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Differential expression of connective tissue growth factor in
microglia and pericytes in the human diabetic retina
E J Kuiper, A N Witmer, | Klaassen, N Oliver, R Goldschmeding, R O Schlingemann

Background/aim: Connective tissue growth factor (CTGF)
stimulates extracellular matrix formation, fibrosis, and
angiogenesis. It has a role in the pathogenesis of diabetic
nephropathy and possibly in diabetic retinopathy (DR): in
cultured retinal vascular cells CTGF is induced by VEGF-A.
To further characterise this role the authors investigated
CTGF expression in normal and diabetic human retina.
Methods: CTGF expression patterns were studied by immu-
nohistochemistry in the retina of eyes of 36 diabetic persons
and 18 non-diabetic controls and compared with markers of
endothelial cells (CD31, PAL-E), pericytes (NG2), astrocytes
(GFAP), and microglia (CD45).

Results: In the retina, distinct and specific staining of CTGF
was observed in microglia, situated around or in close
vicinity of retinal capillaries. In the control cases, sporadic
staining of pericytes was also observed within the vascular
wall. In contrast, in the retina of people with diabetes, CTGF
staining in microglia was decreased and staining in pericytes
was increased. This pattern of predominantly pericyte
staining was observed in 20 out of 36 diabetic cases and
in one out of 18 controls. The altered CTGF staining patterns
in the diabetic cases did not correlate fo staining of PAL-E, a
marker of refinal vascular leakage associated with DR.
Conclusions: The study shows that CTGF is expressed in
microglia in the normal retina whereas in a large subset of
diabetic persons, CTGF expression shifts to microvascular
pericytes. This altered CTGF expression pattern appears
unrelated to manifest DR and may therefore represent a
preclinical retinal change caused by diabetes. The results
suggest a distinct, but as yet unidentified, role of CTGF in the
pathogenesis of diabetic retinopathy.

is the thickening of the capillary basement membrane

(BM) resulting from increased production or decreased
breakdown of collagen 1V, laminin, fibronectin, and other
compounds.' * In galactose fed rats retinal BM thickening can
partially be prevented by downregulation of fibronectin
synthesis. This is associated with a reduction of pericyte loss
and acellular capillaries, suggesting an important role of BM
thickening in the pathogenesis of DR.’

Connective tissue growth factor (CTGF) is a member of the
CCN family of growth factors, which includes CTGF, Cyr 61,
Nov, WISP 1, WISP2, and WISP3.** CTGF is important in
scarring, wound healing, and in a number of pathological
conditions associated with fibrosis.”'° It mainly functions in
these processes as a potent inducer of extracellular matrix
(ECM) by stimulating production of collagen type 1, o5
integin, and fibronectin," "> and as a potent angiogenic
factor.® *'* CTGF mRNA expression is induced by TGF-f in
several cell types, but also by advanced glycation end

ﬁ preclinical hallmark of early diabetic retinopathy (DR)
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products (AGEs),"” by high glucose (in human mesangial
cells, a specialised type of pericytes in the glomerulus),' "
and by vascular endothelial growth factor-A (VEGF-A) in
retinal endothelial cells and pericytes.*

As all these CTGF inducing factors are positively associated
with the pathogenesis or progression of diabetic microvas-
cular complications, such as nephropathy and retino-
pathy,' *' * it is possible that CTGF is also involved in these
conditions. Indeed, in early diabetic nephropathy, CTGF
mRNA is upregulated in mesangial cells and in podocytes in
the human glomerulus.* *

We hypothesise that CTGF plays a role in the early
pathogenesis of diabetic retinopathy in its capacity to induce
ECM production leading to capillary BM thickening. In order
to explore this hypothesis we investigated expression
patterns of CTGF protein in the human retina in diabetic
people and normal controls.

MATERIALS AND METHODS

Human eyes

The eyes of 18 people without and 36 people with DM (14
with DM type 1, 22 people with DM type 2; table 1) were
obtained from the Corneabank Amsterdam (the
Netherlands), after removal of corneal buttons for transplan-
tation.

Intact eyes were snap frozen in isopentane and stored at
—80°C until used. The use of human material was in
accordance with the Declaration of Helsinki on the use of
human material for research.

Immunohistochemistry

Tissue blocks of the posterior half of the frozen human globes
were cut using a standard protocol. Air dried serial cryostat
sections (10 pm thick) of one tissue block containing mid-
peripheral and central retina of one eye of each patient were
fixed in cold acetone for 10 minutes, postfixed for 2 minutes
in Zamboni’s fixative (2% paraformaldehyde in a saturated
picric acid solution), and stained by an indirect immunoper-
oxidase procedure. For this purpose, sections were incubated
for 20 minutes in phosphate buffered saline containing 0.1%
sodium azide and 0.3% H,0, to quench endogenous
peroxidase activity. In order to reduce non-specific staining,
sections were incubated for 15 minutes in phosphate
buffered saline containing 10% normal goat serum and
0.01% saponin (Sigma, St Louis, MO, USA). Subsequently,
serial sections were incubated overnight at 4°C with the
following monoclonal antibodies: a human monoclonal anti-
CTGF antibody labelled with digoxigenin (DIG) (1:200)
(FibroGen Inc, San Francisco, CA, USA), the antiendothelial

Abbreviations: AGEs, advanced glycation end products; BM, basement
membrane; CTGF, connective tissue growth factor; DM, diabetes
mellitus; DR, diabetic retinopathy; ECM, extracellular matrix; TGF-B,
}ransforming growth factor-B; VEGF-A, vascular endothelial growth
actor-A.
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Table 1 Characteristics of the human eyes

Age range  Mean  Postmortem Mean
Human eyes (n)  (years) (years) time (hours) (hours)
Controls (18) 46-79 65 11-33 20
DM type 1 (14)  50-88 69 5-26 20
DM type 2 (22)  60-83 72 5-32 18

antibodies PAL-E (1:1000)*** and EN-4 (against CD31,
1:500; Sanbio, Uden, the Netherlands),*** to CD64 (against
Fc gamma RI, a marker for monocytes, 1:100; Dako,
Glostrup, Denmark),” to GFAP (to identify astrocytes,
1:100; Sigma, Zwijndrecht, the Netherlands), to CD45
(against LCA, a marker of microglia, 1:200; Dako, Glostrup,
Denmark), to HLA-DR (to detect MHC-II, a marker of
microglia, 1:4000; Becton Dickinson, San Jose, CA, USA),*
to CD68 (human macrophage antigen, 1:1500; Dako,
Glostrup, Denmark),*** and antibody 225.28S to NG2
(human melanoma proteoglycan or HMW-MAA), a marker
of pericytes, 1:300).” ** As negative controls, primary anti-
body was omitted. Sections incubated with the DIG-labelled
CTGF antibody were subsequently incubated with a mono-
clonal mouse anti-DIG antibody (1:300) followed by poly-
HRP goat antimouse immunoglobulins for 30 minutes. All
other sections were directly incubated with the poly-HRP
goat antimouse immunoglobulins for 30 minutes. Peroxidase
activity was visualised using 3-amino-9-ethyl carbazole
(AEC, red colour) or 3,3-diaminobenzidine (DAB, brown
colour) with 0.01% H,0, as activator. Rinsing the sections
with distilled water terminated colour development. Sections
were counterstained with haematoxylin.

Data analysis

For each antibody, two independent observers examined
three masked non-serial sections taken from a standardised
tissue sample, encompassing the mid-peripheral to the
central part of the retina of each patient. The length of each
retina section was approximately 5 mm, so in total 15 mm of
retina was examined per subject.

The pattern and distribution of CTGF staining was studied
in detail in the retina by light microscopy. To further identify
CTGF positive cells, CTGF staining patterns were compared
with serial sections stained for pericytes (anti-NG2),
endothelial cells (anti-CD31), microglia (anti-CD45 and
anti-HLA-DR), and astrocytes (anti-GFAP). A macrophage
marker (anti-CD68) was used to distinguish between
quiescent and activated microglia.

The various CTGF staining patterns were compared with
staining for PAL-E, a marker of capillary leakage associated
with diabetic retinopathy.” ** Retinal microvascular staining
for PAL-E was graded semiquantitatively as follows: 0, no
staining; 1, sporadic staining (less than three positive
microvessels per 5 mm section); 2, patchy staining (localised
areas with staining microvessels, but less than 50% of vessels
being positive); or 3, uniform staining (more than 50% of
vessels being positive).

In addition, based on initial examinations, CTGF staining
was semiquantified in the capillaries in and adjacent to the
inner nuclear layer. For this purpose, at the 40 x magnifica-
tion, the number of CTGF positive cells with a definite
localisation in the neuroretinal parenchyma adjacent to blood
vessels of the inner nuclear layer, but outside the vascular
basal lamina, and the number of CTGF positive cells
definitely localised within the vascular basal lamina were
counted in the three non-serial sections (fig 1).

All data were analysed using the statistical program SPSS
7.0 (SPSS Inc, Chicago, IL, USA). The non-parametric Mann-
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Figure 1  Electron micrograph showing the cell types of the vascular
complex in adult human retina. Arrowheads indicate the perivascular
glia limitans (basal lamina) of a refinal vessel. A paravascular microglia
cell (M) i situated adjacent to the glia limitans (to the left) and contributes
processes to it. Endothelial cells (EC) and a single pericyte (P) are
present. A zonulae occludens junction (ZO) is present between
endothelial cells. Arrows indicate the orientation of the ganglion (GCL)
cell and inner plexiform layers (IPL). Reprinted from J M Provis.
Development of the primate retinal vasculature. Prog Retin Eye Res
2001;20:799-821, with permission from Elsevier Science.

Whitney test was used to calculate the mean differences in
number of pericytes or number of microglia between
diabetics and controls. Mean differences between the PAL-
E score and the number of pericytes (and microglia) were
calculated with the non-parametric Kruskal-Wallis test. A p
value of <0.05 was considered significant. Mean difference in
the number of cases with a pericyte pattern or microglia
pattern between diabetics and controls was calculated by “%?
crosstabs”.

RESULTS

In the human retina, the CTGF positive cells were mostly
located in the vicinity of or directly associated with blood
vessels, which were clearly outlined in serial sections stained
with anti-CD31. We distinguished two different patterns of
CTGF staining in the inner nuclear layer—outside and inside
the vascular basement membrane—which was recognised in
the sections by its differential refractive properties. The CTGF
positive cells located outside the vascular basement membrane
often had a stellate or dendritic morphology, suggesting that
these cells represented microglia (fig 2A, C, and E).
Comparison with the staining pattern for CD45, a microglia
marker (fig 2G), in serial sections, identified these CTGF
positive cells as microglia. The cellular staining pattern of
CD68, a marker of activated microglia and macrophages, also
resembled CTGF staining, indicating that activated microglia
and possibly also macrophages expressed CTGF (fig 21). The
astrocyte marker GFAP stained Miiller cells and perivascular
astrocytes in a pattern quite different from the CTGF staining
distribution (fig 3).
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The distribution and staining characteristics of the CTGF
positive cells within the vascular basal lamina (fig 2B, D, and
F) were compared with markers for endothelial cells and
pericytes in serial sections. In most instances, these CTGF
positive cells were located within the vascular wall in a
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Figure 2 Cryosections showing the different CTGF staining patterns in
normal and diabetic human retina. Note the difference in localisation of
the CTGF positive cells (arrowheads) outside the vascular basement
membrane (indicated by arrows) in the normal human retina (A, C, and
E) and inside the vascular basement membrane (indicated by arrows) of
the diabetic human retina (B, D, and F). Staining of microgﬁa markers
CDA45 (G) and CDé8 (1) in normal human retina identifies the CTGF
positive cells outside the vascular basal lamina (arrowheads in A, C, and
E) as microglia (arrowheads in G and 1). Staining of pericyte marker
NG2 (H) in capillary fragments in diabetic retina identifies the CTGF
positive cells inside the vascular basement membrane (arrowheads in B,
D, and F) as pericytes (arrowheads in H). B and D show CTGF staining of
pericytes in a refina that has received laser treatment (laser scar
indicated by star).
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Figure 3 Cryosection of human diabetic retina stained for GFAP,
showing staining of asfro?/tes and Miller cells. Note the difference in
staining pattern compared to CTGF staining in figure 2.

similar pattern as pericytes identified by staining of NG2
(fig 2H), although it was evident that many pericytes did not
stain for CTGF. Occasional CTGF immunoreactivity in
endothelial cells (fig 2J) could not be excluded because of
the limited resolution of light microscopy.

Quantitative analysis of the total number of CTGF positive
cells that could be clearly localised within the vascular basal
lamina (pericytes) or in the vicinity of the vascular wall, but
outside the basal lamina (microglia), revealed a strikingly
different pattern in the retina of diabetic people when
compared with controls. Although there was no significant
difference according to the total CTGF positive cells counted
between diabetic subjects (mean (SD 6.8) 14.6) and controls
(mean (SD 6.0) 13.6), the number of CTGF positive cells
identified as pericytes was significantly higher in the diabetic
group (median 7.0; range 0-23) compared with controls
(median 1.5; range 1-6) (p<<0.001) (fig 4A). Furthermore the
number of CTGF positive cells identified as microglia was
significantly lower in the diabetic group (median 4.5; range
0-28) compared with controls (median 11.6; range 2-23)
(p<<0.01) (fig 4B).

In fact, two basic patterns of CTGF staining were revealed
when the number of CTGF stained pericytes were expressed
as a percentage of the total number of CTGF positive cells—
that is, a predominant microglial pattern of CTGF positive
cells (<40% of the total CTGF+ cells in a pericyte localisation)
and a predominant pericyte staining pattern (>60% of the
total number of CTGF positive cells in a pericyte localisation).
A predominant pericyte staining pattern for CTGF strongly
correlated with the presence of diabetes: of the 21 retinas
with a pattern of predominantly pericyte staining, 20 were
from diabetic subjects (p<<0.001) (eight cases with DM type 1
and 12 cases with DM type 2). A predominant microglia
pattern was seen in 16 out of 18 controls and in 14 out of 36
diabetic retinas (five cases with DM type 1 and nine cases
with DM type 2). A mixed pattern of CTGF positive pericytes
and CTGF positive microglia was observed in two diabetic
retinas and in one control case. All five diabetic patients who
were known to have had laser therapy showed a predominant
pericyte pattern of CTGF staining.

To investigate the possible relation between staining of
microglia and pericytes and the presence or absence of
diabetic retinopathy, serial sections were stained for the
antiendothelial antibody PAL-E. PAL-E is a marker asso-
ciated with vascular leakage and VEGF receptor-2 expression
in diabetic retinopathy.” ** In concordance with previous
observations, a pattern of patchy or uniform staining of
PAL-E in retinal vessels strongly correlated with the presence
of diabetes (p<<0.0001). Notably, PAL-E staining of the
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Figure 4 Distribution of pericyte (A) and microglia (B) counts in the
inner nuclear layer of retina of control (open bars) and diabetic (solid
bars) subjects. Note the higher number OFCTGF positive pericytes
(p<0.001) and lower number of CTGF positive microglia (p<<0.001) in
cﬁoberic subjects compared with controls.

diabetic cases did not correlate with either the predominant
pericyte or with the predominant microglial distribution
pattern of CTGF staining, suggesting that increased CTGF
expression in pericytes in DM is not related to the occurrence
of retinal vascular leakage or the presence of diabetic
retinopathy.

DISCUSSION

We have shown retinal CTGF expression at the protein
level, employing a highly specific monoclonal antibody
that does not cross react with other proteins, including
other CCN family members (unpublished results).
Immunohistochemical staining with this antibody yielded a
distinct and specific cellular cytoplasmic staining of CTGF in
the retina, consistent with local cellular expression of this
protein. The observations of our descriptive study show that
in the normal human retina, CTGF is expressed in para-
vascular microglia. However, in the retina of diabetic
subjects, expression in microglia is significantly decreased
whereas expression of CTGF in microvascular pericytes is
significantly increased. In our series of cases, this yielded two
main patterns of CTGF expression, either predominant
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staining of microglia or predominant staining of pericytes.
The predominant pericyte staining pattern was almost
exclusively correlated with the presence of diabetes (a
schematic representation of our findings is depicted in
fig 5).

We investigated CTGF staining in a series of postmortem
tissues derived from globes donated anonymously for cornea
transplantation. The type of diabetes of the patients from
whom we derived these globes is known, but no ophthalmo-
logical information on presence or absence of eye diseases
such as diabetic retinopathy is available. Histopathological
evidence of preretinal neovascularisation as a sign of
proliferative DR was not observed in any of these cases. In
five cases a history of laser treatment was noted, but whether
this was focal or panretinal treatment remains unknown.
Each of these five cases had a predominant pericyte pattern
of CTGF staining.

We further investigated whether altered CTGF expression
in diabetes was associated with DR by examining the
correlation of CTGF expression in pericytes or microglia with
the extent of vascular PAL-E staining, a marker associated
with local retinal vascular leakage.*

Although PAL-E staining cannot be regarded as a direct
marker for DR, we have previously shown that PAL-E
staining, which is normally absent from blood-retinal barrier
endothelium, is distributed in a patchy or uniform distribu-
tion in the vasculature of a large subset of diabetic retinas. It
correlates spatially with markers of vascular leakage® and
expression of VEGFR-2,” the main receptor of VEGF-A, an
important mediator of vascular leakage in clinical DR.”> PAL-
E can therefore be regarded as a marker of retinal vascular
changes associated with clinical DR.

Interestingly, despite the apparent association with a
history of laser treatment, we found no correlation of any
parameter of changed CTGF expression with PAL-E staining,
suggesting that altered CTGF expression in microglia and
pericytes in diabetes is unrelated to microvascular leakage
and established clinical DR. In fact, altered CTGF expression
seems to be evenly distributed in our diabetic cases
irrespective of PAL-E staining. Therefore, these changes
may be related to the preclinical early changes in the retina
that eventually lead to clinical DR.

CTGF has been shown to be upregulated in the retina of
diabetic rats, a model of preclinical DR.>* In preclinical DR,
basement membrane thickening and pericyte death are
histopathological hallmarks.' Together with endothelial cell
death these are believed to be the result of metabolic changes
caused by hyperglycemia and advanced glycation end
products (AGEs).' 7 In vitro, CTGF mRNA is induced by
AGEs" and high glucose.” " AGEs induce fibronectin, a
component of the retinal BM,* in dermal fibroblasts via
upregulation of CTGF.” Thus, CTGF may well be involved in
BM thickening in preclinical DR, and this notion is supported

Figure 5 Tentative model of the CTGF sioinin%pcxﬁerns during the development of diabetic retinopathy, based on the results of this study. Progressive

degrees of non-proliferative DR are indicated

y an increase in PAL-E positive endothelial cells (red). (A) Control subject with no PAL-E staining,

showing onc|r CTGF+ microglia (yellow). (B, C, and D) Diabetic subjects with or without PAL-E staining, showing a decrease of CTGF+ microglia

(yellow) and increase of CTGF+ pericytes (orange).
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by our finding that CTGF is overexpressed in pericytes in the
human diabetic retina, irrespective of changes related to
clinical DR like vascular leakage.

CTGF overexpression in pericytes in the diabetic retina is in
line with the reported increase of CTGF expression in
mesangial cells of the renal glomerulus (a type of pericyte)
in diabetic nephropathy in vivo,” ** and with the induction of
CTGF by glucose and AGEs observed in mesangial cells in
vitro."” ** Overexpression of CTGF in cultured human aortic
smooth muscle cells, a cell type closely related to pericytes
and mesangial cells, induces apoptosis by activating caspase
3.2 * Therefore, CTGF may also be involved in pericyte
apoptosis which is a characteristic of early DR.

Our study shows for the first time that CTGF is expressed
in the human retina. In previous reports, CTGF expression
(induced by VEGF) was shown in cultured bovine retinal
endothelial cells and pericytes.” In our study, no evident
endothelial expression was observed which may be due to the
considerable phenotypic and functional differences between
retinal endothelial cells in vivo and in vitro.*” The constitutive
expression of CTGF in paravascular microglia in the normal
retina suggests an as yet undefined role in retinal micro-
vascular physiology. In the light of the known functions of
CTGF in other cells and tissues, it is tempting to speculate
that microglia derived CTGF may be involved in retinal
matrix or vascular basement membrane homeostasis in
normal conditions.

Although our results, by their descriptive nature, do not
allow a precise understanding of the function of CTGF in the
retina, they do suggest a possible role of CTGF both in retinal
physiology and in the pathogenesis of DR.
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