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There is general agreement that in the glomerulus, as in other organs,
amyloid has a fibrous ultrastructure.1 Recent studies on glomerular
amyloidosis demonstrate that the fibrils accumulate along the mesangial
matrix and the basement membrane. The intimate relationships among
the three types of glomerular cells and the amyloid fibrils have also
been noted, and the mesangial cell has been designated as most likely
responsible for amyloid accumulation. While a basement membrane is
present on most occasions, it may be somewhat distorted in heavy ac-
cumulations of amyloid fibrils. The similarity of the ultrastructural fea-
tures between human and experimentally induced amyloidosis, as well
as among the different types of human amyloidosis, has been pointed out
and no significant ultrastructural difference between them has been re-
ported.216

In the course of our studies of human and experimental amyloidosis,
several new observations have been made on the interrelationships of
the various renal glomerular cells, the extracellular elements, and amy-
loid fibrils. It is the purpose of this communication (i) to re-evaluate
the glomerular ultrastructure in amyloidosis, (2) to point out several
differences between the fine structure in the human disease and the ex-
perimental model, and (3) to describe several new ultrastructural fea-
tures of glomerular amyloidosis.

MATERIALS AND METHODS
Amyloidosis was induced in a group of New Zealand white rabbits by twice-weekly

injections of 12% sodium caseinate as previously reported.17 Six rabbits had renal
amyloidosis and constituted part of this study. Human renal amyloid was obtained
by percutaneous renal biopsy * in four instances and at necropsy from six individuals
who had died with various forms of the disorder. Of the io patients, 3 had no asso-
ciated disease (primary amyloidosis), 6 had secondary amyloidosis, and i had
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TABLE I
CLINICOPATHOLOGIC CHARACTERISTICS OF PATIENTS STUDIED

Tinctorial characteristics
of amyloid

Clinical Clinical Glomerular
Case Age classification manifestations amytoid Congo Green
No. (Yr.) Sex of amyloid of renal disease (Amount)* red birefringence t

x 59 M Secondary
(rheumatoid
arthritis)

2 63 M Secondary
(tuberculosis)

3 63 F Secondary
(tuberculosis)

4 70 M Secondary
(paraplegia &

chronic
pyelonephritis)

Nephrosis;
azotemia

Nephrosis;
azotemia

Azotemia

Proteinuria
(<3.5gm./
24 hr.)

5 76 M Secondary Nephrosis;
(tuberculosis) azotemia

6 68 M Secondary
(bronchiectasis)

7 49 F Primary

Nephrosis

Proteinuria
(trace)

8 56 M Primary Nephrosis;
azotemia

9 50 F Primary Nephrosis;
azotemia

10 80 M Myeloma
associated

Azotenia

2+ + +

3+ + +

3+ + +

4+ + +

4+ + +

3+ + +

2+ + +

4+ + +

3+ + +

4+ + +

* Estimated replacement of glomeruli with amyloid:
51-75%; and 4+, 76-Io0%.

t On polarization microscopy after Congo red stain.

I+, 0-25%; 2+, 26-50%; 3+,

myeloma-associated amyloidosis. The clinical and pathologic features of these patients
are given in Table I. The amyloid in all instances demonstrated green birefringence
on polarization microscopy after Congo red staining.

Small pieces of the renal cortex were fixed in I% osmium tetroxide in phosphate
buffer, or in 3% glutaraldehyde (or 4% paraformaldehyde) in phosphate or in
cacodylate buffer followed by I% buffered osmium tetroxide, and then were de-
hydrated in graded concentrations of ethanol.18 After embedding in Epon, thick sec-
tions were cut on an LKB Ultratome and were stained with azure II-methylene blue
or Congo red.18'19 Trimming for thin sectioning was oriented by light and polariza-
tion microscopy of the thick sections. Thin sections were cut on an LKB Ultratome
with glass knives, stained with lead citrate (with or without uranyl acetate) ,18 and
examined in a Siemens Elmiskop I electron microscope or in an RCA-EMU-3G elec-
tron microscope at initial magnifications usually of 2,000-20,000 (and of 40,000-
I6o,ooo for high-resolution studies). This report is based on the analysis of more
than 0OOO micrographs from the present study and also on the review of many
micrographs from our previous studies.
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RESULTS
General Observations

Except for rare occasions, the amyloid accumulated along the mesan-
gial matrix and the basement membrane. The endothelial-, epithelial-,
and mesangial-cell changes will be individually described. Although
amyloid fibrils were identifiable in all sections, the distribution was not
always diffuse but was occasionally focal and nodular leaving some por-
tions of the capillary wall intact even in the heaviest lesions. The mesan-
gial areas were characteristically more heavily involved. The capillary
lumen and the urinary space retained their over-all structural integrity,
though they were often narrowed by the dislocation of the endothelial
and the epithelial cells secondary to the space-occupying amyloid de-
posits (Fig. i and I4).

Mesangium
Whether the lesions were small (and presumably early) or large, amy-

loid fibrils were found predominantly in the mesangial area: between
mesangial cells, between the mesangial cell and the endothellal cell, and
between the mesangial cell and the basement membrane. The mesangial
matrix (the loose basement membrane-like component of the me-
sangium), therefore, often became difficult to distinguish from the ac-
cumulated amyloid, since the matrix contains fine fibrous structures,
and since the accumulation of amyloid fibrils was usually associated
with some amorphous substance (Fig. I, 2, 5, 7, 8, and 14).

Although the mesangial cells generally had a normal distribution,
three types could be defined on a basis of their ultrastructural cytology.
Normal or Resting Mesangial Cell. This type of mesangial cell has

been defined in the literature and is characterized by its irregularly
shaped nucleus, scanty cytoplasm, numerous long slender cytoplasmic
processes, and relatively well-developed cell organelles.15'2'-22

Active Mesangial Cell. The first modified type of mesangial cell ap-
pears to be a functionally active cell, and has been seen in most cases
of human and experimentally induced amyloid. The nucleus appears
smooth and somewhat lobulated, and contains rich and normally con-
densed chromatin. The cytoplasm is abundant. Free ribosomes are
numerous and are often arranged in polysomal patterns. Granular and
agranular endoplasmic reticulum are well developed and often dilated.
The Golgi complex is prominent and often multiple. The mitochondria
are relatively small and elongated (Fig. i-6). Lipid droplets have also
been found, probably more frequently than is normal (Fig. i and 2).

Groups of amyloid fibrils have been found to be highly oriented when
they were adjacent to the "active" mesangial cell. When observed in
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longitudinal section, these amyloid fibrils have been oriented as a bundle
and perpendicularly or radially to the plasma membrane. In most such
areas, the plasma membrane was indistinct and often invaginated to
make a variably sized "pocket" (Fig. 2-6). Intracellularly, adjacent to
such an area, numerous small vesicles often containing moderately elec-
tron-dense material (usually homogeneous, but occasionally granular or
filamentous) were often observed. Sometimes they appeared to be at-
tached to the cell membrane and to open at the cell surface. These areas
also, on occasion, appeared to be related to the presence of a large Golgi
complex and well-developed endoplasmic reticulum (Fig. 3, 4, and 6)
Dilated cisternae of the endoplasmic reticulum were also seen close by
these sites (Fig. 2-4). The portion of the cytoplasm adjacent to the par-
ticular site where the plasma membrane and amyloid fibril were in
close apposition was often of slightly greater density owing to aggrega-
tion of dense, finely granular or filamentous material in the cytoplasm
(Fig. 2, 3, and 4). Intracellular membrane-surrounded amyloid fibrils
were often seen in this cell type. These fibrils were also highly oriented
and the aforementioned close structural relationships were noted be-
tween the membrane surrounding the fibrils and the amyloid fibrils
(Fig. 3).
These observations on the mesangial cell were made more frequently

and were more prominent in the cases of experimentally induced amy-
loidosis than the human ones.

Degenerating or Phagocyting Mesangial Cell. The other cytologic
form of the mesangial cell was found only in the human cases and is
distinct from the resting mesangial cell and the active mesangial cell.
Its nucleus is irregular in shape and contains a relatively pronounced
condensation of chromatin just beneath the nuclear envelope. The cyto-
plasm, which has slightly increased density, is reduced in volume but
shows many long projections into the surrounding matrix and amyloid.
The number of free ribosomes is normal or reduced. The profiles of endo-
plasmic reticulum are few, and the Golgi complex is insignificant to the
point of vanishing. The mitochondria appear to be increased in number
in a given area of the cytoplasm when compared to the other two types
of mesangial cells; the mitochondrial matrix has an increased density.
Numerous cytoplasmic vacuoles are present and some of them show the
myelin-like figures. Groups of amyloid fibrils have been often seen in
this cell type surrounded by a single membrane or engulfed in the finger-
like cytoplasmic projections. In this instance, however, the amyloid
fibrils have shown neither the high orientation nor the specific relation
with the plasmalemma described above in relation to the active me-
sangial cell (Fig. 7 and 8).
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Endothelium
The subendothelial accumulation of amyloid fibrils has also been ob-

served in all cases studied. These deposits have generally been larger and
more frequent in areas adjacent to the mesangium (Fig. I, 9, IO, and 12-
I4). On occasion, in the subendothelial portion far from the mesangium,
the amyloid fibrils have been observed to accumulate in isolation from
the juxtamesangial amyloid. This has not only been seen in the usual
two-dimensional view, but also has been verified by means of serial sec-
tions. In a few instances this type of accumulation has consisted of only
a small number of amyloid fibrils (Fig. i I).
The endothelial cells were attached to each other as expected, con-

tained fenestrae, and covered the entire capillary surface, even when
considerable amyloid was present. On occasion, the endothelial cell ap-
peared to be detaching from the subendothelial amyloid layer and the
fenestra between them was abnormally wide. However, defects of any
endothelial cell in the array covering the capillary surface have been
extremely rare (Fig. I, 5, 8-IO, 12-I4, and I9). In rare instances, the
amyloid fibrils appeared to fill the abnormally widened fenestra between
the endothelial cells (Fig. 13). No amyloid fibril has been identified with
certainty in the capillary lumen during the present study, although occa-
sional fine filamentous, as well as granular, components have been seen
in the capillary lumen. Vacuolation and reticulation of the endothelial
cytoplasm have been frequently seen in human cases (Fig. 8, 10, 13, and
I9), but not in the experimentally induced amyloid renal lesions (Fig. i,
9, andI2).
The character of the organelles of the endothelial cell has also often

suggested that it is functionally more active than normal and is remi-
niscent of the appearance of the mesangial organelle proliferation (Fig.
I, 9, IO, and I2). Relationships similar to those of the "active" mesangial
cell and the tufts of amyloid fibrils have also been found between the
"active" endothelial cell and the amyloid fibrils; i.e., definite orienta-
tion of the amyloid fibrils, indistinctness and invagination of the plasma
membrane, and the intracellular presence of the membrane-surrounded
amyloid fibrils. In comparison to the active mesangial cell, however, the
invagination of the endothelial plasma membrane in any particular site
has generally been shallow, and the intracellular presence of the mem-
brane-surrounded amyloid fibrils has been observed only rarely. Ac-
cumulation of the finely granular or filamentous dense material in the
periphery of the cytoplasm is comparable in nature but less pronounced
than in the epithelial and the mesangial cells (Fig. 9, io, and I2).
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Epithelium
When amyloid fibrils accumulated in the subepithelial area, they

showed cellular-extracellular relationships comparable to those of the
subendothelial deposits. Amyloid again was seen with greater frequency
and in larger amounts in the areas adjacent to the mesangium, while dis-
tant areas were less involved. In many locations the subepithelial amy-
loid fibrils were fewer than those near mesangial and endothelial areas
(Fig. I, 9, I2, I4, and 20). On the other hand, in human cases (though
rarely in the rabbits) a larger accumulation of amyloid fibrils was occa-
sionally found below the epithelial cells (Fig. I4, I5, i8, and i9).

Although some epithelial cells were intact in the diseased glomerulus,
most showed significant changes. One of the consistent changes has been
in the structure of the foot processes which were fused when in contact
with the subepithelial amyloid fibrils even when the accumulation was
extremely small. In the neighboring area free of fibrils, however, the
processes were usually normal (Fig. I, 2 and I4). In the periphery of
the epithelial cytoplasm adjacent to the subepithelial amyloid accumula-
tion, indistinctly defined, irregular aggregations of finely granular or
filamentous dense material were usually present. This material appeared
similar in its quality to what is found in the normal epithelial cell, as
well as in the active mesangial and endothelial cells as described above,
but was of much larger quantity. This aggregation has also often sur-
rounded the membrane-bound intracellular amyloid fibrils (Fig. I4-
i8).
The epithelial cells often demonstrated increased numbers of free

ribosomes, as well as polysomes, rough and smooth endoplasmic reticu-
lum, and other changes associated with increased cellular activity. These
changes were quite comparable to, though less frequently seen than,
those of the active mesangial and endothelial cells. The intimate rela-
tion of amyloid fibrils to epithelial plasmalemma characterized by in-
vagination and fuzziness of the cell membrane, as well as condensation
of surrounding cytoplasm, was again noted. Here, however, the invagi-
nation was often deeper than that previously described (Fig. 14-I8).
In several remarkable sections, the amyloid fibrils seemed to pass almost
from endothelial cell to epithelial cell, bridging the basement membrane
(Fig. 20).
In some sections from a case of experimentally induced amyloidosis

(after 4 months of casein injections), fibrils structurally quite com-
parable to amyloid were found in the urinary space. These fibrils, on
occasion, have shown sufficient orientation to make a bundle, perpen-
dicular in position to the indistinct and sometimes invaginated plasma
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membrane of the epithelial cell (Fig. I4 and I6). Precipitation of fibrin
(or fibrin-like material) and other unidentified fibrous structures was
also occasionally seen in the urinary space.

Basement Membrane
The portions of the basement membrane free of amyloid were normal.

The remainder (at least the lamina densa) was usually well maintained
even when it was embedded in a mass of amyloid fibrils. Occasionally, it
appeared to be dissociated by the heavy accumulation of the amyloid
fibrils and, rarely, it was indistinguishable due to the enormity of the
amyloid deposit (Fig. I, 2, 5, 8-I6, and I8-20). At higher magnifica-
tions, the finding that the amyloid fibrils passed through the basement
membrane was common. In such areas the amyloid fibrils and the base-
ment membrane were clearly differentiated from each other, and no
significant change occurred in the basic ultrastructure of each com-
ponent-the fibrous structure of amyloid and the finely granular and
filamentous nature of the basement membrane (Fig. 20).

Ultrastructure of Amyloid Fibrils
The amyloid fibrils in tissue sections were arranged in random array

as thin, rigid, and nonbranching rods. In the longitudinal view, the amy-
loid fibril, which cannot easily or accurately be resolved into subunits
by conventional electron microscopic examination of tissue sections, has
measured ioo A in diameter, but occasionally has had dimensions of
200-300 A (Fig. 2I). The length of the fibrils has been found to vary
widely from several hundred angstroms to longer than i & (Fig. 20).
On conventional electron micrographs (Fig. 1-20), it has seemed

almost impossible to find any regular pattern in subunit structure of
amyloid fibrils, even on the micrographs which clearly resolved the unit
structure of the plasma membrane. For example, beaded figures were
seen in some portions, crossbanding structures were suggested in other
areas, and double or multiple longitudinal subunit strands were noted
on other portions of the fibrils.
On the other hand, high-resolution electron microscopy of the ultra-

thin tissue sections which were intensely stained consistently demon-
strated a uniform subunit structure in the amyloid fibrils in all cases of
experimental and human amyloidosis. In a cross section, this structure
was made up of amyloid filaments-circular structures of about 8o-A
diameter which appeared singly or aggregated to form fibrils.52'-26 Oc-
casionally on this filament, several apparently round subunits 25-35 A
in dimension were delineated. These ring-like structures have been found
alone, though occasional pairs or aggregates appeared. When they were
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grouped, the center-to-center distance of the ring-like structures mea-
sured 8o-ioo A (inserts, Fig. 2I). In the longitudinal section of the
amyloid fibril, 25- to 35-A-wide linear structures with about 35- to 5o-A
periodical beading (which are comparable to amyloid protofibrils 24)
have been often resolved (Fig. 2I).

DISCUSSION
Localization of Amyloid Within the Glomerulus

It is generally accepted that amyloid accumulates primarily in the
mesangial matrix and along the basement membrane, although minor
differences in details of its appearance are reported.2>1 In the human
glomerulus, Suzuki et al.15 described the early deposition of amyloid
fibrils to be both in the mesangial matrix and along the basement mem-
brane, though predominantly in the former. Since then, similar observa-
tions were made on human amyloidotic glomeruli,8 as well as experi-
mental ones.5'9'18'14 In addition, Cohen5 described the intimate structural
relationships of the tufts of amyloid fibrils to the mesangial cell, as well
as to the endothelial and epithelial cells, and Shimamura and Soren-
son 13 found by serial sectioning that the subendothelial amyloid deposit
which appeared to be isolated in a single section had continuity with
larger deposits in the mesangium.
The present observations generally support those previous results and

emphasize that the mesangial area is morphologically the primary area
associated with the deposition of amyloid fibrils. However, the present
results also suggest the possibility, especially in the human material,
that amyloid fibrils deposit in other areas (subendothelial and even sub-
epithelial), independently from the mesangial deposits. Thus, though
serial sectioning has clearly demonstrated the continuity of an amyloid
subendothelial deposit with mesangial amyloid,13 the concept of an iso-
lated amyloid deposit in the subepithelial area (as suggested by Trump
and Benditt 16) may also be a reality. The differences in the results and
the interpretations on the localization of amyloid which exist among
the different studies are understandable when the following are taken
into consideration: (i) the studies prior to Suzuki et al.15 (and some
after this2) were made without the clear-cut acceptance of the ultra-
structure of the mesangium; (2) as will be emphasized below, both the
production or accumulation of, and degradation or absorption of amyloid
may constantly and simultaneously be in a state of delicate balance in
the tissue and involve a variety of cells simultaneously; and (3) the
acute appearance of amyloidosis may be easy to observe in experimen-
tally induced amyloidosis, but difficult in human cases in which the
chronic accumulation is the situation most often studied.
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Unusual areas of localization of amyloid within the glomerulus have
also been noted. Sorenson and Shimamura 14 interpreted one micrograph
as showing large amounts of amyloid within the vascular spaces. Al-
though the possibility of the existence of amyloid in the capillary lumen
cannot be denied, this has not been observed during the present study.
Hinglais and coworkers8'9 reported the amyloid within the urinary
space in both experimental and human cases. In the present study fibrils
which appeared structurally quite comparable to amyloid were seen
within the urinary space in one case of experimentally induced amy-
loidosis. One also could speculate from the present results that the entry
of amyloid fibrils into the urinary space may be a possibility (Fig. I6
and I 9). However, some doubt still remains concerning the exact identi-
fication of these fibrils as amyloid: this clearly is difficult on the basis
of electron microscopic examination of tissue sections alone. To verify
whether the existence of amyloid within the capillary lumen or the
urinary space is a reality or not, more extensive studies (other than
morphologic) will be needed. The evidence for the intracellular amyloid
fibrils will be discussed later.

Ultrastructural Aspects of Glomerular Cells
Few details of the ultrastructure of the cells of the amyloidotic glo-

merulus have been reported. During the present study each of the three
types of glomerular cells was found to demonstrate three different cyto-
logic patterns. These are interpreted by their ultrastructural cytology
as normal or resting cells, active cells, and degenerating or phagocyting
cells. Some of these variations may be found in the endothellal, epithelial,
and mesangial cells even under normal circumstances,15"16,2022 but the
marked nature and distinctive appearance of the changes appeared as a
pattern in amyloid disease and are therefore reported in more detail.
The apparently normal or resting cells are those seen in the controls,

as well as in those with amyloid disease and are as described in the sec-
tion on Results. Occasionally minor degenerative changes or an increas-
ing development of intracellular organelles is seen.
The active cells-whether they are mesangial, endothelial, or epi-

thelial-contain an abundance of free ribosomes, polysomal aggregates,
endoplasmic reticulum, and a Golgi apparatus. This type of organelle
system has been associated with the synthesis and intracellular migra-
tion of macromolecules of various types.2742 One cannot draw any spe-
cific conclusions from these data concerning the synthesis of the amyloid
fibril except to point out that all these cells, and the mesangial cell in
particular, have the necessary synthetic apparatus to manufacture amy-
loid-if it is indeed produced in situ. It should be noted that, however,
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other studies have demonstrated more definitively that in-situ formation,
at least in the spleen, takes place.33 While all the amyloid in the kid-
ney could be there on a basis of its being trapped, its morphologic rela-
tion to the cells make this an unlikely possibility. In addition, the dis-
tribution of the active-cell population appears to shift almost in parallel
with the apparent velocity of progressive amyloid accumulation. That
is, the active cells are found frequently and with greater signs of activity
in the glomerulus of those rabbits with acute experimentally induced
amyloidosis but infrequently in chronic slowly progressive human amy-
loidosis.

During the present study, the inclusion-containing (phagocytic) mes-
angial cells have been seen only in the human kidneys. These mesangial
cells have the ultrastructural features usually associated with phago-
cytic activity (Fig. 7). The phagocytic activity of the mesangial cell is
not unexpected or specific in this instance, but is predictable from the
published literature.15'2>22 Possible evidence of degenerative changes in
the cells, i.e., vacuolation and reticulation of cytoplasm, may be con-
sidered as secondary or nonspecific changes associated with amyloidosis
for they have been seen in various conditions other than amyloi-
dosis.1620 3438 In addition, they are seen primarily in chronic amyloidosis
(in humans) and not in the acute experimentally induced situation.
Thus, it would seem that a reasonable sequence of events is the stimu-

lation-for reasons not completely understood-of resting mesangial
(and possibly endothelial and epithelial) cells to become actively syn-
thetic cells, presumably engaged in the production of amyloid fibril
precursors and possibly of the fibrils themselves. As the process becomes
established, chronic changes take place, including encroachment of the
amyloid on the normal cellular function with destruction of some cells
and increasing phagocytosis of amyloid by others. In general, simul-
taneous existence of different phases of cells of the same origin in a tis-
sue, as well as metamorphosis of a cell into the different types, is not
unusual and has been investigated in fibrogenesis of collagen and elastin
under normal and pathologic conditions.30,3942

Aspects of Amyloid Origin and Absorption Within Glomerulus
The genesis of amyloid has not yet been completely clarified. While

many factors have been considered, two that have been of great interest
to morphologists have been (i) the concept that a precursor of amyloid
exists in plasma and passes through vascular walls to accumulate ex-
travascularly, and (2) the amyloid is formed and deposits in situ. These
data have been reviewed5 and the latter concept has been supported
by previous work in our laboratory.33

878 Vol. 5z, No. 5



RENAL AMYLOIDOSIS

The location of amyloid within the glomerulus itself may be inter-
preted in various ways. For example, amyloid is not only localized ad-
jacent to the cells, suggesting their intimate relationship to the amyloid
formation, but its location along the mesangial matrix and the basement
membrane could be considered as a suggestion of its plasma origin, for
this is also a well-known site of deposition of such plasma-borne ma-
terials. 1,6,l62022,8 88
The first significant observation concerning this point is the intimate

relationship observed between specific areas of the plasmalemma and the
amyloid fibrils. This phenomenon may represent a site either of the
formation or of the phagocytosis of amyloid fibrils by the cell. The proc-
ess of amyloid fibril formation may be more likely than phagocytosis
for the following reasons: (i) the cell which participates in this phe-
nomenon usually has the active-appearing cytologic characteristics with
abundant cell organelles that suggest great synthetic activity; (2) the
cell usually lacks the characteristics of the phagocytic cell in its paucity
of lysosomal bodies; (3) the plasma membrane (or the membrane sur-
rounding the "intracellular" amyloid fibrils) appears indistinct in these
particular sites, in contrast with endocytic processes where the plasma
membrane (or the membrane of endocytic vesicle or vacuole) is usually
found intact; and (4) the amyloid fibrils are quite regularly arranged
in the site.
The intimate structural relationships between the plasma membrane

and the tuft of amyloid fibrils such as described in the present study
were previously observed in the kidney,25,8,9'14,1 as well as in other
organs.548A7 Except for Bergstrand who considered them to be arti-
facts,2 most investigators have agreed and interpreted them as evidence
of the local site of amyloid production. This concept was substantiated
by the study which demonstrated in-situ amyloid fibril production in a
spleen explant system by light and electron microscopic autoradio-
graphic techniques.38 If one may accept this structural evidence for local
amyloid production, the idea that all three types of glomerular cells-
the mesangial, endothelial, and epithelial cells-participate in amyloid
production is also a possibility, though the mesangial cell activity and
role in apparent synthesis is most clear-cut.
A feature of interest is the indistinctness of the plasma membrane

at the particular site of apparent amyloid formation. Similar ultrastruc-
tural features have also been a point of discussion in studies of collagen
fibrillogenesis.80 32'4W0 Whether the membrane is truly altered signifi-
cantly and momentarily ceases to exist at the site of exit of asymmetric
macromolecules such as amyloid or collagen, or whether its fuzziness is
an artifact of sectioning at these sites, is not completely clear. In our
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studies of both collagen and amyloid fibrillogenesis the latter protein is
more consistently seen in this intimate relationship to the plasma mem-
brane.
The second close relationship of cell and fibril is that of the membrane-

surrounded amyloid fibrils found within the cytoplasm of the active
cells. These are most llkely the result of cross sections or obllque sec-
tions of the invagination of the amyloid to the body of the cell. This is
supported by the great orientation of amyloid fibrils, indistinctness of a
part of the surrounding membrane, and the dense accumulation sur-
rounding this structural unit (often seen in the epithelial cells). This
type of intracellular amyloid fibril accumulation is distinct from other
types either in phagocytic vacuoles or in the cytoplasm without
any surrounding membrane (and which may or may not be amy-
loid).83,43,44,46,47," The latter type of intracellular fibrils were not found
in the glomerular cells in the present study or in previously reported
studies of the kidney, while they have been found in the cells of spleen
and liver by several investigators. In our experience, for example, intra-
cytoplasmic fibrils which have been found in the reticuloendothelial
cells of the spleen were structurally strikingly similar to the extracellu-
lar amyloid fibrils.Y3 This phenomenon has not been seen in the glomeru-
lar cells even of the same rabbit. In the present study, other filamentous
structures found in the cytoplasm with no surrounding membrane appear
by morphologic criteria not to be identical with amyloid fibrils.
The process of amyloid reabsorption has been proposed and phago-

cytosis may be the major method for its disposal or at least the best
studied morphologically.5'52 Indeed, phagocytosis of amyloid has been
suggested in other organs,3'43'44,46,47 and the phagocytic activity of the
mesangial cell is rather well known.1520 22 Thus, the presence of the
"phagocytic" cells in the present study is not surprising and is presumed
to be associated with the phagocytosis of amyloid fibrils, despite the ab-
sence of such documentation in previous studies.

Basement Membrane in Glomerular Amyloidosis
The majority of previous investigators have interpreted their data as

suggesting that the basement membrane (lamina densa) is not primarily
involved in amyloidosis, but is secondarily infiltrated by heavy amyloid
deposition.412,14 Bergstrand and co-workers, however, believed that pri-
mary involvement of the basement membrane in amyloidosis occurs.2,3
The present observations support the former concept that the basement
membrane is intact. Even in the heavy deposits of amyloid fibrils, the
basic structural components of the basement membrane could be demon-
strated on most occasions when adequate staining was applied, and the
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ultrastructure of the amyloid fibril and the basement membrane can be
distinctly identified even in the portions where both structures are en-
meshed (Fig. 20).

Ultrastructure of Amyloid Fibrils
Roughly ioo A has been accepted as the diameter of amyloid fi-

brils in tissue section by most investigators, although some variation
in the measurements, i.e., 50-300 A, has been found in various re-
ports.l l.6,33,43A47,5153-63 Based on the observations of the tissue sections,
the elucidation of subunit structure of the amyloid fibrils has been at-
tempted by several investigators. A beaded structure was suggested by
Cohen and Calkins,' and similar observations were also reported by
Suzuki et al.,'5 Heefner and Sorenson,40 and Bradbury and Micklem.54
Gueft and Ghidoni 45 conceived of the amyloid fibril as being composed
of two linear components about 25 A each plus a 25-A interspace, giving
a diameter of 75 A, and this idea was basically accepted in the investiga-
tions of Sorenson, Heefner, and Kirkpatrick; 47 Manitz and Themann; 5'
and Terry, Gonatas, and Weiss.60 Recently, Merker et al. reported a
banding structure with a periodicity of approximately 55 A occasionally
seen in the amyloid fibrils.6'03 On the other hand, some investigators
noted that no periodicity could be found in amyloid fibrils.43'44

After extensive electron microscopic observations of the amyloid
fibrils after isolation, as well as in the tissue sections, the present authors
have proposed the following configuration.523-2 The amyloid fibril-
the fibrous component of amyloid as seen in conventional electron
microscopy-consists of a number of filaments assembled side by side.
The amyloid filaments are approximately 75-80 A in diameter and each
consists of several subunits-amyloid protofibrils-which are arranged
in parallel to each other and almost longitudinally to the long axis of the
filament surrounding a central core of I5-20 A in diameter. The amy-
loid protofibril is about 25-35 A in width and appears to consist of
2 or 3 subunit strands helically arranged with a repeat of 35-40 A (or
less likely is composed of globular subunits aggregated end to end).
These amyloid subprotofibrillar strands measure approximately IO-I5
A in diameter insofar as they can be discerned by high-resolution elec-
tron microscopy.

In the present study, the tissue section analyses of the fibrils (Fig. 2I)
correspond quite well with the above-mentioned configuration of amyloid
fibrils. This ultrastructural organization which we propose 24 is not con-
tradictory to any of the previous observations reported from various
laboratories, but rather, in general agreement with all of them. That is,
the microtubular structure of the amyloid filament could be demon-
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strated on a micrograph as described by Gueft and Ghidoni4 and by
others, and the filament (an assembly of several protofibrils which have
a fairly regular structural repeat interval of 35-50 A) might appear as
a beaded or banded structure in some portions of its length. These de-
tails are discussed elsewhere,24 but it is possible to construct models
which explain the varying dimensions reported to date, based on the
type of staining, the positioning, and so forth.

Thus, due to their complex structure, the amyloid fibrils are not always
uniform in appearance though most of them measure roughly ioo A in
width. Their subfibrillar composition is quite difficult to demonstrate
by conventional electron microscopy. On the other hand, many other
fibrous components exist in tissue which may or may not be related to
the amyloid fibril.646 Therefore, a cautious approach should be taken
in identifying small numbers of isolated fibrils in tissue or fibrils in an
exceptional location.

SUMMARY
i. The ultrastructure of the glomerulus has been studied in io cases

of human and 6 cases of experimentally induced rabbit amyloidosis.
2. The relationship of the amyloid fibrils to the basement membrane

and to the endothelial, epithelial, and mesangial cells is described. The
mesangial cell demonstrated the most intimate relation to amyloid fibrils
and occurred in 3 forms, i.e., resting, active, and phagocyting (or de-
generating).

3. The possible site of formation of amyloid and its structure in tissue
section is discussed.
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LEGENDS FOR FIGURES
Key:

A amyloid fibrils G Golgi complex
BC Bowman's capsule I inclusion
BM basement membrane L lipid droplet
C collagen Leu leukocyte
CL capillary lumen M mitochondrion
D granular or filamentous dense Mes mesangial cell

material MM mesangial matrix
End endothelial cell My myelin figure
Ep epithelial cell N nucleus
F filamentous figure RBC red blood cell
Fe fenestrae between endothelial Ur urinary space

cells

FIG. I. Experimentally induced rabbit amyloidosis. Survey electron micrograph
showing moderately severe glomerular lesion. All components of glomerulus are
present. Amyloid fibrils appear along mesangial matrix and basement membrane.
They are prominent between mesangial cells, between mesangial cell and endo-
thelial cell, and less frequent between endothlial cell and basement membrane and
between epithelial cell and basement membrane (open arrows). Some portions
of capillary wall remain intact, e.g., at upper right. Basement membrane is in-
variably seen even when surrounded by amyloid. Mesangial cells have well-
developed cell organelles and frequently contain lipid droplets. Endothelial cells
are generally intact except for distortion in some portions. Foot processes of epi-
thelial cell fuse completely when on the subepithelial amyloid accumulation
(open arrows), but are quite intact in other areas. Capillary lumen and urinary
space are reduced in size. X 4500.
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FIG. 2. Experimentally induced rabbit amyloidosis. Most of mesangial cell and por-
tions of endothelial cell, epithelial cell, and basement membrane are present. Cell
organelles of mesangial cell are well developed and indicative of considerable
functional activity. The cell is characterized by: nucleus with rich and abundant
chromatin, lipid droplets, numerous free ribosomes which are frequently or-
ganized to form polysomes, moderate number of mitochondria, well-developed
and enlarged endoplasmic reticulum (rough and smooth surfaced) whose cis-
ternae contain moderately dense material (usually amorphous or finely granular.
but occasionally filamentous) and which occasionally appear to open within
cytoplasm (solid arrow). Tufts of highly oriented amyloid fibrils are present in
several portions adjacent to plasma membrane of mesangial and epithelial cells.
Here, amyloid fibrils are arranged almost parallel to each other and almost per-
pendicularly to cell surface. Plasma membrane appears to be indistinct and oc-
casionally invaginates as a pocket (open arrows) in these areas. In epithelial cell
at pockets of plasma membrane, membrane-surrounded amyloid fibrils are intra-
cellular (circle). At these areas, surrounding membrane is fuzzy on one or both
poles (open arrows in circle). Basement membrane is invariably present. Epi-
thelial cell cytoplasm adjacent to basement membrane is dense and has finely
granular and occasionally fibrillar appearance. X 25,500.
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FIG. 3. Experimentally induced rabbit amyloidosis. Portion of mesangial cell and
associated amyloid fibrils. Mesangial cell contains well-developed cell organelles
and amyloid fibrils in cross and longitudinal section surrounded by a membrane.
Nucleus is chromatin rich and shows a deep invagination. Golgi complexes are
large and multiple; numerous small vesicles frequently contain material of mod-
erate density. Mitochondria are narrow and long, or small and round. Free and
membrane-attached ribosomes and endoplasmic reticulum are well developed.
Groups of amyloid fibrils are highly oriented in some portions adjacent to plasma
membrane, portions of which are fuzzy in such areas (open arrows). Peripheral
portion of cytoplasm has a slightly increased density owing to aggregation of
dense, finely granular or filamentous material. Collagen fibers are also present in
amyloid accumulation. Dotted lines enclose portion enlarged as Fig. 4. X 22,500.

FIG. 4. Higher magnification of portion of Fig. 3. Well-developed rough- and smooth-
surfaced endoplasmic reticulum and free ribosomes are present in perinuclear
region and in peripheral portion of cytoplasm. From these regions to site where
intimate relationship between plasma membrane and amyloid fibrils is observed
(open arrows): in sequence, a large Golgi complex, many small vesicles which
often contain moderately dense material, indistinct plasma membrane, highly
oriented amyloid fibrils. Some small vesicles are attached to plasma membrane;
possibly their contents become liberated to the extracellular space (circles).
Mitochondria are small and round. X 6i,OOO.
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FIG. 5. Human renal amyloid. Relatively early amyloid accumulation in mesangial
area. Cell organelles of mesangial cell are well developed, but not so obvious as
those seen in experimentally induced amyloidosis. In upper two-thirds of micro-
graph, amyloid fibrils accumulate between mesangial cells (or cytoplasmic proc-
esses of mesangial cell), and between mesangial cell and endothelial cell. In por-
tions occupied by amyloid accumulation, ultrastructure of mesangial matrix is
barely distinguishable, though it is clearly seen in bottom third of micrograph
where it is free from amyloid accumulation. Similar to experimentally induced
amyloidosis, in some juxtacellular portions, groups of amyloid fibrils are highly
oriented toward particular sites of plasma membrane in which plasma mem-
brane appears to be indistinct and sometimes invaginated (open arrows). How-
ever, appearance of as specific ultrastructural relationships between plasma
membrane and amyloid fibrils are less obvious in human cases than in experi-
mental ones. X i8,ooo. Insertions a. and b. are higher magnifications of areas
surrounded by dotted line: a, area of amyloid accumulation in mesangial matrix;
b, intact mesangial matrix. X 40,000.

FIG. 6. Human amyloidosis. Higher magnification of portion of active mesangial
cell. Cell organelles are well developed, show free and membrane-bound ribo-
somes, mitochondria, Golgi, nucleus. Amyloid found in cross and longitudinal
section. X 38,500.

892 Vol. 5.r, No. 5



Nov. 1967 RENAL AMYLOIDOSIS 893

5

6



SHIRAHAMA AND COHEN

FIG. 7. Human amyloidosis. Mesangial cell lying in massive amyloid deposit shows
a quite different character from those in Fig. 2-6. Irregularly shaped nucleus
contains chromatin condensed beneath nuclear envelope. Cytoplasm, with slightly
increased density, is reduced in volume and has attenuated tortuous appearance.
Free ribosomes are seen. Endoplasmic reticulum is reduced and no Golgi com-
plex is seen. Mitochondria whose matrices have increased density are increased
in relative number. Numerous vacuoles are present in cytoplasm, and some show
myelin-like figure. Groups of amyloid fibrils are often in cytoplasmic vacuoles
and within finger-like cytoplasmic projections but are not oriented with great
regularity nor do they fill the whole space of the vacuole. Inclusions other than
amyloid fibrils are often found even in same vacuole as the amyloid fibrils.
X 23,000.

894 Vol. 5i, No. 5



Nov. I967 RENAL AMYLOIDOSIS 895

7



SHIRAHAMA AND COHEN

FIG. 8. Human amyloidosis. Mesangial cell of similar character to one in Fig. 7.
Free ribosomes are reduced in number and mitochondrial cristae are not as
clearly seen. Endothelial cells are highly elongated but normally cover entire
surface of capillary lumen. Structure of fenestra is just visible. Granular and
fine filamentous structures are often in capillary lumen. Basement membrane is
somewhat distorted, but clearly present. Small portion of epithelial cell is at
upper left. Amyloid appears occasionally aggregated in bundles but is usually in
random distribution. X 27,000.
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FIG. 9. Experimentally induced rabbit amyloidosis. Early amyloid accumulation is
present in area surrounded by mesangial cell, endothelial cell, and epithelial cell.
Well-developed cell organelles of endothelial cell suggest it is an active cell.
Free and membrane-attached ribosomes are numerous and frequently show
polysomal patterns. Well-developed endoplasmic reticulum is often somewhat
dilated and contains moderately dense material which consists of amorphous but
also granular and filamentous structures. Occasionally, cisterna of endoplasmic
reticulum appears to open within cytoplasmic matrix and is especially frequent
in periphery of cytoplasm (closed arrow). Mitochondria normally shaped and
distributed. Particles in endothelial cytoplasm which are surrounded by single
membrane and contain dense material may be of lysosomal nature. In some
portions on border of endothelial cell and of mesangial cell, intimate structural
relationship between cell membrane and amyloid fibrils can be seen (open ar-
rows). In periphery of cytoplasm of all three types of cells, aggregation of finely
granular or filamentous dense material is seen. Membrane-surrounded amyloid
fibrils are in epithelial cell (circle). Basement membrane remains intact.
X 40,000.

FIG. io. Human amyloidosis. Endothelial cells and subendothelial amyloid accumu-
lation. Endothelial cells are tortuous and show cytoplasmic processes but appear
normal in other respects and have normal contact with each other (solid ar-
rows). In some portions on cell border, intimate structural relationships between
plasma membrane and tufts of amyloid fibrils can be seen (open arrow) but are
fainter than what has been seen in experimentally induced amyloidosis. Amyloid
fibrils are tightly packed and in random array. X 3I,000.

FIG. I I. Human amyloidosis. A small number of fibrils (probably amyloid) in sub-
endothelial area. X 70,000.
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FIG. I 2. Experimentally induced rabbit amyloidosis. Cytologic character of endo
thelial cells may be normal or show increased cellular activity (increase of free
ribosomes; polysomal aggregates; rough endoplasmic reticulum). In some por-
tions, endothelial cells appear to attach rather loosely to underlying amyloid
but they cover the whole capillary surface; fenestrae between endothelial cells
are also present in areas where amyloid accumulation is minimal. X 24,000.

FIG. I3. Human amyloidosis. Endothelial cells with reticulated (network) pattern.
often in loose contact with underlying layer. Fenestra between endothelial cells
appears unusually wide and a number of amyloid fibrils are associated with it
(circle). X 23,000.

Vol. 5i, No. 5goo



Nov. I967 RENAL AMYLOIDOSIS 90I

12 13



SHIRAHAMA AND COHEN

FIG. I4. Experimentally induced rabbit amyloidosis: low-power survey micrograph.
Amyloid is present on both sides of basement membrane with larger amount
generally seen on mesangial or endothelial surface. At center, however, amyloid,
though on both subendothelial and subepithelial areas, is more prominent toward
the latter. Cytologic character of mesangial, endothelial, and epithelial cells
varies from normal to somewhat increased intracellular organelle activity. Epi-
thelial foot processes are completely fused over subepithelial amyloid accumula-
tion. Basement membrane courses through the amyloid and retains its structural
integrity. Fibrils are present in urinary space. Cell filling the capillary lumen
presumably is a leukocyte. Areas enclosed by dotted lines are seen at higher
magnifications in Fig. IS and i6. X I2,000.
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FIG. I 5. Higher magnification of portion of Fig. I4. Organelles of epithelial cell are
well developed. Contents in cisterna of endoplasmic reticulum usually appear to
be moderately dense and amorphous or finely granular, but occasionally finely
filamentous (closed circle). The numerous filaments presesnt in epithelial cyto-
plasm are seen in normal epithelial cells as well. Although they appear somewhat
similar to amyloid fibrils in dimension and density, they are slightly thinner and
"softer" than amyloid fibrils. Amyloid fibrils are seen in subepithelial and sub-
endothelial areas, and in epithelial cytoplasm surrounded by a membrane. A
group of fibrils structurally comparable to amyloid (?A) are found in urinary
space. Accumulation of finely granular or filamentous dense material exists in
periphery of epithelial cytoplasm and around membrane-surrounded intracellu-
lar amyloid fibrils. Intimate structural relationships between plasma membrane
and tufts of amyloid fibrils are seen (open arrows). Occasionally in such portions,
extracellular amyloid fibrils appear to have a close structural relation (? con-
tinuity) to the filaments in the dense accumulations and possibly to the usual
intracellular filaments normally seen (dotted circles). X 34,500.

FIG. i6. Higher magnification of portion of Fig. 14. Fibrils (?A) in urinary space
are structurally comparable to amyloid, and show close relationship with portion
of plasma membrane. Relationship seems to be comparable to that seen between
plasma membrane and amyloid fibrils in subepithelial area, and between mem-
brane and intracellular amyloid fibrils (open arrows). X 46,500.
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SHIRAHAMA AND COHEN

FIG. I 7. Human amyloidosis. Epithelial cell demonstrates similar cytologic finding
to those in experimental lesions. Close structural relationships between plasma
membrane and tufts of amyloid fibrils are seen (open arrow). Epithelial cell
cytoplasm has many mitochondria; free ribosomes in polysomal aggregates; and
intracellular fibrils. X 25,500.

FIG. i8. Human amyloidosis. Complete fusion of epithelial foot processes, but other-
wise few intracellular changes in epithelial and endothelial cells are noted. Much
greater amounts of amyloid fibrils have accumulated in subepithelial area in con-
trast to barely recognizable subendothelial accumulation. Several cytoplasmic
processes of epithelial cell extend toward basement membrane and through
amyloid. Open arrows indicate sites of close structural relationship between
plasma membrane and amyloid fibrils. X 30,500.
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SHIRAHAMA AND COHEN

FIG. I9. Human amyloidosis. Defect in arrangement of epithelial cells on layer of
amyloid fibrils now exposed directly to urinary space (arrow). It is not known
whether this represents an area where an epithelial cell underwent degeneration
(see free myelin figure), or if it is retraction, or an artifact. Amyloid fibrils ac-
cumulate mainly in subepithelial area with almost no subendothelial accumula-
tion. X 30,500.

FIG. 20. Experimentally induced rabbit amyloidosis. Relationship between amyloid
fibrils and basement membrane can be seen. Bulk of amyloid fibrils can be clearly
followed from endothelial to epithelial side passing directly through basement
membrane. Some fibrils measure up to I u in length. Basement membrane (lam-
ina densa) appears to be somewhat dissociated by intrusion of amyloid fibrils,
but retains its basic appearance as a moderately homogeneous electron-dense
structure. Vesicles (often containing very fine filamentous material) and lack
of electron density at junction of amyloid fibril and endothelial cell membrane
(closed oblong) contrasts with lack of vesicles and electron-dense character
(dotted circle) at epithelial cell-amyloid fibril interphase. X 45,000.
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FIG. 2I. Experimentally induced rabbit amyloidosis. Amyloid fibril, though not
ideally resolved into subunits by conventional electron microscopy, usually mea-
sures about ioo A in width (solid arrows), but occasionally is broader and
measures 200-300 A (open arrows). On longitudinal view of amyloid fibril,
25-35 A fibrous subunit structures (amyloid protofibrils) can be demonstrated
in portions with a 35-50 A periodicity along this protofibril (circles). X 200,000.
Insert a. Ring-like structure at center presumably represents a cross-sectional
amyloid filament measuring about 8o A in diameter, and shows an electron-lucent
central core of about 20 A diameter. X 200,ooo. Insert b. Pair of ring-like
structures at center. Each is almost identical to the one shown in Insert a. The
center-to-center distance also measures approximately 8o A. X 200,000.
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