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Electron microscopy of peripheral nerves ob-
tainedfrom two diabetic patients revealed large
deposits ofmicroflbrils and thepresence ofLuse
bodies in the vicinity of perineurial ceUs. Mi-
crofibrils were found to accumulate also in the
sciatic nerves of diabetic BB rats; these mi-
crofibrillar deposits were shown to contain type
VI coUagen by immunoelectron microscopy. Con-
nective tissue ceUs cultured from rat sciatic
nerves were exposed to high glucose concentra-
tions. High glucose concentrations up-regulated
the mRNA steady-state levels of al(VI), a2(VI),
and a3(VI) chains oftype VI collagen and caused
accumulation of type VI coUagen-containing
fibrils in the cultures. Immunostaining and in situ
hybridizations demonstrated that perineurial
ceUs, Schwann cells, and fibroblasts expressed
type VI coUagen at the mRNA and protein levels.
The results suggest that the turnover and su-
pramolecular assembly of type VI coUagen are
perturbed in diabetic nerves and thatglucose per
se increases the expression oftype VI coUagen in
vitro. (AmJ Pathol l993, 142:1586-1597)

Diabetes mellitus is associated with alterations in con-
nective tissue metabolism; these changes may relate
to the development of diabetic functional complica-
tions, such as neuropathy, nephropathy, and retinop-
athy (for a review see Ref. 1). Connective tissue al-
terations observed in the peripheral nerves of
diabetic humans and diabetic experimental animals
include thickening of the basement membranes of
perineurial cells, endothelial cells, and Schwann
cells2`4 and an increased diameter of endoneurial
collagen fibrils.5

In diabetes mellitus, accumulation of microfibrils
has been observed in a number of tissues, such as
kidney,` pancreas, and arteriolar walls.6 However,
the biochemical composition of the microfibrils has
remained obscure.
The microfibrillar component of the extracellular

matrix has been shown to be heterogeneous, and
proteins shown to participate in the formation of mi-
crofibrils include type VI collagen,9 fibronectin,10 and
fibrillin,11 as well as several minor proteins of smaller
molecular weight.12-14 Type VI collagen has been
shown to be present in the 2-3-nm beaded filaments
as well as aggregated forms (100-nm periodic fibrils,
also referred to as Luse bodies).9 15-17 Type VI col-
lagen is a structural glycoprotein which is composed
of three polypeptide chains, a1(VI), a2(VI), and
(a3VI).18-20 It has been shown to be abundant in a
variety of tissues,2122 including the peripheral
nerve.23 Type VI collagen has been suggested to play
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a role in determining the organization and architec-
ture of the extracellular matrix.16

In this study, we investigated the ultrastructure of
the connective tissue matrix of sciatic nerve samples
obtained from human diabetic subjects and from
spontaneously diabetic BB rats, with special empha-
sis on the microfibrillar component. Immunoelectron
microscopy was utilized to examine the localization of
type VI collagen in the sciatic nerves of BB rats. The
effects of elevated glucose concentrations on the ex-
pression of type VI collagen in vitro were studied in
primary cell cultures initiated from normal rat sciatic
nerves at both the protein and mRNA levels, utilizing
indirect immunofluorescence as well as Northern and
in situ hybridizations.

Materials and Methods

Human Nerve Samples

Samples from the peripheral nerves of two male di-
abetic patients, 24 and 31 years of age, were ob-
tained at autopsy. Both patients had insulin-
dependent diabetes mellitus (duration of 22 and 15
years, respectively) with clinical manifestations of
neuro-, retino-, and nephropathy. Neither one of the
patients had other diseases affecting the peripheral
nerves. The causes of death in these two cases

were myocardial infarct and diabetic ketoacidosis,
respectively. For control purposes, nerve samples
were obtained also from 16- and 23-year-old appar-
ently healthy male persons who had died in acci-
dents. Samples of sciatic, sural, and tibial nerves
were fixed in 5% glutaraldehyde in 0.16 mol/L
s-collidin-HCI buffer (pH 7.4).

BB Rat Nerve Samples

Diabetic BB Wistar rats were kindly provided by Dr.
Helle Markholst (Hagedorn Research Laboratory,
Gentofte, Denmark). Sciatic nerve samples of four
diabetic rats were studied by electron microscopy.
Age- and sex-matched non-diabetes-prone BB rats

served as controls. The age of the rats at the time of
death varied from 4.5 to 9 months, and the duration
of manifest diabetes from 2.5 to 6 months (Table 1).
The rats were kept glucosuric but nonketotic by ad-
justing the insulin dose (a single daily dose of Insu-
lin Ultralente, Novo, Gentofte, Denmark) according
to daily determinations of urine glucose (Glukotest,
Boehringer-Mannheim, Indianapolis, IN) and ketone
bodies (Ketostix, Miles Laboratories, Elkhart, IN).
The animals were killed by cervical dislocation un-
der ether anesthesia, and samples of the sciatic
nerves were fixed in 5% glutaraldehyde in 0.16
mol/L s-collidin-HCI buffer (pH 7.4) for conventional
electron microscopy or snap-frozen in freon cooled
in liquid nitrogen for immunoelectron microscopy.

Electron Microscopy
Nerve samples fixed in 5% glutaraldehyde were
postfixed in 1% osmium tetroxide and 1.5% potas-
sium ferrocyanide. After dehydration in a graded
series of ethanol and infiltration of Epon 812
in hydroxypropyl methacrylate (Fluka Chemie AG,
Buchs, Switzerland), the samples were embedded
in Epon and polymerized at 60 C for 36 hours. For
light microscopic observation, 1-jim sections were

stained with toluidine blue. Thin sections were cut
perpendicularly to the axis of the nerve, stained with
uranyl acetate, lead citrate and phosphotungstic
acid, and examined in a JEOL JEM-100C electron
microscope.

Immunoelectron Microscopy

Cryosections, 15 pm thick, were cut perpendicularly
to the axis of the nerve onto glass slides. The sec-
tions were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) and pretreated
with glycine (2 mg/ml in PBS), Triton X-100 (0.5% in
PBS), and bovine serum albumin (1% in PBS) (BSA/
PBS). Some sections were additionally treated with
pepsin (0.4% in 0.9% NaCI, 0.1 N HCI) at 37 C for
15 minutes. Primary antibody incubations (rabbit

Table 1. Diabetic BB Rats

Weight
Insulin of the

Age Duration of diabetes Dose* Weight* control
Rat (months) Sex (months) (lU/kg) (g) rat* (g)

1 4.5 F 2.5 16.3 270 260
2 9 F 4 8.6 290 310
3 7.5 M 5 6.7 430 490
4 8 M 6 7.0 400 470
* At the time of death.
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antiserum to human type VI collagen and rabbit IgG
to murine type IV collagen; see below) were carried
out in appropriate dilutions in BSA/PBS overnight at
4 C, followed by thorough washes in PBS. In con-
trols, the primary antibodies were replaced with se-
rum from nonimmunized rabbits. The samples were
subsequently incubated with gold-conjugated goat
immunoglobulins to rabbit immunoglobulins (Sigma
Chemical Company, St. Louis, MO; in a 1:3 dilution
in a buffer containing 0.5 mol/L NaCI, 0.02 mol/L
Tris-HCI, 0.1% BSA, 0.05% Tween-20, and 5% fetal
calf serum) for 3 hours at room temperature. After
washes in PBS, the sections were fixed in 5% glu-
taraldehyde and processed for electron microscopy
essentially as described above. Some thin sections
were examined without staining with uranyl acetate
and lead citrate to enhance the detection of gold
particles.

Indirect Immunofluorescence Staining

Cell cultures grown on glass slides were fixed in
cold absolute ethanol, preincubated with BSA/PBS,
and incubated with rabbit antiserum to human type
VI collagen (see below; dilution 1:200 in BSA/PBS)
overnight at 4 C. After washes with five changes of
PBS, the samples were incubated with tetramethyl-
rhodamine isothiocyanate-conjugated swine immu-
noglobulins to rabbit immunoglobulins (DAKO,
Glostrup, Denmark; 1:100 dilution in BSA/PBS) for 1
hour at room temperature and washed with five
changes of PBS. The samples were mounted with
Glycergel (DAKO) and examined with a Leitz Aris-
toplan microscope equipped with an epiilluminator
and a filter for tetramethyl-rhodamine isothiocyanate
fluorescence. In control reactions, the primary anti-
body was replaced with BSA/PBS or with serum
from nonimmunized rabbits.

Antibodies

Commercial rabbit antibodies to type IV collagen
extracted from murine EHS tumor were purchased
from the Pasteur Institute (Lyon, France). The anti-
serum (In7) to pepsin-solubilized human placental
type VI collagen was raised in rabbits as described
in detail previously.24,25

Cell Cultures

Primary nerve connective tissue cell cultures were
established from the sciatic nerves of normal, 3-5-
week-old male Sprague-Dawley rats, as described

in detail elsewhere.26-29 The identity of the different
cell types present in these cultures, i.e., perineurial
cells, Schwann cells, and neural fibroblasts, has
previously been confirmed by their characteristic
morphology, as well as by the differential profiles of
expression of matrix genes and S-100 protein.26 29
The cells were grown in plastic tissue culture flasks
(Primaria, Becton Dickinson Labware, Lincoln Park,
NJ) for RNA isolations, on acetylated glass slides
for in situ hybridizations, and on untreated glass
slides for immunostainings. The cultures were rou-
tinely maintained in Dulbecco's modified Eagle's
medium containing 5.5 mmol/L D-glucose and sup-
plemented with 10% fetal calf serum, 50 U/mI peni-
cillin, and 50 pg/ml streptomycin. To study the ef-
fects of elevated glucose concentrations on the
steady-state levels of mRNA transcripts for the
a-chains of type VI collagen and on the deposition
of immunodetectable type VI collagen, confluent
cultures were placed in the same medium as
above, except that they contained 5.5, 15, or 25
mmol/L D-glucose. When the deposition of type VI
collagen was studied, the culture medium was sup-
plemented with 50 pg/ml ascorbic acid. Parallel
sets of cultures were incubated in these glucose
concentrations for 3, 7, or 14 days when mRNA
steady-state levels were studied and for 7 or 14
days when deposition of type VI collagen was stud-
ied. When the effect of glucose incubations on the
mRNA steady-state levels was studied, each set of
cell cultures consisted of nine 25-cm2 cultures
(three cultures for each glucose concentration).
During these incubations the media were changed
daily to keep the glucose concentrations as steady
as possible.

RNA Isolation and Northern Analysis

Cultured cells were lysed in 4 mol/L guanidine thio-
cyanate buffer, and total RNA was extracted by a
single-step method.30 Briefly, Tris-saturated phenol,
2 mol/L sodium acetate (pH 4.1), and chloroform:
isoamylalcohol (49:1) were added to the guanidine
thiocyanate solution, and the samples were vor-
texed and centrifuged at 10,000 x g for 20 minutes.
RNA was precipitated from the water phase with
two volumes of absolute ethanol. Purity of the RNA
preparations was assessed by UV absorbance ra-
tios A260/A280. RNA species were separated on
0.9% agarose gels under denaturing conditions,
transferred to nylon membranes (Biodyne, Pall Bio-
support, East Hills, NY), and immobilized by heating
at 80 C for 2 hours. Prior to transfer, the integrity of
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the RNA and the even loading of the gels were ver-
ified by visualizing ribosomal RNA subunits with
ethidium bromide staining. The filters were prehy-
bridized and hybridized with complementary DNAs
(cDNAs) in a solution containing 50% formamide,
50 mmol/L sodium phosphate (pH 6.5), 0.1% so-
dium dodecyl sulfate (SDS), 5x standard saline cit-
rate (SSC) (1x SSC = 0.15 mol/L sodium chloride
and 15 mmol/L sodium citrate), 5x Denhardt's
solution, and 250 pg/ml calf thymus DNA. The
cDNAs used in this study were a 1.6-kb cDNA
for mouse al(VI) collagen chain, a 1.5-kb cDNA for
mouse a2(VI) collagen chain, a 1.3-kb cDNA
for mouse a3(VI) collagen chain (Rui-Zhu Zhang et
al., manuscript in preparation), a 1.3-kb cDNA for
rat glyceraldehyde phosphate dehydrogenase
(GAPDH),31 and a 0.7-kb cDNA for human 3-actin
(pHFf3A3'ut).32 The cDNA probes were labeled ra-
dioactively with [a-32P]dCTP by random priming to
a specific activity of at least 5 x 108 cpm/pg.

Following hybridizations for 18-24 hours at 42 C,
the filters were washed three times for 5 minutes
each at room temperature in 2x SSC/0.1% SDS
and then two times for 15 minutes at 60 C in 0.1x
SSC/O.1% SDS. After washings, the filters were kept
moist in sealed plastic bags and exposed to X-ray
film (Kodak X-Omat, Eastman Kodak, Rochester,
NY) at -70 C. For rehybridizations, the Northern fil-
ters were washed in water containing 0.1% SDS at
90 C for 10 minutes. Autoradiograms were quanti-
tated by scanning densitometry at 633 nm with a
HeNe laser densitometer (LKB, Bromma, Sweden).
The data were evaluated for statistical significance
by Wilcoxon's signed-rank test.

In Situ Hybridization

In situ hybridization was performed as described in
detail earlier.33"34 In brief, cells grown on acetylated
slides were rinsed briefly in PBS, fixed in cold abso-
lute ethanol, and postfixed in 4% paraformaldehyde
in PBS. The cells were pretreated with glycine (2
mg/ml in PBS) and acetic anhydride (0.25% in 0.1
mol/L triethanolamine, pH 8.0), dehydrated in in-
creasing series of ethanol, and heated at 90 C for 5
minutes. Hybridizations with [a-32P]dCTP-labeled
cDNA for a2(VI) were carried out under conditions
described previously33'34 for 18 hours at 42 C. The
samples were subsequently washed at 42 C to a fi-
nal stringency of 0.2x SSC, followed by dehydra-
tion in a graded series of ethanol. The [32P]cDNA-
mRNA hybrids were detected by dipping the
samples into NTB-3 emulsion (Eastman Kodak) and

exposing them for 7-14 days at 4 C. The samples
were developed using D-19 developer (Eastman
Kodak), stained with hematoxylin, dehydrated in in-
creasing series of ethanol, cleared in xylene,
mounted with Permount (Fisher Scientific, Fair
Lawn, NJ), and examined with a Leitz Aristoplan mi-
croscope.

Results

Ultrastructure of Connective Tissue
Component of Diabetic Nerves

Human Tissues

Sciatic nerve samples obtained from a 16-year-
old person and a 23-year-old person, were exam-
ined by electron microscopy as controls. The find-
ings on these normal sciatic nerves were in good
agreement with those described earlier.35 In partic-
ular, large clusters of microfibrils or any Luse bodies
were not encountered. The ultrastructure of nerve
samples obtained from two diabetic patients (24
and 31 years of age) was examined by electron mi-
croscopy. Both patients had suffered from ad-
vanced complications of diabetes, including poly-
neuropathy. In the diabetic nerve samples, cross-
banded collagenous structures with a periodicity of
-110 nm (Luse bodies) were occasionally found
immediately adjacent to the basement membranes
of perineurial cells (Figure 1). Large deposits of mi-
crofibrils were found between the perineurial cells,
as well as subperineurially in the diabetic human
sciatic, sural, and tibial nerves (Figure 1). The mi-
crofibrils were rather homogeneous in size, with a

Figure 1. Electron micrograph of a stural nerve sample obtainied
from a 24-year-old diabetic man. Luse bodv (*) uith a periodicity of
-110 nm is seent immediately adjacent to the thickened basement
membrane of a perineurial cell (Pn). Large deposits of microfibrillar
material (arrous) are observed between the perinetrial cell layers
and subperineurially. Bar =-500Sim. en., enidonietnritm.
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diameter of -10 nm. Also, a network of beaded fila-
ments, 2-3 nm in diameter, which often was contin-
uous with the microfibrillar clusters, was prominent
in the human diabetic nerve samples (not shown).
Perineurial basement membranes were markedly
thickened in the human diabetic nerve samples
(Figure 1); the thickness of the diabetic basement
membrane varied from 135 to 405 nm. In contrast,
the thickness of the perineurial basement mem-
brane in the control nerves varied from 65 to 85 nm.
The basement membrane material often filled the
whole space between two perineurial cell layers in
the diabetic nerves, and collagen fibrils were occa-
sionally embedded within the basement mem-
branes.

Rat Tissues

In further studies, the sciatic nerves of four dia-
betic BB rats and four age- and sex-matched con-
trol BB rats were examined by electron microscopy.
The animal tissues were examined to complement
the findings on humans for two principal reasons.
First, in the case of human tissue samples, there is
usually a time lapse of several days after the death
before the tissue specimens can be obtained at au-
topsy. Secondly, age- and sex-matched normal
controls for the experimental animals are easily ob-
tained.

The diabetic syndrome of spontaneously diabetic
BB rats has been reported to closely mimic the
insulin-dependent diabetes mellitus of humans.36 In
all diabetic BB rat nerves studied, large deposits of
microfibrils with a diameter of -10 nm were found
between the perineurial cell layers and subperineur-
ially (Figure 2A). Morphologically, the microfibrils
closely resembled those of human diabetic nerves.
In the control rat nerves only small clusters of mi-
crofibrils could be observed (Figure 2B). In the sci-
atic nerve samples obtained from diabetic rats, the
microfibrillar deposits occasionally caused marked
widening of the spaces between adjacent perineur-
ial cell layers (Figure 2A).

Microfibrillar deposits of the diabetic BB rat
nerves were further studied by immunoelectron mi-
croscopy for type VI collagen. Antibody to type IV
collagen served as a positive control, since type IV
collagen is characteristically localized to basement
membranes.7 As expected, the gold particles dec-
orated the basement membranes of perineurial
cells and Schwann cells when an antibody against
type IV collagen was used (Figure 3). Type VI col-
lagen epitopes localized to the extracellular matrix

Figure 2. A, electroni micrograph of a sciatic nerve sample of a dia-
betic BB rat. Massive deposits of microfibrils (small arrous) are seenl
betu'een layers ofpernleinrial cells (opetn arrows). B, electron micro-
graph of a sciatic nerve sample of a non-diabetes-prone BB rat. On/p,
small clusters of microfibrils, predomintanttl/v in the sbhperinienirial
space cani be detected (small arrows). Openz arrows point to a
perintetrial cell laver. Bar= 500 nim. eni, endoneurium.

Figure 3. Immunloelectroni microscopy, for tvpe IV collagenz in a sci-
atic nerve sample obtainied from a diabetic BB rat. Gold particles
decorate the basementt membratne (arrous) of a peritneuirial cell (P0i).
The section waus niot stainied with uranyl l acetate or lead citrate, in or-
der to enhance the detectioni ofgold particles. Bar = 500 nim. eni, eni-
donieioriiiin.

in close proximity to the basement membranes of
perineurial cells and Schwann cells (Figure 4A), as
well as between bundles of thick collagen fibrils
(Figure 4B). However, the 10-nm microfibrils were
only rarely labeled with gold particles (Figure 4A).
Since type VI collagen antiserum was raised
against pepsin-solubilized type VI collagen, some
sections were treated with pepsin prior to staining
with the antibodies in order to expose antigenic
sites which may have been masked in the native
samples. After the samples were treated with 0.4%
pepsin for 15 minutes, the microfibrillar deposits
stained positively, demonstrating the presence of
type VI collagen in the deposits (Figure 4C). In the
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control sections, in which the primary antibody was
replaced with serum from nonimmunized rabbits,
only a few scattered gold particles were observed.

Modulation of Type VI Collagen Gene
Expression by Glucose in Cultured
Connective Tissue Cells of Peripheral
Nerve

In order to determine whether elevated concentra-
tions of D-glucose alter the steady-state levels of
mRNAs for the ax1(VI), a2(VI), and a3(VI) chains of
type VI collagen, connective tissue cell cultures
were initiated from normal rat sciatic nerves. These
cultures consisted of a mixture of perineurial cells,
Schwann cells, and neural fibroblasts, as described
in detail previously.26-29

Type VI collagen gene expression in confluent
cell cultures exposed to different concentrations of
D-glucose (5.5, 15, and 25 mmol/L) for 3, 7, or 14
days was analyzed by Northern hybridization. Hy-
bridization with a cDNA for a1(VI) collagen chain
sequences revealed a mRNA transcript of -4.2 kb
in size; a cDNA corresponding to a2(VI) collagen
chain hybridized to a -3.7-kb mRNA transcript; and
a cDNA corresponding to a3(VI) collagen chain hy-
bridized to a 8.0-10.0-kb mRNA transcript (Figure
5A). Hybridization with a cDNA for GAPDH revealed
a characteristic 1.4-kb mRNA transcript (Figure 5A),
and hybridization with a cDNA for 13-actin revealed
a transcript of 2.5 kb.

First, total RNA extracted from cells incubated in
different glucose concentrations for 3, 7, or 14 days
(total, 17 sets of cell cultures) was subjected to hy-
bridization with cDNA for the a2(VI) chain of type VI
collagen. Visual inspection and quantitation of the
mRNAs by scanning densitometry of the autoradio-
graphic films indicated that incubation of the cell
cultures in high glucose concentrations elevated
the mRNA steady-state levels of a2(VI) collagen
chain, whereas the steady-state levels of GAPDH
and 3-actin were not altered. In cultures incubated
in medium containing 15 mmol/L glucose, the
mRNA level for a2(VI) collagen chain was 179 +
27% (mean ± SEM; n = 16, P = 0.002) of control
(i.e., cultures incubated in low-glucose medium),
when corrected for the GAPDH or j-actin mRNA
levels in the same RNA specimens. In cultures incu-
bated in medium containing 25 mmol/L glucose the
corresponding value was 200 ± 24% (n = 17, P <
0.001) of controls (Figure 5B). The effect of glucose
on the mRNA steady-state levels was essentially the

.\:
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Figure 4. ImmnnPoelectroni microscopy for tipe V7 collagetn itn sciatic
nerve samples obtained from a diabetic BB rat. A, gold particles ini
the proximitv, bht niot nritbin, the basement membranies of a
perinielurial cell (P71) anid a chuwann cell (Scb). A deposit of mni-
crofibrils (*) in the suhperineurial space is almost completel/ devoid
of gold particles. B. detectioni of gold particles in spaces separatinlg
bundles of thick collageni fibrils in the epinieriunm of a diabetic BB
rat. C, immunoelectron niicroscopi' of the sciatic nerve sample of a
diabetic BB rat after treatment with 0.4% pepsin for 15 mninutes prior
to imimunostainings. Microfibrillar deposits (arrows) between the
perineuirial cell layers are prominently labeled with gold particles.
Bars = 500Qm.

same in cultures incubated for 7 or 14 days. The
means were 180% (n = 5) and 180% (n = 8) of
controls in cultures incubated in 15 mmol/L glucose
for 7 and 14 days, respectively, and 185% (n = 6)
and 211% (n = 8) of controls in cultures incubated
in 25 mmol/L glucose for 7 and 14 days, respec-
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Figure 5. Effects of D-glulcose otn the mRNA steadv-state levels for a-chainis of tspe 17 collageni in connective tissnie cell cuiltiures derived from rat
peripheral nerve. A, a representative Northern blot anialysis. Conifltenit cell cultures were incubated in the presenice of 5.5 (lanie 1), 15 (lanie 2). or
25 mmol/L (lanie 3) D-gluicose for 7 davs. Total RNA uwas extracted, anid 15 lig/lane uwere separated oni ani agarose gelfollowed by trans,,kr onto a
niylon filter. The samefilteruas successively hybridized with cDNAsfor ac,( ), a (17), and a.1(V,7) collagen chains anld GAPDH. Sizes of the niRVA
transcripts are inidicated on the right. Ethidium bromide stainitng of the gel is shoun, and migrationi positionis of the ribosomal snibnnlits are inidi-
cated in the bottom panel. B, quiantitation of the effect ofD-glUcose on the steady-state level of a/,(L7) collageni chaini mRNA. The cell ciultuires were
incubated uith 5.5, 15, or 25 mmoIIL D-glucose for 3 (U), 7 (0), or 14 (D) davs. Qnianititationi oas achieved by, scanning densitomnetr of the
Northern films, and values represent mRNA abunldanice inz ctultuires inicnibated u,ith 15 (n = 16) or 25 (i = 17) mmol,'L D-glulcose. as a percentage
of mRNA abundance in control cultures incubated with 5.5 mmol/L D-glucose. The values were corrected for GAPDH or f3-actin abundance in the
same RNA preparations. Means are indicated by transverse bars. C: After hybridizationi u,ith cDNA for a (1L7) collageni chaini, a filter conitaininlg
RNA samples from .5 sets of cultures was reyhbridized uaith a .4c) anid a (1V7) collagen chaini cDNVAs. The values represenit mnRNA abnnldanice ini
ctulttures incnibated in the presence of 15 or 25 mmol/L D-glucose as a percenitage of mRAA abtnndanice in conitrol cuiltuires inicnibated u,ith 5 5
mmol/L D-gllucose. The values are correctedfor GAPDH mRNA abuindanice ini the same RNA preparationis. Colnintiis, mieans; error bars, S1EVI.

tively. Incubation for only 3 days (n = 3) resulted in
a smaller effect (means, 128% of control in 15
mmol/L and 143% of control in 25 mmol/L) (see also
Figure 5B).
A filter containing RNA samples isolated from five

sets of cultures incubated in different glucose con-

centrations for 7 days was subsequently rehybrid-
ized with al(VI) and a3(VI) collagen cDNAs. The re-

sults also indicated that the steady-state levels of
a1(VI) and a3(VI) mRNAs were elevated to approxi-
mately the same extent as the steady-state level of
a2(VI) mRNA. The results obtained from the quanti-
tation of the mRNA steady-state levels in these five
sets of cultures are summarized in Figure 5C.

Interestingly, a3(VI) collagen chain mRNA iso-
lated from the cells that had been incubated in ele-
vated glucose concentrations was slightly larger
than a0l(V) chain mRNA isolated from control cells.

The presence of a3(VI) mRNAs with slightly different
sizes has been observed earlier, eg, in cultures ini-
tiated from neurofibromas.28 Incubation of the cells
in high concentrations of glucose did not have an

effect on the sizes of mRNAs for a1(VI) and a2(VI)
chains of type VI collagen (Figure 5A).

Deposition of type VI collagen in the cell cultures
was visualized by immunostaining with antibodies
to type VI collagen after incubation of the confluent
cells in either 5.5 or 25 mmol/L D-glucose for 7 or 14
days in the presence of ascorbic acid. Type VI col-
lagen epitopes were detected in fibrillar networks
that covered the cell layers (Figure 6). The fibrils
were irregularly distributed, the areas of high cell
density showing a denser network. When areas

with apparently similar cell densities were com-

pared, incubation in high glucose concentration
was observed to cause increased deposition of
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Figure 6. Indirect immunofluorescence staining of rat neural conI-
nective tissue cell cultures for type 1/7 collagen. Cell cultulres uere in-
cubated in medium conitaininig 5.5 (A) or 25 (B) mmol/L D-glulcose in
the presence of ascorbic acid (50 jiglml) for 7 days. Immuntoflutores-
cence stainitng, photographing, and processitng of the prints uere per-
formed in parallel under identical contditionzs to entable comparison
betu'een the staining intenisities. Fibrillar deposits positive for tipe V7
collagen cover larger areas of the cell laver in ciultuires incuibated in
the higher glucose concentration (B) when areas with apparenttly
similar cell densities are compared. Bars = 50 /4m.

type VI collagen, as evaluated by indirect immuno-
cytochemistry (Figure 6).

The cell types responsible for the production of
type VI collagen in these cultures were character-
ized further by a high magnification of the immuno-
staining and by in situ hybridization. A perinuclear,
apparently intracellular staining for type VI collagen,
as well as autoradiographic grains representing a2-

(VI) collagen chain mRNA-cDNA hybrids, were de-
tected in the three cell types identified in these cul-
tures, ie, the perineurial cells (Figure 7), Schwann
cells (Figure 7), and fibroblasts, indicating that all of
these cell types express type VI collagen at both
the mRNA and protein levels.

Discussion

Type VI collagen is an abundant structural protein of
the extracellular matrix in a variety of tissues, eg, in
normal peripheral nerves and in nerve-derived tu-
mors, such as cutaneous neurofibromas.23 38 In dia-
betes mellitus, marked changes in the synthesis
and structure of the extracellular matrix have been
observed. However, only one report describing al-
tered turnover of type VI collagen in diabetes is

available to date: Mohan et a139 demonstrated an
increased amount of type VI collagen in human dia-
betic kidneys utilizing solid-phase radioimmunoas-
says. They suggested that accumulation of type VI
collagen may account for the mesangial expansion
of diabetic kidneys that is known to correlate well
with the manifestation of clinical nephropathy.40

In this study, we detected the so-called Luse
bodies in the peripheral nerves of human diabetic
subjects. Luse bodies, which have been shown to
represent a form of aggregated type VI collagen,9
have been reported in neural tissue only under
pathological conditions, such as in neurofibro-
mas,41 schwannomas,15,42 and compressed
nerves.43 It is unclear why type VI collagen mono-
mers interact with each other in this characteristic
way only under certain conditions. Specifically, it is
not known whether an altered rate of synthesis of
type VI collagen explains this phenomenon, or
whether the structure of the protein is somehow al-
tered. Furthermore, brief treatment of tissue sam-
ples with bacterial collagenase has been shown to
enhance the formation of the 100-nm periodic fibrils
which contain type VI collagen, suggesting that pro-
teolytic enzymes present in the extracellular space
under pathological conditions may contribute to the
aggregation of type VI collagen.17

Deposition of extracellular microfibrils in the kid-
neys, arteriolar walls, and pancreas of diabetic pa-
tients has been described previously.6-8 The bio-
chemical composition of these microfibrils has
remained obscure, however. It has been suggested
that the fibrils may represent fibronectin8 or elastin-
associated microfibrils,7 but direct evidence is lack-
ing. Sohar et a16 suggested the term "diabetic fibril-
losis" to describe the generalized accumulation of
microfibrils in diabetic tissues. Accumulation of mi-
crofibrils around the vasa nervorum of diabetic hu-
man femoral nerves has previously been de-
scribed.6 In this study, microfibrils were found to
accumulate between the perineurial cell layers and
in the subperineurial space of peripheral nerves of
both human diabetic patients and spontaneously di-
abetic BB rats. The BB rats were diabetic for 2.5-6
months before obtaining the samples; this time pe-
riod was not long enough to cause a notable thick-
ening of the neural basement membranes, but de-
posits of microfibrillar material could readily be
observed. Thus, it appears that the accumulation of
microfibrils is an early sign of altered connective tis-
sue metabolism in diabetic nerves, and it precedes
the thickening of basement membranes. Our immu-
noelectron microscopic studies suggest that type VI
collagen is a component of the microfibrillar depos-
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its accumulating in the diabetic nerves. The anti-
genic sites of type VI collagen were exposed only
after a limited pepsin digestion. It should be noted
that fibrillin in a previous study was detectable by
immunoelectron microscopy in certain extracellular
microfibrils without enzymatic pretreatment.11 Also,
our immunoelectron microscopic studies on the dis-
tribution of fibronectin within peripheral nerve re-
vealed a clearly different labeling pattern compared
to type VI collagen (Muona et al, unpublished data).
Thus, it is not likely that our antibody to type VI col-
lagen would have cross-reactions with either fi-
bronectin or fibrillin, two other components of extra-
cellular microfibrils.

The pathophysiological significance of accumula-
tion of microfibrillar material in diabetic tissues (eg,
relevance to diabetic functional complications) is
not known. Nevertheless, it may be regarded as an
early indication of perturbed regulation of connec-
tive tissue metabolism in diabetes mellitus. It is also
possible that the microfibrils accumulating in the
perineurium of diabetic nerves may contribute to
the compression of transperineurial blood vessels
and disturb the blood flow within the nerve.44

In an attempt to study the mechanisms that pos-
sibly underlie the accumulation of type VI collagen
in diabetic nerves, we investigated the effects of el-
evated concentrations of D-glucose on the expres-
sion of type VI collagen by nerve-derived connec-
tive tissue cells in vitro. Under cell culture
conditions, it is possible to study the effects of vari-
ous factors operative in diabetic tissues in vivo, dis-
sociated from the multiple other factors present in
diabetic tissues. Ambient glucose concentration is
capable of regulating the expression of genes cod-
ing for matrix proteins in various cell types in vitro,
including peripheral nerve-derived connective tis-
sue cells.29,45-47 In the present study we demon-

strate that a high concentration of D-glucose in vitro
increases the steady-state levels of mRNAs for all
three type VI collagen chains. It has been sug-
gested that the synthesis of a3(VI) chain is rate lim-
iting for the synthesis of type VI collagen molecules.
For example, e-interferon has been shown to down-
regulate the synthesis of type VI collagen molecules
by selectively decreasing the production of a3(VI)
chain.48 However, cell density has been shown to
coordinately regulate the synthesis of all three types
of a-chains of type VI collagen in cultured fibro-
blasts: confluent cells express all a-chains of type
VI collagen at a higher level than cells in preconflu-
ent cultures.49 Yet maintenance of the cells in a
postconfluent state further increases the synthesis
of al(VI) and a2(VI) collagen chains, while the ex-
pression of a3(VI) chain is not altered, thus limiting
the increase in the formation of heterotrimeric type
VI collagen molecules.50 In the present study, glu-
cose coordinately up-regulated the mRNA steady-
state levels of all a-chains of type VI collagen in
vitro. The glucose-induced increase in the synthesis
of type VI collagen was observed also at the protein
level, as indicated by the increased deposition of
fibrils staining positively for type VI collagen
epitopes in cell cultures incubated in high glucose
concentrations. Thus, increased glucose concentra-
tion in tissues may contribute to the enhanced pro-
duction of type VI collagen in diabetes. The exact
mechanism of how glucose excerts its effects on
the expression of genes encoding a-chains of type
VI collagen remains to be elucidated. However, glu-
cose does not cause a generalized up-regulation of
steady-state levels of all mRNA species: elevated
glucose concentrations did not alter the steady-
state levels of /-actin mRNA in the same samples
which displayed increased type VI collagen mRNA
steady-state levels. Interestingly, the mRNA steady-

Figure 7. Expression of type V7 collagen by
Schubann cells and perineurial cells in culture.
A and C, indirect immtunofluorescence stain-
ings for type V7 collagen. An array of Schwann
cells (A, arrous) shows bright fluorescence. In a
large perineurial cell (C), type V7 collagen
epitopes are observed both perinuclearly (ar-
rows), probably representing intracellular,
neuly syntbesized type V/7 collagen, and as sbort
stripes (arroubeads), probably representing type
V7 collagen deposited on the cell surface. B and
D, in situ hybridizations with a cDNA for a2(1/7)
chain of type V7 collagen. Autoradiographic
grains representing a2U) collagen mRNA (ar-
row) are seen perinuclearly in a Schwann cell
(B). The nuiclei of tuo perineurial cells (D) are
indicated with arrous. Autoradiographic grains
are seen predominantly in the perinuclear re-
gion within the perineurial cells. Bars: A, C, D,
50 pm; B, 10 ,um.
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state levels of GAPDH, an enzyme of the glycolytic
pathway, also remained unchanged. Furthermore,
using in part the same RNA samples as utilized in
the present study, we have demonstrated that incu-
bation of neural connective tissue cells in high con-
centration of D-glucose resulted in a 33% decrease
in the mRNA level of glucose transporter GLUT1.11
Also, our earlier studies have not revealed differ-
ences in the mRNA steady-state level of laminin B2
chain in response to incubation in high glucose
concentrations.29 In addition to type VI collagen,
high concentrations of D-glucose increase the ex-
pression of type IV collagen and fibronectin in vari-
ous cell types.29'45-47

It is interesting that the cells incubated in high
glucose concentrations express a3(VI) mRNA tran-
script of apparently slightly larger size than the cells
incubated under control conditions. It has been
shown that alternative splicing of the primary tran-
script for the human a3(VI) chain gene generates
mRNA transcripts of different sizes.52 Previously,
different sizes of a3(VI) mRNA have been described
in different passages of neurofibroma-derived cells:
in RNA preparations extracted from primary cultures
with relative predominance of Schwann cells the
smaller a3(VI) mRNA transcript was detected,
whereas cultures of later passages with enriched
populations of perineurial cells predominantly ex-
pressed the larger a3(VI) mRNA transcript.28 Since
incubation in high glucose concentrations does not
seem to influence the ratios of different cell types in
the nerve-derived mixed connective tissue cell cul-
tures, it is tempting to speculate that the perineurial
cell would be especially sensitive to elevated glu-
cose concentrations with respect to an increase in
the expression of type VI collagen genes.
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