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Abstract
Background The mouse retina contains three kinds of base-
ment membrane (BM) structures; the inner limiting mem-
brane (ILM), Bruch’s membrane (BrM), and the BM
surrounding the capillaries. We aimed to investigate possi-
ble variations of individual BM components and to detect
effects caused by diabetes in three different diabetic mouse
models.
Methods After 4 and 6 months of diabetes (defined by
blood glucose > 250 mg/dl), we analyzed by immunohisto-
chemistry the laminin, collagen IV, and nidogen-1 and
nidogen-2 protein composition of the BMs obtained from
diabetic and non-diabetic Leptin-receptor deficient (db/db)
mice and insulin receptor (IR)/insulin receptor substrate-1
(IRS-1) double heterozygous knockout mice. In addition,
C57BL/6 J mice were rendered diabetic by intraperitoneal
injections of streptozotocin (STZ).
Results All analyzed BM proteins were detected in all of the
three BMs with the exception of collagen IV, which was not
detectable in the ILM of db/db mice and IR/IRS-1 mice. We
present the first analysis of nidogen expression in diabetic
BM. The staining patterns did not differ between the type-1
diabetic model (STZ) or the type-2 diabetic models (db/db
and IR/IRS-1) and the wild-type controls, with only one
exception: both the db/db mice and the IR/IRS-1 mice but

not the STZ mice showed a decreased nidogen-1 immuno-
reactivity in the BrM after 4 months of diabetes, but not after
6 months.
Conclusions The BMs in the three mouse strains differ with
regard to protein immunoreactivity in the inner limiting
membrane. Changes in BM composition may affect both
the assembly and the function of the retinal BM. However,
there are no marked differences in the BM composition
between type-1 and type-2 diabetes. These results provide
evidence for BM remodelling during diabetic retinopathy.
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membranes . Mouse models . Immunocytochemistry

Introduction

Diabetic retinopathy is a major cause of blindness in devel-
oped countries [1]. Vascular changes, including breakdown
of the blood–retina barrier, thickening of the capillary base-
ment membrane (BM), loss of pericytes, microaneurysms
and neovascularization have been widely documented in
diabetic rats, dogs, and cats [2, 3]. Mice have been less
extensively studied as a model for diabetic retinopathy [4].
Capillary BM thickening has been shown to result from the
increased production and decreased degradation of BM
proteins [5, 6]. In rat, STZ-induced diabetes results in ele-
vated serum levels of the BM components laminin [7],
collagen IV [8], and perlecan [9], indicating that some of
the newly synthesized proteins are not assembled into BMs,
but released to the blood stream. The turnover of BM
proteins in the eye is not known, and in general, information
on turnover is sparse. The best studied example is the BM-
associated collagen VII at the epidermal dermal junction. By
use of fibroblast injection into a mouse strain hypomorphic
for collagen VII, it was shown that collagen VII laid down
by these fibroblasts remains in the tissue for over 100 days
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[10]. Half-lives may, however, vary between BM proteins.
For example, nidogen-1 is very prone to proteolytic degra-
dation [11] and may therefore have a rapid turnover.

Other studies have shown that retinal BMs of diabetic
FVB mice contain increased amounts of collagen IV, lam-
inin ß1 and γ1, and fibronectin mRNA, and that these
alterations occur as early as 8 weeks following the onset
of diabetes [12]. All BMs contain members of the laminin,
nidogen, and collagen IV protein families, as well as the
proteoglycan perlecan [13]. Bruch’s membrane is made up
of heparan sulfate and chondroitin sulfate proteoglycans,
collagens I, III, IV, V, and VI, and glycoproteins such as
laminin and fibronectin [14–16].

The retinal expression and localization of laminin iso-
forms has been described in great detail both for rats [17]
and humans [18]. Laminins are vital for the assembly of
BMs, and interact with the collagen IV network via nidogen
and other extracellcular matrix molecules. The expression of
laminin chains is regulated both spatially and temporally,
suggesting that the different laminin isoforms have distinct
roles [18]. They influence cell differentiation, migration,
and adhesion, as well as cellular phenotype and survival.
In a diabetic condition, extracellular matrix proteins such as
laminin and collagen IV can be modified by glycation,
which may have a severe impact on cellular function.
Changes in the composition and structure of the ECM upon
the development of diabetes have already been demonstrat-
ed in peripheral nerves. [19].

Collagen IV is the major collagenous components of
BMs, and serves as a part of the filtration system in capil-
laries and the glomeruli in the kidney. Six genetically dis-
tinct type collagen IV chains, α1 (IV) to α6 (IV), have been
identified [20]. The different collagen molecules have dis-
tinct topological locations and functions. In recent years,
many studies have determined the distribution of collagen
IV isoforms in the neurosensory retina and in Bruch’s mem-
brane [21] under physiological conditions.

Nidogen, also referred to as entactin, is another compo-
nent of BMs. In mammals, two nidogen proteins have been
identified and named nidogen-1 and nidogen-2 (or entactin-
1 and entactin-2). Both are elongated molecules composed
of three globular domains (G1, G2, and G3), with G1 and
G2 connected by a flexible, protease-sensitive link, and G2
and G3 connected by a rod-like domain [22, 23]. Nidogen-2
is present in most BMs, but is not an as ubiquitous compo-
nent of BMs as nidogen-1 [24]. Nidogen-1 has been shown
to bind to collagen IV [25], and is crucial in linking the
laminin and the collagen IV networks. All the domains of
nidogen-1 are conserved in nidogen-2, which interacts with
collagen I and IV as well as with perlecan [26]. The loss of
nidogens does not cause basement membrane disruption
[27, 28], but inactivating the genes in mouse causes distur-
bances in the assembly of many BMs, multiple organ

malformations, and death of the animals shortly after birth
[29]. This indicates the overall importance of the nidogens
for basement membrane maintenance. The composition of
retinal BMs of the aging mice has only been analyzed in
more detail recently [30].

The metabolic pathways (polyol pathway, hexosamine path-
way, DAG-PKC pathway, advanced glycation end-products, and
oxidative stress) triggered by hyperglycemia during diabetic
retinopathy not only affect basement membrane proteins, but it
has also been shown that retinal neurodegeneration is present
before any microcirculatory abnormalities can be detected in
ophthalmoscopic examination [31, 32].

Most animal studies on diabetic retinopathy have focused
on insulin-deficient models (type 1 diabetes) instead of
models for insulin-resistance (type 2 diabetes) (for review,
see [33]). We used three mouse models representing both
types of diabetes:

1. The streptozotocin (STZ)-induced diabetic mouse
serves as a model for type 1 diabetes, and has been
the primary model for research into the pathogenesis of
the vascular lesions of diabetic retinopathy. This model
allows short-term measurements of vascular leakage,
leukocyte endothelial interactions, and retinal cell
damage.
2. IR/IRS-1 deficient mice are heterozygous for the
insulin receptor (IR) and insulin receptor substrate 1
(IRS-1) genes, and provide a unique model for studying
changes in the diabetic retina during the course of type
2 diabetes.
3. Leptin-receptor deficient model (db/db): these mice
carry a mutation in the leptin receptor gene (db), and
provide a model for obesity-induced type 2 diabetes.
The db/db mice develop hyperinsulinemia and hyper-
glycemia at an early age, and are therefore well-suited
for studying the diabetic retina.

We aimed to investigate the immunoreactivity and distri-
bution of individual BM components (laminin, collagen IV,
and nidogen-1 and nidogen-2) in these three different dia-
betic mouse models.

Material and methods

Mouse models

The animal experiments were done according to the “Prin-
ciples of laboratory animal care” (NIH publication No. 85–
23, revised 1985), the OPRR Public Health Service Policy
on the Humane Care and Use of Laboratory Animals (re-
vised 1986) and the U.S. Animal Welfare Act, as amended,
as well as to the current version of the German Law on the
Protection of Animals (Tierschutzgesetz).
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Leptin-receptor (BKS.Cg-Dock 7m+/+Leprdb/J) deficient
mice (type 2 diabetes-like model)

The db gene encodes a G-to-T point mutation of the leptin
receptor, leading to abnormal splicing and defective signaling

of the adipocyte-derived hormone leptin [34]. The diabetic
allele (db) is transmitted as an autosomal recessive trait. Males
exhibiting blood glucose concentrations of more than 250 mg/
dl were used for the experiments. The mice were obtained
from The Jackson Laboratory (Jax Stock Number: 000642).

Table 2 Scoring of the immu-
noreactivity of laminin γ1, col-
lagen IV, nidogen-1, and
nidogen-2 in three diabetes
models after 6 months of diabe-
tes (0 = no immunoreactivity,
3 = maximal immunoreactivity)

6 months

Protein Diabetes model Treatment

Non-diabetic controls Diabetic

Laminin ILM C BrM ILM C BrM

db/db 2±0 2.6±0.2 2.6±0.2 0.6±0.2 2.4±0.4 2.20±0.4

IR/IRS-1 2.4±0.2 2.6± 0.2 1.6±0.2 1.8±0.2 2.8±0.2 3±0

STZ 2.8±0.2 2.8±0.2 1.8±0.2 1.6±0.2 2.6±0.2 2±0.3

Collagen IV

db/db 0 1.4±0.4 1.6±0.4 0 2.8±0.2 2.6±0.4

IR/IRS-1 0 1.2±0.2 1.4±0.2 0.2±0.2 2.4±0.4 2.8±0.2

STZ 0.4±0.2 2.6±0.4 1.8±0.4 0.4±0.2 3±0 2.2±0.2

Nidogen-1

db/db 2.±0.3 3±0 1.8±0.2 2±0 2.8±0.2 1.8±0.2

IR/IRS-1 2±0 2.8±0.2 1.6±0.2 2.4±0.2 2.6±0.2 1.6±0.2

STZ 1.8±0.2 2.6±0.4 2±0 2.4±0.2 2.4±0.2 1.6±0.2

Nidogen-2

db/db 0.2±0.2 1.8±0.2 1±0 0.2±0.2 1.6±0.2 1±0

IR/IRS-1 0.2±0.2 1.4±0.4 2±0.3 0.4±0.4 2±0.3 1.8±0.4

STZ 0.6±0.2 2.8±0.2 2±0.3 1±0 2.80.2 2.4±0.2

Table 1 Scoring of the immu-
noreactivity of laminin γ1, col-
lagen IV, nidogen-1, and
nidogen-2 in three diabetes
models after 4 months of diabe-
tes (0 = no immunoreactivity,
3 = maximal immunoreactivity)

4 months

Protein Diabetes model Treatment

Non-diabetic controls Diabetic

Laminin ILM C BrM ILM C BrM

db/db 1.2±0.2 2.6±0.2 1.6±0.2 1.2±0.2 2.6±0.4 1.4±0.4

IR/IRS-1 1±0 2.4±0.4 2.4±0.4 2.8±0.2 2.6±0.4 2.2±0.6

STZ 3±0 2.4±0.2 1.4±0.2 3±0 2.8±0.2 1.8±0.2

Collagen IV

db/db 0 2±0 1.2±0.2 0 1.4±0.2 1.4±0.2

IR/IRS-1 0 1.6±0.2 1.8±0.2 0 2.4±0.2 2.8±0.2

STZ 0.8±0.2 2.6±0.4 2.6±0.4 0.8±0.2 3±0 2.8±0.2

Nidogen-1

db/db 2.6±0.2 2.8±0.2 3±0 1.4±4 3±0 1.4±0.2

IR/IRS-1 2.8±0.2 2.8±0.2 3±0 3±0 2.2±0.2 1.2±0.2

STZ 2.6±0.4 2.8±0.2 2.4±0.4 1.8±0.2 2.4±0.2 2.2±0.2

Nidogen-2

db/db 0.6±0.2 2±0 1.2±0.2 0.6±0.2 2±0 1.6±0.2

IR/IRS-1 2±0.4 2.4±0.4 1.8±0.2 1.4±0.2 2.8±0.2 3±0

STZ 0.6±0.2 2.6±0.2 2.2±0.4 1.8±0.2 2.±0.2 3±0
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Insulin receptor (IR)/insulin receptor substrate-1 (IRS-1)
double heterozygous knockout mice (type 2 diabetes-like
model)

Inactivation of one allele of the insulin receptor and IRS-
1 genes on a mixed genetic background resulted in the
development of a type 2 diabetes-like disease in 30 to
50 % of the animals. In the meantime, these animals
have been backcrossed for more than nine generations
onto C57BL/6 J background. Up to 90 % of the male
double heterozygous animals on the C57BL/6 J back-
ground develop type 2 diabetes-like disease [35]. Males
exhibiting blood glucose concentrations of more than
250 mg/dl were considered diabetic. For genotyping the
insulin receptor, the following primers in two separated
reaction sets were used: InsR-Ex4s1015 5′-CTGATCAT
CAACATCCGAGG-3′ and InsR-Ex5a1063 5′-CCTCCA
GCTCAGCTGCCAGG-3′ to detect a 1,645-bp fragment
for the wildtype and InsR-Ex4s894 5′-GATGTGCACCC
CATGTCTGG-3′ and InsR-Ex4a940 5′-GGATTTGGCA
GACCTTAGGG-3′ to detect a 1,650-bp fragment for the
KO-mice. For detecting IRS-1, the primers IRS-Ex1s797

5 ′-AGGAACAGCGTGAATTTTGGG-3 ′ and IRS-
Ex1a1234 5′-CTTGCTCAGCCTCGCTATCC-3′ were used
to detect a 437-bp fragment in the wildtype and a 1,095-bp
fragment in the KO-mice. The mice were a kind gift of
Jens Brüning, Institute for Genetics, University of Cologne
(Germany).

Streptozotocin-induced pancreatic β-cell ablation (type 1
diabetes-like model)

Following 5 h of fasting, C57BL/6 male mice at an age of 2–
3 months received 50 mg/kg body weight of streptozotocin
(STZ) as an intraperitoneal injection for 5 consecutive days
[36]. Control mice were treated with carrier solution (citrate
buffer) alone. Animals exhibiting blood glucose concentra-
tions of more than 250 mg/dl 1 week after the last STZ
injection were considered diabetic. All confirmed diabetic
mice showed classical signs of diabetes, i.e., polydipsia,
polyuria, and a loss in body weight (15 %). The mice were
obtained from Charles River, Sulzfeld, Germany.

All mice were about 12 weeks old at the beginning of the
experiments.

Fig. 1 Laminin immunoreactivity in retinal cross-sections of diabetic
mice after 4 months of diabetes. a, c, e Strain-specific wild-type
controls. b, d, f Different diabetic mouse models. Between the cross-
sections: quantification of laminin immunoreactivity in the inner lim-
iting membrane (ILM), the retinal capillaries (C), and Bruch’s

membrane (BrM) in wild-type control mice (open bars) and diabetic
mice (grey bars). Only in diabetic IR/IRS-1 mice was a significantly
stronger immunoreactivity in the ILM observed when compared with
the wild-type controls (F) (** p<0.005). The nuclei were counter-
stained with DAPI
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Antibodies

Polyclonal antibody against collagen IV was obtained from
Cedarlane Laboratories (Burlington, Ont., Canada). Poly-
clonal antibodies against the laminin γ1-chain, nidogen-1
and nidogen-2 were kindly provided by Neil Smyth and
Alexander Kunze (Southampton, UK, and Cologne, Ger-
many). Secondary antibodies coupled to Cy3-fluorochrom
were obtained from Dianova GmbH, Hamburg, Germany.

Measurement of blood glucose

The blood glucose levels were measured in all three mouse
strains at the beginning of the experiments, and 4 and
6 months later. In addition, the blood glucose levels of the
STZ-treated mice were measured 1 week after injection, and
non-responders were excluded. Blood glucose was mea-
sured using a blood glucometer (ascensia ELITE, Bayer,
Leverkusen, Germany). Diabetes was defined by blood glu-
cose >250 mg/dl.

Indirect immunofluorescence microscopy

To assess potential alterations in the distribution of BM
proteins, immunofluorescent stainings were performed on
retinal paraffin sections (diabetic and non-diabetic age-
matched strain-specific wild-type controls) 4 and 6 months
after the induction of diabetes.

Eyes were enucleated and immediately fixed in meth-
acarn (60 % methanol, 30 % 1-1-1- trichoroethene,
10 % acetic acid) or in 4 % paraformaldehyde, dehy-
drated and embedded in paraffin (Richard-Allan Scien-
tific, Kalamazoo, MI, USA). Sagittal sections were cut
at 5 μm, deparaffinized, and hydrated. After treatment
with 0.005 % trypsin in 0.1 % CaCl2 for 10 min at 37 °C,
sections were blocked with 5 % BSA and 0.1 % Triton
X-100 in 0.15 M NaCl, 50 mM Tris–HCl, pH 7.4
(TBS) for 1 h at RT. The primary antibody was incu-
bated over night at 4 °C, followed by 1 h-incubation at
RT with a fluorochrome-labeled secondary antibody. For
negative controls, the primary antibodies were omitted.

Fig. 2 Laminin immunoreactivity in retinal cross-sections of diabetic
mice after 6 months of diabetes. a, c, e Strain-specific wild-type
controls. b, d, f Different diabetic mouse models. Between the cross-
sections: quantification of laminin immunoreactivity in the inner lim-
iting membrane (ILM), the retinal capillaries (C), and Bruch’s mem-
brane (BrM) in wild-type control mice (open bars) and diabetic mice
(grey bars). In diabetic db/db mice, a significantly weaker

immunoreactivity in the ILM was observed when compared with the
wild-type controls (* p<0.05), and in diabetic IR/IRS-1 mice a signif-
icantly stronger immunoreactivity in the BrM was observed compared
to the controls (** p<0.005). Also in diabetic STZ mice, a significantly
weaker immunoreactivity in the ILM was observed when compared to
their wild-type controls (** p<0.005). The nuclei were counterstained
with DAPI
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Tissue sections were examined with a Zeiss Axioplan2
fluorescence microscope and images taken by a Ham-
matsu ORCA ER camera with the Openlab program
(Improvision Ltd.).

Statistics

At least three diabetic mice for each diabetic model and
their respective controls were analyzed. Five randomly
selected sections of the central retina were analyzed for
each diabetic mouse model and controls. Quantification
by scoring the fluorescence intensity between 0 and 3
was done blindly and independently by five persons not
involved in the experiments.

Unpaired t-test or Mann–Whitney was used for the
analysis of results (Prism v5.0, GraphPad Software, Inc.,
San Diego, CA, USA). Statistically significant differ-
ence was set at P<0.05 or P<0.005. Error bars repre-
sented the SEM of the data.

Results

In order to exclude possible strain-specific differences be-
tween the used diabetes models due to different genetic
background, we included for each model the corresponding
negative controls: non-diabetic BKS db/db mice and non-
diabetic IR/IRS-1 mice as well as citrate-buffer-treated non-
diabetic C57Bl/6 mice. The results of the scoring analysis
after 4 months and 6 months of diabetes are displayed in
Tables 1 and 2 respectively.

Laminin

The laminin γ1 chain is the most ubiquitous laminin chain in
BMs, and so its distribution reflects the overall laminin ex-
pression. Therefore, the corresponding antibody gave a dis-
tinct staining of Bruch’s membrane (BrM), the capillary BMs
(C) and the inner limitingmembrane (ILM) when applied to 4-
and 6-month-old diabetic and non-diabetic retinas of all three

Fig. 3 Collagen IV immunoreactivity in retinal cross-sections of dia-
betic mice after 4 months of diabetes. a, c, e Strain-specific wild-type
controls. b, d, f Different diabetic mouse models. Between the cross-
sections: quantification of collagen IV immunoreactivity in the inner
limiting membrane (ILM), the retinal capillaries (C), and Bruch’s
membrane (BrM) in wild-type control mice (open bars) and diabetic
mice (grey bars). No immunoreactivity was detected in the ILM of

diabetic db/db mice and diabetic IR/IRS-1 mice or in the controls, and
only a faint immunoreactivity in both STZ mice. In diabetic IR/IRS-1
mice, a significantly stronger immunoreactivity of collagen IV in the
capillaries and the BrM was observed when compared with the wild-
type controls (* p<0.05 and ** p<0.005 respectively). The nuclei were
counterstained with DAPI
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mouse strains (Tab. 1 and 2). The immunoreactivity of the
capillary basement membranes and the BrM were similar in
all three non-diabetic controls after 4 and 6 months, as was the
immunoreactivity of the ILM after 6 months. However, after
4 months the immunoreactivity of the ILM in normal C57Bl/
6-mice (non-diabetic control to STZ-mice) was three times
higher than in the non-diabetic controls of the two other
diabetes models (Table 1 and Fig. 1).

After 4 months of diabetes, the immunoreactivity for lam-
inin γ1 in the IR/IRS-1 mice was increased only in the ILM
compared to their respective wild-type controls (Fig. 1c–d).
The level of laminin 1 immunoreactivity in the membranes
surrounding the capillaries and the ILM was similar between
diabetic and non-diabetic retinal tissue. However, after
6 months of diabetes the immunoreactivity of laminin γ1 in
the ILM was lower in the db/db and the STZ mice compared
to wild-type controls (Table 2 and Fig. 2a–b and e–f). In
diabetic IR/IRS-1 mice, the level of laminin 1 immunoreac-
tivity in the BrMwas increased after 6 months (Fig. 2c–d), but
the immunoreactivity for laminin γ1 in the membranes

surrounding the capillaries was still unchanged between dia-
betic and non-diabetic retinal tissue (Fig. 2c–d).

Collagen IV

After 4 and 6 months of diabetes, virtually no immunoreactivity
for collagen IV could be detected in the inner ILM of the db/db
and IR/IRS-1 mouse strains in either diabetic or in non-diabetic
retinas (Tables 1 and 2, Figs. 3a–b and c–d and 4a–b and c–d).
Only the STZ retina showed a very limited immunoreactivity for
collagen IV in the ILM (Figs. 3e–f and 4e–f). In the capillary
BMs and in the BrM, the immunoreactivity was similar in all the
controls of the three mouse models after 4 and after 6 months.

However, the collagen IV immunoreactivity in capillary
BMs was increased in diabetic IR/IRS-1 mice after 4 and
6 months (Figs. 3c–d and 4c–d), and in diabetic db/db mice
after 6 months of diabetes (Table 2 and Fig. 4a–b). In
addition, there was increased collagen IV immunoreactivity
in the BrM of both 4- and 6-month-old diabetic retinas in
IR/IRS-1 mice (Figs. 3c–d and 4c–d).

Fig. 4 Collagen IV immunoreactivity in retinal cross-sections of dia-
betic mice after 6 months of diabetes. a, c, e Strain-specific wild-type
controls. b, d, f Different diabetic mouse models. Between the cross-
sections: quantification of collagen IV immunoreactivity in the inner
limiting membrane (ILM), the retinal capillaries (C), and Bruch’s
membrane (BrM) in wild-type control mice (open bars) and diabetic
mice (grey bars). No immunoreactivity was detected in the ILM of

diabetic db/db mice and diabetic IR/IRS-1 mice or in controls, and only
a faint immunoreactivity in both STZ mice. In diabetic db/db mice, a
significantly stronger immunoreactivity in the capillaries was observed
when compared with the wild-type controls (* p<0.05). In diabetic IR/
IRS-1 mice a significantly stronger immunoreactivity in the capillaries
and the BrM was observed compared to controls (* p<0.05 and ** p<
0.005 respectively). The nuclei were counterstained with DAPI
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Nidogen-1

The nidogen-1 immunoreactivity in all three non-diabetic
controls and in all BMs was identical after 4 and after
6 months (Tables 1 and 2).

After 4 months, the nidogen-1 immunoreactivity was
reduced in the BrM of diabetic db/db mice as well as in
diabetic IR/IRS-1 mice (Fig. 5a–b and c–d). In addition, the
nidogen-1 immunoreactivity was also reduced in diabetic
db/db mice in the ILM (Fig. 5a–b). There was a constant
immunoreactivity in all BMs in wild-type controls and
diabetic STZ mice (Fig. 5e–f).

After 6 months of diabetes, the immunoreactivity of
nidogen-1 in the three BMs was similar in all diabetic mice
models and did not differ when compared to their wild-type
controls (Fig. 6a–f).

Nidogen-2

The immunoreactivity of the capillary BMs and the BrM
were moderately high and similar in all three non-diabetic

controls after 4 months. However, whereas in the non-
diabetic IR/IRS-1 control the immunoreactivity in the ILM
was high, it was low in both the non-diabetic db/db controls
and normal C57Bl6 mice (non-diabetic STZ-controls). At
6 months, the immunoreactivity in the ILM of all used non-
diabetic controls was hardly detectable, whereas in the cap-
illary BMs and the BrM the immunoreactivity was high but
different between the non-diabetic control mice.

After 4 months of diabetes, the nidogen-2 immunoreactivity
in the ILM was low in the db/db-mouse retina and similar
between wild-type controls and diabetic mice (Table 1 and
Fig. 7a–b). In the BrM of the diabetic retina of IR/IRS-1 mice,
the immunoreactivity was significantly higher than in the wild-
type controls (Fig. 7c–d). In the STZ mouse retina, the immuno-
reactivity in the ILM was significantly increased in the diabetic
mice (Fig. 7e–f). The immunoreactivity in the capillaries was
similar between non-diabetic controls and the diabetic retinas. It
was moderate in db/db mice (Fig. 7a–d), but higher in IR/IRS-1
and STZmice. In the db/dbmice and the STZmice, the nidogen-
2 immunoreactivity in the BrM between wild-type controls and
diabetic mice also remained constant.

Fig. 5 Nidogen 1 immunoreactivity in retinal cross-sections of dia-
betic mice after 4 months of diabetes. a, c, e Strain-specific wild-type
controls. b, d, f Different diabetic mouse models. Between the cross-
sections: quantification of nidogen 1 immunoreactivity in the inner
limiting membrane (ILM), the retinal capillaries (C), and Bruch’s
membrane (BrM) in wild-type control mice (open bars) and diabetic

mice (grey bars). In diabetic db/db mice, a significantly weaker im-
munoreactivity in the ILM was observed when compared with the
wild-type controls (* p<0.05). In diabetic db/db mice and IR/IRS-1
mice a significantly weaker immunoreactivity in the BrM was ob-
served compared to controls (** p<0.005). The nuclei were counter-
stained with DAPI
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After 6 months of diabetes, the overall immunoreactivity
for nidogen-2 in the BMs of ILM, capillaries, and BrM was
lower than after 4 months, but there was no difference
between non-diabetic controls and diabetic mice (Talbe 2
and Fig. 8a–f). The lowest immunoreactivity was seen in the
ILM in all mouse strains. In the db/db mice and the IR/IRs-1
mice, it was hardly detectable. The highest nidogen-2 im-
munoreactivity was detected in the capillaries of the diabetic
STZ mice, with no difference to their non-diabetic controls
(Fig. 8e–f).

In summary, all four analyzed basement membrane pro-
teins were detected in all of the three BMs (ILM, capillaries,
BrM), with the exception of collagen IV which was not
detectable in the ILM of db/db mice and IR/IRS-1 mice,
and was only faintly expressed in the ILM of STZ mice.
Nidogen-1 showed the highest immunoreactivity in the
wild-type controls of all mouse strains. There was no spe-
cific immunoreactivity pattern dependent for type-1 diabetic
model (STZ) or the type-2 diabetic models (db/db and IR/
IRS-1), with only one exception: both the db/db mice and
the IR/IRS-1 mice, but not the STZ mice, showed a de-
creased nidogen-1-immunoreactivity in the BrM after

4 months of diabetes (Fig. 5), but this was not the case after
6 months of diabetes.

Discussion

We expected changes in the composition of retinal BMs
in diabetic mice, as it is well-known that an increased
synthesis of BM components, such as fibronectin, col-
lagen IV, and laminin is closely associated with vascular
BM thickening, a histological hallmark of diabetic reti-
nopathy [37].

BMs are specialized extracellular matrix structures that
play essential roles in tissue development and maintenance
[38]. The distribution of collagen IV isoforms in human
Bruch’s membrane is known [21], as well as the immuno-
reactivity and localization of laminin isoforms in rat [13]
and human retinas [18]. However, the relative distribution
and immunoreactivity of BM proteins in diabetic retinal
tissue has not been studied in detail. We therefore analyzed
the immunoreactivity of laminin γ1, collagen IV, nidogen-1,
and nidogen-2 in the diabetic mouse retina.

Fig. 6 Nidogen 1 immunoreactivity in retinal cross-sections of dia-
betic mice after 6 months of diabetes. a, c, e Strain-specific wild-type
controls. b, d, f Different diabetic mouse models. Between the cross-
sections: quantification of nidogen 1 immunoreactivity in the inner
limiting membrane (ILM), the retinal capillaries (C), and Bruch’s

membrane (BrM) in wild-type control mice (open bars) and diabetic
mice (grey bars). No significant difference in immunoreactivity in
either diabetic mice was observed compared to controls. The nuclei
were counterstained with DAPI
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Most alterations which affected the composition of
retinal BMs in experimental diabetes occurred during
the embryogenesis. Deletions or mutations of BM pro-
teins result in embryonic lethality [29, 39–42]. Postnatal-
ly and during early eye development, mutations and
deletions of BM proteins cause vascular disruptions, such
as a defective formation of the ILM leading to retinal
dysplasia [43]. However, there are also investigations
which indicate alterations in BMs proteins in aging ani-
mals. A previous study has described an increased im-
munoreactivity for extracellular matrix proteins in the
retina of aging-related diseases such as age-related mac-
ular degeneration or diabetic retinopathy [44]. Recently,
another study showed that the deposition of BM proteins
within the normal retina is increased upon aging [30].
Our results in non-diabetic control mice show that signal
intensity of laminin γ1, collagen IV, nidogen 1, and
nidogen 2 in the retinal BMs was only changing slightly
during the time frame of our experiments. The time
points (4 and 6 months) were chosen to reveal changes
in BM composition occurring after the onset of diabetes,

whereas Kunze and co-workers investigated the deposi-
tion of basement membrane proteins in retinas from 1-,
12- and 18-month-old C57BL/6 mice. In agreement with
their results on collagen IV and nidogen-2 immunoreac-
tivity in the ILM, we also found no staining or only a
weak staining respectively. This finding and our other
results concerning the non-diabetic control mice are in
agreement with the observations of Kunze et al. [30].

At the mRNA level, the BM components laminin β1 and
collagen IV were upregulated after 5 months of diabetes in
C57Bl/6 animals [45, 46], but surprisingly not in diabetic
Rho−/− mice, which show a photoreceptor degeneration
[45]. In rats, the increase of laminin and collagen IV protein
expression after 2 months of STZ-induced diabetes were
shown by Western blot analysis [47]. Contrary to those
studies, we found an upregulated immunoreactivity of lam-
inin γ1 and collagen IV in diabetic IR/IRS-1 mice, but not in
the STZ or the db/db models. Although it is difficult to
compare mRNA expression and protein expression in other
species with protein immunoreactivity in our mouse models,
this discrepancy supports our conclusion that changes in

Fig. 7 Nidogen 2 immunoreactivity in retinal cross-sections of dia-
betic mice after 4 months of diabetes. a, c, e Strain-specific wild-type
controls. b, d, f Different diabetic mouse models. Between the cross-
sections: quantification of nidogen 2 immunoreactivity in the inner
limiting membrane (ILM), the retinal capillaries (C), and Bruch’s
membrane (BrM) in wild-type control mice (open bars) and diabetic

mice (grey bars). In diabetic IR/IRS-1 mice, a significantly stronger
immunoreactivity in the BrM was observed compared to controls (** p
<0.005). In diabetic STZ mice a significantly stronger immunoreactiv-
ity in the ILM was observed compared to controls (** p<0.005). The
nuclei were counterstained with DAPI
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basement membrane composition is an effect of diabetic
pathology rather than of the method of diabetes induction.

To our knowledge, no studies exist on the nidogen-1 and
nidogen-2 expression in diabetic mice retinas, and only
limited information is available on their expression on
C57Bl/6 mouse retina [30]. The authors found that both
nidogen-1 and -2 were present in vascular BMs and BrM
throughout mice aged between 1 and 18 months. In the
ILM, the nidogens were more strongly expressed at higher
ages, with an earlier and higher deposition of nidogen-1.
Our findings are in agreement, but we also detected a higher
and variable immunoreactivity for nidogen-2 in the non-
diabetic IR/IRS-1 mouse strain. For nidogen-1 and
nidogen-2 in diabetic mouse retinas, our data are novel.
We detected no significant differences in the immunoreac-
tivity of both nidogens in the retinal BMs in any of the three
diabetes models with the following exceptions. Firstly, after
4 months there was lower nidogen-1 immunoreactivity in
the BrM of the diabetic db/db model and the diabetic IR/
IRS-1 model, but not in the STZ model. However, these
differences disappeared after 6 months of diabetes. Also,
after 4 months of diabetes we detected higher nidogen-2

immunoreactivity in the BrM in the diabetic IR/IRS-1
mouse and in the ILM of the diabetic STZ mouse. Again,
these differences disappeared after 6 months of diabetes.
This variable nidogen immunoreactivity may be due to a
higher turnover of nidogens in BMs, as nidogen-1 is known
to be prone to proteolytic degradation [11].

Our finding of different but inconsistent immunoreac-
tivity in the ILM may be important, due to their role in
the survival of retinal ganglion cells during development
[48]. We found a higher immunoreactivity in the ILM of
diabetic IR/IRS-1 mice after 4 months, but a lower
immunoreactivity in the diabetic retina of db/db mice
and STZ mice; and also a lower immunoreactivity of
nidogen-1 in diabetic db/db mice only, together with a
higher immunoreactivity of nidogen-2 in the retina of
diabetic STZ mice. If retinal ganglion cells are influenced
by ILM abnormalities, their BM composition could cause
retinal ganglion cell death in response to elevated intra-
ocular pressure, which can lead to glaucoma, a compli-
cation of proliferative diabetic retinopathy [49]. A loss of
cells in the ganglion cell layer in diabetic mice due to
apoptosis was demonstrated [31, 50].

Fig. 8 Nidogen 2 immunoreactivity in retinal cross-sections of dia-
betic mice after 6 months of diabetes. a, c, e Strain-specific wild-type
controls. b, d, f Different diabetic mouse models. Between the cross-
sections: quantification of nidogen 2 immunoreactivity in the inner
limiting membrane (ILM), the retinal capillaries (C), and Bruch’s

membrane (BrM) in wild-type control mice (open bars) and diabetic
mice (grey bars). No significant difference in immunoreactivity in
either diabetic mice was observed compared to controls. The nuclei
were counterstained with DAPI
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This study demonstrates that changes in BM composition
reflected in altered immunoreactivity of key BM proteins
are an effect of diabetic pathology rather than of the method
of diabetes induction, as they occur in all analyzed diabetes
models. No diabetes-model-specific alteration in basement
membrane composition could be detected by our immune–
histological examination. To detect small changes in BM
organization, it may be necessary to use electron microscop-
ic evaluation methods. It remains necessary to study both
the STZ-model (type-1 diabetes model) — which allows
short-term measurements of vascular leakage, leukocyte
endothelial interactions, and retinal cell damage — and the
type-2 diabetes models. In further studies, especially on the
type-2 diabetes models, a longer time period should be
chosen to reveal more detailed effects during and after the
onset of diabetes.
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