, 1964). In this
situation inflammatory processes, e.g. glomerulonephritis, often exhibit a
degenerative conversion (OKABAYASHI, 1970). In addition, some animals show
wire-loop glomerular lesions along with a positive tissue, as well as i vitro,
LE phenomenon, and other hallmarks of systemic lupus erythematosus
(OKABAYASHI, 1964). Similar lupus-like nephritis has also been noted in
C57BL mice bearing antinuclear antibodies during the course of prolonged
antigenic stimulation (OKUMURA, 1973). In the diseased glomeruli, granular
or lumpy deposits of mouse IgG are seen in the mesangium and on the capillary
walls, whereas the antigen injected is not detectable. With the electron
microscope, dense deposits are seen at the inner aspect of the GBM and within
the mesangium where the deposits exhibit a peculiar organized structure
resembling that which has been described in human lupus nephritis (GRISHMAN
et al., 1967).

7. Glomerulonephritis Associated with Infection
a) Glomerulonephritis in Aleutian Disease of Mink

A population of mink with a changed skin color (Aleutian mink ; homozygous
recessive for the Aleutian gene, aa) has been known to be affected by a fatal
glomerular disease, in addition to systemic angiitis, massive infiltration of
lymphocytes or plasma cells in various tissues, and hyperglobulinemia (reviewed
by: NorTON, 1970; CoCHRANE and KOFFLER, 1973). The mink disease appar-
ently occurs associated with a spontaneous or experimental infection of virus
(Aleutian disease virus). In renal glomeruli, slight to marked depositions of
IgG and complement are seen by immunofluorescence in keeping with the
severity of the disease. The fluorescence is granular or lumpy and is localized
within the mesangium and along the capillary walls (HENSON et al., 1969;
PORTER ef al., 1969). Traces of virus antigen are found in a few cases (PORTER
et al., 1969). Broad eosinophilic thickening of the capillary walls with a wire-
loop appearance, widening of the mesangium, and proliferation of glomerular
cells are present. By electron microscopy, abundant dense deposits are seen
in the subendothelial space, mesangium, and to a lesser extent at the sub-
epithelial aspect of the GBM (HENSON et al., 1967; KINDIG et al., 1967; McKAyY
et al., 1967; HENSON et al., 1968; PAN et al., 1970b). The deposits are also
present within the cytoplasm of the endothelial and mesangial cells (HENSON
et al., 1968; PAN et al., 1970b). The mesangial cells increase in numbers and
extend their cytoplasmic processes everywhere. Infiltration of PMNs and other
inflammatory cells is also seen in the lumen or mesangium, and these cells
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sometimes attach themselves to the deposits. Thrombotic changes are seen in
varying degrees. Several months after the infection, degenerative glomerular
lesions become evident (PAN ef al., 1970a; PAN ef al., 1970b). Almost all
capillary loops are obliterated by massive depositions of eosinophilic sub-
stances, and glomerular cells undergo degeneration or necrosis. A frequent
complication of degenerative glomeruli is adhesion of the tufts to Bowman’s
capsule with or without crescent formation.

The pathogenesis of the glomerulonephritis in Aleutian mink disease is
not exactly known. It has been reported that a large protein complex (22s-25s)
is present and, in fact, virus antigen—antibody complexes circulate in infected
mink (PORTER ef al., 1965; PORTER et al., 1967). It is therefore reasonable to
conclude that the disease is intimately related to the formation of wviral
antigen—antibody complexes and subsequent deposition in glomerular capil-
laries (PORTER et al., 1969). The importance of intravascular coagulation as a
causative factor for the inflammation has also been suggested (McKavy et al.,
1967 ; HENSON ¢t al., 1967).

b) Glomerulonephritis in New Zealand Strain Mice

Various tissue and blood abnormalities appear spontaneously in the New
Zealand (NZ) strain of mice, including glomerulonephritis, vasculitis, immuno-
proliferative diseases, and autoantibodies against red blood cells and nuclear
antigens (MELLORS, 1966; HowiE and HELYER, 1968). The mouse disease
has therefore been referred to as a representative model of naturally occurring
autoimmune disease. Frequency of renal involvement along with positive
LE cell phenomenon is strikingly increased by hybridization between mice
with black (NZB) and white (NZW) skin color, and the glomerular alterations
are compatible with those of systemic lupus erythematosus in man (HELYER
and HowiEg, 1963). Female (NZB x NZW)F; mice are more severely affected
than males. Fluorescent microscopy reveals progressive granular or lumpy
deposits of immunoglobulins along the capillary walls and within the mes-
angium (AARONS, 1964; MELLORS, 1965; NAIRN ¢! al., 1966) accompanied by
inflammatory exudation of albumin and fibrinogen (McGIVEN and HICKS,
1967). There might be a broad histologic resemblance between the NZB and
NZB xNZW mouse glomerulonephritis (Hicks and BURNET, 1966). At the
early stage, when light and fluorescent microscopy do not show any changes,
local deposits of dense materials can be detectable by electron microscopy,
scattered sparsely on the GBM (McGIvEN and LYNRAVEN, 1968). The deposits
become more extensive with age and are seen on both sides of the GBM
(CHANNING et al., 1965; MELLORS, 1965; DuBoIS et al., 1966; Hicks and
BURNET, 1966), and most abundantly at the subendothelial aspect, thereby
resembling wire-loop lesions. The deposits are of such an extent as to entirely
occlude the capillary lumens. The lumens are also obliterated by increased
intracapillary cells. The mesangium is enlarged by an accumulation of dense
deposits and by cellular proliferation. Although basement membrane-like
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material appears between the increased intracapillary cells, the GBM proper
does not seem to be greatly altered (CHANNING ef al., 1965). Fibrin is visible
within the capillary tufts and sometimes in Bowman’s space, accompanying
crescentic epithelial proliferation. From the results of fluorescent and electron-
microscopic studies, it is highly probable that the deposits are composed of a
mixture of immune complexes and fibrinoid material. The disease process is
progressive and results finally in the obliteration of the affected capillary loops.

In studying the pathogenesis of NZ-mouse disease, special attention has
been directed to infection of wild type Gross leukemia virus (GLV). It was
found that the NZ mice carried GLV throughout life and produced natural
antibody against GLV antigens (MELLORS et al., 1969). The glomerulonephritis
of (NZBXNZW)F; hybrid mice became prevalent as the GLV antigens
underwent immune elimination from the circulation and the antigens together
with bound immunoglobulins were deposited in the diseased glomeruli (MEL-
LORS et al., 1971). It is therefore proposed that the formation of natural
antibody against GLV antigens and the subsequent glomerular deposition of
the viral antigen—antibody complexes play a role in the pathogenesis of the
glomerulonephritis. On the other hand, it was revealed that acid eluates from
nephritic kidney contained antibodies against nuclear components and that
glomerular changes could be exacerbated by immunization with nuclear
antigens (LAMBERT and Dixon, 1968). Moreover, quantitative immunologic
studies have disclosed that elutable IgG is directed largely to nucleoprotein
and partly to GLV antigens (D1xoN et al., 1971). These results imply that
nuclear antigen—antinuclear antibody complexes are the principal immuno-
reactant relevant to the pathogenesis and GLV antigen—antibody complexes
are involved to a lesser extent. The source of nuclear antigens to which the
mice respond is unknown.

c) Other Glomerulonephritis Correlated to Infectious Agents

Viral infections are the most common pathogenic mechanism of murine
glomerular diseases. In some of the animals infected with a virus, e.g. lympho-
cytic choriomeningitis virus, it was found that the viral antigen-antibody
complexes were circulating in the blood and the complexes were deposited
in the glomeruli in a granular fashion (OLDSTONE and D1x0N, 1971). Glomerulo-
nephritis associated with viral infection was also seen in chronic hog cholera,
which was characterized by PMN accumulation and increasing deposition of
dense material at the mesangial side of the GBM, in keeping with positive
fluorescence for pig immunoglobulin (CHEVILLE et al., 1970). Direct viral
damage to glomerular cells and deposition of viral antigen—antibody complexes
were thought to be causative mechanisms.

Frequent glomerular abnormalities have been noted in animals with
Plasmodium or Schistosoma infections. Mice infected with P. berghei developed
slight to moderate proliferative glomerulonephritis with scattered electron-
dense deposits in the mesangium and GBM (BOONPUCKNAVIG et al., 1972;
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Suzuki, 1974). With the fluorescent microscope, malarial antigen, host im-
munoglobulin (exclusively IgM), and complement were detected in the glo-
meruli. In monkeys infected with S. mansoni, the affected glomeruli contained
host antibody but not schistosomal antigens (BRITO ef al., 1971). The parasitic
antigen was demonstrated in monkey glomerulonephritis produced by
S. japonicum infection, together with various immunoglobulins including IgE
and complement (TADA et al., 1975). The glomerulonephritis was possibly
modified by concurrent hepatic damage.

8. Miscellaneous Types of Glomerulonephritis of Possible
Immune Origin

Spontaneously occurring glomerular diseases in various species of animals
are most likely of the immune complex variety, although this has not been
determined beyond doubt. Several inbred strains of mice were known to
uniformly exhibit glomerular alterations with age. These changes were charac-
terized by progressive mesangial sclerosis with deposits of host antibody and
complement (LINDER ef al., 1972). Other species of animals, e.g. galagos
(BURKHOLDER et al., 1971) or dogs (MURRAY et al., 1974), also showed spon-
taneous glomerulonephritis of a possible immune complex type. It has been
reported that glomerular lesions occur concomitantly with transplantation
immunity. A mild membranous glomerular change was frequently noted in
chronic allogeneic disease in mice (LEWIS ef al., 1968). Glomeruli were usually
involved in renal allograft rejection in rats (LINDQUIST ef al., 1968) or dogs
(HorowITzZ et al., 1965 ; KONDO et al., 1974).

IV. Some Pathogenic Considerations in Relation
to Morphologic Manifestations

Many conditions should be considered in studying the pathology of im-
munologically induced glomerulonephritis. Although available concepts have
recently accumulated to account for its pathogenesis and morphologic mani-
festations, many problems remain to be resolved. Since a detailed intro-
duction of these is beyond the scope of the present review, a brief discussion
will be made here as to how and to what extent immunologic processes and
mediators involved are concerned with some characteristic glomerular alter-
ations.

1. Glomerular Alterations and Localization of Immune Reactants

As mentioned before, it may well be that renal glomeruli are damaged
by antibodies directed against the glomerular constituents, most likely GBM,
or by depositions of nonglomerular antigen—antibody complexes.

In the first phase of rat Masugi nephritis, a representative model of the
antiGBM-type glomerulonephritis, rabbit NTAbs and complement (C3) are
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specifically localized on the GBM entirely along the capillary loops (UNANUE
and DixoN, 1964). The localization pattern has also been confirmed and
further extended by immunoelectron microscopy (ANDRES et al., 1962 ; ARHEL-
GER et al., 1963 ; VOGT et al., 1968 ; MASUGI, 1969; DRUET et al., 1972; HOEDE-
MAEKER ¢t al., 1972), indicating that the GBM is a crucial site of the antigen—
antibody interaction. This may lead one to assume that a diffuse alteration
takes place all along the GBN; however, electron microscopy has failed to
show any diffuse, uniform GBM changes. Only localized foci of subendothelial
mottling or wispy deposits and variable thickening of the GBM were of note
(FELDMAN, 1963). In contrast to indefinite GBM alterations, intraluminal
changes are remarkable, consisting of PMN accumulation, thrombocyte ag-
gregation, deposits of fibrin, and swelling and slight proliferation of glomerular
cells. It has been suggested that many of these changes are relevant to the
participation of the complement system (HaMMER and Dixon, 1963). The
complement fixation was followed by an accumulation of PMNs and thus
glomerulonephritis developed (COCHRANE e¢f al., 1965). Either complement or
PMN depletion (COCHRANE et al., 1965) and enzymatic digestions of the
NTAbs (BAXTER and SMALL, 1963) were effective in preventing the onset of
definite glomerular lesions except for endothelial detachment from the GBM
(KoBAYASHI et al., 1973 b). It is questionable whether the first phase is com-
pletely complement dependent since duck NTAbs, which do not fix mammalian
complement and possess a unique biological property distinct from rabbit
NTAbs (Fujimoto et al., 1964), could elicit an immediate glomerular injury
after the injection (STAVITSKY ef al., 1956; HAssoN et al., 1957; HAMMER and
DixonN, 1963). This implies that in addition to the complement and PMN
systems, other unknown mediators might be operative in the first phase.

In the second phase of Masugi nephritis, the NTAb, autologous antibody,
and complement are seen to be localized along the GBM in immunofluorescence
(UNANUE and DixoN, 1964). Here again, GBM alterations aie not diffuse but
rather focal and are recognizable in electron microscopy as ill-defined sub-
endothelial deposits (FELDMAN, 1963) or occasionally as dense subepithelial
deposits (SHIGEMATSU and KoBAYAsSHI, 1971). As compared to the first phase,
proliferative or other glomerular changes are more severe and often self-
perpetuating. They are largely dependent upon the host immune responses
and could be intensified by passive administration of specific homologous
antibody (Vassarri and McCLUSKEY, 1964) or additional antigenic stimulation
(SH1GEMATSU and KoBavasHI, 1973). The mediators involved in this phase
have been poo1ly established. The role of PMNs and complement is not quite
the same as in the first phase. It is interesting that intravascular coagulation
is important in producing proliferative changes in the second phase of rabbit
Masugi nephritis. The administration of an anticoagulant agent resulted not
only in the prevention of deposits of fibrin but also in proliferative intra-
and extracapillary changes (VassarLLl and McCLUSKEY, 1964). It appears that
the clotting process results from the effect of the antigen—antibody interaction
on platelets (ROBBINS and STETSON, 1959; SIQUEIRA and NELSON, 1961;
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BETTEX-GALLAND et al., 1963). The importance of the clotting mechanism
has also been evidenced by the experiment in which a variety of glomerular
abnormalities are brought about by injecting several drugs which accelerate
intravascular coagulation (VASSALLI ¢t al., 1963).

Discrete, granular distribution of antigen, antibody, and complement is a
characteristic fluorescent finding in classic ““one-shot” serum sickness nephritis
in rabbits (DixoN ef al., 1958; FIsH et al., 1966). Frequently the antigen is
difficult to detect, probably due to the covering of antigenic determinants
by the host antibodies (WiLson and Dixon, 1970). Circulating antigen—
antibody complexes are not always deposited in the tissue sites but appreciable
portions are thought to be removed by the reticuloendothelial cells (BENACER-
RAF et al., 1959). It was shown that platelet depletion as well as the ad-
ministration of antagonists of vasoactive amines similarly prevented the
deposition and the onset of glomerular lesions (KNIKER and COCHRANE, 1968).
A possible role of IgE antibody was also proposed in connection with the
deposition (COCHRANE, 1971). Although arterial lesions in acute serum sickness
was PMN and complement dependent, glomerulonephritis developed in the
absence of PMNs (KNIKER and COCHRANE, 1965) and C3 or other components
of complement (HENSON and COCHRANE, 1971). Thus mediation of glomerular
injury subsequent to the deposition of immune complexes is not yet clearly
understood. Whatever the mediators, the deposition is followed by proliferative
changes of the glomeruli. The most prominent changes are swelling and
proliferation of glomerular cells (FELDMAN, 1958; ARAKAWA and KIMMEL-
STIEL, 1970). In the active stage of the disease, GBM alterations are not
remarkable and the complexes are hardly visible by electron microscopy in
terms of dense deposits (FELDMAN, 1958; FisH et al., 1966). Typical sub-
epithelial deposits are usually found late after antigen elimination when the
glomerular inflammation tends to heal. In fact, there is no correlation between
the inflammation and the subepithelial deposits (ARAKAWA and KIMMELSTIEL,
1970). It was speculated that the circulating complexes were nephritogenic
while those deposited in the subepithelial space were no longer phlogogenic
in spite of continued interaction with antibody and complement (WiLsox and
Dixon, 1970). Thus the glomerulonephritis in one-shot serum sickness is
transient.

The frequency of glomerular deposition, sites of deposits, and pathologic
features are greatly influenced by the size of the complexes. Very large com-
plexes are effectively removed by the reticuloendothelial cells prior to the
tissue deposition. The deposition with a resultant tissue injury was found
almost exclusively in animals forming somewhat larger complexes, greater
than 19s in size (COCHRANE and HAWKINS, 1968), while those smaller than 19s
were rarely deposited. The importance of molecular size was again confirmed
from the observation that typical proliferative glomerular changes occurred
in rabbits forming BSA-antiBSA complexes with molecular weight ranging
from 3-5 X 10% daltons, consistent with molecular ratios of Ag,Ab and Ag;Ab,
(DREESMAN and GERMUTH, 1972). If still larger complexes were formed, the
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sequence of events might not be proliferative changes but intravascular
coagulation in glomerular tufts (LEBER and McCLUSKEY, 1974).

In passive serum sickness nephritis in mice, preformed antigen-antibody
complexes were mostly entrapped by the mesangium. The deposits were
visible as a large aggregate in both immunofluorescence and electron micro-
scopy (OKUMURA et al., 1971), in contrast to discrete peripheral distribution
of the complexes in active serum sickness in rabbits. Aside from the difference
in animal species and experimental procedures employed, one might assume
that aggregation of the complexes more or less occurred in the capillary lumen
in the mouse glomerulonephritis so that the complexes were not able to
penetrate the GBM and were entrapped within the mesangium.

Renal glomeruli are most commonly involved in chronic serum sickness.
It was proposed that slightly antigen-excess immune complexes were again
nephritogenic (DIXON et al., 1961). Two different kinds of glomerular diseases
have been produced in rabbits by repeated injections of an antigen: diffuse
proliferative glomerulonephritis and membranous nephropathy (membranous
glomerulonephritis). Both are characterized by abundant granular deposits of
antigen—-antibody-complement complexes in immunofluorescence and corre-
sponding dense deposits distributed along the outer aspects of the GBM in
electron microscopy (DI1XON et al., 1961). Despite the close resemblance between
the two types of glomerulonephritis in terms of immune deposits, the histo-
logic manifestations differ greatly from each other. At present this could be
interpreted in two ways, according to the size of the complexes or the property
of the antibodies. Firstly, the proliferative glomerulonephritis developed only
in rabbits possessing circulating complexes composed of highly avid antibody
with molecular weight ranging from 5-7 X 10° daltons (GERMUTH ef al., 1972a).
Secondly, it has been suggested that the production of nonprecipitating anti-
bodies favors the development of proliferative as well as membranous glo-
merular changes (PINCUS et al., 1968; CHRISTIAN, 1969). It is interesting that
an animal with low molecular-weight complexes showed minimal inflammation,
whereas others with circulating complexes heavier than 19s showed prolif-
erative changes (PINCUS et al., 1968). Furthermore, it has been shown that
the antibody formed in rabbit with membranous nephropathy is characterized
by low avidity and low precipitating efficiency (Kurivama, 1973; NAKA-
BAYASHI, 1974). Immune complexes composed of such nonprecipitating anti-
bodies might be relatively small in size and circulate for much longer periods
than larger complexes. If a circumstance exists in which such peculiar com-
plexes are not abruptly but very gradually deposited in glomeruli, it is not
unlikely that they penetrate the GBM and accumulate at the subepithelial
space without definite inflammatory changes. The formation of nonprecipitat-
ing antibodies has been discussed in connection with valencies of antigenic
determinants on the complex protein antigen (PINCUS ef al., 1968 ; CHRISTIAN,
1969). It is also possible that the antibody is produced on the basis of altered
immune responses developing in animals under conditions of prolonged anti-
genic stimulation (OKABAYASHI, 1972).
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Membranous nephropathy is also produced in rats immunized with homo-
logous kidney homogenates (Heymann nephritis). Subepithelial deposits found
in this rat nephropathy are composed of renal tubular antigen—antibody
complexes (EDGINGTON et al., 1968 ; GLASSOCK ef al., 1968 ; GRUPE and KAPLAN,
1969). It has been supposed that the circulating immune complexes are formed
inratsin an antibody excess state (LEBER and McCLUSKEY, 1974). As mentioned
before, subepithelial deposits are not always phlogogenic; however, abundant
subepithelial deposits can be correlated to the clinical manifestations of the
nephrotic syndrome. Increased GBM permeability associated with the deposits
has been demonstrated in Heymann nephritis by using several tracers (SCHNEE-
BERGER ¢t al., 1974).

The localization pattern of immune complexes is significantly different in
naturally occurring glomerulonephritis in the NZ-strain mouse and Aleutian
mink than other chronic serum sickness-type glomerular diseases. As mentioned
before, in the mouse and mink glomerulonephritis, subendothelial and mes-
angial deposits predominate more often than subepithelial deposits. Suggestive
evidence accounting for this comes from the observation of chronic serum
sickness in rabbits. It was stated that immune complexes of intermediate size
of approximately 1x10% daltons or greater could not be deposited beyond
the GBM and aggregated within the subendothelial and mesangial system
(GERMUTH et al., 1972a). Although the exact nature of immune complexes
circulating in nephritic mouse or mink is not yet fully determined, it may be
assumed that the complexes are in most part much larger than those circulating
in rabbits with membranous nephropathy. Obviously the immune deposits
are causative of all of the glomerular changes in these two models of naturally
occurring glomerulonephritis. The continual formation of the nephritogenic
complexes under the condition of viral infection is attributed to the unusual
immunologic background of these animals, possibly linked to as yet unknown
genetic factors (reviewed by: NORTON, 1970; COCHRANE and KOFFLER, 1973).

2. Phagocyte Accumulation and Proliferative Glomerular Changes

Proliferative changes are frequently seen in experimental acute glomerulo-
nephritis. The hypercellularity is generally caused by a proliferation of fixed
glomerular cells (endothelial and mesangial cells) and a migration of blood
phagocytes (PMNs and monocytes). With light microscopic observations in
the past, the origin of increased mononuclear cells was ascribed to endothelial
cells. Detailed examination with the aid of electron microscopy, however, has
shown the importance of mesangial cells which almost always respond to
nephritogenic stimuli and participate in glomerular inflammation.

In various forms of acute proliferative glomerulonephritis, many electron
microscopic studies have described swelling and proliferation of endothelial
cells. However, little is known about the mechanisms which provoke the
endothelial reactions. That antigen, antibody, and complement complexes
per se stimulate the endothelium to proliferate is unlikely since this has not
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been proved in the first phase of rat Masugi nephritis. The endothelial response
might be related to some extent to reparative overgrowth against the preceding
injury (SHIGEMATSU, 1970) or increased phagocytosis for fibrin or other clotting
material (VAssaLLl and McCLUSKEY, 1964). Proliferation and activation of
mesangial cells could also be explained in similar ways.

Accumulation of PMNs is a common feature of many glomerular diseases.
It was reported that antigen—-antibody complexes were chemotactic for PMNs
i vitro (BOYDEN, 1962) and that they did ingest the complexes in the in-
flammatory foci of Arthus type (COCHRANE ef al., 1959 ; URIUHARA and MOVAT,
1960). In passive serum sickness nephritis, antigen—antibody complexes were
engulfed by PMNs (OKUMURA et al., 1971). The role of PMNs has been thoroughly
discussed in the first phase of rat Masugi nephritis in connection with com-
plement (COCHRANE et al., 1965); the PMNs exhibited intimate, broad contact
with the GBM (COCHRANE eéf al., 1965) and underwent degeneration following
the formation of abundant phagocytic vacuoles (SHIGEMATSU, 1970). From
these observations, it would appear that the PMNs accumulated in the glo-
meruli play a role in ingesting antigen, antibody, and complement complexes.
Obviously the effective removal of the complexes is not successful in Masugi
nephritis because of its peculiar situation in which the GBM, a solid glomerular
structure, is included as the antigenic constituent. The degeneration of PMNs
supposedly results in the release of injurious substances which are included
in their primary or secondary lysosomes and in turn provokes increased GBM
permeability and other glomerular abnormalities. There is supporting evidence
for this, as follows: The urinalysis of a nephritic rat at a time when PMNs
attacked the GBM disclosed the presence of large molecules such as IgG and
GBM fragments (HAWKINS and COCHRANE, 1968). Some enzymes were liberated
when PMNs attached themselves to noningestable complexes (HENSON, 1971).
It was also demonstrated that GBM permeability was increased in the area
where PMNs showed direct contact (GANG et al., 1970). Animals injected with
PMN lysates developed focal and local glomerular changes with slight pro-
teinuria (MANALIGOD et al., 1969). In other glomerular diseases, however,
PMNs do not take an active role and glomerular changes do occur even in a
state of PMN depletion. The relation between PMNs and tissue alterations
other than rat Masugi nephritis still remains to be clarified.

Blood monocytes are another contributor to the hypercellularity in acute
glomerulonephritis. Although the characteristic behavior of monocytes has
been well documented both iz vitro and in vivo experiments, little attention
has been directed to their role in proliferative glomerulonephritis. It might be
that previous electron microscopic studies were incapable of differentiating
the monocytic cells from fixed glomerular cells due most probably to inade-
quate processing methods during the preparation of tissue specimens. It is
now clearly evident that migrant monocytes are frequently the major in-
creased cell line in a variety of proliferative glomerulonephritis (SHIGEMATSU,
1970; OKUMURA ¢t al., 1971 ; KoNDoO and SHIGEMATSU, 1972; KoBavasHI and
SHIGEMATSU, 1975). The monocytes presumably accumulate to remove various
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Fig. 11. A glomerular portion of a rabbit with acute serum sickness nephritis. Injected
india-ink particles are selectively ingested by a migrant monocyte (arrows) and are not
seen in fixed glomerular cells. X6000. (Courtesy of Dr. M. SAaNO)

products provided by tissue damage, e.g. fibrin and cell or tissue fragments.
They also ingested antigen—antibody complexes (OKUMURA et al., 1971).
Through the phagocytic process, the monocytes were transformed into macro-
phages, epitheiioid cells, and giant cells (SHIGEMATSU, 1970; KoNDO and
SHIGEMATSU, 1972). The location of the monocytic cells was extremely variable
and they were found even in Bowman’s space as a component of crescents
(KonDo et al., 1972). It is likely that this peculiar behavior of the monocytic
cells has not been well understood and they have even been erroneously
referred to as endothelial or intracapillary cells.

The question arises as to whether the influx of monocytes is ascribed to
an immune mechanism or whether they merely act as scavengers in the in-
flamed glomeruli. An attractive hypothesis is that they accumulate specifically
for some relation to cellular immunity. The possibility has been suggested
in some types of human glomerular diseases (BENDIXEN, 1968 ; ROCKLIN ¢t al.,
1970; ZABRISKIE et al., 1970; DARDENNE et al., 1972; MAHIEU et al., 1972;
MALLICK et al., 1972). However, the mediators that trigger the monocytic
response have not yet been characterized in any experimental glomerulo-
nephritis.

3. Disorganizing Processes and Progressive Glomerulonephritis

Experimental acute glomerulonephritis is usually reversible. With the
intensified nephritogenic stimuli, however, a rapidly progressive glomerular
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Fig. 12. Conspicuous intravascular coagulation seen in the first phase of rat Masugi
nephritis. Capillary lumens are entirely obliterated by fibrin (F), fibrinoid material, and
cell debris. Note necrosis of an endothelial cell (EN). x4 500

injury appears which is characterized by one or a combination of the changes
described below.

Firstly, varying degrees of clotting lesions are almost always seen in pro-
gressive glomerulonephritis. The clotting process is activated by antigen—
antibody interaction (LEE, 1963) on one hand and is enhanced by the lack
of fibrinolytic activities on the other. It was speculated that fibrinolytic
activity operated well in the presence of intact endothelial cells (WARREN,
1963 ; MYHRE-HENSEN, 1971; WAREN and KHAN, 1974), whereas it was lost
by endothelial damage (BERGSTEIN ef al., 1974). With the injection of a potent
NTAD, massive intravascular coagulation was brought about in rats, diffusely
obliterating the glomerular tufts (FUJIMOTO ef al., 1964; SHIGEMATSU, 1970).
The exaggerated coagulation did not cause cellular proliferation but promptly
resulted in glomerular and cortical necrosis. Moderate deposits of fibrin or
fibrinoid material were, however, thought to be responsible for the induction
of crescentic glomerular changes (VassaLLl and McCLUSKEY, 1964). It is
likely that a chronic glomerular disease becomes manifest when the clotting
materials are not removed because of either impaired fibrinolytic activities
or a lack of phagocytosis.

Secondly, the progressive glomerulonephritis is often characterized by
marked disintegration of the mesangium, similar to that described in the
glomerular injury in Habu snake poisoning, referred to as ‘‘mesangiolysis”’
(KiTAMURA ef al., 1957; SUZUKI et al., 1963). The lytic process involving the
mesangium and GBM has been noted in immunologically induced glomerulo-
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Fig. 13. Prominent edematous swelling or lysis of the mesangial matrix with an activation
of mesangial cells (MS) in the second phase of rabbit Masugi nephritis. X 6400

nephritis as a fundamental pathologic phenomenon (OKABAYASHI, 1970). The
change is most prominent in enhanced serum sickness nephritis (KOBAYASHI
and SHIGEMATSU, 1975) and Masugi nephritis in rabbits (KoNDo ef al., 1972).
The mesangiolysis was conceivably initiated by exaggerated edematous swell-
ing of the matrix resulting from transudation of the blood liquid. The sequence
of events was globular or balloon-like distortion of the tuft structure together
with enhanced exudative and proliferative changes. The tufts then underwent
an enmeshed or granulomatous disorganization, terminating in a rapid scarring
of the glomeruli. The mesangiolysis in Habu snake poisoning was caused by
edema, degeneration, and loss of the matrix that led to a conversion of the
glomerulus into a blood-filled cystic cavity surrounded merely by the preserved
GBM (KI1TAMURA ¢f al., 1957; SUZUKI et al., 1963); there were no additional
inflammatory changes, suggesting that the process was provoked by a rather
simple toxic or enzymatic action on the mesangium. In immunologically
induced glomerulonephritis, the mesangiolysis was followed by the extensive
inflammatory reaction and cellular proliferation, indicating that the promoting
mechanisms would be more complicated and unique. Unfortunately there is
no further information at hand.

Thirdly, the formation of crescents is another characteristic of progressive
glomerulonephritis. Ultrastructural observations have made it clear that the
crescents occur on the basis of characteristic GBM changes. It was shown in
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Fig. 14. Interruption of glomerular basement membrane (GBM) in the second phase

of rabbit Masugi nephritis. Basement membrane fragments (arrows) are seen enclosed

within the cytoplasm of unidentified cells. Two mononuclear cells (MO) are seen migrating
into Bowman’s space. X 12000

both serum sickness nephritis and Masugi nephritis that an intense intra-
capillary inflammation frequently affected the GBM to the extent of becoming
attenuated and virtually interrrupted (KoNDO et al., 1972; SHIGEMATSU and
KosavasHi, 1973 ; KoBAvAsHI and SHIGEMATSU, 1975). Once the GBM rupture
developed, the inflammation extended into Bowman’s space and the tufts or
lobuli disappeared. The cell clusters obliterating Bowman’s space were com-
posed of epithelial cells and migrated inflammatory cells. A massive influx
of fibrin and proteinaceous substances might stimulate the epithelial cells to
proliferate. Simultaneously the periglomerular tissue was also included in the
process. As a whole, the glomerulus was transformed into a granulomatous
structure (KonNDO et al., 1972). The disorganizing glomerulonephritis was
apparently brought about subsequent to the intracapillary changes; there was
no evidence to indicate that the crescents were produced by direct immuno-
logic action on Bowman’s epithelium. Lytic or necrotizing processes taking
place in the tufts were probably responsible for the development of the GBM
rupture. Enzymes included in PMNs may be mediators as has been suggested
in other experiments (COCHRANE and AIKINS, 1966; JANOFF and ZELIGS, 1968).
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V. Concluding Remarks

We are now able to produce a wide variety of glomerulonephritis ex-
perimentally in animals by immunologic procedures. It is entirely clear that
experimental results have provided much information useful for elucidating
important questions on human renal diseases. For example, nephrotoxic serum
nephritis originally reported by MasuGI (1933, 1934) has long been regarded
as an example of a highly artificial disease. Reasonable speculations, however,
led to the attempt to produce autologous antiGBM-type glomerulonephritis,
which was successfully carried out (STEBLAY, 1962). This in turn stimulated
the search for the human counterpart. It has thus been demonstrated that
there is indeed human glomerulonephritis of this type (LERNER et al., 1967).
Extensive studies on experimental serum sickness have clarified the pathogenic
importance of circulating antigen—antibody complexes for the development
of acute, subacute, and chronic glomerulonephritis (DixoxN et al., 1961), and
have established the concept of immune complex disease. An appreciable
proportion of human cases may be affected by the mechanism relating patho-
genetically to immune complexes. Acute poststreptococcal glomerulonephritis
is the most likely disease caused by deposits of immune complexes. Unfortu-
nately, in many other situations, the possibility still remains obscure because
of the difficulty in demonstrating antigen(s) or, conversely, in determining
the specificity of antibody. Not infrequently, it is noticeable in experimen-
tal glomerulonephritis that changes developed are very similar, apart
from differences in the underlying immune process, as was described in Sec-
tion ITI. In general, the severity of lesions largely depends upon the amount
of immune reactants localized in the glomeruli. The bulk of evidence also
suggests that the variety in physicochemical as well as immunochemical pro-
perties of nephritogenic complexes would be reflected by different morphologic
manifestations. In addition, the alteration of immune responses is another
important factor in the pathogenesis of chronic glomerular diseases, especially
those occurring in experimental autoimmune disorders. Also important are
mediators involved in the antigen—antibody interaction by which cellular and
tissue alterations are actually elicited. Several mediators have been proved
to have a role in some experimental systems but not in others. In brief, only
fragmentary information is available concerning possible mediators that may
actually trigger multitudinous glomerular lesions. On the other hand, the
continuance of a disease cannot necessarily be ascribed to the persistence of
immune reactants. It is highly probable that if a significant architectural
distortion of the glomerulus has once developed, there appears a self-per-
petuating process undergoing hyaline scarring regardless of the presence of
any nephritogenic stimuli. All of these considerations are, in turn, required
for the study on human glomerular diseases.

From the morphologic aspect, the inflammatory process is not completely
distinct from that which takes place in other vascular or connective tissues
(JoNEs, 1951; JONES, 1953). Any acute phlogogenic stimuli would cause in-
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creased permeability, sticking of PMNs and mononuclear cells, and a proli-
feration of proper tissue cells, the changes being no more than the hallmarks
of a common acute inflammation. The accumulation of migrant phagocytes
is often remarkable but usually transient. This may well be the reason why a
prompt resolution occurs in acute proliferative glomerulonephritis in man.
With the intensified stimuli, extravasation of cellular and fluid elements of
the blood would take place associated with lysis or destruction of the capillary
structure involving the surrounding tissue and finally resulting in scarring.
Be that as it may though, glomerulonephritis is a unique inflammation because
of its pathogenesis in immune origin and of the specific anatomic and physio-
logic condition of the glomerulus. In a deeper insight into the pathobiological
implications of Masugi and other immunologically induced glomerulonephri-
tides described above, a clue may possibly be furnished solving problems of the
pathology of the immune response.
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The history of renal diseases can be traced back to Hippocrates and
Avicenna who, in their time, saw and etiologic correlation between general
dropsy and renal disease. The era of modern scientific nephrology began in
1827 when RicHARD BRIGHT, an English clinician, published his first book
Diseased Kidney in Dropsy, in which a causal relationship was established
between general dropsy and certain anatomic changes in the kidney. From
that time, these three parallel symptoms—dropsy, albuminuria, and anatomic
changes in the kidney—were called “Bright’s disease.”” BRIGHT had defined
renal changes exclusively on the basis of macroscopic symptoms, with some
very cautious suggestions about pathogenesis. During the following years
BRIGHT’S observations were discussed in England by CopLAND (1832-1858),
Prout (1823) and GrAVEs (1831), in France by RAYER (1840) and SorLonN
(1838), in Germany until 1852 by HENLE (1846), ROKITANSKY (1861), REIN-
HARD (1850), FrERICHS (1851) and, last but not least, by VIrcHOW (1852).
Most of these publications used the term “nephritis” for renal diseases. The
special name of ‘“‘glomerulonephritis” appeared first in KLEBS’S Handbuch der
Pathologischen Amnatomie, published in 1876. He wrote, in Vol. I: “One can
designate glomerulonephritis as a form of interstitial nephritis in which the
interstitial tissue of the glomeruli is involved exclusively.”

An early classification of hematogenous, nonpurulent renal inflamma-
tions- a popular definition in the following years- was presented in 1899 by
SENATOR:

1. Acute Nephritis

a) Parenchymatous nephritis

b) Diffuse nephritis
2. Chrowic Diffuse Nephritis without Induration
(chronic parenchymatous nephritis)

3. Chronic Indurative Nephritis (Nephrocivrhosis)
a) Secondary induration
b) Primary indurative nephritis
c) Arteriosclerotic indurations
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This classification included the terms “acute’ and ‘‘chronic,” to describe
the potential clinical course of the disease. Together with “subchronic’’ and
“subacute’’, these terms, though much disputed, characterized the classifica-
tion of glomerulonephritis over the next six decades. Similar criteria were
adopted by LOHLEIN in 1910, although he made no explicit mention of them.
His classification runs as follows:

1. Glomerulonephritis of Several Days’ Duration

LOHLEIN’S paradigm of this type of glomerulonephritis was scarlet fever
nephritis in addition to some less frequent infections. In this disease he found
the glomeruli severely enlarged, the capsule nearly or completely filled, the
loops broad and long, and the prognosis uncertain.

2. Glomerulonephritis of Several Weeks' or Months Duration

In this type the predominant etiologic role is played by streptococcal
infections with the subsequent influence of bacterial toxins on the kidneys.
LonLEIN distinguished a more rapid from a milder type, calling the former
““subacute glomerulonephritis.”” Frequent epithelial “crescents’” are a striking
histologic feature, and death occur after a course of about 4 weeks. In the
mild type, on the other hand, large glomeruli possess coarse loops full of
cellular elements. Epithelial crescents are found in only a few glomeruli or
in none of them.

3. Chronic Glomerulonephritis

In this manifestation, all glomeruli are changed severely, epithelial cres-
cents may be found occasionally, or even glomeruli that have been completely
obliterated. The characteristic pattern of this type is its progress over many
years. The disease may set in after acute nephritis following scarlet fever or
tonsillitis.

LOHLEIN proposed the following classification of hematogenous renal
affections: Focal manifestations were separated from diffuse ones, and in the
diffuse type, forms without severe involvement of glomeruli were distinguished
from those with predominant glomerular involvement.

LOHLEIN’S definition was supported by VOLHARD and FAHR in 1914, who
saw nephritis in opposition to nephrosis, defining nephritis as a disease state
in which the inflammation is clearly manifest. The histologic picture is
dominated by proliferative changes in vascular connective tissue. The authors
differentiated interstitial nephritis from glomerulonephritis according to the
location of proliferations in either interstitial or glomerular parts.

In addition to distinguishing between focal and diffuse changes, VOLHARD
and FaHRr adopted the terms acute, subchronic, and chronic to define the most
striking differences:

1. Acute Glomerulonephritis
In this form microscopic changes are not so characteristic. Loops are
elongated and broadened, occasionally distended, and blood is found, as a
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rule, within the capsule and in the tubules. The predominant feature is a
significant increase of cells in each glomerulus. VOLHARD and FAHR see the
distention of loops as a sign of florid inflammation, while the absence of this
phenomenon is taken as a sign of decreasing inflammation. Acute glomerulo-
nephritis can be cured completely in the majority of cases. Sometimes it
passes into the second stage.

2. Subchronic Glomerulonephyitis

Microscopy reveals particular intensification of proliferative, exudative,
and desquamative processes, and even regular and intense involvement of
channel epithelia manifested as a degenerative process. VOLHARD and FAHR
separated, moreover, an extracapillary from an intracapillary type: the extra-
capillary type was characterized by proliferative and desquamative reactions
in tuft epithelia, the intracapillary type by marked cell proliferation inside
the glomerular loops, as a result of which all the tufts become noticeably
enlarged. In this stage regression is more than doubtful or even improbable.

3. Chronic Glomerulonephritis
a) Without granulation

The kidney is not substantially smaller or more compact than normal.
Histologically, the original glomerular loops are transformed into plaque-like
hyaline lumps, and nucleosis is diminished. Some glomeruli are completely
obliterated, most of them exsanguinated. Bleeding into Bowman’s capsule is
found in some parts. This “smooth’ type of chronic glomerulonephritis is
rather rare; it is based on regular and simultaneous obliteration of all glo-
meruli.

b) With granulation

Besides a great number of more or less totally obliterated glomeruli,
others show free and open loops filled with blood. Remarkable attempts at
regeneration of parenchyma are considered to be responsible for the granular
macroscopic appearance of the kidney surface. As a rule, vessels are severely
altered in this third chronic stage of glomerulonephritis. In the intima, elastic
and hyperplastic thickening is found together with regressive changes. The
media is often hypertrophic. VoLHARD and FAHR expressed the opinion that
a substantial cause of arteriosclerotic processes in the kidney should not be
seen in rising blood pressure, but in local changes inside the kidney.

In 1918 VoLHARD changed his opinion about the classification criteria
‘acute,” ‘““subacute,” and “chronic,” declaring them inadequate for sub-
dividing the various forms of glomerulonephritis. His new definitions were
the following:

<

1. Nephrosis: parenchymatous (dropsical) nephritis without increased blood
pressure

2. Focal Nephritis: hemorrhagic (nondropsical) nephritis without increased
blood pressure
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3. Acute Diffuse Glomerulonephritis: hemorrhagic (dropsical or nondropsical)
nephritis with increased blood pressure

4. Chronic Diffuse Glomerulonephritis: parenchymatous (dropsical) nephritis
with increased blood pressure

The clinical terms, acute, subacute or subchronic, and chronic, were
supplemented during subsequent years by criteria deduced from morphologic
and pathoanatomic changes in the kidney. Hypotheses about etiology and
pathogenesis of certain renal alterations were also incorporated in some of
the classifications. RUSSELL (1930) distinguished ischemic nephritis from toxic
nephritis. The histologic picture is dominated by hyaline sedimentation in
the tubules, collagenous crescents, and sclerotic thickening of Bowman’s
capsule. Toxic nephritis is subdivided into:

a) Proliferative glomerulonephritis, at first characterized by proliferation
of endothelial cells, in a later stage by additional hyaline necroses

b) Proliferative capsulitis, showing typical proliferation of endothelia in
Bowman’s capsule

c) Focal sclerosis, characterized by unstructured hyaline areas in the
glomeruli associated with capsular adhesion; hence ‘“adhesive glomerulitis”

BELL in 1938 retained the classifications of acute, subacute, and chronic
glomerulonephritis. Based upon etiologic and morphologic criteria, acute
glomerulonephritis is subdivided in the following groups:

1. Acute Proliferative Glomerulonephritis

Characterized by numerical increase of capillary endothelial cells, thick-
ening of basement membranes, accumulation of leukocytes, partial or total
obstruction of capillaries, and extracapillary epithelial crescents.

2. Thrombosis of Glomerular Capillaries
No proliferations or exudations. This type occurs in sepsis without endo-
carditis.

3. Exudative Type
Characterized by abundance of leukocytes in the glomerular capillaries;
this type is found in staphylococcal infections.

4. Thrombosis of Afferent Arterioles
Etiology can be traced to either pneumonia, pneumococcal peritonitis, or
congenital syphilis.

5. Embolism Type with Uremza
Characterized by proliferative processes either strictly focal or diffuse.
Endocarditis can be associated with this type.

6. Hemorrhagic Type with Obstruction of Tubules
Characterized by pronounced hematuria, frequent after infection of various
kinds.
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7. Acute Lipid Nephrosis

BeLL identified a morphologic criterium of subacute glomerulonephritis
in the general obstruction of all the glomeruli, without hyalinization but with
tubular atrophy. In contrast to this, chronic glomerulonephritis shows 109,
of glomeruli in hyalinization, capillary membranes are not thickened, capil-
laries are not narrowed. BELL mentions further an azotemic subtype of chronic
glomerulonephritis.

E1i1r1s (1942) published his definition of two different types of glomerulo-
nephritis in 1942; it was cited and discussed frequently in the following years:

Type I: The clinical characteristic is an acute onset after a previous in-
fection accompanied by hematuria. Complete healing is possible, but transition
to a rapidly progressing pattern is also possible. A third course was reported
as transition into a persistent form with albuminuria, or development of
hypertension and uremia. In histology, proliferation of the cellular component
of the glomeruli is found together with leukocytes and erythrocytes inside
Bowman’s capsule and tubules. Fibrinoid necroses of arterioles and epithelial
crescents are later symptoms, especially in the rapidly progressing type. If
the disease continues over several years there are interstitial fibrosis and
diminishing of glomeruli, enlarged glomeruli with increased cell population,
decreased number of loops in frequent adhesion to the capsule. Moreover,
pericapsular fibroses and a deterioration of interlobular arteries are defined
as endarteritic changes.

Type I1: The characteristics are generalized edema and severe albumin-
uria, but minimal hematuria. Complete healing is very rare; continuous pro-
gress with persisting edemas and intercurrent infections, is most common.
The disease continues over many years and is often complicated by hyper-
tension. ErL1s did not describe any histologic precursor stages of this type.
In the small number of cases collected in his report, histologic changes were
closely coordinated with those of nephrosis: some few focal necroses of glo-
meruli, adhesions to the capsule, and fatty degeneration of tubular epithelia.
After prolonged course of the disease proliferative glomerulitis is found with
lobular accentuation, followed by focal deposits of hyaline substances that
can be found, in typical cases, in the stroma between capillaries. Changes
are seen in the basement membranes of capillaries, but membrane thickening
without proliferation or lobulation is also observed. This pattern of change
is generally diffuse; histology reveals mainly a progress of glomerular hyaliniza-
tion in the loops.

In contrast to VOLHARD, who had more or less rejected the terms acute,
subacute, and chronic, FAHR maintained these classification criteria in a new
publication in 1944. He saw diffuse glomerulonephritis as a paradigm of
allergic inflammation provoked by streptococcal or pneumococcal infections.
FanR clearly refuted primary ischemia as a cause of glomerulonephritis, as
had been postulated by VoLHARD. FAHR’S classification was established as
follows:
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1. Acute Glomerulonephritis

Macroscopic changes are neither characteristic nor uniform in general.
Microscopy reveals inflammatory hyperemia followed by exudation and
proliferation of glomeruli, proliferation of glomerular endothelia and diffuse
capillariitis in glomerular loops. Tubular changes are of minor importance.

2. Subacute or Subchronic Glomerulonephritis

The macroscopic picture is either the enlarged white kidney, or the large
““colored” one. In microscopy, FAHR separated an intracapillary from an
extracapillary type: in the former, changes are restricted to the interior of
the loops, in the latter, they are manifested as a proliferative or desquamative
process at the capsular endothelium. According to FAHR, the course of the
former is more rapid and severe.

3. Chronic Glomerulonephritis

FAHR maintained the distinction between the smooth and the granulated
cirrhotic kidney. The microscopic picture is dominated by striking intra-
capillary changes in the glomeruli. Clinicians will distinguish further in this
type, a stage of compensation from a stage of decompensation.

Moreover, FAHR opposed the focal glomerulonephritis to the more diffuse
changes mentioned above; in focal glomerulonephritis he distinguished three
forms of toxic, bacterial, or embolic origin.

This classification was adopted by BECHER in 1947.

The method of percutaneous renal biopsies was introduced in 1951 by
IvERSEN and BRrUN, who inaugurated a new era in kidney research. While
the definition and identification of pathologicoanatomic changes had previously
been restricted to autopsy findings, the methodical performance of renal
biopsies now permitted more and more continuous observation of the early
stages and of progress in renal disease.

Some authors still cling to the clinic-oriented prognostic definitions: JONES
(1953) maintained the terms ‘‘acute, subacute and chronic” in his publication.
BoHLE et al. (1969) attempted to combine the terms ‘‘peracute, acute, post-
acute, and chronic”” with morphologic criteria (Fig. 1).

HABIB (1961) was the first to abandon these terms completely. She con-
fined her definitions strictly to morphologic criteria. She anticipated KINCAID-
SmiTH (1972), who wrote:

““At present a classification must be based on morphology. Clinical symp-
toms are too similar in association with a wide range of different glomerular
lesions to permit more than a very simple and superficial classification. An
etiological classification is desirable but we are ignorant about etiological
factors in the vast majority of cases of glomerulonephritis. We are also at
present unable to base a classification on pathogenetic mechanisms.”

Accordingly, HaABIB propose the following classification of glomerulo-
nephritis accompanied by nephrotic syndromes:
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Peracute:

. proli- extra-
(rapidprogr) izi ferat
hemorrhagic focal-
nephritis

proli- exudative

Acute: ferative

Post-acute: b focal-

(latent chron){M€mpranous ferative nephritis
) perimembr. prolifer. lobular focal-

Chronic: sclerosing] |sclerosing sclerosing nephritis

Fig. 1. Classification of acute and chronic forms of glomerulonephritis based on biopsy
and autopsy findings (M PI = minimal proliferative intercapillary), BoHLE, 1969

1. Minimal Lesions

While light microscopy shows mainly regular glomerular structures, elec-
tron microscopy reveals, in particular, foot process fusion of epithelia and
other signs of epithelial changes.

2. Thickening of Capillary Walls (Membranous Glomerulonephritis)

Silver impregnation is properly suited to reveal diffuse thickening of
glomerular capillaries. In fact, these changes are often discernible only in
electron microscopy, which is able to reveal subendothelial deposits in some
places.

3. Extracapillary, Proliferative Glomerulitis

Characterized by the appearance of crescents and of occasional capillary
adhesions.

4. Endocapillary Proliferative Glomerulitis

Diffuse endocapillary cell proliferations without thickening of capillary
walls dominate, accompanied by occasional lobulations of the glomerular loops.

5. Endocapillary Proliferative Glomerulitis with Hyaline Nodules
(Lobular Glomerulitis)

In addition to a distinctive narrowing, lobulation of capillaries is seen
with endocapillary cell proliferation of varying grades.
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6. This group comprises complex forms that do not fit into the preceding
classifications

KiNosHITA (1966) prefers morphologic criteria in general, although some
clinical classification is maintained in view of prognosis:

1. Acute Glomerulonephritis

Histology reveals exudative changes, in particular mesangial proliferation
of varying extent. Edema, hypertension, proteinuria, and hematuria dominate
the clinical picture. About one-half of all patients are eventually cured, the
other half is liable to turn into type 3.

2. Subacute Glomerulonephritis

Under morphologic aspects intramembranous or extramembranous pro-
liferations are found with interstitial cellular changes. This type correlates
to the “progressive form” described by LOHLEIN. It leads towards severe
proteinuria and hematuria, to uremia and eventually to death in a few weeks
or months.

3. “Elapsed” Acute Glomerulonephritis

This is a lighter type of pattern, similar to the changes in acute glomerulo-
nephritis. Clinical symptoms continue for 6 or even 12 months, but essential
alterations cannot be identified after those in renal functions. About one-half
of the patients will be completely cured; in the others the disease may take a
more chronic aspect—in particular that of the subchronic type.

4. Subchronic Glomerulonephritis

Truly irreversible glomerular changes are never or rarely found in this
type. KiNosHITA has subdivided it further into four groups according to the
degree of intensity.

5. Chronic Glomerulonephritis

Characteristic features of this type are: irreversible changes in the glo-
meruli and pronounced interstitial fibrosis associated with fibrinoid de-
generation of arterioles and of glomerular capillaries, and with epithelial
crescents. The clinical picture is dominated by hypertension, proteinuria, and
hematuria. The course is often slow, dragging over years, but ending in uremia
and death.

6. Chronic Sclevosing Glomerulonephritis

Complete destruction of kidney parenchyma leads to irreversible changes
in renal functions and finally to uremia.

In a similar manner ZOLLINGER (1966) combined morphologic criteria
with clinical and prognostic aspects. His classifications are:

1. Diffuse Acute Glomerulonephritis
a) Acute diffuse glomerulonephritis
b) Subacute diffuse glomerulonephritis
c) Chronic diffuse glomerulonephritis
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2. Glomerular Focal Nephritis

a) Embolic purulent focal glomerulitis

b) Thrombocapillariitis

c) Purely proliferative focal glomerulitis

d) Focal glomerulitis in lupus erythematodes

e) Focal glomerulitis in Wegener’s granulomatosis

HEPTINSTALL (1966) was the first to attempt a synthesis of the outstanding
classifications of glomerulonephritis published up to that point. Having
enumerated and characterized different criteria of classification, he proposed
his own table as an optimal compromise of all contemporary definitions—
clinical, and pathologicoanatomic:

1. Acute glomerulonephritis

2. Rapid progressing glomerulonephritis

3. Chronic glomerulonephritis including the chronic lobular, and chronic
idiopathic membranous types

4. Types of glomerulonephritis associated with nephrotic syndromes

5. Focal glomerulonephritis

EARLE (1970) proposed to ‘‘chronic glomerulonephtitis” be subdivided
morphologically as follows:

1. Diffuse proliferative glomerulonephritis

2. Diffuse membranous glomerulonephritis

3. Glomerulonephritis of mixed membranous-proliferative type (lobular,
progressive, and hypocomplementemic)

4. Focal glomerulonephritis (membranous, proliferative, or mixed)

5. Glomerulonephritis associated with other diseases (amyloidosis, diabetes,
periarteriitis or lupus erythematosus)

6. Family nephropathies

Acute glomerulonephritis is seen by EARLE as identical with acute pro-
liferative poststreptococcal glomerulonephritis.

In 1970 HABIB presented her new classification of glomerular lesions based
exclusively on morphologic criteria:

1. Nephrosis (nephrotic syndrome with minimal glomerular changes)
2. Specific glomerular lesions
2.1. Glomerulonephritis in diabetes
2.2.  Glomerulonephritis in amyloidosis
2.3. Thrombotic microangiopathy
2.4. Lupus nephritis
3. Unspecific glomerular changes
3.1. Diffuse glomerulonephritis
3.1.1. Glomerulonephritis with extramembranous deposits
3.1.2. Proliferative glomerulonephritis
a) Purely endocapillary type (with or without exudation)
b) Membranoproliferative type
c) Lobular type
d) Endo- or extracapillary type + 3 subtypes
3.2. Focal glomerulonephritis
3.2.1. Segmental and focal type
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3.2.2. Segmental and focal hyalinosis
3.2.3. Glomerular, global and focal fibrosis
3.3.  Unclassifiable chronic glomerulonephrites

CHURG (1970) stet starts in the same fashion, from purely morphologic
criteria; like HABIB, he separates diffuse from focal glomerulonephritis. But
his subdivision of diffuse glomerulonephritis differentiates the proliferative
from the exudative type, both sharply opposed to the rapidly progressing
glomerulonephritis (the so-called malignant or extracapillary glomerulo-
nephritis). In further contrast to HaBiB, CHURG maintains the term ‘‘chronic
glomerulonephritis,” subdivided into the early subacute type, the sclerosing
type, and end-stage glomerulonephritis. In the beginning, proliferative and
sclerosing conditions seem to be in balance, but the later stages are dominated
by sclerosing processes.

CHURG mentions several special types: lobular glomerulonephritis and
membranoproliferative glomerulitis, suggesting ‘“mesangio-capillary glomeru-
lonephritis” as a more appropriate term for the latter.

CHURG’s subdivision of focal glomerulonephritis also differs from that of
HaBIB in several essential points. CHURG enumerates the proliferative type,
the proliferative necrotizing type, the sclerosing scarring type, and the seg-
mental sclerosing type.

The classification of GLyDA (1971) is based equably on clinical prognostic
and pathologicoanatomic principles. His gross classification contains four
types with several subdivisions:

Type I

1.1. Acute proliferative glomerulonephritis
Proliferation of mesangial and endothelial cells, narrowing of capillary lumina and
of Bowman’s capsule, ischemia of glomeruli

1.2. Acute exudative glomerulonephritis
Sharp increase of leukocytes in glomeruli and in the stroma plus a somewhat lesser
mesangial and endothelial proliferation

1.3. Subacute glomerulonephritis
Epithelial proliferation in Bowman’s capsule leading to formation of crescents,
beginning adhesions

1.4. Rapid progressive glomerulonephritis
Intense proliferation of epithelia in Bowman'’s capsule, crescent formation throughout
glomeruli

1.5. Mesangial proliferative glomerulonephritis
Proliferation of mesangial cells, increase of mesangial matrix; no changes in capillaries
or in capsule epithelia, no adhesions

1.6. Chronic proliferative glomerulonephritis
Evidence of a long = lasting inflammation, lobulation, increase of mesangium and
endothelia

1.7. Chronic lobular glomerulonephritis
Striking lobulation of glomeruli associated with proliferation of mesangium and
endothelial cells

1.8. Chronic atrophic glomerulonephritis
Fibrosis and hyalinization of glomeruli, fibrosing Bowman'’s capsule, partial hyalini-
zation, lobulation and adhesions

1.9. Chronic mixed glomerulonephritis
Mixture of forms 1.1 and 1.2
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GLyDA’s classification comprises further “big”’ type 2: membranous glomer-
ulonephritis; type 3: “submicroscopic’’ glomerulonephritis; and type 4: focal
glomerulonephritis with several subdivisions.

In 1972, CAMERON attempted to summarize all previous classification
criteria in glomerulonephritis. Judging the terminology as rather confused
and misleading, he traced the difficulties back to the actual interpretation of
renal findings. The resulting classification resembles, more or less, that of
Hagis:

1. Minimal Changes
This type is characterized by very small changes; fusion of epithelial foot
processes is revealed only by electron microscopy.

2. Membranous (Epimembranous) Nephropathies
Deposits of IgG or C3 at basement membranes. These phenomena are
demonstrated particularly in silver staining and/or electron microscopy.

3. Focal Glomerulosclevosis (Segmental Hyalinosis)
The type is identical with HABIB’S segmental or focal hyalinosis.

4. Prolifevative Glomeyulonephritis

In parallel to the classification criteria of HaBIB and CHURG, CAMERON
distinguished 6 subtypes:

a) Active, diffuse endothelial form

b) Mesangial form

c) Proliferative glomerulonephritis with abundant epithelial crescents
d) Mesangiocapillary form

e) Focal form

f) Endothelial (endocapillary) form

The most comprehensive classification based exclusively on morphologic
criteria was presented by KiINCAID-SMITH (1972):

1. No Glomerular Lesions by light microscopy or minor or minimal lesions by
light microscopy.

.1. Normal on light microscopy, fluorescent microscopy, and electron microscopy

1.2. Glomeruli normal on light microscopy but showing foot process fusion on elecrone
microscopy; findings typical in the so-called nil or minimal lesion nephrotic syndrtom
or lipid nephrosis; immunofluorescence findings usually negative, response to
steroids high

1.3. Minor lesions on light microscopy with diffuse mesangial IgA and IgG deposits;
immunofluorescence findings essential to determine this category; electron micro-
scopy shows also mesangial deposits; characteristic clinical symptom is hematuria,
often associated with focal and segmental proliferative glomerulonephritis

1.4. Minor or doubtful proliferation on light microscopy; immunofluorescence staining
often inconclusive

1.5. Minor or doubtful increase in mesangial matrix or thickening of basement membrane;
immunofluorescence findings often negative; electron microscopy useful for clear
decision
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2. Diffuse Glomerular Lesions

2.1. Diffuse membranous glomerulonephritis; diffuse changes in all glomeruli; silver
spikes on epithelial side of basement membrane, deposits of Ig between spikes;
term ‘‘membranous glomerulonephritis’’ comprehends intramembranous as well
as extramembranous changes; immunofluorescence is typical and characteristic;
deposits of IgG, complement, at times also of fibrin and IgM along capillary walls;
deposits can be demonstrated on electron microscopy

2.2. Diffuse proliferative glomerulonephritis

2.2.1. Diffuse endocapillary proliferative and exudative glomerulonephritis; increase in
number of cells and in leukocytes; poststreptococcal form of glomerulonephritis.
IgG, complement, and fibrin are revealed on immunofluorescence staining, some-
times also IgM and IgA; extramembranous deposits in shape of ‘““humps”’

2.2.2. Diffuse endocapillary glomerulonephritis

2.2.3. Diffuse mesangial proliferative glomerulonephritis; increase in mesangial matrix
and mesangial cells

2.2.4. Diffuse proliferative glomerulonephritis with associated epithelial crescents; if
over 80% of glomeruli show crescents, prognosis is bad; if more than 50 % show
crescents, prognosis is also invariably bad

2.2.5. Diffuse proliferative glomerulonephritis with focal and segmental mesangio-
capillary (membranoproliferative) changes; group is small, probably a subgroup
of 2.2.6

2.2.6. Diffuse mesangiocapillary (membranoproliferative) glomerulonephritis; includes
both lobular and diffuse mesangiocapillary glomerulonephritis

2.2.7. Diffuse mesangiocapillary glomerulonephritis with dense deposits in basement
membranes

2.3. Diffuse mesangial and/or basement membrane lesions without proliferation

3. Focal Glomerular Lesions

3.1. Segmental and focal proliferative glomerulonephritis
3.2. Segmental and focal hyalinosis
3.3. Segmental and focal fibrosis or sclerosis

THOENES (1972, 1973, 1974) also published a classification which combines
the previous results of HaBiB, CHURG, and KINCAID-SMITH with his own
observations and deductions, and which, finally, presents a ‘Pathological
System of Inflammatory Glomerulopathies” (see Fig. 2):

1. Diffuse Glomerulonephritides (Glomerulopathies)

1.1. Necrotizing glomerulonephritis (rapidly progressing)

1.2. Exudative, or exudative and proliferative glomerulonephritis (acute)

1.3. Proliferative glomerulonephritis

1.3.1. Intra- and extracapillary proliferative glomerulonephritis (rapidly progressing)
3.2. Mesangial (endocapillary) proliferative glomerulonephritis

3.3. Membranoproliferative and lobular glomerulonephritis

3.4. Proliferative sclerosing glomerulonephritis

4. (Peri)membranous glomerulonephritis
5. Minimal lesions
5.1. Minimal changes; nephrosis
5.2. Minimal glomerulitis

2. Focal and Segmental Glomerulonephritides (Glomerulopathies)

2.1. Proliferative form

2.1.1. Focal and segmental proliferative glomerulonephritis

2.1.2. Associated with certain basic diseases as one symptom among others, e.g. in:
Schonlein-Henoch’s purpura, disseminated lupus erythematosus, Goodpasture’s
syndrome, Wegener’s granulomatosis
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MORPHOLOGY

capillary tuft capsule organ-glomerulus

diffuse

necrotizing without crescents

(intracapill ary")
exudative

proliferative

with crescents

sclerosing (extracapillary')

segmental

membranous

minimal

Fig. 2. Terms used for the classification of glomerulonephritis according to THOENES
(1972, 1973, 1974)

2.2. Sclerosing form

2.2.1. Focal segmental sclerosing glomerulonephritis (focal sclerotic lesion, hyalinose
segmentaire et focale)

2.2.2. Associated with some basic diseases, e.g. sarcoidosis

In 1974, ZoLLINGER modified his nomenclature by adopting morphologic
criteria (see Fig. 3):

1. Diffuse Glomerulonephritis

1.1. Diffuse glomerulonephritis, streptococcal type

1.1.1. Exudative phase (formerly: acute)

1.1.2. Proliferative phase (subacute)

1.1.2.1. Mesangioproliferative diffuse glomerulonephritis; panmesangial mesangioprolif-

erative glomerulonephritis; axial mesangioproliferative glomerulonephritis;
special form: mesangioproliferative glomerulonephritis with IgA deposits;
minimal mesangioproliferative glomerulonephritis

1.1.2.2. Extracapillary and mesangioproliferative glomerulonephritis

1.1.3. Sclerosing phase (chronic); subtypes as above

1.2. Diffuse membranoproliferative glomerulonephritis (formerly: intracapillary-

lobular glomerulonephritis)

Diffuse epimembranous glomerulonephritis

Glomerulonephritis shrinkage

-
W

2. Focal Glomerulonephritis

2.1. Purulent embolic form
2.2. Thrombocapillaritis (LOHLEIN)

The new classification published by BOHLE in 1974 is also based on morpho-
logy. In many aspects his criteria are in accordance with those or HaBIB,
but they differ on some points:
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Fig. 3. Diagram of classification of interstitial and glomerular nephritis, ZOLLINGER, 1966

1. Endocapillary (acute) glomerulonephritis (poststreptococcal type)
2. Mesangioproliferative glomerulonephritis

a) Without focal epithelial crescents

b) With focal epithelial crescents

3. Intercapillary glomerulonephritis with minimal proliferation minus
nephrotic syndrome (HABIB: minimal changes without nephrotic syndrome)

4. Intercapillary glomerulonephritis with minimal proliferation plus ne-
phrotic syndrome (HaBi: Minimal changes with nephrotic syndrome)

5. Intercapillary glomerulonephritis with minimal proliferation and so-
called focal sclerosis (HABIB: hyalinose segmentaire et focale, et fibrose
glomérulaire globale et focale)

6. Peri-, extra-, epimembranous glomerulonephritis

7. Membranoproliferative glomerulonephritis

a) Simple form
b) Lobular variant

8. a) mesangioproliferative glomerulonephritis with diffuse epithelial cres-
cents (HaBIB: type III) (rapid progress)

b) necrotizing glomerulonephritis (rapid progress)
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8. Exudative glomerulonephritis
9. Genuine lobular glomerulonephritis
10. Glomerular focal nephritis (LOHLEIN type)

One hundred and fifty years ago, Richard BrIGHT published his first
report on the symptom complex that was subsequently named after him.
Many clinicians and morphologists have concentrated their research on the
various manifestations of glomerulonephritis or glomerulopathies; their differ-
ent approaches have led to very varied classifications. Our review of these
150 years of research may be appropriately summarized in a quotation from
THOENES’s introduction to his classification system:

“Pathology of glomerulonephritis used to be a field that could be surveyed
without difficulty: our knowledge was based on autopsy findings and their
interpretation by light microscopy. Modified conditions have called for a
fundamental revision of this approach:

1. Frequent renal biopsies in clinical diagnosis have enabled us to observe
and define even the early stages of glomerular lesions.

2. Fresh biopsy samples of human kidneys can be subjected to modern
methods of tissue examination: embedding in plastics, semi-thin sections,
electron microscopy and, in particular, immunofluorescence microscopy.

3. Remarkable progress in experimental nephrologic immunology has
made it possible to explain the basic mechanisms of immune reactions. The
interpretation of experimental results has been fruitful in human pathology

A great variety of techniques and methods has yielded a wealth of in-
formation about glomerulonephritis in children and in adults. But we are
still a long way from understanding them in every detail, and quite as far
from managing their adequate classification.’

References

BECHER, E.: Nierenkrankheiten, Vol. II. Jena: Fischer 1947

BeLL, E. T.: The pathology and pathogenesis of clinical acute nephritis. Amer. J. Pathol.
13, 497-552 (1937)

BerLr, E. T.: A clinical and pathological study of subacute and chronic glomerulo-
nephritis, including lipoid nephrosis. Amer. J. Pathol. 14, 691-741 (1938)

BouLE, A.: In: Nierenkrankheiten, Physiologie, Pathophysiologie, Untersuchungs-
methoden, Klinik, Therapie. Ed.: SARRE, H. Stuttgart: Thieme (in press)
BouLE, A, BucHBORN, E., EDEL, H. H., RENNER, E., WEHNER, H.: Zur pathologischen
Anatomie und Klinik der Glomerulonephritis. Klin. Wschr. 47, 733-759 (1969)
BriGgHT, R.: Cases and observations illustrating renal diseases accompanied with the
secretion of albuminous urine. Guy’s Hosp. Rep. 1, 338 (1836)

CaMERON, J. S.: The natural history of glomerulonephritis. In: Renal Disease. Ed.:
Brack, D. Oxford and London: Blackwell 1972

CHURG, J.: Pathology of glomerulonephritis. Bull. N. Y. Acad. Sciences II 46, 761-768
(1970)

CopLAND, J.: A Dictionary of Practical Medicine. London 1832-1858

EarrLe, D. P.: Glomerulonephritis: Clinical aspects. Bull. N. Y. Acad. Sciences 46,
749-760 (1970)

ELris, A.: Natural history of Bright’s disease. Lancet 1/1942, 1-7, 34-36, 72-76 (1942)



60 C. WitTING: The Terminology of Glomerulonephritis

FaHRr, TH.: In: Nierenkrankheiten, Vol. I. (Ed.: BECHER, E., ed.) Jena: Fischer 1944

Frey, W.: Die himatogenen Nierenkrankheiten. In: Handbuch der Inneren Medizin,
Vol. 8. W. FrRev und F. SuTgr: Nieren und ableitende Harnwege. Berlin-Gé&ttingen-
Heidelberg: Springer 1951

FrericHs, TH.: Die Brightsche Nierenkrankheit und deren Behandlung. Braunschweig:
1851

GLyYD4A, J.: Attempt of morphological classification of primary glomerulonephritis on
the basis of light microscopy examination of needle biopsy material. Polish Med. J.
11, 1640-1674 (1972)

GraAVES, R. J. G.: London Medical Gazette (1831)

Hagie, RENEE: Classification anatomique des néphropathles glomérulaires. Pad. Fort-
bildungskurse 28, 3—-47 (1970)

HaBiB, RENEE, MicHIELSEN, P., DE MoNTERA, E., Hincrals, N., GaLLE, P., Hawm-
BURGER, J.: Clinical, microscopic and electron microscopic data in the nephrotic
syndrome of unknown origin. In: Ciba Symposium on Renal Biopsy. (Eds.: WOLSTEN-
HOLME, G. E. W, and CamERrON, M. P.). London: J. & A. Churchill Ltd. 1961

HenNLE, J.: Handbuch der rationalen Pathologie. Braunschweig 1846

HeptINsTALL, R. H.: Pathology of the Kidney. London: J. & A. Churchill 1966

IvERSEN, P., BrUN, C.: Aspiration biopsy of kidney. Amer. J. Med. 11, 324-330 (1951)

Jones, D. B.: Glomerulonephritis. Amer. J. Pathol. 29, 33-52 (1953)

Kincaip-SMmiITH, P., HoBBs, J. B.: Glomerulonephritis. A classification based on morpho-
logy with comments on the significance of vessel lesions. Med. J. Austral. 2, 1397-1403
(1972)

KinosHITA, Y., YamaDp, A., Fujisaki, S., Hirasawa, Y., Warasg, Y., Osawa, G,
Mikami, A., TakanasHI, G., Morita, T.: New classification of diffuse glomerulo-
nephritis based on prognosis, especially new proposal of subchronic glomerulo-
nephritis. Acta Medica et Biologica 14, 35-49 (1966)

Kiess, E.: Handbuch der Pathologischen Anatomie, Bd. I/2. Berlin: A. Hirschwald 1876

LouLEIN, M.: Uber die entziindlichen Verdnderungen der Glomeruli der menschlichen
Nieren und ihre Bedeutung fiir die Nephritis. Leipzig: S. Hirzel 1906

LosLEIN, M.: Uber Nephritis nach dem heutigen Stande der pathologisch-anatomischen
Forschung. In: Ergebnisse der Inneren Medizin und Kinderheilkunde 5, 411-458 (1910)

Prout, W. P.: Cited by WAGNER

RAvYER, P. F.: Traité des maladies des reins. Paris: 1837-1841

ReINHARDT, B.E. H.R.: Zur Kenntnis der Bright’schen Krankheit. Charité Annalen 1,
185 (1850)

Roxkitransky, K. V.: Lehrbuch der pathologischen Anatomie III. Wien 1861

RusseLL, D. S.: A classification of Bright’s disease. Brit. J. Urol. II, 219-232 (1930)

SenaTOR, H. S.: Uber chronische interstitielle Nephritis. Virchows Arch. 73, 1 (1878)

SoroN (MARTIN-SoLoN, F.): Cited by WAGNER

THOENES, W.: Immunmorphologische Prinzipien und pathohistologische Systematik der
Glomerulonephritis. In: Immunsuppression bei Nierenkrankheiten. Symposium Niirn-
berg. Miinchen: Dustri-Verlag 1972

TuoENEs, W.: Pathohistologische Systematik der Glomerulonephritis unter Beriick-
sichtigung klinischer Aspekte. Nieren- u. Hochdr.krankh. 2, 199-208 (1973)

TuoENES, W.: Pathomorphologische Prinzipien und Formen der Glomerulonephritis.
Mschr. Kinderheilkunde 122, 728-740 (1974)

VircHow, R.: Uber parenchymatése Entziindung. Virchows Arch. 4, 260 (1852)

VoLHARD, F.: Die doppelseitigen hdmatogenen Nierenerkrankungen (Bright’sche Krank-
heit). In: Handbuch der Inneren Medizin. (Eds.: MoHR, L., and STAEHELIN, R.) III/2.
Berlin: Springer 1918

VoLHARD, F., FAHR, TH.: Die Bright’sche Nierenkrankheit. Klinik, Pathologie und Atlas.
Berlin: Springer 1914

WAGNER, E.: Der Morbus Brightii. In: Handbuch der speziellen Pathologie und Therapie.
(Ed.: ZiemsseN, H. v.) IX/1. Leipzig: Vogel 1882

ZOLLINGER, H. U.: Niere und ableitende Harnwege. In: Spezielle pathologische Anatomie.
(Eds.: Doerr, W., und UEHLINGER, E.), Bd.III. Berlin-Heidelberg-New York:
Springer 1966

ZOLLINGER, H. U.: Harnorgane. In: Organpathologie. (Hrsg. : DoErr, W.), Bd. 11/6,
1-62. Stuttgart: G. Thieme 1974 ‘



Medizinische Universitdtsklinik, Immunbiologisches Labor
8 Miinchen 2, Ziemssenstr. 1, Germany

The Immunohistology of Glomerulonephritis —

Distinctive Marks and Variability *

GUNTHER H. THOENES

With 10 Figures and 9 Plates

I. Introduction
I1. Methodology

II1.

IV.

1.
2.
3.

Antisera .
Biopsy Trea.tment .
Fluorescence Microscopy and Photodocumentatmn

The Immunohistologic Manifestations of Clinically and/or Hlstologmally Defmed

Forms of Glomerulonephritis .

1.
2.

3.

5.
6.

Rapidly Progressing (Subacute Glomerulonephr1t1s Necrotizing, Extra.-
capillary, Crescentic) Glomerulonephritis . .

Acute Glomerulonephritis (Postinfectious, Exudatlve Endocaplllary Prohf-
erative, Mesangioproliferative, ‘“ Resolving”’) .

IgA Mesangioproliferative Glomerulonephritis (IgA IgG Mesanglal Nephro-
pathy, Focal Proliferative Glomerulonephritis with IgA, Recurrent (Gross)
Hematuria) .

.Membranoprohfera.tlve Glomerulonephritis (Mesangiocapillary, Lobular,

Dense-Deposit Disease, Mixed Membranous, Hypocomplementemic Persistent
Glomerulonephritis) . .

(Peri-) Membranous Glomerulonephrms (Id1opathlc Membranous Glomerulo-
nephropathy, Extramembranous Glomerulonephritis)

Focal Segmental Sclerosing Glomerulonephritis (Glomerulopathy) (Focal
Sclerosis, Focal and Segmental Hyalinosis, Global and Focal Fibrosis) .

Glomerular Lesions in Systemic Diseases .

1.
2.

Systemic Lupus Erythematosus (SLE) .

Contrasting Examples of Renal Involvement in System1c D1sea.se Schonlem-
Henoch Nephritis (Anaphylactmd Purpura)

Amyloidosis .

V. Concluding Remarks .

Acknowledgements
References .

I. Introduction

75

78
82

86
90
90

91
91
91
98
99

The rediscovery of nephrotoxic antibodies (LINDEMANN, 1900) by MasuGl1

(1933) was a historical event. In spite of many unanswered questions the general
concept of immunopathogenesis offers today the most likely possibility for
providing a causal explanation for human glomerulonephritis. In fact there
appears to be justification in most cases for assuming that pathohistologic
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Fig. 1. A singular immune deposit along the basement membrane can be detected by

immunofluorescence and with conventional magnification whereas with electron micro-

scopy the single deposit can only be found after extensive search in many sections.
IgG, X1320

glomerular change is directly related to the respective immunopathogenic
process (GERMUTH and RODRIGUEZ, 1973).

Although descriptive pathohistology is the most effective method of provid-
ing a nosologic basis for glomerulonephritis, it must be supplemented by other
methods such as electron microscopy, immunohistology, and immunochemistry
because, especially by means of the latter, pathogenically static morphologic
findings may be interpreted. Even when the premise of immunopathogenesis
does not stand up to criticism (HAMBURGER et al., 1973), immunohistology
provides a possibility for describing the diagnosis of forms of glomerulo-
nephritis that cannot be obtained by other means.

Immunofluorescence has become a relatively independent method and a
standard procedure in the clinical-immunological laboratory. In no other
organ are materializing immunologic processes reflected iz vivo in such an
extensive, regular, and differentiated manner as in the kidney. Almost 20 years
after the first kidneys obtained by autopsy were examined by immuno-
histologic methods and after intensive experience on biopsy material, it
appears imperative to summarize the ““distinctive marks and the variability”’
of glomerulonephritis as seen by immunofluorescence.

This review will be limited almost exclusively to the description of human
glomerulonephritis. The problem of pathohistologic classification of glomerulo-
nephritis pertains to immunohistology only insofar as the morphologically
described diseases will be part of the basis of description. The classifications
of CHURG and DUFFY (1973) and W. THOENES (1974) will serve as guidelines.
The immunohistologic method has one definite advantage in the examination
of kidney diseases. The strength of immunohistology (Fig. 1) is apparent in
those cases where sensitivity to detail is wanting in conventional histology
and where electron microscopy cannot provide a survey of the entire structure.
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The detail—one single immune depot (Fig. 1)—may be located in an enlarge-
ment from an optical microscope with almost the same sensitivity as with the
electron microscope. It is to be hoped that joint work combining all three
methods will yield further knowledge on the pathogenesis of human glomerulo-
nephritis.

II. Methodology

In 1950 Coons and KAPLAN introduced immunofluorescence as a method
for examining tissue (CooNs ef al., 1941). At that time, however, at least
three preconditions were missing which prevented wide application of immuno-
fluorescence to the study of human glomerulonephritis. At about the same
time, intensive work began on glomerulonephritis models on the basis of animal
experiments, which later contributed to a differentialized understanding of
the pathogenesis of human glomerulonephritis (DIXoN et al., 1961). The
production of antisera specific for a particular immunoglobulin was, for a
long time to come, to depend upon individual research laboratories having
the required immunochemical experience (LACHMANN ef al., 1962). Intravital
renal biopsy was first introduced in 1951. Autopsy material for histochemical
examination is disadvantageous, because tissue preservation is poor. Moreover,
in the final stages of glomerulonephritis, little information can be obtained
about the development of the disease. Since the first immunohistologic
contributions relating to glomerulonephritis—made by MELLORS and ORTEGA
(1956), MELLORS et al. (1957), FREEDMAN et al. (1960), and FREEDMAN and
MArkOwITZ (1962)—the technique has improved to such an extent that
immunohistology has been used routinely since 1965 to 1967 (KOFFLER and
PARONETTO, 1965; McCLUSKEY et al., 1966; BERGER et al., 1967). Not since
the early 1970s have extensive case data, also examined on an immunohisto-
logic basis, been available to larger nephrologic groups (BARIETY and DRUET,
1971). Standardization of immunofluorescent technique (NAIRN, 1964), nec-
essary for routine application, has been sought since 1967 (HoLBOROW, 1970).
A comprehensive paper on glomerulonephritis has recently been published
by MERRILL (1974).

1. Antisera

The quality of fluorochrome-labeled antisera is essential for the use of
immunofluorescence on tissues. Today, most investigators, including the
author, use commercial sera. It is advisable to use products of two or three
experienced manufacturers concomitantly. Preparations tested for good
quality should be purchased in large quantities for long-term use, bottled in
individual unthinned portions, and stored at —80°C. The specificity of the
antibodies for the proteins to be identified should be self-evident and should
be achieved by insoluble immunoabsorbents in order to avoid soluble immune
complexes which remain in the serum. For labeling purposes, the IgG fraction
is best. The antibody contents should amount to at least 150 pg antibody N/ml
with a protein concentration of about 10 mg/ml. Fluorescein isothiocyanate is
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a common fluorochrome. The fluorescent preparation must be free of unbound
dye and must not contain over- or underlabeled molecules (optimum F|P ratio
between 1 and 4). Many commercial preparations are distributed in a lyophilic
state. In our laboratory, we prefer those preparations which are sent in a
liqguid cooled state and with conservation agemts, because there appears to be
less danger to their stability. To increase stability, albumin is often added.
This prevents subsequent determination of the F/P ratio. Only a few publica-
tions state whether the preparations are used in the original concentration or
diluted. In the case of an optimum F/P ratio, the unspecific tissue fluorescence
(background) should be so low that dilution is unnecessary. My experience is
that diluted preparations lose some dyeing brillancy. We therefore use the
preparations in an undiluted concentration with minimum background dyeing.
This decision of course partly depends on how the tissue is prepared (see
below).

The following proteins are currently important for the examination of
renal biopsies: IgG, IgM, IgA, IgE, C;, C,, properdin, fibrinogen, and albumin
and transferrin for control solutions. Proof of these proteins in the biopsy is
generally best carried out by direct immunofluorescence. Our experience has
shown that any gain in proof sensitivity by an indirect method is lost in tissue
examination due to increased background dyeing. Furthermore, the same
applies to proof of the antigen, i.e. direct fluorescent labeling of the anti-
antigen antibodies achieves the least ambiguous results. It is particularly
advantageous if human antibodies can be used. Streptococci antigens (TRESER
et al., 1969), hepatitis antigens (COMBES et al., 1971), DNA (KOFFLER et al.,
1967), and tubulus antigens (NARUSE ef al., 1973) are currently important
antigen in practice.

2. Biopsy Treatment

The immunohistologic examination is made on the frozen preparation.
In order to examine the biopsy by several methods (histology, electron micro-
scopy, immunohistology) the material to be examined may be divided or the
biopsy repeated. The latter approach is not usual in German clinics and
biopsies are normally very thin. For this reason, we perform a double ex-
amination on the same tissue sample. This requires a very careful shock-
freezing technique on the unfixed material so that the tissue has as few artefacts
as possible (for electron microscopy, the tissue must be fixed directly and
unfrozen.) In case of a sufficient amount of biopsy material, a part of it must be
fixed directly also for conventional histology.

Due to the small size of the tissue samples, the biopsies are embedded in
rabbit liver and are shock-frozen in liquid nitrogen. This method also permits
careful transport in a frozen state (dry ice), the advantage being that nephro-
logic centers that have no immunopathologic department can obtain an
immunohistologic assessment of renal biopsies. The frozen sections are pro-
duced routinely at a thickness of about 4 p, on a cryostat microtome. The
tissue is sectioned as economically as possible, thawed at room temperature,
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and fixed in formalin. The sections are thawed and dried by a stream of cool
air on a microscope slide that has been cleaned with acid. Further treatment
should be carried out immediately. Brief fixing in acetone is the next step
in many laboratories. We do not do this because we believe that the rinsing
process in a buffered NaCl solution, which follows in any case, is more effective
without fixing in removing proteins which are not structure-bound. The
freezing-substitution method with subsequent paraffin embedding according
to Post (1965) has been recommended. This method makes it possible to
produce semi-thin sections and, in this way, to locate immune complexes
more accurately (POLLAK et al., 1973). After the rinsing operation, the dried
frozen sections are coated with one to two drops of fluorescent reagent and
incubated in a moist chamber, after which antiserum is rinsed off, the section
rinsed again, and covered in glycerin: PBS 1:9. Microscopic analysis proceeds
forthwith.

3. Fluorescence Microscopy and Photodocumentation

Immunofluorescence, whether with single cells or with tissues, is based
on the fact that a substance with antigenic determinants is rendered visible
by fluorescent-labeled antibodies that are specifically bound thereto. The
fluorescence of the antibody (517 nm for FITC) is excited by ultraviolet
radiation focused in the specimen plane. The maximum and optimum ab-
sorption values for fluorescein are between 490 and 500 nm. This wavelength
is obtained with special selectivity by modern interference filters. Filters UG 1
and BG 12 have hitherto been used alternately, thereby permitting high-
quality results to be achieved. Vertical incident illumination or transmittent
illumination may be used in microscopy. In the conventional transmittent-
light method, the immersed cardioid dark field condensor is used in immuno-
histology to produce the lowest background brightness. Relatively greater
fluorescence is achieved with vertical incident illumination with the objective
lens serving simultaneously as the condensor (PLOEM, 1967). Minute amounts
of immunofluorescence on the glomeruli can be detected much better with
the aid of this technique and in particular may be photodocumented better.

Generally, the exposure times during routine examination and documenta-
tion are reduced considerably by vertical incident illumination microscopy.
Reference must be made, however, to the fact that the background brightness
(without dark field technique and with increased illumination) is higher and
some may consider this a drawback to direct observation. The increased
radiation energy also definitely results in intensive and rapid fading of the
specific fluorescence. Prolonged observation and subsequent photography of
the same object are therefore not possible for practical reasons. In spite of a
gain in sensitivity in the vertical incident illumination microscope, the classical
dark field observation of the renal biopsy remains a useful method.

Photodocumentation of all immunohistologic findings is the only way to
permanently store observations for later comparison with histology or other
biopsies. The specimen itself is only useful briefly. The findings are photo-
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graphed on color film. Ektachrome High Speed daylight film is particularly
suitable. If the film is developed accordingly, the automatic exposure may
be set for a higher DIN (ASA) number than would correspond to the film.
In particular, exposure times are shortened greatly for dark field microscopy.

III. The Immunohistologic Manifestations
of Clinically and/or Histologically Defined Forms
of Glomerulonephritis

Classification of the glomerulonephritides according to purely morpho-
logic aspects is often unsatisfactory for the clinician. However, few clinical
parameters exist which could improve classification. In a few cases, the
clinical picture and, in particular, the progress of the disease is so dominant
that the term ‘“‘rapidly progressing glomerulonephritis”, for example, is
usually as fitting as the term ‘‘necrotizing glomerulonephritis”. And even if
different morphologic variations of rapidly progressing glomerulonephritis
(intra- and extracapillary proliferative forms) can be shown, these may only
be different degrees of severity of the same pathogenic process. On the other
hand, there is no doubt that different etiologic factors may lead to the same
clinical or pathomorphologic picture. It is therefore unwarranted to associate
a priori clinical, immunohistologic, and pathomorphologic aspects in a fixed
schematic relationship. Immunohistology is a method which employs neither
morphologic nor clinical parameters. On the other hand, it is more closely
related to pathogenesis than morphology or clinical observations (G. H.
THOENES, 1973). The author therefore decided in this review to describe the
immunohistologic phenomena of glomerulonephritis according either to the
morphologic aspect or the clinical aspect that predominates in practice.

1. Rapidly Progressing (Subacute Glomerulonephritis, Necrotizing,
Extracapillary, Crescentic) Glomerulonephritis

It appears to the author no accident that the most direct mechanism of
tissue destruction caused immunologically—the nephrotoxic effect of anti-
bodies on the basement membrane—produces the most severe clinical picture,
that of rapidly progressing glomerulonephritis. The characteristic immuno-
histologic finding in rapidly progressing glomerulonephritis, is the sharply
linear and brilliant basement membrane fluorescence (Fig. 2). In many cases,
this finding is tantamount to the diagnosis of Goodpasture’s syndrome
(DUNCAN et al., 1965). The diagnosis may be confirmed immunohistologically
by positive alveolar septa in lung biopsies (Plate ID). Cases of rapidly pro-
gressing glomerulonephritis, in which immunohistologic renal findings were
not readily discovered, may be so advanced that positive basement membranes
are no longer detectable. Even in large kidney sections after open biopsy,
glomeruli are found rarely in which fragments of positive basement membranes
prove the diagnosis (Plate IA4). In exceptional cases, the tubular basement
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membranes are also dyed (Plate I B). The focal or diffuse deposition of
fibrinogen (Plate I C) is described as typical (MOREL-MAROGER, 1973). Usually,
but not always, complement C3 is detectable as a linear or less characteristic
pattern. An explanation for the negative C3 findings is still wanting (McPrAUL
and D1xoN, 1971; VERROUST et al., 1974). It appears to the author, however,
to be too sweeping to assume a nonimmunologic pathogenesis in such cases.
Immunofluorescence in diabetic glomerulosclerosis, in which a linear pattern
may also be observed occasionally (MCCLUSKEY, 1971), clearly differs quanti-
tatively from classic Goodpasture cases as a rule (WiLson and Dixon, 1973).
Although linear immunofluorescence has a high coincidence with the rapidly
progressing course of the disease (LEWIS ef al., 1971) this does not apply
exclusively. It must be assumed that—as is the case in animals (UNANUE and
DixoN, 1967)—the degree of severity of the disease in humans is also deter-
mined by the amount of antibodies. Furthermore, antibasement-membrane
nephritis without lung involvement (LERNER ef al., 1967; WiLsoN and Dixon,
1973) also exists. The antibodies involved reveal quantitative and qualitative
differences as compared to Goodpasture cases (McPHAUL and DixoN, 1970).
On the other hand, a case has been described recently (LEWIS et al., 1973 ;
BRENTJENS et al., 1974) in which pulmonary hemorrhagia and glomerulo-
nephritis were not connected with an antibasement-membrane mechanism,
but with an immune-complex deposition. Doubtless, the progress of the
rapidly progressing form in all morphologic variations occurs under different
preliminary etiologic signs (e.g. history of streptococcal infection). It is there-
fore not surprising that immunohistologic phenomena similar to poststrepto-
coccal nephritis are observed in the rapidly progressing course of the disease.
A granular or discontinuous linear pattern (Plate I E, F) is therefore considered
to be evidence of another pathogenesis. It appears to be relevant in this
context to quote the most recent experimental results of BRENTJENS et al.
(1974). The antigen-antibody—complex mechanism resulting in glomerulo-
nephritis, which is the same in principle, may also cause pneumonitis under
certain circumstances.

Express reference was made by SCHREINER ef al. (1973) to the clear
prognostic differences in the progress of the rapidly progressing form. Moreover,
primary vascular processes (Plate I H) result in glomerular changes with clear
immunohistologic findings (Plate I G). The glomerulus appears to behave less
as a functional unit, but rather simply as part of the vascular system.

The variability of the immunohistologic phenomenon in rapidly progressing
glomerulonephritis is illustrated in Plate I. It is our impression, however,
that the linear type of immunofluorescence is most prominent. The literature
appears to confirm this fact (Table 1) (cf. also HEPTINSTALL, 1973 a).

2. Acute Glomerulonephritis (Postinfectious, Exudative, Endo-
capillary Proliferative, Mesangioproliferative, “Resolving’)

Acute glomerulonephritis also constitutes for the clinican a disease entity
(BALDWIN, 1973) and often has a close relationship to streptococcal infection.
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Fig. 2. 4 Glomerulus, showing a sharply linear and comprehensive staining of its base-

ment membranes. Kidney biopsy from a patient who had only slight signs of pulmonary

and kidney involvement, suggesting a Goodpasture syndrome with unusually mild

incidence. IgG, x583. B A larger magnification of a portion of a glomerulus, showing

the linear staining of basement membranes without any indications for immune deposits.
This is from a case with classical Goodpasture syndrome. IgG, X 1430
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Plate I. The variable patterns of rapidly progressive glomerulonephritis. 4 The positive
glomerular loops are moved aside by the negative capsular proliferation; note the faintly
positive capsule. IgG, x300. B A short fragment of a tubular basement membrane
positive with C;, x300. C Glomerulus (Goodpasture) diffusely positive with Fibrinogen,
X300. D Lung biopsy (Goodpasture) with positive alveolar walls. IgG, x74. E, F A
granular pattern, in F mixed with discontinous-linear stainings, C,, C;, X 300. G Positive
glomerular staining (C,;), associated with a rapidly progressive course of malignant
nephrosclerosis; the vascular lesion is seen in H (IgM); X 736, X300
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Table 1. The frequency of linear fluorescence in cases of rapidly progressing
glomerulonephritis

No. of Linear Other Nega- Not

cases tive incidated

CaMERON and OGaG (1973) 222 2 10 ? 10
STRIKER et al. (1973) 10 2 — 8 —
LEwis et al. (1971) 72 6 1 —
MOREL-MAROGER ¢t al. (1973) 33a 3 17 ? 13
WiLson and Dixon (1973) 40P 31 — 2 7
THOENES, G. H. (unpublished) 162 11 5 — —

128 55 33 10 30

a Identified by the authors as rapidly progressing glomerulonephritis.
b The groups of Goodpasture and non-Goodpasture patients required dialysis 0.1-18
(mean 3.5) months and 1-14 (mean 4.5) months respectively after onset of the disease.

This does not rule out the fact that primary chronic, extramembranous forms
may be concealed behind the clinical diagnosis in individual cases (HABIB,
1973 ; HINGLAIS ef al., 1974). In most cases, however, practice shows that,
when viewed immunohistologically, acute glomerulonephritis has a charac-
teristic appearance of a reticular, finely granulated type (Fig.3A). This
picture is so typical that the diagnosis of acute poststreptococcal nephritis
may be predicted with the aid of immunohistology, irrespective of pathologic
and clinical evidence. Frequently, the findings are relatively poor on a quanti-
tative scale (Fig. 3 A), particularly with the IgG reagent.

Two variations of the immunohistologic pattern can be found in detail:
there is on the one hand the particularly clear representation of coarse and
irregular depots, the “humps” (Fig. 3B). On the other hand, an interrupted
linear pattern (Fig.3C) is observed. It appears that, in the pattern with
“humps” in Fig. 3 B, the exudative component is predominant in the patho-
histologic preparation. According to HERDSON et al. (1966), “humps’ may be
detected by electron microscopy in the first 6 weeks after onset of the disease.
The pattern in Fig.3C is predominant in more proliferative glomerulo-
nephritis. In contrast to the opinion of RICHET ef al. (1973), who reported in
detail on the granular immunohistologic pattern in acute glomerulonephritis,
the immunohistologic appearance appears to us, as well as to others (VERNIER
et al., 1967; FIsH et al., 1970), to be more differentiated. It is very probable
that the variations illustrated in Plates II and III express different stages
of disease and a different intensity during onset of the disease. Plate II shows
the granular variations, all cases being clinically acute diseases of the post-
streptococcal nephritis type which were accompanied by a reduction in the
serum complement level (C3) (with the exception of G: normal C3, but patho-

Fig. 3. A The typical immunohistological pattern of acute, poststreptococcal glomerulo-
nephritis. IgM, % 588. B Large, irregular “humps’’ in extramembranous location, IgG,
x1083. C Interrupted linear pattern with few if any granular deposits. C;, X 1083
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Fig3 A—C
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Plate II. The granular patterns in acute, poststreptococcal nephritis. They differ quanti-

tatively from minimal (4) to very comprehensivly and tightly packed granulations (H),

Also note the segmental accentuation in B and G. 4 IgG, x300. B C,, x300. C IgA
x300. D IgG, Xx300. E IgG, x300. F IgG, x736. G IgG, x300. H IgG, X300
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Plate III. The interrupted linear and mesangial patterns of acute, poststreptococcal

nephritis, which are probably related to the later or resolving phases of the disease.

The features range from an obvious involvement of all the capillary loops (4, B) and an

almost continously linear appearance (B), to heavy mesangial stainings (G) or very

small remnants in the mesangium (H). 4 IgG, x300. B C;, x300. C C,, x300. D IgG,
X 736. E Cy, X300. F IgG, x736.G C,, x300. H C;, X300
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histologically a serious acute exudative proliferative glomerulonephritis;
¢f. TINA et al., 1968), subsequent increase of the same, and indications of a
streptococcal infection (ASL, anamnesia). The illustrated patterns have no
exact correlation to the stage of disease. The impression is, however, that
distinctive granular forms coincide more closely with the early leukocytic
exudative phase of glomerulonephritis. On the other hand, GERMUTH and
RoODRIGUEZ (1973) emphasize that large confluent “humps” may also be seen
in the resolving phase. The timing of these findings together with the clinical
progress are still being contested.

RICHET et al. (1973) attempted to follow sequential biopsies from the
same patient. In spite of considerable morphologic differences in the course
of the disease, they could not discover immunohistologic differences. We have
no explanation to offer, but believe with various other authors (FELDMAN
et al., 1965 ; MICHAEL ef al., 1966; TRESER et al., 1968; FisH et al., 1970) that
the “‘interrupted linear” and, to an even greater extent, the mesangial
immunohistologic patterns (Plate III) are typical for a later phase of disease
which may already have begun to heal. However, it is not safe to draw prog-
nostic conclusions from the immunohistologic picture (BURKHOLDER and
BrADFORD, 1969). On the one hand, RICHET ef al. (1973) regard the outcome
of exudative glomerulonephritis (a predominantly granular type, Plate II) as
extremely doubtful. On the other hand, TRESER et al. (1969) found a consider-
able number of positive immunohistologic findings in 19 out of 23 patients
2 years after commencement of the disease. The immunohistologic findings
later decreased in most cases, but nevertheless continued in some. In the light
of the importance of immunohistology, TRESER should be quoted at this point:
“The immunologic and morphologic findings are often parallel, but, where
there is a discrepancy, the potential for continued activity, and consequently
the prognosis of the lesion, can probably be better determined by the in-
formation obtained by immunohistology than by light or electron microscopy”
(TRESER et al., 1969).

Severe cases of exudative acute glomerulonephritis may show immuno-
histologic findings which are relatively unimpressive (Plate II B), but whose
prognosis is favorable. Excessive “humps” (Plate II G, H) in a proliferative
exudative histology may indicate a progressive course of the disease but do
not necessarily imply this. The correlation between immunohistologic and
electron-microscopic findings does not always exist (BURKHOLDER and BRAD-
FORD, 1969). It is beyond the scope of this article to become involved at length
with the problem of a link between acute and chronic (membrano proliferative)
glomerulonephritis, as suggested by the findlings of GLascow and WHITE
(1973). The predictive value of the immunohistologic pattern will depend on
much more experience collected independently from histology at individual
and sequential biopsies. From the (immuno)pathogenic point of view, however,
so much can be said that it seems illogical to attribute one type of glomerular
reaction pattern to one etiopathogenetic principle. On the other hand, we
still know far too little about the extent to which the various antigens cause
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different immunohistologic phenomena. The pathogenic mechanism may vary
in response to the nature of the antigen (e.g. ““alternative way’’ of complement
activation, WESTBERG et al., 1971 ; McLEAN and MICHAEL, 1973 ; WEST et al.,
1973). The role of cryoglobulins in acute poststreptococcal glomerulonephritis
(GRUPE, 1968 ; MCINTOSH et al., 1969 ; McINTOSH ¢f al., 1971 ; VERROUST et al.,
1971; ADAM et al., 1973) as another example remains to be clarified.

3. IgA Mesangioproliferative Glomerulonephritis

(IgA-IgG Mesangial Nephropathy, Focal Proliferative
Glomerulonephritis with IgA, Recurrent (Gross) Hematuria)

The multiplication of mesangial cells is a general reaction of the glomerulus
that may conceal very different etiologic principles. The term mesangio-
proliferative glomerulonephritis is therefore a collective term for various
clinical syndromes. IgA mesangial nephropathy, however, has become a
domain of immunohistology and was first defined by BERGER (1969). Proof
of IgA in typical, arborescent mesangial distribution (Fig. 4A, B) differentiates
this form, for example, from the resolving poststreptococcal glomerulonephritis,
another mesangio-proliferative syndrom. In most cases, IgA is the predominant
immunoglobulin both qualitatively and quantitatively, but IgG and C3 are
simultaneously detectable in almost all cases. The presence of fibrinogen in
identical localization is not exceptional either.

Following the work of BERGER (1969), other papers have appeared
(MCENERY ¢t al., 1973 ; Roy et al., 1973 b; LOWANCE et al., 1973 ; HYMAN et al.,
1973 ; VAN DE PUTTE et al., 1974) which confirm that this IgA nephropathy
(or IgA nephritis) is also a clinical disease. The immunohistologic diagnosis
is due to the typical mesangial arrangement of the IgA (Plate IV 4). On the
basis of the immunohistologic findings, it does not appear to be justified
to speak of focal glomerulonephritis, since all glomeruli are IgA positive
(Plate IV B). Although the progress of the disease is immunohistologically slow,a
low- (Plate IV C, D) and high-grade (Plate IV E, F) findings may be observed.
It is not certain in all cases whether the IgA-C3 deposits are immune depots.
The structure is often almost homogeneous (Fig. 4B). On the other hand,
blot-like granulations (Fig. 4A) or toothed, double membrane-like fragments
may be recognized. Fine granular markings in the depots are clearly visible
in some areas (Plate IV G, H). The functions of the mesangium are poorly
understood (MAUER ef al., 1972; DAVISON et al., 1973) and therefore no definite
statements can be made concerning the pathogenesis of IgA-mesangial disease.
EvANs et al. (1973) believed that the complement sequence in focal mesangial
nephritis is activated by the properdin system (alternate path).

The reader is reminded that G6TzE and MULLER-EBERHARD (1971) reported
that aggregated IgA can activate the complement sequence by the alternate
path. Hence, IgA nephritis may be at least a secondary immunologic process.
Irrespective of which pathogenesis is on record, proof of IgA contributes to
a differentiation of the histologic picture of mesangioproliferative glomerulo-
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Fig. 4. A4 The distinctive, arborescent distribution of IgA in mesangial-proliferative
glomerulonephritis. x 582. B The mesangial deposits are either granular or seem to be
homogeneous, as is the case here. IgG, X 1430
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Plate IV. The various immunohistological correlates of mesangial-proliferative glomerulo-

nephritis. The arborescent pattern (4) is seen diffusely in all glomeruli (not focall) (B).

Small double-con“oured membranes (C, D) or solid mesangial tracks (E, F) occur. The

fine structure (G, H) does not always allow safe conclusions whether immune materials

are phagocytized or a direct anti-mesangial effect is involved. A Fibrinogen, X 74.

B IgA, x74. C IgA, x300. D IgG, %300, E C;, x300. F C,, %x300. G IgG, x736.
H IgA, x736
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Table 2. The frequency of IgA-deposition and of IgA-nephropathy in relation to the
total number of biopsies evaluated and the cases of mesangioproliferative glomerulo-

nephritis
Renal IgA Histology Immunofluorescence
Biop- i- me-
Si:;P E(:,S; E;rfgial- Mesangial No specific Other specific Nega
_total prolifera- pattern pattern pattern tive
tive TgA- TgA- TgA- IgA- IgA- IgA-
Ppos. neg. pos. neg. pos. neg.
696 180 ———————
132 68 7 8 36 4 30 27
(19 %) (37.8%) (3.9%) (4.4%) (20.0%) (22%) (16.9%) (15%

44.4 % (80) of pure mesangioproliferative cases are IgA-positive

60.6 % (80) of IgA-positive biopsies are pure mesangioproliferative

9.9% (68) of all kidney biopsies are IgA nephropathies.

nephritis. The close correlation of pure mesangial proliferation with IgA
deposits is documented in Table 2. Almost 50%, of all purely mesangio-
proliferative cases are IgA-positive and 389, of those can be defined as IgA
nephropathy. On the other hand, almost two-thirds of IgA-positive biopsies
can be expected to be mesangioproliferative histologically. Finally, 10%, of
all kidney biopsies examined in our laboratory (without transplanted kidneys)
could be defined as IgA nephropathies by combined immunohistology and
histology.

4. Membranoproliferative Glomerulonephritis

(Mesangiocapillary, Lobular, Dense-Deposit Disease,
Mixed Membranous, Hypocomplementemic Persistent Glomerulo-
nephritis)

Membranoproliferative glomerulonephritis, as defined by its characteristic
mesangial proliferation, the endo- and/or intramembranous alterations
(ARAKAWA and KIMMELSTIEL, 1969; CAMERON et al., 1970) and the commonly
depressed levels of serum complement factors (WEST et al., 1965), has become
a disease entity (CAMERON et al., 1973a; CAMERON ¢t al., 1973b; ScHURCH
et al., 1972) for which immunohistology also presents certain diagnostic
patterns (MICHAEL et al., 1971).

As shown in Fig. 5A and B the garland-like accumulation of proteins in
the peripheral areas of glomerular loops presents a destructive appearance.
The involvement of the mesangium in the form of granular fluorescence is
just as clear as the frequent partial linear appearance of the basement mem-
brane. Our examination material has not yet revealed whether the linear
basement-membrane representation is an immunologic equivalent for the
variety of dense-deposit disease as suggested for example, by the electron-
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microscopic pictures of MACDONALD (1973). It also seems to be obvious that
the electron microscopist sees different types of membrane alterations, sug-
gestive of replacement of the basement membrane by ‘“‘linear deposits”
(CAMERON et al., 1973). On the other hand, BURKHOLDER ef al. (1970, 1973)
differentiated this feature into three varieties of membranoproliferative
glomerulonephritis, including also a form with typical extramembranous
deposits. This view of an idiopathic membranous variety of membrano-
proliferative disease has not been generally accepted.

Plate V A-H is intended to show that the immunohistologic pattern of
membranoproliferative glomerulonephritis is quite variable and could be the
expression of different subgroups or of different stages of the disease as well.
On the basis of the correct histologic diagnosis backed up by the low comple-
ment values, the exclusively membrane-oriented deposition of granular com-
plexes can be observed (Plate V A4). It is rarely possible with regular immuno-
histologic techniques to present exact information about the location of such
deposits. POLLAK et al. (1973) used semi-thin and freeze-substituted sections
and localized most of the deposits in so-called mesangium-circumferential
areas; only 1 patient in 9 showed a subepithelial deposition. A ‘“mesangium-
centrilobular” location is most common and is also seen in Plate V B, although
the granular structure is less evident in some of those cases.

The involvement of the basement membrane is sometimes demonstrated
especially well by antifibrinogen as shown in Plate V C. The destructive
feature of ‘‘tram track-like” basement membranes can occasionally be
detected (Plate V D), even by immunohistologic means. The so-called lobular
variety of membranoproliferative glomerulonephritis simply shows a lobular
pattern of the fluorescent structures as well (Plate V E). It seems evident
from the higher magnification in Plate V F that mesangial granular deposits
are the main components of the pattern. Sometimes there is in one case and
even in one glomerulus an astonishing difference of immunofluorescent stain-
ing with different reagents as shown in Plate V G (anti-IgM) and H (anti-C3).

It is clear therefore that the typical pattern of membranoproliferative
glomerulonephritis, again shown in Plate VG, does not become apparent
with every reagent. It should be mentioned that the last two pictures represent
a case in which the first biopsy made several months ago was classified as
acute postinfectious glomerulonephritis by the clinician, histologist, and
immunopathologist. This again touches upon the problem of transition from
the (hypocomplementemic) acute postinfectious glomerulonephritis to the
chronic (hypocomplementemic) membranoproliferative form. Grascow and
WHITE (1973) recently reported such a case although others have presented
evidence against an origin from acute poststreptococcal nephritis (OKUDA et al.,
1970) and it seems wise to keep an open mind on the issue (WEST ¢f al., 1973 a).

Since SEEGAL et al. (1965) studied the role of streptococcal antigens in
progressive glomerulonephritis the matter has remained doubtful although
ZABRISKIE ¢f al. (1973) have put forward an intriguing hypothesis relating
the streptococcal infection to secondary autoimmune phenomena. Whatever
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Fig. 5. A The distinctive pattern of membranoproliferative glomerulonephritis. The

stained membranes with endo-membranous as well as mesangial deposition of fluorescent

material is seen. C;, X 582. B A garland-like staining of IgG in peripheral areas is

characteristic for membranoproliferative glomerulonephritis. The central (mesangial)
parts appear to be “empty’’. IgG, X582
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Plate V. The variable representation by immunofluorescence of membranoproliferative
glomerulonephritis. The membrane-oriented granular deposits (4) are larger and more
irregular than in (peri-) membranous nephritis. B “‘Centrilobular’’ location of immune
deposits. Membrane staining with fibrinogen (C) and a ‘‘tram-track ”’-like feature of the
membranes (D). Lobular configuration (E) with mesangial accumulation (F) of granular
materials. The staining pattern sometimes depends on the reagent used (G and H).
4 1gG, x300. B IgG, x300. C IgG, x300. D C;, x300. E IgG, x300. F IgG, x736.
G IgM, x300. H C;. X300
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Table 3. The contribution of complement and immunoglobulins to the immunofluorescent
pattern of membranoproliferative glomerulonephritis

No. Positive cases for
of cases
3 Immunoglobulins
MoOREL-MAROGER, L. (1973)
Membranoproliferative 32 29 (diffuse) 5 (diffuse), 24 focal-segmental
Lobular 5 4 (with IgM)
Dense-deposit disease 4 4 3 (IgM)
THOENES, G. H. (unpublished) 26 21 16 (IgG), 18 (IgM), 10 (Ig4),
(not further subdivided) 0 (Fibrinogen)
MICHAEL et al. (1971) 27 27 7 (IgG), 18 (IgM), 8 (Ig4),
(not further subdivided) 9 (Fibrin), 9 (Cyq9), 7 (Cy),
1 (Propervdin)

the etiology (see, for example, Waldenstrém’s macroglobulinemia and mes-
angiocapillary glomerulonephritis, LIN ef al., 1973) the membranoproliferative
or mesangiocapillary type of glomerular reaction is also a distinctive entity as
viewed by immunofluorescence. This does not rule out, for example, the fact
that the lupus pathogenesis often leads to a pattern of glomerular alterations
very closely resembling membranoproliferative glomerulonephritis.

It seems remarkable that only these three forms of glomerulonephritis—
membranoproliferative, acute, and lupus nephritis—are accompanied by a
more or less serious complement C3 and properdin depression (McLEAN and
MicHAEL, 1973) which is suggestive of some pathogenetic relationship. Mem-
branoproliferative glomerulonephritis has been associated with the alternate
way of complement activation. Indeed, C3 is involved in most cases whereas
C4 or Cl, are much less frequent (Table 3). Moreover, immunoglobulins can
be seen in relatively high frequency although their distribution and location
may differ significantly from that of the C3 complement. Their pathogenetic
contribution awaits further clarification.

5. (Peri-) Membranous Glomerulonephritis

(Idiopathic Membranous Glomerulonephropathy,
Extramembranous Glomerulonephritis)

This form of glomerulonephritis is regarded as the prototype of immune-
complex nephritis in man. According to the classification of cases of glomerular
nephropathy (1368 cases) by HABIB (1973b), 4.3%, of cases can be classified
as nonproliferative extramembranous or ““membranous’’ glomerulonephritis.
Her biopsy specimens were presumably mainly from children. The frequency
distribution is similar to that found in our laboratory, which receives biopsy
specimens mainly, though not exclusively, from adults. In 701 cases of glo-
merular disease (first biopsies only) we found 5.99%, perimembranous glomerulo-
nephritis based on histology and 4.99%, judged by the immunohistologic pat-
tern (G. H. THOENES, unpublished). On the one hand—again according to
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HasiB (1973 b)—diffuse proliferative glomerular lesions are observed about
5-6 times more often (25.6%) than nonproliferative membranous cases. In
experimental models of glomerulonephritis, on the other hand, the extra-
membranous localization of complexes is the rule. From these data two
conclusions can be diawn: We do not have suitable experimental models for
most of the quantitatively prevailing proliferative forms of glomerulonephritis.
The minority of human, immune complex-related cases of perimembranous
glomerulonephritis has some kind of experimental counterpart. It is, however,
still uncertain to what extent the experimental model is comparable to idio-
pathic membranous glomerulonephritis in man (HEPTINSTALL, 1973 b). This
relative exclusiveness of (peri-) membranous glomerulonephritis also seems
to be expressed by the immunohistologic pattern which is the most typical
of all (BARIETY et al., 1970). However, it also seems to involve the least
variability.

As shown in Fig. 6A the granular deposition contrasts clearly with the
other extreme type of pathogenesis, the linear type of immunofluorescence.
It is not difficult to imagine that these granules can simulate a ‘“broad-linear”
type (MOREL-MAROGER ¢t al., 1972) if they are close enough together or if a
sandwich-typz effect of complement over immunoglobulin obscures the single
deposits. It is not always easy to decide whether or not the deposits are
situated outside the membrane. Instead, another feature—a ‘“carpet-like”
arrangement of the fluorescent granules (Fig. 6B)—is typical for a peri-
membranous nephritis. It is likely that this pattern is caused by tangential
sectioning of the membranes. Since both types are not always found together,
it could well be that one or the other reflects a more intramembranous allo-
cation of complexes. The granular deposits commonly stain with anti-IgG
and anti-C3 as well. IgM is seen occasionally; IgA is rare as is fibrinogen.

Very similar patterns can be seen in Figs. 7A and B which demonstrate
the glomeruli of tubulus antigen-autoimmunized rats. This model experiment
of so-called Heymann nephritis (HEYMANN ¢t al., 1959 ; EDGINGTON et al., 1968;
Aroust et al., 1969) supports the hypothesis of the immune-complex
pathogenesis of (peri-) membranous glomerulonephritis. There are indications
that at least in rats this form of glomerulonephritis remains essentially un-
changed even when the nephritic kidney is transplanted into a healthy non-
immunized syngeneic recipient (Fig. 7A, B) (STENGLEIN and THOENES, un-
published). This may shed some light on the problem of permanent curability
of (peri-) membranous glomerulonephritis (FRANKLIN et al., 1973; OLBING
et al., 1973) and seems to indicate that the continual nephritic process is not
necessarily dependent on further extrarenal stimulation. It is not known
whether or not autoimmune processes are involved in human perimembranous
glomerulonephritis, which is discussed in the last section. Based on the ex-
perimental models, it will be interesting to learn if differences in immuno-
histologic features can be detected for autoimmune nephritis on the one hand
and heterologous antigen-induced perimembranous glomerulonephritis on the
other.
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Fig. 6. A The granular pattern seen in (peri-) membranous glomerulonephritis. IgG,
X 1320. B The ‘‘carpet-like’’ representation of immune complexes in tangential sections
is especially characteristic. IgG, X 1320
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Fig. 7. 4 The immunofluorescence of experimental autoimmune glomerulonephritis with
kidney tubular antigens in rats is shown for comparison. The pattern closely resembles
that of human perimembranous glomerulonephritis. Here the continuance of the disease
is demonstrated in a primary diseased kidney transplanted from the sensitized donor
to a healthy recipient; 15 days post transplantation. Rat-IgG, x582. B A larger magni-
fication of the same glomerulus shows certain dissimilarities when compared with
Figs. 64 and B from human cases. IgG, x1430. (Both pictures from Dr. B. STENGLEIN,
Munich)
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6. Focal Segmental Sclerosing Glomerulonephritis (Glomerulopathy)

(Focal Sclerosis, Focal and Segmental Hyalinosis,
Global and Focal Fibrosis)

““More minute analysis of histological appearances will undoubtedly reveal
significant differences between patients hitherto considered the same” (CAME-
RON, 1973). This statement has proved to be very true, especially in the case
of the so-called lipoid nephrosis. The clinical syndrome of lipoid nephrosis has
been found very often to have only minimal or no histologic correlates. The
detection of focally distributed sclerotic lesions in mainly juxtamedullary
glomeruli led to the definition of the new variant being causative for cortico-
steroid-resistant lipoid nephrosis (MCGOVERN, 1964). Immunohistology has
contributed to the “minute analysis” of the focal and segmental process in
otherwise minimally changed glomeruli by being a sensitive diagnostic tool,
described by McCLUSKEY (1971) as “a sort of special stain’’. By this, it is
also meant that not everything shown up by immunofluorescence would
indicate an #z vivo immunologic reaction. Thus, in focal sclerosis, the distinct
pattern of Fig. 8A, stained with anti-IgM or anticomplement factors is seen,
but the picture does not show the regular immune pattern of granulation
(Fig. 8 B). However, the patchy appearance of the glomerular loops does not
mean that less distinct deposits are not involved.

As shown by electron-microscopic examination, different kinds of deposits
in different locations can be delineated in focal segmental sclerosing glomerulo-
pathy including some minimally changed glomeruli (RUMPELT and W. THOENES,
1974). These authors also indicate that the glomeruli are diffusely altered
when examined by electron microscopy. Accordingly, the immunhistologic
pattern varies from minimal staining of loops (Plate VI 4, B) and mesangial
areas (Plate VI H) to complete segmental or global (comprehensive) changes
(Plate VI C—F). Undoubtedly the major immunofluorescent findings are cor-
related to the sclerotic lesions of the glomeruli (HABIB and GUBLER, 1971).
In contrast to these authors, however, we have observed either, slight but
comprehensive (Plate VI G) or incipient (Plate VI H) immunofluorescent find-
ings in otherwise minimally changed glomeruli (G. H. THOENES, 1974).

Irrespective of the later interpretation it seems justified to record minor
immunofluorescent findings as well. In this regard one is reminded that, as
early as 1955, ALLEN stated that ‘‘glomerular lesions may be disregarded by
experienced observers often because they underrate the significance of inter-
mediate degrees of change’”. According to HaBiB and GUBLER (1973) and
CHURG et al. (1970), in several cases a mesangial proliferation can be observed
before the typical segmental sclerosis appears. Minor immunofluorescent
findings, as seen in Plate VI H, should therefore be noted in this context of
an unknown pathogenesis. Whereas DRUMMOND et al. (1966) described such
cases of focal sclerosis staining with IgG and C3, it is generally accepted today
(MOREL-MAROGER ¢f al., 1972) that IgM is the major immunoglobulin involved.
There is no definite evidence that this immunoglobulin, mostly associated



The Immunohistology of Glomerulonephritis Distinctive Marks and Variability 87

Table 4. Positive immunofluorescent cases of focal sclerosis and minimal-change disease

Focal sclerosis Questionable minimal changes  Minimal changes
possibly focal sclerosis

Strongly positive/total Positive/total number Minimal positive/total
number of cases of cases number of cases
32/37 5/6 32/67

with complement factors, of course, indicates an immunologic pathogenesis.
It may be cited, however, that GERMUTH and RODRIGUEz (1973) experi-
mentally induced segmental lesions with large IgM-immune complexes. The
stronger lytic response of IgM antibodies could very well be responsible for
an unusual nephrotoxic effect. MICHAEL et al. (1973) recently discussed the
immunologic aspects of the nephrotic syndrome in general. Reports (Hawm-
BURGER ¢t al., 1973; HOYER et al., 1972) of recurrence of minimal-change
nephrotic syndrome and focal sclerosis in kidney transplants are intriguing.
It is likely that an extrarenal cause will be found for this disease entity and
it might well be that even different pathogenic pathways will be detected, as
suggested by the smooth linear fluorescence seen by the author (G. H.
THOENES, 1974) in a few cases of focal segmental sclerosis and corroborated
by the streak-like deposits reported by RUMPELT and W. THOENES (1974).

As HaBiB and GUBLER (1973) discussed, the relationship between minimal-
change nephrotic syndrome and focal sclerosis remains unsolved and it is the
common view today to regard both forms as possibly separate diseases. This
view, however, was recently strongly opposed by SIEGEL (1974). MCGOVERN
and LANER (1973) stated: “So far, it has not been possible to determine
whether the two disorders are related or not.” Doubtless most cases of
corticosteroid-responsive nephrotic syndrome (minimal-change disease) are
truly negative immunohistologically. On the other hand, most segmentally
sclerosed glomeruli in focal sclerosis are massively positive by immunohistology
(Table 4). What about the minimally changed glomeruli in focal sclerosis?
Are all cases of minimal-change disease truly negative? It is our experience
that in carefully studying the sections (preferably by vertical incident illu-
mination fluorescence) minor fluorescent spots, dust-like or comma-like
materials, or a weak linear staining in both sorts of minimally changed glo-
meruli are found (Table 4). These findings are usually faint and difficult to
document by photography. WIiLsoN and DixoN (1974) noted this “linear
accentuation”’ of the basement membrane in quite a number of their biopsies
but could not interpret it. The reader should be reminded that we do not fix
our sections by acetone to avoid disturbing background phenomena and
reduce unspecific protein remains. It should also be clearly understood that
these observations do #of necessarily imply an ¢mmune pathogenetic signi-
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Fig. 8. 4 The distinctive pattern of focal-segmental sclerosis. C;, x143. B A large

magnification of such segmental lesions does not show details which would resemble

the usual immune patterns. As long as we do not have relevant experimental models
we cannot guess whether or not an immune pathogenesis is involved. C;, X 1430
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Plate VI. The variable patterns of focal-segmental sclerosis. 4 and B Incipient segmental

lesions. C-E Full expression of the segmental lesions. F Positive vessel walls (com-

plement) are not infrequently seen. Comprehensive (G) or minor (H) fluorescent stainings

can also be observed in minimally changed glomeruli or parts of them. 4 IgM, X 300.

B IgG, x300. C IgM, x300. D IgM, Xx300. E C;, x300. F C;, X300. G IgG, X300.
H IgG, x736
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ficance. However, this could be an example to justify the increased application
of immunofluorescence in biopsy examination. It can only serve as a ‘““special
stain”’ with high sensitivity in addition to its specific immunologic function.
Finally, the “immunofluorescent minimal change’’ certainly does not indicate
at the present time an inclination for progress to focal sclerosis. We observed
some preference for IgM or C3 staining, but all other reagents could also be
involved. We did not test for IgE. It must, however, be noted that the positive
report of GERBER and PARONETTO (1971) could not be confirmed by Roy et al.
(1973 a) and LEWIS ef al. (1973).

IV. Glomerular Lesions in Systemic Diseases

1. Systemic Lupus Erythematosus (SLE)

As early as 1957, VasQuEz and DIxoN investigated the “‘specific” lesions
of such systemic diseases as rheumatic fever and SLE by immunofluorescence.
Immunopathogenesis of SLE nephritis is well established (MELLORS et al.,
1957; PARONETTO and KOFFLER, 1965 ; KOFFLER and PARONETTO, 1965 ; KOFF-
LER et al., 1967; SvEC et al., 1967; KrisHNAN and KaprrLAN, 1967; KOFFLER
et al., 1969; NATALI and TAN, 1972) and a wealth of references can be cited
for the different forms of immunofluorescent appearance in SLE nephritis
(BURKHOLDER, 1963 ; SVEC et al., 1967 ; KOFFLER ef al., 1969; DUJOVNE et al.,
1972; AGNELLO ¢f al., 1973 ; MOREL-MAROGER et al., 1973 a). Histologically
as well as by immunofluorescence, all kinds of glomerular alterations can be
seen in SLE nephritis which cover almost the entire spectrum of patterns
described in the foregoing sections. Since it has been possible to prove the
immune-complex pathogenesis experimentally with DNA-anti-DNA antibodies
(NataL1 and TaN, 1972), the variability of the immunohistologic appearance
in SLE seems to reconfirm the general hypothesis of the immune-complex
pathogenesis of glomerular diseases (GERMUTH and RODRIGUEZ, 1973). These
authors suggest that different sizes of complexes will localize in different places
of the glomerulus and thereby initiate several patterns and histologic changes.
Plate VIT presents collectively the spectrum of immunohistologic patterns
which can be observed in lupus nephritis. It ranges from faint mesangial
stainings (VII 4 and B) and an acute proliferative type (VII C) to different
forms of membranous involvement (VII D-F), lobular types (VIIG) with
obvious accumulations of complex structures in mesangial cells (VII H),
perimembranous glomerulonephritis (VII I, K), and focal segmental alter-
ations (VII L, M). The reader is referred to the histologic diagnosis given for
each picture. At this time we can only speculate about the reasons for such
diversity under the same etiologic principle. SLE should actually be con-
sidered as a suitable model in which different kinds of nuclear antigens, classes
of antibodies, sizes of complexes, and effects of immunosuppressive therapy
combine in varying degress and thus form the many patterns we might
similarly see independent of lupus.
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2. Contrasting Examples of Renal Involvement in Systemic Disease:
Schonlein-Henoch Nephritis (Anaphylactoid Purpura)

This glomerulonephritis—another example of renal involvement in sys-
temic disease—may have an immunologic basis, although nothing is known
about the mechanism. URIzAR ef al. (1968) thought that the pathogenetic
process was mainly concentrated on the mesangium. This is clearly demon-
strated on Plate VIII 4, B. Most of our cases show this type of immuno-
fluorescent pattern without defined circumscript immune complexes. It is a
mesangial type which is frequently IgA-positive. Additionally, one finds
fibrinogen deposited in segmental (C) or crescentic forms (D) (Urizar and
HERrRDMAN, 1970). Sometimes there is an interrupted linear pattern; HaBIB
(1973 ¢) mentioned two cases of membranoproliferative GN in her series. We
can also contribute one case of Schénlein-Henoch nephritis with this histologic
diagnosis and a low serum complement. In general however Schénlein-Henoch
nephritis does not appear to be an immune-complex mediated process.

Amyloidosis

Because not infrequently a kidney biopsy turns up the unexpected diag-
nosis of amyloidosis instead of glomerulonephritis, the author presents its
diagnostic immunohistologic pattern. Plate IX 4 and C show that immuno-
fluorescence with anti-IgG or anti-C3 is very homogeneous and large. A more
reticular but still homogeneous pattern is seen on Plate IX B and a typical
amyloid vessel wall is depicted in D. As early as 1956, VASQUEz and Dixon
introduced the immunohistologic analysis of amyloid. To date there has been
no convincing argument available for or against the immunopathogenesis of
amyloid (cf. FRANKLIN and ZUCKER-FRANKLIN, 1972). The technique of
immunohistology, however, can help once again to endorse the histologic
diagnosis—even in cases where no clear-cut amyloid staining occurs.

V. Concluding Remarks

This paper intends to show that the distinctive marks of immunohistology
permit an independent diagnostic application. The most definite patterns are
schematically depicted in Fig. 10. However, the variables demonstrated in
the preceding sections indicate quite readily that this diagnostic independence
is only relative. In order to arrive at reliable conclusions, the evaluation of
the biopsy has to rely on the fundamentals of histologic description. The
author believes that most clinicians and pathologists have learned to value
the access to information available through additional immunohistologic ex-
amination of their biopsies (SCHREINER, 1973). There is reason enough to
interpret most findings as immunologic in nature. It should, however, be
understood that positive immunofluorescence does not necessarily prove an
immunologic pathogenesis. HAMBURGER (1973) has discussed this and other
related problems.
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Plate VII A—H

Several questions may be raised from the view of immunohistology. In
proving or disproving the notion of immunologic pathogenesis and/or etiology
we should find means to routinely characterize the antigens involved. The
basic task of immunofluorescence is to achieve this goal. However, it is
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Plate VII. The highly variable immunofluorescent patterns seen in systemic disease
with renal involvement: Systemic lupus evythematosus. Slight mesangial stainings (4, B),
granular patterns as seen in acute glomerulonephritis (C), endomembranous depositions
(D), features as typical for membrano-proliferative forms (E), with huge homogenous
bodies (F), intensive mesangial participation (G) and clearly visible granulations in mes-
angial cells (H) are seen. Occasionally perimembranous patterns (I, K) occur and seg-
mental findings (L, M) correlate to the known histological classification. 4 1gG, X 300.
B IgG, x736. C IgG, x300. D IgM, x300. E IgG, x300. F IgG, x300. G C,;, X 300.
H 1gG, x736. I 1gG, x300. K 1IgG, x736. L IgG, x300. M 1gG, X 300. Histological
diagnosis: A, B Slight postacute, proliferative, glomerulonephritis (GN). C Specifically
lobular, more recent glomerulonephritis. D Mesangial-proliferative GN. E, F Membrano-
proliferative  GN with crescent formations. G, H Focal-segmental proliferative GN.
I Perimembranous GN. K Diffuse, focal-segmental, accented, proliferative GN with
slight membranous components. L Intra-extra capillary, proliferative GN. M Moderate
meangioproliferative GN

difficult because of the many possible agents. In individual cases, the antigens
have been characterized by immunofluorescence. Such cases occur only indi-
vidually but are nevertheless of great scientific importance. Most efforts have
centered on streptococcal antigens. Using heterologous antibodies, SEEGAL
et al. (1965) and ZABRISKIE ef al. (1973) have been successful in demonstrating
streptococcal antigen in cases of acute poststreptococcal glomerulonephritis.
The appropriate use of homologous (patient’s) fluoresceinated immunoglobulin
(TRESER et al., 1969; TRESER et al., 1970) has also been convincing. We have
also been successful with the same method (Fig. 9A). It can be seen, however,
that the antigen and the other components of the presumed immune reaction
(Fig. 9B) are not associated. This may be regarded as a typical example of
the many unsolved problems in the pathogenesis of glomerulonephritis. There
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Plate VIII. The immunofluorescent findings in the kidney in Schonlein-Henoch’s disease.
A and B IgA deposits in mesangial areas, X300. C and D Fibrinogen is positive in a
glomerular loop and in capsular areas. X 300

Plate IX. The immunofluorescent findings in kidney amyloidosis. Large and very homo-

geneous clumps of IgG/C,-positive protein are deposited (4, C); sometimes the pattern

is reticular, but still homogeneous (B) and vessel walls are found positive in the same
manner. 4 C;, X 300. B IgG, X300. C C;, x736. D IgG, x300
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has been speculation that treponemal antigens could also be involved in
immune-complex nephritis (BRAUNSTEIN ¢t al., 1970).

Another well-investigated antigen is DNA in lupus nephritis. Its proven
deposition in glomeruli has been connected with the viral etiology of LE and
was discussed by CocHRANE and KOFFLER (1973). Specific indications have
been reported in man for a deposition of Coxsackie virus B (BURCH et al., 1969)
and measles antigen (TANNENBAUM ¢f al., 1971). However, the hepatitis antigen
has been more frequently described up to now (COMBES et al., 1971; GOCKE
et al., 1970; EKNOYAN, 1972). Plasmodium has been of interest as a further
living agent since ALLISON ef al. (1969) investigated the close association
between malaria and the nephrotic syndrome. Using the kidney elution
procedure they indicated that malaria antigen forms the complex (see also
Brown, 1969). In addition to the many examples of heterologous antigens,
one has to take into account the autoimmune pathogenesis of human glo-
merulonephritis. In the case of Goodpasture’s syndrome, the antigen is not
questionable (MARQUARDT et al., 1973) as is the mechanism of sensitization
against glomerular basement membrane. The involvement of tubular basement
membranes in kidney diseases is surprizingly rare, although several reports
on possible immunologic tubular lesions have appeared recently (KLASSEN
et al., 1972; McCLUSKEY and KLASSEN, 1973 ; MOREL-MAROGER éf al., 1974).
Turning again to immune complex-induced glomerular disease, it would seem
likely to find tubular epithelial antigen deposited in man as well as in rats,
as was described by EDGINGTON et al. (1968). A short positive report (NARUSE
et al., 1973) awaits confirmation by others. Further autologous substances
potentially leading to autoimmune reactions and/or glomerular deposition
are thyroglobulin, tumor antigens (LEWIS ef al., 1971), and cryoglobulins
(Feizt and GitLIN, 1969; MOREL-MAROGER and MERY, 1974; MOREL-
MAROGER and VERROUST, 1974).

The author has only touched upon the problem of transplantation immuno-
histology in connection with recurrent glomerulonephritis. Indeed, in his
opinion, the main interest of immunohistology is in this scientifically exciting
area. The author’s experience with about 70 transplant biopsies has been that
the diagnostic value of immunohistology in relation to rejection processes is
very limited. In addition to C3, IgM is involved not only in vascular lesions
but also occasionally in glomeruli. This agrees with the results of MULLEN and
HirpeEMANN (1971) who showed the preferred cytotoxic effect of IgM compared
with IgG. However, one should be aware of the so-called transplant-glomerulo-
pathy (ZOLLINGER et al.,1973 ; PIELSTICKER et al., 1974) which must be differen-
tiated from recurrent glomerulonephritis (MCPHAUL et al., 1970; McPHAUL
et al., 1973). Other reports in which a more positive view is expressed concern-
ing immunohistology and transplant rejection may be found in ANDRES et al.,
1970, and BuscH et al., 1971.

The prevailing vascular processes in chronic transplant rejection, which
could very well involve the glomeruli in a secondary manner, leads to the
problem of secondary and “‘nonspecific” alterations of glomeruli and their



96 G. H. THOENES:

Fig. 9. Acute, poststreptococcal glomerulonephritis. 4 Glomerulus, stained with patient’s

IgG fraction (elevated AST); direct immunofluorescence. The spots represent strepto-

coccal materials deposited. x 582. B With anti-C,;, the characteristic pattern of the
acute-proliferative type is shown in the same glomerulus. X 582

Fig. 10. The distinctive marks of the foregoing major forms of human glomerulonephritis
are schematically drawn in order to summarize and to abstract from the variability.
(From G. H. THOENES, 1973)
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Fig. 10
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immunohistologic correlates. Only minor glomerular immunofluorescent find-
ings are normally observed in vascular diseases like periarteriitis nodosa or
malignant nephrosclerosis, although fibrinogen can be seen quite intensively
(SRAER et al., 1973). As long as we do not see distinct granular deposits we
suspect an unspecific protein imhibition of tissue altered by unrelated causes.
This seems to us to be the case with the very prominent vessels in primary
malignant sclerosis. Their walls are not only full of fibrinogen but often contain
IgM and complement as well (BURKHOLDER, 1965). In periarteriitis nodosa
they are usually negative. This certainly does not exclude other cellular
immunologic processes.

Three further examples may be cited to illustrate why we must maintain
a reserved attitude in judging tmmunologic specificity or momspecificity. The
faint linear fluorescence in diabetic glomerulosclerosis does not seem to
indicate an immunologic cause (Garro, 1970), although MAUER et al. (1972)
could show somewhat different results in diabetic rats. The cause of diabetic
glomerulosclerosis, however is unknown. The so-called hereditary nephritis
(Alport’s syndrome) does not seem to present any relevant immunohistologic
findings (GRUNFELD et al., 1973). Undoubtedly, however characteristic glo-
merular alterations are found in this disease, reason enough to expect some
kind of unspecific immunofluorescence, which is not the case. The relationships
between renal-vein thrombosis and perimembranous glomerulonephritis and
the nephrotic syndrome, respectively, is unknown (SCHWARTz and LEWIS,
1973). The great importance of extrarenal factors such as free blood and urine
flow, as is the case in this type of glomerulonephritis, has been demonstrated
in the experiments by EDGINGTON ef al. (1969). The accumulation of immune
complexes in transplanted kidneys of autoimmune recipient rats was signi-
ficantly reduced by hydronephrosis.

This review will conclude with these examples in the hope that we have
contributed to the goal of keeping an open mind in glomerulonephritis
research.

When the démmunohistologist sees a single granular deposit such as that
shown in Fig. 1, he is justified in giving this information to the clinician and
the pathologist. The clinictan might accept this little spot as at least one small
confirmation of the patient’s clinical kidney findings, but all those involved get
into trouble when the pathologist does not see anything by light microscopy.
However, it sometimes happens that the cooperative pathologist later reports
a single typical deposit in the only available glomerulus—by having applied
electron microscopy. The sensitivity of immunofluorescence and the significance
of immunohistological findings therefore should not be underestimated.
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I. Introduction

The events occurring in glomerulonephritis produce a complex and compli-
cated pattern of glomerular changes. Though these changes can bereadily appre-
ciated by light microscopy, many are too subtle to be clearly discerned. Only
with the advent of electron microscopy did it become possible to describe the
glomerular events with considerable accuracy and establish a basis for clinico-
pathologic correlations. Many changes first discerned by electron microscopy
were later seen also by light microscopy. Perhaps the most important contri-
bution of electron microscopy was that it provided a means for distinguishing
between the capillary wall and the mesangium and for describing in detail
the structure of each. This information is available in standard textbooks and
will be repeated here very briefly.

* Supported by Research Grant AM-00918 from the National Institute of Arthritis
and Metabolic Diseases, U.S. Public Health Service.
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The glomerulus can be conceived as a structure composed of three structural
components and two spaces. The structural components are: Bowman’s
capsule, the capillary walls and the mesangium. The spaces defined by them
are: Bowman'’s or the urinary space and the capillary lumina or blood spaces.
The capillary walil consists of a basement membrane lined on the urinary side
by visceral epithelial cells or podocytes and their foot processes, and on the
capillary side by endothelium. The basement membrane in turn consists of
three layers: the middle, lamina densa and the external and internal laminae
rarae. These distinctions prove to be of considerable importance in the des-
cription of pathologic processes. The mesangium consists of cells and inter-
cellular substance. The latter is known as mesangial matrix and although it
resembles the basement membrane, it differs from the latter in a number of
important properties (e.g. resistance to certain toxins).

This review will be devoted almost exclusively to the pathology of human
glomerulonephritis. Brief mention of animal models will be made, and occa-
sionally illustrated. Detailed review of the experimental immunologically
induced nephritis will be found elsewhere in this volume.

II. Primary Glomerulonephritis
1. Minimal-Change Disease (Lipoid Nephrosis)

Lipoid nephrosis or minimal-change disease occurs most often in children
and less frequently in adults. It is manifested by massive proteinuria and the
nephrotic syndrome and has a relatively good prognosis, responding in the
majority of cases to steroid or immunosuppressive therapy. Morphologic
changes are most prominent in the tubules, which accumulate lipid and
protein in the cell cytoplasm, leading to enlargement of the kidneys and
imparting a pale yellow cast to the parenchyma. The glomeruli, in contrast,
appear normal or near normal on light microscopy.

It is the study of minimal-change disease by electron microscopy that
marks a milestone in the history of renal pathology. For the first time ultra-
structural changes not visible by light microscopy were discovered in the
glomeruli, thus establishing the glomerulus rather than the tubule as the
primary site of pathology (FARQUHAR et al., 1957). The lesion, then discovered,
involves the visceral epithelial cells, which show loss or ““fusion” of their
foot processes (Fig.1) and gave the disease, at one time, the name “foot
process disease”. Since then, this finding has been confirmed by many authors
(Movart, 1959; Kurtz, 1961; CHURG ef al., 1962) and, in the absence of
significant proliferative changes, is considered to be the characteristic lesion
of minimal-change disease.

In actuality, loss of foot processes is not due to fusion. Normally, foot
processes of neighboring epithelial cells interdigitate, so that adjacent foot
processes usually derive from two different epithelial cells (SimoN and
CHATELANAT, 1969j. In proteinuria, swelling of epithelial cytoplasm leads to
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Fig. 1. Minimal-change disease (lipoid nephrosis). There is edema of epithelial cells,
almost complete effacement of foot processes. The basement membrane shows consider-
able irregular widening of the lamina rara interna. X 22100

filling of the spaces between foot processes, while, at the same time, there
is retraction of foot processes by the neighboring cell. This process has been
visualized three-dimensionally by scanning electron microscopy (ARAKAWA,
1971). The cytoplasm of the swollen podocytes retains the dense material
that is normally present in foot processes. This material is composed of micro-
fibrils arranged in bundles and resembles myofilaments of smooth muscle
cells. It has been suggested that these fibrils endow the cell with the ability
to contract (KArRNOVsKY and AINSWORTH, 1972). Similar fibrils are also
present in the body of the podocyte, but in a much looser meshwork.

Loss of foot processes is usually accompanied by the appearance of
numerous villi projecting from the free surface of the cells (CHURG, 1968).
The loss may be limited to a few short stretches or may involve the entire
capillary surface. In minimal-change disease, foot process loss is frequently
reversible under the influence of steroid treatment. Foot process fusion is not

Abbreviations: BM =basement membrane; BMLM = basement membrane-like mate-
rial; CL =capillary lumen; Cr =crescent; D = deposit; DD =dense deposit; En =endo-

thelial cell; Ep =epithelial cell; F =fibrinoid material; FP = foot processes; L =leuko-
cytes; MC =mesangial cell; MM = mesangial matrix; Y =yeast.
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specific for lipoid nephrosis, but is also found in other conditions characterized
by severe proteinuria and the nephrotic syndrome. It has not been established
whether loss of foot processes is due to primary damage of epithelial cells or
is secondary to increased permeability of the basement membrane. It is
possible that under different circumstances either one of these mechanisms
may come into action.

Other changes involving the podocytes in lipoid nephrosis consist of in-
crease in number and size of cell organelles, e.g. Golgi membranes and endo-
plasmic reticulum, and the appearance of lipid and protein droplets (TRUMP
and BENDITT, 1962; HAYSLETT et al., 1973). Conversely, there may be swelling
of the cytoplasm with a diminished number of cell organelles indicating
hypoactivity.

The endothelium usually shows only mild changes, such as edema and
occasional bleb formation. The capillary lumen may contain fibrin and platelet
aggregates (DUFFY ef al., 1970).

Electron microscopic changes of the basement membrane consist of ir-
regular widening of the lamina rara interna (Fig.1), and minimal focal
thickening and mottling (CHURG et al., 1965). However, in addition, there are
probably changes in the basement membrane that are beyond the resolving
power of the electron microscope. Alterations of morphologically normal
glomerular basement membranes have been demonstrated in experimental
aminonucleoside nephrosis in rats (KEFALIDES and FORSELL-KNOTT, 1970);
they consist of decrease of hydroxyproline, hydroxylysine, and glycine, and
increasé of glucose.

It has been postulated that rearrangement of glomerular basement mem-
brane molecules occurs, leading to enlargement of intermolecular pores, and
thereby to increased permeability. This process, in turn, may be due to mal-
function of epithelial cells that synthesize abnormal basement membrane
(BErRMAN and MIsra, 1972)

The mesangium in this disease usually shows little or no changes, though,
occasionally, minimal increase of mesangial cells and matrix, either focal or
diffuse, may be observed. For this reason, the names NIL-disease (nothing
in light microscopy) or minimal-change disease have been variously applied.
The latter term has now found general acceptance and the term ‘‘lipoid
nephrosis,” which was originally used by MUNK (1918) to designate a disease
accompanied by lipiduria, is gradually being replaced.

All reports agree on the absence of electron dense deposits in minimal-
change disease, and on the fact that this disease is not a precursor or in any
way related to membranous nephropathy (HOPPER et al., 1970).

A condition resembling minimal change disease can be produced in rats
by administration of aminonucleoside of puromycin. Glomerular changes bear
considerable resemblance to those in man with lipoid nephrosis (FELDMAN
and FISHER, 1959). However, prolonged administration of the chemical resulted
in a progressive glomerular lesion reminiscent of focal sclerosis (see next
section) (FELDMAN and FISHER, 1971).
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2. Focal Glomerular Sclerosis

Focal glomerular sclerosis (FGS) was first observed about 50 years ago
by FAHR (1925) who described it in some children with the nephrotic syndrome
and suggested that it represented a step in progression to renal failure. Ricu
(1957) discovered that the lesion usually began in the juxtamedullary glomeruli.
Recently, it has been noted that FGS is frequently associated with poor
response to steroid treatment and an unfavorable clinical outcome (CHURG
et al., 1970).

The light microscopic features have been described by a number of authors
(HABIB ¢t al., 1961; McGOVERN, 1964; HAYSLETT et al., 1969). The charac-
teristic lesion is segmental, involving one or several lobules in a glomerulus,
which take on a solid appearance. There is local increase in mesangial matrix,
collapse of capillaries, adhesions to Bowman'’s capsule and, frequently, the
appearance of hyaline material in involved areas. Slight diffuse increase in
mesangial cellularity may sometimes be present. Frequently, there is hyper-
plasia and hypertrophy of the visceral epithelial cells, which may form small
crescents over the sclerotic areas.

On electron microscopy, loss of foot processes is present in all glomeruli
so that, in the stricter sense, the lesion represents a diffuse glomerular disease.
In addition, the appearance of electron dense deposits has been described in
the involved segments (HyMAN and BURKHOLDER, 1973) corresponding to
fluorescence microscopic findings of immune globulins, especially IgM and
complement (C3). Thickening of basement membranes and mesangial matrix
were found by NAGI et al. (1971), and RuMPELT and THOENES (1972) described
fine filamentous matrix-like material in the periphery of the capillary loop.
Intracapillary fibrin and platelets are slightly more common in focal glomerular
sclerosis than in minimal-change disease (DUFFY ef al., 1970).

In our experience, most of the changes are rather nonspecific and consist
of wrinkling and collapse of basement membranes and local increase of
mesangial matrix and, occasionally, some mesangial cells (Fig. 2). Small dense
deposits were found by us in 20 out of 48 cases. They are located between the
basement membrane and endothelium, or under the basement membrane
covering the mesangium. In addition, there are hyperplastic changes in the
podocytes corresponding to those observed by light microscopy. They are
characterized by swelling of cytoplasm with increase of rough endoplasmic
reticulum. Occasionally, there is degeneration of podocytes causing breaks
of the cell membranes in the early stages. Later, there may be detachment of
podocytes from the basement membrane over shorter or longer stretches. The
newly formed spaces may attain considerable width and become filled with
thin layers of basement membrane and cell debris (Fig. 3). Such changes are
found especially in young adult male patients who are also drug addicts
(GrisuMAN and CHURG, 1975). These lesions resemble changes found in ex-
perimental radiation nephritis (MADRAZO et al., 1969) and those recently
produced in rats made nephrotic by the injection of N,N’-diacetylbenzidine
(CARROLL et al., 1974).
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Fig. 2. Focal glomerular sclerosis. Mesangial expansion and partial capillary collapse
Note two mesangial cells. X 6000

Systematic semiquantitative methods of electron microscopic analysis
were applied by JAo ef al. (1973) to separate patients with ““minimal glomerular
changes only” from those with very subtle degrees of abnormality, such as
slight increase in mesangial matrix and slight wrinkling of glomerular base-
ment membranes. By this means, the authors showed that patients with only
minimal glomerular changes apparently respond better to treatment with
steroids than those with minor mesangial or basement membrane changes.
However, this has not been conclusively proved.

The relationship between minimal-change disease and focal glomerular
sclerosis is still controversial. Most authors agree that the latter disease is
much less responsive to steroid treatment than pure lipoid nephrosis, but it
has not been established whether the two lesions represent two different
diseases or different stages of the same disease. CHURG et al. (1970) postulated
two separate entities on the basis of light microscopic observations and clinical
data. A similar view is expressed by Jao et al. (1973), who found in their
series of patients that the duration of disease was no longer in patients with
FGS than in those with “minimal glomerular changes only.” Recently,
KASHGARIAN et al. (1974) suggested, however, that ““focal glomerular sclerosis
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Fig. 3. Focal glomerular sclerosis. Detachment of epithelial cells from the basement
membrane (see Text). X 13400

may be a stage in the evolution of the disease from minimal change to a more
chronic form of glomerular damage.” HABIB (1973) proposed that there are
two populations of patients, namely those with FGS at the onset and steroid
resistant disease, and those who develop FGS in previously normal kidneys
and are more or less steroid-sensitive. Our own experience seems to support
this concept (GrRisEMAN and CHURG, 1975).

3. Membranous Nephropathy (Membranous Glomerulonephritis)

The term membranous glomerulonephritis was first applied by BELL in
1929 to cases that clinically presented themselves as idiopathic nephrotic
syndrome and who, on histologic examination, showed thickening of capillary
walls or capillary basement membranes in the glomeruli. BELL’S report was
not easily substantiated partly because of inadequate (too thick) histologic
sections generally in use at that time and partly because thickening of the
capillary walls occurred only in some patients and was absent in others. With
the use of thinner sections (2 to 3 wm or less) and the introduction of modern
staining methods, such as PAS, silver methenamine, and improved trichrome,
BeLr’s findings were confirmed. It was possible to demonstrate that the
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Fig. 4. Membranous nephropathy, early stage. Subepithelial deposits and ‘‘spikes” (the
latter indicated by arrows). X 15600

thickening of the capillary wall was due to two elements: deposition of hyaline
(protein) material between the epithelial cells and the basement membrane,
and formation of “spikes” which stained in a manner similar to that of the
basement membrane (JONES, 1957; CHURG and GRISHMAN, 1957). The details
of these abnormalities could not be established accurately until the application
of electron microscopy, supplemented by immunofluorescence microscopy.
The typical appearance of ““spikes and dome” was indeed found by electron
microscopy to be due to deposits of proteins which included immunoglobulins—
IgG, rarely IgM, and complement (C3).

The deposits are generally discrete and are separated from each other by
projections of the basement membrane that constitute the spikes (EHREN-
REICH and CHURG, 1968) (Fig. 4). The protein deposits are almost invariably
homogeneous under low magnification electron microscopy and finely granular
under high magnification. On very rare occasions they show an organized
“fingerprint”’ pattern. The individual deposits are usually small and dome-
shaped and are classified by immunofluorescence microscopy as granular.

The “‘spikes” arise from the underlying basement membrane and consist
of structurally similar material, though, as a rule, they are less dense and less



Electron Microscopy of Glomerulonephritis 115

homogeneous than the original basement membrane. They vary in thickness
and shape, sometimes being thicker at the tip, that is towards the epithelial
cell, or more often at the base. The basement membrane itself appears little
altered. The endothelial cells are often swollen and the epithelial cells show
characteristic changes of massive proteinuria or nephrotic syndrome in the
form of hyperplasia of the organelles or, alternately, edematous areas devoid
of organelles, and the loss or “fusion” of foot processes.

In the early stages of the disease the protein deposits are the dominant
feature. Very early, only small deposits may be present in some capillary loops.
They are irregularly scattered in the glomeruli and cannot be seen by light
microscopy though they can be recognized by immunofluorescence microscopy.
At that time the spikes are absent or are very small and the appearance of the
glomeruli suggests minimal-change disease. This appearance is probably the
source of confusion in the older literature where cases have been reported
showing transformation of minimal-change disease to membranous nephro-
pathy. Actually no such cases have been authenticated. This early stage has
been designated as Stage I (EHRENREICH and CHURG, 1968). Stage II is the
previously described typical appearance of membranous nephropathy where
deposits are numerous and are clearly separated by spikes. Stage III is charac-
terized by progressive extension of the spikes, which eventually meet and
entrap the deposits (Fig.5). Deposits then seem to lie within a markedly
thickened irregular basement membrane.

Formation of deposits is probably a continuous process. Some of them
may be shed into the urinary space or are phagocytosed by the epithelial cells,
and new deposits cross the basement membrane and are trapped under the
epithelium. In this manner very complex patterns may be seen in Stage III.
At the same time some of the entrapped deposits may undergo gradual
dissolution with formation of “empty spaces.” The latter eventually become
filled with basement membrane material.

There is also a Stage IV where deposits disappear almost completely and
the basement membrane becomes nearly homogenous and very thick, though
sometimes still showing a tooth-comb appearance on the epithelial side.
Stage IV represents healing by scarring. It is usually nonuniform, affecting
some segments of capillary wall more prominently than others.

The glomerular mesangium shows comparatively little change. There may
be minimal increase in cellularity and perhaps also slight increase in amount
of mesangial matrix. Occasionally these two processes are more prominent,
leading to confusion with the membranous nephropathy of systemic lupus
erythematosus. Sometimes mesangial changes signify a process which is akin
to focal sclerosis (see previous section): In addition to enlargement of the
mesangium there is collapse of the capillaries with solidification of the whole
lobule. This is apparently a progressive process, which eventually leads to
the picture of chronic glomerulonephritis. Even in the advanced stage, it is
still possible to recognize the nature of the disease by the presence of spikes
in at least some of the capillaries. Crescents do occasionally occur in association
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Fig. 5. Membranous nephropathy, advanced stage. The basement membrane shows a
complex pattern of projections (arrows) and deposits. X 7500

with membranous nephropathy. They may signify a change in the nature of
the disease from an immune complex process to antiglomerular basement
membrane disease (KLASSEN ef al., 1974), and they definitely accelerate the
development of renal failure.

Clinically, membranous nephropathy is manifested primarily by the
nephrotic syndrome, that is, massive proteinuria, edema, and hypoalbumin-
emia. If the disease is encountered at an early stage, only proteinuria may be
present, but edema develops almost invariably in due course. Microscopic
hematuria is not uncommon though gross hematuria is rare. Hypertension
is often present but it may predate the membrancus nephropathy. The disease
affects males and females at about the same rate and is much more common
in adults than in children.

There is a fairly good clinical correlation between the histologic stage and
the course of the disease. Most patients in Stage I either recover or improve,
though some show progression which may be quite rapid. When the patients
are in Stage II, they show fewer recoveries but considerable incidence of
improvement. There are cases on record of complete or nearly complete
resolution of the glomerular lesions (LAVER and KINCAID-SMITH, 1973). In
Stage I1I the majority of patients do not improve and often progress to renal



Electron Microscopy of Glomerulonephritis 117

failure. Stage I'V, as mentioned, is a healing stage. It is an uncommon outcome
of the disease. Such patients may be totally free of symptoms, though it is
likely that they have decreased renal reserve.

The nature of membranous nephropathy is unknown. Because of the
presence of immunoglobulins and complement, it is thought to represent an
immune-complex disease. This is probably true of some cases of secondary
membranous nephropathy (see below) and perhaps also true of the idiopathic
form, though further data are needed for the latter. There is evidence that in
at least some cases, the antigen is derived from the renal tubules (NARUSE
et al., 1973). Some instances apparently follow acute proliferative glomerulo-
nephritis (RICHET et al., 1974). Whatever the origin of the protein deposits,
it is obvious that they consist of molecules of the proper size, shape, and
charge, which are able to cross the basement membrane but are unable to
easily cross the epithelial cell membrane. Because of this property, they
remain for a long time within the capillary wall and apparently set up a reactive
process that leads to formation of additional basement membrane material,
most likely by the overlying epithelial cells. One must assume that if the
basic disease process abates, healing can take place either by removal of the
deposits or by incorporation into the basement membrane. If the disease
continues, there may be irreversible progression to renal failure.

In addition to the idiopathic membranous nephropathy there are several
forms associated with or secondary to other diseases. Membranous nephro-
pathy is not too rare in pregnancy where it runs a course similar to that of
the idiopathic group. It appears to be incidental rather than related to the
pregnancy. Certain drugs and chemicals are capable of producing nephrotic
syndrome with histologic changes of membranous nephropathy, among them
heavy metals (gold or mercury), penicillamine, and organic solvents. Allergic
reactions to beesting or to poison ivy can also be followed by membranous
nephropathy. Certain infectious processes such as secondary or congenital
syphilis may lead to nephrotic syndrome with membranous nephropathy.
These forms tend to respond to specific therapy. Membranous nephropathy
also occurs in combination with glucose dysmetabolism either in the form of
frank diabetes or chemical diabetes (high fasting blood sugar or abnormal
glucose tolerance test). As mentioned earlier there is a membranous form of
lupus nephritis, which will be discussed in that section. Renal vein thrombosis
has been suggested as a cause of membranous nephropathy. The available
evidence, however, favors the view that thrombosis is secondary to mem-
branous nephropathy, or more specifically, to the nephrotic syndrome (DUFFY
et al., 1973). Experimental constriction of renal veins in animals leads to
proteinuria and nephrotic syndrome but without membranous changes in the
glomeruli (FISHER et al., 1968). On the other hand, membranous nephropathy
is not uncommon in animals, such as dogs and cats (MURRAY et al., 1971;
ScOTT et al., in press).

Experimentally, membranous nephropathy has been produced by ad-
ministration of heavy metals (iron, mercury) (Dacrs and CHURG, 1965;
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BARIETY et al., 1971) or kidney suspension (Heymann nephritis) (HEYMANN
et al., 1959). Membranous glomerulonephritis also follows repeated injections
of foreign protein (DI1XON ef al., 1961) or a single injection of a nephritogenic
glycoprotein (SHIBATA et al., 1972). In the last two instances the resulting
glomerular disease resembles membranous lupus nephritis rather than idio-
pathic membranous nephropathy.

4. Acute Proliferative Glomerulonephritis

Acute diffuse proliferative glomerulonephritis most often follows strepto-
coccal infection, but may also be associated with other bacteria (e.g. staphylo-
coccus) and probably with virus, or it may be caused by noninfectious agents,
such a foreign protein. Clinically it is manifested by the ““nephritic syndrome,”
that is, hematuria, proteinuria, hypertension, and salt and water retention.

The characteristic histologic features are enlargement of the glomerular
tuft with increase in the number of cells and compression of the capillaries.
The cells are of two types: rather large mononuclear cells and polymorphonuclear
leukocytes. In addition, there may also be proliferation of the cells lining
Bowman'’s capsule with formation of crescents. The polymorphonuclear leuko-
cytes are mostly neutrophils (Figs. 6 and 7) though some eosinophils may be
encountered. The number of leukocytes is related to a degree to the severity
of the disease process and the stage of development. Leukocytes are more
numerous in the early stages and tend to disappear later. They may be present
in the capillary lumen, in the mesangium, and in the urinary space. Those in
the lumina tend to adhere to the capillary wall, either to the endothelium or
to the denuded basement membrane (Fig.7) and sometimes can be seen
wandering through the wall. They are particularly prominent in the areas of
subepithelial deposits (see below). The mononuclear cells tend to occupy the
mesangium, expanding the lobular stalks. However, some may also be found
in the capillary lumina. Some of the cells are undoubtedly blood monocytes.
However, the majority of cells appear to be of local origin, representing pre-
dominantly the proliferated mesangial cells (Fig. 6).

Older concepts dating from the days of light microscopy view these cells
as endothelial. Though differences between endothelial and mesangial cells in
the normal glomerulus are readily perceived, in disease the proliferating cells
lose some of their characteristics and the recognition of the cell type is often
impossible by the morphologic appearance alone. What is crucial is the relation
of the cells to the capillary lumina and to the mesangial matrix. The endo-
thelial cells undergo considerable swelling with constriction of the lumen.
They face the lumen on at least one aspect and are attached to each other
by junction complexes. The mesangial cells on the other hand are separated
from the lumen and from the endothelial cells, as well as from each other,
by strands of mesangial matrix. This separation is usually incomplete so that
over small areas the mesangial cell can be in contact with the endothelial cell
and even form protrusions (““blebs”’) in the capillary lumen through or between
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Fig. 6. Acute proliferative glomerulonephritis. There is marked increase in the number

of mononuclear cells, most of which are mesangial but some, endothelial. The mesangial

cells are separated by thin strands of mesangial matrix. Note polymorphonuclear leuko-
cytes under the basement membrane. X 3560

the endothelial cells. However in any plane of section, the mesangial cells are
clearly demarcated by the mesangial matrix which surrounds them, while the
endothelial cells contact the matrix only over their basal portions.

A degree of endothelial proliferation may be encountered in some capillary
loops (Fig. 6), but their contribution to the total cellularity is generally small.
More conspicuous endothelial proliferation may accompany capillary embolism
and thrombosis, particularly during the stages of organization and regeneration.

The second important feature that was recognized by electron microscopy
and later confirmed by immunofluorescence and even by light microscopy is
the presence of protein deposits (CHURG et al., 1962 ; KIMMELSTIEL ¢t al., 1962).
These deposits are most often seen between the basement membrane and the
visceral epithelial cells (podocytes). The deposits in this location (Fig. 7) are
generally small, “hump-like,” dome or flame-shaped, usually discrete, but
occasionally confluent. On electron microscopy they may be homogeneous
under low magnification and finely granular with high magnification, but
sometimes they are nonhomogeneous showing lighter and darker areas (CHURG
and GRISHMAN, 1972). The latter type of deposit is more often seen in the more
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Fig. 7. Acute proliferative glomerulonephritis, higher magnification. Deposits (so-called

“humps”’) are seen on the epithelial side of the basement membrane. They vary in size

and are non-homogeneous. A polymorphonuclear leukocyte adheres to the basement
membrane on the endothelial side. X 15860

advanced stages of the disease. ANDRES ef al. (1963) noted that in serum
sickness nephritis in animals the denser areas in the deposits contain gamma
globulins and the lighter areas do not. Whether a similar explanation applies
to the deposits in man is unknown. The foot processes over the deposits are
usually effaced, but the underlying basement membrane is unchanged or at
most slightly indented.

In addition to the subepithelial deposits, small subendothelial deposits
may be present. These also tend to be nonhomogeneous. Deposits in the
mesangium are rarely seen by electron microscopy but sometimes may be
demonstrated by immunofluorescence microscopy. Immunofluorescence also
shows that the deposits contain immune globulins, especially IgG and comple-
ment. In some instances streptococcal antigens have been demonstrated by
immune ferritin techniques (ANDRES et al., 1967), mainly in the mesangial
deposits but not in the subepithelial deposits. Though poststreptococcal
glomerulonephritis is believed to be an example of immune complex disease,
the absolute proof of this is not yet available.
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The number and density of the deposits vary considerably from case to
case. In severe cases they are numerous and may be confluent; in mild cases
they may be completely absent (HINGLAIS ef al., 1974). The deposits persist
for only a short time even in the severe cases, at most for several weeks, and
later disappear despite the persistence of the disease. On rare occasions they
may be present for many months or even years though it is not certain whether
they are actually the original deposits or are newly formed. When deposits
are present for a long time they may be accompanied by focal thickening or
projections of basement membrane (“spikes’’). There are also cases on record
where deposits are accompanied by numerous spikes so that the appearance
of the capillary wall is similar to that of membranous nephropathy.

With resolution of the disease the proliferated cells decrease in number
and eventually disappear, the newly formed mesangial matrix is resorbed,
and restitution to normal follows. This process may take several weeks or
months. As the capillaries reopen, the remaining cells can be clearly localized
to the mesangium and the term ““mesangial glomerulonephritis” is sometimes
applied in this situation. This mesangial proliferation may not be uniform
and without the knowledge of previous history, one may think of focal glo-
merulonephritis. In some patients the resolution is very slow, and mesangial
cellularity may be present many months or many years after the acute episode.
Immunoglobulins may also be found along the mesangial cells. Such patients
often have mild clinical symptoms in the form of trace proteinuria or micro-
scopic hematuria, but eventually tend to become symptom-free. It is not
certain whether this healing occurs by complete resolution or by scarring and
obliteration of the few more severely damaged glomeruli. In severe attacks,
in addition to marked cellular proliferation and the subepithelial deposits,
thrombi may occur in the capillary lumina and crescents may form in Bowman’s
space. The presence of one or both of these elements aggravates the prognosis
and when the crescents are very numerous, severe and prolonged renal failure
may ensue, sometimes ending in death. The structure of the crescent will be
described in a subsequent section.

Experimentally a picture closely resembling acute proliferative glomerulo-
nephritis occurs in serum sickness and can be produced by injection of foreign
protein (e.g. bovine serum albumin) into animals (D1xXoN, 1965). Despite the
morphologic similarity, the pathogenetic identity of serum sickness nephritis
and poststreptococcal nephritis is still uncertain.

5. Extracapillary Glomerulonephritis

This form of glomerulonephritis is also known to the clinicians as ““rapidly
progressive glomerulonephritis.” It is characterized clinically by the nephritic
syndrome, sometimes insidious in onset, by anemia which may be severe, and
by rapid progression (weeks or months) to renal failure. The histologic hall-
mark of the disease is the presence of crescents, which are large and numerous.
Crescents may accompany changes in the capillary tuft or may be the sole
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Fig. 8. Extracapillary glomerulonephritis. Cellular crescent occupies the upper part of
the picture. Collapsed glomerular capillaries are seen in the lower right corner. The
arrow indicates a break in the basement membrane. X 3400

or the major change in the glomerulus. The combination of extracapillary
and intercapillary changes is seen in such diseases as poststreptococcal and
other infectious glomerulonephritides, in lupus nephritis, occasionally in mem-
branous nephropathy, in mesangiocapillary or lobular glomerulonephritis, and
a variety of other glomerular diseases. Pure extracapillary glomerulonephritis
may be either idiopathic or associated with systemic diseases such as peri-
arteritis nodosa, Goodpasture’s syndrome, or Wegener’s granulomatosis.

The structure of the crescent is similar in all of these conditions with the
possible exception of that in focal sclerosis (MORITA et al., 1973a). The crescent
begins by proliferation of the cells of Bowman’s capsule. These cells are
normally flat but under the stimulus of the disease, they first become cuboidal
and then form multiple layers which arrange themselves into a crescentic
structure (Fig. 8). The cell cytoplasm tends to vary in appearance from very
light, containing a very small number of organelles, to dark with abundant
rough-surfaced endoplasmic reticulum. The cells are attached to each other
by intercellular junctions but may be separated by narrow clefts containing
precipitated protein material. In addition, erythrocytes and fibrin may be
found between or near the proliferating cells.
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There has been some question whether the visceral epithelial cells, the
podocytes, participate in crescent formation. Recent studies suggest that the
answer is in the affirmative (MORITA ef al., 1973 a). Usually the proliferating
podocytes contribute only a small fraction of the volume of the crescent
though they assume the same appearance as the proliferating cells of Bowman’s
capsule. In some situations such as focal sclerosis, it is the podocytes which
predominate in the crescents.

The purely cellular crescent is rapidly transformed into mixed (fibro-
cellular) form. The intercellular protein precipitates, and other debris is
replaced by intercellular fibers. These at first have the appearance of branching
basement membranes and stain positive with PAS method. Soon they are
either transformed or are augmented by deposition of gradually thickening
collagen fibers which do not stain with PAS. The typical fibrocellular crescent
consists of a fine framework of fibers surrounding single and small groups
of crescentic cells. With further progression the intercellular fibers increase in
thickness and size, gradually compressing the cells and eventually trans-
forming the crescent into a fibrous, acellular, or nearly acellular structure.
This process may take a few weeks or a few months.

Crescents have a profound effect on the structure and function of the
capillary tuft. This effect depends in part on the size of the crescent, the
rapidity of its development, the concurrent changes in the capillary tuft and,
as far as the function of the kidney as a whole, on the percentage of glomeruli
involved by the crescentic formation. In those conditions where the disease
is primarily extracapillary, the tuft responds mainly by collapse of the capil-
laries. However, if there is intercapillary proliferation in the tuft, the capillaries
appear to resist the pressure of the crescent and may eventually recover. In
pure extracapillary glomerulonephritis the presence of crescents in 509, of
the glomeruli is a poor prognostic sign. In poststreptococcal glomerulonephritis
recovery is possible even with 759, involvement.

The changes in the capillary tuft in the “pure” extracapillary glomerulo-
nephritis are not limited to the coliapse of capillaries but also take the form
of protein deposits in and around the basement membrane. In some cases
such as Goodpasture’s syndrome, the deposits are distributed in a diffuse
linear pattern affecting basement membranes of all capillaries. In other
conditions the deposits show varying patterns of short linear stretches or
irregular lumps (CHURG ¢t al., 1973 ; STRIKER et al., 1973). In poststreptococcal
glomerulonephritis and in other diseases in which crescents are incidental, the
pattern of deposits is typical for the disease concerned.

A very interesting finding is the demonstration by electron microscopy
of breaks or defects in the capillary basement membranes (MoRITA ef al.,
1973 a; MIN et al., 1974) (Fig. 8). Such breaks occur in nearly all casesof pure
extracapillary glomerulonephritis and in a lesser percentage of those associated
with intercapillary proliferation. The breaks are of several morphologic
varieties. Some of them may be secondary to crescent formation and some
appear to precede crescent formation. It has been suggested that the early
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breaks are part of the disease process and that they are responsible for leakage
of red blood cells and proteins including fibrinogen into Bowman’s space.
The breaks may be caused by the action of antibasement membrane antibodies
and perhaps also by the action of leukocytes. Once red blood cells and fibrin
escape into Bowman’s space they induce a proliferative reaction on the part
of the epithelial cells. This is the current explanation for the formation of
crescents, though probably any substance which is deposited in Bowman'’s
space through the leaking capillary walls or by disintegration of the capillary
because of necrosis and thrombosis, can produce a similar reaction.

The experimental equivalent of extracapillary glomerulonephritis is some-
times thought to be represented by Masugi (antikidney serum) nephritis
(CHURG and GRISHMAN, 1959), especially because of the linear deposits ot
immunoglobulins in the glomeruli (DIxXoN et al., 1971). Crescents indeed do
occur in this disease, but mesangial proliferation and capillary thrombosis
are also present (CHURG et al., 1960). None of the experimental models is
identical to “‘pure’ extracapillary glomerulonephritis in man.

6. Mesangiocapillary (Membranoproliferative) Glomerulonephritis

The term mesangiocapillary glomerulonephritis (CHURG ef al., 1970) denotes
a form of glomerular disease that is manifested by proteinuria often ac-
companied by the nephrotic syndrome, by frequent hematuria and hyper-
tension, and by low complement levels in the blood. It is also commonly called
membranoproliferative glomerulonephritis (HABIB et al., 1961), hypocom-
plementemic glomerulonephritis (WEST et al., 1965) and for certain histologic
forms, lobular glomerulonephritis. The disease occurs mainly in young people.
It is slowly progressive, ending in renal failure. However, occasional cases with
clinical and histologic recovery have been reported (KINCAID-SMITH, 1973).

On light microscopy the glomeruli are large, show considerable cellularity
with enlargement of the mesangium and thickening of the capillary walls.
If the mesangium in the lobular centers is strikingly enlarged, a picture of
lobular glomerulonephritis is obtained. The term membranoproliferative
glomerulonephritis was introduced by light microscopists who thought that
they were dealing with a combination of proliferative changes and basement
membrane thickening. However, the true nature of the pathologic changes
is revealed by electron microscopy.

The characteristic feature of mesangiocapillary glomerulonephritis is the
extension of the mesangium into the capillary wall between the endothelium
and the basement membrane (CHURG et al., 1965) (Fig.9). This extension
may consist mainly of cells but is usually accompanied by mesangial matrix
and also by formation of protein deposits. The mesangial layer in the capillary
wall completely encircles the lumen or forms shorter or longer stretches along
the basement membrane. Its thickness varies considerably depending upon the
number of cells and especially the amount of matrix. The inner layer of matrix
adjoining the endothelial cells often forms a more or less continuous line which
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Fig. 9. Mesangiocapillary glomerulonephritis. A narrow space encircles the capillary,

separating the basement membrane from a subendothelial layer of mesangial matrix.

The space contains cytoplasm of mesangial cells. Proliferating mesangium occupies the
right corner and lower part of the picture. X 4900

on light microscopy gives the impression of splitting or reduplication of the
basement membrane. However, the latter appears quite normal by electron
microscopy with perhaps slight irregularities in the outline and density. The
epithelial foot processes are usually absent over shorter or longer stretches of
the capillary wall. This is generally related to the degree of proteinuria and
the nephrotic syndrome. The mesangium in the areas of the glomerular stalk
shows proliferation of cells and deposition of matrix. Occasionally a few
polymorphonuclear leukocytes may be present, but this cannot be related
to the severity or duration of the disease.

The second important feature of mesangiocapillary glomerulonephritis is
protein deposits. These may be found in several locations. The most striking
and most common location is the subendothelial space, or more precisely the
subendothelial mesangium. Such deposits are usually discontinuous, forming
smaller and larger “lumps” and sometimes attaining considerable dimensions.
On electron microscopy they appear homogeneous or very finely granular.
By immunofluorescence they are shown to contain the C3 component of
complement, and less constantly and in smaller amounts gamma globulins
such as IgG and IgM and sometimes also IgA (HERMAN et al., 1970). Similar
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deposits may also be found in the stalk within or next to strands of the
mesangial matrix. The deposits may also be present within the basement
membrane, where they often assume a particularly dense appearance (see
following section). Occasionally deposits filter across the basement membrane
and appear in the subepithelial space.

The origin of mesangiocapillary glomerulonephritis is unknown. It sometimes
begins in a manner similar to acute proliferative postinfectious glomerulo-
nephritis though there is no clear-cut evidence of streptococcal etiology in
most cases. It is known that in severe acute proliferative glomerulonephritis
the mesangium may extend into the capillary wall, suggesting that persistence
of this phenomenon may lead to mesangiocapillary glomerulonephritis. How-
ever, it must be remembered that subendothelial extension of the mesangium
is not specific for any disease and may be seen in a variety of situations such
as lupus nephritis, hemolytic-uremic syndrome, or hepatic glomerulosclerosis.

7. Dense Deposit Disease

Dense deposits in the glomerular basement membrane were first described
by BERGER and GALLE (1963). The name is suggested by their electron micro-
scopic appearance. On light microscopy they stain brightly with eosin, im-
parting a ribbon-like character to the capillary walls. On electron microscopy
they are nearly black (Fig. 10) and often completely fill the basement mem-
brane, which is no longer recognizable as such. Such basement membranes
vary in thickness and outline but may show areas free of deposits. In other
cases the dense deposits occupy only part of the width of the basement mem-
brane or form short interrupted stretches.

Dense deposits are frequently associated with mesangiocapillary glomerulo-
nephritis (HABIB et al., 1973). However there are cases where they appear
to constitute the primary glomerular change, or where they accompany other
forms of glomerulonephritis (JENIs et al., 1974). Dense deposits are not limited
to the glomeruli but occur also in and around the tubular basement mem-
branes. Their nature is presently unknown. BERGER and GALLE (1963) sug-
gested that they may include glycoproteins. On immunofluorescence they
sometimes contain complement (C3) but in other instances immunofluorescence
microscopy gives completely negative results. The peritubular deposits contain
C3 more often than the glomeruli. Dense deposits stain well with thioflavin T
but this is a nonspecific reaction.

Patients with dense deposits eventually develop renal failure. It had been
demonstrated that at least in some cases the deposits reappear in the transplant
though at first they do not cause any obviously glomerular damage (GALLE
et al., 1971). The eventual fate of such transplants is presently unknown.

8. Focal Glomerulonephritis

Focal glomerulonephritis is defined as an inflammatory process affecting
only some glomeruli, while others remain normal. If some segments of glomeruli
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Fig. 10. Dense deposit disease. Dense deposit occupies the central part of a widened
basement membrane. Proliferating mesangium is seen on the right side of the picture.
X 10660

are involved, with the remainder of the lobules being unchanged, the term
“segmental” applies. Usually the lesions are both focal and segmental. The
term ‘““focal glomerulonephritis” is descriptive. The lesion may occur as a
disease limited to the kidneys, or it may be part of a systemic affection. The
etiology and pathogenesis vary with the disease.

Several histologic types of focal glomerulonephritis are recognized, although
there may be some overlap.

Focal suppurative glomerulonephritis occurs in patients with septicemia
caused by virulent microorganisms, such as Staphylococcus aureus (ZOLLINGER,
1966). It is characterized by polymorphonuclear leukocytic infiltration of
part of a glomerulus, but soon leads to abscess formation and destruction of
the whole glomerulus and surrounding tissue.

Focal proliferative glomerulonephritis is similar to diffuse proliferative,
showing increase in mesangial cells and matrix. However, this proliferation is
limited to only some glomeruli and to segments of these glomeruli. An example
is glomerulonephritis in rheumatic fever. In this disease, focal segmental
glomerulitis was observed in 2 of 22 patients; it consisted of slight segmental
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Fig. 11. Focal glomerulonephritis induced by yeast. A yeast body (upper left corner)
is located in a polymorphonuclear leukocyte. Other leukocytes are also present in the
picture. Fibrinoid material lies in the capillary under the endothelium along the base-
ment membrane (upper right corner). Mesangial cell is seen at the bottom of the picture
(reproduced from: Acute Focal Glomerulonephritis in the Rabbit Induced by Injection
of Saccharomyces cerevisiae by Wiliam H. Jounston and Harrisson LatTa, Lab.
Invest. 26, 741—-754, 1972, with permission of the authors and the International Academy
of Pathology). X 10000

proliferation of mesangial cells and a few small dense deposits in the mesangial
matrix (GRISHMAN ef al., 1967).

An experimental model of focal glomerulonephritis in the rabbit has been
produced by JorHNSTON and LATTA (1972), who injected a suspension of
Saccharomyces cerevisiae into the renal artery. The resulting lesion resembled
both the suppurative and the proliferative focal glomerulonephritis (Fig. 11)
and sometimes led to focal or diffuse necrosis of the glomerulus.

The focal glomerulonephritis of IgA-nephropathy, first described by BERGER
and HinGLAIs (1968), is also mainly proliferative. Patients suffering from this
disease have asymptomatic attacks of microscopic or gross hematuria, which
are often associated with respiratory infections. On light microscopy, there
may be diffuse widening of mesangial areas, but frequently there is focal or
segmental proliferative glomerulonephritis involving mainly mesangial cells,
while other glomeruli appear normal. Immunofluorescence microscopy shows
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Fig. 12. Berger’s disease (IgA-IgG). Fluffy deposits in the mesangium along the base-
ment membrane. X21300

the presence of diffuse mesangial deposits of IgA, and sometimes IgG and C3.
On electron microscopy, there is an increase of mesangial cells and matrix with
“woolly”” electron dense deposits in the mesangium (Fig. 12), and basement
membrane of capillary loops (DAVIES et al., 1973). In addition, there may be
deposits in Bowman’s capsule and in the arterioles entering the glomerular
hilum (McCovy et al., 1974). Epithelial and endothelial cells are usually un-
remarkable. MCENERY et al. (1973) found deposits mainly on the mesangial
side of that portion of the basement membrane that is nonfiltering. Mesangial
cells are described as proliferative with an increased number of organelles and
anincrease in cytoplasmic mass. There is general agreement that the diagnosis of
IgA-nephropathy can only be made by means of immunofluorescence microscopy.

Another form of focal, segmental proliferative glomerulonephritis was
observed by VAN DE PUTTE et al. (1974) in a group of 22 patients with hema-
turia. The glomerular lesion was also associated with mesangial dense deposits
which, however, on immunofluorescence microscopy contained mainly IgM,
C3 and C1q.

Focal necrotizing glomerulonephritis may represent a more severe form of
the preceding types. However, necrosis is most often due to capillary thrombosis
and probably follows damage or destruction of the endothelium. Patients
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suffering from so-called benign recurvent hematuria, an intrinsic renal disease,
frequently present focal and segmental glomerulonephritis which is charac-
terized on light microscopy by localized areas of cellular proliferation, or small
foci of necrosis and intravascular thrombosis (HEPTINSTALL, 1973). Electron
microscopic studies of focal glomerulonephritis in five patients with recurrent
hematuria were described by LANNIGAN and INSLEY (1965), who found focal
increase of mesangial matrix, folding and thickening of basement membranes
and, in one case, electron-dense mesangial deposits. In another study of
31 children (SINGER et al., 1968) many dense deposits were observed, usually
related to the basement membrane, either subepithelial, intramembranous,
or subendothelial. Since none of these studies includes immunofluorescence
examinations, it is possible that some cases actually belong in the group of
IgA-nephropathy.

The classic example of a systemic disease associated with focal necrotizing
glomerulonephritis is that occurring in patients with subacute bacterial endo-
carditrs. This lesion was first described by LOHLEIN (1910) as focal embolic
glomerulonephritis. It was called thrombocapillaritis by ZOLLINGER (1960).
Because of antibiotic treatment of the underlying endocarditis, the active
lesion has become rare in recent years, and there are no conclusive reports of
its electron microscopic appearance.

A histologically similar lesion may be seen in patients with anaphylactoid
purpura. This disease, occurring mainly in children, affects the small blood
vessels of the skin, gastrointestinal tract, and frequently the glomeruli. The
glomerular lesions are segmental and characterized by foci of hypercellularity,
sometimes associated with intracapillary thrombosis, necrosis, and small cres-
cents. Electron microscopy reveals endothelial cell hyperplasia, increase of
mesangial matrix, focal foot process fusion, and platelets and fibrin in capillary
lumina. Electron dense deposits are partly mesangial, partly subendothelial,
and have a fluffy, granular, and fibrillar appearance (URIZAR et al., 1968).
They often contain IgA in addition to IgG, C3, and fibrin.

The glomerular lesion occurring in patients with Wegener’s granulomatosis
is also segmental and necrotizing. The additional finding of granulomas and
vasculitis on light microscopy may be helpful in differentiating it from other
types of focal necrotizing glomerulonephritis, but these lesions may be absent
in the kidney. HORN et al. (1974) examined 18 renal biopsies from patients
with Wegener’s granulomatosis by electron microscopy; they found microfocal
sclerosis and subepithelial dense deposits which they interpreted as immune
complexes; the antigen remains, however, unknown. The deposits correspond
to coarse granules that can be visualized by staining with fluorescinated anti-
IgG and complement (ROBACK et al., 1969).

Polyarterstis, which is closely related to Wegener’s granulomatosis, may
involve the larger arteries, or sometimes the microvasculature of glomeruli.
In the latter, the microscopic form of polyarteritis, the glomerular lesions are
often segmental with fibrinoid necrosis and podocyte reaction, and resemble
those seen in Wegener’s granulomatosis.
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Focal sclerosing glomerulonephritis may be the end result of focal prolif-
erative or necrotizing glomerulonephritis, e.g. in patients with treated sub-
acute bacterial endocarditis or healed Henoch-Schénlein syndrome. By defini-
tion, it represents an inactive process and is characterized by acellular glo-
merular segments showing collapse of capillaries, ingrowth of collagen fibers
and adhesions to Bowman'’s capsule. It must be distinguished from a somewhat
similar, but active disease, termed focal glomerular sclerosis.

Focal proliferative and sclevosing glomerulonephritis may on occasion be the
outcome of an incompletely resolved diffuse proliferative glomerulonephritis.

The renal changes in systemic lupus erythematosus, Goodpasture’s syn-
drome, and hereditary nephritis may, at times, be focal or segmental. These
lesions are discussed in other sections.

9. Chronic Glomerulonephritis

Chronic glomerulonephritis is a term broadly applied to various advanced
glomerular diseases characterized by predominance of sclerosis over cellular
proliferation. Chronic glomerulonephritis may be the result of acute prolif-
erative glomerulonephritis, mesangiocapillary glomerulonephritis, membranous
nephropathy, or a variety of other diseases. Sometimes specific features may
be recognized in at least some glomeruli; e.g., advanced membranous nephro-
pathy may still show subepithelial spikes and deposits in a few capillary loops.
On electron microscopy the mesangial matrix is abundant, forming thick
strands and masses. It is sometimes nonhomogeneous, containing vacuoles,
fragments of cytoplasm, lipid and protein deposits, and often fibrils of collagen.
The process of sclerosis is irreversible and ends in total loss of glomerulus,
frequently followed by absorption of Bowman’s capsule and of the collapsed
capillary walls.

10. Hereditary Nephritides

Of the several forms of hereditary nephritis, two show rather specific
changes on electron microscopy. One of these is Alport’s syndrome, which is
characterized by progressive glomerular damage, especially evident in males.
It begins in childhood with manifestations of hematuria and ends in renal
failure at a relatively young age. Women generally do better and can survive
to old age. Children usually show no significant changes on light microscopy
or at most a minor thickening of capillary basement membranes. By electron
microscopy this thickening is often found to be caused by extensive longi-
tudinal splitting of the glomerular basement membrane with small dark
particles located between the split layers (HINGLAIS et al., 1972; SPEAR and
SLUSSER, 1972; CHURG and SHERMAN, 1973) (Fig. 13). The nature of the dark
particles is uncertain; they may possibly represent trapped lipid droplets. In
more severe cases disruption of the basement membrane and actucal breaks
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Fig. 13. Hereditary nephritis. There is longitudinal splitting of the basement membrane
with clear spaces and small dark particles. x 18700

may be seen. The lesion is probably nonspecific but when it is seen in a specific
clinical setting and is associated with no, or only minimal changes by light
microscopy, it may be considered diagnostic of Alport’s syndrome. The
basement membranes of Bowman’s capsule and of the tubules may also show
splitting and accumulation of lipid. Such lesions cannot be distinguished from
those seen in nephrotic syndrome of various etiologies. However, they may
be considered significant if the blood lipid levels are normal.

The second disease that shows characteristic electron microscopic changes
is the nail-patella syndrome. In addition to changes in the bones and joints,
these patients sometimes show progressive renal disease which in its advanced
stages resembles chronic glomerulonephritis. In the early stages the only
visible lesion may be thickening of glomerular basement membranes. On
electron microscopy the thickening is due to deposition of thick bundles of
collagen within the lamina densa (Fig. 14). Similar bundles may also be seen
in the mesangial matrix (BEN-BASSAT efal., 1971; MORITA efal., 1973 D)
(Fig. 14).
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Fig. 14. Nail patella syndrome. Widening of basement membrane with dark bundles of
collagen in the basement membrane and in the mesangial matrix. Phosphotungstic
hematoxylin stain. X 7000

III. Glomerulonephritis of Systemic Diseases
1. Lupus Nephritis

The study of lupus nephritis by electron microscopy has contributed
greatly to the understanding of this disease. Lupus nephritis is one of the
classic immune complex nephritides, antigen and antibody having both been
recovered from the kidney (KOFFLER et al., 1967). It is presumed that these are
combined into complexes and appear structurally as electron dense deposits
(EDD) which correspond to immune globulins and complement demonstrated
by fluorescence microscopy (MELLORs ef al., 1957). Dense deposits were
visualized for the first time by FARQUHAR ef al. (1957) who correlated them
with fibrinoid seen by light microscopy. Electron microscopy serves to localize
these deposits in relation to cellular and extracellular components of the
glomerulus. Thus, it was found that EDD may be present in the mesangium,
and in the subendothelial and the subepithelial spaces. The amount and
localization of the deposits are probably responsible for the type of lupus
nephritis in an individual patient.
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Fig. 15. Lupus nephritis. Mesangial deposits along the basement membrane and the
mesangial matrix. X 12200

We distinguish five forms of lupus nephritis: minimal, focal, mesangial,
diffuse, and membranous (McCLUSKY, 1970; KOFFLER et al., 1969). In the
first two groups there are usually few (or no) deposits. Mesangial lupus nephritis
shows mainly mesangial deposits; the membranous form, subepithelial and
mesangial deposits, and diffuse lupus nephritis, a mixture of subendothelial,
subepithelial, and mesangial deposits. The presence of this mixture of deposits
is highly suggestive, though not absolutely diagnostic, for lupus nephritis.
It has been postulated that the localization of deposits depends on the molecular
size of the immune complexes (GERMUTH and RODRIGUEZ, 1973).

Mesangial deposits (Fig. 15) are the most common, are often present even
in asymptomatic minimal disease, and are probably caused by the phagocytic
activity of the mesangial cells which remove these complexes from the circula-
tion. “Wire loops’’ are massive subendothelial deposits of proteins (Fig. 16)
and were originally recognized on light microscopy as a characteristic feature
of lupus nephritis (KLEMPERER eéf al., 1941). They are usually found in active
diffuse lupus nephritis and connote a poor prognosis (DUJOVNE et al., 1972;
CoMERFORD and COHEN, 1967; GRISHMAN e¢f al., 1973). COMERFORD and COHEN
(1967) were the first to correlate the localization of deposits with the clinical
presentation of the disease. It has also been shown that the number of deposits
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Fig. 16. Lupus nephritis. Large subendothelial deposit (‘‘wire-loop”’). X 13800

can be related to the outcome. In general, patients with few deposits have
better prognosis than those with large, massive deposits, who often show
progression of the disease.

Membranous lupus nephritis resembles membranous nephropathy clinically
and histologically, but is usually accompanied by mesangial deposits, which
are extremely rare in nonspecific membranous nephropathy. Patients with
this type of lesion are usually nephrotic and may have a prolonged course
lasting many years. While the pure membranous form of lupus nephritis is
rare (59%, in our experience), focal subepithelial deposits are common, occurring
in about 259%, of cases. Electron dense deposits, especially subendothelial,
often decrease after immunosuppressive treatment, but this does not usually
prevent the nonspecific mesangial proliferation and scarring (DUJOVNE et al.,
1972; GRISHMAN ¢t al., 1973). If patients die in renal failure after many years
of steroid therapy, the kidneys are usually small and show the picture of non-
specific chronic glomerulonephritis with few deposits.

Electron dense deposits in varying amounts are also found around tubular
basement membranes, capillaries, and in the wall of larger blood vessels.

Most of the deposits appear finely granular, but occasionally they show
organized ‘“‘fingerprint-like”” structures (Fig. 17) (Grishman et al., 1967) which
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Fig. 17. Lupus nephritis. Subendothelial deposit of “‘fingerprint”’ pattern. X 65000

are possibly due to the presence of phospholipids (WooDb, 1972) and have been ex-
perimentally produced by repeated immunization of mice with egg albumin
(OKUMURA, 1973). Though most of the fingerprint-like deposits are found in pa-
tients with systemic lupus erythematosus, they are not specific for this disease,
having been observed also in patients with other types of glomerulonephritis.

Cellular changes found in lupus nephritis consist of increase and enlarge-
ment of mesangial cells, swelling of endothelial and epithelial cells and, in
patients with marked proteinuria, loss of foot processes. All cells show abundant
cytolysosomes and prominent mitochondria. Frequently, there is circumferen-
tial subendothelial extension of mesangial cells resembling mesangiocapillary
glomerulonephritis. It is believed that most of these cellular changes are a
secondary response to the deposition of immune complexes. The glomerular
basement membrane is frequently thickened.

Another electron microscopic feature found in almost all cases of lupus
nephritis is membrane-enclosed tubular arrays within the cytoplasm of endo-
thelial and sometimes other cells (GYORKEY et al., 1972) (Fig. 18). If a sufficient
number of glomeruli are examined, tubular arrays may be found in close to
1009, of patients. They may also be found in endothelial cells of intertubular
capillaries, as well as skin, muscle, and liver capillaries (DuBo1s and ARTER-
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Fig. 18. Lupus nephritis. A myxovirus-like structure in an endothelial cell is indicated
by an arrow. X 38850

BERRY, 1974). They are, however, not specific for lupus, having been demon-
strated also in other renal diseases. Nevertheless, their prevalence in patients
with systemic lupus erythematosus serves as a valuable adjunct in the diagnosis
of this disease. Morphologically, the tubular structures resemble myxovirus
particles, but are composed mainly of phospholipid and acid glycoprotein
(SCHAFF et al., 1973). It is unlikely that they are of viral origin since they
have been recently produced experimentally in cultured lymphocytes (POTHIER
et al., 1973). They may be related to the synthesis of gamma globulin, or may
represent a cell organelle formed in endothelial cells in response to injury.

Hematoxylin bodies, which are the only specific feature of systemic lupus
erythematosus, have been described in electron microscopic investigations
(CoMerrFORD and COHEN, 1967), but are difficult to recognize structurally.

There are several spontaneous diseases in animals which resemble human
systemic lupus erythematosus and which are accompanied by glomerulo-
nephritis. In dogs the disease is manifested by autoimmune hemolytic anemia,
thrombocytopenia, and positive lupus preparation. The glomerular lesions
include “wire-loops”” and progressive inflammation and sclerosis leading to
renal failure (LEWIS ef al., 1965). In New Zealand mice, particularly in the
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hybrid NZB/W, deposits of gamma globulin and complement as well as DNA
are seen along the glomerular basement membranes and in the mesangium.
The animals have hemolytic anemia and die in renal failure (BIELsScHOWSKY
et al., 1959). There are suggestions that the disease is induced or at least
aggravated by viral infection or infections (MELLORS ef al., 1971; TONIETTI
et al., 1970). In the Aleutian mink the disease is definitely caused by virus
(ADV) (HeNsoN et al., 1962; GORHAM et al., 1964) and is characterized by
glomerulonephritis resembling lupus nephritis, by arteritis, and by plasma
cell infiltrates in many organs.

2. Hemolytic Uremic Syndrome and Thrombotic Thrombocytopenic
Purpura

Hemolytic uremic syndrome (HUS) and thrombotic thrombocytopenic
purpura (TTP) are two diseases that have many clinical and laboratory
features in common. They also produce similar histologic lesions in the kidney.
Hemolytic uremic syndrome was first described by GASSER et al. (1955) in
children but is also known to occur in adults. It is characterized by acute
anemia of the hemolytic type with fragmented and distorted erythrocytes and
evidence of hemolysis, by thrombocytopenia, and by acute renal insufficiency.
Other organs in the body are rarely involved and then only to a mild degree.
The main clinical manifestations of TTP are similar and also include hemolytic
anemia and thrombocytopenia. Renal insufficiency, though, is rare and
involvement of other organs, especially of the central nervous system, is very
common. TTP occurs primarily in adults.

On histologic examination the kidney shows lesions in the glomeruli and
in the arteries and arterioles. Tubules are involved only secondarily. This
consists of patchy or more extensive necrosis and may be accompanied by
necrosis of the glomeruli up to the point of extensive cortical necrosis.

The glomerular lesions are often subtle and may be minimal on light
microscopy (HABIB ef al., 1967). In more severe cases thrombi may be present
in the capillary lumina. The characteristic feature of the disease is found on
electron microscopy. It consists of swelling and separation of the endothelium
from the basement membrane (VITSKY et al., 1969) and sometimes focal
destruction of the endothelial cells (FRANKLIN ef al., 1972). The subendothelial
space becomes filled with pale, finely granular (Fig. 19), or sometimes finely
fibrillar material occasionally with a suggestion of periodicity. This material
stains strongly by immunofluorescence methods for fibrinogen or fibrin
(KoFFLER and PARONETTO, 1966). It varies in amount with the severity and
duration of illness and tends to disappear with recovery but may persist for
a considerable length of time. Mesangial cells may invade the subendothelial
space and in more advanced cases mesangial matrix is laid down in a manner
reminiscent of mesangiocapillary glomerulonephritis. Glomerular thrombi con-
tain fibrin. They may cause complete obstruction and necrosis of the glomerulus
and of the corresponding tubules.
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Fig. 19. Hemolytic uremic syndrome. The endothelium is separated from the basement
membrane by very pale fluffy deposits (arrow) and cytoplasm of mesangial cells. X 6850

In addition to the endothelial detachment and capillary thrombosis,
glomeruli may show other changes, some of which are recognizable on light
microscopy. Fragmented red cells are noted in some cases. Cellular prolifera-
tion is rare in the early stage and may take the form of focal collections of
polymorphonuclear leukocytes or of mononuclear cells, either endothelial or
mesangial in origin. If the glomerular process does not resolve, a more striking,
mainly mesangial proliferation occurs, simulating glomerulonephritis on light
microscopy. However, on electron microscopy the presence of endothelial
detachment and the characteristic granular or fibrillar pale material in the
subendothelial spaces will establish the diagnosis. The arterial lesions involve
arcuate and interlobular arteries and arterioles. These lesions are in many
ways analogous to those in the glomerulus. There may be luminal thrombosis
progressing to organization. The arterial walls in larger arteries show mucoid
intimal swelling and fibrosis, and those of small arteries and arterioles, hya-
linization and fibrinoid necrosis. In some cases electron microscopy reveals
separation of the endothelium with accumulation of pale material in the sub-
endothelial space in a manner closely reminiscent of the glomerular lesion.
A very characteristic change is an aneurysm of the afferent arterioles at the
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point of entry into the glomerulus (ORBISON, 1952). The aneurysm is frequently
filled with thrombus, which may undergo ‘ glomeruloid”’ organization (UMLAS,
1972).

Progression of the glomerular lesions results in bland sclerosis with partial
preservation of the lobular architecture. This process seems to ensue from
organization of subendothelial and probably mesangial deposits. If a sufficient
number of glomeruli are affected, permanent renal failure will ensue.

Thrombosis and organization will often result in permanent narrowing of
the arterial lumina and consequent hypertension. This hypertension may attain
malignant levels and lead to a variety of complications. In such cases fibrinoid
necrosis of the arterioles and intimal swelling and fibrosis of the arteries may
dominate the picture, and the distinction from primary malignant hyper-
tension is often difficult even on the electron microscopic level, particularly
since primary malignant hypertension may be accompanied by manifestations
of hemolytic uremic syndrome (LINTON et al., 1969).

The renal changes in TTP are similar in all histologic details but usually
much milder. However aneurysms of afferent arterioles are not infrequent.

The hemolytic uremic syndrome is often interpreted as a form of dis-
seminated intravascular coagulation (DIC) and compared with the experimen-
tal Shwartzman phenomenon (ERSLEV and SHAPIRO, 1971). While there are
many similarities, there are also significant differences: In contrast to DIC,
consumption of coagulation factors in hemolytic uremic syndrome is small
and inconstant. In the Shwartzman reaction, glomerular capillaries become
filled with fibrin exhibiting fibrillar structure with defined periodicity, and
subendothelial deposits, if they occur, also consist of the same material. In
hemolytic uremic syndrome, as has already been shown, the subendothelial
deposits are usually granular or structureless, and do not stain for fibrin;
intraluminal thrombi are relatively infrequent. There are suggestions that in
hemolytic uremic syndrome the primary event is endothelial damage with
secondary deposition of complete or incomplete coagulation products. How-
ever, it is possible that hemolytic uremic syndrome differs from DIC not so
much in the initiating event as in the degree and speed, and perhaps, deviation
of coagulation process from its usual pathway.

3. Radiation Nephritis

Accidental or deliberate exposure of the kidney to therapeutic radiation
induces changes in the glomeruli, tubules and blood vessels whose severity
varies with the dose and which tend to progress with time. On light micro-
scopy tubules and arteries appear to be primarily affected. The glomerular
changes, often interpreted as secondary or late, are manifested by progressive
sclerosis with little or no cellular proliferation, by thickening of the capillary
walls, and by increase of the mesangial matrix. There are very few data on
the electron microscopic appearance of glomeruli in human radiation nephritis.
One case was studied by ROSEN et al. (1964), who found mesangial ingrowth
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Fig. 20. Experimental radiation nephritis. Endothelium is detached from the basement
membrane. The resulting space (arrows) is filled by fine protein precipitate of the same
density as that in the capillary lumen. (Courtesy of Dr. A. MADRAZO.) X 21350

between the endothelium and the basement membrane and deposition of a
large amount of material apparently representing new basement membrane.

The explanation of these changes is provided by experimental studies
that suggest that one of the earliest radiation effects (MADRAZO et al., 1969,
1970) is detachment of the endothelium from the basement membrane of the
glomerular capillaries (Fig. 20), and formation of new basement membrane
by the detached endothelial cells. The space between the two basement mem-
branes becomes filled by proliferating mesangium or by multiple layers of
basement membrane. The glomerular mesangium shows slight cellular prolifera-
tion accompanied by lysis of the mesangial matrix. Later, mesangial sclerosis
supervenes. Radiation also affects the glomerular cells, which show distortion
of mitochondria, accumulation of vacuoles and lipid droplets, and nuclear
pleomorphism. The cells either recover or regenerate and retain their ability
to form intercellular material, i.e. basement membranes and mesangial matrix.

Tubular cells also undergo degeneration and become detached from their
basement membranes. If severely affected, the cells disappear completely,
leaving empty skeletons of basement membranes. If the damage is less severe,
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the recovering or regenerating cells form a new basement membrane and the
space between the new and the old membrane becomes filled by collagenous
tissue. Often recovery is incomplete, the tubules have an atrophic appearance
and are lined by small cuboidal cells. The arterial lesions, consisting of extensive
necrosis of the wall accompanied by thrombosis, usually appear late, con-
tributing to the final destruction of the kidney. In the early stages only focal
detachment of the endothelium from the arterial wall and some degeneration
of the muscularis may be noted. The slow development of the vascular lesions
is probably due to the low replication rate of their cells.

4. Hepatic Glomerulosclerosis

Hepatic glomerulosclerosis is defined as glomerular disease accompanying
acute and chronic disturbances of the liver. Glomerular changes occur in liver
cirrhosis (BLooDWORTH and SOMMERS, 1959) but also in acute viral hepatitis
and in toxic liver damage (SAKAGUCHI efal., 1965a; FISHER and PEREZz-
STABLE, 1968). On light microscopy these changes are usually mild, but occa-
sionally are severe enough to be described as glomerulonephritis (Fig. 21).
In the mild cases the only prominent feature by light microscopy is thickening
of the mesangial stalk with perhaps a suggestion of thickening of capillary
walls. On electron microscopy several types of deposits may be observed in
subepithelial spaces and the mesangium. One type is represented by fine
osmiophilic granules 5-10 nm in diameter without a definite limiting mem-
brane. A second type of deposit is amorphous and the third type consists
of very dense (black) particles, rounded or irregular and measuring up to
100 nm in diameter. These particles are found mainly in the mesangial matrix.

In the more severe, particularly in the chronic cases, in addition to the
deposits, there is an obvious increase in the amount of mesangial matrix
(Fig. 21). The basement membranes of the capillaries also become thickened,
though at this stage it is not always clear whether this thickening is due to
the increase in the amount of basement membrane material or to organization
of the previously laid down deposits. Quite often the mesangial matrix con-
tains lamellated deposits of calcium.

With further progression of the disease the capillary wall becomes involved.
This is manifested by considerable thickening and progressive irregularity of
the basement membrane with focal indentations (notches) on the epithelial
side and focal loss of foot processes. If the patient develops massive proteinuria
or nephrotic syndrome, the loss of foot processes becomes diffuse.

Lesions of renal glomeruli often accompany experimentally induced liver
disease. Ligation of the bile duct in the rat causes temporary jaundice and
deposition of dense black particles 40-60 nm in diameter between the endo-
thelium and the basement membrane, apparently within the lamina rara
interna (SAKAGUCHI et al., 1965b). These granules are generally short lived
and tend to disappear within 2-3 weeks. If the jaundice persists, moderate
thickening of the capillary basement membranes, focal loss of foot processes,
and some mesangial increase may be noted (Fig. 22).
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Fig. 21. Severe hepatic glomerulosclerosis. There is proliferation of mesangial cells and
increase of mesangial matrix. Note marked ‘‘mottling”’ of the mesangial matrix. Many
of the clear spaces contain small dark particles. X4 500

In animals in which chronic liver disease has been induced by administra-
tion of carbon tetrachloride or of ethionine, glomeruli show progressive thicken-
ing of the mesangium and of the capillary basement membrane with loss of
foot processes (SAKAGUCHI et al., 1964). This is accompanied by accumulation
of amorphous proteinaceous material and of osmiophilic granules 5-10 nm in
diameter between the endothelium and the basement membrane and in the
mesangium. These deposits appear to undergo organization, thus adding to
the thickening of the basement membrane and to the increase of the mesangial
matrix.

5. Pre-eclamptic Nephropathy

The characteristic feature of pre-eclamptic nephropathy is an enlarged,
bloodless glomerulus that shows little or no cellular proliferation. By light
microscopy the cause of these changes is not easily discerned. However,
electron microscopy clearly demonstrates two processes that are responsible
for the obstruction of the capillaries and the thickening of the mesangium.
One is a striking edema of endothelial and mesangial cells, accompanied by
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Fig. 22. Experimental bile duct ligation. There is focal proliferation of mesangium with
many clear spaces in the matrix and dense particles. Note similarity to the human
hepatic glomerulosclerosis. (Courtesy of Dr. H. SAKAGUCHI.) X 15300

formation of intracytoplasmic vacuoles and intraluminal blebs (SPARGO et al.,
1959). Edema of the mesangial cells imparts a reticulated appearance to the
mesangium. The second factor responsible for the narrowing of the capillary
lumina is subendothelial and mesangial deposits (MAUTNER et al., 1962 ; PIRANI
et al., 1963 ; FarTH and TRUMP, 1966) (Fig. 23). These tend to be finely granular
and of moderate density, though some may be dark and coarse. A mixture
of lighter and darker deposits may be found in the same capillary. The presence
of deposits is usually associated with proteinuria though this is seldom severe
enough to cause more than a focal loss of foot processes. By immunofluorescence
the deposits consist mainly of fibrinogen or fibrinogen derivatives (MORRIS
et al., 1964). Sometimes gamma globulins may also be present but inconstantly
and in small amounts. The swollen endothelial and mesangial cells also contain
material that has immunofluorescent properties of fibrinogen derivatives. No
actual fibrin is found in pre-eclamptic nephropathy, but in eclampsia thrombi
may occur in the glomerular capillaries. The subendothelial deposits are short-
lived and usually disappear after the delivery with improvement in the
patient’s condition. The cellular edema may persist longer, occasionally for
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Fig. 23. Toxemia of pregnancy, resolving stage. The capillary lumen is patent, the endo-
thelial cell is of approximately normal size. There is granular deposit in the overlying
mesangial space. X 11600

months or years after the delivery. Pregnant sheep kept on low protein diet
and actively exercised develop renal lesions similar to those of human pre-
eclampsia (FERRIS et al., 1969).

IV. Transplantation

Electron microscopy has served as an important aid in the analysis of
glomerular lesions of transplanted kidneys, since on light microscopy, many
of these lesions resemble various types of glomerulonephritis.

The changes in transplant-glomerulopathy have recently been described
in great detail by ZOLLINGER et al. (1973) in this journal. We will therefore
limit ourselves to a brief discussion. In general, our findings agree with those
of ZOLLINGER’s.

The most striking ultrastructural change in glomeruli is the variable
thickening of the lamina rara interna of the capillary basement membrane
(HAMBURGER ¢t al., 1972 ; HULME et al., 1972), which can take on extraordinary
proportions in long-term survivors (BUScH et al., 1971) (Fig. 24). The thicken-
ing is due to subendothelial accumulation of electron lucent flocculent material,
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Fig. 24. Transplant glomerulopathy. Marked widening of the lamina rara interna (arrows),
proliferation of endothelial cells and focal effacement of foot processes. x4 800

which may contain IgM, IgA, fibrin, and complement (ANDRES ¢f al., 1970;
PORTER et al., 1068), as well as remnants of cytoplasmic structures. This
process leads to marked narrowing of capillary lumina. Newly formed thin
lamellae of basement membrane are sometimes present under the endothelium.

Electron dense deposits may be found in various locations along the base-
ment membrane, and may, on occasion, be so numerous as to resemble mem-
branous nephropathy (OLSEN et al., 1974). Endothelial cells are usually swollen
and vacuolated. The mesangium becomes slightly enlarged, and mesangial
cell processes may extend into the subendothelial spaces. The podocytes show
swelling and variable degrees of foot process loss.

Spherical particles (BURKHOLDER ef al., 1973) of various sizes may be
present subepithelially or within the basement membrane (ROWLANDS et al.,
1970; OLSEN et al., 1974). It has been suggested that such particles represent
herpes virus capsids (BuscH ef al., 1971), though this is doubted by other
authors (OLSEN et al., 1974).

The arteries and arterioles show marked intimal thickening, insudation of
plasma elements into the wall, and narrowing of the lumina, causing additional
ischemic changes in glomeruli.
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The mononuclear cells infiltrating the interstitium and tubules have been
identified electron microscopically (ROSENAU ef al., 1969; HAMBURGER, 1972)
as large lymphocytes with abundant cytoplasm, rough endoplasmic reticulum,
many free ribosomes, but few other cell organelles.

Vascular and glomerular changes are believed to be due to primary damage
of endothelial cells, possibly by humoral antibodies (ROWLANDS and BOSSEN,
1969). This damage facilitates penetration of plasma elements under the endo-
thelium. The mononuclear cell infiltrate in the interstitial tissue is, on the
other hand, the result of cellular immunity. Since almost all patients with
renal transplants receive immunosuppressive drugs, the rejection changes are
modified. Cellular immunity is markedly suppressed by steroids, but endo-
thelial changes are only partly counteracted. ZOLLINGER et al. (1973) postulate
that each individual patient reaches maximum rejection changes in about
5-12 months, and later remains stable; the degree of these changes varies
from one patient to another. It has also been stated that there is a rough
correlation between the degree of glomerular changes and HL-A-compatibility
(HULME et al., 1972; ROWLANDS et al., 1970; ZOLLINGER ¢f al., 1973).
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