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ABSTRACT

Basement membranes were isolated from rat renal glomeruli, rab­
bit proximal tubules, bovine brain blood vessels, bovine retinal blood 

Vessels, and bovine lens capsule by the use of a 4% solution of sodium 

deoxycholate. The basement membranes isolated by this procedure were 

ultrastrueturally indistinguishable from their in vivo counterparts.

Using bovine lens capsule as a reference tissue, the amino acid and car­

bohydrate composition of the basement membranes obtained by ultrasonic 
disruption and deoxycholate treatment were identical indicating that 

deoxycholate treatment did not interfere with chemical analyses. When 

glomerular basement membranes isolated by the use of deoxycholate were 
compared to those obtained by ultrasonic disruption, a higher content of 

hydroxyproline and hydroxylysine was observed in the deoxycholate treated 

samples. The amino acid content of the various deoxycholate isolated 

basement membrane samples were found to be similar but not identical.
In contrast, the glucose and galactose contents of the isolated basement 

membranes were found to vary with the tissue source.

Using a highly purified isolated rat glomerular preparation, 

basement membrane protein synthesis and deposition into the extracellu­

lar basement membrane matrix was studied. The incorporation of radio- 

labeled glucosamine, lysine, glycine, galactose, and a mixture.of amino 

acids was found to be linear during 6 hour incubations. Radiolabeled 

proline incorporation, however, was found to be linear for the first 4
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hours of incubation after which an apparent linear increase in incor­

poration was observed. This delayed increase in proline incorporation 

correlated with the appearance of radiolabeled hydroxyproline in the 

isolated basement membrane- The delayed increase in proline incorpora­
tion could be blocked by the collagen crosslink inhibitor g-aminopropi- 
onitrile while colchicine, an inhibitor of collagen secretion, had no 

effect on radiolabeled amino acid incorporation during 6 hour incuba­

tions. It was concluded that glomerular basement membrane synthesis and 

deposition is a two component system characterized by a rapidly synthe­

sized and deposited non-collagenous glycoprotein component and a colla­
genous component having a 4 - 6  hour delay period before deposition.

In addition to the study of glomerular basement membrane synthe­

sis, the metabolism of other suborgan fractions isolated by techniques 

developed in our laboratory were examined. Glomerular production of 

"^C-glucose from "^C-succinate3 ^C-pyruvate, "*"^C-glutamate, and ^^C- 

lactate Was studied to determine the source of glucose utilized for glom­

erular glycoprotein synthesis. Using newly developed glomerular sepa­

ration techniques, radiolabeled glucose production was observed only in 

glomerular preparations containing Bowman’s capsule and not in the 

glomerular capillary tuft per se. It was concluded that Bowman’s cap­

sule or minute quantities of tubule attached to Bowman’s capsule was 

responsible for the radiolabeled glucose production observed in glomeru­

lar preparations and that extracellular glucose must therefore be the 

source of glomerular tuft carbohydrate.
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the characterization of a rabbit proximal tubule preparation

obtained by gentle hand homogenization and sieving which avoided the use

of degradative enzymes was also performed. It was found that 
■ 14production from C-succinate, radiolabeled amino acid and uridine up­

take and incorporation, were significantly depressed in collagenase 

treated tubules as compared to the non-collagenase treated, sieved tu­

bules. the tissue to medium ratio for p-aminohippuric acid uptake by , 

the tubules isolated by hand homogenization was 50 while that of colla­

genase treated tubules was 20. tubules isolated by the sieving method 

also formed radiolabeled hydroxyproline and incorporated radiolabel into 

isolated tubule basement membrane, thus, the tubules obtained by hand 
homogenization and sieving are metabolically more active than those iso­
lated with the aid of degradative enzymes.

I



CHAPTER 1 

INTRODUCTION

Basement Membrane Definition

Basement membranes are specialized extracellular support strue—
■ 1 . ■

tures which are found in almost all organs of the body. The term base­

ment membrane was used as early as 1848 by Todd and Bowman (1857) in a 

description of the extracellular structure to which synovial and sero­

sal epithelial, cells appeared to be attached. Subsequently, light micro­
scopic studies observed basement membranes to be interposed between 

epithelium and connective tissue dr between connective tissue and blood 

vessels (Rinehart, 1930; Lillie, 1952). A more ubiquitous nature was 

accorded basement membranes with the electron microscopic Observations 

that basement membrane-like structures also surround intramural peri­

cytes of capillaries, nervous tissue, muscle, and fat cells (Fawcett, 

1966). Vracko (1974a) has proposed that the basement membrane be defined 

in light of its ubiquitous nature as an."extracellular scaffold posi­

tioned between parenchymal cells and connective tissue". Figure 1 il­

lustrates this definition.

Basement membranes are generally thought to lie adjacent to the 

cells which secrete them. This is demonstrated by the findings of 

Pierce, Midgley, and Sri Ram (1963) that parietal yolk sac cells of 

mouse embryo secrete a layer of basement membrane upon which they be­
come attached. Similar findings have been reported by Hay (1968) and

1
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Connective and Skin Basement
Supporting Membranes 

(solid black 
lines)
_ Cardiovascular 
and
Mesothelial
Spaces

Tissues

Nervous and
Endocrine
Systems

Cells Muscle Fibers

Smooth, and 
Heart)

Genitourinary Respiratory
Gastrointestinal, and Exo­
crine Systems

Figure 1. Diagram of the Anatomical Distribution of Basement Membranes

The basement membrane occupies the space between parencymal cells and 
the connective and supportive tissues. Prenchymal cells are defined 
as all epithelial cells of epidermis and epidermal appendages, of the 
gastrointestinal, genitourinary, and respiratory tracts, endothelial 
cells of the cardiovascular system, mesothelial cells of body cavitive, 
all exocrine glands, endocrine cells, muscle fibers, fat cells, and 
cells comprising the central and peripheral nervous systems. The con­
nective and supporting tissues are defined as cartilage and associated 
cells, bone and associated cells, collagen, elastin, and fibroblasts. 
Adpated from Vracko (1974a).
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McKeehan (1951), in other developing cell systems. Thus, the formation 
of the basement membrane is followed by a close physical association 
with the basement membrane forming cells.

Electron microscopic studies of the basement membranes found in 

the renal glomeruli (Kurtz, 1961; Kurtz and McManus, 1959; Vernier, 1964; 

Farquhar, 1964; Khodin, 1955; Yamada, 1955), muscle capillaries (Palade 

and Bruns, 1964), skin capillaries (Fawcett, 1963; Friederici, Tucker, 

and Schwartz, 1966), alveolar capillaries (Karrer,: 1956; Weibel, 1963), 
renal tubules (Sjostrand and Khodin, 1953; Latta, Maunsbach, and Osvaldo, 

1967), Descemet's membrane and the anterior lens capsule (Jakus, 1964) 

show them to all contain a fine feltwork of fibrils 30 - 40 X in diam­

eter, These fibrils are associated or embedded in an amorphous matrix 
which varied in width with the various tissue basement membranes.. The 

degree of orientation of these embedded fibrils varied from tissue to 

tissue. While a high degree of. orientation was exhibited by both lens 

capsule and Descemet's membrane fibrils, the glomerular and muscle 

capillary basement membranes demonstrated a partial and random fibrillar 

arrangement, respectively. In addition, Descemet’s membrane and ante­

rior lens capsule basement membrane exhibited areas of regular banding 

with a periodicity of 1100 A (Jakus, 1964). However, the typical 600 - 

700 X banding of collagen fibrils is generally accepted not to be pres­

ent in normal basement membranes.

Although the various basement membranes exhibited slight ultra- 

structural differences, as a group they were observed to be argyrophilic 

(Bessie and Yoshida, 1909; Rinehart, 1930) suggestive of "reticulin” 

(collagen) and periodic acid-Schiff positive (McManus, 1948a, 1948b,
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1948c; L'eblond, 1950) indicative of carbohydrates. In addition, .vascular 
and non-vascular basement membranes were found to be immunologically 
crossreactive indicating similar antigenic components (Cruickshank and 
Hill, 1953; Roberts, 1957; Krakower and Greenspon, 1964; Huang and 

Kalant, 1968; Rothbard and Watson, 1969). In general, the various organ 

basement membranes, are ultrastructurally, histochemically, and immuno­

logically similar.

Basement Membrane Composition

Since chemical analysis of the basement membrane requires pure 

basement membrane, its chemical definition has necessarily relied upon 

the anatomically distinct characteristics of the structure. Similarity 

of electron microscopic appearance of isolated basement membrane prepa­

rations to in vivo basement membrane is the initial criterion by which 

basement membrane purity is defined.

Early chemical analyses of isolated basement membrane prepara­

tions from bovine lens capsule (Pirie, 1951) and canine renal glomeruli 

(Goodman, Greenspon, and:'.Krakower, 1955) demonstrated the presence of 
significant amounts of hydroxyproline, proline, glycine, hexoses, and 

small amounts of hexosamines. This substantiated the collagenous and 

glycoprotein nature of the basement membrane that had been inferred from 

histochemical studies (Lillie, 1947). Subsequently, basement membranes 

were isolated and chemically analyzed from suborgan fractions of a vari­

ety of mammalian species: lens capsule (Dische, 1964; Kefalides, 1969a;

Fukushi and Spiro, 1969), renal glomeruli (Lazarow and Speidel, 1964;
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Markowitz and Lange, 1964; Kefalides and Winzler, 1966; Spiro, 1967a; 

Huang,and Kalant, 1968; Kefalides, 1968, 1970, 1973; Westberg and 

Michael, 1970; Wahl, Krezdom, and Deppermann, 1970; Blau and Michael, 

1971; Sachot et al., 1975; Lehotay, 1975), Descemet’s membrane (Bohlman 
and Balazs, 1955; Kefalides and Denduchis, 1969), and renal tubules 

(Mahieu and Winand, 1970; Ferwerda et al., 1974). These chemical anal­

yses of isolated basement membranes showed them to have similar amino 
acid contents. Glycine varied between 22 - 28%, hydroxyproline 6 - 10%, 

proline 6 - 7%, and hydroxylysine 2 - 3.5% of the total amino acid resi­

dues present in these isolated basement membranes. A uniquely high 11%
\ ' ■ ‘ 1of the total hydroxyproline residues were found to be 3-hydfoxyproline. 

Interstitial collagens contain about ten times less 3-hydroxyproline 

(Kefalides, 1973). Carbohydrates comprised 10 - 15% of the basement 

membrane weight. Glucose and galactose were found in nearly equimolar 

amounts in these various basement membranes while the glucosamine, gal- 

actosamine, manhole, fucose, and sialic acid contents varied.

Although similar to interstitial collagen in amino acid content, 

basement membranes contain less than the required 33% glycine and the 

22% sum of hydroxyproline and proline to be classified as a collagen 

protein (Ramachandran, Basisekharan, and Thathachari, 1962). Two other 

observations support this view. The first is that the triple helical 
structure of collagen indicated by a banding periodicity of 640 A has 

not been observed in basement membrane specimens. The second is that 

interstitial collagen contains only glucose and galactose whereas base­
ment membranes additionally contain mannose, fucose, hexosamines, and
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sialic acid. These observations led Kefalides and Winzler (1966) to the 

assumption that collagen was present in the basement membrane, but that 

the glycine, imido acids, and hexose content were being diluted by non- 
collagenous glycoproteins also present in the basement membrane. The 

alternative hypothesis that basement membranes contained collagen-like 

glycoproteins and no true collagen proteins was supported by Spiro 
(1967a).

Carbohydrate Attachment 
to the Basement Membrane

Spiro (1976b) digested bovine glomerular basement membranes with 
collagenase followed by a subsequent digestion with pronase to free the 

carbohydrate units from the basement membrane peptides. The carbohy­

drate units were separated by gel filtration and ion exchange chroma­
tography. Two distinct types of carbohydrate units were observed. A 

disaccharide unit consisting of glucose linked to galactose accounted 

for half of the carbohydrates present in the basement membrane. The 
second carbohydrate unit contained galactose, mannose, fucose, hexosa- 

mines, and sialic acid. The estimated molecular weight of this hetero­

polysaccharide was 3,500 daltons. The molar ratio of the disaccharide 

to the heteropolysaccharide was ten to one. The disaccharide was found 
to be linked to the peptide chain through a glycosidic linkage with 

hydroxylysine. Inferential evidence suggested asparagnine as the site 

of attachment for the heteropolysaccharide unit.

In subsequent experiments, Spiro (1967c) showed that the disac­
charide with its attachment amino acid had the following structure:
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2-O-a-D-glucopyranosyl-O-B-D-galactopyranosylhydroxylysine. In addition 
to being present in the glomerular basement membrane, the disaccharide 
unit has been observed in numerous isolated basement membranes (Pirie, 

1951; Spiro and Fukushi, 1969; Dische, Zelmanis, and Rothchild, 1967; 

Kefalides, 1969a) and vertebrate collagens (Miller and Matukas, 1974; 
Nimni, 1973; Cunningham and Ford, 1968). See Figure 2.

CH2OH

Figure 2. Structure of the Disaccharide Unit and Its Attachment 
Amino Acid

Basement Membrane Isolation

Certain tissues such as lens capsule are excellent sources of 

easily purifiable basement membranes. This is due to the ease with 

which the lens can be removed from the eye and manipulated and to the 

macroscopic nature of the lens capsule basement membrane. Other
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tissues, while having a relatively high content of basement membrane, 

are more difficult to utilize as a basement membrane source- This is 

because of the intrinsic difficulty associated with obtaining purified 

suborgan fractions from certain organs and the subsequent manipulation 
of the suborgan fraction to yield basement membrane. These technical 

problems are magnified when small animals, such as the rat, are used. 

Renal glomeruli are an example of a basement membrane source, where 
problems in isolation arise.

In addition to amino acids and carbohydrates, phospholipids 

(Lidsky,; Sharp, and Rudee, 1967; Von Bruchhausen and Marker, 1967), 
nucleic acids (Krakower and Greenspon, 1951; Lidsky, Sharp, and Rudee, 
1967), and cholesterol (Misra and Berman, 1966) have been reported in. 

isolated glomerular basement membrane preparations. However, when 

Kefalides and Winzler (1966), Spiro (1967a), and Westberg and Michael
• i
(1970) examined isolated glomerular basement membrane preparations, no 

nucleic acids were detected and the presence of phospholipids and cho­

lesterol as components of the basement membrane was questioned. These 

compositional discrepancies have been related to the purity of the 
isolated glomerular basement membrane preparation employed (Westberg and 

Michael, 1970). The isolation of pure glomerular basement membranes is 

a two step process involving first the preparation of pure renal glom­

eruli followed by the isolation of the basement membrane from these 

structures. The most commonly used glomerular isolation procedure is 

that of Krakower and Greenspon (1951) in which glomeruli are freed from 

the surrounding renal cortex by forcing pieces of kidney through
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stainless steel sieves. The non-glomerular material is disrupted by 

this technique. Separation of the freed glomeruli from the disrupted 
tissue was performed by multiple centrifugation. Several modifications 

of the method of Krakower and Greenspon (1951) have been, reported. Most 

of these modifications involved alternative techniques for the separa­

tion of the tissue debris from the freed glomeruli such as differential 

centrifugation (Richterich and, Franz, 1960), filtration through a column 

of glass beads (Tomblom, 1957), or collection of magnetic iron oxide-' 

filled glomeruli with a magnet (Cook and Pickering, 1958; Misra and 

Berman, 1966). Similarly, Spiro (1967a) modified the method of Krakower 

and Greenspon (1951) so as to use the sieves not only to disrupt the 

tissue but to collect the freed glomeruli. Spiro (1967a) maintained 

that this modification avoided contamination of the glomeruli with 

tubules and cell debris during the centrifugation steps used by Krakower 

and Greenspon (1951). After a purified glomerular preparation was 

obtained, the cellular material was removed from the glomerular capil­

lary basement membrane by ultrasonic disruption followed by centrifuga­

tion to pellet the basement membrane. Ultrasonic disruption followed by 

centrifugation is the most widely used method for the separation of cel­

lular materials from basement membranes. Thus, Spiro (1967a) feels that 

by increasing the purity of the intermediate glomeruli the resultant 

glomerular basement membrane will also be of a higher purity.

Kefalides (1973), however, disagrees and argues that Spiro * s 

(1967a) modifications of the method of Krakower and Greenspon (1951) to 

obtain purified glomeruli are not necessary for the isolation of highly
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purified glomerular basement membranes. Kefelides (1973) claims that 
improvements on the method of Krakower and Greenspon (1951) have been 

due to the increased ultrasonic disruptive ability of more powerful so- . 

nicators or sonicating techniques. To demonstrate this point. Kefalides 

(1969a, 1973, 1974) prepared human glomerular basement membrane from 

glomeruli obtained by the method of Krakower and Greenspon (1951) by mul­

tiple sonication and centrifugation. Table 1 shows the effect of 

multiple sonications on human glomerular basement membrane amino acid 
content. Resonication resulted in a conspicuous relative increase in 

those amino acids typically found in collagen. The basement membrane 

amino acid content obtained by the resonication of glomerular basement 

membrane isolated by the method of Krakower and Greenspon (1951) was si­

milar in part to the amino acid content of glomerular basement membrane 

obtained by the more elaborate isolation methods of Westberg and Michael 

(1970) or Spiro (1967a). The question of whether resonication does in­

deed remove non-glomerular basement membrane materials or additionally 

disrupts the basement membrane itself resulting in the loss of intrinsic 

basement membrane components has not been -answered. In their study of 

the effects of isolation conditions on human glomerular basement mem­

brane composition, Westbefg and Michael (1970) reported that sonication 

of isolated glomeruli resulted in a partial disruption or fraying of the 

basement membrane. In contrast to the claims of Kefalides (1973), tubu­

lar fragments attached to the glomerular tufts were highly resistant to 

removal by ultrasonic disruption (Westberg and Michael, 1970). Thus, 
there is evidence that sonication results not only in a change in the 

ultrastructural appearance of the resultant isolated glomerular

/



Table 1. Effect of Resonication on Human Glomerular Basement Membrane Content of 
Selected Amino Acids

One Sonication"*

Residues/1000 residues
Purified Glomeruli 

^ One Sonica- One Sonicar-
Two Sonications tion^ tion^

4-hydroxyproline 53.0 90.0 81.3 84.1
proline 64.1 69.8 57.9 79.4
glycine 225.2 270.0 221.0 220.9

hydroxylysine 24.5 35.0 26.1 21.3
lysine 26.4 20.0 19.5 28,8 o
alanine 58.6 59.8 59.8 68.9

1Abbreviated from Kefalides (1969a) <»
2Abbreviated from Westberg and Michael (1970). 
3Abbreviated from Beisswenger and Spiro (1970)?

H
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basement membrane, but a change in its amino acid composition as well.

In addition to the use of sonication with its attendant diffi­

culties, centrifugation is widely used to separate the disrupted mate­

rial from the basement membrane. Several reports Of basement membrane 

pellet contamination with cellular debris indicate methodological prob­

lems with the centrifugation step as well. Westberg and Michael (1970) 

pelleted glomerular sonicates at increasing centrifugal forces. As the 

pelleting forces were increased in increments from 121 x g to 4340 x g, 

an approximately linear increase was observed in the phospholipid con­

tent in pg/mg when plotted against 4-hydroxypyroline content in pg/mg. 

Light micrographs of these various pellets indicated a direct relation­

ship between centrifugation force and the presence of cell debris. The 

ratio of phospholipids to cholesterol in the purest basement membrane 

preparation (which was obtained at the lowest centrifugation force) was 

approximately equal to that of whole kidney cortex and whole glomeruli 
suggesting that both substances were present as extra-glomerular base­

ment membrane contaminants. Spiro (1967a) has reported the presence 

of small amounts of lipids in bovine glomerular basement membrane pre­

parations. Another indication that substances known to be present in 

cellular materials may contaminate glomerular basement membrane pre­

parations is shown by the work of Mohos and Skoza (1970). The presence 

of large amounts of sialic acid on the surface of glomerular epithelial 

cells by the use of colloidal iron staining has been shown by a number 

of investigators (Mohos and Skoza, 1969; Rambourg and Leblond, 1967; 

Groniowski, Biczyskowa. and Walski, 1969; Jones, 1969). ■ Isolated glom­

erular basement membranes, however, do not significantly stain with ..
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colloidal iron (Westberg and Michael, 1970). When the centrifugal force . 
used to pellet the glomerular basement membrane was varied from 42 x g 

to 1200 x gs the amount of sialic acid appearing in the basement mem- . 

brane pellet increased (Mohos and Skoza, 1970). These authors argued 

that since the concentration of glucose thought to be indicative of col­

lagen did not change with increasing amounts of sialic acid that sialic 

acid must be present as a contaminant.
Finally» in addition to nucleic acid, sialic acid, lipid and 

cholesterol contamination, Westberg and Michael (1970) have reported 

that when rabbits were injected with human glomerular basement membrane 

obtained by an extensive procedure of sonication and centrifugation that 

the resultant antisera contained antibodies directed not only against 

the basement membrane, but proteins present in human plasma and concen­

trated urine. These proteins included fibrin(ogen), immunoglobulin M, 
immunoglobulin G, albumin, mid g-l-C-globulin. Thus, it appears likely 

that basement membrane preparations are also susceptible to contamina­

tion by plasma proteins..

The difficulties associated with the widely used method of soni- 

cation followed by centrifugation to isolate glomerular basement mem­

brane are summarized below.

1. The process of ultrasonic disruption of the isolated glom­

eruli results in changes in both the ultrastructural appearance and 

amino acid composition.

2. The process of centrifugation to obtain a pellet of basement 

membrane is highly susceptible to contamination by substances known to 

be present in relatively large amounts in cellular material.
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3. Extensive sonicatidn and careful centrifugation are unable 

to remove contaminants such as plasma proteins from the basement mem­

brane.
Since there is a lack of a precedent for the presence of phos­

pholipids , plasma proteins, large amounts of sialoproteins, or other 

non-protein materials in the extracellular protein matrices we call 

basement membranes (Kefalides, 1973), one could conclude that these sub­
stances are only contaminants of the glomerular basement membrane prepa­

rations just discussed. Unfortunately, the question of what constitutes 

the basement membrane is not easily resolved. Should lipids, cholester­

ol, plasma proteins or other materials which are not tightly bound and 
thus extractable from the isolated basement membrane be considered base­

ment membrane contaminants or should they be viewed as mobile closely 

associated basement membrane components? If these materials play a 
role (direct or indirect) in basement membrane function, should they be 

considered functional or modulating components of this structure? Be­

fore one can discuss modulating factors of basement membrane function, 

an understanding of the gross ultrastructural composition of the base­

ment membrane matrix is required. Thus, for the purpose of structural 

or compositional definition, only those substances which are tightly 

associated with or covalently bound to ultrastructurally recognizable 

basement membrane will be considered basement membrane components.
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Basement Membrane Fractionation

Basically two approaches have been used to fractionate the var­
ious basement membranes. The first approach involved the use of non- 

degradative chemical means to solubilize and separate the various base­

ment membrane components. The second approach utilized degradative 
enzymes to study the collagenous and non-collagenous materials freed 

from the basement membrane matrix.

Initial attempts to solubilize basement membrane proteins demon­

strated these components to be resistant to complete solubilization by 

non-degradative procedures. Table 2 lists the solubility properties of 

bovine glomerular basement membranes in various chemical solutions. The 

basement membrane is nearly insoluble in simple salt solutions. Urea 
treatment is able to solubilize approximately 30% of the basement mem­

brane indicating the presence of non-covalently bound materials. Reduc­

tion and alkylation solubilizes 90% of the basement membrane indicating 

that the majority of the structure is held together with covalent disul­

fide bonds. The inability to completely solubilize the basement mem­

brane suggests that covalent bonds other than disulfide bonds are also 

involved in basement membrane protein crosslinking (Gallop and Paz, 1975; 

Daniels and Chu, 1975).

Hudson and Spiro (1972a) have reported the appearance "of at 

least eleven proteinaceous components ranging in molecular-weight from 

30,000 to greater than 220,000 daltons upon SDS-polyacrylamide gel elec­

trophoresis of reduced and alkylated bovine glomerular basement membrane. 

When the solubilized basement membrane was fractionated by gel filtration



—  ■ ■ —  ■ ; -  % wt . -
Ref Treatment Time Temp Solubilized

Table 2, Solubility Properties of Bovine Glomerular Basement Membranes

a 0.1 M Na2HP04, pH 7.0 24 37 4 %
b 0.5 M NaCl, 0.05 M NagHPO^, pH 7.5 48 4 0. 5%
a Reduced and Alkylateds 0.1 M NagHPO^^ pH 7,0 24 37 50, %
b Reduced and Alkylated, H^O 48 40 7.5%
a 5% MCI, 0.1 M Tris chloride, pH 7.0 24 37 14 %
a Reduced and Alkylated, 5% MCI, 0.1 M Tris Cle, pH 7.0 24 37 72: %

b 0.3 M Acetic Acid 72 4 1: %
b 0.075 M Na citrate, pH 3.7 48 4 1 %
c 0.1 M NaOH 8 37 96 %

a 8 M Urea, 0.1 M Na2HP0 4 , pH 7.0 24 37 26 %
b 8 M Urea, pH 7.2 72 40 35 %
a Reduced and Alkylated 8 M Urea, 0.1 M Na2HPQ4 , pH 7.0 24 37 74 %
b Reduced and Alkylated, 8 M Urea, pH 8.4 48 40 60, %

a 1% SDS, 0.1 M Na2HP04, pH 7.0 24 37 24 %
b 1% SDS, 3% me reaptoethano1, Tris HCl, pH 8.6 48 50 80 %
a Reduced and Alkylated 1% SDS, 0.1 M Na2HP0 4 , pH 7.0 24 37 75 %
a 5% SDS, 0.1 M Na2HP04, pH 7.0 24 37 26 %
a Reduced and Alkylated, 5 % SDS, 0.1 M Na2HP0 4 , pH 7.0 24 37 90 %

a 0.5% Triton X-100, 0.1 M Na2HP04, pH 7.0 24 37 4.4%
a Reduced and Alkylated, 0.5% Triton X-100, 0.1 M Na2HP0 4 , pH 7.0 24 37 68 %

a. Hudson and Spiro (1972a).
b. Kefalides (1973).
c. Spiro (1967a).
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and ion exchange chromatography,•sixty distinct polypeptide components 

were collected and analyzed (Hudson and Spiro, 1972b; Spiro, 1976). 

Although pronounced compositional diversity was observed among these 

sixty components, all contained hydroxyproline, hydroxylysine, disac­

charide units and heteropolysaccharide units (Ohno, Riquetti "and Hudson, 
1975; Spiro, 1976). Because of his inability to separate hydroxyproline 

containing collagen peptides from non-collagenous peptides even after 
reduction and alkylation followed by extensive chromatographic proce- , . - 

dures, Spiro (1976) has proposed that the glomerular basement membrane 

is composed of homogeneous glycoproteins which contain collagen regions 

in their primary structure. Since the necessary criteria to classify 

the basement membrane as collagenous have not been met, Spiro (1976) con­

cludes that the basement membrane proteih(s) should be classified as 

glycoproteins with a collagen-like substructure. Spiro (1976) cites the 

complement protein, Cl^, as a precedent for such a classification.
Another view of glomerular basement membrane structure is held 

by Kefalides (1973). When Kefalides and Winzler (1966) solubilized and 

fractionated canine glomerular basement membrane proteins by reduction 

and alkylation in the absence of 8 M urea followed by urea-polyacrylamide 

gel electrophoresis, only four protein bands were observed. During sub­

sequent gel filtration studies of the reduced and alkylated proteins, a 

glycoprotein fraction was obtained which was devoid of hydroxyproline 

and glucose while containing those carbohydrates characteristic of the 

heteropolysaccharide units (Kefalides, 1970) (Table 3). A similar frac­

tion was obtained when only 8 M urea extractable glomerular basement -

X
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Table 3. Effect■of Reduction, Alkylation and Gel Filtration on 
Glomerular Basement Membrane Fractionation

Residues/1000 Residues

Selected Amino 
Acids .

Whole 
' GBM1

Whole
GBM2

Urea
Extract-̂ -

Urea Urea .
Urea Gel Gel

Extract2 Fraction^-Fraction

Hydroxyproline 50.0 73.2 50.0 61.4 Trace 19.8

Hydroxylysihe 20.0 21.0 20.0 21.9 Trace 6.8

Glycine 200.0 223.4 200.0 198.8 135.0 121.3
Proline 66.0 78.2 66.0 70.7 83.0 46.1 .

Alanine 63.0 65.3 63.0 62.0 76.0 73.2

Lysine 28.0 26.1 28.0 . 24.2 " 10.0 42.4

1. Kefalides (1966), Bio-Gel P-300,
2. Hudson and Spiro (1972b). Bio-Gel A-15m (fraction 5),
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membrane proteins were fractionated (Kefabides, 1972). Gel filtration 

of glomerular basement membrane material obtained by prolonged colla- 

genase digestion followed by dialysis gave two non-collagenous glyco­

protein fractions (Kefalides, 1969b, 1972). A large glycoprotein resi­

due having a molecular weight of over 200,000 daltons contained galac­

tose, mannose, fucose, sialic acid, and hexosamine, but lacked hydroxy- 

pro line and hydroxylysine. A more soluble glycoprotein was estimated to 

have a molecular weight of 30,000 daltons. It also contained galactose, 

mannose, fucose, and sialic acid, but twice as much hexosamine as the 

larger glycoprotein. When antisera were prepared against the large and 
small glycoproteins, both antisera reacted with reduced and alkylated 

glomerular basement membrane. However, antisera against the large gly­

coprotein did not react with the small glycoprotein antigen or against 

hydroxyproline containing fractions obtained by gel filtration fractiona­

tion of collagenase treated glomerular basement membranes. Antisera 

against the small glycoprotein reacted with the hydroxyproline con­

taining fractions but not with the large glycoprotein antigen. Only the 

antisera to the large glycoprotein reacted with the material extractable 

in 8 M urea. From these experiments, Kefalides (1973) concluded that 

two distinct glycoprotein components existed in the basement membrane: 

a large glycoprotein extractable by urea or reduction and a small gly­

coprotein which was associated in some manner with a collagen entity.

The presence of a collagen component in various suborgan base­

ment membrane preparations has been demonstrated by Kefalides (1968) and 

Kefalides and Benduchis (1969). Limited pronase or pepsin digestion of
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glomerular basement membranes resulted in the solubilization of a col­

lagenous fraction possessing many of the same characteristics of si-mi- • 

larly treated know collagens (Kefslides and Denduchis, 1969); Kefslides 
and Winzler, 1966; Davison and Drake,,1966). Garboxymethyl cellulose 

chromatography of the collagen fraction indicated the presence of al 

chains characteristic of collagen (Kefalides s 1971). The basement mem­
brane al chains had a molecular weight of 110,000 whereas interstitial 

collagen al chains had a molecular weight of 108,000. Table 4 lists the 

partial amino acid and carbohydrate composition of the collagen fractions 

obtained from glomerular basement membrane and tendon upon limited pep­
sin treatment. Similarities were seen in the glycine and sum of hy- " . 

droxyproline and proline contents indicating the required composition to 

be classified as a collagen protein. The carbohydrates characteristic 

of the glycoproteins found in basement membrane fractions were not de­

tected (Kefalides, 1971)• The relatively large amount of disaccharide 

units found in the al chains of basement membrane collagen accounted for 

the difference in molecular weight observed between al chains (Kefali­

des, 1971a). In addition to the larger hexose content of basement mem­

brane collagen, differences in the content of alanine and half-cystine 

were observed (see Table 4). This indicated not only differences in the 

amount of post-translational modification of basement membrane collagen 

as compared to that of interstitial collagen, but a difference in the 

primary protein structure as well. When the material extracted from 

lens capsule basement membrane with sodium citrate was precipitated with 

ATP, electron microscopic filaments with globular ends appeared
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Table 4. Compositional Similarities of Glomerular Basement Membrane and 
TSndon Collagen Obtained by Limited Enzymatic Digestion

Residues/1000 Residues

Selected AA Glomeruli1 2 Tendon^

Hydroxyproline 152.0 86.0
Proline 62.0 140.0

Glycine 322.4 329.0

Hydroxylysine 42.0 6.0

Alanine 33.4 122.0

Half-Cystine 6.0 0,0

Gm/100 gm

Carbohydrate

Glucose 5.1 0.28
Glucose 5.25 0.40

1. Kefalides and Denduchis (1969).-

2. Kefalides and Winzler (1966).
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(Kefalides, 1973). This was thought to be suggestive of a collagen 

molecule with a globular terminal portion (Kefalides, 1973). Such fila­

ments are not characteristic of the intact basement membrane matrix.

From these observations, Kefalides (1973) has proposed that 

basement membranes contain at least two distinct protein molecules. One 

is represented by the large non-collagenous glycoprotein bound to the 
basement membrane matrix by hydrogen and disulfide bonds. This molecule 

is distinct from the collagen ctl chains. A smaller glycoprotein asso­

ciated with a collagen entity represents the second component. Since 

reduction and alkylation does not free the majority of these small gly­

coproteins so that they can be separated from the collagen containing 

component, it was thought that the small glycoprotein formed a portion 

of the primary structure of the collagen component. This hypothesis of 

a peptide extension being present on the collagen molecules has been 

supported by the collagen biosynthetic studies of Bornstein et al.
(1972).

The finding of a non-collagenous glycoprotein extractable with 

urea or reduction and alkylation by Kefalides and Winzler (1966) is in­

direct disagreement with the observations of Hudson and Spiro (1972a) 

who could not find Such a component. The reason for this discrepancy 

is unknown. It is possible that the method used by Spiro (1967a) to 

isolate glomerular basement membrane removes the non-collagenous protein 

that Kefalides and Winzler (1966) observed. The material extracted in 

urea alone accounts for less than 10% of the basement membrane weight . 

and might represent only a surface protein on the basement membrane
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matrix. The polydisperse nature of the glomerular basement membrane 

proteins obtained by reduction and alkylation observed by Hudson and 
Spiro (1972a) was not observed by Kefalides and Winzler (1966). No 

explanation is available. The finding of Spiro (1976) that no pure col­

lagen component could be isolated from reduced and alkylated basement 

membrane is in agreement with Kefalides (1973) that the small glycbpro- 
tein he observes is bound to the collagen component through the primary 
structure and, as such, is an integral portion of the collagen molecule. 

The question of whether the basement membrane is composed of glycopro­

teins which contain collagen regions or collagen molecules with . 

glycoprotein extensions appears to be in part a question of semantics as 

to what is and what is not "collagen".

Basement Membrane Metabolism

Our understanding Of the metabolism of the various basement mem­

branes is incomplete. In addition to the transcription and translation 
processes which are required for protein synthesis, extensive post- 

translational alteration Of the protein structure is known to occur. In 

the model of the basement membrane proposed by Kefalides (1973), a col­

lagenous component containing a glycoprotein extension and a separate 
200,000 molecular weight glycoprotein component constitute the proteina­

ceous elements of the basement membrane matrix. The glycoprotein comr- 

ponent requires the addition of fucose, galactose, hexosamines, sialic 

acid, and mannose, but does not require hydroxylation of amino acids 

situated in the peptide chain. The collagen component, however, requires
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hydroxylation of both proline and lysine in addition to the glycosyla- 

tion of the hydroxylysine and the formation of the heteropolysaccharide. 

Spiro's model of the basement membrane (1976) would require the same 

biosynthetic modifications as the collagen component of the Kefalides 
model (1973).

Two types of in vitro systems have been used to study basement 

membrane protein synthesis. The most active basement membrane synthe­
sizing tissues are of embryonic origin. Whole embryonic chick lens and 

the cells isolated from them (Grant, Kefalides and Trockop, 1972a).: and, 
more recently, the embryonic rat parietal yolk sac (Clark et al., 1975) 

have been employed. These rapidly developing systems have several ad­

vantages over mature systems: the extracellular matrix is free of most

of the extra-basement membrane contaminants, only a single cell type is 

responsible for basement membrane synthesis (yolk sac only), and most 
importantly a relatively large percentage of the newly formed protein 

was basement membrane collagen. The mature tissue in vitro systems for 

the study of basement membrane formation have the advantage that dis­

eases known to affect basement membrane morphology and structure usually 

occur in mature systems. Thus, information obtained in these systems is 

directly applicable to pathological cause and effect relationships.

Because of the similarities between collagen and the basement 

membrane collagen component, much of the information available about 

the post-translational modification of the basement membrane protein has 

been derived from studies with collagen systems (figure 3). As collagen 

protein synthesis occurs, the prolyl and lysyl residues in the third
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Transcription

Hydroxylation of Proline 
and Lysine

Glycosylation
(Heteropolysac­
charide)

Helix Formation 
(Interchain Disulfide Bond 
Formation)
Glycosylation 
(Disaccharide and 
Heteropolysaccharide)

Extrusion
(Mechanism Unknown)

Extrusion by 
Microtubules

Cleavage of Carrier 
Protein Regions from 
Collagen Molecule

Laydown into the Basement 
Membrane Matrix 
(Disulfide Bond Formation) 
(Crosslink Formation)

Figure 3. Proposed Pathways for the Biosynthesis of the Collagenous 
and Non-Collagenous Basement Membrane Proteins
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position of what is called the collagen triplet (gly-X-Y) are suscep­
tible to the soluble hydroxylating enzymes peptidyl proline hydroxylase 
and peptidyl lysyl hydroxylase (Grant and Prockop, 1972; Udenfriends

1970) . These enzymes require a-ketoglutarate, molecular oxygen, ascor­
bic acid, and ferrous iron. Hydroxylation occurs before release of the 

nascent chain from the ribosomes (Lazarides, Lukens and Infante, 1971; 

Hiller and Udenfriend, 1970). It has been found that hydroxylation re­

sults in stabilization of the triple-helical conformation characteristic 

of collagen fibrils (Berg and Prockop, 1973; Jimenez et al., 1973).

From this observation of triple-helix stabilization by hydroxylation, it 

was proposed that triple-helix formation occurs during or shortly after 
the release of the hydroxylated collagen protein from the ribosomes. It 

is of interest to note that basement membrane collagen is much more hy­

droxylated than most vertebrate collagens (Miller, 1971; Kefalides,

1971) . Basement membrane collagen contains approximately 190 hydroxy- . 

lated residues while other collagens contain only about 110 hydroxylated 
residues.

Although the reason for the difference in the number of hydroxy­

lated residues is not clear, a hypothesis to account for this phenomenon

can be suggested. When Grant, Kefalides and Prockop (1972a, 1972b) in-
14cubated intact lenses and lens cells with C-proline and monitored the 

appearance of basement membrane collagen by C-hydroxyproline formation,

it was found that a lag time of 60 minutes was required before secretion 

of the basement membrane collagen was begun. In addition, the molecular 

weight of the initial radiolabeled basement membrane collagen decreased 

from 140,000 to 115,000 daltons. In constrast, chick embryo
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tendon cells synthesize and secrete collagen in only 20 minutes (Dehm 
and Prockop, 1971). The molecular weight of newly formed tendon colla­
gen also underwent a conversion to a smaller protein of from 120,000 to 

95,000 daltons. If a relatively larger basement membrane collagen was 
being made which required a longer ribosomal association time before 

release and helix formation, the soluble hydroxylating enzymes would 

have a longer period of time in which to hydroxylate susceptible proline 

and lysine, residues than in the case of the smaller tendon collagen mol­

ecule.

Attachment of the disaccharide unit to the hydroxylated protein 
is a two step process. First, UDP-galactose donates galactose to the 

hydroxyl group of hydroxylysine via the membrane bound enzyme galacto- 

syltransferase (M. Spiro and R. Spiro, 1971). The second step involves 

the addition of glucose from UDP-glucose to the hydroxylysine-linked 

galactose by the membrane bound enzyme glucosyItransferase (R. Spiro and 

Mo Spiro, 1971). The number of disaccharide units attached is directly 

correlated with the number of available hydroxylysine residues present 

in the collagen molecule (Miller and Matukas, 1974). This suggests that 

the amount of disaccharide units present in the basement membrane colla­

gen is dependent upon lysine hydroxylation activity. The presence of a 

glycopeptide extension on the collagen component requires the addition 

of carbohydrates characteristic of the heteropolysaccharide to this 

peptide region. At the present time, no information concerning the 

formation of this heteropolysaccharide is available for basement mem­

brane systems. By analogy from glycoprotein biosynthetic studies.
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however, the addition of mannose, galactose, fucose, sialic acid, and 

galactosamine and glucosamine probably occurs in a stepwise manner in­
volving a nucleotide activated sugar and a specific enzyme transferred 

system (Spiro, 1969). The carbohydrate transferases are thought to be 

located on the endoplasmic reticulum (Spiro, 1969).
After synthesis, hydroxylation, glycosylation, and triple helix 

formation, the basement membrane collagen is secreted from the cell 

(Grant, Kefelides, Prockop, 1972a; Grant, Harwood, Williams, 1975)..

The process of collagen secretion is thought to be a microtubule di­

rected phenomenon as indicated by the inhibition of collagen secretion 
by the microtubule inhibitor, colchicine (Dahlstrom, 1968; Malawista, 

1965; Williams and Wolff, 1970). No information is available.bn the 

route of extrusion of the non-collagenous glycoprotein basement membrane 

component. Recent findings by Williams, Harwood and Grant (1976) indi­

cate that the basement membrane collagen component is in the triple hel­

ical form and that the individual proteins are covalently linked by
(sulfide bonds.- It is not known whether the disulfide bonds are .'formed 

before or after basement membrane collagen secretion.
After extrusion, the basement membrane collagen is enzymatically 

cleaved to a smaller molecular weight species (Grant, Kefalides, Proc­

kop, 1972a, -b; Grant, Harwood,.Williams, 1975; Williams et al., 1976) 

which is larger than similarly modified collagens (Dehm and Prockop, 

1971). The mechanism by which the helical basement membrane collagen 

components associate with the basement membrane matrix and ultimately 

become covalently attached to it is unknown.
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Basement Membrane Function ,

Tissue Support and Repair

Basement membranes as a class are thought to have two physiolo­

gical functions. The first and most obvious is that of an extracellular 
Scaffold to which cells that define organ function are attached. This 
scaffold provides physical support (Murphy and Johnson, 1975) and serves 

to define and maintain the spatial arrangement of the particular organ 

system.

In addition to this support function, basement membranes are 

also involved in tissue repair processes (Vracko, 1974a). When small 

portions of various organs (lung, muscle, kidney, liver) were injured 

resulting in cell death, tissue repair occurred by an orderly repopula­

tion of new cells in the injured area. This repopulation process oc­

curred by the growth of new cells along the remaining uninjured basement 

membrane until the Same number of cells, types of cells, and positional 

arrangement of the cell types was similar to that before the injury.

This orderly repair process results in the restoration of physiological 

function to the injured area. However, if the basement membrane was 

destroyed during the injury process, orderly tissue repair did not occur, 

scar tissue was formed and physiological function was lost.

The ability of the basement membrane to properly position the 

repopulating cell types has been related to a sidedness or polarity for 

cell types. When skeletal muscle basal lamina segments were excised and 

reimplanted, the surrounding muscle fibers and capillaries, although
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having access to both sides of the implanted basement membrane, invari­
ably prefered to attach and grow on only one side (Vracko and Benditt,

1972). Thus, the basement membrane contains structural information 

which permits or stimulates repopulation of the proper cell types in the 

proper numbers in the correct spatial arrangement to maintain tissue 
structure and function.

The Basement Membrane in 
Glomerular Filtration

In addition to physical support and repair functions, certain 

basement membranes have been theorized to play a role in other physio­

logical processes. The glomerular basement membrane has been thought to 

be such a structure. From the electron microscopic tracer studies of 
Farquhar, Wissig, and Palade (1961) a functional model for the glomerulus 

and its components was reported. The glomerular basement membrane (GBM) 

was accorded the role of the main filter of the glomerular capillaries 

(see Figure 4). The endothelium on the blood side of the capillary was 

said to be a valve which limited access to the filter (GBM) while the 

epithelium located on the urinary side of the capillary monitored the 
passage of filtered protein for recovery. The mesangium was thought to 

maintain the filtration integrity of the GBM by removing substances 

which might clog the filter by accumulating against it.

Another view of the glomerular filtration mechanism is held by 
Ryan, Hein, and Kamovsky (1976). They have reported that glomerular 

filtration barrier function was dependent upon the maintenance of normal 

blood flow conditions. Two filtration models were proposed by these
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Nucleus

Figure 4. Diagram of a Portion of the Glomerular Capillary
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authors to account for their findings. The first proposed mechanism in­

volved the establishment of a "concentration^polarization layer" between 
the endothelium and GEM. This barrier layer was proposed to arise when 
large proteins which were held up by the GEM during ultrafiltration in­

hibited the passage of the smaller blood proteins. The second proposal 

involved the filtration of proteins not only on the basis of their mol­
ecular weight and molecular radius, but charge. Chang et al. (1975) 

have reported that negatively charged dextrans are held up more than 

neutral dextrans of the same molecular weight and radius. The location 
of this charge barrier thought to be in the form of negatively charged 

glycoproteins was presumed to be either on the endothelial cell surface 

or the blood side of the basement membrane because plasma proteins were 

not normally observed to penetrate beyond the endothelial layer (Ryan, 

Hein, and Kamovsky, 1976). Sialoproteins are also known to coat the 

epithelial foot processes (Latta, Johnston, and Stanley, 1975). Kar- 

novsky and Ainsworth (1973) have reported electron microscopic tracer 
studies which suggest that the epithelial slit pores may also possess a 

filtration capability. In both of their proposed filtration mechanisms 

Ryan, Hein, and Kamovsky (1976) hypothesize that "the epithelial layer 

m^y, by controlling solvent flux, indirectly but significantly modulate 

the rate of passage of plasma proteins across the GEM".

The administration of puromycin aminonucleoside to rats results 

in proteinuria within three days and thus provides a model system for 

studying abnormal glomerular structure and function. When Farquhar and 

Palade (1961) examined glomerular morphology 9 days after the commence­

ment of daily aminonucleoside injections, they observed not only altered
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epithelial structure, but a thickening of the glomerular basement mem­

brane. The glomeruli also exhibited areas of a spongy, less dense mate­

rial which was presumed to be abnormal basement membrane. Protein 

tracers were observed to penetrate the glomerular basement membrane of 

these aminonucleoside treated animals. Farquhar and Palade (1961) rea­

soned that since the glomerular basement membrane is morphologically 

altered during puromycin aminonucleoside treatment resulting in protein­

uria, the basement membrane is the main filtration barrier. In addition 

to the observable microscopic changes, Kefalides and Forsell-Knott (1970) 

have reported an increase in the glucose content of the glomerular base­

ment membrane isolated from rats that had been treated with the amino­

nucleoside for 11 days. An increased rate of proline incorporation into 

glomerular basement membrane collagen during aminonucleoside nephrosis 

had also been observed (Blau and Michael, 1971).

Byan and Karnovsky (1975) and Fisher and Klein (1963) have ex­
amined glomerular structure 3 days after the commencement of aminonucle­

oside injection. They have reported that while the basement membrane 

appeared normal the epithelial foot processes were fused and clumped. 

Michael, Blau, and Vernier (1970) have noted a decrease in the amount of 

sialoproteins obtained from glomeruli isolated from aminonucleoside ne­

phrotic rats as compared to controls. Interestingly, during proteinuria 

induced by the injection of large amounts of albumin the sialoprotein 
content decreased while the epithelial foot processes became fused (Roy, 

Vernier, and Michael, 1972). The glomerular basement membrane appeared 

normal during protein load induced proteinuria.
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The mechanisms by which aminunucleoside injection or protein 

load induced proteinuria are not known at the present time. In the case 

of protein load it appears that proteinuria occurs in the absence of 

recognizable structural changes in the basement membrane. In the acute 

stages of aminonucleoside proteinuria, abnormal protein filtration is ob­
served before demonstrable basement membrane changes. In both cases, 

significant structural alterations are observed in the epithelial foot 

processes. These findings would favor the Kamovsky model of the sialo- 

protein coat or epithelial cells as acting as the primary barrier to 
protein filtration in the glomerulus and not the glomerular basement 

membrane.

The Glomerular Basement Membrane in Disease 

The renal glomerulus is the site of numerous disease related 

processes which result In glomerular basement membrane alterations (Churg 

and Grisham, 1975). The diseases affecting the glomerular basement mem­

brane fall into two general categories. The first category encompasses 

diseases which involve a direct attack by extra-glomerular factors on 

the basement membrane. These are primarily antigen-antibody reactions 

involving the matrix per se or substances trapped within the matrix.

The second category includes diseases in which basement membrane alter­

ations are secondary to changes in glomerular metabolism. The exact 
nature of these glomerular metabolism changes is not know.

Diabetes mellitus would be classified in this second category.

In diabetes the glomerular basement membrane becomes significantly
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thicker in width (0sterby and Lundback, 1970). Similar but less dra­

matic basement membrane thickening is observed in other tissues (Otto, 
Themann, Watner, 1967; Kilo, Volger, Williamson, 1972; Vracko and Ben- 

ditt, 1974). Two major questions concerning diabetes and basement mem­

brane alterations have been raised over the years. The first question 

was how closely does the onset of diabetes correspond to the commence­

ment of basement membrane thickening? Siperstein, Unger, and Madison

(1968) examined muscle capillary basement membranes in normal, diabetic
- - ' ' . ■ -and prediabetic patients and found that the basement membrane thickness

was smallest in the normal, greatest in the diabetic and intermediate in 

the prediabetic groups suggesting a hereditary predisposition for base­

ment membrane thickening. More recently, however, more detailed studies 

of Kilo, Volger, and Williamson (1972) have indicated that the commence­

ment of basement membrane thickening is correlated with the onset and 

duration of diabetes. 0sterby (1973) and Otto, Themann, and Wagner 

(1967) have also found a correlation between the known duration of dia­
betes and thickness of capillary basement membrane. Currently, base­

ment thickness is regarded as a function of age and duration of the 

disease.

The other question that has received considerable attention is 

whether the glomerular basement membrane composition changes with the 

duration of diabetes. There is presently a divergence of opinion on 

this question. Lazarow and Speidel (1964) found an increase in the 

amount of basement membrane material in glomeruli isolated from human 

kidneys with long standing diabetes. Although an increase in basement
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membrane content was observed, no compositional differences were ob­
served between the normal and diabetic samples. Studies by Kefalides 

(1974) and Westberg and Michael (1973) have also failed to find ally sig­

nificant differences between normal and diabetic samples although a 

slight decrease in the half-cystine content was seen in the diabetic 

samples. Beisswenger and Spiro (1973;), on the other hand, have reported 

finding significantly more hydroxylysine and disaccharide units in dia­

betic versus normal glomerular basement membrane-; A corresponding de­
crease in the lysine content was also observed. In addition, slight 

increases in the hydroxyproline and glycine and decreases in the valine 

and tyrosine contents were reported (Beisswenger and Spiro, 1973; Spiro, 
1976). These reported differences in the amino acid content of diabetic 

glomerular basement membrane samples has not been completely explained. 

Differences in the duration, severity and control of the diabetic popu­

lations sampled might explain the observed compositional dis crepancies. 

Alternatively, the differences in the glomerular basement membrane iso­

lation procedures used by Spiro (1967a) and Kefalides (1966) might also 

account for the differences observed.
At the present time there are many hypotheses to account for the 

glomerular basement membrane changes observed in diabetes. Vracko and 

Benditt (1974) have proposed that diabetic cells are more susceptible to 

cell injury and destruction than normal cells resulting in an increased 

diabetic cell turnover. They hypothesize that the cells are programmed 

to form one quanta of basement membrane during.their life span (Vracko, 

1974b; Vracko and Benditt, 1970). By increasing the turnover of cells.
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basement membrane is formed at a faster rate resulting in a thicker 
basement membrane (Vracko and Benditt, 1970).

There are many observations, however, which would argue against 

heredity as being the determinant of basement membrane lesions. Base­

ment membrane thickness correlates with the duration of diabetic meta­

bolic distrubances (0sterby., 1973; Kilo, Volger, Williamson, 1972; Otto, 

Themann, Wagner, 1967). There is less basement membrane thickening 

(Jackson et al., 1975; Bloodworth and Engerman,.1973) and a lowered oc­

currence of nephropathy and retinopathy with good diabetic control 
(Keiding, Root and Marble, 1952; Hardin et al., 1956; Miki et al.., .1969; 

Pirart, Lauvaux and Eisendrath, 1975; Job et-al; 1975)'. Additionally 

normal animals in which diabetes was experimentally induced demonstrated 

microangiopathies. Normal patients affected with pancreatic diseases 

resulting in a loss of insulin activity also show microangiopathies. 

Glomerular capillary mesangial lesions resulting from induction of ex­

perimental diabetes regressed following pancreatic islet transplantation 

(Mauer et al., 1975). Taken together, these observations would argue 

for either a direct or indirect role for insulin in the development of 

microangiopathies (Spiro, 1976). Peterson, Greene, and Reaven (1971) 

observed that ribosomes isolated from insulin deficient rat kidney cor­

tex were more active in peptide chain elongation than ribosomes from 

normal animal kidneys. Mogensen and Andersen (1975) observed that in­

sulin normalized kidney size after a diabetes induced kidney enlargement 

These findings suggest that insulin results in decreased protein synthe­

sis. This might account for the increased basement membrane thickness

X
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observed during states of insulin inadequacies (i.e.» diatebes). At. 

present it is not known whether insulin itself or an indirect effect of 
insulin such as on glucose metabolism affects basement membrane meta­
bolism.

Diabetes appears to have a selective effect on certain steps in 

the basement membrane synthetic pathway. R. Spiro and M. Spiro (1971b) 

found significantly elevated glucosyltransferase activity in rat kidney 

cortex samples of diabetic fats as compared to controls. Khalifa and • 

Cohen (1975) have reported increased lysyl hydroxylase activity in glom­
erular preparations from diabetic rats. These findings would support 

the hypothesis of increased synthesis of the basement membrane collagen 

component. Enzymes thought to be responsible for the formation of the 

heteropolysaccharide were not elevated under experimental diabetic con­

ditions (R. Spiro and M. Spiro, 1971b>,1971c).

Increased hydroxylation followed by a concommitant increase in 

the disaccharide attachment activity are post-translational processes 
which may be regulated by blood glucose levels (R. Spiro and M. Spiro, 

1971b; Khalifa and Cohen, 1975). The changes in glomerular basement 

membrane glycine, tyrosine and valine content (Spiro, 1976) are more 

difficult to explain by alterations in post-translational events. More 

reasonable would be changes in the rate of formation of different base­

ment:.membrane component proteins, preferential incorporation of certain 

basement membrane components, or a selective degradation of certain 

basement membrane components.
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In addition to insulin and blood sugar levels, growth hormone 

has been implicated in the progression of diabetic microangiopathies 
(Lundbaek, 1971). Mogensen and Andersen (1975) have reported increased 
levels of somatotropin in juvenile diabetics. Decreasing the blood 
levels of somatotropin by pituitary ablation slowed the rate of progres­

sion of diabetic retinopathy (Luft and Guillemin, 1974; Ray et al.,

1968). Somatotropin-deficient diabetic dwarfs have been found to be 

resistent to the development of microangiopathies (Merimee et al., 1970) 

The interrelationship between insulin, blood glucose and growth hormone 

in the development of basement membrane lesions requires further study.

Rationale and Obiectives

The study of the basement membrane in health and disease has 

been hampered by a number of methodological problems. First and fore­

most has been the lack of methodology for the isolation of morpholog­
ically intact highly purified basement membranes from tissues known.to 

be affected in various disease states which result in basement membrane 

lesions. The question of whether or not the composition of the glom­

erular basement membrane changes during diabetes may well rest on the 

development of improved basement membrane isolation techniques. As a 

corollary to the improvement of basement membrane isolation techniques, 

the collection of pure suborgan fractions from which to isolate basement 

membrane is necessary. For all but a few suborgan preparations, the 

purification of suborgan fractions results in the contamination of the 

fraction with organ debris or unwanted structures. Consequently, the
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first objective of this study will be to develop improved methods for 

the isolation of pure morphologically intact basement membranes from 

disease susceptible suborgan fractions. In this regard, Meezan et al. 
(1973) have developed a procedure for the isolation of a highly purified 
rat kidney glomerular preparation which is 99% free of tubular contami­

nation. Isolated brain microvessels (Brendel, Meezan, and Carlson>

1974) and retinal blood vessel (Meezan, Brendel, and Carlson, 1974) prep­

arations are also available in high purity. Using these isolated sub- 
organ fractions and appropriate reference tissues, basement membranes 

will be isolated and analyzed. The structural integrity of the isolated 

basement membranes will be monitored by light and electron microscopy.
Because of the lack of a procedure for the acquisition of 

highly purified basement membranes, biochemical studies of basement mem­

brane synthesis have examined primarily non-matrix bound newly formed 

proteins (Krisko and Walker, 1974; Williams et al., 1976; Killen, Quad- 

racci. Striker, 1974; Brown and Michael, 1973; Cohen and Vogt, 1975). 

Since the basement membrane is defined by its anatomical appearance, the 

use of systems in which the matrix is not purified may Be susceptible 

to non-basement membrane protein contamination. In part due to the dif­

ficulty of isolating the basement membrane matrix and the relatively 

slow turnover of basement membrane proteins (Walker, 1973; Spiro, 1976), 

the processes associated with the deposition of newly formed basement 
membrane proteins are poorly defined. Thus, the second objective of 

this study will be to examine the deposition of newly formed proteins 

into the basement membrane matrix. The isolated rat glomerular
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preparation of Meezan et al. (1973) will be used. This glomerular 

preparation has been demonstrated to be metabolically active and mor^ 

phologically intact (Meezan-et al.» 1973;; Brendel and Meezan, 1973). In 

addition, gluconeogenic activity was observed in this glomerular prep­

aration (Brendel and Meezan, 1973). This finding of gluconeogenic 
activity in a suborgan fraction known to be altered in diabetes pro­
vided an opportunity to study the role of glucose in basement membrane 

formation. Beisswenger and Spiro (1970) reported that diabetic glom­

erular basement membranes contained substantially more glucose and galac­

tose than normal glomerular basement membrane samples. Spiro (1971) 

hypothesized that in diabetes, glucose was shunted to insulin insensi­

tive metabolic pathways. It was implied that the glycosylation of base­

ment membrane proteins Was such a pathway (Spiro, 1971). The finding of 

glucose production in the glomerular preparation raised the question of 

which pool of glucose might be responsible for this proposed increased 

glucose utilization. Thus, the third objective of this study will be to 

determine if glomerular gluconeogenesis is a factor which could influ­

ence basement membrane synthesis by increasing the glucose levels in the 

cells where basement membrane synthesis is occurring.



CHAPTER 2

MATERIALS AND METHODS

Tissue isolation
Rat Glomeruli

Male Sprague-Dawley rats weighing 250 - 300 gms were used in all 

metabolic experiments. They were given Wayne Lab-Blox^ (Allied Mills) 
and tap water ad libitum. For gluconeogenic experiments, the animals 

were allowed only tap water for the 24 hours prior to the experiment.

Rats were anesthetized with an intraperitoneal injection of 0.1 ml/100 

gms Sodium Nembutal**'. A midline incision was made and the abdominal
musculature retracted. The mesenteric artery was ligated. Loose liga-

■

tures were placed on the descending aorta above and below the branches 

to the renal arteries. Cannulation of the descending aorta below the re­

nal arteries followed complete ligation at the upper aortic site. The 

ascending vena cava was then severed to permit drainage of the perfusate. 

The kidneys were perfused with 20 ml of Earle*s balanced salt solution 

(116 mM NaClj 16 mM KC1, 1 mM N a H ^ O ^ ^ O ,  0.8 mM MgSO^'THgO, 5.6 mM glu­

cose, 1.8 mM CaClg) buffered with HEPES (N-2-hydroxyethyIpiperazine-N-2- 

ethane sulfonic acid (pH 7.4) fortified with 0.1% bovine serum albumin 

and 50 mg/1 Penicillin G®' followed by 10 ml of an iron oxide suspension 

(0.72 gm/100 ml) consisting of buffer with 4% polyvinylpyrrolidone. 
Physiological pressures were maintained throughout the kidney perfusion. 

The kidneys were removed, minced with scissors and homogenized with four 
up and down strokes with a hand-held homogenizer (Arthur H. Thomas Co.,

42
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Philadelphia«, PA), which had a tapered loose fitting teflon pestle in a 
glass tube.

The homogenate was poured onto a 210 y pore size nylon sieve 

(Kressilk Products Inc., Monterey Park, CA) and washed by spraying with 
buffer. The material passing through the 210 y sieve was then washed 

through a series of 153 y, 110 y, and 64 y pore size sieves, respec­

tively. The 110 y pore size sieve was included in the isolation regimen 

only when the gluconeogenic activity of the various glomerular fractions 

was being studied. See Figure 5. The material retained on the 110 y 

and/or 64 y sieves was suspended in.buffer and held over a permanent 

magnet. The iron oxide particles lodged in the glomerular capillaries 

caused the glomeruli to rapidly aggregate near the magnet. The non­

magnetic material was decanted off. . Well defined, recognizable free tu­

bules made up approximately 80% of the non-magnetic material retained on 

the 64 y sieve with the balance of the material being small, ill defined 

structures, the majority of which were probably of tubular origin. This 

fraction was the source of rat kidney tubules used in the gluconeogenic 

experiments. After several decantation washings, the magnetic material 
consisted of glomeruli 99% free of tubular contamination.

A further modification of this procedure allowed the separation 

of glomerular tufts and glomerular tufts with attached Bowman? s capsule 

(Hjelle, Meezan, and Brendel, 1975). This involved suspending the glom­

eruli, which were freed of tubular contamination by the iron oxide pro­

cedure, in Kreb? s bicarbonate buffer in a plastic Falcon petri dish. 

After 5 - 10 minutes those glomeruli with attached Bowman? s capsule
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adsorbed to the surface of the petri dish. The glomerular tufts re­

mained unattached and could be collected by decantation. The glomeruli 
with, attached Bowman's capsule could be removed from the petri dish by a 
mild rinse with albumin containing buffer. The suspended preparation 

was approximately 95% free of glomeruli with attached Bowman’s capsule. 

Approximately 80% of the glomerular tufts in the non-suspended fraction 

retained their Bowman's capsule, although this percentage varied among 
preparations. Further purification of these preparations was accom­

plished by removing contaminating structures with a drawn pipet while 
viewing the glomeruli through a dissecting microscope.

Rabbit Proximal Tubules
Hew Zealand white rabbits weighing 2 - 3  Kg were used in all

Rexperiments. The rabbits were maintained on Wayne Rabbit Blend (Allied 

Mills) and tap water ad libitum. The rabbits were given only tap water 

for the 24 hours prior to gluconeogenic experiments. Initial experi­

ments employed acetaparaldehyde (0.5 mg/kg) given as an intraperitoneal 

inj ection followed by diethyl ether to bring the animals to a surgical 

plane of anesthesia. Subsequent experimentation has shown that killing 

of the animal with a blow to the head permits the necessary in Situ sur­

gery to be performed without adverse effect on the metabolic activity of 

the isolated tubules. Because of the larger size of the rabbit relative 

to the rat, the renal arteries could be cannulated directly. The kid­

neys were perfused under physiological pressures with Earle's balanced 

salt solution fortified with 0.01% bovine serum albumin and 50 mg/1
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Penicillin G^. For gluconeogenic experiments, the glucose was omitted 

from the buffer. After complete removal of blood elements as indicated 
by a lightening in color of the kidney, a suspension of iron oxide 0.72 

gm/1 was perfused in Earle's buffer containing 4% PVP. The kidney cor­

tex was then removed with surgical forceps and suspended in buffer in a

hand homogenizef equipped with a loose fitting Teflon plunger. Five up 
and down strokes with the hand homogenizer disrupted the cortical mate­

rial sufficiently to permit sieving. The homogenate was poured through 

a 210 y pore size sieve and washed by spraying with buffer. The mate­
rial passing through the sieve was then poured onto a 153 y sieve. The
material washed through the 153 y sieve was placed on a 64 y pore size 

sieve. The material retained on the 64 y sieve consisted of 95% tubules 

with 5% iron oxide filled glomeruli. Following a buffer wash on the 
64 y sieve, the tubules and glomeruli were washed off the sieve into a 

plastic beaker and placed over a magnet. The suspended tubules were 

then decanted into a plastic centrifuge tube while the iron oxide filled 

glomeruli remained at the bottom of the beaker attracted by the magnet. 

Centrifugation of the tubule suspension at 2000 x g resulted in a tubule 

pellet 99% free of any contaminating structures.

To compare the metabolic activity of the tubules obtained by the 

homogenization and sieving procedure to that of tubules prepared by the 

classical enzyme digestion procedure of Burg and Orloff (1962), one kid­

ney was cannulatad and perfused with Earle's buffer as described above. 

The contralateral kidney was perfused with 15 ml of Earle's buffer con­
taining 1 mg/ml collagenase type II (Worthington Biochemical Corp.,
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Freehold, NJ). The collagenase treated kidney was then minced and sus­

pended in 40 ml of the collagenase solution. After 30 minutes, the kid­

ney mince Was filtered through cotton gauze. Subsequent experimentation 

had demonstrated that the tissue could be more efficiently handled if 
the cotton gauze was replaced by nylon sieving material. Thus, for the 

experiments described the cotton gauze used by Burg and Orloff (1962) 

was replaced with nylon sieves. Extensive washing of the collagenase 
treated material was required due to the avidity with which the collagen­

ase attached to the tubular basement membrane. The collagenase treated 

tubules were collected on a 110 y pore size nylon sieve.

To compare the effects of collagenase perfusion on the metab­

olism of the isolated tubules, an aliquot of the tubules isolated by the 

iron oxide perfusion-homogenization method was suspended in Earle's buf­

fer containing 1 mg/ml collagenase for 30 minutes. The metabolic acti- 
ities of the non-coilagenase treated tubules, the collagenase incubated 

tubules, and the collagenase perfused and incubated tubules were then 

measured.

Bovine Retinal Blood Vessels 1

Isolation of bovine retinal blood vessels employed the method of 

Meezan, Brendel, and Carlson (1974). Freshly enucleated bovine eyes 

were obtained from a local slaughter house (Jones Meat Packers), The. 

retinas were removed and placed in Earle's buffer. The retinas were 

kept on ice in Earle's buffer while being transported to the laboratory. 

Mincing of the retinas with scissors was followed by an initial
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homogenization of 10 up and down strokes in a smooth glass hand-held 

homogenizer equipped with a Teflon plunger. The homogenate was poured 
onto an 86 p pore size sieve and washed by spraying with buffer. After 

extensive washing, the retained material was rehomogenized with 5 up and 

down strokes of the hand homogenizer. The homogenate was again poured 
over an 86 p sieve and washed with buffer. The retained material was 
99% free of non-vascular material. Figure 6 illustrates this procedure.

Bovine.Brain Blood Vessels

Following the method of Brendel, Meezan, and Carlson (1974), 

cortical blood vessels were isolated from bovine brains obtained from a 

local slaughter house. The brains were kept on ice during transport to 

the laboratory. Pieces of cortical tissue were removed from the brain 

with surgical forceps and placed in a hand-held smooth glass tube . 

equipped with a loose fitting Teflon pestle. Hand homogenization with 

10 up and down strokes of the cortical pieces suspended in Earle’s buf­

fer resulted in the disruption of the majority of non-vascular elements. 

The homogenate was poured over a 153 p pore size sieve which retained 

the vascular elements but passed the disrupted non-vascular material.

The retained vessels were washed with.: spray of buffer. Complete removal 

of adhering non-vascular material was accomplished by a second 10 - 15 

stroke homogenization of the retained vessels. A resieving of the homog­

enate and buffer wash gave a highly purified brain vessel preparation.
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Bovine Lens Capsule

The lens capsule from enucleated bovine eyes was obtained by 

surgically removing the lens. The lens was then bisected and the lens 

capsule removed with forceps and washed with a spray of buffer.

Basement Membrane Isolation

The procedure for the isolation of the basement membrane from 
the various suborgan preparations has previously been reported by our 

laboratory (Meezan et al.s 1975) and is shown in Figure 7. Cell lysis 

was achieved by stirring the tissue in a large volume (100:1) of dis­

tilled water containing 0.1% sodium azide for 1 - 2  hours. After cen­

trifugation the pellet was suspended and stirred in 40 ml of 1 M N a d  

containing 2000 Kunitz units of DNAase (Sigma, Deoxyribonuclease I) for 
1 - 2  hours. This suspension was centrifugated to obtain a firm pellet. 
ReSuspension of the pellet in a 4% sodium deoxycholate (DE0.G) solution 

containing 0.1% sodium azide was followed by 2 - 4 hours of stirring at 

room temperature. The DEOC suspension was either pelleted and washed 

several times with distilled water or poured onto a 44 u nylon sieve and 

extensively washed by spraying with distilled water. This was the pro­

cedure for the isolation of basement membranes used for chemical and 
morphological analyses.

Tissue Preparation for 
Microscopic Examination

Phase contrast photOmicrographs of bovine brain and retinal 

blood vessels suspended in phosphate-free saline were obtained with the
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GLOMERULI

Figure 7. Deoxychelate Basement Membrane Isolation Procedure

Although glomeruli are listed in this scheme, purified basement membrane 
preparations can be Obtained from numerous other suborgan fractions.



52

use of a Zeiss Ultraphot TT microscope equipped with phase optics. 

Transmission and scanning electron microscopic examination of tissue and 

basement membrane samples were performed by Dr. Edward C. Carlson of the 
Department of Anatomy, University of Arizona Medical School.

Isolated Suborgan fractions and the basement membrane derived 

from these fractions were fixad 1 hour in cold (4° C) Karnovsky’s fixa­

tive buffered with 0.2 M sodium cacodylate at pH 7.3 (Karnovsky, 1965). 

This was followed by post-fixation in 2% OsO^ buffered with 0,144 M so­

dium cacodylate buffer. To simplify tissue manipulation, a drop of warm 

2% Nobel agar was placed over the pelleted tissue. These pellets and 

surrounding coagulated agar were dehydrated in an ascending series of 

graded ethanols (50% to 100%) and propylene oxide before embedding in 

Epon-Araldite (Anderson and Ellis, 1965)• Epoxy blocks were cured over­

night at 37° C and 48 hours longer at 60° C. Ultramicrotomy was carried 
out on a Sorvall MT-2 ultramicrotome equipped with glass or diamond 

knives. One micron thick sections were, stained with toluidine. blue (1% 

toluidine blue in 1% sodium borate) and observed at the level of light 
microscopy for determination of pellet orientations. Thin sections were 

mounted on uncoated 200 mesh copper grids and stained with lead citrate 

(Venable and Coggeshall, 1965) and uranyl acetate (5% in absolute etha­

nol) . Tissue examination was carried out on a Philips EM 300 electron 

microscope at original magnifications of 5600 - 16000. This procedure 

has previously been reported (Meezan et al., 1975).

■ Tissue preparation for scanning electron microscopy followed a 

different procedure. The suborgan fractions were fixed in 2.5%
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glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 24 - 37° C for at 

least one hour. Following a thorough rinse with phosphate buffer (pH 
7.4)s the tissue was post-fixed in 1 % OsO^ in 0.1 M phosphate buffer for 
one hour. Tissue dehydration was accomplished by suspending the tissue 

in an ascending series of acetone solutions (20%, 40%, 60%, 80%, 100%, 

100% and 100%). After critical point drying, the tissue was placed on 
a specimen stub with double sided tape- Finally, the tissue was coated 

with evaporated carbon and gold/palladium.

Chemical Analysis of Isolated 
Basement Membranes

Carbohydrate Analyses

The isolated basement membrane fractions were hydrolyzed 4 hours 

in 2 N trifluoracetic acid at 115* C in 1.5 ml Teflon capped conical 

tubes. The hydrolysate was evaporated to dryness and dissolved in 1 ml 

of 0.5 N NH^OH; 15 mg of NaBH^ was added, and the reduction was allowed 

to proceed for 1 hour. Excess NaBH^ was then destroyed by dropwise ad­

dition of glacial acetic acid and the reaction mixture evaporated to 

dryness. The residue was taken up in 0.3 ml of glacial acetic acid and 

2 ml of acetic anhydride and heated at 120° C for 90 minutes. After 

evaporation to dryness, the residue was partitioned between 0.5 ml of 

saturated Na^CO^ and .2 ml of CH^C^- The separated organic phase was 
removed by evaporation and the residue dissolved in 100 pi of acetone 

and injected onto a 3% OV 225 gas chromatography column. Peaks of the 

neutral and amino-sugar alcohol acetates were well separated and eluted
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within 30 minutes and Were quantitated by cutting- and weighing" the peaks 
using 2-deoxyglucose as an internal standard. The above procedure was 
a modification of that of Grimes (1974).

Amino Acid Analyses

The isolated basement membrane fractions were hydrolyzed in 

glass distilled 6 N HC1 under nitrogen for 22 hours at 105° G in vacuum 

hydrolysis tubes (Pierce Chemical Co., Rockford, II). Initial analyses 

were performed by the standard procedure of Moore and Stein (1954) using 

a Beckman model 118 amino acid analyzer. This resulted in the separa­
tion and quantitation of all the sample amino acids except histidine 

which consistently gave values that were greater than those previously 

reported. This was probably due to the similar chromato graph!c charac­

teristics of the crosslinked amino acids known to be present in extra­

cellular matrices (Gallop and Paz, 1975). To avoid this problem and to 

increase the sensitivity of the analysis, the gas chromatographic amino 

acid analysis method of Gehrke, Roach, Zumwalt, Stalling and Wall (1968) 

was employed. This involved evaporation of the hydrolyzate in a warm 

miniaktor tube (Applied Science, State College, PA) with a gentle stream 

of nitrogen. Dry butanol:3 NHC1 (Regis Chemical Co., Morton Grove, II) 

was added to the dry residue. A layer of Teflon tape was placed between 
the screw cap and the glass miniaktor tube. The residue was suspended 

in butanol:HC1 mixture by placing the capped tube in a sonicator for 1 

minute. The tube was then heated in an oil bath for 30 minutes at 100° 

C= After butylation the tube was cooled and evaporated to dryness with
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nitrogen. Trifluoroacetic anhydride (Aldrich Chemical Co., Milwaukee, 

WS) which had been distilled over phosphorus pentoxide was mixed with 

dry methylene chloride (1:2) and added to the dry butylated residue.
The miriiaktor tube was sealed as described above and heated in an oil 

bath at 145° C for 5 minutes. After the tubes had Cooled to room tem­

perature the N-TFA-n-butyl ester derivatives of the sample amino acids 

were ready for injection. A model 1200 Varian Aerograph with a four- 

column oven, flame ionization detectors, dual differential electrometers 

equipped with a Varian CDS-101 integrator and Varian Model 20 recorder 

was used. The glass columns were packed with either ethylene glycol 

adipate stabilized (EGA) on chromosorb W (0.65% x/w/) or 2.0 w/w% 0V-17 

+ 1.0 w/w% OV-210 on Gas Chrom Q (Applied Science, State College, PA). 

The resins were prepared by the method of Kaiser et al. (1973).

Metabolism

Gluconeogenesis

Rat gluconeogenic experiments were carried Out by incubating

tubule and glomerular fractions isolated from 24 hour starved rats in
14Earle’s buffer with radiolabeled C-substrate in a disposable plastic

vial for 90 minutes at 37° C in a shaking water bath. The method of
14Brendel and Meezan (1973) was used to assay for C-glucose. The incu­

bation vial was centrifuged- and. the incubation medium, removed and 
placed on a mixed bed ion exchange column. The column consisted of a 

mixture qf Ag 50 200 mesh hydrogen form mid Ag 1 200 mesh bicarbonate 
form resins. After the column was washed with a 0.17 M glucose solution.



56

an aliquot of the effluent was counted on a Beckman LS-250 scintillation
14counter. This represented the total neutral C-labeled material formed. 

The remainder of the effluent was incubated with glucose oxidase (Gluco- 

stat^). This converted the ^^C-glucose which does not bind to the col­
umn to '^C-glueonie acid which does. The ^C-material obtained after

*Dapplication of the Glucostat incubation medium to a mixed bed column 

and elution with 0.1% glucose solution represented counts per minute 
other than ^C-glucose which were eluted through the first column. Sub­

traction of the post-glucose oxidase counts from the gross glucose
. 14

counts gave the total C-glucose produced. Disruption of the glomer-
14ular tissue by sonication to remove intracellular C-glucose did not 

significantly increase the amount of "^C-glucose measured when only the 

incubation medium was assayed.

Rabbit gluconeogenic experiments were carried out by incubating 

the proximal tubule preparations isolated from 24 hour starved rabbits
14in Earle’s buffer with radiolabeled C-substrates in glass shell vials

(Arthur H. Thomas Co»» Philadelphia, PA). After dispensing equal ali-
14quots of each tubule preparation into the dram shell vials, C-sub­

strates were added to each vial and incubated at 37° C. At various

times some of the vials were centrifuged and the medium removed and as- 
14sayed for C-glucose. The pellets were used for protein analysis ac­

cording to the method of Lowry, Rosebrough, Parr and Randall (1951) or 

Bohlen, Stein, Dairman .and-Udenfriend (1973).
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Oxidative Metabolism
14 14The production of COg from several C-labeled substrates was

used as an index of oxidative metabolism. The collection and measure­

ment of the produced by the isolated suborgan fractions was facil­

itated by the use of a continuous monitoring apparatus described by

Brendel and Meezan (1974). This apparatus allowed the simultaneous col- 
14lection of CO^ from 10 different samples. The incubation buffer con­

sisted of Earle’s balanced salts buffered with 28 mM HEPES and fortified 

with 0.01% bovine serum albumin and 50 mg/1 Penicillin G^V The "^C-sub- 

strates were added directly to the tissue suspended in buffer in 3 ml 

plastic disposable beakers. The beakers were then attached to the ap­

paratus and incubated at 37° C in a shaking water bath. At 20 to 30

minute intervals, the ^CO^ collecting vials were replaced and filled
14with scintillation cocktail. Summation of the C counts per minute

14gave the time course of C0o production for each incubation vial. 

Transport and Incorporation

Suborgan fractions were incubated in Earle’s buffer at 37° C in 

a shaking water bath in plastic round bottom centrifuge tubes. At vari­

ous times after the addition of radiolabeled substrate, multiple ali­

quots were removed and placed on glass fiber filters and washed with a 

spray of 0.9% NaCl. Half of the aliquots were washed with cold 10% TCA 

followed by cold 70% ethanol. The filters were placed in scintillation 

vials and suspended in 1 ml of 0.1 N NaOH, the filters disrupted by 

sonication and diluted to 1.5 ml with 0.1 N NaOH. Scintillation
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cocktail was added and the vials counted. The saline washed counts re­

present the total uptake of labeled substrate while the TCA-ethanol 
treated sample counts represent only particulate of incorporated sub­

strate.

When p-aminohippuric acid (PAH) transport was studied, the de^ 

termination of the ratio of acid labeled PAH taken up into the tissue to 

that remaining in the medium was necessary. The buffer used in these 

experiments consisted of 115 mM NaCl, 5 mM KC1, 10 mM sodium acetate,

1.2 mM NaH2P04, 1.2 mM MgSO^, 1.0 mM CaClg, 25 mM NaHCO^ gassed with 95% 

02, 5% C02. The isolated tubules were incpbated in buffer with^^C^l- 
p^aminohippuric acid. At various times, aliquots were removed and 
placed on glass fiber filters and washed with buffer. The filters con­

taining the washed tubules were, placed in scintillation vials, suspended

in 1.5 ml of 0.1 N NaOH, disrupted by sonicatidh, and taken up into
14scintillation cocktail and counted. This gave the amount of C-PAH

\

taken up by the isolated tubules. To determine tissue volume, an ali­

quot of the incubate was placed in a graduated cylindrical bottomed tube 

and centrifuged at 2000 x g for 3 minutes. The pellet height provided

an index of tissue volume. An aliquot Of the supernatant was then
14counted. The amount of C-PAH in a volume of supernatant equivalent to

that of the tissue volume could thus be calculated. The ratio of the 
14amount of C-PAH in the washed and filtered tubules to the amount of 

C-PAH in a volume of supernatant equivalent to that of the tissue vol­

ume gave the tissue to medium ratio. The tissue to medium ratio pro-*- 

vides an index of active transport processes and thus tissue viability.
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Basement Membrane Metabolism

Incubation Conditions
The isolated suborgan fraction was incubated in Earle’s balanced 

salt solution fortified with Minimum Essential Medium Vitamins (Grand 
Island Biological Co., Grand Island, NY) (1.0 mg/1 D-Ca pantothenate,

1.0 mg/1 choline chloride, 1,0 mg/1 folic acid, 2.0 mg/1 i-inositol, 1.0 

mg/1 nicotinamide, 1.0 mg/1 pyridoxal HC1, 0,1 mg/1 riboflavin and 1.0 

mg/1 thiamine) and 50 mg/1 Penicillin G^. When non—radiolabeled amino 

acids were added to the incubation buffer,' Minimum Essential Medium 

Amino Acid Solution (Grand Island Biological. Co., Grand Island, NY) was 

used. The resulting incubation amino acid concentration was 105 mg/1 
arginine HC1, 24 mg/1 cystine, 292 mg/1 glutamine, 31 mg/I histidine, 

52.5 mg/1 isoleucine, 52.4 mg/1 leucine, 58 mg/1 lysine, 15 mg/1 methi­

onine , 32 mg/1 phenylalanine, 48 mg/1 threonine, 10 mg/1 tryptophane,

36 mg/1 tyrosine, and 46 mg/1 valine. When radiolabeled carbohydrates 

were used, glucose was omitted from the incubation medium.

The suborgan fractions were suspended in 4 ml of incubation buf­

fer before the addition of radiolabeled amino acids or carbohydrates.

The radiolabel was added in incubation buffer. When inhibitory com­

pounds were used, they were dissolved in incubation buffer before the 

addition of the tissue. Incubation was carried out in 10 ml plastic 

centrifuge tubes at 37°'C in a shaking water bath.
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Basement Membrane Isolation Procedure

After various times of incubation, aliquots of the incubation

medium were placed in 1.5 ml microfuge tubes and centrifuged on a Beck- 
E.man Microfuge . Glomeruli were microfuged for 30 seconds while non-iron 

oxide filled tissues were microfuged for 1 minute. The supernatants 
were removed with a drawn pipet after which the pellets were each twice 

suspended in 1 ml of saline and microfuged. One ml of 4% DEOC with 

0.01% sodium azide was added to each saline washed pellet with vigorous 

vortexing. After standing overnight at room temperature, the DEOC tis­
sue suspensions were microfuged for 2 minutes and the supernatants re­

moved. The pellets were suspended in 1 ml of saline, vigorously 

vortexed and microfuged for 2 minutes. Following removal of the super­
natant , the resulting pellet was again suspended in 1 ml of 4% DEOC, 

pelleted, twice suspended in 1 ml of saline followed by microfugation. 

The final pellet was suspended in 0.1 N NaOH and heated at 60° C over­

night to solubilize the basement membrane proteins for protein analysis. 

A 100 pi aliquot was removed from each microfuge tube for protein deter­

mination by the fluorescamine method of Bohlen et al. (1973) using bo­

vine serum albumin as a standard. The remaining 900 yl was neutralized 

with HC1, taken up into scintillation cocktail and counted.

14C-Hydroxyproline Determination

To measure the formation of "*"^C-hydroxyproline from "^C-proline,
14suborgan fractions were incubated with C-proline which had been puri-

14fied by ion exchange chromatography. Purification of the C-proline



61

was necessary due to the presence of labeled material which co-
3chromatographed with standard H-hydroxyproline. After incubation$ DEOC 

soluble and DEOC insoluble materials, were separately dialyzed against 

distilled water.. The non-dialyzable material was lyophilized, taken up 
into 6 N HC1 and hydrolyzed at 110° C for 18 hours. After hydrolysis, 

the hydrolyzate's were evaporated to dryness, taken up into 0.01 N HC1 

and placed on Ag 50 200 mesh hydrogen form ion exchange columns. The 
columns were washed with distilled water followed by elution of the 

radiolabel by concentrated ammonium hydroxide. After evaporation, these 

residues were dissolved in 0.2 N sodium citrate buffer pH 3.19. Sepa­

ration of hydroxyproline from proline was effected by injecting a 250 yl 

aliquot of the citrate buffered sample onto an Aminex-27 anion exchange 

column (Bio Rad Laboratories, Richmond, CA), See Figure 8.

Polyacrylamide Gel Electrophoresis

Gel Preparation

Two procedures were used for preparation of the polyacrylamide 

gels. The initial system employed 7% gels which were made by mixing 1 

part solution A (48 ml 1 N HC1, 36.3 gm Tris, 0.23 ml TEMED diluted to a 

total volume of 100 ml with H^O), 2 parts solution C (28.0 gm acrylamide, 

0.735 gm Bis diluted to 100 ml with distilled HgO), 1 part H^O and 4 

parts 0.61 mM ammonium persulfate.
A 5% gel system was prepared by adding 15 ml of buffer con­

sisting of 0.2 M Tris-phdsphate, 0.2% SDS (pH 6.8) fortified with 0.4 ml 

of TEMED to 14.4 gm urea, 0.052 gm Bis and 1.56 gm acrylamide. After
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H-PROLINE

3 H-HYDR0XYPR0LINE

FRACTION NUMBER

Figure 8. Chromatographic Separation of Hydroxyproline and Proline
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the mixture was completely dissolved, 0.2 ml of 0.65 M ammonium persul­
fate was added.

After the gels were poured they were overlaid with distilled 

water and allowed to set for 1 - 2  hours before removal of the water. 
Pyronin Y was employed as the tracking dye.

Tissue Solubilization ,
Experiments utilizing the isolated basement membranes obtained 

by DEOC treatment employed a solution containing 0.01 M Iris (pH 6.8),
1% SDS, 4 M urea, 1Q% sucrose, and 1% mercaptoethanol to solubilize 

basement membrane -proteins for electrophoresis. After electrophoresis, 

the gels were removed from the electrophoresis tubes and fixed in 5% 

sulfosalycylic acid in 10% TCA for 4 hours. The fixing solution was 

removed by soaking the gels in 7% acetic acid. The gels were then 

stained 6 hours in a 0.1% Coomassie blue, 10% acetic acid, 10% isopro­

panol solution. The gels were destained by soaking in 7% acetic acid.

Scintillation Spectroscopy 
B.Kimax scintillation vials were used for all scintillation spec­

troscopy . The scintillation cocktail consisted of 2 parts of a solution
Rof 22.8 gms of Omnifluor (New England Nuclear, Boston, HA) per gallon 

of spectral grade toluene (Mathesbn, Coleman, and Bell, Norwood, OH), 

and 1 part Triton X-100 (Rohm-Haas Co., Philadelphia, PA). Ten ml of 

cocktail was diluted with 1.5 ml of aqueous sample. The counting condi-
3tions employed resulted in a 25.8% counting efficiency for the full H 

window and 58% counting efficiency for the narrow ^ C  window.



RESULTS AND DISCUSSION

CHAPTER 3

Tissue Isolation

Rat Glomeruli

Glomeruli isolated by the iron oxide perfusion method from male 

Sprague-Dawley rats have been reported (Meezan et al., 1973; Brendel and 
Meezan, 1973) to maintain their structural integrity and metabolic activ­
ity. Transmission electron microscopic examination of these isolated 

glomeruli showed the cellular elements of the glomerular capillaries to 

be intact. The basement membrane of the capillaries appeared normal.

Subsequent scanning electron microscopic inspection of glomeruli 

prepared by perfusion of iron oxide particles reveals a close structural 

similarity to glomeruli fixed in situ. The capillary loops are uniform 

with no evident eruptions or bulges that might indicate excessive iron 

oxide perfusion pressures (Figures 9 and 10). The spatial arrangement 

of the capillary loops to the mesangium region of the tuft is maintained 

in the isolated glomeruli. At higher magnifications (Figures 11 and 12), 
the epithelial foot processes are well defined in both iron oxide per­

fused and in situ fixed glomeruli. Loss of foot process detail and epi­

thelial cell blunting is seen in a number of disease states which ad­

versely affect kidney function. Preservation of the fenestrated endo­
thelium lining the glomerular capillaries after iron oxide perfusion has

64
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Figure 9. Rat Glomerulus Fixed In Situ
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Figure 10. Iron Oxide Perfused Glomerulus
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Figure 11. Foot Processes of Iron Oxide Perfused Glomerulus
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Figure 12. Foot Processes of Glomerulus Fixed In Situ
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previously been reported (Meezan et a l . 1973). Thus, the rat glomeruli 
isolated by the perfusion of iron oxide particles followed by hand homog­

enization,; . sieving and- decantation are morphologically intact.and de­
void of discernible structural damage which might affect glomerular 
metabolism. . .

Rabbit Renal Proximal Tubules

The tubules obtained by a modified iron oxide perfusion shown in 

Figure 13 were shown to be almost entirely proximal convoluted.tubules. 

Figure 13a shows the tubules cut in cross section at the light micro­

scopic level. The tubules maintain their individual identity. Electron 

microscopic examination of these isolated tubules reveals an abundance 

of microvilli characteristic of the well-developed brush border of prox­

imal tubules (Figure 13b). The basement membrane surrounds the tubule 
lumen and is smooth and intact as seen by both transmission (Figure 13c) 

and scanning (Figure 14a) electron microscopy. The average thickness of 

the basement membrane was 1500 - 2000 A. From these examinations of the 

ultrastructure of the isolated tubules, it was concluded that the isola­

tion procedure does not result in damage to the gross or fine structure 

of the isolated rabbit tubules (Brendel and Meezan, 1975).

To compare our isolation procedure to the widely used tubule . 

isolation procedure of Burg and Orloff (1962), rabbits were brought to 

a surgical plane of anesthesia with paraldehyde followed by ether. Ope 

kidney was perfused with a solution of 1 mg/ml of Type II collagenase in 

Earl’s buffer while the contralateral kidney was perfused with Earle’s



Figure 13. Rabbit Renal Proximal Tubules Obtained by Hand Homogeniza­
tion and Sieving

a. A light micrograph of three adjacent proximal tubules stained with 
toluidine blue. X800.

b. An electron micrograph of two adjacent isolated tubules. Notice 
that a layer of basement membrane is present on the outer surface of 
each tubule. The presence of microvilli on the lumenal surface of the 
tubules indicates a proximal tubular origin. X8,250.
c. An electron micrograph of interface between two adjacent isolated 
tubules. The basement membranes are closely applied to the basal sur­
face of the tubule cells. The basement membranes are clear and distinct 
averaging 1500 - 2000 X in thickness. X40,000.



70

Figure 13. Rabbit Renal Proximal Tubules Obtained by Hand Homogeniza­
tion and Sieving



Figure 14. Comparison of Sieved and Collagenase Digested Rabbit Proxi­
mal Tubules

a. A scanning electron micrograph of isolated tubules obtained by
sieving. The basement membrane which forms the outer surface of the 
isolated tubules is intact. X500.

b. A scanning electron micrograph of tubules isolated by collagenase 
digestion. The basement membrane is partially or complete digested. 
Tubule cells can be seen blebbing onto the peritubular surface. Tubules 
isolated by the sieving technique and subsequently treated with colla­
genase exhibit a similar structure. X400.
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buffer followed by the iron oxide suspension. The tubules obtained from 

the collagenase treatment showed grossly altered morphology (Figure 14b). 

The basement membrane was partially digested and proximal tubule cells, 
were observed to be blebbing from the lumenal to peritubular side of the 

tubule (Figure 14b). The mitochondria appeared swollen and cellular el­

ements were seen free in the lumen. To compare the effect, of collagen­

ase perfusion versus incubation, tubules isolated by the iron oxide 

perfusion method were incubated with a 1 mg/ml collagenase solution for 

30 minutes. These tubules exhibited the same morphological alterations 

as the tubules obtained from collagenase perfused kidneys. Thus, the 
treatment of rabbit tubules with collagenase results in gross structural 

alterations and appears to offer no advantages over the iron oxide per­

fusion method for the preparation of intact kidney tubules.

Bovine Retinal Blood Vessels -

Retinal blood vessels were obtained by the method of Heezan, 

Brendel, and Carlson (1974) which involves the use of gentle hand homog­

enization of isolated bovine retinas followed by sieving. These au­

thors reported that retinal vessels isolated by this method produced 

■^CC>2 from ^^C-6-glucose, ^C-2-3-succinic acid, and ^C-l-oleic acid. 

Subsequent experiments using this retinal vessel preparation (White, 

Meezan, and Brendel, 1975) have shown incorporation of radiolabeled 

amino acids and carbohydrates into proteins. As reported by Meezan, 

Brendel, and Carlson (1974), light microscopic examination of the iso­

lated retinal vessels shows them to be well defined vessels with
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enclosed blood elements. The preparation is homogeneous and remarkably 

free of non-vascular retinal structures (Figure 15a). Since the vessels 
are preperfused, blood elements remain in the Vessel lumen. Although 

the width of the isolated retinal vessels may be as great as 50 p, the 
majority of vessels are between 10 - 15 u in diameter.

. Electron microscopic examination of cross sections through iso­

lated bovine retinal vessels (Figure 15b) shows the general morphologi­

cal integrity of the endothelial cells to be preserved. One or more 

layers of intramural pericytes invest the endothelial lining. Beneath 

the endothelium and surrounding the intramural pericytes is a continuous
Obasement membrane which averages 800 - 1000 A in thickness. From the 

evidence available, this retinal vessel isolation procedure yields tis­

sue which is morphologically and metabolically intact.

Bovine Brain Blood Vessels

Using the method of Brendel, Meezan, and Carlson (1974), bovine
14 14brain blood vessels were isolated. The.formation of CO^ from C-

14 14 14glucose, C-l-oleic acid, C-l-pyruvate, C-glutamic acid, and oxygen 

consumption by the isolated brain vessels were reported by these authors. 

Light microscopic inspection of 1 y thick sections of isolated brain 

vessels (Figure 16a) shows them to have a uniform diameter of 7 - 15 y. 

Except for numerous entrapped erythrocytes, the brain vessel preparation 

was free of non-vaseular material (Figure 16b). Brain vessel cell mor­

phology was preserved.



Figure 15. Isolated Bovine Retinal Microvessels and Basement Membrane

a. A light micrograph of bovine retinal blood vessels isolated by 
gentle hand homogenization and sieving. Erythrocytes are occasionally 
seen within the vessel lumen. Toluidine blue. XI,500.

b. An electron micrograph of microvessels cut in cross section. Base­
ment membranes are observed to surround the intramural pericytes and 
underlie the endothelium. A continuous endothelium covers the lumenal 
surface of the basement membrane. Most vessels average 10 - 20 p in 
diameter. X9,250.
c. A low power electron micrograph of bovine retinal blood vessel base­
ment membrane isolated from retinal microvessel similar to those seen in 
(b). The microVessels have been treated With a 4% solution of sodium 
deoxycholate to solubilize the cellular materials. X9,200.
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Figure 15. Isolated Bovine Retinal Microvessels and Basement Membrane



Figure 16. Isolated Bovine Brain Microvessels and Basement Membranes

a. A light micrograph of bovine brain vessels obtained by hand homo­
genization and sieving. The majority of the vessels have diameters less 
than 15 y. Erythrocytes and endothelial cell nuclei are recognizable at 
this level. Toluidine blue. X700.

b. A phase contrast micrograph of isolated bovine brain microvessels. 
These microvessels are often long and tortuous with numerous arboriza­
tions. Non-vascular tissues are not present. X672.

c. An electron micrograph of isolated bovine brain microvessel base­
ment membrane. Treatment of isolated brain microvessel with a 4% solu­
tion of sodium deoxycholate results in the solubilization of the 
cellular materials. The brain vessel basement membrane is more easily 
disrupted than those obtained from other guborgan fractions. An average 
basement membrane thickness of 200 - 500 A is observed. Occasionally, 
the basement membrane isolated from bovine microvessels shows unit, col­
lagenous fibrils. Recognizable cellular structures are not observed. 
X47,000.
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Figure 16 Isolated Bovine Brain Microvessels and Basement Membranes
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Bovine Lens Capsule
Bovine lens capsules were isolated from lens from enucleated 

eyes by bisecting along the circumference of the lens and removing the 

sloughed lens capsule with forceps. Because of the relative ease with 

which this Macroscopic tissue could be obtained, extensive ultrastruc- 
tural examination was not required.

Basement Membrane Isolation

Rat Renal Glomeruli

Initial attempts to isolate rat renal glomerular basement mem­

branes by sonication of glomeruli isolated by the iron oxide perfusion 

method gave equivocal results- Although the glomeruli obtained by this 

procedure were 99% free of tubular contamination, the 10,000 x g pellet 

from this sonicated glomerular suspension consisted of tissue fragments 

which appeared to be of varying size and shape suggesting a non-uniform 
disruption. Incubation of the 10,000 x g pellet with a mixture of so­

dium dodecyl sulfate (SDS) and 1% mercaptoethanol solubilized a portion 

of this material. SDS-polyacrylamide gel electrophoresis of the solu­

bilized material gave five major and many minor bands. The minor bands 

were not consistently reproducible between preparations varying in in­

tensity and migration. The non-uniform disruption and the variable band 

pattern suggested that the isolation procedure was subj ect to variable 

contamination of the basement membrane preparations with foreign pro­

teins .
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The isolation of glomerular basement membranes by sonication 
and centrifugation may be subject to a number of technical difficulties. 
Westberg and Michael (1970) have shown that glomerular basement mem­

branes prepared by sonication and centrifugation were subject to con­

tamination by serum proteins mad cell debris. Variations in the 
centrifugation force applied to glomerular sonicates have been reported 

to alter the amount of sialic acid obtained in basement membrane pellets 

(Mohos and Skoza, 1970). Since the available histochemical evidence 
confirms the presence of relatively large amounts of sialic acid in the 
cell membranes lining the basement membrane but only trace amounts in 

the basement membrane itself, the conclusion was that variations in 

centrifugation force changed the amount of cell membrane contamination • 

in the basement membrane pellet. The presence of serum proteins in iso­

lated basement membrane preparations was found to be resistant to re­

moval by extensive sonication and washing (Westberg and Michael, 1970). 

The intensity and duration of sonication of isolated glomeruli has been 

shown to be a critical step in basement membrane isolations. When nor­

mal human glomerular basement membranes were obtained by sonication and 

centrifugation, the ultrastructure of these isolated basement membranes 

•appeared "frayed" (Westberg and Michael, 1970). Kefalides (1973) has 

reported that multiple sonication of human glomeruli results in a change 

in amino acid composition of the isolated basement membrane. Interest­

ingly, this compositional change resulted in the relative increase of 

certain amino acids typically found in collagenous proteins i.e.,.hydrox- 

yproline, glycine, and hydroxylysine. Obviously, the use of the
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sonication and centrifugation procedure requires stringent control and 
monitoring.

A theoretical question as to the applicability of these proce­
dures to compositional Studies of basement membranes in normal and: dis­

ease states is raised by the disrupted appearance of basement membranes 

isolated by sonication. If a disease resulted in the labile deposition 

of a component into the basement membrane which was chemically dissimi­

lar to the normal components, sonication might so disrupt this altered 

basement membrane that the labile component was preferentially solubi­

lized and thus not detected. Only if a disease resulted in the deposi­

tion of a chemically different component which was as tightly 

incorporated into the basement membrane as the other structural com­

ponents would a compositional difference be uncovered in the diseased 

structure." Alternatively, if the deposition process for the incorpora­
tion of the normal components of the basement membrane is altered so 

that certain of these components are only loosely bound, sonication 

might solubilize these loosely deposited normal components resulting 

in a compositional change in the pelleted basement membrane. Thus, the 

intensity and duration of sonication might significantly affect the com­

position of the baSement membrane.

Of course, any treatment or procedure that is employed to re­

move cellular elements from the basement membrane matrix may be accused 

of either partially solubilizing a portion of the basement membrane or 

not completely removing contaminating material. This is in part due to 
an incomplete chemical definition of the basement membrane. At the
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present times the only conclusive evidence of basement membrane solubi­

lization or contamination-is morphological in nature. If the structure 
of the isolated basement membrane is identical to that of in vivo base­

ment membrane, then the basement membrane is thought to be structurally 
intact and negligible solubilization of the matrix is presumed to have 

occurred. The presence Of recognizable cellular elements in isolated 

basement membrane preparations would indicate the incomplete removal of 

contaminating materials.

Subsequently, a variety of non^disruptive detergent treatments 

were applied to isolated glomerular preparations in an effort to obtain 

uniform basement membrane material. When a 4% sodium deoxycholate 

(DEOC) solution similar to that used by von Bruchhausen and Marker 

(1967) to remove cellular material from kidney minces was applied to a 

small number of glomeruli on a microscope slide, the glomeruli appeared 

to lose their compact structure and seemed to unfold slightly. The cap­
illary loops appeared less opaque and the cellular structures were lost. 

Treatment of larger preparations of glomeruli with 4% DEOC resulted in 

the formation of a gel-like material which impeded further tissue manip­

ulations. It .was found that autolysis of the glomeruli in distilled 

water followed by incubation in 1 M sodium chloride which contained 

deoxyribonuclease (DNAase) eliminated gel formation. The isolation 

scheme shown in Figure 7 gave pelletable material which was morphologi­

cally .similar to in vivo glomerular basement membrane (Meezan et al., 

1975). Light microscopic inspection of a non-DEOC treated glomerulus 

shows prominent endothelial and epithelial cell nuclei (Figure 17a)



Figure 17. Rat Renal Glomeruli before and after Deoxycholate

a. A photomicrograph of an encapsulated renal glomerulus demonstrating 
prominent epithelial and endothelial cell nuclei. Parietal epithelium 
surrounds the capillary tuft with the visceral epithelium intervening. 
Toluidine blue. X640.

b. An electron micrograph of a peripheral portion of an isolated encap­
sulated renal glomerulus. Interdigitating parietal epithelial cells and 
foot processes of podocytes line Bowman's space. The continuous base­
ment membrane intervenes between endothelium and podocytes. The average 
basement membrane thickness is 1200 - 2500 A. X20»000.

c. A photomicrograph of isolated encapsulated glomeruli which have been 
treated with sodium deoxycholate. Both 'the parietal epithelial base­
ment membrane and the intraglomerular basement membrane is free of cel­
lular elements. The heavy photodensities indicate deposits of colloidal 
iron. Toluidine blue. X640.

d. An electron micrograph of isolated glomerular basement membrane ob­
tained by the use of deoxycholate. The histoarchitecture of glomerular 
extracellular materials is maintained after such treatment.. Patches of 
unstructured basement membrane material is observed in the mesangial 
area. Cellular debris is not present in these preparations. As in the 
intact glomeruli, the deoxycholate treated basement membranes had an 
average thickness of 1500 - 2500 X.
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Figure 17. Rat Renal Glomeruli Before and After Deoxycholate



while a DEOC treated glomerulus exhibits only basement membrane and 
entrapped iron oxide particles (Figure 17c). At the electron microscop­

ic level, no recognizable cellular structures remain after DEOC treat­

ment (Figure 17d). The spatial arrangement of the basement membrane 

within the glomerular histoarchitecture is preserved. In the mesangial 

region, the capillary basement membrane is observed to be incomplete . 

with patches of irregular basement membrane (Figure 17d). Table 5 lists 

the widths of the basement membranes isolated from the tissues used in 
this study. At high magnification, the basement membrane obtained by 

DEOC treatment of rat glomeruli is morphologically indistinguishable 
from in vivo basement membrane (Figure 18). All of the basement mem­
branes isolated by DEOC treatment seem to be composed of fibrillar and 

amorphous materials; the fibrillar component being an aggregate of 40 V  

50 A fibrils and the interfibrillar matrix material being a flocculent 

material of medium electron density. The characteristic banding pattern 
of striated collagen or elastin are seldom observed in the DEOC isolated 

glomerular basement membrane preparations.

Table 5. Basement Membrane Dimensions after Deoxycholate Treatment

Width (A) Source
1500 - 2500 
1200 -  2000 
300 - 500 
200 - 500

Rat Renal Glomeruli 
Rabbit Renal Proximal Tubules 
Bovine Retinal Vessels 
Bovine Brain Vessels



Figure 18. Glomerular Basement Membrane before and after Deojcycholate 
Treatment

a. An electron micrograph of glomerular basement membrane in an intact 
rat glomerulus. Interdigitating foot processes of podocytes form the 
boundary of Bowman’s space. The capillary lumen surface of the base­
ment membrane is covered by fenestrated capillary endothelium. X41,000.

b. An electron micrograph of rat glomerular basement membrane isolated 
by the use of sodium deoxycholate. The basement membrane in the mesan­
gial region is shown. The inner surface of the basement membrane shows 
unstructured matrix material. The epithelial surface of the basement 
membrane is smooth and well defined. X41s000.

c. A high power electron micrograph of basement membrane in an intact 
glomerulus« The glomerular basement membrane is interposed between the 
flattened capillary endothelium and foot^processes of podocytes. The 
basement membrane is approximately 2000 A thick and shows a finely gran­
ular texture. X1359000.

d. A high power electron micrograph of glomerular basement membrane 
isolated by deoxycholate. This micrograph is identical to that shown in 
(c) with respect to the plane of section, magnification, and histologi­
cal location. The thickness of the basement membrane was approximately 
2200 X. The basement membrane isolated with the use of deoxycholate is 
morphologically identical to the in vivo control basement membrane shown 
in (c). XI35,000.
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Figure 18. Glomerular Basement Membrane before and after 
Deoxycholate Treatment
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Rabbit Renal Proximal Tubules

Rabbit renal proximal tubular basement membrane isolated by DEOC 
treatment is intact and devoid of cellular structures (Figure 19a). Un­

like the glomerular basement membrane, the tubule basement membrane is 

uniform in width throughout its circumference.. It is also of a uniform
O'electron density throughout its width (Figure 19b). Occasionally, 200 A 

unbanded microfibrils are seen, but striated collagen fibrils are not 

observed. Comparison of the isolated basement membrane shown in Figure 

19a to that of the in vitro tubular basement membrane shown in Figure 13 
shows them to be identical.

Bovine Retinal Blood Vessel

Figure 20 shows the loss of recognizable cellular structures

when isolated retinal vessels are treated with a 4% DEOC solution. The 
' / - ' 

isolated vessel, basement membrane is intact and has a multilayered ap­
pearance. The 300 - 500 A basement membrane width was independent of 

vessel diameter. The outer surface of the basement membrane is less 

distinct than the inner surface. Like the mesangial region of the glom­

erular basement membrane, the outer surface of the retinal basement mem­

brane has patches of amorphous basement membrane-like material 

associated with it (Figure 20a). Unlike the tubular basement membrane, 

the retinal basement membrane appears indistinct at high magnification 
(Figure 20b).



Figure 19. Isolated Rabbit Renal Proximal Tubule Basement Membrane

a. An electron micrograph of rabbit proximal tubules isolated by the 
use of deoxycholate. The basement membrane is sometimes associated 
with small unhanded fibrillar material but native unit collagenous fi­
brils are almost never observed. Basement membranes isolated by this 
procedure are indistinguishable from their in vivo counterparts.
X19,000.

b. A high resolution electron micrograph of isolated rabbit tubule 
basement membrane. The basement membrane obtained by the treatment of 
purified tubules with sodium deoxycholate is homogeneous and sharply 
defined at its surfaces. In contrast to vascular basement membranes, 
tubular basement membranes show uniform electron density throughout 
their thickness. Unbanded 200 X micro fib rils are closely associated 
with the basement membrane. Very fine fibrils (30 - 40 A) are embedded 
in the granular matrix of the basement membrane. X50,000.
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Figure 20. Isolated Bovine Retinal Capillary Basement Membrane

a. An electron micrograph of bovine retinal microvessels isolated with 
the use of deoxycholate. The single continuous basement membrane shows 
a sharply demarcated inner surface and an indistinct outer surface which 
blends with electron dense material in the spaces between the vessels.
A single basement membrane suggests that it is derived from a capillary 
rather than larger--vessels, since the latter would require multiple 
basement membranes associated with pericytes. The thickness of the 
basement membrane shown is 800 A. X25,000.

b. A high power electron micrograph of isolated bovine retinal vessels. 
The basement membrane shows an electron dense granularity with the 
highest electron density in the central portion of the basement membrane. 
The surfaces of the basement membrane appear fuzzy and indistinct. 
X91,000.



Figure 20. Isolated Bovine Retinal Capillary Basement Membrane
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Bovine Brain Blood Vessel

The brain blood vessel basement, membrane obtained by the DEQC 

treatment of isolated bovine brain vessels is morphologically similar to 

isolated retinal vessel basement membrane. The brain vessel basement 
membrane is somewhat more difficult to isolate in ultrastructutally pure 

and intact form than is that of retinal vessels. When isolated brain 

vessels of greater than 20 u are used as a source of basement membranes, 

cell debris and collagen fibrils are observed. Use of the smaller 10 -
S ' . ’ ' ' '

20 p brain vessels avoids this contamination problem and results in mor­

phologically pure basement membrane (Figure 16c).

Bovine Lens Capsule

Two procedures were used to isolate lens capsule basement mem­

brane. The first method involved sonication in saline or distilled 

water. The second involved the use of DEOC treatment. The macroscopic 

material prepared by sonication of DEOC was similar in appearance at the 

light microscopic level.

Basement Membrane Characterization 

Carbohydrate Analysis

Using a variation of the method of Grimes (1974), the carbohy­

drate content of the various isolated basement membranes was determined. 

The results are shown in Table 6 . Comparison of the carbohydrate compo­

sition of the easily isolatable, well characterized bovine lens capsule 

obtained by sonication to that obtained by treatment with 4% DEOC shows



Table 6 . Carbohydrate Analyses of Isolated Basement Membranes In 
yg Sugar/mg Dry Weight Basement Membrane

Sugars

Sonicated
Bovine
Lens
Capsules

Deoxy-
cholate
Bovine
Lens
Capsules

Sonicated
Rat
Glomeruli^

Deoxy-
cholate
Rat
Glomeruli

Deoxy-
cholate
Rabbit
Tubules

Deoxy-
cholate
Bovine
Retinal
Vessels

Deoxy-
cholate
Bovine
Brain
Vessels

Fucose 2.2 1.49 3 0.66 0.87 2.52 1.97

Mannose 4.6 4.47 8 5.02 4.09 4.42 2.09

Galactose 49.1 46.41 19 23.51 32.07 26.11 9.37

Glucose 47.1 47.60 23 23.24 29.90 26.79 11.20

Hexosamines 6.6 5.85 6.5 8.04 6.89 6.97 6.64

1. Taken from Fukushi and Spiro (1969).

2. Taken from Kefalides and Forsell-Knott (1970).

oo
•~4



them to be. virtually identical. This indicates that the 4% DEOC treat­

ment does not interfere with carbohydrate analysis. Rat glomerular 

basement membrane isolated by our DEOC procedure was also found to have 

a carbohydrate content similar to that of basement membrane obtained by 

sonication. The isolation and characterization of the basement mem­

branes obtained from bovine retinal and brain vessels and rabbit proximal 

tubules has not been previously described.

Analysis of the basement membranes isolated from suborgan frac­

tions with the use of DEOC revealed the presence of equimolar amounts of 

glucose and galactose. This is indicative of the glucosyl galactose di­

saccharide unit which has been observed in all characterized basement 

membranes (Kefslides, 1973; Spiro, 1967a). Lower disaccharide content 

was observed in the basement membranes isolated from brain and retinal 

vessels, renal tubules and glomeruli. The deoxycholate treated basement 

membranes have less fucose than their sonicated counterparts. The 

amount of mannose and hexosamines were found to be similar in the base­

ment membranes analyzed.

The functional significance of the varied level of glycosylation 

is not clear. Lens capsules which provide primarily a structural sup̂ - 

port for the lens have a relatively high degree of glycosylation. The 

glomerular, tubular, and retinal vessel basement membranes which are 

known to be exchange sites for solvent and solute have intermediate 

levels of glycosylation. Brain vessel basement membrane has the lowest 

amount of glucose and galactose. The blood vessels of the brain form 

what has been functionally called the blood brain barrier. Although it
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is unlikely that the basement membrane is the permeability barrier, it 
may serve to align the brain vessel cells into a tight compact arrange­

ment which limits access to the brain. The level of glycosylation may 

affect cell arrangement along the basement membrane.

Amino Acid Analysis

Tables 7 and 8 list the amino acid content in residues/1000 resi­
dues for the isolated basement membranes included in this study. Com­

parison of the composition of the basement membranes obtained by our 4% 

DEOC treatment to that isolated by sonication and centrifugation shows 

the lens capsule to have the closest similarity. This is not surprising 

due to the relative ease with which lens capsule basement membrane can 

be isolated. However, when rat glomerular basement membrane composi­

tions are compared, a greater variability is observed. There are sev­
eral explanations which might account for the compositional differences. 

First, glomeruli are not easily isolated in pure and intact form free of 

tubular contamination. This isolation difficulty is amplified when . 

small animals are used. Secondly, the preparation of glomerular base­

ment membrane by sonication is subject to contamination with glomerular 

cell debris and serum proteins (Westberg and Michael, 1970). By using 

the DEOC procedure to isolate basement membrane from highly purified 

glomerular preparations obtained by the iron oxide perfusion method, we 

feel that these difficulties have been minimized. The content of amino 

acids characteristically found in collagen were found to be slightly 

higher in the DEOC treated versus sonicated glomerular basement
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Table 7. Amino Acid Composition of Isolated Basement Membranes in 
Residues/1000 Residues .

BEOC
LG

SON
LC

SON1
LC

.SON2
LC

Retinal
Vessels

Brain
Vessels

Tubules

HOPRO 106.1 107.3 110.7 100.0 98.5 88.4 92.0
ASR 58.2 56.8 53.8 55.0 58.9 55.4 64.2
THR 30.5 29.6 28.4 29.0 31.6 25.3 32.5
SER 50.5 48.7 44.9 42.0 48.0 43.2 52.4
GLUT 88.4 91.4 87.8 92.5 . 87.0 80.0 92.7
PRO 71.0 70.6 71.2 68.0 84.3 94.1 70.0
GLY 253.7 260.7 267.1 275.0 267.6 273.6 246.6
ALA 41.2 41.4 39.6 42.8 69.9 84.0 54.2
VAL 25.7 28.2 29.7 30.0 24.7 25.6 31.3
CYS/2 21.8 11.5 17.0 28.0 14.6 19.2 15.9 .
METH 14.6 16.6 12.5 8.0 8.6 3.5 9.4
ILE 26.5 28.5 30.8 28.8 21.5 19.6 29.0
LEU 56,6 56.8 57.2 58.0 43.8 37.5 56.0
TYR 4.1 3.0 11.1 10.0 5.1 2.1 6.6
PEE 30.1 31.1 30.9 32.0 25.7 21.5 46.5
HOLYS 52.0 51.6 44.8 35.0 27.4 23.4 31.3
HIST 16.7 15.1 11.5 10.2 9.0 11.4 7.9
LYS 12.2 1 2 .7 12.1 13.2 18.3 22.9 18.5
ARC 40.4 36.9 35.8 43.0 55.6 69.3 42.9

HOPRO/PRO 1.49 1.51 1.56 1.25 1.16 .939 1.31
HOLYS/LYS 4.26 4.25 3.71 2.65 1.49 1.021 1,69
HOLYS/GLY .204 .206 1.67 .127 .102 1.021 .126
HOPRO/GLY .418 .411 .414 .363 .368 .323 .373

1. Fukushi and Spiro (1969).
2. Kefalides (1973).



91

Table 8 . Amino Acid Composition of Isolated Glomerular Basement 
Membranes in Residues/1000 Residues

DEOC
Glom

SON1
Glom

SON2
Glom

SON3
Glom

SON^
Glom

SON3 5 6
Glom

S0N6
Glom

SON7
Glom

HOPRO 70.2 44.2 40 58.3 53.0 51.4 61.5 57
ASP 79.8 72.7 73 88.8 73.0 82.4 135.5 70
THREO 38.4 42.5 45 . 44.7 40 41.5 •-- 45.5
SER 58.9 48.6 57 55.5 59 42.9 74.4 62.8
GLUT 98.3 98.5 103 112.0 110 108.3 111.5 100
PRO 66.3 55.8 67 60.2 70 73,2 69.5 62
GLY 202.3 177.3 187 191.0 210 176.6 199.4 200
ALA 56.0 68.2 62 64.7 67 62.6 77.7 67
VAL 36.0 42.2 50 43.7 47 49.4 53.6 43
CYS/2 24.5 22.2 20 N.R. 16 + + 20.4
METH 11.7 17.9 2 N.R. 9 18.1 +■ 11.0
ILEU 26.8 35.9 36 36.9 28 37.8 38.8 30.0
LEU 64.8 72.6 86 73.3 67 77.7 80.1 60.0
TYR 17.0 21.9 19 16.3 18 22.4 17.3 17
PEE 34.1 32.5 29 33.2 33 36.0 33.1 19
HOLYS 23.4 17.4 15 18.2 32 21.0 21.8
HIST 18.9 19.8 24 19.6 28 19.2 21.8 21
LYS 31.6 41.7 33 34.9 14 32.6 65.0 40
ARG 41.0 54.6 54 49.6 49 46.7 60.0 42.6

H0PR0/PR0 1.05 0.79 0.6 0.96 0.75 0.69 0,89 0.92
HOLYS/LYS 0 . 74 0.43 0.47 0.52 1.16 0.63 0 0.55
HOPRO/GLY 0.34 0.25 0.21 0.30 0.25 0.29 0.31 0.29
HOLYS/GLY 0.11 0.10 0.08 0.09 0.15 0.12 0 0.11

1. Lehotay (1975).
2. Sach'dt"et al. (1975). •
3. Blau .and Michael (1971).
4. McIntosh et al. (1971).
5. Wahl;, Krezdorn 9 and Deppermann (.1970) . : _
6 . Chow and Drummond (1969).
7. Kefalides (1973).
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membranes as indicated by the higher ratios of hydroxyproline to proline 

hydroxylysine to lysine, hydroxyproline to glycine and hydroxylysine to 
glycine. Kefalides (1973) has suggested that increases in the hydroxy­

proline, hydroxylysine and hexose content of isolated basement membranes 

is an index of membrane purity.

The primary criterion for basement membrane purity, however, is 
based on morphological grounds. Electron microscopic examination of the 

basement membrane obtained by the DEOC treatment of highly purified sub- 

organ fractions exhibits a structure indistinguishable from its in vivo 

counterpart which is, in addition, free of any recognizable cellular 

elements. Taken together, the structural and chemical composition of 

the material obtained by the DEOC procedure meet the criteria for a 

highly purified basement membrane preparation.

Basement Membrane Protein 
Fractionation

Isolated glomerular, tubular, brain vessel, retinal vessel and 
lens capsule basement membranes and lathyritic guinea pig skin collagen 

proteins were solubilized and fractionated by SDS-polyacrylamide gel 

electrophoresis. Solubilization was effected by treatment.with SDS, 

mercaptoethanol and urea in Tris-phosphate buffer overnight at 37° C.

The electrophoretic band pattern of these solubilized basement membrane 

proteins is shown in Figure 21. The majority of basement membrane pro­

teins migrate similarly to the a and 6 bands of lathyritic guinea pig 

skin collagen. In all basement membrane samples studied, a band at the 

top of the gel was observed indicating the presence of a large protein



Figure 21. A Photograph of the Separation of Basement Membrane Proteins 
Obtained by SDS-Urea-Polyacrylamide Gel Electrophoresis

Electrophoretic migration was from left to right as shown in the photo­
graph . Rat renal glomerular basement membrane (GBM), rabbit renal tubule 
basement membrane (TBM) $ lathyritic guinea pig skin collagen (COLLAGEN), 
bovine brain vessel basement membrane (BVBM), bovine lens capsule base­
ment membrane (LGBM), and bovine retinal vessel basement membrane (EVBM).
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Figure 21. A Photograph of the Separation of Basement Membrane Proteins Obtained by SDS-Urea-Poly- 
acrylamide Gel Electrophoresis
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which could not penetrate the gel. This is in agreement with the solu­
bility studies of Kefalides and Winzler (1966), Hudson and Spiro (1972a), 
and Myers and Bartlett (1972) which indicated that only 80 - 90% of the 

basement membrane could be solubilized by non-degradative treatments.

This also suggests that the basement membrane is held together in part . 

by non-disulfide bonds since reduction did not completely solubilize 

and allow the fractionation of all basement membrane proteins.

The observation of numerous protein bands supports the findings 

of Myers and Bartlett (1972) and Hudson and Spiro (1972a) that the glom­
erular basement membrane contains many separable proteins. Spiro (1976) 

has proposed that the polydisperse nature of the glomerular basement 

membrane proteins is caused by the degradative processes associated with 

basement membrane turnover. The minor bands were thought to be par­

tially degraded matrix proteins. The observation of Kefalides and Win­

zler (1966) that the glomerular basement membrane contained only four 

separable protein bands upon solubilization and electrophoresis is not 

supported by this study. The four bands observed may be related to the 

major bands observed in the region of the lathyritic collagen bands.'

The minor bands may not have been observed due to protein underloading 
of the electrophoretic gels.

Tq gain a better view of the major bands shown in the gels in 

Figure 21, an expanded line drawing of the relative migrations of the 

major protein bands observed in each basement membrane sample is illus­

trated in Figure 22. Although it is possible to assign each band a 

relative migration value, the determination of molecular weights of each



Figure 22. Diagram of the Relative Migration of the Basement Membrane 
Proteins Isolated by the Deoxycholate Procedure

The relative migration axis is on the left hand margin of the diagram. 
Rat glomerular (GBM)» rabbit tubule (TBM), bovine brain vessel (BVBM), 
bovine lens capsule (LCBM), and bovine retinal Vessel (RVBM) basement 
membrane SDS-urea-polyacrylamide gel electrophoretic relative migra­
tions are shown from left to right, Lathyritic guinea pig Skin collagen 
and a portion of a gel containing molecular weight standard proteins are 
similarly depicted. The standard proteins shown are thyroglobulin and 
3-galactosidase. Only the major bands in each basement membrane gel 
were plotted.
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Figure 22. Diagram of the Relative Migration of the Basement Membrane Proteins Isolated by the 
Deoxycholate Procedure



band is difficult if not impossible with the information at hand. This 

is because the relative migrations of the standard proteins against 

which the sample proteins are compared to obtain molecular weights is 

dependent upon the type of proteins used as molecular weight standards. 
The collagen standard proteins migrate much differently than do non- 

collagenous standard proteins. Since the chemical nature of each pro­
tein band is not known, it is not possible to predict which molecular 

weight standards should be applied to which protein bands. The problem 

of molecular weight assignment may be complicated even further if base­

ment membranes contain proteins which have both collagen regions and 

non-collagenous glycoprotein regions.

Since collagen (Kefalides, 1973) or collagen-like proteins 

(Spiro, 1976) are thought to be present in the basement membrane matrix, 

a comparison of the basement membrane protein bands to those of lathy- 

ritic guinea pig skin collagen is appropriate. There are protein bands 

in each basement membrane sample that migrate in the same region as the 

B. bands of the skin collagen. The glomerular, brain vessel, and retinal 

vessel basement membrane samples exhibit a similar band in the region Of 

band of the skin collagen. In the region of the ct̂  collagen band, 

the retinal, brain vessel, and glomerular basement membrane samples 

again exhibit a similar band. Although there are similar bands present 

in many of the gels that migrate similarly to the collagen proteins, it 

is apparent that the basement membranes are more complex than skin col­

lagen. It is also apparent that the basement membrane samples do not 

have the same band pattern which suggests that the various basement
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membranes are not composed of identical proteins. However, certain pro­
teins may be similar between basement membranes obtained from various 

suborgan fractions.

Effect of Degradative Enzymes on Basement 
Membrane Ultrastructure

Another approach used to study the structure of the basement mem­

brane matrix has been reported by Carlson et al. (1976). Rabbit kidneys 
were perfused with buffer and iron oxide as described in the Materials 

and Methods chapter. The proximal tubules isolated from these kidneys 

were treated with a 4% solution of sodium deoxycholate and the basement 

membrane isolated. The saline washed basement membranes were then di­
gested with either a 1% solution of pepsin, trypsin or pronase for 30 

minutes at 22* C. Electron microscopic examination of the digested 

basement membranes showed pepsin to more degradative than trypsin which 

was more active than pronase. When a highly purified collagenase (Wor̂ - 

thington CLSPA) was used to partially digest the isolated tubule base­

ment membrane, fine 40 - 50 A fibrils were preferentially released from 

one side of the basement membrane matrix. The non-specific proteases 

also demonstrated a sidedness in their degradation, although it was less 

dramatic. Hyaluronidase had no demonstrable effect on basement membrane 

structure. It was not known whether the proteases preferred the same 

side of the basement membrane matrix as the collagenase. The demonstra­
tion that these enzymes preferentially digested one side of the matrix 

implies that the structure of the basement membrane is different on op­
posite sides of its surface.
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From tissue repair experiments, Vracko (1974a) has proposed that 
the basement membrane is sided. When muscle capillaries were removed 

and replanted, the repopulating cells grew on that side of the basement 

membrane that cells of the same type had previously occupied (Vracko and 
Benditt, 1972). The present finding that degradative enzymes preferen­

tially digested one side of the basement membrane surface suggests that 

the structure of the two surfaces of the basement membrane are fn some 

way different. This provides structural evidence for basement membrane 
sidedness.

Mahieu and Winand (1970) have reported that isolated human tubule 

basement membrane exhibited a fibrillar periodicity characteristic of 

collagen. No such structural collagen was observed during extensive 
electron microscopic examination of the rabbit tubule basement membrane 

used in this study (Carlson ef al., 1976).

Metabolism

Rat Glomerular Gluconeogenesis

Before extensive studies of the metabolism of the basement mem­

brane were begun, it was necessary to know if the glomeruli were meta-

bolically intact. The glomeruli isolated by the iron oxide perfusion
14method (Meezan et al., 1973) have been reported to form CO^ from a 

14 3number of substrates, incorporated H-amino acids into TCA precip-
3itable, incorporated H-uridine into RNA, demonstrated oxygen 

consumption and. formed ^C-glucose from "^G-lactate.
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It is known that glomerular basement membrane morphology is 
affected by a number of disease states. In diabetes mellitus, the base­

ment membrane becomes thicker while glomerular filtration function is 
impaired. It has been proposed (Spiro »■ 1971) that in diabetes glucose 

is shunted to secondary pathways which ultimately result in the altera­

tion of glomerular basement membrane metabolism. Since gluconeogenesis 

is stimulated under diabetic conditions, we were interested in the 
sources of glucose which might affect the glomerulus.

To study the endogenous formation of glucose by the glomerulus, 

rat glomeruli were isolated by the method of Meezan et al. (1973) and 

incubated with various radiolabeled gluconeogenic substrates. During 

the course of experimentation, the isolation procedure was modified by 

adding a 110 y pore size sieve between the standard 153 y and 64 y 

sieves * Introduction of the intermediate screen resulted in the major­

ity of gluconeogenic activity being found in the glomerular fraction 

retained on the 110 y sieve. Light microscopic examination of the 110 y 

and 64 y fractions revealed that the glomeruli collected on the larger 

pore size sieve retained a higher percentage of their Bowman’s capsule 

than did the 64 y fraction. The presence of Bowman's capsule was found
14to correlate with C-gluqose production. Decreasing the percentage of 

attached Bowman's capsule by rehomogenization resulted in a decrease in 

the production of "^Oglucose from ^C-pyruvate (Figure 23). However, 
the rate of formation from "^Ol-oleate (Figure 24) was not -

changed.
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HOURS

14C-Glucose Formation in Glomerular Tuft Preparations of 
Varying Bowman’s Capsule Content

Figure 23.
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14CO^ Formation in Glomerular Tuft Preparations of Varying 
Bowman’s Capsule Content

Figure 24.
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These findings raised several questions concerning glomerular 

metabolism. Do isolated glomerular tufts have the metabolic machinery 
to perform gluconeogenesis? Gluconeogenesis is classically defined as 

the net flow of carbon atoms from lactate or pyruvate to glucose via a 

sequence of enzymatic reactions. Thus, the appearance of labeled glu­

cose after tissue incubation with labeled pyruvate may not necessarily 
mean net carbon flow to glucose but only a sporadic conversion of a 

small percentage of each gluconeogenic enzyme’s substrate pool. How­

ever, the appearance of labeled glucose from pyruvate does suggest the 
potential for net gluconeogenesis. The absence of appearance of labeled 

glucose in the glomerular tuft preparations may be due to 1 ) inappropri­

ate incubation conditions which do not stimulate glomerular glucose pro­

duction, 2) glomerular tuft damage due to the isolation procedure, or 

3) the lack of the enzymes or cofactors which define the gluconeogenic 

pathway.

To investigate these various hypotheses, a number of experimen­

tal techniques were developed. Using a modification of the iron oxide 

perfusion isolation procedure, glomerular tufts, glomerular tufts with 

attached Bowman's capsule, and tubules were separated and studied. ^ C -  

glucose production was observed in both glomeruli with Bowman’s capsule, 

and tubules, but only minimally in the glomerular tlifts. This small 

sporadic ^C-glucose production observed in the glomerular tufts was not 

significantly above backgroud and was independent of glomerular protein 

concentration (Table 9). Glomerular tufts and glomerular tufts with
3attached Bowman’s capsule gave similar rates of H-amino acid



103

14Table 9. Percent of Tubule OGlucose Production by Isolated 
Glomerular Fractions (cpm/mg Protein)

Lactate Glutamate Succinate

Glom -■ BG 3.4(4) 0.5(20) 0.2(18)
Glom + BC ' 7.2(4) 6.6(13) 8.6(13)
Tubules 100.0(4) 1 0 0 .0 (1 0) 100.0 (8)

The number in parenthesis is the number of experimental samples analyzed.



incorporation into TCA precipitable protein indicating that the glom­

eruli were metabolically active although non-gluconeogenic (Figure 25). 

Since the Bowman*s capsule is continuous with the tuft being linked by 
a basement membrane, the consistent removal of all Bowman’s capsular 
elements was extremely difficult and beyond the scope of present method­
ology.

To determine if incubation conditions were optimal for glomer­
ular tuft ^C-glucose production, the effect of pH on ^C-glucose forma- 

tion was measured (Figure 26). The pH optimum for C-glucose formation 

from "^C-succinate by tubules and glomerular tufts with attached Bow­

man* s capsule was 7.2. This is similar to the gluconeogenic pH optimum 

reported by Kurokawa and Rasmussen (1973) for isolated rat kidney tu­

bules. The isolated glomerular tufts devoid of capsular elements gave 

only trace activity. This trace activity was not dependent on the pH of 
the incubation medium.

The results obtained from "^CO^ production, amino acid incorpo­

ration and pH optimum experiments are compatible with the hypothesis 
that Bowman’s capsule or minute quantities of proximal tubule attached 

to Bowman’s capsule are responsible for the gluconeogenic activity ob­

served in the earlier preparations (Hjelle, Meezan, and Brendel, 1975). 

Realizing the difficulty of proving a negative, the possibility that rat 

renal glomerular tufts do not possess the metabolic machinery to clas­

sify them as gluconeogenic is suggested. The observation that signifi­

cant "^C-glucose production was observed in known gluconeogenic tissue 

isolated from the same organ, but not in glomerular, tufts would support
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■  GLOMERULI  WITH T U B U L E S  
▲ GLOMERULI  WITH BOWMAN'S C A P S U L E  
•  GLOMERULAR T U F T S

I 0  0

INCUBATION TIME (hours)

Figure 25. Comparison of Protein Synthetic Activity in Isolated Glom­
erular Tufts, Glomerular Tufts with Bowman’s Capsule, and 
Glomeruli with Tubules
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8= 300-

14Figure 26. Effect of pH. on C-Glucose Formation by Glomerular Tufts, 
Glomerular Tufts with Bowman’s Capsule, and Isolated Rat 
Tubules

The glomerular tufts #  , glomerular tufts with Bowman's capsule 3  , and 
isolated rat tubules O  were isolated from the same rat kidney prepara­
tion. Standard error of the mean is shown.
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this conclusion. The possibility that perfusion of metal particles 

under physiological pressure might affect glomerular tuft "*"^C-glucose 

production is extremely difficult to assess. Attempts to isolate glom­

erular tufts without particle perfusion could not remove tubule frag­

ments , glomeruli with attached Bowman's capsule or tissue debris. A 
pure glomerular tuft preparation is essential for the characterization 

of glomerular metabolism due to the diverse structures and their asso­

ciated functions which contaminate glomerular preparations.
Because of the lack of gluconeogenic activity in the glomerular 

tuft, gluconeogenesis did not appear to be a factor which could signif­

icantly influence glomerular basement membrane metabolism. It also sug­

gested that if glucose altered basement membrane metabolism that the 
glucose must be derived from extracellular pools.

Rabbit Proximal Tubule Metabolism

The isolated proximal tubule preparation was of interest to us 

because it provided a one cell type system to study basement membrane 
metabolism. The isolated glomerular system contains at least three dif­

ferent cell types. The role of these three cell types in basement mem­

brane metabolism is poorly understood.

Before basement membrane studies were begun, however, it was 

necessary to determine the viability of the isolated tubules prepared by 

hand homogenization and sieving. The metabolic activity of tubules ob­

tained by the classic collagenase digestion procedure of Burg and Orloff 

(1962) was, used as a standard of tissue viability.
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When ^C-glucose production from -^C-succinate was measured in 
tubules isolated by the described methods from 24 hour starved rabbits, 

a significant difference was observed. The proximal tubules isolated by 

the iron oxide perfusion technique were significantly more active in 
forming "^C-glucose than were the cdllagenase treated preparations re­
gardless of whether the tubules were initially isolated from the iron

oxide perfused or collagenase perfused kidney (Figure 27). Collagenase
T TA 14 ̂> digestion also dimished CO^ production from C-succinate (Figure 28). 

Amino acid uptake (Figure 29), protein synthesis (Figure 30), uridine 

uptake (Figure 31) and ENA synthesis (Figure 32) were all found to be 

depressed in those tubule preparations which were treated with colla­
genase. The rate of p-aminohippuric acid uptake was found to be sub­
stantially greater in the non-collagenase treated tubules as shown in 

Figure 33. The ability of tubules to transport p-aminohippuric acid is 

regarded as an index of their viability. Because of the depressed me­

tabolism and altered morphology of the tubules following the collagen­

ase treatment, tubules isolated by hand homogenization and sieving were 

employed in the basement membrane experiments.

Glomerular Basement 
Membrane Metabolism

Incorporation Experiments

In order to employ the deoxycholate method of basement membrane 

isolation in the study of the formation of the basement membrane, it was 

necessary to know if the rate of synthesis and laydown of da novo
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14Figure 27. The Effect of Collagenase on Rabbit Tubule C-Glucose 
Production

No collagenase #.
Isolated with the use of collagenase A .
Isolated by sieving followed by incubation with collagenase ■ .
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3H-AMINO ACID INCORPORATION
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Figure 30. 3H-Amino Acid Incorporation into TCA Precipitable Protein

No collagenase #  .
Collagenase treated O •
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H-URIDINE INCORPORATION
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3Figure 32. H-Uridine Incorporation into TCA Precipitable Material by- 
isolated Rabbit Tubules

No collagenase #  .
Collagenase treated O .
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I4c-PAH Uptake 
by Isolated Tubules
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Figure 33. 14The Effect of Collagenase Digestion on the Uptake of C-p- 
Aminohippuric Acid by Isolated Rabbit Tubules
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basement membrane protein was of sufficient velocity to permit accurate 

measurement. Several independent studies had suggested that the turn­

over of the basement membrane was a slow process taking several months 

(Walker, 1973; Spiro, 1976). However, Meezan et al..(1973) had demon- ; 

strated that isolated glomeruli incorporated radiolabeled amino acids 
into TCA precipitable proteins. Grant, Harwood, and Williams (1975) 
subsequently reported that isolated glomeruli incorporated proline and 

lysine into non-diffusible material, but that basement membrane protein 

formation accounted for less than 5% of the total incorporation. Using 

a preparation of isolated glomeruli, Cohen and Vogt (1 9 7 5) have reported 

that radiolabeled lysine was incorporated into material which pelleted 

with the sonicated basement membrane fragments. Initial experiments 
using isolated glomeruli incubated with radiolabeled amino acids and 

carbohydrates from which the basement membranes were isolated by soni-

cation and centrifugation resulted in the appearance of radiolabel in\
the pelleted protein.

To study de novo basement membrane formation, glomeruli isolated 

by the iron Oxide perfusion method were incubated with radiolabeled 

amino acids and carbohydrates» By using deoxyetiolate to isolate the 

basement membrane matrix, it was hoped that the non-matrix newly formed 

proteins could be removed and the newly synthesized deposited matrix 

proteins obtained. To determine the feasibility Of such procedures, 
glomeruli were incubated with a mixture of "^C-amino acids in Earle’s 

basic salts buffered with HEPES fortified with Penicillin G^. After 150, 

2 0 0, and 400 minutes of incubation, multiple aliquots were removed and
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microfuged for 15 seconds. The supernatants were removed by a drawn 

Pasteur plpet while the tubes containing the magnetic iron oxide filled 

glomeruli were held over a permanent magnet. This avoided loss of glom­

eruli during supernatant removal. To monitor the removal of extracellu- 
14lar free C-amino acids from the incubated glomeruli, the pelleted

glomeruli were suspended in 1 ml of 0.9% saline, microfuged and the su­
pernatant removed and prepared for scintillation spectrometry. The glom­

erular samples were washed three times with saline in this manner. 

Determination of the radiolabeled material in the saline supernatants 

provided information as to the rate of removal of extracellular free 
amino acids which would interfere with the measurement of intracellular 

amino acid uptake and utilization. Figure 34 shows the loss of radio- 

labeled material from predominantly extracellular portions of the glom­

eruli. The decrease in variability with increased number of washings 

suggested that the washing procedure could be performed in a reasonably 

consistent manner and that only a small amount of radiolabel remained 

after three washings. The small amount of radioactivity obtained in the 

third wash might be due to either residual extracellular saline soluble 

material or leakage from intracellular sites.

To determine the effect of passive DEOG treatment versus a rig­

orous DEOC treatment, the saline washed glomerular samples were each 

suspended in 1 ml of a 4% DEOC solution with vigorous vortexing. • Half 

of the samples were then sonicated while the other half were only vor-

texed.
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. NUMBER OF SALINE WASHES

Figure 34. The Effect of Multiple Saline Washes in Removing Saline 
Extractable Amino Acids from Incubated Rat Glomeruli
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After standing overnight at room temperature, the samples were . 
microfuged and the supernatant removed and prepared for scintillation 
counting. The pellets were twice resuspended in 1 ml of DEOC, vortexed, 

microfuged, and the supernatants removed and counted. Table 10 depicts . 
the loss of intracellular radioactivity from sonicated, and non-sonicated 

DEOC treated saline washed glomeruli. An asymptotic decrease in the 

DEOC soluble radioactive material with each subsequent DEOC extraction 

was observed. Interestingly, the amount of radioactivity extracted in 
all the DEOC washes increased with increased incubation time. This in­

crease could be due to 1) uptake of amino acids into intracellular 

spaces, 2) intracellular protein synthesis, 3) radiolabeled secreted 

proteins which were beginning to associate with extracellular struc­

tures , or 4) residual radiolabeled amino acids bound nonspecifically to 

extracellular sites. Since sonication in the detergent, sodium deoxy- 

cholate, did not significantly increase the small amount of radioactiv­
ity removed in the third DEOC wash relative to the non-sonicated 

preparation, it was presumed that the maj ority of non-DEOC extractable 

radioactivity was tightly bound to the extracellular material. The 

three times DEOC treated glomeruli were subsequently washed with saline 

resulting in the extraction of only a small amount of radio activity.

When this insoluble material was again washed with DEOC, no significant 

radioactivity could be removed. The remaining DEOC insoluble material 
was suspended in 1 ml of 0.1 N NaOH and heated for 18 hours at 60° C. A 

100 ul aliquot was removed .from each conical tube for protein assay by 

the fluram method. The remaining 900 ul was neutralized with HC1 and
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Table IQ. Deoxy etiolate Extraction of Radio lab el from Isolated Glomeruli

Deoxycholate Soluble Material

Incubation - Vortex Only Sonication and
Time (Min) Wash # (CPM/ML Deoxycholate) Vortex
. ' " r - -

150 1 44,240 * .789 45,478 ± 490
2 825 j- 146 604 + 10

3 100 10 47 i 2

300 1 56,490 + 1,990 58,740 + 687
2 ; 1,143 83 683 ± 41

3 130 12 108 20

400 1 79,723 + 667 79,700 . ±  . 886

2 2,394 81 1,599 90

3 414 68 329 ± 66

Mean + Standard Error of the Mean., 
n = 4
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counted., Table 11 shows the rate of incorporation of ^C-amino acids 

into DEOC insoluble material. Sonication of the washed glomeruli in 

DEGC resulted in a lower rate of incorporation than did only vortexing 

in DEOC. However, both treatments show incorporation into a structure 
which is ultrastructurally and chemically identical to basement membrane 
Sonication in detergents would be expected to remove noncovalently bound 
proteins and amino acids.

Earlier experiments had shown that.when large quantities of 

tissue were treated with DEOC a viscous gel was formed. This gel in­
terfered with further extraction and manipulation of the tissue. To

determine if a similar phenomenon might also interfere with glomerular
3biosynthetic experiments, isolated glomeruli were incubated with H-pro- 

line plus: MEM amino acids. After 330 minutes of incubation, aliquots of 

varying volumes were removed from the batch incubation suspension and 

placed in conical microfuge tubes. The glomerular basement membrane 

was obtained by treating the glomeruli with two 1 ml saline washes, two 

1 ml DEOC washes and a 1 ml saline wash, respectively. Solubilization 

of the basement membrane protein by heating at 60° C overnight in 0.1 N 

sodium hydroxide permitted the quantification of the protein in each 

tube. The plot of radiolabel incorporation into DEOC insoluble material 

versus protein concentration is shown in Figure 35. It appears that 

there is a linear relationship between incorporation and protein concen­
tration between protein values of 50 to 200 ygms. Tisue manipulation 

was not hindered by this experimental regime.
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Table 11. Radiolabel Remaining After Multiple Deoxycholate Extractions

Deoxyetiolate Insoluble Material 
(CPM)

Incubation Time Vortex Sonication

150 1829 + 20 1551 + 20

300 2516 + 107 2190 j- 95

400 3436 ± 52 2932 + 84

Mean + Standard Error of the Mean. 
N = 4
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jugm DEOC INSOLUBLE PROTEIN

Figure 35. 3Incorporation of R-Proline into DEOC Insoluble Material 
Plotted Against Protein Concentration
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For comparison, isolated proximal tubules were incubated with a 
14mixture of C-amino acids under similar conditions. The appearance of

14 'C-amino acids in the isolated tubule basement membrane obtained by

DEOC treatment is shown in Figure 36. Using the isolated bovine retinal 

vessel system. White, Meezan, and Brendel (1975) have also observed ra­
diolabel incorporation into isolated basement membrane.

Since it is generally agreed that basement membranes contain a 

collagenous component, we attempted to demonstrate the incorporation of 

radiolabeled amino acids known to be found in large amounts in collagens 

into DEOC insoluble material. Radiolabeled proline, glycine, lysine, 

glucosamine, and galactose have been observed to be taken up and incor­

porated into DEOC insoluble material. Figure 37 shows the incorporation 

of glucosamine into DEOC insoluble material. The incorporation of ra­
diolabeled glucosamine, lysine, and glycine into the matrix was linear 

after the first hour of incubation. Krisko and Walker (1974) have re­

ported the incorporation of radiolabeled glucosamine into glomerular 

protein to be linear over a 10 hour incubation period. Clark et al.,

(1975) using the embryonic rat parietal yolk sac have reported that the
3synthesis and laydown of H-glucosamine was linear throughout a two hour 

incubation. Glucosamine is a component of the heteropolysaccharide 

found in the non-collagen portions of the basement membrane proteins 

(Kefslides, 1973). The observation that glucosamine incorporation into 

basement membrane matrix bound proteins was linear through the incuba­

tion period suggests that non-collagenous proteins were being formed.
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H-GLUCOSAMINE

W 20

MINUTES

3Figure 37. The Incorporation of H-Glucosamine into Isolated Glomerular 
Basement Membrane

3The isolated rat glomeruli were incubated with 100 yCi of H-glucosamine
in incubation buffer.
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Glucosamine is not converted to anything but galactosamine and sialic 
acid to any appreciable extent»

The incorporation of radiolabeled lysine is also linear through­

out the six hour incubation period (Figure 38). The incorporation of 
"^C-lysine into glomerular protein and the formation of ^G-hydroxyly­

sine was reported by Cohen and Vogt (1975) to be approximately linear 

for the first 2 hours of incubation. The incorporation of lysine ob­

served by Cohen and Vogt (1975) is similar to that observed in this 

study except that they measured soluble protein whereas matrix bound 

protein was measured in this study.

The incorporation of glycine into the basement membrane is shown 
in Figure 39. Again, the rate of radiolabel incorporation is linear 

throughout the six hour incubation. Since glycine constitutes approxi­

mately one third of the total number of residues found in collagen, gly­

cine incorporation should be substantial in collagen forming tissues. . 

Glycine incorporation itself, however, is not diagnostic for collagen 

synthesis.
3E-galactose incorporation into glomerular basement membrane was 

linear after the first hour of incubation. This is shown in Figure 40. 

Galactose is found in both the heteropolysaccharide and the disaccharide 

units of basement membrane. Krisko and Walker (1974) have also reported 

the incorporation of radiolabeled galactose into glomerular protein to 

be linear over a 10 hour incubation period.

When the incorporation of radiolabeled proline into the base­

ment membrane was monitored, an increase in the rate of incorporation
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Figure 38. The Incorporation of "^OLysine into Isolated Glomerular 
Basement Membrane

The isolated rat glomeruli were incubated with 10 yCi of 1ZFC-lysine in
incubation buffer.
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was seen after three hours of incubation (Figure 41). This is in con­

trast to the incorporation rates of glycine, lysine, galactose, and glu­

cosamine which were approximately linear throughout the incubation 
period. Since it is known that collagen secretion is slower than colla­
gen synthesis (Grant, Kefalides, and Prockop, 1972a), the increase in 

the rate of radiolabel appearance in the isolated basement membrane ma­

trix may be due to collagen synthesis and secretion processes.

Since collagen also contains hydroxyproline the synthesis and 

laydown of basement membrane proteins may be monitored by the appearance 

of radiolabeled hydroxyproline affer incubation with radiolabeled pro­
line. However, this procedure must be used cautiously if erroneous re­

sults are to be avoided. Collagen fibrils have been observed in the mes­

angial region of the glomerular tuft (Latta, 1973). Since basement . 

membranes do not exhibit the classic striat'ions of fibrillar collagen, 

this material is probably not basement membrane protein. Thus, the ap­

pearance of hydroxyproline in isolated glomerular preparations may be 

due to fibrillar synthesis in addition to glomerular basement membrane 

protein formation. By isolating the glomerular basement membrane by the 

DEOC method, mesangial fibrillar collagen is removed and the laydown of

basement membrane proteins can be monitored by the appearance of radio-
14labeled hydroxyproline. To measure the formation of C-hydroxyproline 

from "^C-proline, glomeruli and proximal tubules were incubated with "^C- 

proline which had been purified by ion exchange chromatography. The 

time courses of hydroxylation expressed as the hydroxyproline/proline 

ratio times 100 is shown in Figures 42 and 43 for glomerular and
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180
MINUTES

3Figure 41. The Incorporation of H-Proline into Isolated Glomerular 
Basement Membrane

3The isolated rat glomeruli were incubated with 50 yCi of H-proline in a
volume of 4.5 ml of incubation buffer fortified with MEM amino acids.
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l4C-PR0LINE hydroxylation

DEOXYCHOLATE SOLUBLE
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Figure 42. Appearance of "^C-Hydroxyproline in the Soluble and Basement 
Membrane Fractions Obtained from Isolated Rat Glomeruli
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I4c- proline hydroxylation

DEOXYCHOLATE SOLUBLE

DEOXYCHOLATE INSOLUBLE

HOURS •

Figure 43. Appearance of "^C-Hydroxyproline in the Soluble and Basement 
Membrane Fractions Obtained from Isolated Rabbit Tubules
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tubules, respectively. Other workers using in vitro systems to study 
14hydroxylation of C-proline have observed an apparent saturation of 

hydroxy lation (Jaffe'.et al., 1975). This is also observed in our sys­

tem in the deoxycholate soluble fraction. The hydroxyproline to proline 
ratio in the mature-basement membrane is slightly greater than one. In 
In contrast, the ratio of radiolabeled hydroxyproline to prolihe is 

much smaller (0.01). There are several possible explanations for the 
lower than expected hydroxyproline to proline ratio in the isolated 

glomerular basement membrane. The first and foremost is that basement 

membrane collagen synthesis constitutes only a very small percentage of 

the total protein synthesized by the glomerulus (Brown and Michael,
1973; Grant, Harwood, and Williams, 1975). The ratio of radiolabeled 

hydroxyproline to proline was found to be 0.014 in the media of 24 hour 

incubated glomeruli (Brown and Michael, 1973). Similar findings have 

been reported by Grant, Kefalides,. and Prockop (1972a) for chick lens 
basement membrane collagen. A second explanation for the lower hydroxy- 

lation levels may be damage to the hydroxylating system. However, the 

ratio of hydroxyproline to proline increases in the BEOC soluble fraction 

for at least the first 5 hours of incubation indicating at least partial 

preservation of hydroxylation function. The appearance of hydroxypro­

line in the basement membrane', does not occur Until 5 hours indicating a 
lag in the secretion or laydown of collagenous proteins. A delay in the

appearance of hydroxyproline in the basement membrane matrix has been
14observed in both embryonic and mature systems. The appearance of C- 

hydroxyproline in the embryonic parietal yolk sac basement membrane was
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delayed 1 - 2  hours while the incorporation of -^C-proline into protein 
was linear throughout the 6 hour experiment. Grant, Kefalides, and 

Prockop (1972a, 1972b) reported that lens capsule cells did not start to 

secrete radiolabeled hydroxyproline until One hour after the addition of 

radiolabeled proline. Using an isolated glomerular system, Williams 
et al. (1976) reported that radiolabeled hydroxyproline did not appear 

in the incubation medium until 4 - 6 hours after the incubation was be­

gun. This 4 - 6 hour lag period was thought to be due to the time re­
quired for assembly of the hydroxylated and glycosylated basement 

membrane collagen chains into triple helical form (Grant, Harwood, and 

Williams, 1975; Williams at al., 1976). The appearance of ^C-hydroxy- 

proline in the DEOC insoluble basement membrane corresponds well with 

this observation of a 4 - 6 hour lag in collagen secretion. This - 

finding of a slow time course of appearance of hydroxyproline contrasts 

to the linear incorporation rates observed for glucosamine, galactose, 
lysine, glycine, and amino acid mixture. Since glucosamine, galactose, 

lysine, and glycine are all found in the non-collagen glycoprotein de­

scribed by Kefalides (1973), it is possible that a non-collagenous pro­

tein is'synthesized and deposited into the basement membrane matrix at . 

a faster rate than a collagen component of the basement membrane. This 

might account for the lower than expected ratio of radiolabeled hydroxy­

proline to proline in the isolated basement membrane.

From glucosamine and hydroxyproline incorporation experiments in 

the rat parietal yolk sac system, Clark et al. (1975) have proposed that 

basement membrane synthesis is a two component system: a non-collagenous



137

glycoprotein and a collagenous protein. The significant difference in 
the rate of radiolabeled ^C-hydroxyproline appearance in the isolated 

basement membrane as compared to that of glucosamine, galactose, lysine, 

and glycine would support the concept of a two component system.

Inhibition Experiments

To show that the incorporation of radiolabeled amino acids into 
basement membrane protein was dependent upon an intact energy producing 

system, glomeruli were incubated with sodium azide for 40 minutes at 37° 

C before the addition of radiolabeled amino acids. A significant inhi­

bition of radiolabeled uptake into both the DEOG soluble and insoluble 

fractions was observed (figures 44 and 45). To further show that pro­

tein synthesis was required for the uptake of radiolabeled amino acids 

into DEOG soluble and insoluble material, isolated glomeruli were incu-r 

bated with the protein synthesis inhibitor, cycloheximide, for 40 

minutes prior to the addition of the radiolabel. The effect of cyclo­

heximide and sodium azide on the rate of incorporation of radiolabel in­

to DEOG insoluble material is shown in Figure 45. The inhibition of 
3H-galactose into DEOG insoluble material is shown in Figure 40. The 

inhibition of carbohydrate incorporation into basement membrane by the 

protein synthesis inhibitor puromycin is in agreement with the require­
ment for protein synthesis before addition of carbohydrate occurs in a 
post-translational step.

When the competitive proline antagonist L-2-azetid!ne-2-carhoxy-
3lie acid was added to the incubation medium, the uptake of H-amino
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Figure 44. The Effect of Sodium Azide and Cycloheximide on the Appear­
ance of Radiolabel in the Deoxyetiolate Soluble Fraction of 
Isolated Rat Glomeruli Incubated with a Mixture of Amino 
Acids

The isolated rat glomeruli were divided into three equal aliquots and 
suspended in 4.5 ml of incubation buffer alone or buffer containing 
either 46 mM NaNo or 1.0 mM cycloheximide. After 40 minutes of preincu­
bation, 50 yCi of amino acid mixture in buffer was added to each 
aliquot.
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acids was inhibited by 40% while the inhibition of radiolabel appearance 

into the DEOG insoluble material was 15%. L-2-azetidine-2-carboxylic 
acid is thought to act by replacing proline during protein synthesis 

thus blocking further protein chain elongation. Although collagen is 

relatively rich in proline, the formation of any protein containing 
proline could be inhibited, ,

Colchicine, an agent which inhibits collagen secretion, had no

significant effect on radiolabel appearance in the isolated basement
3membrane during incubation with a mixture of Er-amino acids (figure 46). 

This would suggest that the extrusion of the deposited radiolabeled 

proteins does not require microtubule mediated processes. In addition, 

it suggests that the proteins being deposited are not collagenous. This 

is supported by the delayed appearance of radiolabeled hydroxyproline in 

the basement membrane and the•extracellular medium (Williams et al., 

1976).

Beta-aminoprbprionltrile (BAPIi), an inhibitor of collagen cross* 
line formation, inhibited the increase in the rate of radiolab'el deposi­

tion into the basement membrane matrix (Figure 47) that had been 

observed during: incubations with radiolabeled proline (Figure 41). Un­

like the earlier proline experiments (Figure 41), the glomeruli from 

both the control and BAPN groups Were allowed to remain in deoxycholate 

for one week at room temperature before basement membrane isolation was 

completed. This delay in basement membrane isolation may be of. suffi­

cient duration to allow collagen crosslink formation. It is apparent 

from this Study that only a portion of the radiolabel is susceptible to



141

H -A M IN O  ACIDS

180 240
MINUTES

Figure 46. Effect of Colchicine on the Appearance of Radiolabel in the 
Isolated Basement Membrane Fraction Obtained from Rat Glom­
eruli

Control #  .

1 x 10" 3 M colchicine for 30 minutes prior and during the incubation 
period O  .
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180
MINUTES

Figure 47. The Effect of 6-Aminopropionitrile on the Appearance of Ra­
diolabel in the Glomerular Basement Membrane Isolated from . 
Rat Glomeruli Incubated with ^H-Proline

Control □ .

7.1 x 10~2 m  g-aminopropionitrile for 10 minutes prior and during the 
incubation period ■ .
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deposition Inhibition by BAPN suggesting that non-collagen crosslink 

interactions such as disulfide bonds are also involved in the deposition 
process. The possibility that a collagen component is attached to the 
basement membrane matrix by BAPN sensitive mechanisms while a non­

collagen glycoprotein component is attached by BAPN resistent mechanisms 

is consistent with the linear incorporation rate observed for glucosa­

mine (Figure 37).. The inhibition by BAPN of radiolabel deposition may 

be due in part to cellular toxicity independent of lysyl oxidase inhi­

bition.

It has been proposed that basement membrane protein synthetic 
activity might - account for thi high energy consumption rate thought to . 

occur in the renal glomerulus (Cohen and Kamm, 1975). From the rate of 
basement membrane synthesis (Grant, Harwood and Williams, 1975) and dep­

osition of radiolabeled proteins into the basement membrane matrix 

(Hjelle, Brendel and Meezan, 1976), it would appear that basement mem­

brane protein synthesis does not account for the majority of protein 
synthetic activity associated with the glomerulus. The high energy con­

sumption of the glomerulus may in part be accounted for by contractile 

processes associated with glomerular cells. An endogenous rhythmic con­

traction of glomerular capillaries has been observed by Bernik (1969). 

Homych, Beaufils and Richet (1972) have found that supracortical glom­

eruli exhibit a vasomotor tone and are susceptible to the pressor ef­

fects of epinephrine. Another energy dependent cellular activity which 

may affect glomerular energy utilization has been reported by Klebe 
(1975). He found that the attachment of Cells to a layer of collagen 

was an energy requiring process. The maintenance of epithelial foot
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process attachment to the basement membrane in the face of glomerular 

filtration pressures may also be an energy requiring process.



CHAPTER 4 

CONCLUSIONS .

In thd.s study a method was developed for the isolation of mor­

phologically and chemically intact basement membranes from a variety of 

suborgan fractions. This procedure has been demonstrated to be appli­

cable to the study of basement membrane metabolism. Using this basement 
membrane isolation procedure, the deposition of newly formed proteins 

into the basement membrane matrix was studied. Evidence was accumulated 

which suggested that basement membrane formation might be a two com­

ponent system. One component was deposited at a linear rate .throughout 
most of the incubation period and was apparently not collagenous in 
nature. A second component was deposited after a lag period of 6 - 8 

hours and was collagenous in nature.

The formation of the basement membrane matrix was observed to 

be a slow process. This suggested that the high energy consumption rate 

of the glomerulus was probably due to cellular processes other than 

basement membrane synthesis. It also suggested that in short term ex­

periments changes in basement membrane synthetic rate would have little 

effect upon the gross structure of the basement membrane. This is of 

importance in the study of glomerular filtration when the question of 

the basement membrane as the primary barrier to filtration is discussed.

When glomerular preparations were examined for gluconeogenic 
activityj it was found that the activity resided in either the Bowman's
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capsule or minute quantities of proximal tubule attached to Bowman's 

capsule. Protein synthetic activity was found in both glomeruli with 
attached Bowman’s capsule and glomerular tufts. The indication of the 
non-gluconeogenic nature of the glomerular tuft may provide some further 

insight into glomerular function and metabolism and their alteration 
during disease.
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