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A B S T R A C T To study the effect of streptozotocin in-
duced diabetes on glomerular basement membrane
(GBM) synthesis, an isolated rat glomerular prepara-
tion has been developed, and its metabolic properties
have been defined. The chemical composition of normal
rat GBMisolated from this preparation closely resem-
bles human GBM. Incubation with [U-'4C1 lysine leads
to prompt incorporation of label into GBMand the
subsequent appearance of labeled hydroxylysine. A 1-h
lag before detection of labeled hydroxylysine in GBM
suggests a delay in the release of GBMprecursors. Sig-
nificantly lower counts appeared in the nondialyzable
fraction of the medium than in insoluble GBMduring
pulse-chase experiments, and labeled hydroxylysine ac-
counted for a lower portion of the total counts in the
medium (0.85%) than in the GBM(1.98%).

Isolated glomeruli were prepared from streptozotocin
diabetic rats of 4-6 wks duration. After incubation with
[U-'4C] lysine recovery of label in diabetic GBM
(88.98±8.26 nmol/g GBM) did not differ from age
matched controls (82.52+8.26 nmol/g GBM). In pulse-
chase experiments recovery of label in hvdroxylysine of
diabetic GBM(0.473±0.082 nmol/g GBAI) did not dif-
fer from age matched controls (0.567±0.065 nmol/g
GBM). These findings indicate normal rates of GBM
synthesis and hydroxylation of lysine residues in animals
with streptozotocin diabetes.
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The chemical composition and morphology of the
GBMwas then studied in rats with long term streptozo-
tocin diabetes (14 mo) to determine if the increase in
hydroxylysine and glucosyl galactose and the decrease in
lysine previously noted in the GBMin long-term human
diabetes occurs in the rat. Except for minor changes in
proline and arginine content, the chemical composition of
diabetic rat GBMdid not differ from age matched con-
trols. while light microscopic studies of diabetic and con-
trol kidneys revealed equal degrees of mesangial and
peripheral GBMchanges.

INTRODUCTION

Pathologic changes in the capillary wall characterized
by thickening of the basement membrane have been
recognize(l in multiple vascular beds of long-term dia-
betics (1, 2). Diabetic intercapillary glomerulosclerosis
and restultant renal failure, however, continue to be the
greatest single cause of mortality and morbidity in pa-
tients with the juvenile onset type of diabetes (3, 4).
This lesionl, first described by Kimmelstiel and Wilson
(5), represents the most specific diabetic microvascular
lesion, althouglh diffuse thickening of the glomerular
basement membrane (GBM)' occurs with equal or

greater frequency (6, 7). Glomerular lesions resembling
those seen in human diabetes have also been described
in experimental animals with both genetic (8, 9) and
experimental diabetes (10-13) suggesting that environ-
mental factors may play a role in their pathogenesis.
For example. recent electron microscopic studies have
demonstrated that modest basement membrane thicken-
ing occurs in the GBMof rats with long-term streptozo-
tocin induced diabetes (13). This and other studies

lAbbreviation itsed in this paper: GBM, glomerular base-
ment membrane.
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imply that rats with experimental diabetes may serve
as a useful model for the study of human diabetic micro-
angiopathy.

In addition to the basement membrane thickening ob-
served in patients with diabetes mellitus, a distinct chem-
ical change has been described in the GBMof some pa-
tients with diabetes of long duration (14, 15). The dia-
betic GBMshows an increase in hydroxylysine with a
concomitant decrease in lysine residues as well as an
increase in the disaccharide glucosyl-galactose covalently
bound to hydroxylysine. In addition, significant increases
in GBMhydroxyproline and glycine content and de-
creases in valine and tyrosine are also observed in dia-
betic GBM. Since a subunit rich in glucosyl-galactose,
hydroxylysine, glycine, and hydroxyproline and poor
in lysine, valine, and tyrosine has been described in bo-
vine GBM(16), it is possible that the change in diabetic
GBMcould represent accumulation of a similar carbohy-
drate rich subunit. No information on the chemical
composition of GBMin experimental animals with long-
term diabetes is currently available.

Our current information regarding the control of
GBMbiosynthesis is inadequate. Several studies which
utilized experimental animals have suggested that the
thickening of basement membrane in diabetes is due to
accelerated synthesis. By utilizing alloxan diabetic rats,
Spiro and Spiro (17) have demonstrated increased ac-
tivity of renal glucosyl transferase. the enzyme that adds
the terminal glucose residue to the glucosyl-galactose
disaccharide in GBM. In another study Cohen and Vogt
(18) have suggested that glomeruli isolated from pan-
createctomized rats incorporate increased amounts of
labeled lysine into a subcellular fraction, and more re-
cently Khalifa and Cohen (19) have demonstrated in-
creased glomerular lysyl hydroxylase activity in strep-
tozotocin diabetic rats. Wahl and his colleagues, on the
other hand, could not demonstrate increased incorpora-
tion of labeled glucose into GBMwhen glomeruli from
alloxan diabetic animals were compared with non-
diabetics (20).

To study GBMbiosynthesis an isolated rat glomerular
preparation has been developed, and its metabolic param-
eters have been defined. The viability and metabolic
properties of isolated glomeruli have previously been
documented by several other investigators (20-24). The
incorporation of [U-'4C] lysine into GBAI by this prepa-
ration provides information on the rates of GBEI bio-
synthesis. The subsequent incorporation of labeled hy-
droxylysine residues into GBMindicates that in addi-
tion to providing information on GBMI synthesis this
preparation may furnish useful data on lysyl hydroxy-
lase activity. This enzyme is of special interest since
hydroxylation of lysine residues presumably precedes
the addition of galactose and glucose residues to GBM

(25). By utilizing this preparation, glomeruli which
have been isolated from normal and streptozotocin dia-
betic animals, have been studied to determine their rates
of incorporation of labeled lysine and hydroxylysine into
GBM.

To determine the effect of long-term experimental
diabetes on the chemical composition of the GBM,
streptozotocin diabetic rats and age matched controls
have been maintained for 14 mo before isolation and
chemical analysis of their GBM. Information obtained
from these experiments is necessary to evaluate the re-
sults of the GBMbiosynthetic studies and provides use-
ful information on the relative role played by genetic
and environmental factors in the pathogenesis of diabetic
microangiopathy.

METHODS
Getneral. Streptozotocin was obtained from Dr. William

Dulin (Upjohn Corp., Kalamazoo, Mich.) and Dr. Howard
Katzen (Merck, Sharp and Dohme, Rahway, N. J.) and
administered i.v. in 0.01 M citrate buffer, pH = 4.5, at a
dose of 70-90 mg/kg; 90-100 g male Wistar rats were used,
and controls were injected with buffer alone. Lactate test
kits were obtained from C. F. Boehringer and Sons, Mann-
heim, Germany. [U-24C]glucose (5 ACi/,gmol) and [U-'4C]-
lysine (265-312 ,uCi/Amol) were obtained from NewEng-
land Nuclear Corp., Boston, Mass.; a,a'-dipyridyl and cy-
clohexamide (Sigma Chemical Co., St. Louis, Mo.), L-
lactic acid sodium (Schwarz/Mann Div., Orangeburg,
N. Y.), ascorbic acid (Nutritional Biochemicals Corp.,
Cleveland, Ohio), and a-ketoglutarate (Matheson Gas Prod-
ucts, East Rutherford, N. J.) were used as indicated.

Preparationt of glomerutli for incubation. The animals
were sacrificed by decapitation, and their kidneys were
immediately perfused with cold 0.9%o NaCl (pH = 7.40)
containing 5 or 30 mMglucose until blanching occurred.
The kidneys were removed, bisected, and placed in cold
Krebs-Ringers bicarbonate buffer (pH = 7.4) containing
5 or 30 mMglucose and constantly bubbled with 95% 02-
5%o CO2. The renal cortex was removed in thin slices with
a Stadie-Riggs tissue slicer and placed in a similar buffer.
Glomeruli were prepared from the cortical slices on stain-
less steel sieves by a modification of a technique previously
used for bovine and human glomeruli (15, 26). Because
of the smaller size of rat glomeruli, the cortical tissue was
disrupted in 5-g portions with the bottom of a 150-ml beaker
on 3-inchi 150-mesh sieves. The suspension of material pass-
ing through this sieve was in turn passed through a 150-
mesh sieve in series with a 200-mesh sieve, and the glo-
nieruli on the 200-mesh sieve were washed two times
wvitlh 75 ml of 0.9% sodium chloride (pH = 7.40) and
transferred for centrifugation at 12,000 g at 4°C. The pellet
was suspended in Krebs-Ringers bicarbonate buffer, and
samples were taken for incubation and nitrogen determina-
tion. The preparations consistently contained greater than
95% glomeruli when differential counts were performed by
phase microscopy.

Metabolic characteristics of glomneruili. All incubations
wvere carried out in Krebs-Ringers bicarbonate buffer (pH
= 7.40) in a total volume of 1.0 ml with constant shaking,
at 37° C. The preparations were intermittently gassed with
either 95%o 02 or 95%o air containing 5%o C02.

Lactate was determined by lactic dehydrogenase (27) on
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perchloric acid filtrates of medium from incubations per-
formed with or without 5 mMglucose. "4CO2 production
at 2, 4, and 6 h was determined by incubating glomeruli
isolated from three kidneys in flasks containinig 2 ml of
Krebs' Ringers bicarbonate buffer and [U-14C]glucose (0.1
gCi/jumol). "4CO2 was collected on Hyamine saturated filter
paper after acidification of the medium with 0.5 ml 1.0 N
H14SO4 and shaking at 37°C for an additional hour (28).
Total counts were determined on these samples and on ap-
propriate reagent blanks in Bray's solution utilizing a liquid
scintillation spectrometer (model ABAC SL 40, Intertech-
nique Instruments, Inc., Dover, N. J.).

[U-'4C] lysine incorporation inito GBiMl. In these studies
glomeruli from 20-30 kidneys were incubated in Krebs-
Ringers bicarbonate buffer contaiining 20 uM1 [U-'4C]lysine
(312 mCi/mmol). Glomeruli from normal animals were in-
cubated in buffer containing 5 mnM glucose while diabetic
tissues were incubated in medium containing 30 mMglu-
cose. Incubations were carried out for periods of time rang-
ing from 20 min to 4 h, or the tissue was exposed to a [U-
14C]lysine pulse of 1 h followed by a chase with buffer
containing 0.25 mML-lysine for 1-3 h.

To terminate the incubation, an aliquot of stock solution
containing a,a'-dipyridyl and cyclohexami(le was added to
achieve a concentration of 1.0 mMl and 100 jug/ml, respec-
tively. The glomerular pellet was washed twice with cold
0.15 M NaCl containing similar concentrations of a,a'-
dipyridyl and cyclohexamide and immediately frozen in dry
ice and alcolhol.

To prepare GBM the glomerular pellet was suspended
in cold 1.0 XI NaCl, sonicatedl with a 3-mm diameter probe
of a Sonifier cell disruptor (Ultrasonics Systems, Inc.,
Farmingdale, L. I., N. Y.) at 60 Wfor 45 s on ice, and
washed with cold 1.0 N NaCl and distilled water as previ-
ously described (15). Hydrolysis was performed in 6.0 N
constant boiling HCl under nitrogen at 105°C for 24 h,
and the acid was removed under vacuum at 50°C.

The component amino acids were separate(l by ion ex-
change chromatography using the short column of the
Beckman model 120C Amino Acid Analyzer (Beckman
Instruments, Inc., Fullerton, Calif.). Two-thirds of the
effluent was diverted by a stream splitter to a fraction col-
lector for scintillation counting, while amino acid composi-
tion was determined with the remaining one-third. 1-ml
saml)les of the effluent were counite(d in Aquasol ( New Eng-
land Nuclear, Boston, Mass.) by utilizing the liquid scin-
tillation spectrometer. Counts wvere considered significant
if they fell outside the 99%7 confidence limits calculated for
backgroun(d by a method described by Steinberg and Udeni-
friend (29).

The nitrogen content of the basement membrane was
determined after solubilization of a sample of GBM in
0.1 N NaOHat 37°C and digestion with 50% H2SO4 (26).
The amount of (Iry GBMwas determineed for each p)repara-
tion by usinlg a nitrogen content of 9.65%e as determined by
digestion of GBMI of known composition. The lysine and
hydroxylysine content of each sample, calculated from the
amino acid analyzer, was also used to determine the specific
activity of [U-'4C]lysine and [U-'4C]hydroxylysine in the
GBM.

Laibeled lvsislc and hydroxvlysine in nondialvzable fraction
of medinw. Preliminary studies were carried out to quan-
tify the appearance of ['4C]lysine and ["4C]hydroxylysine
in the medium during pulse-chase experiments. In two
separate experiments, each utilizing glomeruli isolated from
10 normal rats, a 1-h pulse with ['4C]lysine (312 mCi/nmol)

was followed by a 3-h chase period in Krebs-Ringers bi-
carbonate containing 5 mMglucose and 0.25 mM lysine.
Incubations were performed at 37°C as previously described.
After terminating the incubation by addition of a,a'-dipyridyl
and cyclohexamide to achieve concentrations of 1.0 mM
and 100 Ag/ml, respectively, the samples were spun at 15,000
g at 4°C and the media from the two incubations were
pooled. The medium was extensively dialyzed against 2.5
nmIM L-lysine in distilled water at 4°C until constant specific
activity was achieved. The dialysate was then taken to
dryness in an Evap-o-Mix (Rotary Evapo-Mix, Buchler
Instruments, Div. Searle Analytic, Inc., Fort Lee, N. J.)
at 30°C and hydrolyzed under nitrogen in constant boiling
6.0 N HCl at 105°C for 24 h. Counts were determined on
fractions corresponding to lysine and hydroxylsine as pre-
viously described.

GBMAcomizpositiont in lontg-termn diabetic antimawls. Strepto-
zotocin was administered (50 mg/kg) to male, caesarian
delivered Fisher rats (Charles River Breeding Laboratory,
Wilmington, Mass.) weighing 150-225 g, and blood glucose
was measured within 48 h and then bi-monthly for 14 mo.
(Diabetic and control rats were provided and maintained
by Dr. Monroe Glitzer and Dr. Howard Katzen, Merck
Institute for Therapeutic Research, Rahway, N. J.) Animals
were considered diabetic if their blood glucose values con-
sistently exceeded 300 mg/100 ml. Age and sex matched
controls were maintained under identical conditions. At the
end of the study period the animals were sacrificed by de-
capitation, and their kidneys were removed and frozen after
obtaininig a piece of tissue for fixation in buffered formalin
(pH = 7.0) for light microscopic studies. 85 diabetic animals
were considered suitable for study and were compared with
142 controls. Glomeruli were prepared by the use of stain-
less steel sieves by a method similar to that described for
in vitro studies. For the preparation of basement membrane,
five equal portions of glomeruli from both diabetic and con-
trol animals were disrupted by sonication as previously
described. During sonication the degree of glomerular dis-
ruption was evaluated by periodic examination of each
sample by phase microscopy. In several control and diabetic
samples an additional 15 to 30 s of sonication were required
to achieve optimal tissue disruption. After washing the
GBMwith cold 1.0 MNaCl and cold distilled water as previ-
ously described (15) a portion of each GBMsample was

hydrolyzed in constant boiling HCl under nitrogen at 105°C
for 24 h. After removal of the acid under vacuum at 50°C
amino acid and glucosamine analysis were performed on a
Beckman model 120C Amino Acid Analyzer. Correction
factors for the loss of serine and threonine were determined
by timed hydrolysis of GBMand extrapolation of the values
to zero time by the method of least squares (26). One-half
cystine and glucosamine were corrected by using the yields
of 85%0 and 69%o, respectively. The loss of one-half cystine
was determined as previously described (15), while that of
glucosamine was determined by the hydrolysis of standards
under conditions similar to those used for cleavage of GBM
peptide bonds. Although significant destruction of glucosa-
mine occurs under these conditions and the destruction of
free glucosamine might differ somewhat from that in glyco-
sidic linkage, the small amount of rat GBMavailable for
analysis dictated the use of the same sample for amino acid
and glucosamine determination. The values obtained after
correction were considered useful for comparative purposes.
Analyses of glucose, galactose, mannose, and fucose were

performed as previously described by gas-liquid chroma-
tography utilizing a 12-foot 15%o EGScolumn on a Packard
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Gas Chromatograph, Packard Instrument Co., Downers
Grove, Ill. (30). Since the yields of galactose standards
were 88%, galactose values determined on GBM were
subsequently corrected. Statistical analysis of data from
glomerular incubations and GBM compositional studies
were performed by the t test. Histologic studies of diabetic
and control tissues were performed by Dr. Joseph William-
son of the Department of Pathology, Washington Univer-
sity, St. Louis, Mo.

RESULTS

The amino acid composition of GBMisolated from con-
trol rats closely resembles that of normal human (14,
31, 32) and bovine (33) GBM(Table I) and is similar
to that found in prior studies of rat GBM (34, 35).
Analysis of the carbohydrate content of rat GBMre-
vealed the presence of glucose, galactose, mannose,
fucose, and glucosamine (Table II), all of which have
previously been found in human and bovine GBM.

Incubations of glomeruli with [U-24C] glucose for 6 h
led to the linear production of "4CO2 indicating viability
for this period of time. In two experiments the glomeruli
produced 3.12 and 4.26 ,Amoles of lactate/i00 mg

TABLE I
Amino Acid Composition of GBM*from Long-Term

Diabetic Rats and Controlst

Component Controls Diabeticsi

residue/l,00X amino acid residues P

3-Hydroxyproline 10.28±0.28 9.42 ±i0.51 NS
4-Hydroxyproline 78.80i±3.50 77.05 ±3.02 NS
Aspartic acid 68.17+0.65 68.79+0.84 NS
Threoninell 41.62 ±0.90 42.05 ±0.46 NS
Serine 11 57.47 ± 1.55 56.14 ±0.36 NS
Proline 61.43 ±0.76 64.61 i 1.12 < 0.005
Glutamic acid 100.15±2.20 100.23±1.45 NS
Glycine 202.53i3.37 193.01 ±5.71 NS
Alanine 52.72 i0.58 54.17 1.96 NS
Valine 38.56±0.47 39.38±1.06 NS
Half cystinell 18.97 ±0.55 20.78± 1.07 NS
Methionine 13.79 i 1.05 12.40±i 1.64 NS
Isoleucine 30.23 ±0.35 30.14 ±0.81 NS
1,eucine 68.18±+0.41 68.05 ± 1.21 NS
Tyrosine 18.24±0.50 17.94±0.61 NS
Phenylalanine 29.85±+0.42 30.10±-0.67 NS
Hydroxylysine 23.08 ± 1.00 23.15±+0.80 NS
Lysine 25.86±+0.87 25.49±-1.10 NS
Histidine 18.82±+0.31 17.84±0.32 NS
Arginine 46.33±0.44 44.51±i0.46 <0.01

Values expressed as MeantSEM.
* Glomerular basement membrane.
t Values in each column represent average of analyses per-
formed on five preparations each containing the basement
membrane from 17 to 25 animals.
§ Duration of streptozotocin induced diabetes-14 mo.
11 Corrected for loss during hydrolysis as described in text.

TABLE II
Neutral Sugar and Glucosamine Content of GBMfrom

Long Term Diabetic and Control Rats*

Controls Diabetics

(g/100 g basement membrane) P

Glucose 3.6040.35 3.71 ±t0.42 NS
Galactose§ 4.32 ±0.48 4.40±0.41 NS
Mannose 0.984±0.091 0.952 ±0.038 NS
Fucose 0.145 ±0.017 0.165 ±0.020 NS
Glucosamine 1.69 ±0.07 1.65 ±0.21 NS

Values expressed as Mean±SEM.
* Values in each column represent analyses performed on five
preparations, each containing the basement membrane iso-
lated from 17-25 animals.
t Duration of streptozotocin induced diabetes-14 mo.
§ Galactose values corrected for yield of 88%.

glomerular dry weight from 5 mMglucose during a 2-h
incubation.

When glomeruli are incubated with [U-14C] lysine
for variable periods up to 4 h, significant amounts of
labeled lysine appear in GBMwithin 20 min, and after 1
h the increase of labeled lysine in GBMremains roughly
linear for the duration of the incubation (Fig. 1). Sig-
nificant levels of labeled hydroxylysine were not de-
tected in GBM, however, for 60 min after addition of
[14C] lysine to the medium. The delay in the appearance
of labeled hydroxylysine in GBMcould be the result of
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FIGURE 1 [U-"C]lysine incorporation into GBMand hydroxy-
lation to [14CJhydroxylysine. Glomeruli incubated with 20
/AM [U-"C]lysine (312 mCi/mmol). Each lysine (*-*)
and hydroxylysine (0--O) point represents Mean+SEM
of five experiments.
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delayed release of newly synthesized basement membrane
precursors, a possibility suggested by the studies of
Grant et al. (36).

To studv the timle course of the appearance of ['4C]
hydroxylysine in GBAM, pulse-chase experiments were
perforflled. Normal glomiieruli were exposed to a 1-h
pulse of labeled lysine, followed by a 1-3 h chase with
0.25 mML-lysine. [U-'4C] lysine levels in GBM in-
creased progressively up to 1 h after initiation of the
chase period, after which labeled lysine content remained
constant (Fig. 2). During the chase period the GBM
content of labeled hydroxylvsine increased in a roughly
linear fashion. In addition to the lysine and hydroxy-
lysine fractions, counts were determined on the effluent
from the amino acid analyzer corresponding to the
acidic, neutral, and other basic amino acids of GBM.
No significant radioactivitv was detected in these frac-
tions, indicating that no interchange of label between
lysine or hydroxvlvsine and other amino acids occurred
during GBMsynthesis.

Preliminary experiments were also performed to
determine if [U-YC] lysine and hydroxylysine appeared
in the nondialyzable fraction of the medium during
pulse-chase experiments. By utilizing glomeruli from
normal rats, the counts above base line appearing in
lysine and hydroxylysine of the nondialyzable fraction of
the medium were 9.992 and 86 cpm, respectively, after a
3-h chase period. The total counts above base line found
in lysine and hydroxylysine of the insoluble GBMduring
the same time period were 31,331 and 632 cpm, re-
spectively. The values for counts in intact GBAI are con-
siderably higher than those detected in the medium. In
addition, the proportion of lysine residues hydroxylated
in insoluble GBM (1.98%) was more than twice that
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FIGURE 2 [U-'4C]lysine incorporation into GBMand hy-
droxylation to [14C]hydroxylysine during pulse-chase ex-
periments. Pulse 1 h 20 AtM [U-'4C]lysine (312 mCi/mmol).
Chase with 0.25 mML-lysine. Each lysine (-0-) and hy-
droxylysine (--O--) point represents Mean±+SEM of five
experiments.

TABLE III
Effect of Change in Oxygen Tension on [U-L4C]Lysine

Incorporation into GBMand [ 1-4C]Lysine
Hydroxylation*

Lvsine Hydroxylysine

nnzol, g dry GB11$
95% Oxygein (7)§ 33.52±5.29 0.567±0.065
95c Air (7)§ 24.68+:3.18 0.345±0.049

P NS <().01

* 'ulse 1 h with [U-'4C]lysille (312 mC'mmnol). Chase 3 h
Withl L-lysille (0.25 mM).
t MIean+±SEMI.
§ Gas phatse 5%6i, C02.

seen in the nondialyzable portion of the medium
(0.85%).

Incubation conditions were nmodified to determine
those optinmal for the incorporation of ["4C] lysine into
GBMand its subsequent hydroxylation to ['4C] hydroxy-
lysine. When normal glomeruli were incubated for 4 h
with ["4C] lysine. increasing medium glucose concen-
tration from 5 to 30 mMdid not significantly modify
the incorporation of labeled lysine into GBM (5 mM
glucose 82.52±8.26 nmol/g dry GBM, n= 5; 30 mM
glucose - 92.30±+5.01 nmol/g dry GBM, n = 4). Pulse-
chase experiments, wlich more accurately reflect the in-
corporation of hydroxylysine containing precursors into
GBMwere also performed. Decreasing medium oxygen
tension, as expected, led to a significant decrease in
hydroxylation of labeled lysine residues, while [U-14C]
lysine incorporation, although slightly decreased, did
not change significantly (Table III). When pulse-chase
experiments were performed in the presence of 30 mM
glucose, no significant change in the incorporation of
labeled lysine or hydroxylysine occurred (5 mMglu-
cose-lysine 33.52+5.29 nmol/g dry GBM; hydroxylysine
0.567±0.065 nmol/g dry GBM, n = 7, and 30 mMglu-
cose-lysine 29.92+0.77 nmol/g dry GBM; hydroxylysine
0.471±0.038 nmol/g dry GBM, n = 4). It was also dem-
onstrated that the addition of 40 mMlactate to the me-
dium during both the pulse and chase periods did not
modify the hydroxylation of labeled lysine residues in
GBM.

To evaluate the effects of experimental diabetes on the
incorporation of lysine and hydroxylysine containing
precursors into the glomerular basement membrane,
male Wistar rats were made diabetic with streptozotocin
(37). Animals were considered diabetic if their plasma
glucose levels consistently exceeded 300 mg/100 ml.
Diabetics and age matched controls injected with buffer
alone were maintained for 4-6 wk. None of the diabetic
animals became ketotic, and, as expected, the weight
gain of the diabetic animals (50.7±5.74 g) was signifi-
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cantly less than that of their controls (127.1±10.24 g).
Glomeruli isolated from 10 to 12 diabetic or normal ani-
mals were used for each experiment. The basement
membrane isolated from 10 groups of 20 diabetic ani-
mals each and control groups of similar size were ana-
lyzed for yield and lysine content. The yield of base-
ment membrane from the glomeruli of diabetic animals
expressed as dry weight of basement membrane per wet
weight cortex did not differ significantly from that of
controls (Table IV). The lysine content of the basement
membrane from diabetic animals was also similar to
that found in controls (Table IV).

Glomeruli from diabetic animals were incubated with
uniformly labeled ["4C] lysine for 4 h, a time at which
the apparent rate of lysine incorporation into normal
basement membrane approaches linearity. As seen in
Table V, the glomeruli from diabetic animals did not
differ from controls in their capacity to incorporate la-
beled lysine into the glomerular basement membrane.
To study the effect of diabetes on incorporation of hy-
droxylysine residues into GBM, pulse-chase experiments
were performed utilizing glomeruli from diabetic ani-
mals. As can be seen in Table VI, the label found in
basement membrane hydroxylysine after a 3-h chase
with cold lysine was similar when glomeruli from dia-
betic animals were compared with age matched controls.
The [U-"C] lysine content of the GBMfrom diabetic
animals also did not differ from that seen in controls
(Table VI). Similar results were found when incorpora-
tion of labeled lysine and hydroxylysine were expressed
as specific activities based on GBMlysine or hydroxy-
lysine content rather than the dry weight of GBM.
(Incorporation of [U-"C] lysine into GBMafter 4 h
incubations: controls 556.3±53.3 and diabetics 448.7±
99.6 nmol/mmol GBMlysine, P = NS. Pulse chase ex-
periments, with 3 h chase period: [U-'4C] lysine content,
control 243.2±62.6 vs. diabetic 236.1+42.9 nmol/mmol
GBMlysine and [14C] hydroxylysine content, control

TABLE IV
Yield and Lysine Content of GBMfrom Normal

and Diabetic Rats*

Percent yield
dry GBM/wet wt.

cortex Lysine content

jsmo/1OO mgGBM

Normal (10)t 0.011±0.001 19.1±2.2
Diabetic (10)t 0.013±0.002 18.1±2.0

P NS NS

Values expressed as Mean±SEM.
* Duration of streptozotocin induced diabetes-4-6 wk.

Diabetics and normals consist of 10 groups of 20 animals
each.

TABLE V
[U-4 C]Lysine Incorporation into GBMby Glomeruli

from Diabetic A nimals*

n,nollg dry GBAI1

Control (5) 82.52 +8.26
Diabetic (5) 88.98±8.26

P NS

* Incubated for 4 h with 20 iAXI [U-'4C]lysine (312 mCi/
mmol).
I Meani±SEM.

4.87±0.71 vs. diabetic 4.90±1.07 nmol/mmol GBMhy-
droxylysine, P for both = NS).

Compositional studies performed on GBMfrom long-
term diabetic rats (14 mo) are compared with GBM
from age matched controls in Table I and II. Except for
minor differences in proline and arginine content, the
amino acid composition of GBMisolated from diabetic
animals did not differ from controls. In addition, the
carbohydrate content of the GBMfrom diabetic rats did
not differ from that seen in controls. The similarities in
GBMglucose content, a sugar found only in the disac-
charide glucosyl-galactose, and in mannose and glu-
cosamine, both of which are found only in the larger
heteropolysaccharide, suggest that the content of these
two subunits is unchanged in GBMfrom diabetic rats.

Representative samples from diabetic and control rat
kidneys were examined by light microscopy by Dr.
Joseph Williamson. Examination of samples stained
with haematoxylin and eosin and periodic acid Schiff
reagents revealed no difference between the diabetic and
control tissues. Some increase in the mesangial area and
mild thickening of peripheral capillary loops was noted
in diabetic tissues, but age matched control kidneys
showed similar changes. Similar histologic changes have
previously been noted in association with aging alone
in man and other species (38, 39).

TABLE VI
[U-'4C]Lysine Incorporation into GBMand [U-'4C]Lysine

Hydroxylation by Glomerzuli from Diabetic Animals*

Percent total
cpm in

Lysine Hydroxylysine hydroxylysine

nmol/g dry GBAI

Control (7) 33.52±5.29 0.567±0.065 1.85±0.290
Diabetic (7) 28.72+2.99 0.473±0.082 1.61+0.186

P NS NS NS

Values expressed as MeaniSEM.
* Pulse 1 h with 20 MM[U-'4C]lysine (312 mCi/mmol), chase
3 h with 0.25 mML-lysine.
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DISCUSSION

The isolated glomerular preparation provides useful in-
formation regarding basement membrane synthesis and
factors responsible for its regulation. Labeled lysine is
rapidly incorporated into the basement membrane, and
after 1 h the apparent rate of incorporation of [U-14C1
lysine into GBMproceeds in a linear fashion. Pulse-
chase experiments demonstrate that a 60-min interval
occurs before significant counts appear in GBMhy-
droxylysine, suggesting a delay in the release of hy-
droxylysine containing GBMprecursors similar to that
noted in the biosynthesis of interstitial collagens and
other basement laminae (36, 40, 41). Once hydroxylated
lysyl residues are detected in GBM, there is a progres-
sive linear increase in labeled hydroxylysine for the du-
ration of the incubation. In pulse-chase experiments this
occurs without a further increase in labeled lysine, rais-
ing the possibility that incorporation of lysyl residues
into a GBM precursor precedes hydroxylation. Con-
versely, the small percentage of labeled lysyl residues
hydroxylated after a 4 h incubation (Fig. 1) relative to
the proportion of lysine residues subsequently hydroxy-
lated in rat GBM(Table I) could indicate that the hy-
droxylysine rich precursor accounts for a relatively
small proportion of the newly synthesized GBM, as sug-
gested by Grant et al. (36). This could also reflect the
slow turnover of GBMpreviously noted by several in-
vestigators (42. 43).

Pulse-chase experiments performed with glomeruli
from diabetic animals demonstrated no significant change
in the incorporation of labeled hydroxylysine into the
GBMwhen compared witlh controls. This probably rep-
resents equal rates of deposition of hydroxylysine con-
taining GBMprecursor into insoluble GBMby diabetic
and control tissues (36, 40), although little information
is available regarding the characterization of precursors
accounting for the bulk of GB.NM synthesis. The produc-
tion of equal amounts of hydroxylysine containing pre-
cursors by diabetic and normal glomeruli also suggests
normal activity of lysyl hydroxylase in the diabetics, al-
though increased intracellular levels of newly hydroxy-
lated GBMprecursors cannot be excluded.

Several recent studies, utilizing embryonic chick lens
(36) and the embryonic rat parietal yolk sac (40) have
demonstrated the production of a soluble collagen-like
basement membrane precursor when these tissues are
incubated with labeled proline or lysine. In these meta-
bolically active tissues as in isolated glomeruli. the
basement membrane precursor accounts for only a small
proportion of newly labeled soluble protein. The pre-
liminary studies reported here indicate that counts in
both lvsine and hydroxylysine in insoluble GBMexceed
those in the medium during incubations performed with
isolated glomeruli. suggesting that under these experi-

mental conditions the quantification of label in a soluble
GBMprecursor rather than insoluble GBMwould not
be a more sensitive indicator of GBMsynthesis. In-
formation gained with embryonic tissues is of great in-
terest, although it has yet to be established that these
tissues are subject to the same metabolic controls found
in glomeruli from more mature animals. In addition, it
would be different to utilize embryonic tissues for long-
term studies of the pathogenesis of basement membrane
thickening which characteristically occur over months
to years. The recent studies of Grant et al. (44) with
isolated rat glomeruli do indicate that collagen like pre-
cursors, similar to those found in embryonic tissues ex-
ist for GBM. and suggest that useful information may be
gained from performing comparative studies with nor-
mal and diabetic animals.

The failure to demonstrate increased incorporation of
a hydroxylysine rich precursor into GBMby glomeruli
from diabetic animals is not surprising since the GBM
isolated from long term diabetic rats did not demonstrate
an increased hydroxylysine content relative to controls.
In addition to normal hydroxylysine values, the GBM
from diabetic rats fails to demonstrate an increase in its
covalently bound disaccharide glycosyl-galactose, as well
as the increased levels of hydroxyproline and glycine
and decreases in lysine, valine, and tyrosine previously
found in the GBMfrom patients with long term dia-
betes (14, 15). The change previously noted in the
chemical composition of human GBMmay be quite spe-
cific for the diabetic state (30), although two recent
studies have failed to consistently find a significant
chanige in the chemical composition of the GBMin dia-
betic patients (45. 46).

Althoughl incorporation of labeled hydroxylysine into
GBAI is a more specific indicator of basement mem-

brane synthesis, the normal rates of incorporation of
labeled lNsine into GBMby glomeruli from diabetic ani-
mals also fails to suggest the overproduction of GBM
secondary to streptozotocin induced diabetes. The mini-
miial thickening of the GBMnoted in an earlier study of
glomeruli from long term streptozotocin diabetic rats

(13), and the similarity of the morphology of diabetic
and control glomeruli in the present study support this
conclusion. In addition, the extensive glomerulosclerosis
sometimes seen in diabetic patients has not been de-
scribed in the kidneys of rats with long term experi-
mental diabetes. Although it is possible that the 3-yr
life span of the rat is too short for one to see significant
GBMthickening or changes in GBMchemical composi-
tion, the replacement time of approximately 1 yr for
rat GBMnoted by Walker (43) should allow one to

detect characteristic quantitative and qualitative changes
if they were to occur in long term diabetic animals.

Several other studies have been interpreted as demon-
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strating increased GBMsynthesis in association with
experimental diabetes in the rat. Spiro and Spiro dem-
onstrated increased activity of renal cortical glucosyl
transferase in alloxan diabetic rats and partial reversal
toward normal after institution of insulin therapy (17).
Unfortunately, renal galactosyl transferase, the en-
zyme which adds the initial sugar residue to hydroxy-
lysine, did not demonstrate sufficient activity to allow
comparison in diabetic and normal animals. In addition,
the prompt glycosylation of newly hydroxylated lysyl
residues demonstrated in more recent biosynthetic stud-
ies of the basement membrane of chick lens suggests
that lysine hydroxylation is the step where regulation
may limit GBMsynthesis and extrusion from cell (36).
Cohen and Vogt (18) have demonstrated increased in-
corporation of labeled lysine into glomerular proteins by
glomeruli isolated from streptozotocin diabetic rats and
more recently Khalifa and Cohen (19) have presented
evidence suggesting increased lysyl hydroxylase activity
in the soluble fraction of homogenates from diabetic
animals. Wahl and his colleagues, however, were unable
to demonstrate increased incorporation of labeled glu-
cose into the GBMin studies utilizing glomeruli from
diabetic rats (20).

Considerable confusion exists regarding the relation-
ship of the metabolic changes associated with diabetes
to the progression of diabetic microvascular disease.
The present study suggests that chronic streptozotocin
induced diabetes is not associated with changes in the
biosynthesis, chemical composition, or morphology of
the GBM. Biosynthetic (18, 19) and compositional (14,
15, 47) studies in both experimental animals and dia-
betic patients, however, have suggested that hypergly-
cemia, insulin deficiency, or other metabolic abnormali-
ties associated with diabetes may play an important role
in the progression of diabetic capillary disease. The ap-
plication of newer biochemical (44) and more rigorous
morphometric techniques (48, 49) may eventually pro-
vide information on the role played by environmental
and hereditary factors in the pathogenesis of diabetic
microvascular disease.
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