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Background:  Aging  of the human  retina  is  accompanied  by oxidative  stress  that  exerts  profound  changes
in  the  retinal  neurons.  It is  unknown  if  oxidative  stress  influences  the cellular  components  of  the  retinal
vessels  in  some  ways.
Methods:  We  examined  changes  in  retinal  vessels  in  human  donor  eyes  (age:  35–94  years; N =  18)  by
light  and  transmission  electron  microscopy,  TUNEL  and  immunohistochemistry  for  biomarkers  of  vas-
cular  smooth  muscle  cells (SMC;  actin),  oxidative  stress  (4-hydroxy  2-nonenal  [HNE]  and  nitrotyrosine),
microglia  (Iba-1)  and  vessels  (isolectin  B4).
Results: The  earliest  changes  in the endothelium  and  pericytes  of  capillaries  are  apparent  from  the  sev-
enth  decade.  With  aging,  there  is clear  loss  of  organelles  and  cytoplasmic  filaments,  and  a progressive
thickening  of  the  endothelial  and pericyte  basal  lamina.  Loss  of filaments,  accumulation  of  lipofuscin  and
autophagic  vacuoles  are  significant  events  in aging  pericytes  and  SMC.  Actin  immunolabelling  reveals
discontinuity  in  arterial  SMC  layers  during  eighth  decade,  indicating  partial  degeneration  of  SMC.  This
is followed  by hyalinization,  with  degeneration  of the  endothelium  and  SMC  in arteries  and  arterioles
of  the  nerve  fibre  layer  (NFL)  and  ganglion  cell layer  in  ninth  decade.  Iba-1  positive microglia  were in
close  contact  with  the  damaged  vessels  in inner  retina,  and  their  cytoplasm  was  rich  in lysosomes.  HNE
immunoreactivity,  but  not  of  nitrotyrosine,  was detected  in  aged  vessels  from  seventh  decade  onwards,

suggesting  that lipid peroxidation  is a major  problem  of  aged  vessels.  However,  TUNEL  positivity  seen
during  this  period  was  limited  to few arteries  and  venules  of NFL.
Conclusion:  This study  shows  prominent  age-related  alterations  of  the  pericytes  and  SMC  of  retinal  vessels.
These  changes  may  limit  the energy  supply  to  the  neurons  and  be  responsible  for  age-related  loss of
neurons  of  the  inner  retina.

©  2019  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Aging is associated with various degenerative changes in the
etina. These include early morphological and ultrastructural
hanges of neurons to gradual loss of altered neurons (Gao and
ollyfield, 1992; Curcio, 2001; Nag et al., 2006; Aggarwal et al.,
007; Pow and Sullivan, 2007; Nag and Wadhwa, 2012, 2016).
ging is responsible for the development of certain retinal diseases,
uch as age-related macular degeneration (AMD) and diabetic

etinopathy (DR), wherein the vasculature components undergo
emarkable changes. Clinically, vascular complications with aging

Abbreviations: BL, basal lamina; GCL, ganglion cell layer; HNE, 4-hydroxy 2-
onenal; INL, inner nuclear layer; SMC, smooth muscle cells.
∗ Corresponding author.

E-mail address: tapas nag@yahoo.com (T.C. Nag).

ttps://doi.org/10.1016/j.aanat.2019.06.007
940-9602/© 2019 Elsevier GmbH. All rights reserved.
are believed to be responsible for causing visual problems in the
aged population (Pizzarello, 1987; Minaker, 1987).

Not only are there changes in the sensory retina with aging,
but also the supporting glial cells (e.g., Müller cells) show certain
changes. Müller cells that play a pivotal role in supplying nutri-
ents and removal of wastes of retinal neurons, undergo oxidative
damage with aging in humans (Nag et al., 2011) and experimental
animals (Curtis et al., 2011). Because they are intimately associ-
ated with retinal vessels, it is probable that vascular elements are
also prone to be damaged by oxidative stress (OS). Importantly,
one study reported that Müller cells trigger capillary changes in
aging human retina (Bianchi et al., 2016). It is currently unclear
how OS influences the retinal vasculature and causes alterations.
Since OS is involved in triggering complications in diabetes (Baynes,

1991; Curtis et al., 2011) and many features of retinal vessels in
aged rats mimic  with those seen in experimental rats with diabetic
retinopathy (Roy et al., 2010, 2017), therefore, in this study, we

https://doi.org/10.1016/j.aanat.2019.06.007
http://www.sciencedirect.com/science/journal/09409602
http://www.elsevier.com/locate/aanat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aanat.2019.06.007&domain=pdf
mailto:tapas_nag@yahoo.com
https://doi.org/10.1016/j.aanat.2019.06.007
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ave examined various age-related changes of the human retinal
essels and whether they show any link with OS.

. Materials and methods

.1. Tissues

Human eyes from eighteen donors (Table 1) were procured from
he National Eye Bank, Dr Rajendra Prasad Centre for Ophthalmic
ciences, All India Institute of Medical Sciences, New Delhi via
pproval of the institutional Human ethics committee (IHEC No.
EC/NP-57/2010). Informed consent was obtained from the rela-
ives of the deceased for permission and use of the eyes in research.
ased on the availability of eyes from the donors, those below
2 years of age served as relatively lower age group (age range:
5–72 years; group A), compared to those from the advanced aged
roup (age range: >72 years; group B). The eyes were fixed and the
etinas processed for light and transmission electron microscopy
TEM), TUNEL and immunohistochemistry (IHC) to examine vascu-
ar changes, dying vessels and expression of certain biomarkers of
S in the vessels in different age groups.

.2. Light microscopy and TEM

The left eyes were fixed in 2% paraformaldehyde and 2.5%
lutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4 for 4 h at
◦C. After wash, the macular, temporal peripheral part (eccen-

ricity: 3–6 mm from the macular border) and nasal part of the
etina (3–4 mm away from the optic disc) were chopped in a
emporal–nasal direction via the optic disc. The retinal samples
ere postfixed in 1% osmium tetroxide for 1 h, dehydrated in ace-

one, infiltrated and embedded in Araldite CY 212. Thick sections
0.5 �m)  were stained with toluidine blue and examined under a
ight microscope to find gross changes in the vessels. Thin sections
60–70 nm)  from those samples were cut, stained with aqueous
ranyl acetate and lead citrate and examined under a Tecnai G2 20
-Twin transmission electron microscope (FEI Company, Eindoven,
he Netherlands).

.3. Morphometry

The changes in the thickness of the basal lamina (BL) of 10 cap-
llaries located in the ganglion cell layer (GCL) and/or inner nuclear
ayer (INL) of macula were assessed. Measurements were made
n five randomly collected sections retrieved from different depth
f the blocks, each section was separated by a distance of 10 �m
rimmed from the block face after a section was retrieved. The
essels in the nerve fibre layer (NFL) were not considered due to fre-
uent tears that developed during imaging of this layer. The images
ere acquired at a magnification of 4500–7000× using DigitalMi-

rograph software equipped with the microscope. From each retina,
he measurements of endothelial and pericyte BL were performed
t two points of capillaries cut in spherical profiles and the mean
alue ± standard deviation (SD) of the parameters was calculated
or each retina. Abnormally thick BL with accumulation of debris
nd resultant splitting was not considered in such measurements.
he data were pooled together into a relatively lower age group
donor ages: 35–72 years) and higher age group (>72 years) and
ompared.

.4. TUNEL
Apoptosis was  detected by TUNEL using In situ cell death detec-
ion kit (Roche Applied Science, Mannheim, Germany). Frozen
etinal sections were washed, permeabilized in 0.1% Triton X-100
nd incubated in TUNEL reaction mixture for 60 min  at 37 ◦C in
omy 226 (2019) 35–47

a dark humidified chamber. Sections were developed by treating
in 0.06% diaminobenzidine tetrahydrochloride hydrate (DAB) and
0.05% hydrogen peroxide. Negative controls were incubated with
the label solution only, while positive control sections were ini-
tially treated with 1% deoxyribonuclease (DNAse) and then in the
TINEL reaction mixture. The sections were dehydrated, mounted
and visualized under an optical microscope (Leica DM6000 B).
Brown signals in nuclei of vascular elements were considered to
be TUNEL positive.

2.5. Immunohistochemistry

The right eyes were fixed in 4% paraformaldehyde in 0.1 M
PB (pH 7.4) for 12 h at 4 ◦C. After wash, the retina was  cut in a
nasal–temporal axis via the optic disc and macula. The retina was
cut for a length of 3–5 mm nasal from the optic disc and 10 mm
along the temporal axis, which included the macula and peripheral
part (eccentricity: 3–7 mm from the macular border). The samples
were cryoprotected in 15–30% sucrose and frozen sections (thick-
ness: 14 �m)  cut. They were mounted serially onto gelatin-coated
slides and stored at −20 ◦C.

For immunolabelling, sections were treated in 0.3% hydrogen
peroxide in methanol for 30 min  to quench the endogenous perox-
idase activity. These were incubated in 10% normal serum (diluent:
0.01 M phosphate-buffered saline containing 0.5% triton X-100) for
2 h and then in primary antibodies against alpha smooth mus-
cle actin (mouse monoclonal; Dako, Glostrup, Denmark; catalogue
number: M0851, dilution: 2 �g/ml), Iba 1 (rabbit polyclonal; Abcam
Plc, UK; catalogue number: ab5076; dilution: 1 �g/ml), 4-HNE
(rabbit polyclonal; Alpha Diagnostic International, San Antonio,
Texas, USA; catalogue number: HNE 11-S; dilution: 2 �g/ml) and
nitrotyrosine (mouse monoclonal; Millipore, Billerica, USA; cata-
logue number: 05-233, Dilution: 5 �g/ml) for 48 h at 4 ◦C. Most
antibodies were classified as standardized under antibody database
published (The Journal of Comparative Neurology antibody database
V.14) and also used earlier by us showing antibody specificity
(Nag et al., 2017, HNE; Nag et al., 2019, nitrotyrosine). After wash,
sections were incubated in the biotinylated secondary antibod-
ies (dilution: 1:200; Vector Laboratories, Burlingame, CA, USA) for
6 h at 4 ◦C. Immunoreactions in sections were visualized by using
the avidin–biotin immunoperoxidase method (Vectastain Elite Kit,
Vector Laboratories, CA, USA) using 0.06% DAB as a chromogen. In
control experiments, incubation of sections in the primary antibody
was substituted with the secondary antibody. Few sections were
also labelled with biotinylated isolectin B4 (Sigma-Aldrich Cor-
poration, MO,  USA, catalogue number: L2140, dilution: 1 �g/ml),
to visualize the distribution and overall features of the vessels.
These were developed by the standard avidin-biotin immunoper-
oxidase method, as outlined above. The slides were dehydrated
in ethanol and coverslipped with DPX. Photographs of sections
(including those obtained from resin blocks) were taken under
an optical microscope (Leica DM 6000B), using software [(Leica
Application Suite, Version 3.4.1; Leica Microsystem (Switzerland)
Limited)].

2.6. Quantification

For quantification, five randomly collected sections (every tenth
section) from each sample were chosen and immunolabelling per-
formed therein. Images were acquired under an optical microscope

at 2.5× magnification of the objective lens and the number of HNE
positive blood vessels (located in NFL, GCL and INL) was counted
per 500 �m length of the retina on digitized images. The data
were pooled together into a relatively lower age group (donor
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Table  1
Basic information on human donor eyes (18) used in this study.

Decade Age Sex Cause of deatha Delay in fixation

4th decade 35 M Road-traffic accident 2
5th  decade 45 M Cardiac arrest 3
6th  decade 54 M Heart attack 2

56  F Cardiac arrest 2
7th  decade 62 M Cardiac arrest 2

63  M Retro-pharyngeal abscess 3
67  F Cardiac arrest 4
70  M Myocardial infarction 2

8th  decade 72 M Heart attack 2
74  M Heart attack 2
78  M Myocardial infarction 3
79  M Cardiac arrest 2

9th  decade 81 F Cardiac arrest 4
84  M Heart attack 2
88  M Heart attack 4
89  F Cardiac arrest 3
90  F Heart attack 3

10th  decade 94 F Cardio-respiratory attack 1

M,  male; F, female.
a Retrieved from case registry.
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ig. 1. Light micrographs showing parts of the retina and vessels and their status 

n  parafoveal GCL. In both, the medial SMC  are intact (arrows). (D) An artery of the
dventitia (arrow), as shown in the enlarged view of this vessel in (E). Also note the

ges: 35–72 years) and higher age group (>72 years) and com-
ared.

.7. Statistical analysis

All data are shown as mean ± standard deviation (SD). The sig-
ificance of changes of capillary BL between lower age (<72 years)
nd higher age group (>72 years) in donor retinas was analyzed
y Student’s t-test. The same was also used to find the signifi-

ance of changes in the mean number of HNE positive blood vessels
etween two groups. Changes between endothelial and pericyte
L were compared and analysed by two-way ANOVA, followed by
omparisons by Post hoc Tucky’s analysis.
ging. (A) NFL and GCL of the parafovea. An artery (B) and an arteriole (C) located
heral retinal NFL. There is a mild loss of endothelium and appearance of thickened
al disorganization of medial SMC  (E, arrowhead). From a 74-year-old donor.

3. Results

3.1. Light microscopy

Examinations of the retinal sections under light microscope
revealed early, insignificant autolytic changes (unavoidable) in
the parenchymal tissue. In three donor retinas (age: 35, 45 and
56 years), the retinal arteries and capillaries appeared normal in
appearance with healthy endothelium and intramural pericytes.

The arteries of the NFL and GCL possessed 5–6 layers, while the arte-
rioles had 2–3 layers of smooth muscle cells (SMC) in their medial
layer. No significant changes were traced in the retinal vessels at
sixth decade of life (51–60 years). Fig. 1A shows parts of the NFL
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Fig. 2. Light micrographs showing changes of retinal vessels in advanced aging. There is a marked loss of endothelium and appearance of thickened adventitia (arrows)
in  arteries of NFL. While SMC  are still present in (A) (arrowhead), there is complete loss of these cells with progressive hyalinization of the arterial walls (B–F). (E) is the
magnified view of the vessel in (D) (arrow). The vessels are also clearly acellular. Donor ages are indicated on the top right-hand corner of the images.

Fig. 3. Light micrographs showing changes of retinal arterioles (A–D), and venule (E) and vein (F) with aging. The vessels, which are located in the NFL appear irregular in
outline  and without endothelium in (A), (D) and (F), and there is some endothelial remnant in (B), (C) and (E) (arrowheads). There is a marked loss of SMC  in (A), (D) and (E).
Part  of the arteriole in (B) is enlarged to show its medial wall in (C), which shows hypertrophied SMC  (arrow). Its wall shows extreme fibrosis and contains a small vessel
(vasa  vesorum, notched arrow). INL, ONL, inner- and outer nuclear layers, respectively. Donor ages are indicated on the top right-hand corner of the images.
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Table  2
Summary of various features and their changes seen in human retinal vessels of NFL, GCL and INL with aging (based on LM,  TUNEL, IHC and TEM observations).

Features Age range (years) Status/changes

Endothelium
35–64 Normal with organelles
67–74 Partly degenerative, with vacuoles containing thin filaments
78–94 TUNEL positivity in veins, severe to complete loss in advanced

ages (>85 years)

Pericyte
35–64 Normal with ample cytoplasmic intermediate filaments
67–74 Partial loss of filaments

Appearance of lipofuscin granules
78–94 Marked degeneration with loss of filaments and accumulation

of more lipofuscin

SMC
35–64 Normal with thin filaments
67–74 Partial loss of filaments

Accumulation of lipofuscin
78–94 Partial loss

TUNEL positivity, hyalinization of arterial wall after loss of
SMC, more prominent in advanced ages (>85 years)

Features Age range (years) Status/changes

BL thickness
35–72 Range: 82.05–88.21 nm

Mean: 84.16 ± 0.70 nm
(endothelial)

Range: 82.62–89.57 nm
Mean: 85.30 ± 0.79 nm
(pericyte)

>72 years Range: 91.34–141.47
nm
Mean: 111.2 ± 5.3 nm
(endothelial)

Range: 90.77–242.3 nm
Mean:
132.6 ± 16.48 nm
(pericyte)
Thickens late in
advanced ages (>85
years)
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ig. 4. (A, B) Actin IR in NFL vessels. The vessels in (A) appear intact in its SMC  laye
ges  are indicated on the top right-hand corner of the images.

nd GCL of the parafovea of a 75-year-old donor, wherein marked
hanges in large vessels were seen in advanced ages. Between sev-
nth (61–70 years) and eighth decade (71–80 years), the arteries
nd arterioles located in the GCL showed mild loss of endothe-
ium, appearance of thickened adventitia (Fig. 1B–D) and partial
isorganization of medial SMC  (Fig. 1E).

In arteries and capillaries, there was evidence of irregular out-
ine and occlusion (with erythrocytes; supplementary Fig. S1). With
dvanced aging at the ninth (81–90 years) and tenth decade (91–94
ears), there was moderate to complete loss of endothelium and
MC (Figs. 2A–F and 3A, D, E ) with marked sclerosis (Figs. 2D–F and
C) in arteries of the NFL; the arterial SMC  that survived showed
ypertrophy (Fig. 3B and C). The details of the features noted in
0–12 sections in vessels from each retina are summarized in
able 2.

Actin immunoreactivity (IR) revealed intact vessels in lower
ges (e.g., 64 years; Fig. 4A), but discontinuity in labelling of the
rterial SMC  layer (Fig. 4B), indicating degeneration of SMC. These

essels were mostly located in the NFL. Labelling with isolectin B4
howed irregular and occasional thin contours of vessels in inner
etina (supplementary Fig. S2).
rows); they are incomplete in (B) (arrows), indicating degenerative change. Donor

3.2. TEM

In young donor retinas (e.g., 35 and 45 years of age), the endothe-
lium of capillaries (Fig. 5A–C) and venules (Fig. 5D) was lined by a
thin BL that also surrounded the pericytes (Fig. 5A–C). Cytoplasmic
organelles (viz., mitochondria, rough endoplasmic reticulum, Golgi
complex and vesicles) were abundant in vascular endothelium (e.g.,
Fig. 5D) and pericytes. The pericytes showed an abundance of cyto-
plasmic filaments and dense plaques (Fig. 5C).

In the retinas of elderly individuals between the eighth and
ninth decade, the capillary endothelium and pericytes were partly
degenerative, with loss of organelles (Fig. 6A–C). There was an
apparent loss of filaments in the pericytes (Fig. 6B), and they
showed an accumulation of lipofuscin (Fig. 6C–E) and autophagic
vesicles (Fig. 6F). Pyknotic nuclei (with condensed heterochro-
matin) of pericytes were also occasionally found (supplementary
Fig. S3), indicating that pericyte may  die via apoptosis. The cap-
illary wall, being invested by Müller cell process also contained

lipofuscin granules (Fig. 7A and B). While the SMC  of arteries and
arterioles appeared normal in lower ages (e.g., Fig. 8A), with pro-
gression of aging, they showed swelling (supplementary Fig. S4,
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Fig. 5. Transmission electron micrographs of three capillaries (A–C) and a venule (D) in young donor retinas. Capillaries are lined by endothelium (EN) and pericytes (P),
both  of which lie on a thin BL, the arrow denotes the endothelial BL (A) and arrowhead denotes the pericyte BL (A, B). The capillary in (C) shows filaments in a pericyte (P)
and  dense plaques. The arrow indicates tight junction between EN. The venule (D) shows long, rough endoplasmic reticulum in EN. Its BL (arrow) merges with the adventitia
(AD).  Stars, lumen of vessels; M,  Müller cell processes (A–C); RBC, red blood cells (B, C). From 35- (A, B) and 54-year- (C, D) old donors.

Fig. 6. Transmission electron micrographs showing degeneration of capillary endothelium (EN) and pericytes (P) between eighth and ninth decade. Loss of organelles is
evident  in EN and P (A–C), P show loss of filaments (B) and an accumulation of lipofuscin (LF, C–E) and autophagic vesicles (F, notched arrow). Arrows and arrowheads show
the  BL of EN and P, respectively. Donor ages are indicated on the top right-hand corner of the images.
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Fig. 7. (A) Part of a capillary (arrow), whose wall is invested by Müller cell process containing dark inclusions (arrowheads). Two degenerated INL neurons (stars) are indicated.
(B)  Magnified view of Müller cell process showing inclusions as lipofuscin granules (arrowheads), lipid droplets (stars) and lysosomes (arrow). From an 88-year-old donor
retina.
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ig. 8. Details of arteries and arterioles of GCL with aging. (A) Normal appearance o
N  cytoplasm into SMC. (C, D) Partial degeneration and lipofuscin (LF) accumulatio
n  BL (curved arrows), as in (B). From 81- (A, B), 84- (C) and 88-year (D)-old donors

rteriole) and accumulation of lipofuscin (Fig. 8C and D, arteri-
les). In two cases, the endothelial BL in arterioles was  found to be
uptured, allowing herniation of endothelial cytoplasm into SMC
Fig. 8B and C). Extensive degeneration of the SMC  of arterioles and
rteries was noted in advanced ages (Fig. 9A and B; supplementary
igs. S5 and S6). In few cases, tortuous BL of both endothelium
nd SMC  was seen in degenerating arteries (supplementary Fig.
5). Endothelial and pericyte degeneration in venules was  also
een in advanced ages (supplementary Fig. S7A and B). They
howed a thicker adventitia that accumulated abnormal vesicles
supplementary Fig. S7B).

Morphometric evaluation of the thickness of the endothelial and
ericytes BL (of INL capillaries) revealed that both increased signif-

cantly with aging (Fig. 10A and B). In the higher age group (>72
ears), the thickness of endothelial as well as pericyte BL was signif-
cantly increased compared to that in the lower age group (Fig. 10A,

 = 0.0001; Fig. 10B, p = 0.01, Student’s t-test). When the thickness
f the endothelial and pericyte BL was compared for lower age (<72
ears) and higher age group (>72 years), it was found that in the

ower age group, there was no significant difference in thickness
etween endothelial and pericyte BL; however, the latter was sig-
ificantly increased in the higher age group compared to that in
othelium (EN) and SMC. (B) The BL of EN is ruptured (arrow), causing herniation of
C. The EN is partly degenerative; in (C), the EN projects into SMC through a break

the lower age group (Fig. 11, p = 0.001, two way ANOVA, Post hoc
Tucky’s test).

3.3. Immunolocalization of markers of oxidative stress in retinal
vessels

The status of HNE-IR, indicative of lipid peroxidation, was  exam-
ined in aging retinal vessels. IR was absent in the retina of lower
ages (e.g., 45 years; Fig. 12A), it was detected in few INL cells in
the 62-year (Fig. 12B) and in vessels of the 63-year and 70-year-
old donor retinas (Figs. 12C and 13A, B ). In the latter, the vessels
appeared compressed (Fig. 13B). With advanced aging, IR was seen
in veins (Fig. 12D), in capillaries of parafoveal GCL and IPL (Fig. 12E
and F) and artery (Fig. 12G). Strong IR was  also seen in Müller cell
process that invested the vessel wall (Fig. 12G). Count of profiles
of HNE positive vessels (cut either longitudinally or transversely)
per 500 �m length of the retina revealed that the number increased
in the higher age group, compared with the lower age group (<72

years; p = 0.0014, Student’s t-test; Fig. 13C).

TUNEL, which indicates cellular apoptosis, showed labelling in
nuclei of the arterial SMC  (Fig. 14A and B) and endothelium of vein
(Fig. 14B) in aged vessels. Labelling was present in intact medial
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Fig. 9. Transmission electron micrographs of arterioles, showing SMC  degeneration. The cytoplasm of endothelial cells (EN) appears normal. The adjacent Müller cell process
(MC;  A) and axons (AX; A, B) show normal complement of filaments, indicating filament degeneration in SMC  is not artefactual. From an 89-year-old donor.
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ig. 10. Thickness (mean ± SD) of endothelial BL (A) and pericyte BL (B) in retinal c
t  is significantly increased (endothelial as well as pericyte BL) compared to that in
-test).

MC  of arteries (Fig. 14B), indicating that apoptosis leads to SMC
egeneration in them. Positive control of retinal sections treated
ith DNAse showed labelling in most cellular nuclei (Fig. 14C),

ndicating that nuclear labelling in the vessels due to DNA damage
as not artefactual. Such DNA damage may  in part stem from lipid
eroxidation. However, TUNEL positivity was not common in the
aterials examined and this may  be linked to extended life-span

n humans, thereby making it uncertain to find apoptotic elements
n vessels in a given retina.

While lipid peroxidation was prominent in aging human retinal
essels, there was  no signs of nitrosative stress in them, as under-
tood by an absence of IR towards nitrotyrosine (Fig. 15A–D), a
nown marker of protein tyrosine nitration (and hence nitrosative
tress).
.4. Microglial reaction towards damaged vessels

Microglia were mainly distributed in the inner retina (Fig. 16A
nd B). In aged retinas, the Iba-1 positive microglial cells were found
ries in INL for lower age (<72 years) and higher age group (>72 years). In the latter,
 age group (N = 9 in each group; stars denote p = 0.0001 (A) and 0.01 (B), Student’s

in the NFL and GCL (Fig. 16C–F). A few of them adhered to blood ves-
sels of the NFL (Fig. 16C), GCL (Fig. 16D) and INL (Fig. 16G–I), these
vessels were degenerative and sclerosed. Their shape appeared
round and a morphology with less branches, suggesting their active
nature. TEM showed microglial adherence to partially necrosed
capillary wall (Fig. 16J, Supplementary Fig. 8A and B), they were
identified by the presence of bent, long cisternae of rough endo-
plasmic reticulum (Mori and Leblond (1969) (Fig. 16J), and several
lysosomes (Fig. 16J, supplementary Fig. 8B).

4. Discussion

The results of the present study show prominent age-related
changes in the retinal vessels, which include mild to severe
endothelial and pericyte degeneration, accumulations of lipofuscin

granules, an apparent loss of filaments in pericytes and SMC  and
thickening of the capillary endothelial and pericyte BL. The thick-
ening of the endothelial BL in retinal capillaries and arterioles of
aged human (Cogan et al., 1968; Roy et al., 1994; Catita et al., 2015;
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Fig. 11. Endothelial and pericyte BL thickness (mean ± SD) of retinal capillaries in
INL was  compared for lower age (<72 years) and higher age group (>72 years). In
lower age group, there is no significant difference in thickness between endothelial
a
t
P

B
a
a
m

F
v
t
(

nd pericyte BL, the latter is significantly increased in higher age group compared to
hat  in lower age group (N = 9 in each group; stars denote p = 0.001, two-way ANOVA,
ost hoc Tucky’s test).
ianchi et al., 2016), ocular inflammation (Bianchi et al., 2015) and
ged Wistar rats has been reported (Hughes et al., 2006). Lipofuscin
ccumulation in aging retinal vessels now appears to be a com-
on  feature (Kuwabara and Cogan, 1965; Catita et al., 2015), an

ig. 12. Status of HNE-IR (arrowheads) in retinal blood vessels. (A, B) IR is absent in vess
ein  (D). (E, F) IR in capillaries of parafoveal GCL (E) and IPL (F) is indicated. (G) The end
hat  invests the vessel (arrow). Donor ages are indicated on the upper right-hand corner
shown in (G), also applies to (E, F)).
omy 226 (2019) 35–47 43

indication of impaired lysosomal functions (Jung et al., 2007; Ma
et al., 2013), leading to cellular senescence (Georgakopoulou et al.
(2013). The changes in arterioles and arteries include partial dam-
age (during the eighth decade) to loss of endothelium and SMC
in the ninth decade. These led to the appearance of many acellu-
lar, sclerosed vessels in the inner retina. Earlier studies reported
degeneration of pericytes, BL thickening and formation of microa-
neurysm as characteristic features in human diabetic retinopathy
(Ashton, 1974; Garner, 1993; Frank, 1994; Stitt et al., 1995; Ejaz
et al., 2008; Lechner et al., 2017; Fehér et al., 2018). Stitt et al. (1995)
reported acellular, hyalinized vessels in the retina of patients with
type II diabetes. Although the donor retinas examined in this study
did not have any diagnosed clinical history of diabetes, it seems
that factors of both aging and diabetes (e.g., free radical induced
OS; Baynes, 1991; Gupta et al., 2011) exert similar effects on retinal
vessels, as they age. Roy et al. (2010) found the number of acellu-
lar capillaries and pericyte loss to be significantly increased in aged
and experimental diabetic rats. We  found these cells to alter appre-
ciably in their cytoskeletal make-up with aging. Pericyte changes
appear somewhat late before endothelium altered significantly in
the human capillaries, and this finding corroborates animal studies
showing pericyte loss to be increased significantly at a relatively
advanced stage of diabetes (Roy et al., 2010).

Li et al. (1997) reported apoptotic, TUNEL-positive pericytes
and endothelial cells in retinal capillaries of patients with dia-
betes. In aging human retina, we  found clear signs of apoptosis in
arteries and venules (TUNEL positivity), but not in the capillaries,

which could be due to the protracted life-span of humans, making
it uncertain to comment when apoptosis would be prominent in
retinal vessels. However, the presence of apoptotic pericytes (e.g.,
supplementary Fig. S3) suggests that the outer aspects of capillar-

els, few INL cells show IR. (C, D) IR is seen in endothelium of one arteriole (C) and
othelium of this sclerotic artery shows IR. Strong IR is seen in Müller cell process

 of the images. Scale bars: 50 �m (shown in (D), also applies to (A–C)) and 100 �m
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Fig. 13. (A) HNE-IR in aging retinal blood vessels (arrowheads). (B) Part of (A) is enlarged (from left-hand side) to show irregular contours in vessels (arrows). (C) Histogram
depicting count (mean ± SD) of HNE positive retinal vessels per 500 �m length of donor retina. Compared to a lower age group (<72 years), the number of immunopositive
vessels is significantly increased in the higher age group (>72 years; p = 0.0014, Student’s t-test). The higher SD of the mean value in the lower age group is due to the virtual
absence  of IR (o) and/or few labelled vessels (1–3) in young donor retinas (35-, 45-, 54-year-old donors).

F , B; a
l  INL an

i
c

o
a
i
R
F
c
e
t
(
t
c
i
p
c
c
e

o
r
(
p
n
e

ig. 14. TUNEL in retinal vessels. Labelling is present in nuclei of SMC  of arteries (A
abelling  (B). (C) A positive control section showing labelling in most nuclei of GCL,

es undergoes significant changes and microglial presence in the
apillary wall is an attempt to remodel the damaged vessel wall.

Our study revealed thickening of the endothelial and pericyte BL
f capillaries, a feature that was more prominent in the advanced
ge group (72–94 years). BL thickening is a prominent feature
n diabetic retinal vessels (Ashton, 1974; Cai and Boulton, 2002;
oy et al., 2010; Durham and Herman, 2011; Lechner et al., 2017;
ehér et al., 2018), which results from abnormal upregulation of BL
omponents (Roy et al., 1994, 2010). Prominent thickening of the
ndothelial BL of capillaries located in the NFL than compared to
hose in outer retinal layers is earlier reported in animal models
Fischer and Gartner, 1983; Anderson et al., 1995). Our study found
hat not only the endothelial portion of BL, but also the portion
overing the pericytes also thickened significantly in aged capillar-
es, a late event in capillary alterations with aging, signifying that
ericytes alter later than the endothelium in aged human retinal
apillaries. The thickening of the endothelial as well as pericyte BL
an weaken communication between the two compartments (Stitt
t al., 2016) and this may  lead to the loss of capillary function.

A TEM study indicated that the close anatomical association
f the retinal capillaries with Müller cells is affected in diabetic
etinopathy, leading to the development of late complications
Sorrentino et al., 2016). The aging Müller cells suffer from lipid

eroxidation (Nag et al., 2011), and those surrounding the reti-
al capillaries show numerous endosomes and lysosomes (Bianchi
t al., 2016), a feature that was also seen in this study. They are
rrows) and endothelium of vein (B, arrowhead). Scattered nuclei in NFL also show
d ONL. From 84- (A) and 88-year- (B, C) old donors.

thought to be involved in secreting excessive BM material in reti-
nal capillaries not only in diabetes, but also in normal aging (Bianchi
et al., 2016). Inflammatory cytokines, such as TNF-� and IL-1� (Behl
et al., 2008; Bianchi et al., 2016; Roy et al., 2017) and metabolic
changes in Müller cells are considered to play a pathological role
in the alteration of capillary BM in aging and diabetic retinopathy
(Bianchi et al., 2016; Fehér et al., 2018).

The degeneration of the medial SMC  (cytoplasmic vacuolation
and accumulation of membranous structures) of retinal arterioles
(during fifth decade) was  earlier reported by Lee et al. (1987).
Although we have not seen this feature, it seems that the arteri-
oles that bear the maximum flow pressure in vascular bed, suffers
most damage earlier than the arteries. Our study showed loss of
filaments and organelles in SMC  and accumulation of lipofuscin
granules in arteries and arterioles during the eighth and ninth
decade, and the appearance of sclerosis in vessels from the ninth
decade. These changes in SMC  should affect the contractility of the
damaged vessels and ultimately perfusion of the nearby area. The
damaged cells attempt to establish anatomical connections with
the healthy endothelium for possible trophic support. Endothe-
lial cytoplasm migrating into SMC  is such an attempt that helps
in cross-talk between the two  compartments. In this respect, it is
important to emphasize that the age-related neuronal loss from the

inner retina (Gao and Hollyfield, 1992; Aggarwal et al., 2007) could
be due to the inherent problems with vascular perfusion, as has
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Fig. 15. Nitrotyrosine IR in the retina. Note absence of IR in blood vessels (arrowheads) in NFL. IR is present in NFL and photoreceptor cell axons (arrows). P, photoreceptor
cells.  From 64- (A–C) and 84-year-old donors.

Fig. 16. Light micrographs (A–I) and transmission electron micrograph (J) of microglia in aged retina. (A, B) Microglia (arrows) in the GCL. (C–I) Iba-1 immunopositive
microglia (arrows) in NFL (C, E, F), GCL (D) and INL (G–I). The cell displays few, short processes. Many of them adhered to vessels (arrows, C, D, G–I). (J) A microglial cell lying
a m (ar
v -(D), 8
t f the m

b
g

l
d
r
a
t
o
(
t

dherent to vessel wall (star), showing bent cisternae of rough endoplasmic reticulu
essel wall is necrotic (notched arrow). MC,  Müller cell process. From 81-(A–C), 84
he  macula, showing the fibre layer of Henle (FH). Inset in (H) is an enlarged view o

een implicated for functional alterations in retinal neurons and
lia in DR (Kusuhara et al., 2018).

Studies of Roy et al. (2010, 2017) showed that retinal vascular
esions that develop in aged rats bear striking similarities to those of
iabetic rats. However, the exact causes of changes in aging human
etinal vessels remain unclear. Since aging human retina often
ccompanies OS (Nag et al., 2011, 2017, 2019), it is possible that
he latter could be a culprit in vascular damage via adverse effects

f free radicals on vascular endothelium and contractile elements
pericytes and SMC). Handelman and Dratz (1986) hypothesized
hat with exposure to oxygen free radicals may  lead to excessive
row), a known feature for them, and several lysosomes (arrowhead). Note that the
9-(E, F; counterstained with hematoxylin) and 90-year (G–J). (D) and (G) are from
icroglial cell indicated by arrow.

lipid peroxidation in retinal blood vessels, though this remained
undemonstrated so far. Our study revealed that HNE-IR is signif-
icantly localized in aged capillaries and arteries, thus age-related
lipid peroxidation may  be involved for such damage to retinal ves-
sels. On the contrary, nitrotyrosine IR was very insignificant in aged
human retinal vessels, a fact that significantly differs from diabetic
retinal vessels showing remarkable staining pattern for nitrotyro-
sine (Abu El-Asrar et al., 2004). Our results are in line with the fact

of decreased nitric oxide production in vessel endothelium in nor-
mal  aging (Hoffmann et al., 2001) and diseases (e.g., age-related
macular degeneration; Bhutto et al., 2010) and that nitric oxide
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s a major element in the formation of peroxynitrite, the agent
esponsible for inducing protein tyrosine nitration and nitrosative
tress (Ischiropoulos, 1998; Szabo et al., 2007). Because HNE is
arker for lipid peroxidation and generally expresses in tissues

ndergoing oxidative stress, it seems that human retinal vessels are
usceptible to undergoing lipid peroxidation during aging, which
arrants in-depth study. Inflammatory reactions often accompany

ging changes, leading to alterations in retinal neurotransmitter
nd neurotrophin expression (Bronzetti et al., 2007), which can
nfluence the aging retinal vessels. Studies have also shown that

odified low-density lipoprotein can induce oxidative stress and
ndoplasmic reticulum stress, a factor that alters pericyte viability
Lupo et al., 2001) and is implicated in pericyte loss in DR (Fu et al.,
012), which is possible also with normal aging pericytes. A recent
tudy emphasized that vascular endothelial activation could be a
otent stimulator for alterations in neurovascular unit (Lenin et al.,
018). Other factors might be involved, and it is imperative to know
he probable causes of those alterations and therapeutic interven-
ions (in the form of antioxidant and nutraceutical supplements) to
top the progression of such vascular changes.

. Conclusions

Vascular changes in the human retina are a prominent happen-
ng with normal progression of aging. The structural alterations of
he endothelial cells and pericytes often mimic  those reported for
he diabetic retina and these together with a significant loss of SMC
n large vessels can affect the normal functioning of the vessels. This

ay  limit energy supply and be responsible for age-related loss of
eurons of the inner retina.
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