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THE ORIGIN, TURNOVER AND REMOVAL OF NORMAL
GLOMERULAR BASEMENT MEMBRANE

by

FREDERICK WALKER

SUMMARY

A comprchensive account of the natural history of normal glomexular basement
membrane is prervequisite to elucidating the pathogenesis of numerous renal digeases.

The experimental argyric technique was investigated, adapted and applied ina
long term sequential, electron microscopic study of normal glomerular basement
membrane in the rat.

The results demonstrate that a major component of glomerular basement membyar
is secreted by the visceral epithelial cells. This component is laid down on the
epithelial gide and slowly moves towards the endothelial side of the basement membran
as new basement membrane material continues to be secreted, The old hasement
membrane material i8 removed from the endothelial aspect of the membrane and passe
by way of the lamina rara interna to the mesangial matrix for subsequent Ingestion by
the mesangial cells, This process is continuous and glow: the time for complete
renewal of the glomerular basement membrane in the rat is of the order of twelve
months., Secretion of this component, by the epithelial cells, is effected by a
vagoular-~coated pit mechanism and removal, by the mesangial cells, is effected by a

phagoeytic mechanism.



The results further indicate the presence of a second component in glomerular
hasement membrane, This gsecond component is probably of endothelial origin and
has a much faster turnover rate than the main, or epithelial derived, component,

Study was also made of glomeruli from two cages of human argyria and though
the observations perforce are limited, the results show that human glomerular
basement membrane hag a natural higtory essentially similar to rat glomerular
basement membrane,

On thg basis of these experimental observations, correlated with the results of
previous investigations, a model of the functional morphology of glomerular basement

membyane is proposed. The potential applications of this model are briefly indicated
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PRUFACE
This thesis 1a a study of the origin, twrnover and removal of
normal glomeralar basement membranc.,

The deflnite vecognition of eatracellulay watrices, not unw
naturaily, awalted the definitive rocognition of cells in the early
nineteenth century. For some decpdes thereafter controversy
roged over whether the cells produced, or were themselves
derived from, the extraceliular matrix. The doreination of the
coll and the complete acceptance of the cell theory did not ocour
until Virchow's (1855) clagsical pronouncement "Ormnis cellula a
cellula®.  This devastating teuth, coupled with the lack of suit~-
able investigationsl technilques, largely restrained intevest in the
extracellular _smtrigseﬁ until well into the twentieth century,

The study of basersent membranes, which comprise part of
the extracellular matrices, properly began with the introduction
of the torm and the concept by Bowman (18423 1847) but has only
rosurged within the past fifteen years largely due to the develop~ '
went and application of electron microscopic techniques. In
comgsequence the role of these Ifeless but fay from inert membranes
in physfological and pathological processes is now better understood.

1% is boped that this thesis will further contribute te this understanding.



The importance of basement mexbranes mway be appreciated
in a physiological context by the faot that any substance be it
ingested, Inhaled or injected into the mammalian body, bas to
cross an absolute mininmm of three basement membranes in
the conrae of its entry, metabolism and exeretion., The linport-
ance of such mwembranes may also be appreciated in a pathological
context In that carcinoma~in-gitu has yet to he the cauge of death
in one patient while carcinoma causes the death of many and the
difference, in the simplest possible terms, is transgression of
basement mombrane. I has also been suggested that altered
permeability of bazement membrane particularly in the vasa
vasorum, may contribute to the foxrmation of atheroma. Itis
therefore evident that basement membranes are involved signifi-
cantly in the pathogenesia of many, common, important, human
diseases.

The mont studied bazement membrane {o date is that in the
renal glomerulus which physiologically plays an important role in
the initial urinary ultrafiltration process and which, pathologically,
foaturesn prominently in a vartety of disease processes both of renal
and extra~renal origin,  Because of these previous studies theve

are considerable data and reasonable gencral agreement about ultra~



gtruatural features, chemieal composition and functional capabil-
ition of the glomerular capillary wall, lncluding the basement
membyrane. ‘There is, however, some dispute about the manner
in which the glomerular wall functions., I is a rathor remavke-
ahle membrane which will filter over one lundred and fifty Heres
of fluid per duy for a lifetime without, in most instances, elthey
becowing cloggmed or showing signs of wear and tear.

fuch a mwﬁ}m@ exoites the curloaity. It was this, allied
with a lack of comprehension of the genesis of certain glomerular
basoment membrane lesions, and the inability to retrieve the
appropriate loformation from previously pablished investigntions,
which prompted the cholee of the subject matier of this thesis.
Other conaiderptions fluenced the form of this atuwdy. There is
2 great deal to be learied about basement membieanes but expansive
ideas, however stlrmlating, must be tempered by coasiderations of
feasibility with the object of designing a practical, informative
povies of experiments which will elucidate the biologieal processes
under consideration.

Bagentinl to an understanding of any pathologleal process is an
wnderstanding of the ﬁgﬁegp&nmng noxrnmal process. As it has

been aptly put "pathology is nothing but physiclogy with obstaclea



{Virchow 1868 transiated by Bather, 1958). It was therefore
decided, for this pavticular project, to dispose of at least some
of the problems and siudy the physiclogy of the basement mem-
branc.

Having decided o plusdy norrmaal glomorular basement meme
brans oo offort o achieve gone general insight into ite modus
operandl the specific guestions in mind initiclly were: Where
does the basement mwmbrane coms from?  How does it get theve?
Is it stable ov doeg it turn over? H it turme over where does it
go?  How does it work?  Why does it continue to work for a life~
time? Where can it go wrong?

Conaidering these quesiions, the alveady published data and
available techmiques # geemed that the angwers might be forthcoming
from o long term, sequentinl, clectron microscopie examinetion of
glomernlay basement mambrane which had been labelled in vivo, at
appropriate times, with an electron denge marker. The progress
of the :ancker in the bazement wembrane could then e studied as a
function of time.

A wmore personal renson for selecting thia approach is that the
selutionn {0 many mportant pathologionl problems appear to lea,

for the present, In that Hmbo between ulirastructure and chemioal



comaposition. Here the electron microscopist expects the bio-
chemist to provide the angwer and the bivchemist has the same
expectation of the wicroscopist! Having, in 2 previous thesis
{"A Study of the Mucopelysaccharides in Norwal and Diabetic
Vitreous Humour'), utilised a biocheiical approach, it seemed
that if on this occasion an ultrastructuyal approach was used conw
siderable additional insight and experience would be gained which
would prove of value in fackling future problems.

The sivaplest appropriate electron-dense marker was silver.
The main advantage offered by this experimental model ~ the
avgyric glomerulus ~ apart from simplicity, was the singular
lack of reported toxiclly after ingestion of smail amounts of silver
salts, Silver offered one other major advantage in that it is the
only marker which enables direct comparizson between the expori-
mental animal and the human, Examples of hwman argyria are
nowadays of great rarity but material suitable for examination was
potentially retrievable from the files of pathology departmentis.
This proved to be the gaze. The mnin dizadvantage was that thio
oxporimental model had been Hitle used proviously so lack of
esgential background lnformation necessitated considerable pre~

liminary and ancillary investigations in addition to the experlments



PYOPOT .
The thosis in presented in five pavis.,

Part 1 is an indroduction outlining present inforaation and current
ideas which provids a background to ithis particular invest~
Iration.

Povt 1T 1o conoerned with prelisadnary and ancillary studies of
experimeniol argyria,

Pavt {1 dogeribes thes dolinitive experimants on glomerulay base-
ment mewheong o e vak.

Part W vecords the fiadinge in the glomezuior hasement membrane
in two cases of hae avgyria and correlater these with the
fhndings in the oupordmental animal.

Port V is o goneral conclusion which places the experiiental
reoulin fa contexi with ethee dota and & medel of the functionsl

worphology of glomeralar bagsewent wembrane is proposed.



Contents

Preface

Part I. Introduction. The Normal Mammalian
Glomerulus in General and its Basement Membrane
in Particular

Structure
Ultrastructure

(2) Glomerular basement membrane

() Megangial mairix

{c) Vigceral epithelial cells

(d) Endothelial cella

(e) Mesangial cells

(f) Capsular basement membrane and parietal
epithelial cells

(g) Variations

Development and maturation of the glomerulus
Composition of glomerular basement membrane

Function of glomerulus

i



Part I, Experimental Arvgyria., Preliminary and
Anecillary Experiments Directed to the Development of
a Suitable Experimental Model for Basement Membrane
Studies

Methodological Studies

(2) Method of administering silver nitrate

(b Concentration of silver nifrate in drinking
water

(c) Long term toxicity

(d) Detection of silver - light microscopy

(e) Detection of silver - electron microgcopy

() Artefacts ativibutable to silver deposition

nformational Studies

{a) Digtribution of silver in the argyric vat

(h) Time of appearance of silver deposits in
the argyric rat

(c) Clearance of silver deposits in the argyric
rat

(d) Electron microscopic studies of silver
deposition in the argyric rat glomerulus

(e) Studies on the presence of silver outwith the
glomerular basement membrane

() Anomalous features of cextain argyric rats

Experimental Argyria in Principle, Theory and
Practice

36
38
38
39
42
43
46
84

55

73

85
92



Paryt 1II. The Oxigin, Turnover and Removal of
Glomerular Bagsement Membrane 101

Part TV, Human Glomerular Basement Membrane 128

Part V. General Conclusions., The Functional

Moxphology of Glomerlar Basement Membrane 139
Summary 151
Acknowledgements 153

Refevences 155



Figure 1. The mammalian renal corpuscle
showing the capsule (c¢), the glomerulus (m),
the arterioles (af and ef) and the tubule (t).
Reproduced from Bowman (1842).



Part 1
NTRODUCTION

The Normal Mammalian Glomerulus in General
ang its Basement Membrane in Particular

The functional and structural unit of the kidney is the nephron and
in the begiming of the nephron is the glomerulus.
structure

The normal mammalian renal corpuscle (Pialpighii, 1660) is
a hollow spheroid about 150 to 250 microng in overall diameter.

It is bounded by the capsular basement membrane which on ite
cuter aspect blends with the interstitial tiszue of the renal cortex
and on its lanex agpect 15 lined with the parietal epithellal cells.
Within the spheve is a large tuft of capillaries, the glomerulus
{Bowman, 18432), (Figure 1).

The glomerulus s supplied by a single afferent arteriole which
arisos directly from an interlobular artery and enters the renal
corpuscle at the vascular pole or hilum. The glememlua ia
drained by a single efferent artericle which leaves the renal cor~
pusecle at the vascular pole and eventually drains into an interlobular
vein. The region betwaen the arterioles at the vascular pole is
occupied by the lacis cells.  This region is closely related to the

macula densa of the distul convoluted tubule.



Approximately opposite the vascular pole s the urinary pole
where the venal corpusele joins the proximal convoluted tubule.
‘The luming of the renal corpusele, i.e. the wrinary space, and
the proximal convoluted tubule communicate freely, The cap-
sulur basement membrane and the parietal epithelium are in
continuity with the tubulax basement membrane and the tubular
cpithelium.

The glomerulus consists of up to fifty capiliaries arranged in
up to eight lobules. ‘There are certainly anastonwses within
cach lobule and, probably, though to a2 rmch lesser extent, between
difforent lobules (Hall, 1066; Doyer, 1966; Lewis, 1988a, b).
Each capillary has a tripie layered wall consisting of glomerular
basoment nembrane lined internally by endothelial cells and covered
externally by ?iﬁaeral epithelial cella. At the vaseular pole the
glosmerular basement membrane and the visceral epithelium are in
continuity with the capuular basement membrane and the parietal
epithelium (MeManus, 1948h).

Focally within the glomerulus, interposed between the endothel-
fum and the glomerulay basement membrane, is a third type of cell,
the mesangial cell (Zimumermann, 1933). In the region of the hilum

these mesangial cells are in continuity with the lacis cells.



Hormal glorserull ave remarkably uwniform in appeavance,.
not only in the individual and in the specles but also in different
mammalian spectes (Vernier, 1861). The preceding and follows
ing comments, oxcept where apecified, may be considered to apply
to koth huwan ond rat glowerull (Figures 2 and 3).

The glomoruli ave distributed througbout the rennl cortex and
number well over one million in each adult huvean kidney: theve
are corvespondingly fewer in the rat kidney.  The caplllaries of
p single human glomerulus have a surface avea of about 0+38 sguave
millimetre (Book, 1937): the corresponding value in the rat is
0.19 cguare millimeire (Kirkman and Stowell, 1842), Glomeruli
in a juxtamedullary situation ave slightly larger than those elsewhere
in the cortex.

Ultrastructure

{(a) Glomerular basement membrane

The glomerular basement meombrane completely surrounds the
capillaries and no discontinnities have been demonstrated (Figure 4).
The membrane is a trilaminar structure having thin cuter and inner
relatively electron~lucent layers, respectively called the laming
rara extorna and the laming vara interna, which sandwich a middle,

thick, relatively eleciron~opaque layer, the lamina densa (Figure 8).

£59
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Figure 2. Normal human glomerulus. Haematoxylin
and eosin (H & E). X340
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Figure 3. Normal rat glomerulus. H & E. X340
H = hilus; US = urinary space; UP = urinary pole



Figure 4,  Portion of a glomerulus demonatrating continuity
of the glomerular basement membrane and the relative positions
of opithelial, endoiheliol and wesangial cells., X5,000

All the electron micrographs, unless othexwise indicated, are
of rat tigsue stained with uranyl acetate and lead citrate. All
magnificationa refer o the finished print and are corrected to

the nearest thousand dixmeters.

BM = basement weimbrane
CBM = capsular basement membrane
cP = coaled pit

(V183 = dense body

Bne = yisceral epithelial cell
EM = endotheliul cell

w = fuzy

S = foot process

G = Colgl apparatus

93] = lamina densa

LRE = lamina vrara externa
LEI = lamina rara intexna
Jii} = mitochondrion

MG = nesangial coll

MM = mesangisl matrix

N =  mcleun

el = pavietal epithelial cell
R =  pihosomes

BBC = redbluod cell

3P = slit plate

v = vacuole
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Figuarve ba., Glomerular basement membrane with the foot
processen of the visceral epithelial cells embedded in its
outer aspect. The inner aspect is lined by attenuated endo~
thelium with {fenestrae. ‘The three laminae of the basement
membrane are clearly distinguishable. X 76,000

Figure Sb.  Foot process showing thick plasma membrane
and the filtration slit plates. X 148,008



Figure Sa

Figure Sb



‘tThe oxistence of thene three laminaé is universally recognised
though it is not ﬁﬁfﬁblifshm \x;hethex they ave entities in theilr own
vight or whether they are preparative artefaciz. In this theais
the term glomerular basement meimbrane refers to the entire
mambrane, i.e. all three laminae, and the names of the individ-
ual laminae are used to refer (o the corresponding topographical
locations .

Ouiwardly the glomerular basement mombrane is discontin-
wously but regularly covered by the foot processes of the visceral
eplihelial cells (Gautier, Bernbard and Obewling, 1960). Thege
processes are embedded in the lamina rara externa and are very
fivudy secured. Foot process detachment has not been desoribed,
Between adjacent foot processes He the filtration slite in which
rogion the outer limit of the basement membrane is defined by a
single layered membrane, 50-70 ?i thick, which joing the adjacent
foot proceases (Yamada, 1958). This, the filiration slit mem-
brane, is of such a width and electron dengity that it is usually
only visible when the plane of the microscope seciion is normal
with respect to the surf{ace of the basement nwmbrane (Farquhar,
Wiselz and Palac;!e, 1961y,  Since it is appavent that the basewent

membrane, as well ag the aﬁjaeant':atmcmmss. con be cut in an



infinlie variety of planes, the filtration slit seanbrane is very
useful in orientating the sectton and developing a wore aocurate
three ditcensional concept of the glomerulus.

Inwardly the glomerular basement membrane is Hmited
largely by the plasma aaxd fenestral membranes of the endothelial
cells and to a lesser extent by the plasma membranes of the mes=
angial cells.

In the peripheral portions of the capillarics the glomerular
basement mewhrane is regular in outline and fairly uniform in
thickness. In the vieinity of mesangial cells the basement menie
brane is considerably and irregularly thickened on its internal
aspect. This localised excess of basement membrane~like materw
ial ig calied the mesangial matrix.

It has already been mentioned that the glomerular basernent
mombrane and the capsular basement mersbrane ave continuous at
the vascular pole. In this reglon there are also large, irregular
deposits of basement membrane-iike material which are in contine~
nity with the glomerular hasement membrane and with the basement
wembrane of the ariericles (Latta and Mawnsbach, 1962; Barajas
and Latta, 19633 Jacobzen, Jorgensen and Thomsen, 1966). The

precise relationships of this basement membrane material, and



whetheor 1t iz true bazenwnt wembrane or mesangial matrix, are
not yet determined.

‘The laminae rarae are almost devoid of ultrastrnctural
features. They contain a few very fine fibrils which run almost
at wight anglos froin the vicinity of, or diveotly from, the neigh~
bouring plasma mersahiranes Into the lamina densa (Jorgensen,
1907h).  In current preparatipns the laming denan appears as
a network oxr f.’eltwox;k of partially oriented, fine, aperiodic fibrils
about 40 X in diameter, set in an amorphous matrix of slighily
lower electron density (Yamada, 19865; Kurtz and MoManug, 1960;
Parguhar, Wigsig and Palade, 1961; Vernier, 1861, 1964
Burtz, 1961; Farquhar, 1564a). About these observations there
is good general agreement; about the interpretation of these observ~
ations thore ave digparate views. One view is that the fibrils
exist in their own right ond are an integral pari of the lamina densza.
'The other is that these fibrils are the ulirastructural manifestation
of wicelles (Frey-Wyssling, 1948) whose appearance is exaggerated
during the fivatlon of what 1s easentially a thixetropio gel (Menefoo,
Vueller, Bsell nﬁnd Myerz, 19643 Menefeo and Mueller, 1967). At
the dimensional level involved in the foregoing interpretations pre-

parative artefacts can seriously affect the organisation of hiolegical



materiale. Independent evidence obtained by other preparative
procedures or by entirely different means is therefore highly
desivable (Falade and Brung, 1904),

The mean width of the glomwerular basement membrane in the
peripheral portions of the capillary loops in the adult human is
about 3,200 o though considerable variation oceurs notably between
different, rather than within the same, capillaries (Osawa,
Kimmelstiel and Seiling, 1966; Jorgenzen and Bentzon, 1968).
Some of this vaviation appears to be related to the degree of dilation
or contraction of the eapiliaries (Parquhar, Wisslg and Palade,
19613 Shival, Takasug!i and BEitamura, 19686). The relative thick-
ness of the laminae ravase vary from report to repori and 1s appar-
ently pantly related to the amount of extraction cccurring in different
fixation and embedding wocedures. A typleal figure however, for
pregent tochniques, 15 200 to 400 & (Joxgensen, 1967h).

In the rat the glomeruiar basement membrane is thinner than
the lmumnan and has been variously reporied as haviog a mean widGth
of about 1,600 & (Latia, Maunsbach and Madden, 1960) i 1,900 A
{Shirai, Takasugi and Bitamura, 1969).

{h) NMesangial watriz

The mesangial matrix is swoothly limited on its outer aspect



by the inner surface of the lamina densa from which it is fre-
quently, but not invariably, distinguishable by being slightly
less electron dense. Inwardly its contours are tortuously
demarcated largely by the plasma membrane of mesangial cells
and to a lesser extent by the plasma mewmbrane of endothelial
cells. At its lateral margins the mairiz blends into the lamina
raia Interna.

Mesangial matrix is lcoger in texiure and less homogeneous
than the lamina densa, Its electron density varies irregularly
from that of the lamina densa to that of the lamina rara. Extens-
ive areas of the matrix appear structureless or faintly granular,
at least with the microscopic resolution used fo date. In other
areas a variety of not readily characterised fibrils are present.

In addition to the fine 40 & fibrils similar to those in the lamina

densa there are aperiodic fibrils about 100 f;{ in diameter (Farguhay
and Palade, 1962). ‘The other main fibril occurs in lesser numbers
but is considerably larger, 400 to 500 ﬁ, in diameter. These fibrils
are generally thought to be collagen though they are considerably
shorter and have a less constant periodicity than typical collagen
{Michielson and Creemers, 1967). Such atypical collagen fibrils

are regularly found in the normal rat mesangial matrix (Latta, 1961)



bt have not been desoribed in the normal hnman glomesulus.,
Typleal collagen fibrils howover have been widely reported in
a variety of lmman and vat pathological glomerull (Spiro, 1859;
Boneosine, Stone, Latia aud Madden, 1269; Hinglafs-Guilloud
and Galle, 1961; Kimwmelsticl, Eim and Beres, 1262; Suzuki,
Chuvg, Gerighwan, Mautner and Dachg, 1083},
{o) Vigoeral epithelial cells

The visceral epithelinl cells are lavge and fyregular n cutline,
'i‘izz;?y are chavacterised by huving many foot processes which lnter-
digitate regularly and are fivinly atiached {o the outer aspeot of
the glomerular bagement membrane (Vamada, 1986). The cells
are hounded by o plasima mewbrans which hag a triple~layered unit
mevabrang strueture differing from nmost other colls only in that the
ounter layer of the membrane appears slightly thicker than usual
{Latiz, 1962). This plagyaa wembrane {y completely envelpped
by a thick cell coat o» Munz" (Rambourg and Leblond, 1867;
Mohos and Skoza, 1689 Jonogs, 19693 Gronjowshki, Blosyskowa
and Walski, 10088 Bobpke and Zelander, 1070) which iz considered
i detall lator In this thesis.

The mnin body of the cell contains the nuclevs and well developed

mitochondria, fvee ribosomwes, rough surfaced endoplaosmic reticulum
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which in places in in the form of very lavge digtended elgternae
{Farguhar, Wissig aud Palade, 190613 Thoenes, 1967}, round
vesicles up to 1,000 ﬁ In dinmeter many of whioh surroung the
prominent Golgl apparatus, and some lavge vacuoles up to 9,000 hid
in dlameter. The veaicies and the vacuoles ave surrownded hy
a unit membrane of the same dimensions as the plasma membrane.
Multivesicular and membrane~bound dense bodies are commonly
present. ‘The oytoplaam of the foot procesees is frequently much
more dense thon that elsewhere in the cell and confaing & lmited
ranze of organelles notably vesicles and vacueless ribosomes and
mitochondria axve occasionally present but nucleus, Golgl agpératuaa
and rough surfaced endoplasmic reticulum have not been chsenved
(Trump and Benditt, 1962; Jorgensen, 1987a). Aitachment zones
of the usual variety between adjacent epithelial cells are shuent and
coalescence botween vigceral and parietal epithelinl cells bas not
heen ohgexved in the normal glomerulus though these cell types are
eontipuous at the vasoulax pole.

The width of the foot processes is exceedingly variable bhut is
always greatest at the ingertion of the bagemwent membrane., In
humans the width varies from 1,000 to 15,0600 lox though most pro~

ceszes are in the lower reaches of this range, and the Intervening



fHevation siits vange frowm 350 fo 600 2 1 width {Jorgennen, 1967a),.
In zats the foot proooas width is eguelly variable and the filtvation
£33 widih Hes between 200 and 600 & (Latta, Meunsbach and
Maddon, 1860). It is luteresting to nole that foot processes,
thinugh gengvally recognised only with the advent of electron micro-
seopy, wors first desoried and ceourately diawm by Zinunermann
in 1910 in tho course of nn opiical microscopy study of armadillo
sloroaynll. T is probobla that thig spesiss has pavticularly lavge
fool procosges but this does not detract from Fimmeriaonnn's
maticnions techniguos and vermarkable aoulty Minfno, 1965).
{d) Endothelial coiln

Indothnlial cells cormpletoly line the glomerular cepillaries.

The outer suvincs of thase colls 1s related mainly o the Inusing vara

Intoraa and to n lenser oxtont {0 mesanginl mateix, The nver sure

face fovms the boundary of the copillary lnmen,  Adlacont colls
awe jolned hy desmogoman to form tight funetions and at the vesoular
pols the endotheliol cells lining the sapillaries are continuous with
those lining the arteriolog.

The main mpas of the oytoplasyy, containing the sucleus, Golgl
apparetus, frep yibosonws, seanty mitoghopdein and amagioml

vacnolas or vesicles, 1s vsually, but not invariably, situated over

11
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mosangial mateiz, Prom this periiaryon the remalader of the
gytoplasin oxtends In & lnmdng gbout 1, 060 g, thick to lnvest the
gntive nnor sueface of the glomerulay bazemnapt mombrane.
Thio stienuated povlion of the cytoplaesm is mtevruptod rogulavly
by clvoulny openinga, the fenestrae, abowt 1,000 ?{ In dinnetor
{Gautier, Hovnhord and Oborling, 1960; Poase, 1988). The
glomorular feuestrae may or may vot be cloged by a thin dispheagm
{Mpjno, 1945} thowgh n covtain other aites in the hody these dlaw
phragms appear {0 be more congtant (Rhodin, 1962). It has been
asugpenied that the fenastral diaphragm consints of the external
leafiots of two adjncent plasma membranes (Lufs, 1964) and morpho~
logieally is very similar to the filtration slit plate (Lufi, 1508).
"Ihis ingenions synthests hag little evidence to support it, however"
(Karnoveky, 1968). The only organelles usunlly present in the
attenuated portions of the cytoplasm are small vesicles. The endow
thelial cells algo have a covering of cell coat or "fuzz" (Luft, 1966) i
this is thinner than that on the visceral epithelial cells {(Jones, 1969).
(@) Mesonglal cells

The presence of a third cell type, that is apart from the endo~
thelium and the visceral epithelium, wae originally noted by

Zimwermann (1933). His observations, though strictly correct,



wore mislnterrveted in the Hght of the then held view of glomerulay
development, namely invagination of the glomeruler capsule by

a tuft of capillarien. Such a process meant that the capillaries
would be invested with a layer of the invaginated capsule rather

in the way the gut is tnavested with a layer of peritoneum as it les
in the coeloxbic cavity. By analogy with the mosenterium
Zimmermann introduced the term mesangivm and thought that

thia third cell type was a fibroblast pulled in hetween the layers
from the adjacent mesenchyme.

Mosangial cells are tnvariably situated between glomerular
basement membrane and endothelial vells, surrounded by mes~
anglal mateix, Thelr precise locna In the capillary loop is less
cortain. Ono view iz that the cells are intercapiliarvy in location,
i.¢. where capillary loops branch or anastomese (Latta, Maunsbach
and Madden, 1960). ‘The other view i3 that the cells are intra-

rapillary in location, 1.¢. parietal (Farguhar and Palade, 1962).
This problem iz heatedly disputed (Zamboni and Martine, 1968h)
but is not yet resolved and is a reflection of the difficulties of
three dimensional yreconstruction from two dimensional miero~
grophs in o struchure s complex as the glonmerulus.* Inthe

centrolobular region, close to the hilum, the mesangial cells are



poutinuous with, and shnflay to, lacis oollsy they also beor a
yoscioblones to the nwaalo cells of the afforent artericle (Latta
and Movnebach, 10623 Zamboni and Martino, 1968h).

The mesangiel csll han a remarkably irregular outlive with
nuinerons, simall, projecting spines or psevdonadia, and muneyre-
ous fnvaginatiog pockels or pits.  The cytoplasm, apart from the
nuciens, has a varied content of organellesy  Golgl apparatus,
srwoth and rough surfaced endoplasmic reticulum, {ree ribosomes,
multivesioular and dense bodies, and centrioles. There are focol
areas of increased oytopinsmic density situated peripherally from,
which radiate bands of oytoplasmic fflaments,  Particularly note~
worthy is an apparent coptinuity in sequence from the invaginating
pockets through intracsytoplasmic vacuoles {o denge oy residual
hodios. Oovasionally bulbous pseudopodia ave obszerved displacing

or penetrating the overlying endothelium to lie within the capillary

i

The original poper by Latta and his aggociates contajns an
explieit deawing of raesangial cells in an interoapillary location.

This beautiful, but two dimensglonal, representation has been repro«
duced subsequently in pumerous papers ond books.  This diagram
and the ensulng controversy form a particularly good example of

the point, wade by Sidwan, Sidman and Touchetie (1964) in a study
of programimed self~instruction, that showing anatomical fentures
in only one view may lead fo stereotyped ooncopts not usable in
diffevent contexts.

14



hnmen. Thoze psendopodia ave, as a rule, devold of organelles
{anandn, 16563 mmu%zm’ and Palade, 10623 Jones, Mueller and
Menotee, 1862 Suzuki, Churg, CGrishman, Mautner snd Dachs,
19635 Fargubaw, 1884a; Michielsen and Cresmers, 1967},

) Capsulay baserent membrane and parieini enithelial cells

The capsular bocomont membrane and the parictal epithelium
are contihuons regpactively with the glomerular bapement mem-
birena ond the vigceral epithelinm at the vazeular pole, aud with
the tmhular bosement mondrane and epithelium at the weinary pole.

The copsnlar basement nwmbyaones is substential, over §,000 .ﬁ
in width, and ig frropularly and inconsiontly divided into laminos
of vayying electron density. s inner Mmit iz swoothly demaronted
Ly the plasmn merbrans of the pavietnl eplihelial cells.  Its outer
Limit 13 loss well defined and contains small munbhers of collagen
fibrils. At the vasoulay pole the transition from capsular to
glomerular basement npishrane tp comparatively sbrupt,

The parietal epithelinl coll is flattencd and containg the usual
woxaplerngnt of orgnoelles, I differs pantiovlarly from the vigeeral
epithelinl coll in having ne foot processes, fower vesicles, a plasma
membrave of normal dirensions {Latta, 1082) and a thinner cell coat

{Jonns, 1968},

15



(g} Varistions

Thove ave cortain, minor, ultrastructural variations which
ocouy Inconatantly, yet sufficlently frequently, i the normal
glomerulus to necessitote thelr recopnition lost they he misinken
for poathological fonbwes.,

Foot procsgges are not quite as regulsy oo most desoriptions
would have thom.  In almost every soction of a glomerulus
nocasional processes which are rmoh larger than average are
found, and slight degrees of foot process fusion can be ohserved
eapocially in the viciaily of capillaxy bronohings (Jorgensen, 19672},
Another variant iz the presence of several slit pleies in o single
Eldration sl (Bxicoson, 1066),

Fooal hamispherical thickening of the bascment menbrane ooours
ravoly (Jorgensen, 19507q).

Endothelisl fenestrac vary in number and size in muserous pube
Behed Mugirations of what are wndoubtedly normal glomernli.  This
aspect of gquantitative elestron microscopy appears to have heon himw
porfectly studied to dato,

Mesangial celle form o hetorogeneous popalation and the donsity
of the oytoplesmie mateix and the number of ovganelles precent ia

highly variable {Farguhar and Palade, 1962).



A1 of the above entionad voariations woere encounterad in the

conrse of the prosent atudy .

Development and Maturation of the Glomerulus

The memmalian glomerulus develops in the definitive kidney,
or metanephros, from the lower limb of the S-shaped motenephrio
voaicle and from the mesenchyme in the cleft between the middie
and lower mbs.  The cells in the lower surface of the lower limb
flatton and form the parietal epithelial cells of the renal corpuscle.
The cells In the upper surface of the lower limb are columnar and
form the viaceral epithelial cells of the glomerulus. The cavity
of this lower limb becomes the wrinary, or Bowman's, space, The
cleft between the middle and lower limbs coniains mesenchyme and
a capillary which at all stages of development communicates with the
gurrounding blood vessels. This capillary eventually becomes {he
afferent and efferent arterioles: the mgsemhym in the cleft eveni~
ually becomes the mesangial, lacis and arteriolayr wall cells,

By a process of differential growth the lower, or parietal sur~
face almost completely envelops the upper or vizveral, surface.
At the game time the capillary in the cleft proliferates and ocouples
the developing conoavity in the visceral surface, becoming intimately

related to the visceral epithelial cells and forming the glomerulus.



The cells in the lower surface of the middle b of the S~shaped
vesicle, which are aluo related to the mesenchyme in the cleft,
oventually become the macula denga of the distal tubule (Huber,
18056; Jokelainen, 1963; Polter, 1985; Potier and Osathanondh,
1966  Zawbonl and Martino, 1968q).*

‘The oldast, most mature glomeruli are those in the juxtamedullary
region.  Thoge situated in the sub-capsular region are the youngeot
ond Jeast mature. Nephron induction in the human ovdinarily ceanes
hetween the 32nd and 36th week of gestation after which time no new
glomerull ave formed in any circumstanves (Potter and Thieratein,

19843).  Post natally in the rat it has been reported that new glomeruli

continue to develop for up to three months though the vast majority

* The sequence of events outlined above i that which fits most of
the present known facts.  However glomerular embryogenesis has
heen a particularly controversial topie during the past decade and
other views are still held. The long held concept of invagination

of a hollow sphere by a tuft of capfllaries is woll described and
clearly {llustrated by Ham (1966) though he concedes several pages
later in hig text that "hio theory haas the advantage of being easily
understandable, it ......".  The paper by Polter is particularly
commendable for its clear account, solid appraisal and criticism of
oiher theories, and excellent sequence of photomicrographs. Even
this paper shows traces of the controversy in that emotive phrases
appear in the toxtt instead of the more usval, objective "previous
atudies" or imperscenal "other investigators” there appears the phrase
"these men"! in a later paragraph another example is "Hall especially,
hag been vohement in denying that ......"".  The other papers cited
ave leas onjoyable.



develop within the first month (Kittelzon, 18173 Avataki, 1926).
After birth the most prominent featuwre of glomerular maturation

iz sn increase in the degree of capillary lobulation and the gic»nm*uli
continue to incrense In pize uotil adulthood {Kokardt, 1888;
Machonald and Bmery, 19569 Bauer and Rosonberg, 1660).

Ag the glomerulus develops and matures so does its basoment
membrane. Initially the plasma membranes of the foetal visceral
epithelial and the endothelial cells ave apposed but they soon separate
sHghtly.  ‘The Inteyvenlog space is almost devoid of ultrastructural
detail then either a single, or a double which soon coalesces Into a
single, band of thin fibrillay material appears wﬁich eventually con-
solidates and prograsaively thickens into the definitive basement
membrane (Kurtz, 1958; Vernier, 1961; Vernier and Birch~
Andersen, 1562), ¥ is presumed that both epithelial and endothel~
ial cells contribute to the formation of the basement membrane but
thelr respective role, and the part played by the mesangial cells
in the process, is not known (Rhodin, 1964).

At birth the glowerulay basement membrane in the human has
A mean width of about 1,000 }{_ It progressively thickens until at
the age of three years it has a mean width of 2,806 £ (Bloom,

Hartmann and Vernier, 1969; Vernier, 1061). This was an early



study of basemeant mewbrane measurarsents and 2, 300 2 wag also
given as the widil of adult membrane. This is slightly less than
the currvently accepied aﬂuiﬁ‘ figure of 3, 200 3 {Osawa, Kimmelstiel
and Seillng, 19643 Jorgonsen and Bentzon, 1068} and while the
difforvence 1o probably due to difforence in measuring techniques,

i might pessibly be cbsepvational, W sumiaary present inform-
ation Indicates that human glomerular basemont membrane noreases
in width from bivih to adulibood but by far the largest lnorement
ocours bofore the sge of three yoars.

In the rat glomovulay basement membrane also laoresses in
width with age (Ashworth and Exdmann, 1959; Ashworth, Erdmann
and Arncld, 1860; 'Takebayasghi, 1960) and it has been demwnstrated
that this is due to the laying down of new basemend mwembrane on the
epithelial agpeot (lurts and Feldman, 1962k,  Though the new hase~
meat mombrane appeared on the opithelial aapect it was only by
inference thot the epithelial celle were responsible.

This topic of the souvce of hasement membrane material in the
post aatal development, maintcnance and repair of the glomerulus

is conmidered in detail later in this thesio.

Corvaposition of Glomerular Basement Mewhrans

1t is well established that the main conatifuent of maminalian

2U



glomerular basement wembrane is a protein of the collagen type
{Goodman, Greenspon and Krakower, 1266; Rothbard and Watson,
1961; Lazarvow and Speidel, 1984; Dische, Pappas, Grauer and
Digche, 1865; Kefalides and Winzler, 1866; Misra and Beran,
1966; Lidsky, Sharp and Rudee, 1967; Spirvo, 186%7a)., This
collagen differs chemically from the general form of mammalian
fibrillar collagen in several respects. Particularly significant
differences are that basement membrane collagen ¢ontainsg more
hydroexylysine and is associated with more carbohydrate than fibriliar
collagen. The carbohydrate occurs in two different units, a di~
gaccharide and a heteropolysaccharide (Dische, Pappas, Grauver
and Dische, 18066; Spirvo, 1967b). The disaccharide consists of
glucose and galactose and is linked to hydroxylysine, the structure
is 2-0=c-D-glucopyranosyl-O-g-D-galactopyranosylhydroxylysine
(Spiro, 196%7¢; Kefalides, 1969a). The heteropolysaccharide con=-
talne a total of sikteen wonosaccharides made up of galactoge,
mannoge, N~acetylglucosamine, sialic acids and fucose. The
structure of this heteropolysaccharide s net yet detormined but
its linkage i3 probably to asparagine.

Concerning this heteropolysaccharide there are at present

inadequate data to yeach a definite conclusion but there are three
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maln sugpestions. The first is that this carbohydrate is attached
o o non-collagenous peptide which roay be part of & separate glyco«
protom (Dische, Pappas, Graver and DMeche, 12683 Kefalides,
1068y, ‘This suggestion lmplies thot, in the main, glomeruler
hasement membrane s a two component systam.  The second is
that this cavbohydrate is attached to the basement membrane collagen
iteelf (Spixo, 1967, 1068). ‘This suggesiion implies that, in the
main, glomerular basement membyane 18 a one coraponent system.
The third suggestion iz that much of this sialic avid containing poly~
paccharide is derived from cell coat and is a contaminant of the
slomerular basement rmembrane preparations (Mohos and Skoza, 1976).
These viewpoints may not be g0 disparate as they appear for
iramunochemical studies ralse the possibility that the non collagenous
peptide to which the heteropolysaccharide ig atiached is associated
with the collagen melecule as a telopeptide (Sharp, Anderson and
ILidsky, 1967; Kefolides, 1968b, 1969c), Moreover experiments
deseribed later in this thesis indicate that a component of glomerulay
basement membrane has certain features in common with visceral
epithelial cell coat. It iz likely that this particular problem will
be solved in the next few years probably az a result of corvelative

biochemical-imnuncchemical investigations.,
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| Numerous other minor components have boen reported in studies
of both normal and abneymal glomerular asement membrans.
These include phoapholipids, noutral lipids, globulin, fibrivogen and
vibopueclsio aeld.  Thelr oxact velationships and digtribution arve
obaouxe but they ave generally vegarded ss being either filivation
regidues or oytoplasmic contaminants of basement membrane prepars
ations.

It is of interest to note that the collagenous nature of basement
membrane was not recognised electron micvoscopleally.  Mammalian
fibpillar collagen has a characteristic ultrasiructure consisting of
striations with regulay nmujor and minor pericdicities. Basemont
membrane collagen lacks this periodicity. This ultrastvuciural
difference ig aitributable to differences in the degree of cross linking
of the respeative collugens, Fibrillar collpgen shows a high degree
of orientation and s extonsively cross linked., Basement msicbrans
collagen is considerably leas so (Dische, 1864), Lysine and hydrony~
lysing have been shown to be the amino acids responsible for forming
the cross links of the collapens (Plez, 1968 Bailoy and Peach, 1968;
Bailey, Peach and Fowleyr, 1970). I has thovefore boen proposed
that the hydvoxylysine-linked disadchaxide may serve a reguintory

function by substituting the hydroxylysine and removing it as a potential



poviner o the oross Mok formation (Bpirve, 1869).

Funation of Glomerulus
The glomeruli produce an ultrafiltrate from the plasma which

ie subseguently nwdified in the venal tubstles and eventually excreted
as urine. In man fhis ulivafiltvate normally amounts to about
1890 ltres pex 24 hourg and aenéiists of plasma constituents in vary-
ing dilntions, The main factors fnvolved in production of the ultra-
filivate ave the constituents of the plasma, the hydrodynamic pressure
within the glomerulay capillary and the nature of the glomerular
caplilary wall, The first two factors are normally assumed to be
detorzained as a result of which mout inwrfsﬁigatmn and speculation
concerning glomerular function has centred on the nature of the
capillary wall. I is frecquently assumed, though supported by
remarhably litile divect ovidence, that ultrafiliration takes place
by physieal processes which involve little or no energy expenditure
on the pavt of the oolls in the wall of the capillavy. I is further
generally asouied and supported by coasiderable experimental evid-
cieg, that the enpiliavy wall is a semi-pormeable membrane though
pevmenbility i this context can Lmply flow aud/oy diffusion.

I torme of povioruance op 'what it can do'y there is good general

agreement about the capillary wall (3mith, 19581; Wallehius, 1954;
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Hardwicke and Soothill, 1981). Small molecules up to about the
gize of inulin, which has a molecular welght (W) of 6,500 and an
Linstein~3tokes diffusion radins (RES) of 15 3, pass freely through
the capiliary wall and have a clearance abouf the sams as creatinine.,
Progressively larger wwolecules pass through the capillary wall less
freely; for lnstance seyrumn allmmoen {MW = 62,000, RES = 32 3;)
has a clearance which iz leas than one hundredih that of cyeatinine.
Although glowexular capillaries are relatively impermeable to pro~
teins there is no upper Hmit to the pormeability, only & proncunced
folling off of the speed or amount of penetration with lncreasing
moleculay weizht,

There o no single hypothesis of the mechanism of glonwrular
eapillary perweability which can account for all the koown facts.
"¥his may be due to defective or incomplete hypethesis, or that
gore of the facts are wrong, or misinterpreted, or both'' (Luft,
1865). At present the various hypotheses shew four teends of
thought which developed in chroaelogical order more or less parallel
to the application of particular fnvestigational techniques.

(A} ‘The first hypothesis is that ultrafiltration cccurs hetween
the endothelinl cells atid is lavgely vegulated by the interceliular

cemont substance. This view stewms meinly from light microgecope
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obzervations and was extensively reviewed by Chambers and
Zweifach (1947). This hypothesis, though useful in other sites,
has been of Hmited value In interpreting glomerular permeability.

() The second and, to date, dominant hypothesis is the so
called "Pore Theory! developed by Pappenheinner (Pappenheimer,
Reakin and Borrero, 19513 Pappenheimer, 10563, 1965). This
hypothesis, based on physicochemical data such as that outlined
eariier in this section and oﬁ physiclogical clearance studies,
proposes that ulirafiitration cccurs through poves some 76 fo
100 & in diawmeter largely by hydrodynamic flow and to a2 much
lesser extent hy diffusion. Two points made by Pappenheimer
are of particulay importance with regard {o later consideration of
this hypothesig: the first is that steric effects may restrict diffusion
at the entrance to the pore; the second is that reduction in glomerular
filtration, due for example to interference with the blood flow, will
result in relatively lavger amwunts of profein appearing in the ultra-
fillrate due to molecular sieviog. Pappenheimer's hymothesis has
been severely oriticised on thermodynamic grounds and an alternative
working hypothesis of diffusion across the capillary wall, rather
than flow through pores, has been proposed (Chinard, 1952;

Chinard, Vosburgh and nng, 1956), Other studies in general
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support Pappeshelmer's views and further sugpost the existence

of either stretohable pores or the existence of a second, nunwer-
ically sinallex but dimcasionelly larger, pore population (Grotte,
1966; Mayewrson, Wolivom, Shirley and Wasserwman, 1960).

it must be exophasized that the hypothesis outlined above con-
corny & mechanical and matheimatical mwodel of the glomerular wall
as a whole. It is & aatisfactory functionai concept but makes no
attempt to ascertaln the actual pathway taken by the trangporied
material.

(C) The thizd hypothesis is intringically concerned with the
asctual pathway taken by the trangported material, This view ia
vaally a series of electron microscopic observations which, as yet,
lack succingt formal expression in a unifying hypothesis. Briefly,
different investigators using different exporimental nwdels have
placed varyiug degrees of emphasis on the endotheliuin, the basew
mont mewbrane, the filtration slit pilate and the foot proceasses,
as the hayrier which regulates uitrafiliration. ‘These investigstions

ave tnbulated on the following page.
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Summearizing theae results it iz clear that cells and very large
eolloidal paxticles normally do not cross the exdothelium.  All
other tracers cross the endothelium readily, principally by way
of the fenestrae, and enier the lamina rara intexrna.  All of these
molecules can subsequently transverse the lamina densa bat many
are vetarded at the inmer border of this layer and eventually finish
up in the mesangial matrix then the mesangial cells. In general
the larger the molecular size of the tracer the wore of it goes by
this route. Those nwlecules which eross the laming densa lie
in the lamina rara externa and are more or less veiarded by the
filtration slit plates and by the plasma merbranes of the foot pro-
cesses. Small molecules of the size of catalase readily pass
through the slit plate but Iarger molecules pasa through the foot
processes by pinccytosis and so reach the urinary space.

These ultrastructural studies using electron-dense tracers

29

have failed to demonstrate a pore system in the bagsement membrans,

The tracers cross the membrane everywhere or at random, and no
deformation of the raembrane by the tracers has been obzerved.
All the tracers investigated were found alse in the mesangial

matrix and cells to 2 greater or lesser extent.

From these studies it is established that the glomerular capillary
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woll in stratifieds this implies division of labour and functional

apecialization of each layer (Palade and Brung, 19864). The

endotholivm ig a coarse filtey, the lamina denga is 3 medium

filtor and the slit plate is a fine filter. It has been suggested,

and pupported with sound exporimental evidence, that filtration

residues are removed to the measanglal matrix and incorporated

into the mesangisl cells (Farqubar and Palade, 1962; Graham

and Barnovaky, 1668). It has further been suggesied that the

vizceral epithelium functions ag a wonitor of the glomerular fil-

trate (Farquhar, 1964a). The results of studies using peroxidase

ag 4 tracor are in accord with this latter suggestion (Graham and

Karnovehy, 18663 Venkatchalam, Karnovsky and Cotran, 1969).
The tracers used in these investigations are vhusual molecules

and, with the exception of haemoglobin, clearance data for them

are either not available or incomplete. In consequence it ie difficult

to correlate the ultrastructural features with the physiological cone

cepts outlined previously. Again there ave two main views. One

iz that the filtration sliis may function as 'pores! or at least be rate

Umiting (4all, 1967 Landis and Pappenheimer, 1963). The other

is that the Lasement mentbrane is a gel angd the rate limiting factor

iz diffusion (Chinard, Vosburgh and Enng, 1956; Menefeo and
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Mueller, 1967 Ericsgom, 19468),

Apart from these general deficiences all of the tracer modeis
are gublect (o paviloular criticlems,. In some the Intraluminal
concentration of tracer wolecules was too low to permit a systems
atic study {(Palade and Brung, 1864). This applies particularly
to colloidal gold. In certain of the early ferritin studies cadmivin
was aluo present and the injected {racer was therefore toxio.

Ferritin 1s alse produced endogenously and cannot be distinguished
from the exogenous tracey after a lapse of a fow hours (Farquhar,
16640).  Globin occuxs in both a soluble and an ageregated forn:

only the latter 1s electron~dense and locatnble (Graham and Kevnoveky,
1966,  Hoemoglobin iz exivemely difficult to demonstrate electron
microscopically snd often its location is more by inference than
recognition.

Despite theso deficlences and oriticisms the electron microw
seopie nludios of glomeruier permeability have significantly contrie
buted to the clucidation of glomerular funcifon,

(D) The fouxth and Iast main hypothesis concerning glomerulay
filtration stems from the advances in blochemical studies of glomerular
basement membrane in the past few years.  ‘These data are as yet

incomplete and so far no well developed hypothesis has emerged,
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only voandom idean.  Oune such idoa ia that differentisl pernwability
in the vesult of diffoventinl croaa«-linking and aggregation of the
bapement werbrans collagen flefalides, 1968¢). This ls & reasons
ahle segeestion but, as yot, {o in too general a form to he of value -
fn partionlar situotionsz. Another idea i that the physiologleal
mores' ava holioal sivuciures bocauae the major stractural compons-
ont of glomerular bagoment mambrane {2 & helical glycoprotein
{Migvo ond Berman, 1069). This is an interesting but highly specul~
ativae awggestion for whils the glycoprotein is helical there 1o litile
ovidanco that poves exwist, for less hellopd pores.  Primitive though
thoae suggeations ave, the molecular anciomy of the bagorent mer-
brano promisos forrastive ideas within the noxt fow years.

{8y  Aport from the main hypotheses two furtber ideas merit con-
pidovation, one because of its oviginality the othex because it is a
good conpromige .

Qautior, Bornhard and Oborling (1950} who were the flest to
visnalize and appreciate the nature of foot procosses were congidorw
ably lpressed by thelr contours and intordigitations. They thore-
fove surmised that the eallbrs of the glomernlay copillary and the
volume of the peri~capiliony, 1.e. urinavy, space could actively vary

and thereby act ke a suction pump. Qddly envugh it has subzequently



heen ehovn that the colibre of the glomerulay capiilaries vavies
{Shival, Tabovegl and Kiioroara, 1860}, that (o epithelial colln
have wmyold featuwres (Poane, 1968) and that the glomsrulus oone~
treacts rhythmicaily wud sysclivonously 4 flese culluess {Bernlk,
1969y,

Bepnatt (1963}, tuking the mopplivlogicsl dein egpesially cons
covaing the felitwork of fllaments n the basement nwiwbrane and
the physiolegicnl dets especially concernivg the 'stretched pove’
peapount, pat forwand thy iden that the flaments ore not extensively
eronn Hoked so filleation chonnaln ave present evorywherve in the
bagewsnt mewbrone ik ave constantly cnpable of changing in reaw
postgs o hydeodyneinio ond, by Wwferenes, othey physical conditions,
He forthey suggested fhat the haseowent mewabyove of the capiliavy
iz annlogous o the glycosalys of wany cells, Thoue {doss antodate
b ave tn accord with the biochemton evidency conceyning tho
wengrs ovose dnking in the bagewment wewbrane collagen.,  They
also ontodate experimentsl evidence supporthing the analogy betwoen
slycoralyz and baspwont wembrans which is prosented later in this

thaain,.



34

Optical mieroncopy, phyaslology, clesivon microscony nud
biochemistry have all eontributed connideraide dein on the glomernius.,
While within each of thene fielde of investigation thers are conflicting
viewa « Whethar the nltvafiltrate s forseed by diffusion ox filtention;
whethery the hacemont mombrane is fibrillar o a goly  whethor the
basement membrane 1z a single or o multicormponent system « i lo
probable that these vicws are less irreconciloble thon they appear.
Botween these fields Qf investization thore iz a lack of corvelation -
do the filtration slits corvespond to the pores, are the fibrils ths
ultrastructural manifestation of weakly eross-linked collagen, is the
heteropolygaccharide responsible for meleculor sioving effccts «
but the lack iz due o the nhzonce of ill~-d=2fined thovgh essentially
small doteils.  The gaps to be bridzed betwaon the individual and
the molecule, between function and mi;mmﬁxm, hetween hypothesis
and veality, ave smaller in the glomerulug than in most othor sites
in the body.

Hoving considered this background information with respect to the
subzeguent part of this thesis, one hasie, aolf-ovident but nono~the-
iezs worth emphagizing fact is that glomerulay basement membrane
cannot be regarded properly in igolation, I »wmgt be conplderod with

the visceral epithelinl, the endothnlial and the nmweansgial cells as o



functional and structural vnil whose several sompononts rorraally

mndntoin a dedentely adjusted halaneo.

3o
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Port 11
Exparimental Argyria
PFrolimdnaery and Ancillary Experiments Divected o
the Development of a Sultable Experimeninl Model
for Dagement Membrane Studios

Humorous experimental studies on argyris wore performed
in the latter half of the 12th and the early years of the 20th cen~
turles. Moat of these studies were directed towards the thera-
peutic uees of silver compounds and the prevention of argyria.

One of the earliest, and most pystematic, of such investigations
was that of uet (1873) who fed sliver salis in doses of up to 6 mg.
per day to 4 rais for periods ranging to more than o year.

The application of axgyria as an experimental model for struc~
fural and ulirastructural studies emerged only in recent years and
commenced with the study of Gatz (1948).  This paper, which was
presented at 4 meeting and published only as an gbstract, atiracted
congiderable attention as a potentially useful technique. The pro=-
cedure was subszequently used in electron microscopic studies first
by Dempsey and Wislocki (1955a, b, ¢, d) and since then by several
other workers (Wislocki and Ladmen, 1968; Deane, Hofioann,
Solomon and Wislocki, 1965; van Breemen and Clemente, 19552, b}

van Breemen, Regey and Cooper, 1956; Olecott and Richter, 1968;



Kurtz and feldman, 1962; Vernier, 1964; Osghima, Hatano,
Maeyaia, Sugine and akouchi, 1967; Striker and Smuckler,
1970) .,

In theory experimental argyria iz simple: rats arve given silver
nitrate in their drinking water and after appropriate intervals the
aniranls are kilied and the silver is located by light or electron
microscopy. The very theoretical simplicity has marred method-
ologlcal detnil in the proviously cited studies. The concentration
of silver nitrate has ranged from 1+0 g per litre (Dempsey and
Wislocki, 1855¢) to 650 g per litre (van Bfaemen and Clemente,
1986b) or iz referred to as “dilute" (Vernier, 1964; Oshima,
Hatono, Maeyaran, Sugino and Takeuchl, 1967). The period of
administration has réngad from one (Oshima, Hatano, Maeyama,
fugino and Takeuchi, 1967) to nineteen (Gatz, 1949) months.

The varied nature, or lack, of detailed information necessitoted
extensive preliminary and ancillary experiments which are described
in this part of the thesio. These particular obgservations were made
in different animal houses and laboratories (Glasgow, Minneapolls
and Aherdeen). ‘The definitive experiments described in part III
of this thesis were all carried out under standardised conditions in

Absrdeon.
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Methadological Studies

(1) liethod of administering silver nitrate

Silver nitrate is very zoluble in water and is most convene
iently administered oxally. It deteriorates on exposure to lght
and precipitates readily in the presence of cextain {ons, particularly
chlovide. At different tlmes precipiiation mroblems avoze wiih
drinking containers, washers and mouthpieces. ‘These were all
tonted, individually and assembled, by placing in 0.5 per cent
agueous silver nitrate for at least 24 hours to see if any silver
was procipitated.  Silver adwinistvation was oventually standard-
ised to nsulation tape covered glass hottles with plastic mouth-
pieces and grey, synthetic rubber washers deveid of identifying
marks, source unknown (Figﬁre 8), This particular drinking
apparatus presented no precipitation problems: its only inconven-
iences in uae were that inspaction of the amount of fluid consumed
teok longer than with o transparent container, end that the mouth-
pleces were breakabie.

En rouio to this almoest olwviovs selution it was poted that the
opague, unbroakable, plastic water containers widely used in enimal
houses are wade from o polyiner which containg chlovide. These

confainers slowly precipitate silver. One wmexpected cormplication
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Figuve 6a. Drinking botile suitable for administering silver
nitrate solutions, on the left; unsuitable type of mouthpiece on
the right.

figure Gb.  Detail of coyrosion produced, by stecl mouth-
piece resting on zino coated metal cage in the presence of
silver salts, within a period of 4 weeks.



Figure 6a

Figure 6b



oocurred white using plastic coated metal mouthpleces, These do
not precipitate silver but the plastic wears off at the point where

the mouithpicos rests on the metal of the cage.  The combination

of galvanised wotal cape, sinel mouthpiece and silver nitrate solution
is particularly corrosive and the mouthpicce eroden through in abous
4 woeks (Picure 6).

() Conconiration of silver nitrate in dreinking water

The amoeunt of wator deunk by young adult rats varies from animal
to ondmeal, from day to day, and from animal house to anlmal house
It a typical range is ahout 18 to 25 ml per animal per 24 howrs.,

Four groups of rats were given respectively ordinary tap drinke
ing watew, and 1+0, 2+8 or §+0 ¢ of silvor nitrate per litre of distilled
watey, Aunalyiical grode silver nitrate was used to eliminate possible
effects fvom other heavy metals.

Whon given 1+0 g silver nitrate per liire of drinking water there
is 1o obvious change in the drinking habits or water consumption of
vots. When given 26 g silver nitrate per litre the rafs' water con-
sumpiion dvops markedly on the first day then progressively bailds up
i 2 normal consumption in about 6 days. When given §6+0 g silver
nitrate por litre the rats' water consunpiion drops precipitously then

slowly builds up to about half the previously normal level in about



40

10 daye., Three of 12 vats on this high concentrotion died on
days 4 and § after compwneing ingostion, The remaining rats
survived ut becauge of tholr rather miserable condition this
particulay expeoriment was digeontivued ofter 8 weoks when
ordinavy tap water was gsebstituted for the silver nitrate deinking
fluid and the aninals rapidly returned to novaal,

Davk field microgeopy of the kidneys of rates deinking 1.0 g
silver niteaie per litre failed to show good glomerular basement
mewmbrane Iabelling within 3 monthe. The glomeruli of rais
drinking 206 g silver nitrate per Hire showed good labelling after
10 weeks., Five pramses of silver nitrate per lilre had adverze
offeets on the animals.  The concentration of silver nitrale wna
therafore standavdiced st 28 g per litre of water for all subsequent
exporimenta.  Apart fyomw the fivst & days on this drinking fluid
thooe rats were clinically distinguiched frow control yats on ordine
;wf tap deinking watey only by having o brown mmizzle and diseolovred
toeth.

Thig concontration of aflver nitrate has previously been used
cifectively (Kuriz and Peldman, 1062).  ‘Twe papers on experimental
avgyela wention texic concentrations of silver (Oloott, 1948;

van Breemen, Reger and Ceopor, 1956).  The latter investicators
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used a concentration of §.0 g silver nitrate per litre for 6 to

8 montha and clearly state that "silvor appears in notieable
quantity in the rat kidnoys only after zeveral months of vitel
adwinistration’. In view of the findings recorded in the pre-
vious two paragropbs it ceoms that either most of van Breemen's
rate were atypleal {such animnls do ocour and are considered
later in this chapter) or, more probably, thelr drinking vessels
were slowly pracipitating out the silver nitraie.

Oleott (L048)* rocords that rats given 1 per cent silver salts
to drink "did not survive! and that 2 rats "were kept alive for over
500 days with ne other fluid intake than 0.4 per cent solutlong of
siiver chloride in sodium thiosulfate but this dosage usually was
found to be excessive™. He gives no data on the onset of plgment-

ation but his Mlustrations are all from rats exposed to silver for

®  *Fhis paper by Olcott containg much useful information and its
hiztological content is graced with descriptive precision. However,
apart from some anachrenistic references the paper might well have
been wiitton in 1848 and not 1948.  Bright fiold and not dark field
microscopy is the basic technique employed. Large segments are
weltien i the first percon siugular e.g. "1 have given silver sol~
viiong to «...00"e  There are personal references in the text

.z, "De. N, C. Foot has examined some of my slides and believes
that ......". This siyvle contrasts markedly with the objectivity of
the resulis. These are well correlated and spiced with a modicum
of tanzentinl speculation but there iz a remarkable absence of dednct~
fon. It would appear that the results are an end in themselves.,



wmore than 811 doys.
(=) Long term toxicity

1% 15 well established that continuons administvation of silver
golutions resulia in the progressive aceumulation of silver in
rats (Oleott, 1948; Wislockl and Leduo, 1952). To determine
when the standard 2+8 g per litre silver nitrate drinking fluid prow~
duced long texm toxic effecta a group of eix, muale, Sprague-
Dawley rats was given this fluid continuonsly from the age of six
weeks. The animals were chzerved and handled every week and
compared with a control group of rats receiving ordinary, tap,
drinking water.

From about the 26th week of silver ingestion onwards these
argyric rats were distinguishable from the controls not only by
discoloured mmzzle and teeth but also by being slightly less in
weight, ‘Thelr condition otherwise was unremarkable until
batween the 76th and 81st week of silver ingestion the condition
of all mix rats deteriovated markedly, ‘They became listless and
poorly greomed and their fluld intake dropped considerably., Iach
rat did this successively and five recoversd when the silver nitrate
solution was replaced with ordinary drinking water. The sixth

rot was killed and examined. Apart from Intense pigmentation,
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which is desoribed later, and weight loss it showed no patholog~
ical features.

& striking foature of human argyria is the absence of any
ovidenco that the silver depoasits produce any significant physio~-
logical disturbance of the involved organs or tissues, apart fromn
pigentation (¥ill and Pillsbury, 1939). In vats, apart from
those given very high concentrations of silver nitrate, or given
lower concentrations for o very conaiderable time as describved
carligr, the only _kxwwn eircumstances in which silver salts are
markedly toxic is in assoclation with vitamin E deflciency (Shaver
and Mnson, 19613 Grasse, Abraham, Hendy, Diplock, Golbersg
and Green, 1969). The rats used in the experiments described
in this thezis were fed on proprietary brands of rat cake, largely
haasd on wheat and dried milk, which have an adequate content of
vitamin I,

{8) Detection of silver « light microscopy

Silver deposited i biclogical tissues has constaut and reason-
ably c:hamnzwrisiie featuyes when examined by bright field micro-
ascopy. The silver appears as a darvk brown or black deposit
depending on the intenaity of the argyria. Slight degrees of

argyria are easily overlooked in haematoxylin and eosin stained
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sectionz. For practical purposes the orly excgenous plgroent which
ean cause confuslon is carbon, and the only endogenous ones zﬁ:a
melanin ond haexosiderin,  In theory the preparative artefactual
pigments formalin and mercury could pose problems but were not
encounteved in the course of this study.

Silver deposited in biological tivsues has constant and reason-
ably characteristic features when examined by dark field mioroscopy.
The silver appears as a brilliant sheen which varies from ailver to
pale gold in colour depending on the iniensity of the argyria. Thia
is the technigue of choice for detecting argyria with the light mioro-
seope and ean be used both with stained and unstained slides., ¥For
reasons not made entirvely clear, but possibly due to established
custom, woat previcus siudies with daxrk field wicroscopy have
utilized wnstained alides and localization, rather than detection, has
keen o problem (Hill and Montgommery, 1941; Boersma and Baker,
1948).

In ordor to gain familiarity with the Hght microgcopic appenr-
ances of gilver the kidneys from a serles of ¢ rais which had been
given 035 per cent silver nitrate for @, 2, 4, 6, 8 and 10 wecks
were examined respectively unstained, eosin stalned, and hacmatoxylin

and eosin stained using both bright and dark fleld microzcopy. Silver
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was detectable in the 8 week specimen by the dark field technique
and was barely detectable in the 10 week specimen by the bright
field technique. ‘The findings were in accord with the conclusion
of Wislooki and Ledus (1952) that the dark field brings out "much
miove silver and finer particles of It than tho eye was able to
detoct with direct light",

Unstained sections were very difficult to locaie under the
objective and by bright field are exceedingly trying on the eyes
{(Figure 7)., Fosin stained soctions give particularly good dark
field appearances but are of lmited value for bright field examin~
atlon (Figure 8). Haematoxylin and eosin stained sections give
good bright field images, and dark field images only marginally
iess satisfactory than cosin alone (Flgure 9),  Ag a routine ali
subsequent speclmens were stained with eogin alone and haematoxylin
and cosin, and were examined using both bright and dark fields.

Tocalization of the silver was not found {o be a particular
problom as the same field can be readily examined by bright or
dark techalgnoes,.  With rotating sub~stage bright and dark field
condenzors {(Zeiss Standard Universal Microscope with achromatic-
aplanatic condenter VZ with N.A . 14 front lens) this is no more

ditficuls or time consumning than rotating the ohjective turrct.



Figare 7, aArgyric glonwrulus, unstained, (o) hright field,
(b} davk ficld., X340

PFigure 8. Argyric glomerulus, stalned with eosin alone,
(0) bright field, (b) dark field. X340

Figure 9. Axgyric glomerulus, stained with haeratoxylin
and eosin, () bright field, (b) dark field, X340

These glomeruli are all from a rat exposed to silver nitrate
drinking solution for 10 weeks.
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Such o facility was available to neither Hill and Montgonwery nor
Boergma and Baker.

HSections from the arpgyric rats wers subjecled to the sitandard
chomical procedures for the detection of silver, as adapted for
histochemistry (Lillie, 1968). The pigment was not removed by
fodine alone, or by sodium thiosulphate alone, but was removed
when treatment with fodine was followed by treatioent with sodium
thiosulphate.  Concerning this latier reaction Oleolt (1948) clearly
states "The color can be made to return by the use of a photographic
developer". This was attempied using o varioty of proprietary,
modorn developers, e.p. "Unitol", without success. Oleott un-
fortunately did not specify which developer but, later, on roflcotion
it seomed he might well have uged one of the older developers which
gave physical as well as chemical developoent. ‘The experiment
wag therefore repeated uping a variety of older developers, .4,
76 end paraphenylenediamine, amd the colowr did return to the
tiamues. The silver conld be completely remwoved by & per cont
sodinm cyanide in which case the colour did not refurn with either
areup of developers.

(o) Detection of ailver - electren microscopy

Viial stalning with silver lends itzelf well to electron microscopio



technigues.  Silvey seatiers electrons producing an easily identi-
fied, zeadily located, tmage of the metallic depouit. The silver
appears in the form of single or aggregated particles with rounded,
sightly angular o ocoasionally commaw~shaped profiles which are
aharacterised hy o uniform and very intense olectron density
{iignre 10},  The porticles vary in asize from less than 30 to
geveral hundred 8 in dlaweter.  Such particles ore not seen in
oon=-avgyrio controi animals,  There is unanimous agreement on
these features in all previcus electron microscopic studies on
sxperimental argyria,

These dense deposits can be removed by exposure {o § per cent
sedinm cyanide for 10 miotes (Figure 11},  The form of the deponit
changes when the sections are exposed to iodine {Figure 12). Sub=
seguent azposure of thesze grids to sodium thiosulphate gave microe-
graphs of dublous validity due to severe contamination problems.
The esrmggiml doposit gives no ¢leotron diffraction pattern, which
confiving the previous finding of Olcoit and Richter (1968), but a
diffvaction pattern was obtained from the iodine tronted material
(Figure 13). This diffraciion pattern altered durlng the course of
examination from a spot to a ring pattern. Both the tranamitted

and difivacied fwages of the lodine treated nuterial were coxaparable



Figure 10. Typical appearances of silver deposits in glomerular
basement membrane. From a rat which ingested silver nitrate
for 25 weeks. X 22,000



Figuro 11,  Sodinm cyanide treated gecilon of argyric glomerulary
basowment membrane.  The silver granules, which were deposited
in the lover half of the basement membrane io this specimen, have
dizgolved. The outer half of the basement wembrane contained
no silver and is unaffected hy this treatent, X 23,000

Figure 12, Iodide tresied section of argyrie glomerular base-
mont membrane. The zilver granules, which were deposited in
the inner half of the basement membrane, have aliered their
morphology. The oulter half of the basement mwmbrane con-
tained no silver and i3 unaffected by this treatment. X 22,000

Figure 18,  Bleotron diffraction pattern of the deposit lustrated
in figure 12.
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Figure 12

Figure 13



to Wormwar! contod grids wiih silver lodide previpitates but this
does net vecogsarily prove identity,  Silver jodide dees not have
o sufficiently chagacteristic erystal shape to ho pogitively idondie
flod, ond cortoin siiver salls chanze in struoiure when exposed to
clectron beams {Reimor, 19657 Welsenbergoer, 1868). Both the
chemicnl and eryetailing date strongly support the identily of these
elociron dense hasewent membrane depogits as silvey .

Thare are, urfortunately, several other kinds of eleciron denge
pariicios whick can patentially cozoplicate tho interpreation of
svgyrie eloctronmicrographs.  There is no montion of theso In any
of the provicus astudics though both from texztusl deseriptions and in
Mustrations it iz evident that minor, wyecogudsed, confusions have
arigen. A gsystematie sesrch for such noneavgyrie, electron densa
paeticles wag therefore made in o series of srgyric and non~argyric
tlacmes, wainly kidney. Sections were examined snstained, stained
with uranyl acetate, with lead citrate, and with combined uranyl
acotate and lead eltrate.  Some of the seotions wers on Wormvar!
conted grids, most were on uncoated grids.  Home of the spechmens
wore eoated with earbon bhut most were uncoated.,

The electron dense particles observed fell into two distinet

categories which are considered in turn below,
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&, Artefactunl densities.

Overstabing with lead olivate, overexsposure of the film, or
printing the negative on tao high a grade of paper, sll exaggerate
the natural electron densities of the section g0 that even ribosomes
can appear as dense as silver granules in the finished photograph.
Such an artefact can be suspected by the lack of low conirast
detail in the finished print and confirmed by examination of an
unstained soction fyom the same block in which case only the silver
iz eloctron dense, hy examination of the negative in which cage it
is excessively dark, or hy changing the grade of the photographic
papeT .

Microscope contaminntion due to deposition of hydrocarbons
{Ennog, 1963, 1984; Heilde, 1965) can produce particles alinost as
dense as silver, These particles are distinguished by appearing
nnd increasing both in tensity and number, often with dramatic
rapidity, while the section is being examined (Figure 14).

Stain precipitation bas been observed on pections inadequately
viased and dried. Thig tends 1o occur in tidemark regions near
the porviphory of grid squares. A more generalised distribution
was obzserved if the lead oitrate was breathed on during staining

protadures and iz presuraably due to insoluble lead carbonate.



Figuro 14, MHeawm eontawmdaation.  The contondnant spots
ave larger, less bonwgeneous and lens electron-opague than
sllver deposits (arrow). They are randoly distributed over
the field of view withcut repard to topograghy. £ 120,000

Figure 16, Lead artefzot. Small, olectron-opague globwles
are distributed throughout the field of view nnd are especialiy
obvious in the vieclaity of the plasma membrane. Silver, for
acomparison, is present in the glomerular basewwut wembrane
in the lowew half of the fllusivation. X§1,600
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Figure 15



Thase deposits are not pmresent In unstained sections from the
same block.

An wsusl artefact which ecours in overstained, over-
Irpadinted sectlons is Mlustrated in figure 16,  This produces
globules ag eloctron dense ag silver and they hove a vague relations
iﬂhipl o membranous atructures. The image on the screen gulie
suddenly loses contrast and when the beam ig twrned down an imoge
such ag that ilustrated appears. It is probable that this is due to
melting snd subseguent resolidifiontion of the lead stain.

et coours on seotions in a vaviety of shames, densities and
digtributions {(Figure 16). In general because of thelr inconstant
shape, variable electron density, non-topographioal digtribution
and tendency to ocony on gpections which are recognisably 'dirty’,
the distinction of dirt particles from silver deposite poses few prob«
lems. Sorupulous core was taken at all times o avold exiranecus
contoemination of specimens (Pease, 1860) aﬁc% the socasionnl grid
which was obviously dirty, was discavded,*

There remaing the problem of the solliary, amall, wniformly
dense particle of dirt which is indistinguishable from silver. Such
a problom ia Hustrated in figure 17, In the light of experience, in

that it has been cbaerved that sflver is not deposited in this part of
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Figuve 16, Dirt. Multiple, very lavge, irrvegular, electron-
opaque maierials are deposited on the surface of this section.
% 21, 000

Figure 17. Solitary, small, electron-cpague body in the imer
half of the capsular basement mewmbrane., 3ilver is not vsually
deposited in thig site, The electron-opague body is presumed
to bo extraneous material., X 565,000
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Figure 17
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the capsulay basement membrane, this particle is aliost certalnly
divt. On this pariicular occasion the z‘.;mm@m is recognisable.
¥ such o particle ocourred in a reglon where silver was deposited
the problem would st e recognised but # would not affect the
interpretation of the photomicrograph., The problom in this case
in of wova theoretionl thon practicnl importancs. o regions wheve
silver is deposiied as geaniy, solitaxy grenules such as occurs i
viscoral epithelial coll cont, the problem is real. In such instances
o single particle can bho interpreted with veliability, it is necessary
fo tako into account the pattern of distribution of several granules:
it iz very unlikely that geveral lsclated dirt particles would all have
the same topographionl digposition.

B. Natural deaniiies.

Mitochondrial graonuies ave fairly constont in size, shops, density

* It is only when specifically looking for electron dense particles
thot the trve nmouat of exivaneous meterinl on a specimen becomes
apparvent. Minoy degrees are frequently overlooked even in pub~
lighed photogvapha which are presumably carefully selected. Cut
of curlosity 60 photomdcrographs from § different sources all published
in o gingle menograph {Dalton and Paguenan, 1967) were examined
cavefully and the number of dirt particles visible in each was noted,
The totol was 76 and the yonge was from 0 o 7. In none howover
id the divt particles interfere with the information the illusiration
was intended to convey. The Hustrations of the case of huwan
localizved axgyria reported by Buckley, Osier and Fassett{1966) are
pavticularly heavily covered with diet particles: the illustrattons
of KEurtz and Feldman {1962) ave particularly free of dirt.



and ahove all, position. They are not a feature of glomerular cells
but are particularly prominent in the tubular cells (Figuve 18). It
has been shown that divalent cations aceumuiate in these pgranules
(Poachey, 1964) but stiver was not used in this particular invest-
igation. These granules have in certain previous investigations
{(Dempsey and Wislooki, 19566¢; van Breemen, Reger and Cooper,
1968) been said to represent silver granules. At the time of these
particular obgervations mitochondrial granules had not becn clearly
identified in normal cells, nor were residual bodies always clearly
distinguizhed from witochondria. The presence of silver in mito~
chondrial granvles is therefore not proven. Cextainly {reatment
with sodium cyanide does not noticably reduce the electron density
of roitochondrial gramiles,

Ferritin is a2 common, widely distributed electron~dense pariicle
but it appears to be infrequently present in the normal rat glomerulug
though readily found in the aspiean {(Figure 19). K iz well characierised
electron~microscopically (Farrant, 1964; Richter, 1957, 1960;
Richter and Bessig, 19065) both as individual mwlecules and as various
aggregates. 'The fervitin moleoule, with a visible diameter of G6 X.,
is smaller than moast silver particles and the degree of uniformity of

size of ferritin molecules 1s usually a striking feature. Moreover in



Figure 18. Tubular cell cell showing mitochondrial
granules. For comparison silver is present in the
basement membrane in the lower left corner.

X 21,000



I1™i-K~ Figure 19. Spleen showing ferritin, at top, for
comparison with silver, at foot. The ferritin
Vi particles are smaller, more uniform and slightly

V. less electron dense than the silver. X 28, 000
%
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pavitoularly well exposed and printed micrographs forritin is not
guita ag donge ao silver ond of high resolution its four sub-units
eon bo disceracd.

Organclles of the lysosone, dence body and residual body type
cecur in a vaviety of sizes and shapes with a variable, usually
inbwioogensocus electron density.  ‘Their detnity o usually, but not
invariably, less than thot of siiver.  Silver particlos ave, in cire
cumstances to be descyibad later, tucorporated lnto these organelles
bt are distinguishable by their large size, hoimogencous elec&an
donsity and tendenocy to be about the same give within any single
vrganelle.  In the few instances whore such a distinction could not
bt wade yeadily another grid from the sawe blook was treated with
§ per cont sodium oyonide solution.  Silver and pon-silver contain-
ing bodies could he readily dlatisguished using this technique (Pigure 20).

Lysogonwes and related bodies were not definitively identified at
the time many of the early eleciron miovoscopic studies on experiw
mental avgyrin were porformed. In consequence in the studies from
the widdle fifties there are minoxr degrees of confusion between these
orgenelles and mitochondria.  The presence of non~silver dense
pariicles in these organelles was elso poorly recognised at that time.

Bizarre, iscloted, electron dense bodies were observed on two



Pigure 20.  Cyanide treatod gection of vigeeral epithelinl
cell and glomerulay basement membrane from avgyyvic rat.
The silver granules in the basewent membrane have dissolved,
The electron~opacgue wmaterial in the membrane~bound body

in the epithelial cell is wnaffected by the oyanide., X 23,000

Floure 21. DBizarre, electron-opague body found in an
orgyrio vat.  X50,000



Figure 20

Figure 21
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ovpaciona in the course of thip enthire sindy on argyric aninwnls
{figure 21, They appeaved to be non~avicfactnal and were
ragarded ag unexplained natural oddities perbops due to somw
erystolline deposition. However a not digsindlar body is illugw
trated in the single huwan argyric glomeruluy oo far examined

in the sloctron microsoope (Prose, 19063) and nppears to have been
acceptad without guestion by that author as o siiver deposit.
Fuythor sections from the same block coniaining these bizarre
bedies were thevefore examined but no other such bodles were
found. Atienpis {o trent the original section with r:ssﬁmm'cyaniﬁé
were unsueceasiul as the seotion was on an uncoated copper grid
which was severely etched and contamingied by the cyanide zo that
the two ovigionl bodies could not be located, ¥ these pavticular
deposita ave silver, they ave av excessively rave form.

€  Axtelacts atteibuiable to silver deposition

TR PR

Moat elootron microgcopic techniques have their particular arte~
facts and experimental avgyris 16 no excoption. Two were recog=
nized which are divectly attrthutable to ciapésiteﬁ silvor,

The firat Is vbhaceved in sections o which there are lavge, or
10 2 lossor entent very numerous, silver pavéicles., Minute, iy-

vapulor fragments of silver appear to streaxa froin the large particles



in the drection in which the section was eut by the knife (Figure 22).
This is commonly ohgorved n heavily avgyrie anlrmals bat is un-
conmrmon in rats which hove only ingeated silvor for up to 10 weeks.
The artelact in i:*emmy vecognised because the daughter fragments
ave smaller and move fvvegulay i prefile than the parent particles
and are sitwoted only on one side of the pavent. ¥ ig lmporiant to
talo this ato consideration when dosoribiug the location of silver in
certain spacimens, This artefact appeays in \pmvioua illustrations
{Dempoey end Wislocki, 160803 Oloott and Richicr, 1958) without

convment and thereforve probably unvocognised,

The second, and ¢are, arteiact i obscyved in areas with numer~

ous silver pavticles. I these arens nre subjected to a particularly

ntenss eleotvron baarm the silver particles disnppear from the section

within a peried of abowt 1 10 2 minutes (Figure 28),  Whether the
paiticles dropped out of the secifon or evaporated, could not be
dooidod.  Sawkill (L005) recovds that e managod to evaporate a
solid silver orystal fa o Viokera JEM3 at 76 KV with the beam ad-

justed to manlmum intensity.  This artefact can he easily avoided.

Intormational Studies

{2) Distribution of silver in the argyric vat

Wwith a view to the potential application of experimental argyria

09



Flguve 22, Streaming or 'scveeving' avicfact. The goore
linos indicnte the direction in which the section was cut (larse
arrow}. Minute, ivroguwier, silver particles are present on
the lee mide of the main silver deposits (small arrows). The
speciraen is of a heavily argyrie, partially cleared, glomerulay
capiliary. 8,000
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Figure 22



Figure 23. PBeam aviefact. Silver deposits exposed to n
pavticularly intense electron beam. The time iaterval
betweon (0) and {c) is approximaiely 2 minutes. X 46,000



Figure 23



in sitos other than the glomerulus, wed to facilitate nterpretation of
glovaerular observations by referencs to more genoral situations, it
woi deemed advisable to detormine the overall distcibution of sllver
in the axgyric rat.  Thore are several published descriptions of the
silver distribution In axgeric animale but most are based on trans~
mittad light rather thon dark field obaervations which, aas Indicated
praviously, are more sonsitive in detacting small amounts of silver.
Moreover thoso obzservations were made with varying doses of ailver
administeved for varying peviods in & vaviety of species.

This suvvey wos cdrried out using bright end dark field ortical
mwicroscopy supplemented where neceasary with olectron microscopy.

Materials and methods

A geries of male, Sprague-Dawley rato aged 6 weeks at the com-
mencement of the experiment were glven standard stlver nitrate drink~
g fludd., Animals were killed aefter 0, 2, 4, 6, 8, 10, 12, 25 and
680 weeks' continuous exposure to the silver nitrate. ‘These animals
wora all clinically healthy. A further animal showing signs of
tonicity after 81 weeks on silver nitrate, os indicoted previously, was
also examined. A comprehengive, but not exbaustive, series of
blocks was taken from head to taill of each swimal as follows: (1) Cere~

brum, (2) Eye, (8) Lachrymal gland, {4) Topgue, (B) Salivaryglond,



%) Treochen, ceopphogus and thyrold, (V) Heavt and hwg, {8) Ventral
alin, {9) XLiphold procoss, {(10) Hootus abdowmdnis musele, (L1} Liver,
(12) Poncreas, {13) Spisen, (4) Mesentovic lywph node, (15) Stowmach,
(10) Houm, (L' Colon, {18) Kiduay, (19) Bladdoy and prostaie,
§20) Tostly nnd epldidyinis, {81) Tail, Tho blocks were fixed in
neutral, phosphate buffored formalin, ombeddad in povaffin, sectioned
at a nominal 64, staleed with hoemetoxylin ond sosin and with cosin
along, and exaveined by both beight field and davk £i0ld microscopy.
& few polected tlosnos wero fixed in bullered oomivm tetroxide {Palade,
19883, eimbadded in 'Bpon’, sectioned at & nominal 600500 }{. sinikesd
with wranyl acetate awd lead ofteote and exorsined by electron micro-
SCORY «

Reanlts

Tho keratin lavors of the tongee, cesophusun (Pigure 24) and
suunmons poriion of tha stomach contalned very heovy sllver deposits.
No silver was obzerved in the wderlying epitholinm.

Elzawhers In tha body, with a few noinble exceptions, silver woas
deposited in homologous losatlons in all tho tiosves examdned naoply
anteacollnlarly in bagomment membranes both eplthelial and vascular,
ond ntiacelinlavly i fived and wandering p‘ila.gcmyé:m of the reticulo~

endothslial system.



Figore 84,  Oconphagus of & rat which had lngested allver
nitvate. The superficial povtions of the keratin lnyer ave
imprognated with silver doposits.  Bright field, H & B,
%140,  Insoet is the corwesponding dark field agipearance.

Figure 26. Choroid plexus of argyric rat. Dense silver
deposits ave preoasent In the basewent mewbrans, Davk
field, &, X170



Figure 24

Figure 25
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These features are well geen in chorvold plexus {(Figure 26),
lacheymnl gland {Figure 26), Bruch's membrane behind the retinn
(Figure 27), ciliavy proveszes of the eye, sallvary gland, thyroid
(Mgure 28), pancreas, plomerulus (Figure 8), prostate, bladder,
epididymis and skin (Figuee 29).

Silvor deposits are notably abgent from Bownun's and Descomet's
mombrangs in the coraess, the lens capaule, tyachenl and bronchinl
bagement membrunes and the basement membrane of seminiferous
tubulog.  Bilver is not deteoted in the capillavies or perfiniseum of
tho roctus abdominis, or in Bowman's capanle {(Fisure 8), ueing davk
fiold microscopy ut o detected in these three sites by eleciren
miarescopy (igure 50).

Thyougheut the gut gilver is doposited In mmeosal bazement
mombrancs espocinlly at the apices of viill and the necks of glands,
The moerophages in the lamina propria contain large deposits of
silver.  The histiocyles iu the abdominal Iymph nodes also contain
lgrge amounta of gilver. The histlocytes in the red pulp of the
spleen also coutain considerable amounts of silver but this organ
is principally distinguished by the deposition of silver outlining the
simgoids of the red pulp (Pigure 31).

Tho pattern of silver Geposition in the Bver Iz complox (Figure 39},



Piguve 26, Lacheymal gland of argyric rat. Dense silver
deposits ave present in the bagement mombranos., Tho ntra-
luxainal, red deposits are small caleunil which ave coramoenly
present in vat lachrymal glands.  Davk field, I, X140

Pigure 2¥. IDye of avgyrio rat. The reting is on the left,
the sclera is on the right. The brilliant intervening live io
Bruch's wembrane. Dark field, £, X340



P

Figure 26

Figure 27



Figure 28,  Thywrold pland of avgyric xat. Theve is a dense
siiver deposit in the hasemont wembrans survrounding ench
soinug.  Durl fleid, &, #1140

Pigure 20.  Skin of avgyvic rat. There is a dense silver

doposit in the basement mewbrane bencath the surface epi-

thelinm and arcund tho appendages . ‘The surfaee basenwent
membrone on the ripght side of the photograph appears wore

prominent and thickey becausc in this region the plare of the
section is slightly tangential, Dark field, B, X 340
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Figure 28

Figure 29



Figure 30. Capillary from rectus abdominis muscle. A

very light deposit of silver is present in the capillary base-
ment membrane. X 18,000



Fizure 31, Spleen of argyvie rat.  Thore are dengs silver
deposits in o roticulinelilie pattern outlining simueoids in the
rvad palp.  Apart from silver within phagoeytes the white pulp
ia free of gilver., Dnrkfield, B, ¥ 140

Tigure 33. Liver of argyreic rat.  Thore sre denase silver
deposits in the portal tract n the centro of the photomicrograph.
Logoer amounts of allver are present in the hepatic venules at
the periphery of the {llustration. The Kupifer ceils ave heavily
laden with silver. Diavk field, &, X140

Compare with figure 33,



Figure 31

Figure 32



o9

Ia the porial tracts the eutive wall of w portal veing containg
silveor: tho hopatlc axtery conlaing sowns siivey in a sub-
endotholial position aiad the bile duecta ave outilned with silver,
Doposition of silver i the hepatic venules ip less intease than

thai in the portal venules. Macvephagos fo the portal tracts

and Kupfior cella in ihe siousoeids are hoovily laden with siiver.
Yach smaller amounts of silver ave presopt in sowe hepatic cellg.
e silver lines joining Buplicr cells ave alag present (Figure 33).
Those could not be positively located by davk field mieroscopy bt
clectvon nioroscopy ohows the silver to by in the space of Disse
{Figuve 24).

Slver g progent i aystonic blood vessels malaly sub-endothel-
fally, velated to clastic lawdnace avd avound muscle cells (Piguve 38).
Electron miovosceopy shows that the silver 1u not deposited in the
elostic propare hut in the poripheral nwre elociren dense reglong of
bagement mombrane-ilic matorisl which suvrounds not only the
clastic lamina but also the wogcle cells (Figuve 36),

Within any single ovgan or tissue the deposition of silver is
reoorkably waiform.  Bolween different ovgans o tigsues thero
is goms variation in silver deponitions choroid plexus, liver and

glomorulns contaln relatively donse silver doposits:  skin, bladder



Flgure 33.  Liver of arpyric rat, same specimen as
fipure 32, The Kugpffer cells are laden with silver and
these cells are joined by fine silver deposits whoso prew-
olse higtological location is not apparent at thiz muagnif-
feation. Dark fleld, B, X436

Figure 34. Electronmicrograph of liver shown in figure 33
deomonstrating a light sflver deposit in the space of Disse.
This accounts for the fine silver lines seen in the dark ficld
fllustration. X 24,000

8 = ginugoid; 8D = apece of Disse; H = hepatooyte.



Figure 33

Figure 34



Plaure 36.  Small avtery of argyric rat. Silver is deposited
in the vieinity of the elastic lamina and around individual rouscle
cells. Silver aggregates are present in phagoeytes in the sur~
rounding connective tinsue. Davk field, E, %435

Figure 36, Electrominierograph of amall artery of argyrie rat.
Btlver ia depoasited in the bazemwent membranc-like material sur~
rounding the elastic laming (EL) and in similar material hetwesn
adjacont muzcle cells (M), X 26,000



Figures 35 and 36
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and prostate contain relgtively light silver deposite:s muscle
capillaries, perimiseum and Bowman's capsule contain such
slipght deposits that the silver can only be deiected with the elec-
tron microscope.

Discussion

It has been recognised for over 70 years that exogencusly
administered silver becomes deposited in mpmmalian tissues
in twe mala locations, phagooytic cells and connective tissue.
There is good general agreement about the formes location but
concerning the latter location there have been divergent opinions
a3 to which comective tissue components are the particular sites
of silver deposition.

Elastic tissue wag particularly favoured for many years (Dohi,
1908; DBoerama and Baker, 1948) and was largely supported by
histological studies of skin biopsies from casen of human argyria.
Numerically these studies weligh heavily but the evidence presented
is not very substantial for elastic tigsue was not clearly distinguished
from basement membrang either by name or deacription by mwany of
the fnvestigators. Furthermore many of the histochemical tech-
niques used to demonstrate elastic tissue are now known {o be of

dublous gpecificity. The situation in skin biopsies was further
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coraplicated by the locus,for silver has a predilection for regions
of genile elastosis {Schytipl, Cehlschlaegel and Drabner, 1968) and
thero 1 little evidence that this condition, in spite of its name,
nvolvos ¢lastic tissue proper.

While the obgexrvations on this point in the present study are
limtted, 1t is evident that silver iz depoaited not in, but arcund,
elastic tiseue, an observation also made by Striker and Smuckler
(L970). The silver granules are clearly in a layer of what elec~
tron mierescopically is basement membrane«like material, Such
a loyer has previously been demonstrated histochemically (McManus,
1948a) and electron microscopically (Gottlob and Hoff, 1967) though
neithor have described it as basement membrane~like, preferring
rospectively to call it glycoprotein or ground substance.  Though
silver is deposited in the immediate vicinity of elastic tizsue it occurs
in many other locations and a unifying hypothesis for extra-cellular
deposition based golely on an elastic, ox even s peri~elastic, distri-
bhution, is no longer tenable.

Silver is widely distributed in bleod vesaels, an observation
emphagized by Gaul and Staud (1934, 1938), and @niirnwd in the
present study. Thege authors regarded this as the classical picture

of metallic retention and proposed that silver was deposited in a



divoct conmplomentary fochion to the capiliary system.  This,
Lo the olastic tiucve hypothesis, is parily corveci bhut takes
hitle cogploance of the wids extra-vasoular disteibution of silver.

On the hasio of the precont ebheervations one veifying foature
of all tho extra-cellulir doposits of silver is that they oceur in
the homogonsous grouad substances, or, move spacifically, in
basoneont wsbranos and basement wembrane«-lile material.

I 1o tompting o make this correlated evidence into the gorin of
a unifying hypothesis. This would b an improvement on the
two previous hypothesis in that € conveniently embraces both,
However ‘unifying hypoihosis' is slightly move swmpbatic than ihe
ovidence t'i:uiy permits and "reasonable working Lypothesis! is
more eéwmé.

The first main stuiobling bloek to a move defiuitive conclusion
in the aboonee of silver deposits in certain bassrsent membranes.
Thin may moerely refloct the relative insongitividy of dark field
techuiques and eould bo solved by the more general application of
olectron wicrescopy. Alternatively it moy reflect the falluve
of silver o gain access to these sites -~ thig alwost ceriainly
accounts fox the lack of silvor in the coxnea which becomes pig-

mented whon gilver is applicd topieally (Gulwsn and Crosswell,

b2



1268) hut not when afiver is glven systewmieally (Olcott, 184%;
Wislooki and Ladman, 10003,  Lastly the abseonce of silvor in
covtain sites pay vellect chemwieal difforances in the wewbranes,
AR of these uncertaintios could he resolved with presently avail-
able techniques but would be very costly in teris of time.
Eventually such a general sclution will be required bt it ig not
escential to the matn point of this thesis, glomorulay bagement
WANHEone .

The sevoud main stymbling block ig the shsence of data on the
rolationship between tyuoe hasement membrane and bosement Mo~
brano-tike matorial, and between basement mombrane and coll coat.
This problem is congidered later in this part of the thesis.

The varicus physiological and chemical swwobanisms whereby
silver is dlatributed and deposited in generalised avgyrela ave nat
well established It on the basis of the mengre published evidence
tho senuence of events ig probably as follows.,

Only e very sywll amount, less than 01 per cent, of the total
dore of silver nitrato ingested is absorbed from the gastro-intestingl
tract {Scott and Hamilion, 1948). The chemical changes which the
silver undergoes prior to absorption are not clear but the initial

form of adininistration i of Hittle tmportance an regards the finnl
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compounda which are carried in the blood (Gager and Ellison,
1938). From the gastro~intestinal tract the silver enters the
porial circulation to the liver where gome iz deposited and some

iz socreted in the bile (Soott and Hamilton, 1850) and some pasaes
into the systemic ciroulation by which route generalised argyria
ocours (Hill and Pillsbury, 1938). It iz probable that the aystemic
concentration of atlver may eventually hulld up to as high as 100ug
pexr 100 ml of blood (Blumberg and Carey, 1934). The ailver is
carried in the blood mainly in association with the plasma proteins
and tho evidence indicates that it is the globulins which are principally
involved (Scott and Hamilton, 1950; Polachek, Cope, Williard and
Enns, 1960). This gilver/protein reaction is an equilibrium and
small amounts of fonic sllver, almost certainly as the chloride, ave
avallable. Those small mwlecules diffuse into the tissues, are
roduced and become deposited.

The form in which the silver is deposited iz not well established:
metallic pilver, silver oxide and many silver salis have been suggested
hut the only form which has much supporting experimental evidence
at all i silver sulphide (van Breemen, Reger and Cooper, 18546;
Buckley, Ozler and Fassett, 1966)., The opticsl and electron

histochemistry dezcribed under methodologioal studies {d) and (e)
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are conpistent with the oviginsl deposit being, but do not prove

that it is, silvor sulphide. Decause of thiz chemical wnceriainty
the torms ‘sllver grauule®, ‘siiver deposit! oy ‘silver particle' arc
used in this theaia in (he oense that they indicato only the presence
of atlver which can be dotected by microscopioal tochniques, but
are pon~conmmittal as o the physical or chemical state of the silver
{Dampsey and Wislooki, 1956d).

() Time of appearance of silver deposits in tho srgyric rat

it is well estoblished that silver deposition in apimal tiscues
ig cumulative {Wislooki and Yedue, 1952) and that the amount of
sllver doponpited varies from organ to organ {Gettler, Rhoads and
Weiss, 1927; Bader, 1866; Constable, Morrig and Burke, 1967).
Both of those ohservations were confirmed in the previous experi-
ment. What is not ¢stablished is when silver fivet appears, oy
can ba first detected, in diffierent organs. This Information is
necegsary if the experimental argyric tochanigue iz to be applied
aubsequently to bagsenent membranes other than glomerular, aad
also to terpret cortain bunman data for which inforimation concern~
fag the poried of exposure to silver is not available.

Materials and methods

The specimens used In the previous expeviient were examined



by dark field mioroscopny to determine in whioh pavticular animal,
avd therefore at which particulay stage of stlver ngostion, silver
deposits wore firet detectabls in a given slto.
Poaulis
‘The vosuits ave tabunlpted below, + dicaies allver deposits
prosent, - indicates sliver deposits absent, b.ia. ndicates basge

went mexbrane.,

Weeks on Ag NOS 6 2 4 6 0 10 12 25 6O 8L
Desophageal keratin T S L I S T SR R
Portal vein D LR " T S A S S 4
Smace of Disse e I ™ " S S S
Homerulay b.m. I . T A A
Choroid plexus bhom. e T T S CRT S A
Thyreld aciear b, - T T S B T
Skin appendage b.m. I T Z T S R R
Blein guxtace b1, R . T T RSP S ¥
Urinary bladder b.m. S T T R S
Prosinte acinae b.n. I T

Seminiferous tubale h.n. . o m m m m w o

Digcaosion
From these reotuits  is evident that in the avgyric rat silver
5 not fivst detectable in o1} sites of doposition at the same time.
The very carly appeavance of silver In the cecophagenl keyatin
merely reflects the topical application of silver nitrate at this site.

The early and Intenco doposits of silver in the povtal vein reflect
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ona voula of abaorption of allver from the gut and i is prohable

that the silver contont of portal bleod in highew than that of gys-
towle bloed.  The olighily later detection of aflver in the apace

of Dloee way be due 1o the extremely tonucus nature of thic reglon

23 a vesult of which it is difficult to detoot in Yightly argyric animals.

In all other sites silvey iy preswmably deposited after hoing
irangporied vin the systemie circulation and tissue fluid., It seems
to be daetectable eavler in sites where thero is o high net transfer
of thuid as Wdicated by tho presence of fenostvated capillaries o.g.
glomsrwlug, chorold ploxus and thyrold, ‘The eonverse holds In
sites such os skiv epldermal and urinary hlaodder bagsenmont meme
branes. This suggests the tentative, hut not unreasonable, cone
clugion thot silver depoaition is proportional to the total cumulative
grposura of o given structurve to transported silver lona.

This phenomenon of sequential silver detection has not heen
rooorded in previous studies of experimental nrgyria., This is
uadoubtedly partly bBeoanse all previous multl-organ studies of experiw
mental argyria have veed long perfodsz of exposure to silver, usually
woll ovar 28 weeks (Oleott, 1948; Gatz, 1948; PDempsey and Wislooki,
12686k, ¢) and partly because all previous shorter term studies have

heon on gingle oxgang (Surte and Feldman, 1962; Vernier, 1064;



Striker and Smuckler, 1970).

It is very likely that a similar sequential deposition of silver
occurs in human argyria. This however heg not been recognised
for all the reported cages of generalised axgyrin (for reviews see
Gettler, Rhoads and Weiss, 1827; Il and Pillsbury, ’19.‘39) in
which a suitably large nuinber of organs and tissues were exarmined
post mortem were initially vecognised by skin changes. This, s
indicated in the table, iz a late site for silver deposition. No
reports of cases of argyria prior to skin changes, and therefore
recognised Incidentally and retrospectively at post mortem examine
atfon could be traced.  While such reports must exist it would
appear that their retrieval is dependent on sevendipity .

(c) Clearance of pilver deposits in the argyric vat

Silver is a singularly cffective intra-vital stain which beconws

firmoly doposited in the tissues. Because of the selective local~
ization of the silver deposits experimental argyria is a particularly
convenient and elegant model for demonsirating bagemont membranes.
It is not, however, the mwere demonasiration of basement membranes
that makes this model of informational value; rather it is becouge

the silver is firmly bound to the membrane so that if the mewbrane

moves the silver moves and this novement of silver can be detected.
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Exporimentel argyria iz therefors a convenlent model for studying
the origin, turnever and fote of certain basoment membranes.
This salient foatuxe was first elearly apprecicted Ly Kurtz and
Peldman {(1062) though the clearance of silvor from argyric bage~
ment membranes hed been previcusly ebserved in a different con-
text (Undors, 1856; Enders and Moench, 1966).

The experiment doseribed in part I of this thesis shows that
aitver is cleaved slowly and progressively fron glomeruler base-
et wembrane.  An an ancillavy investication to determine if
this behaviour was peoculiay to glomerular basement membrane or
not, several other tissues were soreened using dark fleld microacopy.

Materials and methods

A group of standard avgyric vats, given 2.5 g of silver nitrate
paw ltve of deinking water for 10 weeks, were restored to ordinory
tap drinking water and selected tissves were examined by dark field
wmicroscopy approximately 1, 6, 12 and 24 monihs later,

Reaulis

The resulis are tabulated below, + ndicates silver deposits

preseut, - indicates sllver deposits abaent, b.m. indicates base«

ment membrang.



Weaks off Ag NO3 ¢ 4 26 5L 100
Cosophageal keratin % - - - v
8pace of Disse + ¢ - - -
Chorold ploxug bexo. - g “- - -
Glomerular b, . o+ o & « -
Thyvold acinay h.an. - ? - - -
Skin appendage b, - o+ 4 + b
Skin surface b, - - - - "
Porial vein + o + 4 +

Though silver dgappeared from the space of Dsse, heavy
depopits remained in tho Rupffer colls.,  Thoush stlver dinappeared
from the choroid plexus basement membrane, silver remained in
the stromn.  Though silver wan no longer detocted in the glonwerulay
basemont mombrans, & was silll presont in cells though whether
these were ondothelisl or mesangial or both could not be decided.
The presence o absence of silver in thyvold acinar basewont nsinw-
brana was so borderiing no firm decision could be made bat silver
wag cortainly prosent in the blood vessel walls and in macrophages
katweon the acial. Mo change wap noted in the shkin surface or
slin appendae bagzemont mendhrave, or in the portal vein walla
during the pericd of echeervation.

Discnosion
AR Intoresting point which emerged enrly in this study was that

allver continued fo be deposited for some time after silver ingestion
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atopped.  Thore is no deloctable silves in choroid plexus, thyroid
achaar or skin appeadoge baserent meinbraves fa the standard

10 week avgyric vat bul after a further mwnth on ordinary drink-
ing wator miivér iz detpctable in those lovativna. It has been
shown that when doses of silver large enough to cause arvgyria ave
admdinistered, the civenlating level of silver vemaing high for some
tiroe aftor ngagtion of silver ceascs (Blumbesy sud Carey, 1934).
This olmont certainly oxplains the differencos in the first two rats
of thiz series, silver continuad to be depusited for some time after
congntion of silver administration.

The results clepely Indicate that silver is progressively cleared
from certeln of tho monhranes studied and the phenomenon is wot
poeculingy to glomorelay bagenwont mombrane.  However davk field
microscopy, though it i pi invaluable seveoning procedure eanabling
lnzge nuwbers of membranes to be ezamined and the genoral disiri-
bution of eilver tov be cotabliched, is relatively arensitive come
paved with electron saferoscopy for experiments of this type.

o muet be ewphasized that the conclurions from this clear«-
anee study apply to the standaed avgyric rat. By comparison with
wwst provious studies on argyrie antmale and by comparison with

the Intensity of siiver deposition in moany reported casges of buman
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avgyrin, this stondavd exporimental animal is not perticularly
arpyeics Uo tlzoues aontain only enough silver to be eonveniently
datootod by microscopie tochnigues., It ip guite possible that go
wmeh silver could be ndiministered to a vat that silver deposition
would be g0 fntense o3 to meke oloavancs wadetectable or at least

wavhkedly distopted.*

*  Human argyrig,once established, is a Hielong state. Yarge
amomnts of silvor are pormonontly retained i the body. Thisls
wisputed and has been rocognised for several centuries. The
vary povsistoncs of the condition hap led o iho asaumption that once
deposited silver remains in that particulayr site. This assumption
hao ndegd beon anestionsd (Puchanan, 1821) thongh the cocasion
was used more to heap unjustified eriticism on the then somewhat
primitive physinlogloal concepts than on the assumption sk,
There 15 considerable indirect evidence to seriously question that
all silvor deposits In nvnan argyria are poranent. This derives
mainly from mninoy differences in the observationy of different cases
of avpyrin by fnvestigators whoe wore undovhtedly competent with o
pioroscope (Frompnann, 18083 Jaha, 18043 Geltler, Rhoads and
Welzs, 1927).  Thore appeors to be a trend for silver to appear
nitially in wembranes, later a cells and mmch later ss aggresated
extro~colinlay, ontra~membranous deposits, thouvgh romnining
iavgely n the same oxrgan or tigpue.

This may be best illustrated by a specific example. In the late
19th and caxly 208h contuvies a Mnear doposition of silvexr just deop to
the epideyinis in ceses of argyrio was z0 well recognised as to be
given the eponym "Unna's Mne® ({nng, 1686},  In o rovent elecivon
microscopic study of the skin fromw a cage of argyria it g clearly
siatod thot "The older concopt of subepidermal accarulation of
pilver deposit ia challenged, X s settled ihnt silver can be intra-
collular «....." (Mohtn, Dawson-Hutterworth and Woodbhouse, 1.965).
Unna's lne wag typically described in what wny be called 'active
avgyria® in that the patiznts had only just stopped taking silver.

The case deseribed by Mehta and his agsociates way be called
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vuvaed out' argyrin in that their patient hod atopped taking silver
25 yeavs prioy {0 the skin blopsy being taken., To this time
factor thay apparcidly atinch no significance and prefer to question
the techniaues or ebhzervations of previous investigators. ‘Lhelr
obseyvations aye corwect but they have challonged the wrong con~
ceopt,

{4 Eleciron micrescopic studles of silver dopooiiion In the nrgyric

ot plomerulus

There is unanimity in all the previous ¢lestron microscopic

studies on experimental argyria regarding the morphological appear-
ances of the pilver granules in bazement inembrane. HHowever no
attempt hos been made to deseribe the manner or to account for the
mechanism whereby the silver granuies are deposited. This
information is egsential in order to understand the experimental
argyric model,

All previous chservers agree that the silver granules vary in
slze n any one specimen but frox the published illustrations &
appears that the average size of the gilver grannles in the experl~
ment of Gobima and his associaten (L967) are smaller then those in
the experiments of Burdz and Feldman (19062) which in turn are
syoaller than those In the ezperiments of Deipsey and Wislocki
{19560). These particular studies were all of glomerular bage-
meut meoxmbrane in the rat, but the animals in the various experi-

ments were exposed to sliver nitrate for 4, 10 and 26 weeks respeot-



ively.

A sequentinl study of silver depogition in the glomexruli of

rats exposed to sllver nitrate was therefore performed.
Matorials and methods

Two groups of male, Sprague~Dawley rats, aped 8 weeks at
the commencement of the experiment, were given silver nitrate
in a concentration of 26 g per litre of distilled water to drink
inptoad of ordinary tap water. Anirmoals were killed after 0, 2,

4, 6, B and 10 weeks In the first group and after 0, 2, 4, 8, 8, 10,
25, 69 and 81 weeks in the second group. A thivd group of rats
aged one year at the commencement of the experiment were simil-
arly treated and killed efter 0, 2, 4, 6, 8 and 10 weeks.

The anlmals woere anagathetized with chioroform, the abdomen
waa oepened, the renal aviery and vein were clamped simultaneously
and the left kidney was removed, One mms blocks of the peri~
pheral m#tax were cut hHnmediately and placed in cold s-collidine
dfered osmivm tetroxide (Bennett and Iuft, 1959) in the case of
the first group, and in cold veronal huffered osmium tetroxide
(Ealade, 1962) in the oane of the second and thivd groups, After
fixation the blocka were dehydrated in aleohol and embedded in 'Epon',

3ix blooks were taken from each animenl.  Thick, 0+5p, sections
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~ of each block were examined by phase contrast mioroscopy and
two blocks containing appropriately situated glomerull were
selocted,  These blocks were trimmed, sectioned at a nominal
600 to 800 &, stained with uranyl acetate and lead citrate and
examined in an electron microscope.  Most of the grids were
examined in an RCA-3F or a Zelss EM 04, A few grids were
also examined in a Philips 76 or a Siemens Elmiskop 1.
Results

The glomeruli of rata killed after 0 and 2 weeks (Pigure 37)
on silver nitrate solution were of normal appearance and conformed
to the description given in the introduction to this thesis, In
particular no sllver deposits were observed in these glomeruli,

Ailver was obaerved first in glomeruli of rats exposed to silver
nitrate for 4 weeks. In these animals a very few, small, isolated,
randomly distributed silver gramiles were present in the glomerular
hagsement membrane (Figure 38). Sirnilar granules were present
in the mesangial matrix and a very eacgﬁaieml granule was present
in the urinary space.

In the § week specimen the number of granules had increased
but their size had not appreciably altered, and they were reason~

ably uniformly distributed throughoul the basement membrane



Figuvre 37. Glomerular basement mexbrane from & rat which
had ngested sliver nitrate for 2 weeka., No pilver deposits are
presont. K 66,000

Figure 38, Glomerular basement membrane from a rat which
had lngested silver nitrate for 4 weeks. A few, small silver
deposits ave randomly distributed in the hasement membrane.
X86,000

Figure 39. Glomerudar basement mewshrane from a rat which
had ingested silver nitrate for 6 weeks. There sre more gran~-
ules and some of them ave slightly larger than those in the pre-~
vious specimen, X 65,000



Fig. 37

Fig. 38

Fig. 39



{(Figure 39). Granules were also present in mesangial matrix
and an oceagional small group of granules was observed in mems
brane hound bodies in mesangial cells. A very few granules
were preosent in the urinary space.

In the 8 week specimen the number of granules had {ncreased
slightly and there was a slight increase in size of some of tl;e
gronules (Figure 40). CGronules were also present in the sites
outwith the basement membrane noted in the previous specimen.

in two of the 10 week anfmals the number and distribution of
the silver granules was very like that in the previous specimen
but some of the granules were slighily laz;ger {(Figure 41). Gran~
ules were present in the sites oviwith the basenent membrane noted
previously and some of the granules in the mesangial cells wore not
membrane bound. The other 10 week animal was unusual and is
doscribed later,

By 25 weeko the silver deposition in the basement membrane
iz much more intense but the overall patteyn resembles previous
gpecimens (Figure 42). However the granules ave larger in size
and some appear to have coalegsced. Extra-membranous silver
deposition iz also more intonze, partioularly in mesangial cells.

In addition small amounts of silver are prezent in membrane~bound
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Figure 40. Glomevular hasement wembrane from o rat which
had ingested pllver nitrate for & weeks. The granules of silver
ave slichily laxger than the previous specimen. X 65,000

Figura 41. Clomeyulay basement membrane from a rat which
had lngested sliver nitrate for 10 weoks,. Silver granules are
randomly distributed throughout the entive thickness of the base~
ment mombrans. ' one of the foot processes is a coated pit
with o silver granule. X 65,000

Figure 44,  CGlomerular basement mewbyane from o rat which
had ingested ailver nitrate for 25 weeks, ‘The silver deposits
ave large and ovcupy a substantial portion of the basement mer-
brane. X 066,000



Fig. 40

Fig. 41

Fig. 42
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edles in the perikaryon of endothelial cells bt none iz chaserved
in the attenuated portion of the cytoplasm of these cells.,

The typioal appearances of the glomerular hasement mem-
brane after 60 weeoks ave tllustrated in figure 43, Very larpe,
agpregated, silver granules are concentrated along the inner
aspect of the basement membrane, in places forming almost a
sold barrier. Silver deposits are infrequent in the outer aspect
of the basement membrane. o silver granulos are observed
in the urinary space otherwise the extra~membrancus deposits
are as previously described.

In the 81 week specirnen the silver deposition pattern was not
upiform (Figure 44). In some stretches of basement membrane
large agpregates of silver similar to the 62 week specimen were
pregent. In other stretches of basement membrane the pattern
of doposition more closely resembled the 6 to 10 week speclmens.

The following general observations were made. Up to and
including the 206 week specimen the pattorn of silver deposition
was constant between glomeruli, within gloweruli and within
individual capillary loops (Figure 46). In the 60 week specimen
the pattern was relatively constant. In the 81 week specimen

the pattern and density of silver depcaition was inconatant (Pigure 46).



Fgure 43.  Glomerulay basement menbrano from & rat which
bad ingested sllver nitrate for 60 weeks. Vory lavge silver
deposity occupy most of the inner half of the basemont membrane
forming a continuous barrier in sonw areas. Practically no
gilver is deposited in the outer half of the basement mexbrane.
X 35, 000

Figure 44. Glomerular basement membrane froin a rat which
had ingested silver nitrate for 81 weeks., Very large silver
deposits are present, focally in the inner half of the basement
membrane. Small silvey pranules are randomly distributed
throughout the entive thickness of the bazexaent membrane .
529,000



Figure 43

Figure 44



Figure 46, Clomerulug from & rat which had ingosted silver
niteate for 28 weeks. ‘The distribution of silver in the bage«
went rembrane is uniform. The arrows indicate where the
membrans 1s out tangentially.  Compare with figure 46,

X 7,000
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Figure 45



Figure 46. Glomerulus from a rat which had ingested eilver
nitrate for 81 weeks. ‘The distribution of silver in the baze~
ment membrane ig not uniform. The arrows indicate where
allver granules are berniating through fenestrae. X8,000

Figure 47. Very large silver granule herniating through an
endothelinl fenestra. X 76,000



Figures 46 and 47



In no speciwmen was ailver observed in visceral epithelial cells.

In no specinen was siiver obsexved to distort the substance of the
bhasement membrane. Inthe 60 and 81 wecek specimens distort-
lon of endothelial cells and hernlation of allver granules inito endow
thelial fereatrae were observed.
” Biscussion

Glomerular baserment membrane is composed of glycoprotein
of tho collagen type,  Dotalled molecular data for this particular
enllagen are not, to dato, available but by comparicon with other,
characierised collagens it is almost cortainly an elongated mucro-
mwoleocule of the order of 2,000 to 3,000 3 in length (Kefialides,
wﬁﬁa}. rom the analytical data, presented in the intreduction
to this thesls, It is evident that thexe can only be a finite, and
sall, number of poteniial reducing groups in the basement mem-
Lzane cellagen nwlecule, In contrast a silver molecule, or the
gilver ion in a salt, is a small molecule. ‘This great disparity
in size between collagen and silver, and the small aumber of
potential reducing proups, accounts for the silver being deposited
in a particunlate, rather than a continuous pattern within the base«
ment membrane. Ag the silver halide passes through the base~

went wermbrane it encounters a reducing group and is deposited at
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that locus., Many yeactive groups, n poxilendar thoge that are
voducing sgents, arve capable of producing a latont image with
pilver halides by divect chetienl gotion,  Tho srocess iz that
of chemegraphy and In slmilor to the woro fomiliny process of

photography Hogers, 1567).

’ However, not only 1o the silver molecule ox fon smaller than
a collngen molacule, it ig also smalley than the best electron
mwierogeopio resclution obtained in any of these studies. Tho
aslectron~denoe particles obgerved ave therefore not single molaw
oo but nggresates. K is well establiched that once silver ia
deposited it catalyses the development and deposition of further
ailver aalte with whichi i comes in contant. In this way the
ovigingl ativer particie grows in size until its presence is detect~
abls., ¥t is alinost cortatoly o combination of the time taken to
build up 4 sulteble concentration of silver proteinate in the blood,
plus the time for the originnl sub~-microgcopio or latent particle
to grow to o detectable size which accownts for the fallure to detect
silvey depoasits until the gxd of the fourth woek of silver nitrate
ingestion.

The number of granmlos in a given length of basement wembrane

dons not apprecinbly differ betwaen the spocimens examined after
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8 and 10 weeks go presumably by this time all potential reducing
sites are labelled., The granvles are solitary, sphevical or slightly
comma~shaped and Inoronse in elze with thme of sllver ingeation.
Thepe featurven aro typloal of the physioal development of silvey
{Caro aud van Tuberpen, 1962 Rogers, 1067 Gallyas, 1970).
Thin process by which silver i3 deposited from golution on to minute
poaxticles of zilver aliready present in the latent ironge (Lumiere,
Lumiore and Seyewetz, 1011 James, 1860), accounts for the
increase in size of the stlver particles in the bosement membrane.
A collagenous bazenent membrane containing a sub-microscopic
silver daposit which comes in contact with a mwildly alkaline ultva-
filivate coninining weak reducing agents and soluble silver sally

o womarkalily like o gelatin emulsion containiag a lotent silver
frnge which comes in contnct with a physical developer. The
process in the basement membrane is many times slower than

that in the photographic emulsion but is chemically similar. It

iz probable that the rate limiting feature is the amount of silver
available. Such a mechanizm alzo accounts for the early appear-
ance of ailver deposite tn membranes through which there is o high
net flow of ultrafiltrate and hence of ailver salts, as teniatively

sugiested in the experiments described under Informational Studies {(b).



From 88 weehs of dvinking silvar aiteate solotion onwards
tha pattorn of pilver depopition in glomerulay hasement mem
wone bocomes ereasingly complen.  Fhig is produced by a
combiootion of nevoasing granle sise mm to continuing develop~-
mont and to granuls aggeegation due to their movement with the
basement membeane as it thens over.  These lavge silver deposits
opntinue to grow until by 60 weeks they form o definito phyaionl
bapedor in the nper Iarnina densa, i wopt regions effectively pro-
venting tha silver in thy nitrafilivate from paining access to the
cuter porilons of the basenent mombrave.,  These silvey deposits
are g lovse that some are st partly within the laming densa,
bridge the lavinn yara utorna and distort the relsied endotheliurm.,
They appear to be ¢ithoy lmpacted in the laming rara interna ox
heepinting through the fenestras.

Ionally lavge granulos are precent in the 51 week speoimen
but ave fower ta nupher. Foecally, small silver granules are
dapoulted throvghent the entive thickness of the basewent wembrane.
Thowgh ne lavge silvey granulgs woere obaerved in the capiiiary
lwmsn i the sectlons examined i s reasonable fo suppose that
soms lavge gramiles wors eventually extruded from the basement

mambrans vis diglorted fonostvon.  That particulor segroent of
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bpsemont mewhrane then reverted to novmoal, vlirafilteate once
more had free access and silver deposition coynmenced ab nitio.
With the exception of the vory early and the last spocimens,
thesa stages of progrossive silver deposition have all been desw
oribad ond ustrated provicusly hut only as Isolated ovents .,
The 10 week stoge 1o well fllustrated by Buris and Feldman {1262),
o 6 month stoge hy Dompaey and Wislocki {L268c) and 4 later stoge
by Oleott and Richtor (1956), None of these inveotigators ex-
plained the pettern of silver doposition they obtained, or correl-
ated it with the obsoywations of the others. Recently Striker and
Sucklor (1.970) have studied silver deposition in the glomervlar
bazemont membrane at several stages of experimental argyria in
o geries of oxperiments similar to those reported here. These
avthors examined the slomerult of rats after ingestion of 16 mM.
AgNO3 (c.f. 12 mM. in present experiment) for periods of 10,
17, &0, 26 and B2 weeks., ‘Taking into account the slightly mwore
concentrated silver solutions their rats ingested their cbservations
in geveral axree well with those prezented heve.,  'Thelr inter-
pretation of these results is however markedly different from that
presentod earlier in this discussion and therefore warrants sonw

detailed consideration.
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Btriker and Smuckler interpret the pattern of silver deposiiion
to mean that (1) GBM {glomerular basement menbrane), formed
by the epithelial cell, varies with age, and the silver labels only
the initial material or {2) continuous feeding of A NO3 results in
formation of an altered GGBM which no longer accunmlates granules
giter in vivo silver adumdnistration or (3) chanpes cocuy in silver
trzmapart affecting {ta exposure to the GBM'". ‘They algo consider,
only to discard in the next sentence as "unlikely", that "the abzence
of uniform staining nay be based on the fact that silver does not
have access o the sub-gpithelial granule free zone. Bvoatually
they conclude in favour of thelr suggesiton (2) in spite of stating
that "aside from the altered metal distribution there is no direct
evidence for altered membrane or membrang formation".

The discussion and the conclusions of Striker and Smuckler
are wnconvincing for the following main reasons. PFivst, the
experimental data on which their conclusions are based are incom-
plete: they did not study silver deposition before 10 or after 52
weeks! ingestion of silver nitrate and both of these periods ave
egsential to the overall picture.  Second, their discussion covers
only a small poxtion of the questions raised by their results, namely

the distribution of the silver: they do not dizcuss, and apparently
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huve not cgnaid@req. why the silver is deposited in a particulate
mannoer or why the particles increase in gize with continued gilver
fngeation and both of these are pertinent to the poeiants they have
attempted to establish.  Third, they have fallod to appreciate
the differences between the pattern of silver deposition, as dese
cribed hore, and the pattern of silver clearance due to basement
membrane turnover, as degoribed in part I of this thesis.

In consequence of thoue deficiencies Styiker and Smuckler
have failed to elucidate the complexities of the experimental
argyrie mode} and reach conclusions which are of dubious validity .

The glomerulor bazement wenbrane of rats which have ingested
0-20 por cent atlver nitrate drinking fluid for 10 weeks is Lightly
and uniformly labelled with siiver granules. These granules can
be easily recognised, are present in all three laminne of the mem-
brane and do not deform the membrane or the related cells.
Those features make such argyric glomerull suitable for the pro~
posed studies cutlined in the preface to this thesis.,  Any perlod
of sliver ingestion between 8 and 10 weeks glves auitable Jabelling
of glowmerular basoment reembrane for clectron micoroscopic studles
hut 10 wecks was selected az the standard period of administyation

as the totel amount of silver deposiied by this time was also sultable
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for parallel dark ficld microzcoplc studies.,

{e} Hiudics on the i
bagement %&xbram

In the proviows experimont it was noted thut silver pranules
were eceasionally obuerved outwith the glomerular basement me e
brane. Though these silver granules were usuaily isolated,
cxamin tion of the photomioreographs indicaied that their paitern
of distribution was not yandom,.  They were conaistently present
in thi*ea well defined locations: (1) olosely velated to the outer
napoot of the plasma wembrane of foot procogsea (Migure 48);

{2) overlying foot processes where these were out obliguely
{Figure 40) ard {3) freo in the uwrinayy spoce but always in an
fil-dofined reglon of lacreased electron densily (igure 60). The
constancy of these loontions strongly sugpests that the silver was
dopomited In am external cell coat or glycoculyx (Bennett, 1963;
Rewbourg and Leblond, 1087). This was nvestizated and found
to be the case.

Matorials and methods

A+ The rhotoxdoropraphs taken in the previous experiment
and in thoe experiment dasoribed in part I of this thesis, weve
examined to determing where and when gliver granules were present

oubwith the glomerulay baseinent soembrane .



Pigure 48, Bilver granule outwith the basement membrane,
closely related to the plasma membrane of a vizcersal epithelial
cell. X 64,000

Mgure 49,  Silver granule outwith the basement membrane,
overlying a tangentially cut foot procesa. X 70,000

Pigure 50. Silver gramile outwith the basement membrane
lying in an ill-defined area of increased electron density in the
wrinary space. X59,000



Figure 48

Figure 49

Figure 50

m m



ifa Reunt tlosue foom one siandard 10 week avgyrde rat and
2 pon=argyreic confrol vats was preparved for electron microscoy
neing the rathoniuny ved procedure {(Tuft, 1060). Renal ssuo
feowm the sauw anduals was also prepared a.iﬁwgz; standayd osmium
fzation {Palade, 1062} followed hy staining with uranyl acetate
aud lead cltvate.

Results

& Biiver granvies in the tree locationg {Busivated (Figures
48, 49 and 50) wers observed n the glomerull of rals exposed o
35 por cent gilver nitrate for 4, 6, 8, 10 and 80 weeks. These
granuies were also ohserved n the glomevull of standard 10 week
arpyric rats 8, 4 andl 6 weeks aftor silver ingestion ceased, Such
granuies were not obaevved in the glomeruli of the other rats
enamined.

B. A thick, 800 3 oy more, layer of ruthenium stained waterial
covered the entive free surface of the visceral epithelial cells and
the filivation slit plates.  Stmdlar material lay free in the uweinay
space {(Figure B1), This celi coat was olearly atiached to the ouler
leaflet of the plasma mwombrang (Figure 82). Mo silver gvanules
could he discerned i the ruthenlum red stafned layor in the argyric

andial though such graoules were observed In glomerull from the
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Figure 51. Glomerulus stained with ruthenium red. A thick
layer of cell coat or “fuzz” invests the epithelial cell and some of
this material is lying free in the urinary space. X 67, 000



Figure 52. High magnification of foot processes and glomerular
basement membrane stained with ruthenium red. The "Tuzz” is
clearly attached to the outer leaflet of the plasma membrane and
also covers the slit plates. The basement membrane stains
slightly less intensely than the ”fuzz”’. The arrow indicates
tangentially cut cell wall. X166, 000



pams animal which were examined after osmium fixation aione.

The glomernlay basement membrane was stained with ruthentum
ved, slightly loss so than the cell coat but still sufficlently intonsely
to provent positive identification of silver granules,

Stiver granvies were also ohserved in the *coated pits® which
open on to the free surface of the epithelial cell (Figure 53).
These 'conted pits' ave identieal to those which open from the base
of the foot processes nte the basement membrane {(Figure 54).
These 'coated pits! ave dorived from a vacuolar system within the
ecell and are labeled with silver only when o communication to the
outside of the cell is precent. A well developed vacuolar/'contod
pitt systom io MWustvated in figure 68,  Not all ilie ‘coated pits'
contain silver but o substantiel minority do.  The viscoral epi~
thelial cells were particularly scrutinized for intracellular silver
pranules but none weve chserved,

Attempts to traco the vacuoles to thelr origin within the epi~
thelial cell on morphological grounds alone were inconclugive.
Though there was a suggestion of a relationship with the Golgi
apparates actual budding of a recognisable vacuole of this type
frox the Golgl apparatus was not observed,

‘These vacuolez aye hounded by a thick unit membrane which



Figare §3.  Slver granuies n conted pits opening nto the
uvinary space (o) "en face’ view, ¥ 44,000 (b side view,
X 42,0600

Pigure B4. Silver granules in coated pits opening into the
glomerular basonwnt meimbrane (u} "on face™ view, X 68,000
) eide view, X 86,600



Figure 53

Figure 54



Figure 55. Visceral epithelial cell containing numerous vacuoles
and with two coated pits opening into the urinary space. X 67,000



is slightly "fazuy™ on both the internal and external aspects but
positive recognition of such a secretory system is, at prescnt,
only possible at the *conted pit’, silver labelled stage.
Discussion

Cn general principles, and from dertved evidence, the pres-
ence of a cell coat, glycoealyx or "uze! around mammalian cells
was first eleaxly mroposed by Bennett (1263).  Such a cell coat
was subseguently dewonstrated around glomerular vigceral eple-
thelial cells using thorium dioxide (Rambourg and Leblond, 166%7),

\

colividal ivon {(Jones, 1908) and ruthenium ved {Groniowski,
Blogyskowa and Waleki, 1908). Using the colloidal iren technique
allied with neuraminidase digestion it bas been shown that the
visceral epithelinl cell coat contains wialic acid and that smali
amounts of this materinl are prosent related to the anchored portion
of the fout procesases (Mohoo and Skoza, 186%). The ruthenivm
ved procedure, originaily introduced to demwnsirate the cell coat
on endothelinl cells, in general mdicates the presence of an acid
subatituted large pelymer, probably a polysaccharide or a glyco~
protein {(Luft, 1940),

Thewra s goneral agreoment that glomerular basement e

brane contains signtficant amounts of carbohydrate. Two distingt



ecovbobydrate coruponents ave pregent (Mpche, Pappas, Graver
and Dische, 1966; Spive, 106%h Hefalides, 1968) one of which
contains galactoge, wwnnose, bexosamine, fucese and sialic acid,
The compoaition of very few cell coats has been lovestigated but
of those, admittedly specialized ones, which have, slaloglyco~
popdide has been regulavly ldentified (Wallach and Bsandi, 1964;
Longley and Awmbrose, 1987; Walborg, Lontz ami Wray, 1969).
Tho available evidence xeakes it not unlikely that such sialoglyco-
poptides could bé components of both the epithelial cell coat and
the bagewment membrans,  Diluifon of this mucosubstance with
the considerable amounts of collapgen in the bagement membrane
could aceount for the basement wembrane staining slightly loss
intengely than the cell coatl In the »uthentum red proceduve.

The vacuolos aud the 'coated pits' have been desoribed and

well illustrated in provicus gsiudies (Farguhar, Wiseig and Palade,

1961 Toawcoit, 10968, 19687 Tricsson, 1988) under various names,

"fuzzy vosicles', Yeoated vesicles’, Yalveolate vesicles”, "acantho-

sonmes, sed Ycoated pite™. These ‘coated pits' open either on
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0 the free surface of the visceral epithelial cell or into the glomerular

basoment membrang, nre ulirastructurally indistinguishable, and

differ only in the locus of their discharge ~ one outwith, the other



ingide the fiitration 234 plate.  HNo silver was obzerved within

the visoeral epithelial coll proper and the vacuoles only become
Ieballed with silver at the coated pit otuge whon they comraunicate
with the oxterior of the vell. The vacupies therefore probably
eontain roducing matorind in which silver (s dopogited when the
voouolar contents are expoged to asilver halide in the extra~celiiuior
fluid.

Briesson (1808} oboexved theas plio npeniing into the urinayy
space though he doas not mention them oponing into the basemeont
membrans. Forgubor and hor agsociates (LO01) observed the
pitg opening into the basorwnt wmoembrane sud ndo the welaary
space and on the bosls of ferritin tracoy sludies asoribed o them
an absorption, transporvtaiion and geeretion function from basement
mpmhvane o the urinery space.  Not all the pits in the present
study wore lahelled with siiver. It iy thevefore probable that
those vaouoelos and pite, though not at preasnt distinguishable on
morphologlonl growades, ave functionally two separate entitios:
one doveted to the synthonis and peovetion of coll voat and bage
it mombrane, the other devoted to the fraveport of ultrafilirate
materiol from the basement membrane to tha urinary space by an

intracollulay routs.

90
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The visoeral epithelial cell coat and the glomerular basement
membrane are both labelled in vivo with silver and are both stained
in vitro with ruthenium red. They are also both secreted by a
vacuolar~coated pit system. Furthermwore the experiment des~
eribed In part Il shows that the cell coat and the basement mom-
hrane are seoreted at the same time. There is therefore suiflc~
ient experimental evidence to conclude that visceral epithelial cell
coat and glomerular basement membrane, or o coxoponent thereof,
are similar.

Mo evidence has been presented however to indloate that the
cell cont and the basement membrane are identical. Indeed because
the synthesis of the carbohydrate molety of glycoprotein involves
post~ribosomal, non-coded stages (Priestley, Pruyn and Malt,
1869; Spiro, 10069) and because of the potential mumltiplicity of
membrane related glycosyl transferases (Hagopian, Bosmann and
Eylar, 1968; Dosmann, 1969) the probability of absolute identity
between viséeral epithelial cell coat and basement membrane com-
ponent is not particularly high. Nevertheless the similarity
botween the two substances is probably sufficient to cause consider-
able cross reaction immunologically. Evidence strongly suggest-

ive of this phenomencen has recently been found by Hoedemaeker
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{L970a, b) whe in a servies of nephrotoxic experiments with anti-

hody to glomerular basement membrane has observed localization

of the antibody not only ia the bacement membrane but also on the
surface of visceral epithelial colls. In the present study considexr-
able amounts of cell coat were observed lying in the urinaxy space.

It s posaible that this material could eventually be exoreted in

the urine. This shed cell coat might be the anawer to Dikon's

{1.968) intriguing question of whether glomerular basement mem-
brone antigens found in normal urine do in fact come from glomerular
basement membrane.

In summary, on ihe basis of electron microscopic studies on
rat glomerull labelled in vivo with gilver and stained in vitro with
ruthenjum red # has been shown that the visceral epithelial cell
cont and a component of glomerular basement membrane are
secreted in the same manner, by the same cell, at the same time,
and share certain staining affinities with ench other,

) Ancmalous features of certain argyric rats

In the course of examwining all the argyric rats utilized in the
sxperiments desoribed in this thesis one anomalous, and initially
concerning, feature emerpged. Very occazionally one of a group

or series of rats was found to contain much less silver than expected
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from comparigon with other rats in the zame group or series.
‘This was first noted in a rat which had ingested 025 per cent
silver nitrate for 16 weeka prior to being killed and was in the
firat group of animals deseribed in Information Studies (d), hence
the reazon for the repeat ceries of rats in that particular experi-
ment.

The glomerular basement membrane of thia rat was more like
that of an animal on silver nitrate for only 4 weeks instead of
10 weeks. The pattern was uniform in the 4 glomeruli examined
electron microscopically. Silver could not be detected, using
dark field microscopy, in any of the glomeruli in thia animal and
on examination of other tizaues only the liver contained detectable
but syweall amounts.  The oesophageal keratin was however stained
normally with silver so the animal had heen ingesting the silver
golution. ‘This rat had been ingesting a standard solution of silver |
nitrate under standard conditions for a standard time and yet ap-
pavenily had absorbed less than the standard amount of silver.

One rat, killed in the 20th week of the experiment described
in part I, bad relatively little in the way of silver deposits and
was replaced in the series. A further yat from a group not des=-

eribed in this theals showed a similar picture. Out of a total of
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113 arpyric rats this phenomenon of markedly diminished silver
depoaition was obgerved In three. It io atiribated to a lower

than usual absorption of silver. The converse, namely excessive
silver deposition in cerinin animals, was not observed.

I 1s disquicting to find an anomalous cconrrence of this type
appearing /l vandom under standard experimental clrounstances.
Fovtunately such animals can be recognised, and steps teken to
replace them in the expeviments proper.

Thiz phenomenon of diminished silver shzorption by certain
individual rats has not peeviously been commented on in studies
involving silver administyation but in several of these studies the
results are recovded fn sufficient detall to make it possible 1o plek
out, retrospectively, animals which had probably abaorbed less silver
thon others in the same experiment. For instance Shaver amd
Mason {1951) gave O-18 per cent silver nitrate to 23 vitamin
deficient rats and they died within 18 to 40 days Yexcept for one
rat which survived 7 months". Oloott (1948) records that "*’twﬁ
rats wore kept alive for over §00 days with no viher fluld intake
than 0+4 per cent solutions of silver ohloride in sodium thiosulfote,
but this dooage usually was found to be excesgive", Striker and

Snmckler (3870) note that "with one exception, iniact animals on



16 mM. AgNO3 drinking water during any part of the experiment
hod lower body welghts than the contrels™. In a somewheai specw
falized study on the behaviour of intravaginally applied radio-active
silver Nyberg (1867) graphically recoxds the uptake in lver, kidney
and spleen, and one of 41 anvesiric rats satmv;a a markedly lower
uptake in each of these organs.

It iz therefore evident that there are occasional individual rats,
probably the incidence i between 2 and 3 per 100 animals, which
absorb conpiderably less silver than usual when exposed to silver

solutions.  The reazong for this anomaly are pot known.

Experimental Avgyria in Principle, Theory and Practice

The use of silver as an in vivoe label for structural and ulira~
structural studies on bazement membranes is simple in principle
and reascnable in theory. Silver nitrate administered orally to
2 rat io absorbed, distributed gystemically via the blood and
deposited in basement membranes as a firmly attached label which
does not disturb the ghyalological situation at the site of deposition
and can be readily detected and positively tdentified using optical
and electron microscopic techniques.

In practice each of theze stages can present problems which

must be recognised and underatood. The silver nitrate must be
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dolivered imm‘wnmimm which do not cause precipitation of silver,
Buch contaluors have been described.  Bilver nitrate must be ad-
mindatered in-a, goncentration which the rats will readily Ingest
without signs of physiologieal upset for a period which is sufficient

to cause untform and deteciable deposition of silver in the membrane(s)
undor study.  Two peint five grammes of silver nitrate per litre

of distilled water (035 per cont w/v or 12 M) administered con-
tinvously for L0 weoks is ‘auitable for studying glomerular basement
mambrane both by dark field and electron microscopy. '-.E'hn argyric
ratn et be examined o groups or series o that the vceasional

ot which, for reasons wnknown, absorbs less silver than noryanl

con be recognised.

The mechanism of aiiwr deposition must be understocd in oyder
that the pattern of silver deposition can be interpreted.  The prob-
abl seguence of events ie that silver in trancported ia the blood -
reversibly bound to placima proteins from which it dissociates and
diffuses ox flows inte the tissues where it is deposited.  Deposition
ia wost conveniently explained as a process of chemography by
roducing, or other active groups, resulting in the formation of
a sub~microscopic, or latent, deposit at the site of these groups.

This accounts for the widespread distribution of ailver in pariienlate
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form. fubsequently those latent deposits prow to detectable
sizo by a process of physical development due to continned oxpose
ure to silver ionz. ‘Tho rate of growth of these porticles, snd
therefore the time they are first detectable, depends on the total
awcunt of aflver which hag access to the latent deposits: this ia
greatest in membranes subjected to a high gross transfer of fluid
containing silver fons much asz occurs in discontinuous or fene~
girated ocapillavies (Bennetft, ILuft and Hampton, 1857 Maino,
196¢6).  This accounts for the early deteotion and subgequent
heavy depesits of ailver in plomerular boscement membrane.
Chemical differences in the basement membranes are alzo undoubt~
edly major factors especially with respect to the number of the
silver graing which is dependent on the numnber of groups with
chemogyraphic potential, but there ig as yet only limited data on
this aspect (Kefalides and Denduchis, 1969) so though this factor
grn be recognised it is not yot adeguately understeood.

Stlver can be readily detectad with the eptical microscope
using davrk field techniques. While its appearances are reason-
ably characteristic, further proof of ity identity can be obtained
by using standard and simple histochemical tests for silver,

The enly cells in which silver s regularly deposited ave those of
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the reticulo-cndotholial systom and, to a much Jesser oxtent,
hepatic pavenchywal cella,  Haemosiderin ocours in those sites
Ebut is distinguished not only by the tests mentioncd above but algo
by boing stainable in the Prussion blue renction.,  Thouzh this
lattor reaction nvolves cyanide solutions these ave of insufficlent
strongth o significontly aller deposited silver.,

Silver con be veadily detected with the electron microscope.
s appeavances arve hizbly chovacteristic hut not abeolutely npecific.
Tsolated particles of dirt can exactly mimie ailvey granules go a
serupitously olean tochnigue is espential and no significonce can
bo attached to a single pavticle unless it foring part of a more
general, topographically related, pattern of degosition.  The other
main particles from which silver must be distinguished are the
electron donge particles found Intracellularly in oxgonelles of the
Iyeocome, dense and rosidual body type.  In most cages the
distinction can be readily made on morphelogical grounds it in
soms nstances histochamical procedures, as adapted for electron
micvoncopy, are recuired.

Of the avtefacte coused by sllver, 'sereeving' 1o the most
importnot and must be reccgnised in ordor to define precisely

where particulor silver deposits are sitvated. o the standard



10 week argyric animal this ertefact is not particularly prominent,
The experinents, and the trend In the discussions, in this
chapter have largely been oriented towards the Intended study of
slomerular bagement membrane which forms the principal part
of this thesis. The experimental argyric technique is, however,
adaptable to the study of other basement membranes provided the
time of exposure to zilver nitrate is selected to give a uniform,
detectable, and not excessive deposition of silver in the memlwane
to be studied. The only membranes which, theoretically, are
not amenable to such an approach are those which (1) contain no
potentially chemographic groups; (2) have such a high twrnover
rate that the latent image is not exposed to silver asolutions for
a suffloient tizee to prow into A detecinble deposity (3) do not have
a sufficient gross transfer of zilver containing tissue {luld to pro-
duce, or yepult in, 1 detectable depogit,
There are geveral othor techniques precently or potentially

available whore application would yield the same sort of data as

the experimental avgyric technique. ‘The foremwst of these altor-

natives 1o autoradiopraphy (Neutra and Leblond, 1569) which ig
much more versatile, more physiologicnl and potentially more

informative than experimental argyria, However ultrastructural

99
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asutoradiography poges certain te_abnmal problems not yet adequately
solved and it is time consuming. A series of animals as large

as that presented in this thesis could not be studied by a single
Investigator within a pericd of time deemexd reasonable, using
autoradiographic technigues alone, With the nformation from
the experimental argyric experiments it will however be posaible
to design feasible autoradiographic experiments which are more
refined, n the temporal gense, and will require fewer time pointz.
Buch experiments are essentlal, not least te detexmine where the
vacuoles that bocowme 'coated pits' arise, for the experimental
argyric technigue iz not suitable for such intra~cellular studies.

In two major respecis howaver argyria is likely to remain better
than autoradiopraphy and that is in resolution and comparative
humon studles.  The host resolution that can be obiained auto~
radiographically will probably be ahout 300 K {Eachmann and
Salpeter, 1965) whereas with experimental argyria a resolution

of 30 f-i could be obtained. Finally, rare though argyric huxan
glomerull are, they are still more common than suitably labelled

radio~active hwman gloweruli.
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Part 10

The Origin, Turnover and Remwval of
Glomeruley Dasement Membrane

The ovigin of glomerular basement membrane, whether the
membrane turms over and, if it does, the site of its removal,
ave not well established. This chapter descoribes the appli-
cation of the experimental argyrio technigue in o long term inw-
vestigation designed to yield an overall account of the natural
higtory of normal glomexular basewent wwmbrane

Congserning the origin various studies have implicated the
visceral epithelial cells (Forqubar, Wissly and Palade, 1861;
Andres, Morgan, Hau, Rifkind and Seegal, 1962; EKurtz and
Feldman, 1962; Vernier and Birch-~snderasen, 18G62; Thoenes,
1967), the endothelial cells (Farquhar, Vernier and Good, 1967;
Movat, McGregor and Hteiner, 1961; Jones, 1983) and the mes-
auglal cells (Vernier, 1944), either individually ox in varicus comm
binations. lLeCompte {(1964) admirably summed up the situation
prior to 1964 by saying *'I don't know whether baserent membrane
or bagement membrane material comes from the epithaelial ox the
endothelial or mesangial cells or from all three ......". Menefece

and Mueller (1987) summed up the gituation at that time as "From



102
these diverse reports it coems that epitholinl cells, stalk (wess
anpialeells, and endothaliel colls may all bo invelved In the
elaboration of hHhaserpoet membrans matorisl and that different
copditions may remult in 2 selective lnorenze of activity in one
of the poasible typos o

Conecaraing tnmover of glowerular bazeiment membrane, thin
bas been nfwequently cousldered (Farqubar, 198403 Veraier,
19040) and oven less frogucntly studled as it has been widely sup-
rosed that new basement wembrane synthesis is for purposes of
Incxoensing tho thickness or repairing o more or less pexrmanent
structure. Two investigations specifically dirvected to this proh-
lem do however indicate that the basement membiane turns over
{Lazarow and Speidel, 1864; Chow and Urarinond, 1969).

Since glomerular hasoment membrana turnoever has not been
widoly considered, the site of renwval of the basement membrane
has boon given acant adtention. Favqubar and Palade (1962) demon~
strated that mesangial celln phagocytosed forritin tracer particles
which did not penetrato the lawina densa. These Inveatigators
conciudad that a function of the measanglal cells is to remove file
tration residues ond thoy olso suggosted the possibility that these

eells "normally operate at the resnoval end of a turn-over proceass



by which the glomwerular filter is continually renewed'. This
suggostion was relterated by Farqubar (1964a) with the proviso
"For the moment, however, these cormments on basement mwem-
brane turnover should be recognised largely as speculations
which clearly need to be tested by further experimentation.”.
The various studies cited record, either as experimental fact
or an reagonable supposition, the natural history of glomerulax
basement wmebrane at different tinmes and In isolated stages
whose intevrelationships were not always appavent except with
hindgight. Tho expeximents to he desoribed show that a major
component of glomerular basement membyrane is secreted by the
visceral epithelial cells, turns over very slowly but continually

and s rewmoved by the nwsangial cells.

Exporbment .

Matexials and Methods
A geoup of mnle Sprague~Dawley rais, brod and reared in
the Foresterhill Animal House of the Univergity of Aberdeen were
given atandard (2.6 g per litve) silver nitrate drinking fluid ad 1ib

from the age of ¢ weeks for a period of 10 weeks., One animal

wag oxantined at this lme and the others wore returned to ordinary

tap drinking water.  One snlmal was examined at the end of every

1063



aacond week fox o poriod of 30 weeka and at the end of every tenth
woek for a further 80 woeks.

The aniwmal examined 20 weeks after ceasing to ingest silver
nitrate contained very little deposited silver ag described in the
previous chapter. Accordingly a further animal was killed at
23, weeks for inclusion in the meries proper. The animal exam~
ined 80 weeks after cem#ing; to ingest silvexr nitrate had chvonie
nephritis (Snell, 1367). Accordingly a further animal was
Eilled at 83 weeks for inclusion in the zeries proper. Inall,

24 avgyric rats were exandned in this experiment. No animals
died or had to be destroyed because of illness,  Hix control rats,
never exposed to silver nitrate, were examined at various times
during the course of the experinent.

Blocks for electron microscopy were taken as previously dese-

eribed. All were fixed in cold veronal buffered osmium tetroxide

{(Palade, 1962}, Most of the specimens were examined In o Zeiss

EM 2A electron microscope: 8 few were examined in a Siemens
Tlniskop .

The sections were examined systematically in the microscope
and the position of the silver granules was noted. The sections

were then photographed. An average of 20 exposures were taken

1
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per apecimen mostly at primary magnitications of 1, 75¢, 6,000
and 18, 090 diameters and the negatives were photographically
enlarged as vequived. The pholegraphs wero then systemnte
fcally examined and the position of the silver granules was noted.
‘There wos excellent agreciment on the distribution pattern of
granules by direct examination of the image and by examination
of the photographs hut nore granules were usually visible in the
photogyraphs than were detected on the soreen. A miniyoum of
2 grids from each of 2 blocks from every specimen wers examined.

The following siten were rigorously examinod for the precence
or ahzence of silver granules: visceral epithelinl cells; visceral
epithalial cell coat or "fuze'; fool process coated pits; laminn
rara oxternyy  Inming densa; lamina rara intorna; mesangicl
matrix; mesangial cells and endothelial csils (Figure 58). For
veconding purposes the lamina densa was sub-divided into an outer
and an fnner half.  The cbzervations on the luogtion of silver
granules in the bagement meomwbrane were made in regions where
the plane of gection could be accurately deiermined as indicated
by the presence of filtration slit plates.

Yrom each animal blocks. of kidney, liver, pancrean, choreid

ploxus and spleen were taken for bright and darxk field eptical

169
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TALCTOBCOPY »
Results

The distribution pattexn of the silver granules in the individual
spacimens is summarized in the tablet + indicates silver granules
prosent, - indicates é!lver granules ahgent, * indicates silver
incongtantly present.

In no specimen was gilver observed in the visceral epithelial
colls, within the attenuated portion of the endothelial oytoplasm
or within the capillary hwinen, Silver granules were never ohserved
in that portion of the basement membrane which lies beneath the
filtration slit plate bLetween adjacent foot processes above the line
of the ‘sole’ of the foot plate.

n the animal exaxmined at the end of the 10 week period of silver
nitrate ingestion silver granules were distributed as previously
described naely in the fuzz, foot process pits, all the layers of
the basoment wembrane, mesangial matrix and wwsanglal cells
{(Figure 57). Silver granules were not observed in the perikaryon
of the endothelial cells in this particular specimen. This pattern
was malntained in the rats examined 2 (Figuve 58a), 4 and 6 weeks
after ceasing to Ingest silver nitrate with the exception that silver

wag prozent in the endothelial cells of these antmals.



Figure 57. Mesangial region from standard argyric rat which had
ingested silver nitrate for 10 weeks. All the regions in which sil-
ver was deposited are present in this single micrograph. 1 - fuzz;
2 - foot process pit; 3 - LRE; 4 -LD; 5-LRl; 6 - mm; 7 - MC

X26,000
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Subzeqguent specimons (Figuves 58k, ¢, 4, e, 1, 09 and 60)
showed a2 slow and aipady movement of ailver granules towards
{he Innee aspect of the basement wombrane. By 8 weeks silver
graaules were not detected in the fuzz, the feol process plts oy
the lamwing vara enternn. By 24 weels silver was not detected
in the outer half of the lamina densa. By 40 weeks theve was
only e row of granules along the inner bordor of the laming densa,
Prom this time onwavrds granules wore observed go infrequently
and randorly in the lamina rara interna that they could not be
gald to constitute o definiie pattern of deposition. From B0 weecks
onwards the same applicd to the megangial watvix in that silver
granuvles were detectable in the weesangial seaiviz n sowme grids of
gome glomerull,  Further grids and further gloneruli from these
spocimons wore ¢xamived without lmproving the consistoncy of
eithor tho mesangial mudeix or lomina vava interna ohaervations,

In the 70, 83 and 99 weck speciwméns only cocasional, isolated
prannios were obsorved in the iomer horder of the laming donsa
(Figure 60}, These granvles ware nsufficient to forim a definits
pattern,

Bilver granulen b the mesanglal matrin appeared to bocone

incorporated into the mwesangial celis by o phagoeytic process.



Figure §8.  Glomeruiar basement membrane from periphoral
portion of capillaries in a serles of argyrle rats at varying times
after ceasing to lugest aflver nitrate. The plane of the section
is normal with reapect to the glomerular basement membrane as
indicated by the prosence of slit plates (arrow)., X 63,000

{a) 2 weeka. Sllver granules ave distributed throughout the
entive thickness of the basement membrane.

{(b) 12 weeks, Sllver gzranules are no longer present in the
foot process coated pits, the lamina rara externa and the outer-
most portion of the larming densa.

(¢) 24 weeks. The outor helf of the lamina densa is now clear
of silver.,

(D 40 weeks. Silver granules are aligned more oy less along
the uner boxder of the lnnmina densa.

(e) 60 weoks. ‘'The disgtyibution of ollver granules is similar to
the previous specimen but the number of granules is considerably
lﬁi‘::‘rﬁ *

{{) 90 weeks. OCunly a very occasional silver granule was observed
in this specimen, usually pear the inner border of the lamina denca.
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Figure 58



Figure 58



Figure 68.  Low power photomicrograph showing typienl
appearances in the glomeruli of an argyric yat 22 weeks
after censing to ingest silver nitrate, Silver g deposited
predominantly in the inner half of the basement wembrone
and in mesangial cells.  Small amounis of silver arve
present in the mesangial matrix (arrow 1), and in endo-
thelinl cells {(arrow 2). The appearances are remarkably
miform throughout the glomerulus., X 9,000



Figure 59



Flgure 80.  Low power photomicrograph showing typieal
appearances in the glomeruli of an axgyric rat 83 weeks
after ceasing to ingest silver nitrate. Silver is visible

in the mesangial cell ia the lower left corner. Elsewhero
silver gramiles ave very few and far between and ave situ~
ated near the inner honrder of the lamina densa {arrows).
4.8, 000



Figure 60
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Mesangiol oatrix with allver granules was inftially precent in
pockets or nvaginations of the plasma mexbrane of the mes«-
angial cell.  These lnvagivations appeared {0 become veaicles
contoining matrix and silver gramules.  The natrix disappeared
and concentrated aggregates of silver granules rempined in the
membrane bound vesicles. The membrane bound structures
uneually contained only pilver but some contained, in addition,
gther eloctron dense mwmterial.  On morphological grounds alone
these hetorvogeneous opgavelles conform to the general pattern of
Iysosomen and regidual bodies (Figure 61).  In a few of the later
specimens aggregates of silver granules were observed free in
the oyioplasm of the mesangiel cells.

n m:a fav ag guantitative estimates can be made of such specimens,
as the amount of pilver in the basement mewbrane decveased so
the amount of allvor in the wesanginl cells incressad up to the
20th to 30th week of observation.  Thereafter the amount of intrae
cellulay silver slowly deoreased but even in the 80 week specimen
conesiderable deposiia were still present within the mesangial cells.
Attempis to find other sitos of silver deposition n and avound the
glomorulus, both by electyon and dark field optical mioroscopy,

to account for thiz logs of silver from mesangial cells were un-



Figuve 61, Incorporation of silver granvies by mesangial
colls.  These illustrations are frowm different specimens and
are presumed to show sequential stages of the ingestion process.

{2y Sllver pranules in wesangial matrix which ig invaginated,
o incorporated Into a pocket, into the mesangial cell, X18,000

() Silver prauules in o vacuole inside the mezanyial cell,
The other vacuolar contents are simtlar to wesangial matrix.
#18,000

(¢} lembrane~bound body partly filled with large silver aggre-
gates. The other contents of the body appear to be breaking
down. X 22,000

(&} Concentrated ageregaten of ingested allver in membrane-
houwnd body (vrrow 1) and apparently free in the cyloplasra
{(areow 2). K 23,000



Figure 61
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productive.  The only point of pogsible note which emerged from
this seavceh wap that imtvaluninal pseudopodia or “"eolliculi from
the mesangial cella (Pipure 62) were much more readily observed
in oll of the argyric animals compared with non~-argyric control
animaln. However silver was never obuerved in these pzeudo~
podia.

Silvey in the endothelial cells was always smaall in amount,
membrane bound and in the perikaryon. ‘The means by which
the oilver gained access to these cells was not obaorved.

I both the argyric and the non-argyric control animals the
glomerular bagement meibrane was obaerved to thicken slightly
wi&ﬁ age and progressively more fibrils of a siviated collagen
pattorn appear in the nmweeangial matrix,

Diseussion

‘These rosultz demonstrate that in the avgyric rat silver gron-
ules are slowly and progressively cleared from the glomerular
bazement imembrane, inoreover this clearance ig directional and
proceeds from the outer, or epithelial aspect, to the inner, or
endothelial aspect, of the basement membrane. This is the
opposite direction to that taken by the glomerular ultrafiitrate

as It passes from the capillary lumen to the urlnary space. No



cap

Figure 62. Intraluminal pseudopod or ”colliculus”®’ arising
from mesangial cell. A silver granule is free in the mes-
angial cell cytoplasm but the pseudopod is devoid of contents
X16,000
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roverse movement of silver granules, so that they come to rest
against the filtration slit l;late or within visceral epithelial cells,
was obzexrved. This is further evidence that the silver granules
are firmly bound to basement membrane material.

As the silver is firmly bound to, and apparently an integral
part of, the basement membrane, the movement of the granules
indicates the movement of old, labelled, basement mewmbrane and
its replacoment by new, unlabelled, basement membrane.

The observations clearly show that a component of glomerular
basement membrane is secreted by the visceral epithelial cells.
Sacretion in effected by a coated pit mechaniszm which discharges
into the basement membrane from the anchored 'sole' portion of
the foot provesses. This basement meibrane material slowly
migrates centripetally from the lamina rara externa to the lamina
rara interna and is slightly retarded at the toner border of the lamina
densa. Once past this region the bagemont membrane component
passes, almost certainly by way of the lamina rara interna, to the
mesangial matrix and is subsequently phagocytosed by the mesangial
ecolle.  This 1s a slow, continuous process without a sharp end-
point and the time taken for the glomerular basement membrane to

turn over corapletely is of the order of a year.
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Previous studies ueing experimeninl arpyric ﬁaehniqﬁaﬁ have
ghovwn that new bazement membrane material is lald down on the
epithelial aspect (Kurte and Feldman, 1882; COshimn, Hatano,
Maoeyamn, Sugino and Takeuchi, 1967) bhut iu nelther of these
studics was participation of the visceral epiihelinl cells, by way
of the coated pits, obgerved. On the ultrasiructural evidence
that the visceral epithelinl cells have a well developed endoplasmic
rvoticulum and that the distended endoplasinic cisternae contain
materiol with an electron density similar to basement merwbrane,
it wos suggested that the visceral epithelinl cells seorete basement
membrane materisl (IFarquhar, Wissig and Palade, 1961; Thoenes,
1867). It has been demonsirated, using ferritin labelling tech~
niques, that the contents of the endoplasmic cisternae and the
glomerular basement membrane possess a common antigen (Andres,
Morgan, Hsu, Rifkind and Seegal, 1962).

The experimental argyric technigque becaunse of the initial pro-
longed exposuve io ailver nitrate to cavse adequate labelling and
because of the lag phase when silver continues o be deposited
after Ingestion of silver nitrate ceases, is not sultable for accurate
measurement of the time taken for the basement membrane to turn

over. As an approximation, however, glomerular basement mem-
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brave takos about a yoar to turn over compietely.  Such a turn-
over was not noted by Kurtz and Feldman {1562) who atiributed
the addition of new basement weimbrane on the epithelial aspect
only to growth or to a pathologlcally reactive process, and did
not congider turnover of the entire memwbrane. This conclusion
was reascnable in thely pavticular experimental eircumstances -
for the peried of cheervation was very short, extending only from
tho eighth week of sliver administration to the twelfth week after
silver lagestion ceased - ot incomplete conaideving the sitmation
ag o whole. Oshima aud his associetes {1967) did observe turn-
over of glomerulay hasement yembrane and though their resulis
arve very briefly recorded they do note that At 8 wonths, the
gramles had almost completely disappearved from the basement
membrane.”.  This oheorvation is in accord with those pregsented
hevre.,

‘The principle, though small, study on glomerular basement
membrang tumover to date is thot of Lazarow and Speidel (1964)
who uzed an isotope labeliing technique and found that normal rat
glomsrular basement mwembrans turned over and was completely
reploced in less than 60 days.  Though oriticised (Spive, 1964;

Miller, 19643 Prossmen, 19064) this study does not yet appear to
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have heen efther extonded ov confivimed. Similayx fzotops tech~
nigues bave been employad by Chow and Drummond {(1969) and the
regulis, though expressed in a different form, mdicate that Lazarow
and Speidel's figure of G0 days is congervative. The measure
ment of glomerular basement membrane synthesis and turnover
using isotopic precedures is at present fraught with considerable
technloal and theoretioal problems. This is veflocted in the
nauoity of tracer and autovadiographie studies on the mammalion
glomorulus though other extracelluler mairices and other glyco-
proteins have been studied using theze technigues {Hay ond Revel,
1963; Neutra and Leoblond, 1966).

Though direct evidence of glomerular bagsment membrane turn~
over is aparse, there is consideyvable indirect imxumunelogical ovid-
ense o mdieate that roplacement of the membrane takes a consider-
able time. Antibedy 1o glomerular basement membrane once
firmly attached has the long biological half-life of 20 days (Pressman
and Yagl, 1964) and s oiill deteciable in the glomeruius after o
year or longer (Pressiosn, 1964). Similar studies have indicated
the persisience of antlbodies attached to the glomerular basement
membrane for an observed period of 2901 days and clearance was

demonstrated in that by 8 months only about 10 per cent of the
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amount originally present was found (Triedman, Metzger, Hsu,
. Rothenberg, Scegal and Urquhart, 1962; Scegal, Hsu, Rothenberg
and Chapeau, 1962). These clearance figures for antibody firmly
attached to glomerulay hasement membrane are very similar to
the clearance estimates for silver attached to glomeruvlar baze-
ment membrans obaerved in the present study.

For some conslderable time after silver ingestion has coased,
silver granules continue to aceunmulate in the mwesangial cells.
‘This, more or less, is inversely propoxtional to the simultoncous
clearance of silver from the bagement membrane and is good evid-
ence that the mesangial cells remove not only filtration residues but
also old basement membrane as postulated by Farquhar (19G4a).
The Incorporation of silver from the mesongial matrix into pockets
which then become vacuoles which fuse with lysosomes and condense
with the uitlmate production of dense residual bodies is identical
to that described and illustrated for filkration residues hy Farquhar
and Palade {1962), It has further been shown that the lysosoies
contain ensymes capable of hydrolysing glycoprotein (Miller and
Palade, 1864). However these organclles do not geem capable
of breaking down the engulfed silver granules for these accumulate

within the cell, ocecasionally free but usually in wembrane bound



residual bodles, without evidence of degeneration of the cell.

The presence of silvexr deposits in mesangial cells has been
variously recorded in other experimental argyric studies.
gtriker and Snmckler (1970) describe and illustrate silver in mes~
angial cells. Osbima and his associates (1967) do not mention
silver In mesganglal cells. Kurtz and Feldman (1962) say they
found silver in the "interluminal or axial core cells”". COleott
and Richter (1968) described silver in endothelial cells but {llug~
trate it in a mwsangial cell which is quite understandable as their
study antedates the definite recognition of mesangial cells in elec-
tron microscopic specimens. Vernier (1064a) initially made no
reference to silver in mesangial celis but subsegquently (1864h)
stated that silver was seen in ‘intercapillary! cells.

Silver accoumulation in mesangial cells was not observed to
increase beyond the 20th to 30th weeks and thereafter steadily
decreased. Mesapgial cells therefore appear to bave a mechan-
ism {or digposing of residues. There are several possible ways
this could occur.  The silver could be extruded into the capillary
humen via one of the numerous pseudopodiz.  The silver could
be transferred to o neighbouring endothelial cell body and thence

to the capillary lumen. The silver could be extruded into the
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wasangial matrix and thence corried to the vasenlar pole and out~
with the glomerulus by the route proposed by Latin and Mawnsbach
(1962). All these possible mechanisms for removing stlver from
mesangial cells would probably take place within a shoxt space of
timoe and would therefore be unlikely to be deieated in an oxperi-
ment of the present design.  Certainly neither alectron nor dark
fleld microacopy of the present specimens yielded any evidence
on the ultimats fate of the silver granules, ‘The consplovousness
of the pseudopodia in thege specimens, o featuve not previously
noted in other renal tissue examined personally, slightly favours
thin particular route for more detailed subhsequent investigation.

The amwount of silver in the endothelial cells was always small
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and always o the perikaryon. It is well established that endothelial

cells oan talie up particuiate matter (Flovey, 1967 and it is furither
recognised that this upiake can be enhanced in tha glomerulus by
blookade of the reticulo-endothelial gystem for nstance by thorium
dioxids (Benacerraf, MceCluskey and Patras, 1960), It iz thera-
fore likely that the silver phagooytosed by the wesangial cells pro-
duced a mild degree of reticulo-endothelial blockade in congequence
of which zome silver particles in the mesangial matrix were taken

up by the underlying endothelial, rather than by the overlying mes-



114

pagind, cells,

Throughout the eutive poriod of chsevvation there was a slow
stendy movoment of silver granules from the outer, towards the
jonew, suciace of the basemeant mewbrane. Slsht vetardation
occcurred not at the suxface of the endothelial colla but at the inner
border of the Inmina densa.  Moreover accunmlation of silver
granuies cccurred in the wesangial matrix god cells and not in
the Joming rave intorna.,  This is moat vesdily explained i the
loming ravs interna s o functionally separate layer from the
laming densa. The avistencs of such o layer bas heen surmised
from nitrafiltration tracer studios using forsliin, thorotrast and
peroxideses (Marquher, Wissls and Pelede, 1061 Latta and
Mavnshach, 19623 Geoabom and Bovnovely, 1966} to account {or
the sweoping of filtration vesidues o the el vegion. It is rensone
able to suppose that such a layer also sweeps old basement mem-
brane, and ammaineﬁ gilver granules, in the samo way. 1o
novform effectivaly this layer must move welatively rapidly, very
mmeh move rapidly - hours or days - than the thme scale of syn-
thosis and turnover of the hasewent membrans component demons-
strated in the prosent expeviment.  This stvongly suggests that

8 gacond component is present i glomorulay hasoment membrane.
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Such a c:amﬁamnt would have to be elcclron-lucent, or readily
extractable by the stondaxd electron microscopic preparative tech-
nigues, to account for the ultrastructural appearances of the lamina
ravg interna.  Such 2 component would have 10 turn over faiely
rapidly to clear residues from the inner surface of the laming
densa, and would be mavkedly diluted with serum both fyom the
fenestrae and the discharged pinooytotio vesicles in the endothelium.
Such a component would have little structural integrity compared
with the molor, sflver labelled, epithelial derived component.

The presence of thiz second component, even with the preseni
inadeguate data, poses no serious conceptual problems as regards
origin, function or even composition. Using Lmumunological teche
niques such a component, a vascular basement membrane antigen,
has been demonstrated (Pierce, Midgley and Bri Rare, 1963;

Plerce and Nakane, 1967) and 1s of presumed, though not proven,
endothelial origin, However, major concepiual difficulties do
arige when attempts are made to visualize the structaral relation-
ship this second component has with the main, epithelizl derived
gomponent (Eurtz, 1964)., This particular problem demands con=-
siderable further experimental investigation but some tentative

proposals concerning the relationship of the two components are
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made in part V of this theals,

Fxperiment 2.

The hasement membrang turnover chserved in the previous
experiment might be a once and for all phenoxmenon which coeurs
during the growth phase of the rat,  'To investigate this possibe
ility the experiment was repeated on an older group of rats.

Matorinls and Methods

A group of male, dprague~Dawley rato, litter mates of those
used in experiment 1, were aliawed to age for one year before
bhelng given standard silver nitrate deinking fluid.  The experi-
ment was thereafter identical to that previously described except
that a smaller number of animals was used and the animals wers
examined 9, 4, 8, 16, 32 and 52 weeks after ceasing to Ingest
silver nitrate.

Results
The distribution of the silver granules in the individual speci~

mens i summarized in the table.



Weeks on tap water
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Visceral epithelinl cellz
Visceral epithelial "azz"
Foot process pits
Lamina rarva gxterna
Lamina denpa (outex)
Lamina densa (Inner)
Lamina rora interna
Menangial matrix
Mesangial cells
indothelial cells
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The pattern of silver distribution and the sequence of silver

clearance from the basement membrane was the same as that in

the previously examined young animals.

Dlacussion

These regults ndicate that glomerular basenient membrane

secrotion, turnover snd removal is a continuous process which

occonrs not only o young, growing rats but alse In mature, adult

rais.

Fapoviment 3.

‘The declaion to use anlmals which had been ingesting silver
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aitrate for 10 weeks as the standard argyvio nwdel was made hecause

of {he aszentially practical and experimentally proven reasons that

the stlver deposits in such aniwals are reasonably uniform, are

distributed according o o standard patterns, do not distort neighbour-
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ing structures and ave readily detectable hy optical and eleciron
microscopic techniques.  That such an experimental model 1s
effcotive wan demonstrated in the previous experiments. There
yemains the possibility, however remote, that the ohaerved pat-
tern of basement membrane behaviour was, n part, determined
by the presence of the silver marker. This ig merely a particular
applicution of the peneral propogition that the experirental pro-
cedures nocessary to detoct certain biological phenomena may
alter the phenomena which are being observed. Expressed in
practical rather than philosophicel form the question is, does the
presence of the silver intexfere with the normal behaviour of the
glomerular basement yvoembrane? In so far as such a question
con be answeored on infernsl experimental evidence alone, there
is nothing to suggest that the silver deposits interfere with the
kehaviour of the glomerular basement membrane in the standard
10 week argyric rat.

From the studies on silver deposition described in part I of
this thesis 1t 1s however evident that excessive amounts of silver,
because of aggregation of granules and distoxtion of neighbouring
atructures, particularly endothelial cells, might well fail {o reflect

a normal basement membrane behaviour. From the same studies
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it is aloo evident that lesser amounts of silver might still be an
adeguate tracer for eloctron microscopic though not for optical

dark field observationz. These assumptions were oxperimentally
tested parily to determine the olearance patitern of different amounts
of silver and parily to facilitats interpretation of the subseguent
cases of human argyria for which no standards were available.

Matenials and Methoda

Two gmall groups of male, Sprague-Dawley rats aged 6 weeks
at the commencemernt of the experiment wexe given 0.25 per cent
sllver nitrate drioking fluid: one group (8) for 6 weeks, the other
group {b) for 26 weeks. At the end of these time periods the rats
were returned to ordinary tap deinking water and glomeruli were
cxamined at appropriate intervals over the following 16 montha as
described for the previous experiment.

{2) Rats on 0,26 per cent silver nitrate for b weeks.

The amount of silver deposited and the size of the individual
granules were less than in standard 10 week avgyric rats, hut the
distribution and clearance patierns were otherwise identical to |
thozse desoribed in experiments 1 and 2. One minor exception

waa that relatively very little ailver was present in the endothelial
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colls.
{(b) Rats on 0.25 per cent sllver nitrvate for 26 weeks.

The amount of silver deposited and the size of the individunl
granules were greater than n standayd 10 week argyric vals.

Ag time progressed thers was considerable aggregation of indive~
idunl granules into gpoups in the aner half of the lawing densa
{I"igure 22).  The dismster of these aggregates exceedsd the
widih of the lamina rara interna and aggregates were obgerved
impacted between the lamina densa and the endothelium, and
horaniating through the fenostrae (igure 63).  Silver was con=
stantly obeerved in mesangial and endothelial cells but the amount
present in these locations was losa than anticipated from the lnvge
amwownt of silver present in the basement membrans.

‘The overall depogition and clearance pattern was stmilar to
that in the standard 10 week avgyric animal only retardation in
the inner border of the lamina densa was more pronounced.
Furthermore the silver pattern was not as wniforso as the standord
avgyric animal and different amwunts of silver were observed in
adjacent capillaries (Figure 64) in the intermediate clearanco
alages, Complete clearance of silver from the basement mems

brane did oceur and the laet rat in this particuleyr group, examined



Figure 63.  Sllver granuie about to herninte an endothelial
fenestra. X 22,000, Hee algo figure 47.

Figure 64. Glomeruluz from a heavily argyric rat showing
non-uniform pattorn of silver clearance. The distribution of
silveyr in these adjacent capillary loops {8 essentially similar
hut there is a considerable difference in the density of the
granule population. X 7,000



Figure 63

Figure 64
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67 weoks afier ceasing to ingest silver was similar to figure 60,
Discunsion

The patiern of hasemont membrane z-synﬁwaam. turnover and
removal in argyric rats exposed to gilver nifrate for 5 weeks is
identical to that observed in standard argyric vais eaposed to
silver nitvate for 10 weecks.

The pattern of baszement membrane synthesia and turnover in
avgyric rats exposed to silver nitrate for 26 weeks is similar to
that obzerved in gtandard argyric rats exposed to silver nitrate
foxr 1.0 weeks but the uliimate removal of silver granules from
the basement membrane is different. The amownt of silver in
the mesangial and endothelial cells of these heavily argyric animals
was less than expected relative to the amount of silver being cleared
from the basement membrane. IFurtherinore the diameter of the
large silver aggregates in these animals considerably exceeded
the width of the laminn vavras interng and were too large to be swept
along this layer to tho mesangial region. ‘These large aggregates
instead become lmpaoted between the inmer border of the lamina
dense and the endothelinl cells ond appear {o be eventually extruded
through distortod fenestrae, into the capillary Inmen.

It seexns very wnlikely that this particular route for removing
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silver from glomerulsy hasement moembrane is of any physio-
logloal imporiance.  Conceivably it could operste in cerinin
pathelegionl civoumstances as a route for the removel of anception-
ally lavge filtration vesidues, or deposits such gs fibrin aad entigon~
antibody complexes.

From the results of these two small geries of animals it is
concluded that experimental argyria as a model for studying normal
glomerular basoment membrane synthesis and turnover, as dige
tinct from removal, is valid for a wide time vange of silver ingest-
fon. The experimental model is valid for studying normal glomer-
ular basement membrane vemoval only if the silver granules ave
sufficiently smwall ag not to physically impede the normal route
of rémoval. In practical terims, the size of the silver granules
must be small enough 0 pasgs along the laming rara interna.

Five and 10 week argyric animals fulfil this criterion, 26 week

argyric anlmals do not,

Conclusions
In the rat a major component of renal glomerulnr basement
wembrane is secreted hy the visceral epithelial cells and is removed
hy the mesangial cells. This is a slow, continuous process which

is not reatricted to the peried of growth of the animal and the time



for complete turnover of the membrane iy about 12 months.

This basement membrane component is socreted by a vacu~
olar/coated pit mwohanisn, moves in a direotion contrary to the
ilow of the glomorulnr ultrafiltrate, ond is remwoved by a phago-
some mechanism.

It is possible that in certain patbological circumstances some
cifete basement membrane material or large filivation residues
may e cxtruded into the lumen of the capillayy by way of the endo~-
tholial fenestrae.

The experimental data further indicate, but do not prove, the
cxistence of a second, oy xﬂimr, bagement mombrane compenent
probiebly of endothelial origin which has a fastor turnover rate

than the major, epithelinl cell derived, component.

1a/
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Poart IV

Humon Glomerular Basement Membrane

While the existence of a turnover process for plomerular base«~
ment wembrane in the rat is of some biological interest, 1t is of
little medical significance unless there are reasonable grounds
for supposing that o similar process ocours in humans. Since
silver iz a label which ocours both In snan and rat certain limited,
but nonotheless significant, direct compariscns can be made.

Since argyria does not cause any veral malfunction in humans
thore is no justification for pexrforming renal hiopsies in such
patients . Accordingly studies on the distribution of gilver in
hnman glomerular basegment membrane have o be performed on
tinsue obiained post ortem.

The first reporied case of pigmentation aftributed to ingestion
of sllver is probably that of Avicenna in 080, and the first undic-
puted case is that of Anpelus Sala in 1647.  Soveral isolated case
roports appeared in the eighteenth century and the first small series
was desoribed by Butini in 1814. Bhortly thereafier argyria was
pocitively identified and apparently widely recognised in many
HEuropean countries. Eavly reports in Snglish are thoge of Albers

{1810}, Rogot (LBL6} aud Badeley (1818). Of particular interest,
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and not for parochial reasonsg, is the case deseribed by Buchanan
{1831) in the Glasgow Royal Infirmary. A variety of therapies
baged on the then known physlologlioal and chemical data were ap~
plied in an effort to remove the silver, The patfent was long
suffering and the attempls were unsuccessful.

The first post mortem on a case of argyria was reported by
Lelut (1830) but nearly 30 years elapsed before the microscopic
appearances of such & case were recorded (Frommann, 1859).

A particularly clear and well illustrated account of the gross and
histological appearances in a case of argyria is the paper by Gettler,
Rhoads and Welss (1827). Thege authors also review the pre«~
vicusly published cases of argyria with post morter examinations

but incorrectly attribute the first to Frommann and not to Lelug.*

*  The early Uerature on human argyria contalng numerous incid-
ental, but nonetheless Informative, comments. Albers tried to
trace sn earlier English reference and records "Professor Reurs

of Gottingen, who is se eminent for literary erudition, likewize
hunted for it, but without any better success.". Lelut's case had
been treated with silver nitrate because of epilepsy. The illness
was attributed to the fatigues and terrora of war as the patient bad
served in the Imperial Guard during the Napoleonic Wars.
Buchanan's cage had also been treated with silver nitrate because

of epilepsy which developed after he fell from a horse and fractured
his skull.  The patient first noticed his unusual pigmentation only
on Sundays, this being the day on which he washed. Buchanan was
sufficiently intrigued that he called in an artist and had the patient's
porirait done in ofis. Frommann's case was reporied not from
Germany but from London. Badeley, apart from describing a clear



case of avgyria including doge and time of exposure to silver nit-
rate, digresses on more than one cccasion to the subjeoct of air
pollution. The case described by Gettler and his associates was
the famous "blue man' of the Barnum and Balley civcus.

Materials and Methoeds

Argyria i3 o vare condition and post moriems on such cages
are even meore rare go there was no reasonable probability of ob~
taining o series of specimens. It appeared that the best that
could be hoped for was tissue from proven cages of argyria, free
of renal dizease (a) who died while atill taking silver or shortly
after ceasing to take silver and (b) whe died a considerable time,
preferably wore than a year, after ceasing (o fake silver. On
the basis of the rat experiments it was hoped that the first of these
apecimens would contain silver and the second would be largely
cleay of éilvar.

A search for suitable material was therefore instituted. Two
mexpacted problems complicated this gearch. Cases of axgyria
seem to have an intringic appeal to pathologists for though reports
can be traced In the filos, slides and blocks can not be traced in
the stores. It appears that such tissues are the sort that lie
around individual pathologists' reoma awaiting Iater detailed exam-

nation but suffering eovlier unintentional loss. The second probe
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lem is that reiiable information concerning deialls of silver in-
gestion is particularly difficult to obtain in many cases of argyria.
The psychological and communication reasons for this are des~
eribed and discussed by Brinton (1949). Eventually, thanks to
the good memories and efforts of Dr. J. R, Dawaon of Minneapolis
and br. J. G. Simpson of Aberdeen, two suitable specimens were

obtained.

Casg 1. Thiz was a man in his late fiftles who was admitted with
cardio-respirvatory fnailure and was incidentally found to be argyric.
fie had been ingesting a proprietary silver preparation for about a
year and his skin pigmeniation was of recent onset. He died 12
weeks after admisalon.  During this 12 week period he was con-
tinnously in hogpital and did not ingest any silver.

A poat mortem examination was performed 14 hours aiter death.
The glomerull were visibly dark to the unaided eye but there was
no other gross or histological evidence of renal disease.

Tha specimen which was received consisted of the shavings of
tissue retained when the original block of kidney was trimined priox
to embedding.  These shavings had been in unbuffered formalin
fizative for 23 years. ‘The :specimen was thoroughly washed with

water, out into 1 ram® blocks, post fixed in phospbate buffered
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oaulum tetvoxide and emboeddad in Epon.

Cogn 2,  This was on 88 year old man who died of broncho-
paenmonia.  FHe had gulfered from epilepsy for very many yenrs
and had spent much of his working life in Australio whers he had
heen treated with 2 "metallic compound”.  Argyria was dlag-
nosed 14 years prioy to his death. During these 14 years he
wag regularly medically supervised, had several hogpital adinis~
atons, was treated with phenobarbitone and antl~-convulsant drugs
and wap not exposed to silver.

A post mortem examination wae performed 5 hours after death.
The glomeruli were not vizible to the unaided eye and there was
no gross or histological evidence of renal disease.

The specimens received consisied of the neutral phosphate-
buffered formalin-fized blocks taken post mortem and embedded
in paraffin., The tizsue was depsraffiniged, 1 wm® blocks were
out, post fized in veronal buffered osmium tetroxide (Palade,
1962) and exbedded n Epon.

Review of the ovriginal skin biopsy and post mortem tissues by
bright and dark fleld microscopy (Figure 68} and treatment of these
tissues with iodine and sodium thiosulphate confirmed that this

was a genuing case of argyvia.



Pioore 65, (o) Original skin biopay from easo 2. There is
a dense silver deposit ospecially in the bagement wembrane
avound swent glands.  Daxk field, 1 & B, ¥ 340

{b) Origingl post wortem liver gection from cnse 2.  There

is a dense silver depogit in the wall of the portal vein and silver
granules ave present intra- and extra~ceilularly elsewhere in
the portal tract. Davk field, H & B, X340, Note that differ-
ent cosins give different dark field colours.



Figure 65
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Case l, Prescrvation of this tisoue wag very poor hut glomer~
wlar hasoment memwbrans was clearly identifiable and contatned
priserous silver gronules.  Silver gronules wore also prosent
intracollularly but it wag not pogsible {o identify the cell type
with any cerininty {(Figure 68).
Cage 2.  Both bright and dark fleld optical waicroscopy of the
gloveerull failed to dexwmgtrate any atlvor in the glomerulor bage-
ment membrane.  Very aronll deposits of silver were present
inteacoliularly, notably in the axiol region (Pigure 67).

Breservation of this tissue for eleotron microscopy was slightly
betier than case 1, but otill far from good. Glomerular basement
membrane was clearly ldentifiable and contained no silver deposits.
mtracellular silver doposits were very sparse indeed and the cell
type could not be identified with certainty (Figure 68).

Discugsion

The proseace of silver depogits in the glomerular basement
mewmbyrane in huwman argyria io well estabdished. There are pood
bright field illuatyations of argyrie glomerull in {he reports by
Gottler, Rhoads and Weios (192%) and by Christensen, Jorgensen

and Chisen (19684). The former authors further state that in



Plgore 86, {0} Silver grapudes in glomerulon baasment weme
brang in tman argyric case 1. Tigsue preservoiion is vory
pooy but glemerelay basement woembironeg s vecognisable and
the silver granules ore similer to thogse previeusly obsorved

i the rat, X 27,0060

() Silver granules in glomerulay baseoment membrane and
what 13 probably mesangiol matrix. X 20,060



Figure 66 a

Figure 66 b



Flguve 67. Glomerulus from human argyric case 2 showing
abuence of sllver deposits from the basement mwembrane. A
few, omall, isolated deposita are present intracellularly, prob-

ably, i not definitely, in mwesangial colls,  (a) bright field,
(h) dark field, X 340



'I{,f!,

Figure 67



Figore 68. {2} Low power photomicrooraph showing genoral
foatures of glomerulus from cnse 2. Capsular hasoment mweme
brane and glomerular basement membrane are readily identified.
Red blood cells and o pelywmorph are present in the capillaries.
The eplthelial cells are markedly autolytic. Endothelial and
megangial cells canncet be positively identiflied but the two collz
indicated are tentatively recognised as mesonginl cells (MC).
x5, 000

(h) Glomerular basemont membrane. ‘There are no silver
gramides., X 26,000

{c) Smail, focal collection of silver gronules found in inter-
capillary location. Tisgue preservation is so poor the locus
cannot be dentificd froin ultrastructural features but the tepow
graphy suggests this deposit is o wmesanginl cell or meaangial
matriz. K 26,000



Figure 68 a



Figure 68 b

Figure 68 c
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soras ploces 1t s iSHcwt to say that the mwtal ia not actually
in the endsthelial cells”. However the fllugtrations of Getller
and of Christensen, sod the electronmicrographs depicted heve,
are digmal compared with the lustrations in the paper by Jahn
{1894), reproduced infigure 69, ‘Theze cleavly show asilver in
the glomerular baszement membrane and with hindsight, in the
mesanzial mateix and mesanglel cells, Case 1 i in accord with
these findings.
it 15 not well gatablished that in some cases of huwan sygyria
the glomerular basement mermbrane is feee of silver deposits.
Beveral reports of post wortems on cases of argyria do not specifice
ally montion the glomerulus but theve appears to b only one tenuous
reforence to the effect that glomerull in such cases can be free of
ailver. Hl and Piligbury (1939) state that Moslener in his
Inaugural Dissertation at Kiel in 1889 gquoted Xahlden ag having
reported such a ease.  Dohi (L208) refers io this anme case.
There i only o single repoxrt of the electron microscopic
examination of the kidneys in a case of argyvia, This is the paper
entitled YAn Blectron Micvoascopie Study of Human Generaliged
Argyris’ by Prose {19868), This paper bas five {llustrations,

four of a gkin biopsy and one of a renal glomerulug, This last



Figure 69, Human argyric glomerulus showing silver granules
in hagsement membyane and in mosangial vegions, a = epithelial
cell, b = endothelial coll. Bright fleld microscopy, original
magnifications not stated but appear o be of the order of X 300
and % 900 respectively. Reproduced froim Jabn (1894).



Fig.3,

bia.4

Figure 69



llugtration consists of a portion of a glomerular capillary and a
portion of Bowman's capaule., In the latter site is a solitary
olectron dense deposit sald to be silver. Ag has been previcusly
diseussed (Part II, Methodological Studies (e) ) it is far from cert-
ain that this particulax eleciron dense deposit iz indeed silver.

Of more significance, however, is the absence of silver granules
from. the considerable segment of glomerular basement membrane
in the same illustration.

The morphological description and the discussion in text of
Prose's paper are faxr from olear and do not coryespond to the
illustration. He states "Infrequent gilver deposits were seen
in the connective tissue of the spleen and livexr; in the focally
thickened finely filamentous basement membranes surrounding
venal glomerular capillavies and the glomerular capsule ......".
Further on he records "As observed in the renal glonexuld in the
rat Kurts gmd Feldman, 1962 , silver granules were deposited
in bandlike form in the basement membranes around the glandular
poxtion of the sweat glands" (sic). While the evidence for the
presence of silver in the skin of Prose's case i excellent, the
evidence for the presence of silver in the glomerular basement

membrane is insubstantial in the extrenw. Jt seems posasible
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that in the expectancy of finding slivey in the glomerulus he has
alighted on a few isolated, electyon-dense deposits of indetermine
ato nature.  Significanily the interval between Prose's case ceag~
ing to Ingest silver and dying was thirty four years, more than
long cnough to clear silver deposits from glomerular basement
membrane .,

In case 2 reported hore, the patient ceased toking sllver at
lenst fourteen years prior to death. Though he still had the
alinical stigroata of argyria, his glomerular bagement membrane
coniained no silver deposits. In the experiments on silver depog~
ition {n the vat deseribed in part II of this thesis It was shown that
ailver deposition in the glomeruli is particularly intense and ante~
dates silver deposition in the sgkin. Silver deposition in hoth
these sites is well recognised in humans though the oxder of pig-
mentation is not known.  ‘There is therofore little reason to supw
pose thot the glomerular basement mweichrane of case 2 was othey
than pigmented while the patient was toking silver and for an indeier-
minate time afier he stopped taking silver. The small, intra~
ceilulor traces of silver still present at death further support this
view.

The amount of silver ingested by these two patients could not

0
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be eatablished but, by comparsion with other reported cases,
neither was particularly heavily argyric. In oxperiment 3 on
rats desoribed in part 1 of this thesia it was shown that silver
deposits were cleared from glomerular hasement membrane over
o five fold range of silver administration. ‘The amount of silver
ingested by the 2 human casea, in o fav as it affects glonwrular
bohaviour, does not therefore appear to be a critical factor.

Beocauge of the well established time intervals between ceasing
to ingest silver preparations and death it is possible to state from
tho two onses described, and to infer froya previously described
cagos, that human glomerular basement menbrane can be labelled
with silver and this silver is subsequently cleaved from the glomer-
ulay basement membranc.

Extrapolating resulis frozn experimental animals to humans is
1ot always justifiable (Walkor and Patrick, 1067, 1968, 1669) but
the simllaritios between the observations on glowerulay basenent
membrone i argyric rats and argyric humans ave steiking., It
is thevefore rensonable to conclude that the proosss of glomerular
bagsement meombrane synihesis, turnover and removal is at least

alwmilar i both species.



Concluaion
Hamnn glomeralar basement menthrane tuine over and is
probably synthesized and removed in o manuer similar to that

seavionsly demonstroted in the rat.
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Payt V
Gonoval Conclusions

The Functional Morphology of Glonerulay Baseicent Membrans

The experiments recovded in this thesis demenstrate that a
major component of glomerular basement menirane Is secreted
by the vigceral epithelial cells. This component is laid down
on the epithelial zlde and slowly mwovaes towards the endothelial
side of the basement membrane as new basermont wembrane mat-
orial is secveted. ‘The old basement meimbrane moterial is ro-
moved from the endothelinl aspect of the mwembyrane and passes by
way of the laming rara Intexna and the mesanginl mwatrix to the
wenangial cells.  This entire process is continuous and slow:
the time for complete renewal of glomerular basement mewbrane
in the rat 13 of the order of 12 months: the tiwe for complete re-
newal in tho human is not established hut 1o probably longer.
Secretion of this coraponent by the epithelial cells is effected by
a vacuolar~goated pit system and removal by the mesangial cells
is effected by a phagocytic mechanism. The process ig diagramal-
fcally summarized in figure 70.
| All the stages i this process have been described or surmised

previously as isclated events but the entive, interrelated sequence



URINARY

I CAPILLARY

Figure 70. Diagram of glomerular basement membrane and
related structures. The heavy black arrows indicate the path
taken by the glomerular ultrafiltrate. The broken arrows
indicate the path taken by the epithelial derived component of
the glomerular basement membrane. Note that the basement
membrane is renewed in a direction which is countercurrent
to the flow of the ultrafiltrate.
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of avonts, to the bogt of the author'n lmowledge, hao not been demon~
gstrated before, nor ia .%;hcm‘-f.a ony previous diveot ovidence io show
that this process ovouws In the hwman ond not just in the rat.

Apart from the mwaln hasemont mewhrans cowmponent consldered
ahove, frow. the experimonial observations - i pavticular that
the silver marvker does not progress smoothly all the way through
the basoment mexhrane but is retarded at the inner horder of the
leming densa, and that the lamndnn rava interna clears wore rapidly
than the Inmina denst « it I8 inforred thet a second basement mone
brane component oxists. The presence of snch a second compon-
ot has been swspected or demonstrated by sevorsl previous investe
igators in pavticulay by Plevce and his assoclates. This second
component is probably of endothelial origin.

The relotlionohiy of these two compononts i glomorular bagow
ment membrane 15, ot present, largely conjeotvre but Kurtz (1064)
has wade the reasonablo suggestion that the second, or endothslial
componont could bo the electron-lucent substance hetween the dense
fibrils of the lomiong densa.,

From a congideration of all the availoble data there emeryges
a concept of glomerular basement membrane in terms of functionnl

morphology. Glomerular basement membrane is 2 two component
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structure. The major cowmponent is a loosely erogslinked,
fibeillor mweshwoerk of a collagenous protein {Spiro, 196%a;
Kefalides, 19638) predominantly concontrated in the jaming danen
but with oceacional {iheils atiachod to the epithelial and endotholial
cells (Trump and Denditt, 1988 Jorgensen, 1987h) thorehy conw
ferving stroctural intogrily to the bagemont mewbrane. Thig
componont s cocceted by the visverel epithelinl eells, twrms over
slowly ond becomes more orosslinked with time being maximally

go ot thoe moer border of the lamina densa thoveby conferring o
degree of coarse HMlteation selaction ot this lovel (Fargubay, Wissig
and Palado, 1861; Iatta and Mounzhaoh, 1982}, At the nner
bordaer of tho lamina densa this collagonous component s depoly -
mevised and carrled with the filtration yosidues by way of the laminn
rara interna to the mweoanglal patrix to be subgequontly ingasted

by the wesonglal celle {(Farquhar and Palade, 18625 Faxquhor,
1064a}.

The second compenent ia o hydrated gel of ondothelisl coll
origin which is intizanioly Intexmingled with and diluted by, the
ultvefiliraie. ‘This gel permentes the intevstices of the fibriliar
maghwork hwd {s prodominantly concentrated in the laminn rava

intoroe and the Iaming vrava sxterna. It confers form, as opposed



to intogrity, to the basement membrane. ‘This is essentially an
extension of the biomechanical concept of extracellular matrix
struciure developed by Fessler (185673 1860) and expressed indepw
endently by Dische (1964). This second, ox endothelial, compone
ent has a much faster furnover than the first, or epithelial, com=
ponent. Much of this endothelial component flows circumferent«
ially in the lamina rara interna carrying with it effete collagenous
component and {iltration residues to the mesanzial matrix for aub~
sequent Ingestion by the mesangial cells.

Though at this juncture hypothetical, the proposed model of
glomerular basement membrane acocords with mwst of the estab-
lished facts and many of the reasonable assumptions. It implies
that glomerular basement membrane acts only as & corrse pre-
filter and asaigns to the slit plates and foot processes the ultimaie
regulation of the glomerular ultrafilixate which is in accord with
the studies of Karnovsky and his associates on transcapillary ex«
changes and formation of the ultrafiltrate (Graham and Karnovsky,
1968; Venkatachalam, Karnovsky and Cotran, 1969). The model

further implies that apart from regulating and monitoring the uitra~-
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filtrate on a short torm basis (Fisher and Hellstrom, 1962; Farquhar,

19264a), the visceral epithelial cells can, in the long term, alter the
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nature of the pre-~filter or basement zmmbmna by synthesizing
more or different bagement membrane component.  Much of the
aynthosis of the collsgencus component involves post~ribogsomal
ﬁtﬁgéa which are suscegptible to environmental influences {Spiro,
1969).

Above all this hypothetical model is dynamic and offers possible
explanations as to how certain glomerular baserment membrane
lesions develop and why, in many circumstances, these lesions
rosolve., In such a pathological context two subsidiary observat-
ionp from the present sevies of ﬁxperimnm are probably of im-
poytance mamely the ability of the mesangial cells to clear them-
gelves of undigested residues and the ability of large filtration
residues or bagement membrane fragments to be hernfated through

the fenestrae into the sapillary lumen.,

At an intellectual level a hypothetical model is satisfactory
if it explains ond correlates most of, and preferably all, the present
Imown facts pertaining fo the situation under consideration. Apart
frora this there is little intrinsic value in such a model: its use-
fulness and validity rest in iis application. ‘There are two facets

to this application, {a) the model should indicate deficiencies in
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prosent knowledge which reguire further experinental investigat-
ion and () the wodel should assist in explaining the pathogenesis
of cortain naturally ocourring glomerular lesionz.

Application of the wedel in the first of these ways indicntes
several major points requiring, further experimental elucidation.
Theee are enumeratad below.

{1} The rols of fuzz in the glomerulun s far from clear.

Thie lack of information ls not peoulier to the the glomeruius but is
commnon to esll coats gonorally.  Ho (1969) bas sumanarized the
prosent situation ag "I scoms reasonable to speoulate that the sur-
face component may b characteristic for each species and for
cach cell typo and furihormore thot it may vary in its structure
and fonction on the snms cell under different physiologlcal condit-
fons.  When the stracture and funchion of the corapleie plasma
mombrane are underatood and established, we may find that the
glycoecalyx or somg of s coraponents may bo even more lmportont
than we now vealize .

(2) There ave two vacuolar-goated pit systems, one concerned
with abeorption the othor with seoretion, in the visceral epithelial
cell.  The first of those has been recognlsed for some time

{(Fawentt, 1005, 1200}, the socond has only heen racognised vecently
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(Famant, 1970). No wmoeyphological oritorin for distinguishing these
two gystesns ave presently available; thoy con only be distinguighed
fanctionally .

{3) Tho chemionl eorponition, physiocal nature, turnover and
cloavance of the second, or endothelinl, component in glomerular
hasemeat membrans ore not esteblished.  # is ouggested thot
this comnponent may be volated to endothelicl coll coat, iz pyobe
ably o hydeated gol mavkadly diluted by the witrafilirate, and trng
over move vapldly than the first, ovr epithelial, component. Mohos
and Bhoza (1970} havo demonstroted that the sialic acld contont of
plomarulay Dogsewent wembrans preparations vories dirvectly with
the contrifugal foree employed in inolating thege proparations ond
thoy suggost that this iy due to contamingtion of the basement meme-
brone propacations with coll cont,  Their dpta oon equally well
o interproeted ag showing that increasing the prepavative centxi-
fumel foreo novenses the vield of the second buanment membrane
componont.  Thease tnvasticators also note, but do not explain,
that the sialic acid coptont of basement membyrane preparations
is hgher in yowng aniwals than in old antmwnls.  This 1z remark-
ably similar to the ege changes which cocur in the widths of the

Inwinae varas wheve the second componrent may well be present
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in greatest anwounis,

(4) The mechanigin for the vemwoval of the main, or collagen-
ous, basement membrane component at the inner bovder of the
lamina densa poses interesting problems. A possible way this
rewoval could be effecied is by a chroulating coliagenolytic mechane
ism in which the collagenase activity resides in nwlecules of such
a slze that oxdinarily they are trapped as filtration residues at the
inner bordor of the lamina densa. If the resultant producits are
of suitably sinall size they will be carried away by the ultrafiltrate
and larger products will be digposed of ag filtration residues in
the mesangial vegion., Such collagenases have been identified
and partially characterized (Jeffrey and Gyross, 1970), but not, so
fay, m glomeruli,

(8) To maintain & glameruiai: basement mwembrane of more
or less uniform appearance throughout life ia the presence of so
much turnover and other dynamic activities requires the presence
of induction and control mechanisms bhetween the egithelial, endo-
thelial and ioesangial cells.  The study of such mechanisms is
in ita infancy and though their existence is well recognised (Kallman
and Grobatein, 1965) and they have been denwnstrated in the kidney

{Grobstein, 1845), the manner in which they operate in mammalian
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colls is unexplained.

{6) While if is clear that mesangial cells are phagocytic and
remova effete basement nwmbrane and filtration regidues, other
functions have also been azcribed to thege cells. In particular
it has been suggested that these cells may produce the sollagen
type fibres sometimes found in the mesangial mntrix (Michielsen
and Creexers, 1967}, These fibres are not necessavily pro~
duced by the wesanglel cellg and may well he due to reaggregation
of partially degraded basement membrane collagen {ransporied
to the mesanglal xaatrix afier being removed from the laming
densa (Rowlatt, 1970)., Certainly not digaimilar fibres have been
ohaorved in other basement membranes (Palads and Farguhay,
1866; Rowlait, 1969), reageregation of collagenase digoested col-
lagen fibres has been demwonatrated (Jeffroy and Gross, 1970,
and it has been shown that under certain circumstances hasement
membrane collagen will aguregate into £ibyils {(Kefalides, 1989a).
However all this evidence is circumstantiel and further divect

experimental information {8 required.,

Application of the proposed model in the second way, namely
to explain tho pathogenesis of certain glomwerular diseases in texrms

of structure and function, is outwith the scope of this thesis hut n
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few, brief, general considerations and specific exarples drawn
from human pathology may be given,

{1} The proposed model, like mogt hologleal systems, has
1o function satinfactorily within a relatively wids range of condit~
ions the extremes of whioch may bo regarded nicely ag more patho-
logical than physiologieal. Such an extyams condition way be
sald to oceur if the glomerular fliration vate Is wahtained when
the offective rennl plasyon flow 8 chronlonlly yeduced. In such
conditions the iglmmmiar filtvation rate could only be maintained
if an Increased proportion of the plasmn went to form the ultva~
fitrate. This wonld Increase the amomt of filtrstion residuss
which would conceivobly be reflected In the mesanginl matelx and
mesengial eolls,  BSuch a condition is exemplified by children with
Fallot's tetrad and & high packed cell volume.  Ulirastruciural
studies on gloyaeruli in such onsen do pot appeny o have been re-
ported but h_? light microscopy there is an nereass in coginophilic
or hyaline intercellulay substance which ia thovght o involve the
mesangiom (Spear, 1980 Daver and Hosenbevy, 15060).

(2} Tho propoged model is congonant with coroplete turnover
of the bagement wembrane though this tnkes considerable time.

If the glomerular basemwent membrane is dowaged by a disease
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procsss which 18 easentially extraglomerular in origin and the
couse of the damage then ceases to operaie; the dawaged hage«
went membrano should be slowly removed eithor via the mes~
angial cells, the endothelial cell perikaryon or by exirusion of
fragments o the capillsry humen, and replaced by newly syn~
thopized basoment mexbrane. Such a situation occurs in acute
glomerulonephritis during and after which there are conspicucus
bkasement mombrane ahnormalities (Moves, Stelner and Huebn,
1962} yeot these resolve in wwost vases for when death cccurs many

years lator from soma entirely unrelated disease and a post mortem

found to be essentially normal. Such a case has been followed
by serial yenal biopsy over a period of 560 days by which time the
glomerular basenment membrane had almoot refurned to normal
{Strunk, Hommond and Penditt, 1564).

({3) Almormalities of glomerular bagsement mombrane must
2ot be conpldered in isolation. Though glomerulax basement mem-
brans is eye~catching and much studied it is merely one part of a
unit comprising in addition visceral epithelinl cells, mesnngial
matriz, megangial cells and endothelial cella.  Subsidiary to this

it should be appreciated that some conspicuous worphologleal features,
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though of vadoubted dingnostic value {o the patholegist, may be of
ititlo functional and propgnostio significance to the patlent, This
is axempiified in the focal, nodulaw, imtercapillavy glomerulow
gclorosis Rimmelstiol ond Wilson, 1936} which is to all intents
and parposes pothognomonic of dinbetes wellitus. There i
vemnriibly Httle evidence that this particulor feature ig of any
slgniticance n torms of wenal function (Gellinan, 1964) and it is
the less conspleuons diffuse mowmbrancous Izsion {tell, 1963)

which corvelates bottor with glowerulay wallunction. Recent
invostigations suggest that this may be due o the visceral eplihelinl
eells secreting a basement membrane coxmponent which is slightly
difforoat from novionl {Bolsswvengey and Spivo, 198%0). @ is poa-
sible that the mesaugial cells ingest this component less avidly than
noyxmal effoto basoment membrane, Howaver this, like so many
other probloma concorning glomerular structure and fimction awaits

¥inal elneidation.



lol

Summary

A detailed and comprehensive account of the natuxal history
of normal glomerular basement membrane is prerequisite to
elucidating the pathogenecis of several renal diseases.

The experimental argyric technigue was investigated, adapted
and then applied in a long term, sequential, electron microscopic
study of normal glomorulor basement mombrane in the rat.

The resulis demonstrate that a major component of glowerular
basement membrane is secreted by the vigsceral epithelial cells.
This coraponent is lnid down on the epithelial side and slowly nwves
towards the endothelial side of the bagement membrane as new
basement membrane material continues to be seoretfed. The
old basement membrane material ia rewsoved froim the endothel-
ial aspect of the basement morobrane and pasces by way of the
laming rara interna to the mesangial matrix for subzequent in-
pestion by the mesangial cells. This process is continuous and
slow:  the time for complete renewal of the glomerulayr basement
mombrane in the yvat ig of the order of 12 months.  Secretion of
this component by the epithelial ceolls is effected by a vacuolar~
coated pit mweochaniam and removal by the mesangial cells i

offected by a phagooytic wwchanism,



lod

‘The results further indicate the presence of a second come~
ponent in the basemont memwbrane. Thig second component 1s
probably of endothelial origin and bas a mmch faster urncver
rate than the main, or epithelial derived, component.

Siudy wan aleo made of glomeruli from 2 cases of human
argyrein and though the chaervations perforce are limited the
results show that human glomerular basement membrane has a
natural history essentlally similar to rat glomerular basement
membrane.

On the basis of thewe experimenial observations, correlated
with the results of previons lnvestigations, a model of the func~
tional morphology of glomerular bagsement nwmbyrane 1s proposed.

The potential applications of this model are briefly indicated.,



ddo

Aoknowledzements

1 wish to thank Profescor AR, Currie, University of Aberdeen;
Professor T. Symington, University of Glasgow; and Professor
A, Lazavow, University of Minnesota, in whose departments these
experinents were pexforived, for kindly providing the facilities
snd tiwme wherveby this study was undeviaken,

T am grateful to Dra. R.L, Wood, &0, Mackay and G.B,
Seott for instiliation of the techniques of electron microacopy.

In the search for human argyric material the offorts of Drs.
J.00. Dawson, J.G. Bimpson, J. Andergon and A. Lyell were
appraciated.

I am indobted to Mre. Mary Bathgate and the staff in the
Animal Houee at Foresterhill for the cave of the animals vsed in
the enperiments descrtbed v part Hi.  Tovaluable organisational,
histological and electren microscopleal assistance was given by
Mr. A.D, Bodie, My. G.D. Milve and Mr., R, Cawdno of the
Department of Pathology, University of Aberdeen. Mrs.
Elzaheth Grubb of the Medical Library at Foresterhill was of
great apsistance in réﬁrmving many of the veforences.

Tha typesceript was prepaved meticulonsly by Mrs. Marparvet

Duguid, the photographs by Mes. Margavet Wright and My, 1. Graut.



lo4

The two deawings wore prepaved by the Departinent of Medioal
Mustration, and the Horex coples were propared by the Photo-
graphio Department, University of Abevdeon.,

Paxt of the pyeface wap published in Hosplinl Medicine (1968)
and cortain of the resulis in part II weve published in proliminary
form in Experientia (w;:re) . Bome of thé ii’%tt&i’iﬁ?. in pavis I and
IT¥ was prosented at the 112th and 120th weetings of the Patho-
lopgical ﬁmricty of Groeat Britain and Ireland.

Thia theats, though the techniques and tinsues ave quite
different, ombodies the g:ti*lmmlaa and practices learnsd during the
courge of working for my provious thesis., For this sound hasin
I am much indebted to Dy R, &, Pofriclk, my former Ph,ld,
supervigon and it 1o a pleasure to acknowledze hin continved Interent

and enconyagemont,



References

ALBERS, L.A. (1816) Observations on a change of colour in the
skin produced by the internal use of the nitrate of silver.
Medico~Chirurgical Transactions, London, 7, 284-280,

ANDRES, G,A,, MORGAN, C. HSU, K.C., RIFEIND, R.A.
and SEEGAL, BEATRICE C. (1962) ¥lectron microscopic
studies of experinental nephritis with fexritin~conjugated
antibody .

Journal of Experimental Medicine, 115, 929-936.

ABATAEI, M. (1926) On the postnatal growth of the kidney, with
special reference to the number and size of the glomeruli
(Albino rat).

American Journal of Anatomy, 38, 399-43G.

SHWORTH, C.T. and ERDMANN, R.R. (1959) Age changes
in the renal basement membranes of ratg,
American Journal of Pathology, 38, 670 only.

ASHWORTH, C.T., ERDMANN, R.R. and ARNOLD, KN.dJ.
(1980) Age changes in the renal bhasement mewbrane in rats.
American Journal of Pathology, 36, 166-179.

BACHMANN, L. and SALPETER, M.M. (1965) Autoradiography
with the electron microscope. A guantitative evaluation.
Laboratory Investigation, 14, 1041-1063.

BADELEY (1818) On the effect of nitrate of silver on the complez~
fon.
Medico~Chirurgical Transactions, London, 9, 234~-239.

BADER, K.F. (1966) Crgan deposition of gilver following silver
nitrate therapy of burne .
Plastic and Reconstructive Burgery, 37, $50~551.

BAILEY, A.d. and PEACH, CATHERINE M. (1968) Iscolation
and structural identification of a labile intermolecular croug~-
link In collagen.,

Biochemical and Blophysical Research Communications, 33,
812-819.

A v



BAILEY, A.J., PEACH, CATHERINE M. end FOWLER, L.J,
(1.870) Chemintry of the collazen erosa-links.
Biochemical Journal, 117, 819-831%, '

BARAJAS, L. and LATEA, H. (1863) A threa~dlmeonsional study
of the juxtaglomornlar apparatus in tho yat,
Lahoratory Investigeatlon, 12, 267-2069.

BAUER, W.C. and ROSENBERG, BARBARA ™, (18C0) A quant~
tative study of glomerular enlargement i children with
totralogy of Fallot,

American Journal of Pathology, 37, 696-712,

BEINEE, O, and ZRLANDER, T. {(1970) Fresovvation of interw
cellular substonces by the cationic dye Alcian blue n prepar=
ative procedures for electron mioroscopy .,

Journal of Ultvasiructure Resgearch, 31, 434-438.

BEWEWENGER, P.J. and SPIRO, R.G. (1970) Fuwoan glomerular
basoment membrane: chemical alteration in disbetes wmellitus.
solonce, 168, BOG-HHS.

BELL, BE.T. (1963) Renal vasculay diseone in diabetes mellitua,
Diabetes, 2, 370-388,

BENACERRAY, B., MoCLUSKEY, R.T. and PATRAS, DORQTHY
{1959) Localization of colleidal substances in vascular endo~
thelium, A wechanism of tssue dannge.

Amerioan Journal of Pathology, 35, 75-91.

BENCOSME, S5.A., STONE, R.8., LATTA, . oand MADDEN,
B.C. (1969) Acute alieratlons produced by uranyl nitrate in
glomerull of rat kidneys: light and electron microzcopic
studiog .

Awerican Journal of Pathology, 85, 670 only; also Journal
of Ultrastructure Research, 3, 171-185.

BENNETT, H.8. (1963) Morphological aspects of extracellular
polysaccharides.
Journel of Histochemnlstry and Cvicchemisiry, 11, 1423,

156



157

BENNETT, H.5. and LUFT, J.H. (1859) S-collidine as a basis
for buffering fixatives,
Journal of Blophysical and Biochemioal Cytology, 6, 113~114.

BENNETT, H.5., LU, J.H. and HAMPTON, J.C. (19569)
Morphological classification of vertebraie blood capillaries.
American Journal of Physiology, 180, 351-390.

BERNIK, MARIA B, (L969) Contractile activity of human glom~
erull in oulture.
Nephron, ¢, 1~10.

BLOOM, P.M., HARTMANN, J.F. and VERNIER, R.L. (1068)
An electron mieropeopic evaluation of the width of normal
glomerular basement membrane in man at various ages.
Anatomlep] Record, 133, 251 only.

BLUMBERG, H. and CAREY, T.N., {(1934) Argyremia.
Journal of the American Medical Asszociation, 103, 1531~
1624,

BOERSMA, D. and BAKER, B.L. (1848) 3ites of deposition
of silver in argyria.
Archives of Dermatology and Syphilology, B%, 1008~1012,

BOOK, M.H. (1937) The secreting area of the glowerulus.
Journal of Anatomy, 71, 91-97.

BOSMANN, H.B. (1969 Collagen-galactosyl transferase: sube
cellular localization and distribution in fibroblasts trans-
formed by oncogenic viruses.

Life Sciences, §, part I, 737-740.



158

BOWMAN, W. (1842} On the structure and use of the Malpighion
bodies of the kidney, with shservationo on the circulation
through that gland.

Philogophiczl Teansactions of the Royal Society of London,
part I, B7~30,

BOWMAN, W. {1847 Vucous membrane. o "Ihe Cyclopaedia
of Anatomy and Fhysiolopy" edited by .13, Todd, Sherwood,
Gilbert and Piper, London. Volumwe 3, pp. 484-508.

BOYER, C.C. €1968) The vascular pattern of the renal glomerulu
as revealed by plastic reconstructions from gerial zectiong.
Anatomdical Record, 126, 433-441,

BRINTON, DJW. (1940) Argyriat veport of o eaze.
Guy's Hospital Reports, 98, 88«94,

DUCHANAN, M.3. (1831) Report of a few of tho surgical cases,
which cecurred, in the Glasgow Royal Infirmary, during the
summar and auiumn of 1830,

Glasgow Medical Journal, 4, 174~18%.

PDUCKLEY, W.R., OSTER, C.F. and FPASEETT, D.W. (1965)
Localized argyvin: I, chomdcal nature of the silver contain-
ing paviicles.

Archives of Dermantology, 82, 697~705,

CARG, L& and von TUBERGEN, B.P. (1962} High resolution
autoradiography. 1 Methods,
Journal of Cell Riology, 18, 173-188,



1od

CHAMBERS, R. and ZWEIFACH, B.W. {1947) Interceilular
coment ond oapiliary permoability .
Physiologieal Reviews, 47, 436-463.

CHINARD, F.P. (1852) Derivation of an expreossion for the rate
of formation of glomerular flutd GF). Applicability of
cextain physical and physico~chemical concerts.

American Journal of Physiology, 171, 570-58G.

CHINARD, ¥.P., VOSBURGH, G.J. and ENNS, T. (1965)
Transzcapillary exchange of water and of other substances
in certain orgons of the dog,

Axmerican Journel of Physiology, 183, 221-234.

CHOW, A.Y.K. and DRUMMOND, K.N. (1968) Incorporation
and hydroxylation of proline~3-4-H° as an index of glomerular
basement membirane synthesis in noymal and nephrotoxic
nephritic ratg.

Laboratory Investigation, 20, 213-218.

CHRISTENSEN, 8., JORGENSEN, K. and OHLSEN, A.3. (1964)
A case of genoralized argyris diagnosed by A«-ray finerescence
analysis.

Donish Medical Bulletin, 11, 227-229.

CONSTABLE, J.0x., MORRIS, P.J. and BURKE, J.7. (1.967)
Absorption pattern of silver nitrate from open wounds.
Plastic and Reconstructive Surgery, 38, 342~348.

.H&LTGN, AJd, and HAGUENAU, FRANCOISE (1967) Ultrastruct-
ure of the kidnoy.
Academic Preas, New York., 240 p.

DEANE, HELEN W., HOFMANN, F.G., 30LOMON, A.K. ang
WISBLOCKT, G.B. (1965) Selective uptake of silver by the
adrenal zona glomerulosa.

Anatomical Record, 121, 283 only.

DEMPSEY, E.W, and WISLOCKI, G.B. (19585, a) An electron
microscopic study of the blood-brain barrier in the rat,
employing silver nitrate as a vital stain.

Apatomical Record, 121, 283-264.



44UV

DEMPERY, E.W, and WISLOCKI, G.B. (1858, b) The usze of
asilver nitrote os o vital stain, and its distribution In several
mammalion tissues as studied with the electron microscope.
Anatomical Record, 13i, 392-393.

DEMPSEY, B.W. and WIBLOCKT, G.B. (1966, ¢) The use of
oflver nitrate as a vital stain, and ite digiribution in several
mammalian tissues as studied with the electron mieroscope.
Journal of Biophyaionl and Biochemlical Cyiology, 1, 111~118,

DEMPSEY, B.W, and WISLOCKL, G.B. (19556, ) An electron
microscopio study of the blood-brain barrier in the »at,
ewiploying silver nitrate as a vital stain,

Journal of Blophysical and Blochemical Cytology, 1, 245258,

MISCHE, Z. (1964) The glycans of the mamsozlian lens capsule -
a model of basement mermbrangs. I "Small blood vessel
involvement fo dinbetes mellitus' edited by M.D. Siperstein,
AR, Colwell and K. Meyer. Ameorican stitute of Biological
Sciences, Washington, D.C,., pp. 201-213,

DISCHE, R.M., PAPPAS, G.D., GRAUER, A, aad DISCHE, 2.
{1865) The carbohydirate of baserent nembranes of lmman
Ekidney plomexuli.

Biochemical and Biophysical Research Commmmications, 20,
G370,

DLRLON, F.Jd. (1968} Tho pethopeneals of slomwerulonephritis.,
Arerican Journal of Medicine, 44, 493-408,

DO, ¢h. (1908) Uber Argyrie.
Virchows Axchiv fiir pathologloche Anatomie und Physiologie,
193, 148-1G4,

ECEARDT, C.Th. (1888) Ueber die compensatorizche Hypertrophis
und das physiologischy Wachsthum dex Nieve.
Archiv filr patholopgische Anatomaie wiud Physiologic und ftk
Idiniache Medicin, 114, 217~245.

ENDERY, 4. (1059) Silborelmination nach experimenteller Avgyroze.
Avochiv illy czperimentelle Pathologle vad Pharmakologlo, 228,
ﬁﬂﬁv.?iﬂ?o



ENDERS, A. and MOENCH, A. (1956) Silbevelimination im
Organismus bei experimenteller Aypgyrie.
Archiv fir experimantelle Pathologie und Pharmakologie,
229, 16-25.

ENNOS, A.E. {19583) The ovigin of specimen contamination in
the electron microscope.
British Journal of Applied Physics, 4, 101-106.

ENNOS, A.E. {1954} 'The source of electron~induced contamin-
ation in kinetic vacuum systems.
British Journal of Applied Physics, 5, 27~3L.

ERICSSON, J.L.E. (1968) Fine structural basis for hemoglobin
filtration by glomerular capiliaries.
Nephron, 5, 7-23. '

FARRANT, J.L. (1954) An electron microscopic study of fexrritin.
Bilochimica et Biophysica Acta, 13, 569-576.

FARQUHAR, MARILYN G, (1964) Glomerular permeability in-
vestigated by electron microscopy. In "Small blood vessel
inveolvement in diabeies mellitug" edited by M.D. Siperstein,
AR, Colwell and X, Meyer. American Institute of Biological
Sciences, Waghington, D.C., (a) pp. 31-38 (b) discussion
p. B2,

FARQUHAR, MARILYN G. and PALADE, G.E, (1959) Behaviour
of colloidal particles in the glomerulus.
Anatomical Record, 133, 378-379.

FARQUHAR, MARILVN G. and PALADE, G.E. (1962) Functional
evidence for the existence of a third cell type in the renal
glomerulus.

Journal of Cell Biology, 13, 55-87.

FARQUHAR, MARILYN G., VERNIER, R.L. and GOOD, R.A.
{(1957) An electron microscope study of the glomerulus in
nephrosis, glomerulonephritis, and lupus erythematosus.
dournal of Experimental Medicine, 106, 649-660.

4L UL



162

FARQUHAR, MARILYN G., WIESIH 8. and PALADE, G.E,
{1961) Glomerulay poreability. I Fevpitin trancfor across
the novroad glowserulay copitlary wall,
gournad of Experimental Medicine, 118, 47-80.

FAWCETYT, DW. (1908) Surface speclolizations of choorbing
cells.
Journal of Histochewmistry and Cytochereisiry, 13, 76~01.

FAWCETT, DWW, 058) The ecll. 3o orgpoellos and inclusions.
W.B. fawders, Philadelpbia, 448 p.

FESSLER, J.08, (1857) Water and mmecpolyenccharide ag struct-
ursl componenis of connectivo tissue.
Nature, 112, 426427,

PHSILER, JJ00. (1960) A structural fanction of mucopolysacos
baride i connsetive tisoue.
Blochomical Jowrnal, Y8, 124~132.

PISHER, D.4. and HELLSTROM, H.R. (18062} Mechanism of
proteinuriar  functional and structural corvelation of effects
of infusion of honwlogous and hetorologons protein (hovine
pevura albumin) in the rat.

Laboratory Investigation, 1}, 617-0637.

PLOREY, LORBRD {196%) The upiale of pavticulaie matter by endo~
tholial cells.
Proceadings of the Royal Soclety, B, 168, 376-383,

FREV-WYSSLDNG, 4. {(1948) Subimdoroscopic morphology of proto-
plasm and ito dovivatives.
Elsevior, Awmatordam, 265 p.

FROMMANN, C. (L8GDY Bin Fall von Argyria mit Silherabacheidungen
faa Dowmy, Lebor, WMioren und Milz,
Aveohiv flir pathologische Anatoxaile und Fhysiologle, 17, 136~147,

CAGER, L.7T, and BLLETNON, E.M, (1825) Generalized (therapeutic)
awgyria.  Case repoxt with necropsy and notes on diagnosils
and provention.
Iotcenational Clinies, 4, 118-132,



GALLYAS, ¥, (1970} Silver staining of collagen and reticulin
fibres and cerebral capillaries by means of phyasical develop~
ment.

Journal of Microscopy, 91, 119-124,

GATE, A.d. (1249) Expoerimental avgyria in albino rats.,
Anatoinical Record, 103, 4564-465.

GAUL, L.E. and STAUD, AH. (1934) Clinical spectroscony.
A study of blopsy material from patients who bad recelved
intravemous injections of silver arsphenamine.

Archives of Dermatology and 3Syphilology, 30, 433-438.

GAUL, L.E. and STAUD, A.H. (1938) Clinicsl spectroscopy.
GQuantitative distribution of silver in the body or its physio=
pathologic retention as a reciprocal of the capillary system.
Archives of Dermatology and Syphilology, 32, 776780,

CGAUTIER, A., BERNHARD, W. and OBERLING, Ch. (1950)
Sur 1' existence d' un appareil lacunaire péri~capillaire du
glomérule de Malpighi révelde par le microscope électronique.
Comptes Rendus de la Societe de Blologie, 144, 1605+1607.

GRELLMAN, D.D. (1864) ‘The correlation between the pathological
and clinieal manifestations of diabetic renal disenase. In
"Small blood vessel involvement in diabetes mellitus" edited
by M.D. Biperstein, AR, Colwell and K. Meyer. American
Iastitute for Blologicnl Sciences, Washington, D.C., pp. 13«
24 ond discussion p. 26,

GETTLER, A.0., BHOADS, C.P. and WEISS, SOMA (1627)
A contribution to the pathology of generalized argyria with a
discussion of the fate of silver in the human hody.
Asnericon Journal of Pathology, 3, 631~661.,

GCODMAN, M., GREENSPON, S8.A. and KRAKOWER, C.A.
{L95656) Tho antigenic composition of the various anatomic
structures of the canine kiduney.

Journal of Immunclogy, 76, 96-104.



164

GOTTLOR, R. and MOFF, HL.F., (1967) A atudy of the relation
between endothelial silver lines, medial {ransverse silver
lines, and the uitrastructural norphology of blood vessels.
Vascular Surgery, 1, 92-100.

CGRAHAM, R.C. and EARNOVSRY, M.J. (L266) Glomerular
permeability. Ulirastructural cytechemical studies using
poroxidases as proiein tracers.
dournal of Experimental Medicine, 124, 1123-1134.

GRASE0, P., ABRAHAM, R., HENDY, R., DIPLOCK, A.T.,
GOLBERG, L. and GREEN, J. (1962) The role of dietary
silver in the production of liver necrosis In vitamin K-
deficient rats.

Experimental and Molecular Pathology, 11, 186-198.

GROBSTERY, C. (1865) In report of neeting on exiracellular
mntrices by K. Meyer, D.W. Richards and 5.5, Bradley.
Seience, 147, T00-Y61.

GRONIOWSKI, J., BICZYSKOWA, W. and WALSKY, M. (1969)
Electron microscope studies on the surface coat of the nephron.
rjﬂmmal Qf ﬁﬁil Ei@l@ﬁ;y. ég. 585"'601 .

GROTTE, G. (1056) Passage of dextran molecules acrogs the
blood=lymph barrier,
Acta Chirurgica Scandinavica, Supplemnent 211, 84 p.

GUTMAN, F.A. and CROBEWELYL, ¥H.H. (19068) Argyrosis of
the cornea without clinlcal conjunctival invoilvement.
Amorican Journal of Ophthalmology, 65, 183187,

HAGOPIAN, A., BOBMANN, H.B. and EYLAR, E.H. (1968)
Giycoprotein blogynthesia: the loealization of polypeptidyl:
N~acetylgalactonaminyl, collagen: glucosyl, and glycoprotein
zalactopyl transferases in Hela cell membrane fractions.
Archives of Biochemistry and Blophysics, 128, 387-394.

HALL, B.V. (1956} The organization of the renal glomerulus into
independent lobular systeins of inteycommumnicating anastons«
ing capiliaries.

Anatomical Record, 121, 433 only.



HALL, V. (1267 The protoplasmic buasis of glomerulay nlirae
filtvation,
Amocrienn Hoayt Jouromi, B84, 1-0.

HAM, A.W. (1068) Histology. Oth edition, Plioman, London,
pp. 192813,

HARDWICKE, J. and SOQTHILL, J.%. (1861} Glomerular damage
ia terms of Ypore size’. In "Ciba Foundation Symposium on
Renal Blopsy" edited by G. Welstenholme and Margaret P.
Cameron, Churchill, London, pp. 32«42,

HAUST, M.D, (1890) The fibroblast: 3 structure and function
in health,
American Journel of Pathology, §9, 10a-12a.

HAY, BLIZABETH . and REVEL, J.P. {(1963) Autoradiographic
atudies of the origin of the basement iamella in Ambystoma.
Dovelopmental Biology, 7, 162-108.

HBIDE, H.G. (1865) Contamination and irradiation effects and
their dependence on the composition of residual gases i the
alectron microsecope .

Laboratory Investigation, 14, 1134-1139.

HILL, W.R. and MONTGOMERY, H. (1941) Avgyria: with special
reference to the cutoneous histopathology .
Archives of Derwmatolegy and Syphilology, 44, 588-588.

HILL, W.R. and PILLSBURY, D.I,. (1938) Avpyrias The
pharamoology of silver. Bailllere, Tindull and Cox, London.

HINGLAIS-GUILLAYUD, NICOLE sad GALLE, P, (1561) Mise
en dvidence gu maicroscope dlectroniague de fibves collagenen
dans les »ézions interlaminaires de glonwdrules humaing
pathologiques .
Comptos Rendus de 1' Académie des Selences, 263, 1627-1620.

HOEDEMARKER, Ph.J. (1970, a) Localisation of tiosue antigens
nf the ultrastruciural level using peroxidase-coupled antibodies.
Paper presented at 120th meeting of the Pathological Soclety
of Great Britain snd freland.



HOEDEMAEKER, Ph.d. (1970, b) Personal communication.

HUBER, G.C. (19056) On the development and shape of urinifer-
ous tubules of certoin of the higher mammals.
Americen Journal of Anatomy, 4, supplement, 98 p.

HURBT, M. (1873) Recherches sur 1' Avgyriea.
Journal de 1' Anatomie et de la Physilologie, 2, 408-~434,

ITO, 8. (1969) Structure ond function of the glycocalyx,
Fedevation Proceedings, 28, 12-25.

JACOBSEN, N.O., JERGENSEN, F. and THOMSEN, A.C.
{(1968) An electyon microscopic study of small arteries and
artorioles in the normal human kideey.

Nephyon, 3, 1730,

JAHN, (1894) Ueber Argyrie.
Beitrlize zur pathologischen Anatomie und zur allgemeinen
Pathologie, 16, 218«239.

JAMES, T.H. (1966) The mechanism of development. In "The
theoxy of the photographic process' edited by C.E K, Mees
and T.H. James, 3rd edition, Macwmilian, New York, pp.

SEPFIPREY, J.4. and GROSS, J. (1970) Collagenase from rat
nterus. Isolation and partial charactexization.
Biochemiatry, 8, 268-273.

JOEBLAINEN, P. (1983) An electron microscope study of the
oarly development of the rat metanephric nephron.
Acta Anatomica, 63, supplement 47, 71 p.

JONES, D.B. (1963) The nature of scar tlsaue in glomerulo~
nephyitia,
American Journal of Patholegy, 42, 1856-192,

JONES, D.B. (1969) Mucosubstances of the glomerulus.
Lahoratory Investigation, 21, 119-125,

100



10/

JONES, D.B., MUELLER, C.B. and MENEFEE, M. (1962)
The cellular and extracellular morphology of the glomerular
stalk,

American Journal of Pathology, 41, 373-388.

JORGENSEN, F. (1967, a) Electron microscopic studies of nor-
mal visceral epithelial cells.
Laboratory Investigation, 17, 225-242.

JORGENSEN, F. (1967, b) Electron microscopic studies of nor-
mal glomerular basement membrane.,
Laboratory Investigation, 17, 416-424.

JORGENSEN, F. and BENTZON, M.W. (1968) The ultrastructure
of the normal human glomerulus. Thickness of glomerular
basement mexmbrane .,

Laboratory Investigation, 18, 42-48,

KALLMAN, F. and GROBSTEIN, C. (19658) Source of collagen
at epitbeliomesenchymal interfaces during inductive interaction.
Developmental Biology, 11, 169~183.

KARNOVSKY, M.J. (1968) The ultrastructural basis of trang-
capillary exchanges.
Journal of General Phygiology, 52, 64s-95s.

KEFALIDES, N.A. (1968) Isolation and characterization of the
collagen from glomerular bagsement membrane.
Biochemistry, 7, 3103-3112.

KEFALIDES, N.A. (1969, a) Characterization of the collagen from
lens capsule and glomerular basement membranes. Proceed-~
ings of the 6th Congress of the International Diabetes Feder~
ation, Excerpta Medica, Amsterdam, pp. 307-322.

KEFALIDES, N.A. (1969, b) The chemistry of the antigenic
components of vascular and capsular basement membranes.
I'ederation Proceedings, 28, 699 only.

KETALIDES, N.A. (1969, ¢) The chemical basis for the structure
and function of basement membranes. Proceedings of the 6th
Congress of the International Diabetes Federation, Excerpta
Medica, Amsterdam, pp. 610-611.



REFALIDES, M.A. sud DERDUCHES, BERTA (1969) Structural
components of epithelial and endothelinl basement membranes.
Biochemistry, 8, 4613-4021.

KEFALIDES, N.A, snd WINZLER, R.J. (1968) The chomistry
of glomerular bagsment mwembrane and its relation to collagen.
Biochemistry, §, 702~713.

KIMMELSTIEL, P., KM, O.J. apd BERES, 4. (L062) Studies
on renal bicpsy specinwnz with the aid of the electron micro-
seope. 1. Glonerull in diabetes.

American Journal of Clinical Pathology, 38, 270299,

KIMMELSTIEL, P. and WILSON, C. (1936) ntercapillary lesions
in the glomeruli of the kidney.
American Journal of Pathology, 12, 83-97,

KIREMAN, ¥W. and STOWELL, R.E,. (1942) Renal filiration sup~-
face in the albino rat.
Angtomical Recoxd, 82, 373-301.

EITTRELSON, J.A, (1917) The postuatal growth of the kidney of
the albine rat, with ohservations on an adult humon kidney.
Anatomical Record, 13, 386-408.

RUBRTZ, 8.M. (19588) The clectron microacony of the developing
human gioreerulus .
Experimental Cell Nesearch, 14, 3566~367.

KURTZ, 5.M, (1861) The fine structure of the lamina densa.,
Laboratory Investigation, 10, 1189-1%08.

KURTZ, 8.M. (1964) The kiduey. I "Elecitron Microscopic
Anatomy” edited by 8.M, Eurtz, Academdc Press, New
Fork, pp. 230806,

BURTZ, 8.0, and FELDMAN, J.0. (1862) Experieenial studies
on the formation of glomerular baseinent membrane.
Journal of Ultrastructure Research, §, 19-27,

BURTZ, 8.0M, and McMAWUS, J.0.A. (1860) The fine struciure
of the human glomerular basement membrane.
dournal of Ultrastructure Research, 4, 51-87.



1L0d

LANDIZ, ®W.M, and PAPPENHEIMER, J.R. (1963) Exchange
of substances thyough the capillary wails. In "Handbouok
of Physiclogy’ edited by W.F, Haroilton and ¥, Dow.
Section 2, Volume M, pp. 961-1034.,

LANGLEY, O.K. and AMBROSE, BE.J. (L8967 The linkage of
sialic acid in the Thelich aacliesw~carcinoma cell suxface
MIBHLrane .

Binchemical Journal, 102, 367~372.

LATYA, H, (1961) Collagen in normal rat glomeruli.
Journal of Ulirastructure Research, §, 364-3873.

LATTA, H. (1962) The plasma menbrane of glomerular epithel~
11EFei
Journal of Ultrastructure Research, §, 407-4123,

LATTA, H. and MAUNSBACH, AB. (1962) Relations of the
centrolobular region of the glomerulus to the juxtaglomerular
apparatng,

Journal of Ulirastructure Research, 8, BOZ~578.

LATTA, H., MAUNSBACH, A.B. and MADDEN, 8.C. {1260)
The centrolobular region of the renal glomerulus studied by
electron microscopy .

Journal of Ultrastructure Research, 4, 486-472.

LAZAROW, A, and SPEIDEL, BEDNA (1884) The chemleal come
position of the glowerular basement membrane and its relation~
ahip to the production of diabetic complications. In "Small
blood vessel involvement in diabetes mellitus" edited by
Ml Biperatein, AR, Colwell and X. Neyer. American
Institute of Blological Sciences, Washiagton, D.C., pp. 127-
160,

LeCOMPTE, P.M. (1964) Discussion in "Small blood vessel
involvement in diabetes melliius" edited by M,D. Siperstein,
AR, Colwell and R, Meyer. American Institute of Biological
Sciences, Washingten, D.C., p. 8.



170

LELUT, H. (1830) Coloration bronzée dos tdzumens chez un
épileptique, produite par 1' usage intérieur du nitrate @
argent.

Journal Hebdomadaire de Médecine, §, 305-310.

LEWIS, O.J. (1958, a) The development of the blood vessels of
the metanephros.
Journal of Anatomy, 92, 84~97.

LEWIS, O.d. (1968, b) The vascular arrangement of the mam-
malian renal glomerulus as revealed by a study of its devel-
opment.

Journal of Anatomy, 92, 433-440.

LIDSKY, M.D., SHARP, J.T. and RUDEE, M.L. (1967) Studies
on acellular bovine glomeruli. Isolation, chemical compos-
ition, and demonstration of a collagen with an unusual hydroxy-
lysine : hydroxyproline ratio.

Archives of Biochemiatry and Biophysics, 121, 491-501.

LILLIE, R.D. (1965) Histopathologic technic and practical histo-
chemistry. McGraw~Hill, New York, p. 441.

LUFT, J.H. (1964) Fine structure of the diaphragm across capil-
lary "pores" in mouse intestine.
Anatomical Record, 148, 307-308.

LUFT, J.H. (1965) The ultrastructural basis of capillary permeabil~
ity. In "The inflammatory process" edited by B.W. Zweifach,
L. Grant and R. T. McCluskey. Academic Press, New York,
pp. 121-159.

LUFT, J.H. (1966) Fine structure of capillary and endocapillary
layer as revealed by ruthenium red.
Federation Proceedings, 25, 1773~1783.

LUMIERE, A., LUMIRRE, L. and SEYEWETZ, A. (1911) Sur
le développment des images photographigues aprés fixage.
Comptes Rendus de 1' Académie des Sciences, 153, 102~104,

MACDONALD, MORAG S. and EMERY, J.L. (1959) The late
intrauterine and postnatal development of human renal glomeruli.
dJournal of Apatomy, 93, 331-340,



171

MoMANUE, J.0 A, a:ﬁ‘%ﬁ-@ 8y The pavicdic ronding spplied to the
kiduay .
Axasrican Journel of Pathology, 24, (43-553.

MoeMANUS, J.0.A, {1848, b) Structure of the glomerulus of the
humen kiduoy .
Azsovicon Journal of Pathology, 24, 1259-1260,

MAJSNO, G. (1968) Ultrastruoture of the vasculsr memwbhrano.
In "Handbook of Fhysiology" edited by W F. Haomilton and
P, Dow. Sooction 8, Volums I, Amorican Physiological
Bocioty, Washington, D.C.; pp. 2203-2376,

MALPIGHIL, M. (L6066} De viscerum gsiruocture exercitniio
aontomica. I "Opora Posthume', Ametelodawd MEGCC,
ﬁ,}pn ‘&g"’ﬁg »

MAYERSON, H.8., WOLIRAM, C.., SHIRLEY, H.H. and
WASSERMAN, K. (1960) Regional differences in capillaxy
permeability .

American Jousnal of Phyalelogy, 195, 186-160.

MEHTA, A.C., DAWEOWN-BUTTERWORTH, XK. aad WOODROUSE,
M.A. (1966) Avgyria, Bleotron microscopio sindy of a cage,
British Journal of Dermatelogy, 18, 175+179.

MEWEFEE, M.G. snd MOELLER, C.B. {(1967) Scwe morpho-
logical considerationg of transport in the glomorulus. n
"Ultrastructure of the kideey" edited by A 4. Dalton and
Fravcoise Haguenau. Academic Press, New York, pp. 73«
100,

MENEFEE, M,G., MUBLLER, C.B., BELL, A.L, and
MYERS, J.K. {1964) Transport of globin by the renal
glonerulus,
dJournal of Experimental Medicine, 120, 1126~1138.

MICHIELSEN, P, and CREEMERS, JULIA (1967) The atructure
and function of the glomerulay mesangivm. I "Ultrastructure
of the kidney" edited by A.J. Dalton and Francoise Haguenau.
Acedemic Press, New York, pp. 6772,



Lid

MILLER (1984) Discussion, p. 158,  In "Sowll blood vesszel
invelversont n dlabotes mellitus® edited by M.D, Sipergstein,
AoH. Colwell and ¥, Meyer., Axepicon Institute of Biological
Sclencos, Washington, D.C.

MILLER, ¥, and PALADE, G.0. (1864 Lytic sctivities in rensal
protein shsorption droplets. An electron microscopical eyto~
chomical study.

Journal of Cell Biology, 28, 519-564.

MISRA, R.P, aond BERMAN, LB, (1206) Studion on glomernlay
basemsent mambrans 1. Isolation and chemionl analysis of
norinal glomerular basement mwembrane,

Proceedivgs of Sooloty for Experimental Blology and Medicing,
182, 706-710.

MISRA, R.P. and BERMAN, L.D. (1968) Glomerular barement
membrane:  ingizghts from meleoulay models.
American Journnl of Medicine, 47, 337-338.

MOHOS, 8.0, and SKORA, L. (1969) Glomeruioy sialoproteln.
deience, 164, 1610-10621.

MOBO3, 8.C. and SHOZA, L, (1270 Variations in the sialic
acid concentration of glomerular bagement membrane prepar-
ations obtained by ultrasonic treatment.

Journal of Coll Biology, 46, 460-4G6,

MOVAT, H.Z2., MeGREGOR, D.D. and STRINER, J.W. (1061)
Studios of nephrotoxle nephritis i1,  The fine struciure of the
glorerulus in acuie nephrotoxic nephritia of dogs.

Axmerican Journal of Clinical Pathology, 38, 306321,

MOVAT, H.Z,., STEINER, J.W. and UGN, 0. (1962) The fine
gtructure of the glomerulus in acute glomerulonephritis,
Laboratory Investigation, 11, 117136,

NEUTRA, MARIAN and LEBLOND, C.P. (1966) Synthesis of the
carbohydrate of mucus in the Golgi complex as shown by
electron microscope radicautogranhy of goblet cells from
rats injected with g;lumaewﬁg .
dournal of Cell Blology, 30, 119134,



1Lio

NEUTRA, MARIAN and LEBLOND, C.7, {1969) The Golgil
apparatus.
Selentific American, 280, number 2, 100-107,

NY¥BERG, R. {1887) The behaviour of intravaginally applied
Agti0i jghelled ailver nitrate.
Acta Obstetricia et Gynecologica Scandinavica, 48, supplo-
ment 3, 72 p.

QLCOTT, C.T. {1847 Experimenial argyrosis I, Pigment-
ation of the eyes of rats following ingeation of silver during
long peoriods of time.

American dournal of Pathology, 23, 783~791.

QLCOTT, C.T. (1948) Experircental argyrosis IV. Morphologic
changes in the experimental animal.
American Journal of Pathology, 24, 813-833.

OLCOTY, C.T. and RICHTER, G.W. (1988) Experimental
argyrosis VI. Eleoctron microscopic study of ingested
pilver in the kidoey of the rat.

Laboratory Investigation, 7, 103~109,

OBAWA, G., KIMMEISTIEL, P. and SEILING, VIRGINIA (1066)
Thickness of glomerular basement membranes.
American Journal of Clinical Pathology, 48, 7-20.

OSHIMA, K., HATANG, M., MAEYAMA, Y., SUGINO, N.
and TAKEUCHL, T. (1967) Electron micyoscopy of the
glomerular hasement membrane of the rat kidney.
Proceecdings of 8cd International Congress of Nephrology,
Karger, Basel, pp. 46-53.

PALADE, G.E. (19562) A study of fixation for electron microscopy.
Journal of Experimental Medicine, 98, 286-298.

PALADE, G.E. and BRUNS, R.B. (1884) sStructure and function
in normal musele capillaries. In "Small blood vessel involve«-
ment in diabetes mellitus" edited by M. 1D, Siperstein, A.B.
Colwell and K. Moyer. American Institute of Biological
Sciences, Washington, D.C., pp. 38~49.



PALADE, G, sud PARQUHAR, MARILYN . {1865 A
speoial £ibeil of the deymis.
Jonrnal of Cell Biology, 29, 315-224.

PAPPENHEIMER, J.B. {1053) Passage of moleoules through
capillony walls.
Physiologlenl Reviews, 33, 387-423,

PAPPENHEIMER, J.08. (1988) Ubor die Pormeabilitat doy
Glemamtvmmembransn in der Nieve,
Kitnischs Wochonschellt, 33, 362-3606.

PAPPENHEIMER, J.R., RENKIN, &.M. and BORRERO, L.M.
{1951) Fillraticn, diffusion and moelecular sioving through
poviphoral capiliavy rmowmbrancs. A contribution to the pore
theory of capilinyy permeability.

Amoricon Journal of Physiology, 16%, 13-46.

PEACHEY, L.D. (1584) Electron mioroncopic observations on
the aconmuiation of divalent cations in intramitochondrial
granulos .

Journal of Coll Biology, 20, 965-109.

PEASE, D.C. {1856) Electron micrvoscopy of the vascular bed
of tho kiduoy coyien.
Anatomical Record, 121, 701-721.

PRASBE, D.C. {1960) Histological techulques for electron micro~
poopy. Aopderole Presa, Mew Youk, pp. 187 and 172,

PEABE, D.JC, (1868) maroid features of renul corpugeles and
tubules .
Journal of Ullrastructuve Research, 28, 304~320.

PIERQL, G.B., MIDGLEY, AJH. snd S8R BAM, J. (1963)
The histogeneais of haserent embransa,
doumal of Experimental Mediclne, 117, 339-348.

PIERCE, G.B. sud NARKANE, P.X. (1867 Antigens of eplthelial
busement membraves of wouse, rat ond man.
Laboratoyry nvestigation, 197, 499-514,

4 1%



175

PIRZ, K.A. {1968) Cross-linking of collagen and elastin,
Annual Review of Biochemistry, 37, 547-570.

POLACHEK, A.A,.,, COPR, C.B., WILLIARD, R.F. and
ENNS, T, {1960) Metabolism of radioactive silver ina
patient with carcineid.

Jonrnal of Laboratory and Clinical Medicine, 56, 499-505.

POTTER, BDITH 1. (1965) Development of the human glomerulus.
Archives of Pathology, B0, 241-2606.

POTTER, EDITH L. and CBATHANONDH, V. (1960) Normal
and abnormal development of the kidney. In "The Kidney"
edited by ¥ K., Mostofl and D.E. Smith, Willlams and
Wilking, Baltimore, pp. 1-18.

POITER, BDITH L. ond THIERSTEIN, 8.T. (1943) Glomerular
development i the kidney as an index of fetal maturity.
dJournal of Pediatrics, 22, 095-700.

PRESSMAN, D. {1984) Discussion.

PRESSMAN, D, and VAGI, Y. {1864) "Chemical differences in
vagowlar beds'. In "Smwall blood vessel lavolvement in
diabetes nellitus" edited by M. D, Siperatein, A.R. Colwell
and K. Meyer. American Institute of Biological Solences,
Washingion, D.C., pp. 187~188 and pp. 177+183.

PRIESTLEY, G.C., PRUYH, M,L., aud MALT, R.A. {1969)
Glycoprotein gyntheszis by membrane~bound ribosomes and
smwoth mewmbranes in kidoey.

Biochimics et Biopbysica Acta, 180, 154~180.

PROBE, P,H,. (1863) An electron microscopic study of human
pencralized aveyein.
American Jowrnal of Pathology, 42, 298289,

RAMBOURG, A. and LERLOND, C.P. {1507 Electron micro-
soope obhservations on the carbohydrate-rich cell cont present
at the surface of cells in the rat.

Journal of Cell Biology, 32, 27-53.



RATHER, L.J. (1988) Disease, e and man, Selected essays
by Budolph Vircehow. Stanford University Press, Stanford.

BEIMER, L. (1966) rradiation changes in organic and inorganio
objpote,
Laboratory tvestigation, 14, 10821006,

RHODIN, J.4.G. (1962) The diaphragm of capillary endothelial
fenesirations. f
Journal of Ultvrastruciure Research, G, 1¥i~186.

RUODIN, J.A.43, {1964) Discusgion in "Small blood vessel involve~
ment in diabetes wellitus” edited by M. D, Siperstein, AR,
Colwell and K., Meyer. Armerioan Institute of Biologlcal
Seiences, Washington, .G., p. 4.

RICHTER, G.W. {18567 A study of hemogideronis with the ald of
electron microscopyd  with obasrvations on the relationship
hetweon homwsidorin and fexritin,
dournal of Experimental Medicine, 108, 2035-218.

RICHTER, G.W. {1360} The nature of storage fron in idiopathic
hemochromatosis and in henwseiderosiz., Bleciron optical,
chemical and serelosic studies on izolated hewmesiderin gran-
ulea.

Journal of Experimeninl Medicine, 112, B61-570,

RICHTER, G.W. and BESSIS, M.C. {(1068) Commentary on
henwsiderin,
Blood, 28, 370-374.,

ROGERS, AW, (1267) Techniques of antoradiogravhy.
Elgovier, Anmsterdam, pp. 3, 10-32 and 89-82.,

ROGET, P.M. (1816) Additional facts relative io the preceding
paper. [that of ALBERS]
Medico~Chirurgical Transactions, London, 7, 200~295,

ROTHBARD, 9. and WAPSON, R.P. (1961) Antigenicity of rot
collagen. Demonsteation of antibody to rat collagen in the
venad glomexruli of roats by fluoresceacs microscopy.
Journal of Experimental Medicine, 113, 1041-1052.

1/0



~J
~3

ROTHBARD, 8. sad WATBON, R0, (1L962) Comparison of re~
actions of antibodies to rat collagen and to raf kidoey in the
basemant membranos of rat renal glomseruli.

Journad of Bxperimental Medicine, 129, 1145+1161.

ROWLATT, €. (1969) Subepithelial fibrils associated with the
basal laming wnder simple epithelia n wwouse uterna:  poge
gible tropocollagen aggregates.,
donrnal of Ultrastrecture Research, 28, 44-51.

BOWLATT, ©. {1890} Porzonal communication.

HAWEILL, J. {(1958) MNucleation In silver azide: an lovestigation
by electron mioroscopy and diffraction.
Proceedivgs of the Royal Soclety of London, 4228, 1356-142.

SCHROPL, F., OBHILSCHLAEGEL, G. and DRABNER, J.
{(1908) Schwermetallnachweis in dor Haut bei Argyrose mitiels
MNoutronenaktlvierungaanalyse,

Archiv flir Kiinische und experimentelle Dermatologie, 231,
398407 .

BCOTT, K.G. and HAMILTON, J.G. (1948) The metabolism of
silver.
Journal of Clunival favestigation, 27, 665666,

SCOTY, E.G. and HAMILTON, 4.G. (1980) The metabollam
of silver in the rat with radio-silver used as an indicator.
thniversity of Callfornia Publications in Pharmacology, vol-
uing 2 (1941-1958), University of California Press, Berkeley,
1966, pp. 2413262,

SEEGAL, BEATRICE ©.,, 30U, K.C., ROTHENBERG, MILDRED 4.
end CHAPEAU, MADELLINE L. (1962) Sadies of the rosche
anisin of exporimental nephritis with fluorescein~lnbelled antiw
body I,

American Journal of Pathology, 41, 183-203.

SHARP, J.T., ANDERSON, M.S. end LIDSKY, M.D. {(1967)
Studies on bovine glomernli I,  Loocalization of glomerular
collagen.

Journal of Immunology, 99, 1264-1263.



SHAVER, S.L. snd MASON, K,E. (1951) Impaired tolerance to
pilver in vitaimin £ defloient rats.
Anatomical Recoxd, 109, 382 only.

SHAL, T., TAKABSUQL, M. and KITAMURA, A, (1969) Vari-
ation of thickness of glomerular basement membrane in
various experimental circumotances.

Experientia, 26, 1071-1073.

SIOMAN, R.L., SIDMAN, M. and TOUCHETTE, P.E,. (1964)
Programmed self~instruction: an adjunct to the basic neuro«
anatomy course,

Anatomiecal Qecord, 148, 421 only.

SMITH, H.W. (1661) The Kidney. Structure and function in
health and disease. Oxford University Press, New York,
10‘19 B

SGNELL, KATHARING €, (1967) Renal digease of the rat. In
"Pathology of laboratory rats and mice” edited by E. Cofchin
and ¥.J,C, Roe, Blackwell, Oxford, pp. 108~140.

SPEAR, G.5. (1860) Gloweruler alterations in cyanotic congenital
hoart dipease.
Bulletin of the dohns Popkins Hoapital, 108, 347-367.

BPIRG, D, (1959) The structural basis of proteinuria in soan.
Ilectron microscope studies of renal biopsy speclimens from
pationts with lipid nophrogis, amyloldosis, and subscute and
chronic glomerulonephritis.

Awmorican Journal of Pathology, 306, 4773,

SPIRO, R.G. (1964) Discussion in "Small blood vessel lavolvement
in diabetes mellitus' edited hy M.D. Siperstein, A,.R. Colwell
and X. Moyer, Amoerican Institute of Blological Sciences,
Waahington, D.C., Dpe 161-1686,

SPIRC, R.G. (1967, n) Studies on the renal glomerular basement
mombyrane.  FPrapaiation and chemdeal composition.
Jouinal of Biological Chemiatry, 242, 1915-1022,



179

SPIRO, R.G, (1967, b) Studies on the renal glomerular basement
menbrane. Notuve of the earbolivdrate mnits and thely
attashment to the poptide portion.

Jouwnol of Biological Chemistry, 242, 1523-1932.

APIRO, KRG, (1807, o} The structurve of the disaccharide unit of
the vensl glowerular basoment mombrana.
Journal of Biologienl Chetatry, 248, 4013~4822,

SPIRC, R.G. (1969) Glycoproteing: their biochemistry, biology
and vole in baman doease.
Now England Jouenal of Medicine, 201, 901-1001 and 1043«
1066,

STRIKER, G.E., and SMUCKLER, B.A. 1970) An ulirastroctural
study of glomerular basement membrans gynthesis .
American Journal of Patholegy, 88, B31-556.

BTRUNK, 5.W,., HAMMOND, W.3. and BENINTT, B.P. (1964)
The resolution of acute glomernlonephritiz. An electron
microscopie study of four sequential biopsies.

Laboratoyy Investigation, 13, 401-420.

SUZURY, Y., CcHORG, J., GRIBEMAN, EDITH, MAUTNER, W.
and DACHS, &, (L963) The mesangium of the renal glomerulua.
Llectron microscopic studies of pathelogic alterations.,
American Jowrnal of Pathology, 43, S65-578.

TARERATASHI, 8. (1969) Ultrastructural studles on glomerular
lsgions in experinmental hyperienzion.
Acta Pathologica Juponica, 18, L70-200,

THOENES, W. (1969 Endoplasmaiisches Retiouluin nd YSekretkBrper'
im Glomerulunm~Epithel der SHugernidre.
Zeoltscheift filr Zelforachung, 78, 5015582,

TRIDDMAN, BUTH 8., MBTEGER, M., 590, K.C., ROTHENBBERG,
MILDRED, SEEGAL, BEATRICE C. and URDUHART, A.
{1962) Studies of the mechanism of experimental nephritis
with fluorescein~labelled antibody 1.
American Jovrngl of Pathology, 41, 88-117.



161

TRUMEP, B0, and BENDIIT, 8.P. (10632) Floctvon microscopie
atudies of hmman rensl disease. Observations of normal
visceral glomerulay epitheliwm and iis modification in dig~
CaB3 .

Laboratory Investigation, 11, 763~781.

TUNINA, PG, {1896) The histopathology of the diseases of the
aliln. Treanzlated by N. Walker and P,G. Unna. Clay,
Edinburgh, pp. 1180-1192,

van BREEMEN, V.L, asad CLEMENTE, C.D. {1856, a) An elec-
tron microscopioc study of silver deposition in the brain.
Anntomical Record, 121, 484 only.

van BREEMEN, V.L. and CLEMENTE, C.D. (1855, b) Bilver
deposition in the central nervous gysten and the hemato~
encephalic barrier studied with the electron mieroscope .
dournal of Blophysical and Biochemical Cytology, 1, 181~166.

van BREEMEN, V.L., BEGER, J.F. and CCORER, W.G.
(1366) Observations on the bagement membranes in rat
kidney.

Journal of Bilophysioal and Blochemical Cytology, £, supple-
mont, 283-266.

VENRKATACHALAM, M.A., BABNOVSEY, M.J. and COTRAN,
R.5. (1969} Glomernlar permeability. Ultrastructural
studies in experinental nephrosis ueing horseradish per-
ozidase as a tracer.
dJournal of Experimental Medicine, 1380, 381-399.

VERNIER, R.L. (1961) Ultrastructure of the glomerulus nnd
changes in fine structure associated with Inoveased permo-
ability of the glomerulus to protein., In "Ciba Foundation
Bympoaium on Henal Blopsy" edited by G E . W, Wolstenholne
and Margaret P, Camweron. Churchill, Loandon, pp. 4-28.

VERNIER, R.L. (19640 and b) Electron microscopic studies of
the normal basement membrane. In "Small bleod vessel
involveiment in diabetes mellitus" ediied by M. D, Siperstein,
ALR. Colwell and K. Meyer. American Institute of Biological
Solences, Washinglon, D.C., pp. (@) 5783 and (b) 78.



181

VEENIER, R.L. and BIRCH-ANDERSEN, A. (1802) Studles of
the boman fotal kiduey 1. Developownt of tha glomerulus,
Jonrnal of Pediatrics, §0, T84-708.

VERNIER, R.L. and BIRCH-ANDERSEN, A. (1283) Sindies of
the human fetal Kidoey M. Permoability characteristics of
the doveloping glonexulus.

Journal of Ulirastyuciure Reegarch, §, 66~88.

VIRCHOW, R. {1855) Collular~Pathologiea.
Archiv filr pothologisehe Anctomio und Physiologie uad fllr
Elnizche Medicis, 8, 3-39.

WALBORG, B.JF,.,, LANTZ, ROBERTA 3. ond WRAY, VIRGINIA
{1969) Izolation and chemioal chargoterization of o cell~gurxface
sinloglycopeptide fraction from Novikolf aseclies cells.

Cancer Reosearch, 20, 2034-2038.

WALKER, ¥. end PATRICK, R.8. (1967} Constituont monosace~
harides and hexosainine concentration of diabetic human vit-
reows hamounr.

Exporimental Eye Researeh, §, 327-331.

WALKER, ¥. and PATRICK, R.5. (3068) BEffcot of insulin on
the hoexesaming content of alloxan dlabwtic rabbil vitreous
Imsnony,

Dinbetes, 17, 106-107.

WALKER, F. and PATRIOK, R.8. (1969 Vikreous humsour in
diohetes mollitus., Yo "The Willlam Mackenszie Centenary
Symposinm on the Oonlar Clrculation in Health and Disease"
edited by 4.5, Cant. Kimpton, London, pp. 216-218.

WALLACH, D.JL.H. aod BOANDI, MJV.P. (1964) Sislic acid and
the elecirephoretio mohility of three fuwmer cell types.
Biochimicn et Bilophysica Acta, §3, 363-3686.

WALLENIUS, G. (1954) Benal clearance of dextran as a measuxe
of glomerulor pevmoability .
Actn Socletatin Medicorum Upsallensia., Supplement 4.

2,



WIBSENBERGER, B. (1568) The use of the ¢lectron microscope
in analytienl chemistry.
Laboratory Wvostigation, 14, 1026-1040.

WISLOCEKL, G.B, and LADMAN, A.J. (L866) 'The demonstration
of a blood~ocular barrier in the albino rat hy means of the
intravitam depoasition of silver.

Journal of Blophyaioal and Bilochemicel Cyiology, 1, §01-510.

WISLOCKI, G.B. and LEDUC, BLIZABETH H., (1852) Vital
staining of the homatoencepbalic barrier by silver nitrate
and trypan blue. ‘

Journal of Comparative Neurology, 26, 37i-413.

YAMADA, BE. {19656) The fine structure of the renal glomerulus
of the mouse. ‘
Journal of Biophysical and Biochemical Cytology, 1, 6561-G66.

ZAMBONI, L. and MARTING, C.D. (1968, 8} Ewbryogenesis
of the human renal plomerulus.
Avchives of Patholopy, 86, 270-281,

ZAMBONI, I, oud MARTING, C.D. (1968, b) & re-evaluation
of the mosanzial cells of the renal glomerulus.
Zeitschrift fur Zellforschung, 80, 364-383.

ZIMMERMANN, K.W, (1015) Uber das Epithel des glomerularen
Endkammerblattes dey SHugernidre.
Anatowischer Anzelger, 48, 336-341.,

ZIMMERMANN, K.wW. (1933) Uber den Bou des Glomerulus der
SHugernitre.
Zettschrifi e mikroskopische-anatowie Forachung, 32, 176~
298,



