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Offspring of diabetic mothers have developmental re-
nal abnormalities; thus, we investigated the effects of
the diabetic milieu on kidney development. Four
groups of host rats, including insulin-deficient and
insulin-treated streptozotocin-induced diabetic rats,
normal controls, and insulin-treated nondiabetic
rats, were prepared. After 38 days, rats received ocu-
lar implants of E14 fetal rat kidneys. Nine days later
the fetal kidney grafts were harvested for analysis of
glomerular development and expression of fibronec-
tin, laminin, laminin-B2, and a-smooth muscle actin
and m170, two additional markers of mesangial mat-
uration. The rate of glomerular maturation was de-
layed in grafts placed in hyperglycemic, insulin-defi-
cient diabetic rats. These glomeruli contained few
mesangial cells or matrix, and laminin-B2 expression
was reduced as compared with controls. Mesangial
expression of a-smooth muscle actin and m170 was
not detected. In contrast, grafts placed in insulin-
treated diabetic animals had increased numbers of
mesangial cells and expanded mesangial matrix. The
content of laminin-B2 and expression of m170 and
a-smooth muscle actin were also increased in these
grafts. These data show that hyperglycemia and insu-
lin status influence laminin isoform expression and
play important roles in mesangial development.
(Am J Patbol 1997, 151:1131-1140)

The frequency of congenital malformations is increased
in the offspring of diabetic mothers.” The numbers and
severity of abnormalities in fetal development correlate
with the degree of glycemic control of the mother, partic-
ularly during the first trimester.'® Maternal glucose, but
not insulin, readily crosses the placenta.” In the earliest
stages of pregnancy, hyperglycemia per se may be det-
rimental to fetal development.” Later in the first trimester,
fetal production of insulin occurs and is further stimulated
by the glucose load delivered from the maternal circula-
tion. The fetus remains persistently hyperinsulinemic as

long as the mother is hyperglycemic, but fetal blood
sugar levels are usually normal.* Experimental data sug-
gest that metabolic abnormalities of diabetes contribute
to abnormalities in kidney development in the fetus.>~”
Yet, little is known of the mechanisms responsible for
abnormalities in renal development.

Recent studies have shown that changes in extracel-
lular matrix (ECM) composition and expression of various
cell markers correlate with cellular differentiation during
organ development.® a-Smooth muscle actin (a-SMA)
expression in mesangial cells (MCs) correlates with the
stages of glomerulogenesis and MC differentiation.® The
protein identified by the monoclonal antibody m170 also
has temporal-spatial changes in expression during
nephrogenesis.’® As the glomerulus matures, laminins
(LMs) containing B1 chains are replaced by LMs contain-
ing B2 (s-laminin).'* This change in LM isoform tempo-
rally corresponds to the novel expression of a3-a5 chains
of collagen IV in the glomerular basement membrane
(GBM). Expression of LM-B2 is functionally important in
the glomerulus, as LM-B2-null mutant mice develop se-
vere nephrotic syndrome shortly after birth.'? Additional
insights from studies of diabetic nephropathy'® and MCs
in culture™ 'S have shown that glucose and insulin reg-
ulate expression of these proteins; thus, we posited that
diabetes-related changes in ECM composition would be
associated with abnormalities in glomerulogenesis.

Studies of the specific effects of metabolic abnormal-
ities of diabetes on fetal organ development are problem-
atic because it is difficult to sample the fetus. Moreover,
when diabetes is severe, fertility is reduced and fetal
wastage is high, making experiments technically difficult.
For these reasons we took advantage of the model of
kidney development in oculo.'® The progression of glo-
merular development was examined in normal fetal kid-
neys transplanted into the anterior chamber of the eye of
normal and diabetic hosts. In this model, the host blood
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vessels of the eye proliferate and penetrate the graft.
Vascular connections are made with the developing vas-
culature of the fetal kidney graft and the graft becomes
perfused by the host circulation. Thus, the graft develops
within the metabolic milieu of the host. In this report we
describe the effects of hyperglycemia and exogenous
insulin treatment of the host on glomerular maturation and
ECM protein synthesis in fetal kidney grafts placed in
oculo.

Materials and Methods
Reagents

The following reagents were obtained from commercial
suppliers: streptozotocin and mouse monoclonal anti-
body (1A4) to a-SMA (Sigma Chemical Co., St. Louis,
MO), purified pork NPH insulin (Novo Nordisk, Princeton,
NJ), and fluorescein (FITC)-conjugated secondary anti-
bodies (Jackson Laboratories, West Grove, PA). Poly-
clonal rabbit antibodies to rat fibronectin (FN), EHS-LM
(LM-1),'” and anti-rat GBM were prepared and charac-
terized as described previously.'®181° The anti-GBM an-
tibody was raised by immunizing rabbits with GBM from
sonicated rat glomeruli. This antibody reacts with many
glomerular ECM proteins, and it is not specific for
COL4A3. Mouse monoclonal antibody m170 was pro-
duced by immunization of BALB/c mice with a rat GBM
preparation. At the capillary loop stage of glomerular
development this antibody binds to peripheral loop GBM
and mesangial matrices.'® This antibody immunoprecipi-
tates a 205-kd protein from MC culture supernatant and
identifies a single protein by Western blot of mesangial
matrix extracts. It does not cross-react with LM, FN, or
collagen V. Studies are in progress to further character-
ize this protein. Mouse monoclonal antibody (D5) to rat
LM-B2 (s-laminin) was a gift from Dr. Joshua Sanes
(Washington University, St. Louis, MO).2%:2

Animal Model

Rats with streptozotocin-induced diabetes (DM) were
prepared and characterized as described previously.'
Male Sprague-Dawley rats weighing 200 g received 65
mg/kg streptozotocin in citrate buffer or citrate buffer
alone intravenously. Five days later, the development of
diabetes was confirmed by a blood sugar of greater than
350 mg/dl. One-half of the diabetic rats and an equal
number of normal control animals received injections of
NPH insulin (1) daily at 4:00 p.m. (3.5 to 5.0 U/day). The
remaining half of each group received daily injections of
saline (7). Thirty-eight days after induction of diabetes,
animals in all four groups (n = 5 per group; DMI~, DMI*,
CI™, and CI*) had fetal kidney grafts implanted into the
anterior eye chambers.'® Nine days later, host rats were
~ exsanguinated under ether anesthesia and fetal, grafts

were harvested. Between 8:00 and 10:00 a.m. on days.0,

5, 29, and 47, blood was collected from the tip of thfe;{ta'il
and analyzed for serum glucose using a Beckman'auto-
analyzer based on the glucose oxidase method. Before

study and on day 29, rats were housed in metabolic
cages with water and food provided ad libitum. Twenty-
four-hour urine specimens were collected and urinary
protein excretion was measured.??

For preparation of fetal grafts, kidneys were dissected
from the fetuses of pregnant dams 14 days (E14) after the
appearance of the vaginal plug. Using a small incision in
the cornea, a fetal kidney was implanted into the anterior
chamber of each eye of the adult host rat. The methods
for fetal tissue implantation and harvest have been de-
scribed in detail previously.'®'® Grafts were harvested
after 9 days as previous experience shows that glomeru-
logenesis occurs within this time period, and yet rejection
or other inflammatory lesions, should they develop, are
not observed until 25 to 30 days after implantation. Nor-
mal kidney tissue was harvested at days E14, E18, new-
born, and 1 and 5 days after birth to serve as control
tissue for fetal kidney grafts.

Tissue Preparation

Kidney grafts were prepared for electron microscopy or
immunofluorescence microscopy by routine meth-
ods."823 For electron microscopy, tissues were fixed in
2.5% glutaraldehyde, post-fixed in osmium tetroxide, em-
bedded in Epon, stained with uranyl acetate, and pro-
cessed by routine methods. For immunofluorescence mi-
croscopy, tissues were snap frozen in precooled
isopentane, cryostat sectioned (4 um), and fixed in ace-
tone. Sections were incubated with antibodies to ECM
proteins (GBM, m170, LM-1, FN, and LM-B2) and a-SMA
followed by the appropriate FITC-conjugated secondary
antibody. Sections were coded and examined without
knowledge of sample identity using a Leitz microscope
equipped for epi-illumination.

Fetal kidney LM-B2 expression was analyzed by indi-
rect immunofluorescence microscopy using the anti-
LM-B2 antibody (D5) diluted at 1:500. For analysis of
LM-B2 expression in fetal kidney grafts, serial sections
from each animal were stained with antibodies to LM-B2
or to rat GBM. The total number of glomeruli per section
were identified and counted using frozen sections
stained with anti-GBM antibodies. Four stages of expres-
sion of LM-B2 were defined in the adjacent section as
shown in Figure 1. The number of glomeruli with LM-g2
staining at each stage were counted and multiplied by
the score for each stage. The total score for LM-82 ex-
pression was divided by the total number of glomeruli per
section to achieve an average score for each animal.
Group mean scores were calculated and compared by
one-way analysis of variance (ANOVA). This scoring sys-
tem for LM-B2 was devised because glomeruli easily
identified by staining for other matrix proteins show vari-
able degrees of LM-B2 expression. In contrast, LM de-
tected by antibodies to LM-1 and FN are detected at the
earliest stages of nephrogenesis, and no differences in
distribution occur during glomerulogenesis. Thus, the in-
tensity of staining for LM-1 and FN were scored on a 0 to
4+ scale. Mesangial maturation was identified by stain-
ing for a-SMA and the epitope recognized by m170.
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Figure 1. Stages of immunostaining for LM-B2. Serial sections were stained with antibodies to GBM and LM-B2. The number of glomeruli per section were counted
in sections stained with antibody to GBM (A). When glomeruli were present (A), but none expressed LM-B2, a score of 0 was assigned (B). (In this example, A
and B are serial sections.) Initially, LM-B2 appeared only in the periphery of glomeruli with minimal evidence of indentations (stage 1; C). As the glomerulus
matured, invaginations of GBM stained positively for LM-B2 (stage 2; D). This staining pattern became more pronounced as the number of capillary loops
increased and the glomerulus approached full maturity (stage 3; E). In the final stages of glomerular maturation, LM-B2 became more pronounced in a central
distribution consistent with staining of the mesangium. Also, the intensity of staining in the capillary wall increased (stage 4; F). LM-B2 is not detected in tubular

basement membranes. Original magnification, X400.

Mesangial staining for these proteins was scored as
present or absent. Differences in the distribution of stain-
ing for a-SMA and m170 were noted, but a method for
quantifying the amount of these proteins was not per-
formed.

Results

Animal Characteristics

The characteristics of the host rats at the time of grafting
are summarized in Table 1. Insulin-deficient diabetic rats
lost weight and were severely hyperglycemic. Insulin-
treated diabetic rats had modest glycemic control and
grew at rates 16% below normal control animals. All CI™
animals received 3.5 U/day. Insulin dosages in the DMI™
animals varied from 3.5 to 5.0 U/day in an attempt to
maximize glycemic control. Only one DMI~ animal devel-
oped significant proteinuria and no animal died during
the study period.

Fetal Grafts

Twenty-seven of the thirty-eight grafts placed into 20 rats
grew and were recovered at the end of 9 days. In one CI™*

rat a single graft was placed in one eye that did not grow
and in one DMI™ rat neither graft developed; therefore
these animals were not included in the analysis. No sta-
tistical differences in graft success were identified be-
tween the groups (ANOVA, P > 0.05). Vessels from the
host animal proliferated, penetrated the graft, and led to
vascular perfusion of the graft as the fetal tissue devel-
oped. Glomeruli and tubules developed in grafts placed
in all four groups of animals. FN and LM are normally
expressed in all ECM compartments during nephrogen-
esis. Staining for these proteins assists in identifying the
normal stages of glomerulogenesis. Because these pro-
teins accumulate in kidneys from patients with diabetic
nephropathy, they represent candidate proteins for dia-

Table 1. Animal Characteristics

n  Weight (g) S, (mg/dl) Upro (Mg/dl)
CI- 5 360 %31 140 = 37 85+54
cl* 4 372+28 263 = 71 7525
DMI~ 4 177 £ 31 659 + 96 222+ 279
DMI* 5 30027 362 = 164 14355
ANOVA P <0.001; P <0.001; P > 0.05

1,2 > 3,4* 1,2 < 3,4

The results represent the mean *= 1 SD.
*1=Cl;2=Cl*;3=DMI"; 4 = DMI*.
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betes-related abnormalities in glomerulogenesis. All ECM
compartments of the developing kidney grafts stained
positively for FN (Figure 2) and LM-1 (antibody raised to
EHS-LM; Figure 3). The temporal-spatial pattern of stain-
ing paralleled the stage of glomerular development and
the sites of localization of these proteins were consistent
with their localization in mature kidneys. Although diabe-
tes-associated abnormalities can influence synthesis of
these proteins, '® 152425 no significant differences in the
intensity or pattern of staining for these proteins were
identified between the experimental groups (Mann Whit-
ney U, P > 0.05"8).

Electron microscopy confirmed that glomeruli devel-
oped in all four groups of animals. No differences in the
thickness of the GBM or the distribution of the double
basement membrane or its fusion were observed be-
tween the groups. Glomerular epithelial cells appeared to
differentiate in a normal fashion, and foot processes were
well formed in all experimental groups. Endothelial cells
were fenestrated and appeared normal in all samples.
The major change in glomerular development observed
between the experimental groups was in the mesangium.
This was best evidenced in the electron micrographs
(Figure 4) and in specific stains for markers of MC mat-
uration. All stages of glomerulogenesis were noted in
grafts from CI~ and CI* animals, including development
of MCs and matrix. Although some glomeruli in grafts
from CI* animals had a modest degree of MC hyperpla-
sia, mesangial matrix expansion was not observed in

Figure 2. Immunostaining of fetal grafts for FN. Samples of fetal kidneys grafts from CI~ (A), CI* (B), DMI~ (C), and DMI* (D) hosts. Note the generalized
staining of tubulointerstitium and GBM for FN with comparable intensity (4+) and distribution in all groups of fetal grafts. Original magnification, X250.

grafts from ClI* rats. In grafts from DMI~ rats, the mes-
angium did not develop. Few mesangial cells were iden-
tified and mesangial matrix was not apparent. Striking
changes in the mesangium were observed in the grafts
from DMI™ rats. There was a marked increase in the
number of mesangial cells in grafts from rats that were
hyperglycemic and received exogenous insulin therapy.
Also, large accumulations of mesangial matrix were ap-
parent. These changes gave rise to a marked expansion
of the mesangial area with an apparent reduction in the
capillary space.

Markers of mesangial maturation were analyzed to
confirm the changes observed by electron microscopy.
Analysis of normal fetal kidney tissue from E14 to post-
natal day 5 confirmed previously described changes in
expression of a-SMA.° MC progenitors and vascular
smooth muscle cells express a-SMA. In the normal fetal
kidney, a-SMA appears in MC progenitors before their
migration into the vascular cleft. Expression increases
until the mesangium is fully mature and then the intensity
of expression of a-SMA diminishes. Expression of a-SMA
in arterioles steadily increases during development and
remains high in arterioles of mature kidneys. a-SMA ex-
pression was evident in blood vessels in all groups, but it
was not detected in glomeruli in fetal grafts placed in
DMI™ rats. a-SMA was detected in mesangial areas of
maturing glomeruli in grafts placed in CI—, CI*, and DMI*
rats. In grafts from DMI™ rats, the intensity of mesangial
staining for a-SMA was sometimes increased; however,
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specific quantitation was not performed. Patterns of stain-
ing for a-SMA are shown in Figure 5.

During normal fetal kidney development, all basement
membranes initially stain positively with the m170 anti-
body. As the mesangium matures, it condenses and a
pinched waist appearance develops at the vascular pole.
During this time, the epitope recognized by m170 ap-
pears in the mesangium and increases in intensity until
the time of birth. As this matrix protein becomes concen-
trated in the mesangium, it diminishes and often disap-
pears from other renal ECM compartments. Heterogene-
ity of staining for m170 at the time of birth reflects variable
degrees of maturity of individual glomeruli. A similar pat-
tern of expression was observed in fetal kidney grafts
placed in control rats, yet at the termination of the study
the majority of staining was confined to the glomerulus,
which corresponds to other characteristics of glomerular
maturity. In grafts placed in DMI™ rats, staining with m170
was evident in all basement membranes at the time of
termination of the study, but no condensates of m170
were detected in mesangial areas. In grafts placed in
DMI™* rats, similar to control animals, minimal staining of
ECM regions other than mesangia was identified. The
intensity and area of staining with m170 was increased in
most glomeruli in DMI* samples. These changes are
shown in Figure 6.

Because changes in LM isoform correlate with the
stages of glomerulogenesis,'! insulin regulates LM iso-

Figure 3. Immunostaining of fetal grafts for LM. No distinguishable differences in the pattern or intensity of staining for EHS-LM (laminin-1) in tubular basement
membrane, GBM, or Bowman’s capsule were noted between the groups (all groups 4+; CI~ (A), CI* (B), DMI™ (C), and DMI"* (D)). Original magnification,
X250.

form expression by MCs in culture,’® and the major
changes in nephrogenesis that were seen in this study
occurred in the glomerular mesangium, we examined the
expression of LM-B2 in the fetal kidney grafts. First, nor-
mal fetal and newborn rat kidneys were examined by
indirect immunofluorescence to establish a scoring sys-
tem for the normal pattern of expression of LM-B2. LM-B2
is not detectable in normal E14 fetal kidneys. Minimal
staining is observed at E18. On the day of birth many
glomeruli stain positively for LM-B2 and the number in-
creases through postnatal day 5 until all glomeruli stain
positively for LM-B2. LM-B2 first appears in a continuous
linear pattern in the GBM at the early capillary loop stage.
As development proceeds, the loops begin to invaginate
and GBM staining corresponds to the rich capillary loop
structure. At the time corrugation of the capillary loops is
apparent, LM-B2 is first detected in the afferent and
efferent arterioles. Condensation and positive staining for
LM-B2 in the mesangium is the last to occur and corre-
sponds to the fully mature pattern of staining. These
stages and the stages of LM-B2 expression used for
scoring experimental tissues are shown in Figure 1. The
experimental results are shown in Figure 7. Significant
differences in the number of glomeruli expressing LM-B2
were observed. The amount of LM-B2 and its extension
from the peripheral capillary loop to the condensed mes-
angium differed between the four animal groups. DMI™
rats had very little expression of LM-B2 despite significant
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Figure 4. Electron micrographs. Representative micrographs of fetal kidney grafts from CI~ (A), CI* (B), DMI™ (C), and DMI* (D) are shown. In each case the
glomerulus has formed. In most areas, the GBM has fused and foot processes are apparent on podocytes. In both A and C, the mesangium is not apparent. In
CI* samples (B) a few MCs are noted in the central part of the glomerulus and small amounts of loose mesangial matrix are seen surrounding these cells. A graft
from a DMI" rat is shown in D. A significant increase in mesangial cellularity and a striking expansion of the mesangial matrix are observed. Capillary lumens
are patent, but their dimensions are reduced as a result of the marked expansion of the mesangium. Original magnification, X2500.

numbers of glomeruli detected in serial sections as de-
termined by staining with anti-GBM antibodies. Animals
treated with insulin had significantly more LM-B2 expres-
sion than either normal controls (CI™) or insulin-deficient
diabetic rats (DMI™). Grafts from DMI* animals that were
hyperglycemic and received higher doses of insulin than
CI™* rats had a significant increase in LM-B2 score. The
mean scores for expression of LM-B2 were as follows:
DMI~, 0.45 = 0.03; CI~, 1.05 = 0.15; CI*, 1.53 = 0.18;
and DMI™*, 2.05 * 0.26 (P < 0.001, ANOVA).

Discussion

The results of this study show that alterations in circulat-
ing levels of glucose and insulin have significant effects
on glomerulogenesis, particularly in the mesangium. Se-
vere hyperglycemia and insulin deficiency (DMI~) were
associated with delayed maturation of the glomerulus.
Glomeruli formed and no structural abnormalities were
detected in glomerular epithelial or endothelial cells; yet
the mesangium did not develop. MCs, mesangial matrix,
and other markers of mesangial maturation were not de-
tected. This was in marked contrast to the findings in

insulin-treated, hyperglycemic rats in which the mesan-
gium was severely expanded with encroachment on the
capillary lumens. As the most striking differences be-
tween grafts placed in DMI~ and DMI* rats were the
number of MCs and the amount of mesangial matrix, we
analyzed two other markers of MC differentiation, a-SMA®
and m170."°

In normal fetal kidneys and grafts placed in control
animals in this study, a-SMA expression begins in undif-
ferentiated mesenchymal cells that appear destined to
become MCs. The intensity of staining for a-SMA in-
creases as the MC progenitors migrate into the vascular
cleft of the developing glomerulus. As glomeruli reach full
maturity, a-SMA expression in MCs diminishes. Few a-
SMA-positive cells were identified in the mesangium of
DMI~ grafts even though a-SMA expression was abun-
dant in developing arterioles. This argues that the envi-
ronment in the DMI™ rats did not directly interfere with
a-SMA expression but supports the conclusion that there
was delayed/impaired maturation of the mesangium. In
grafts placed in DMI™ rats, the intensity of staining for
a-SMA remained high even in mature glomeruli. This
suggests that some characteristics of the fetal phenotype
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Figure 5. Staining for a-SMA. a-SMA-positive cells are observed in the undifferentiated mesenchyme, arterioles (BV), and the mesangium of the developing
glomeruli (G). The patterns and intensities of staining are similar in grafts from CI~ (A) and CI* (B) rats. Although significant staining for a-SMA is identified in
arterioles in grafts from DMI~ animals, no staining for a-SMA is seen in the mesangial areas of developing glomeruli (C). Significant staining for a-SMA is seen
in developing arterioles and glomeruli in grafts from DMI* rats (D). Original magnification, X400.

persisted in these grafts. We have previously shown that
insulin directly alters MC cytoskeletal arrangement and
increases a-SMA expression,2® which is consistent with
observations reported here. These changes have been
postulated to represent an activated phenotype.2”28 The
present observations suggest that the metabolic environ-
ment of DMI* rats prevented the MCs from entering a
quiescent state as usually occurs when glomeruli be-
come fully mature.

The monoclonal antibody m170 identifies a 205-kd
protein in matrix extracts from normal rat glomeruli and
cultured MCs (unpublished observations). In the present
study we show that the distribution of this epitope varies
temporally and spatially during nephrogenesis. During
early stages of nephrogenesis, the epitope recognized
by m170 is present in all basement membranes but be-
comes restricted to the mesangium when the glomerulus
reaches maturity. In grafts placed in DMI™ rats, this pro-
tein is expressed normally in ECM compartments other
than the mesangium. Failure to identify the m170 epitope
in the mesangium corresponds to other evidence that
indicates that MC development is retarded in DMI™ rats.
In grafts placed in DMI™ rats, expression of the m170
epitope was limited to the mesangium, was increased in
area and intensity, and in some cases extended into the
extra-glomerular mesangium. These observations sug-
gest that the expression of this protein is influenced by
hyperglycemia and circulating insulin levels as well as

other factors that determine MC differentiation. Studies
are in progress to complete the characterization of this
protein.

In part, the findings we expected were based on stud-
ies of glomerular structure and ECM composition in dia-
betic nephropathy, and in part on in vitro studies of the
effects of glucose and insulin on MC proliferation and
matrix synthesis. In the absence of insulin, hyperglyce-
mia suppresses MC proliferation in vitro®®; thus, it is pos-
sible that hyperglycemia directly suppressed MC prolif-
eration in vivo. Delayed glomerular maturation in DMI™
rats in this study is consistent with in vivo data showing
that generalized fetal and kidney development are re-
tarded in infants of diabetic mothers with severe hyper-
glycemia in the first trimester."® The direct role of glucose
has been demonstrated in studies of metanephric organ
cultures in which high concentrations of glucose are as-
sociated with suppression of cellular proliferation, in-
creased apoptosis, impaired mesenchymal induction by
the ureteric buds, and alterations in the extracellular ma-
trix.5 Insulin is also a potent MC mitogen®°—32; thus, it is
likely that abnormalities in glucose and insulin that typify
the DMI~ rats account for the delayed maturation of the
mesangium. This is further supported by changes seen in
grafts placed in DMI* rats. Striking changes in glomeru-
logenesis occurred in grafts from DMI* animals in which
the number of MCs and the amount of mesangial matrix
was markedly increased. As insulin is known to stimulate
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Figure 6. Staining of fetal kldney grafts with m170. In grafts from both CI~ (A) and CI* (B) rats, the m170 epitope is detected in tubular basement membranes,
Bowman’s capsule, GBM, and mesangial matrix (arrows). In grafts from DMI ™ rats distinct mesangial staining is not apparent (arrow) even though this protein
is expressed in other ECM compartments (C). In grafts from DMI™ rats (D), minimal staining of the tubular basement membranes is seen, yet the intensity and
area of positive staining of mesangial matrix is greater than in the other three groups. Original magnification, X250.

MC proliferation in vitro, the increase in MC number in
grafts from insulin-treated animals suggests this may oc-
cur in vivo. These observations suggest that hyperglyce-
mia and hyperinsulinemia are important to the develop-
ment of mesangial hyperplasia and matrix accumulation.
These changes might occur in pregnancies in which the
mother is persistently hyperglycemic and in which high
glucose loads stimulate persistent increases in fetal in-
sulin synthesis.

Considerable data have shown that organogenesis
requires coordinated, temporal-spatial expression of var-
ious genes, including those that encode growth fac-
tors.3334 Growth factors stimulate rapid cellular prolifer-
ation to facilitate population of a growing organ, followed
by differentiation signals that direct cells to express a
mature phenotype. In part, coordinated, region-specific
expression of unique ECM components directs cellular
differentiation.®%-3¢ The temporal-spatial relationships be-
tween growth factors, their receptors, and ECM proteins
during nephrogenesis are just being defined.®” In the
present study perturbations associated with diabetes
have provided new insights into this process as well as
the potential adverse impact of diabetes on glomerular
development. Abnormalities of glucose and insulin influ-
enced the evolution of change in LM isoform expression
in the glomerulus.

LM is a large heterotrimer that is a critical component
of all ECM compartments.®® A large number of LM

chains'” variably assemble to create individual isoforms
with limited distribution throughout the body.2°3° L M-g2
is present in the glomerulus' and in the neuromuscular
system where it serves as a stop signal for neurite out-
growth as neurites contact the motor end plate of muscle
cells. 202140 |n the kidney, LM-B2 is present in GBM,
mesangial matrix, and afferent and efferent arterioles,°
but it is not identified in tubular basement membranes or
Bowman'’s capsule. Its abundance in the glomerulus and
limited distribution in other renal ECM compartments sug-
gests that this isoform serves a unique function, yet cur-
rently its function in the glomerulus in unknown.
Changes in isoforms of LM occur with kidney develop-
ment®®4! and are thought to play an important role in
cellular differentiation. Miner and Sanes'' have shown
that the appearance of LM-B2 in GBM temporally corre-
lates with a switch in the chain composition of collagen IV
to include a3-a5, which persists in the mature glomeru-
lus. In the present study, similar patterns of LM-B82 ex-
pression were seen in the GBM and arterioles in grafts
from control animals, and we show that LM-B2 expression
appears last in the mesangium. In DMI™ rats with marked
reduction in LM-B2 expression, GBM and glomerular ep-
ithelial and endothelial cells developed normally. This
was not unexpected as the glomerulus develops nor-
mally, including podocyte foot processes, in LM-82 null-
mutant mice.'2 Detailed descriptions of the mesangium
in LM-B2 null-mutant mice were not reported,*2 but failure
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Figure 7. Immunostaining for LM-B2 in fetal grafts from the four experimental groups. LM-B2 is apparent in developing glomeruli in grafts from CI~ (A) and CI*
(B) rats. The average stage of glomerular maturation was slightly higher in CI* rats as evidenced in B by the greater degree of capillary loop development. Despite
the presence of glomeruli, there is no staining for LM-B2 in this sample from a DMI™ rat (C). The most intense staining for LM-B2 was observed in grafts from
DMI™* rats (D). Central collections of LM-B2 staining the mesangium were noted in some glomeruli (arrow). Original magnification, X400.

of the mesangium to develop in DMI~ rats with reduced
expression of LM-B2 suggests that the change in LM
isoform expression may be required for induction of MC
migration into the glomerulus and subsequent MC differ-
entiation. Alternatively, MC differentiation might be re-
quired to signal a shift in the isoform of LM expressed by
glomerular epithelial and endothelial cells. MC-capillary
wall contacts maintain the structural integrity of the glo-
merulus*?; thus, inadequate development of the mesan-
gium might account for the nephrotic syndrome that de-
veloped shortly after birth in LM-B2 null-mutant mice.'?

Despite apparent normal maturation of the capillary
loops in DMI™ grafts, LM-B2 expression was markedly
reduced. This suggests that hyperglycemia might be an
important regulator of LM-B2 expression. Insulin also ap-
pears to be important. Insulin increased the number of
MCs and the amount of mesangial matrix but also in-
creased the intensity and distribution of LM-B2. These
changes were particularly marked in DMI™ rats that re-
ceived higher doses of insulin than CI* rats. These find-
ings suggest that insulin had a significant positive effect
on induction of LM-B2 synthesis and thereby may play an
important role in glomerular development. We have
shown previously that insulin modulates the amount and
chain composition of LM heterotrimers secreted by mes-
angial cells in culture.'® Studies to examine the specific
effects of glucose and insulin on LM-B2 synthesis by MCs
in culture are in progress.

This study shows that the metabolic environment of the
diabetic host has direct effects on kidney development.
The most striking effects are on MC differentiation and
glomerular matrix synthesis. There was diminished ex-
pression of LM-B2, retarded MC differentiation, and re-
duced expression of mesangial a-SMA and the m170
epitope in the hyperglycemic, insulin-deficient animals.
The presence of insulin in the host allowed glomeruli to
fully mature in a fashion similar to normal fetal kidney. Of
note, grafts from animals that were both hyperglycemic
and received exogenous insulin developed marked MC
hyperplasia and mesangial matrix expansion. In this en-
vironment, the switch in LM isoform to include LM-B2 and
expression of a-SMA and the m170 epitope in the mes-
angium occurred in the normal sequence consistent with
maturation of the mesangium; however, the MC hyper-
plasia and expanded mesangial matrix suggests that the
completely mature, quiescent state of the MCs was not
achieved. It is of particular note that the most marked
abnormalities occurred in the mesangium, as this is also
the area of the kidney most affected by diabetic nephrop-
athy. Diabetic nephropathy is characterized by nodular
expansion of the mesangial matrix with increased accu-
mulation of collagen IV and LM'® and increased expres-
sion of a-SMA.27 As the structural changes seen in the
mesangium of grafts placed in DMI* animals were similar
to those seen in diabetic nephropathy, this model may be
useful for future studies to elucidate the contribution of
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various factors in the pathogenesis of diabetic nephrop-
athy.

Acknowledgments

We appreciate the excellent technical assistance of Kim
Hansen and Maria Martinez.

References

18.

20.

. Barss VA: Diabetes and pregnancy. Med Clin North Am 1989, 73:

685-700

. Hollingsworth DR: Prevention of malformations in infants of diabetic

mothers. Pregnancy, Diabetes and Birth: A Management Guide. Ed-
ited by Hollingsworth DR. Baltimore, Williams and Wilkins, 1992, pp
9-14

. Freinkel N: Of pregnancy and progeny. Diabetes 1980, 29:1023-1035
. Hod M, Diamant Y: The offspring of a diabetic mother: short and

long-range implications. Isr J Med Sci 1992, 28:81-86

. Kanwar YS, Liu ZZ, Kumar A, Usman M|, Wada J, Wallner E: p-

Glucose-induced dysmorphogenesis of embryonic kidney. J Clin In-
vest 1996, 98:2478-2488

. Kanwar YS, Liu ZZ, Wallner El: Influence of glucose on murine met-

anephric development and proteoglycans: morphologic and bio-
chemical studies. Lab Invest 1997, 76:671-681

. Bernstein J, Cheng F, Roszka J: Increased glucose increases glo-

merular basement membrane in metanephric culture. Pediatr Nephrol
1987, 1:3-8

. Lin CQ, Bissell MJ: Multi-faceted regulation of cell differentiation by

extracellular matrix. FASEB J 1993, 7:737-743

. Carey AV, Carey RM, Gomez RA: Expression of a-smooth muscle

actin in the developing kidney vasculature. Hypertension 1992, 19:II-
168-11-175

. Hyink DP, Tucker DC, St John PL, Leardkmolkarn V, Accavitti MA,

Abrass CK, Abrahamson DR: Endogenous origin of glomerular en-
dothelial and mesangial cells in grafts of embryonic kidneys. Am J
Physiol 1996, 270:F886-F899

. Miner JH, Sanes JR: Collagen IV a3, a4, and a5 chains in rodent

basal laminae: sequence, distribution, association with laminins, and
developmental switches. J Cell Biol 1994, 127:879-891

. Noakes PG, Miner JH, Gautam M, Cunningham JM, Sanes JR, Merlie

JP: The renal glomerulus of mice lacking s-laminin/laminin B2: ne-
phrosis despite molecular compensation by laminin g1. Nature Genet
1995, 10:400-406

. Abrass CK, Peterson CV, Raugi GJ: Phenotypic expression of colla-

gen types in mesangial matrix of diabetic and nondiabetic rats.
Diabetes 1988, 37:1695-1702

. Abrass CK, Spicer D, Raugi GJ: Induction of nodular sclerosis by

insulin in rat mesangial cells in vitro: studies of collagen. Kidney Int
1995, 47:25-37

. Abrass CK, Spicer D, Raugi GJ: Insulin induces a change in extra-

cellular matrix glycoproteins synthesized by rat mesangial cells in
culture. Kidney Int 1994, 46:613-620

. Abrahamson DR, St John PL, Pillion DJ, Tucker DC: Glomerular

development in intraocular and intrarenal grafts of fetal kidneys. Lab
Invest 1991, 64:629-639

. Burgeson RE, Chiquet M, Deutzmann R, Ekblom P, Engel J, Kleinman

H, Martin GR, Meneguzzi G, Paulsson M, Sanes J, Timpl R, Tryggva-
son K, Yamada Y, Yurchenco PD: A new nomenclature for the lami-
nins. Matrix Biol 1994, 14:209-211

Abrass CK, Adcox MJ, Raugi GJ: Aging-associated changes in renal
extracellular matrix. Am J Pathol 1995, 146:742-752

. Abrass CK: Evaluation of sequential glomerular eluates from rats with

Heymann nephritis. J Immunol 1986, 137:530-536
Sanes JR, Hunter DD, Green TL, Merlie JP: S-Laminin. Cold Spring
Harbor Symp Quant Biol 1990, LV:419-430

21.

22,

23.

24.

25.

26.

27.

28.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hunter DD, Shah V, Merlie JP, Sanes JR: A laminin-like adhesive
protein concentrated in the synaptic cleft of the neuromuscular junc-
tion. Nature 1989, 338:229-234

Kingsbury FB, Clark CP: The rapid determination of albumin in urine.
J Lab Clin Med 1926, 11:981-989

Sjostrand FS: Electron Microscopy of Cells and Tissue. New York,
Academic Press, 1968

Roy S, Sala R, Cagliero E, Lorenzi M: Overexpression of fibronectin
induced by diabetes or high glucose: phenomenon with a memory.
Med Sci 1990, 87:404-408

Fukui M, Nakamura T, Ebihara |, Shirato |, Tomino Y, Koide H: ECM
gene expression and its modulation by insulin in diabetic rats. Dia-
betes 1992, 41:1520-1527

Berfield AK, Raugi RJ, Abrass CK: Insulin induces rapid and specific
rearrangement of the cytoskeleton of rat mesangial cells in vitro.
J Histochem Cytochem 1996, 44:91-101

Alpers CE, Hudkins KL, Gown AM, Johnson RJ: Enhanced expres-
sion of “muscle-specific” actin in glomerulonephritis. Kidney Int 1992,
41:1134-1142

Foo ITH, Naylor IL, Timmons MJ, Trejdosiewicz LK: Intracellular actin
as a marker for myofibroblasts in vitro. Lab Invest 1992, 67:727-733

. Cosio FG: Effects of high glucose concentrations on human mesan-

gial cell proliferation. J Am Soc Nephrol 1995, 5:1600-1609

. Kreisberg JI, Karnovsky MJ: Glomerular cells in culture. Kidney Int

1983, 23:439-447

Abrass CK, Raugi GJ, Gabourel LS, Lovett DH: Insulin and insulin-like
growth factor | binding to cultured rat glomerular mesangial cells.
Endocrinology 1988, 123:2432-2439

Mohan PS, Carter WG, Spiro RG: Occurrence of type IV collagen in
extracellular matrix of renal glomeruli and its increase in diabetes.
Diabetes 1990, 39:31-37

. Baker J, Liu JP, Robertson EJ, Efstratiadis A: Role of insulin-like

growth factors in embryonic and postnatal growth. Cell 1993, 75:
73-82

Hammerman MR: Growth factors in renal development. Semin Neph-
rol 1995, 15:291-299

Ekblom P, Lehtonen E, Saxen L, Timpl R: Shift in collagen type as an
early response to induction of the metanephric mesenchyme. J Cell
Biol 1981, 89:276-283

Ekblom M, Klein G, Mugrauer G, Fecker L, Deutzmann R, Timpl R,
Ekblom P: Transient and locally restricted expression of laminin A
chain mRNA by developing epithelial cells during kidney organogen-
esis. Cell 1990, 60:337-346

Ekblom P, Klein G, Ekblom M, Sorokin L: Laminin isoforms and their
receptors in the developing kidney. Am J Kidney Dis 1991, 17:603-
605

Kleinman HK, Weeks BS, Schnaper HW, Kibbey MC, Yamamura K,
Grant DS: The laminins: a family of basement membrane glycopro-
teins important in cell differentiation and tumor metastases. Vitam
Horm 1993, 47:161-186

Engvall E, Earwicker D, Haaparanta T, Ruoslahti E, Sanes JR: Distri-
bution and isolation of four laminin variants: tissue restricted distribu-
tion of heterotrimers assembled from five different subunits. Cell
Regul 1990, 1:731-740

Hall ZW, Sanes JR: Synaptic structure and development: the neuro-
muscular junction. Cell Neuron Rev 1993, 72:99-121

Laurie GW, Horikoshi S, Killen PD, Segui-Real B, Yamada Y: In situ
hybridization reveals temporal and spatial changes in cellular expres-
sion of MRNA for a laminin receptor, laminin, and basement mem-
brane (type IV) collagen in the developing kidney. J Cell Biol 1989,
109:1351-1362

Hajjar DP, Pomerantz KB: Signal transduction in atherosclerosis:
integration of cytokines and the eicosanoid network. FASEB J 1992,
6:2933-2941

Kriz W, Elger M, Lemley KV, Sakai T: Mesangial cell-glomerular
basement membrane connections counteract glomerular capillary
and mesangium expansion. Am J Nephrol 1990, 10:4-13



