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Fundamental differences in
patterns of retinal ageing between
primates and mice

Jaimie Hoh Kam?, Tobias W. Weinrich?, Harpreet Shinhmar?, Michael B. Powner®?,
Nicholas W. Roberts(®?3, Asmaa Aboelnour* & Glen Jeffery®?

Photoreceptors have high metabolic demands and age rapidly, undermining visual function. We base
our understanding mainly on ageing mice where elevated inflammation, extracellular deposition,
including that of amyloid beta, and rod and cone photoreceptor loss occur, but cones are not lost in
ageing primate although their function declines, revealing that primate and mouse age differently.
We examine ageing primate retinae and show elevated stress but low inflammation. However, aged
primates have a >70% reduction in adenosine triphosphate (ATP) and a decrease in cytochrome c
oxidase. There is a shift in cone mitochondrial positioning and glycolytic activity increases. Bruch’s
membrane thickens but unlike in mice, amyloid beta is absent. Hence, reduced ATP may explain cone
functional decline in ageing but their retained presence offers the possibility of functional restoration
if they can be fuelled appropriately to restore cellular function. This is important because as humans
we largely depend on cone function to see and are rarely fully dark adapted. Presence of limited aged
inflammation and amyloid beta deposition question some of the therapeutic approaches taken to
resolve problems of retinal ageing in humans and the possible lack of success in clinical trials in macular
degeneration that have targeted inflammatory agents.

The central nervous system (CNS) has high metabolic demand and this contributes to the pace of ageing as
energy consumption and ageing are linked at the level of the organism and the organ!~>. Here the retina stands
out as it has the greatest energy demand in the body due to the high metabolic rate of its photoreceptors®. The
consequence is that cellular ageing in the outer retina is marked’, and associated in humans with a significant
decline in visual function decades before average life expectancy is reached®-*°.

Key features of retinal ageing have been established in studies using rodents. These describe progres-
sive inflammation'! and deposition of extracellular material including amyloid beta in the outer retina'?. This
is associated with photoreceptor loss established in the first year in the cone population and later in rods'*~'5.
Mitochondria may play a key role in such events as they produce adenosine triphosphate (ATP) that fuels met-
abolic activity. Mitochondria are densely packed in photoreceptor inner segments and their ATP production
declines with age, undermining function'®"”. They also have the ability to signal cell death'®, which becomes a key
feature of the aged outer retina with a 30% photoreceptor loss in the rod population”!>!%,

In spite of many studies, significant questions arise regarding the relevance of rodent models to human retinal
ageing. Rodents are nocturnal and avoid light preferring to live in darkness. The majority of primates, however,
are diurnal and their visual systems are fundamental to their ecology and behaviour. They have evolved with a
larger cone population concentrated in a macular region where retinal cell density peaks'®. Furthermore, primate
and rodent retinae age differently, with no evidence for cone loss in primates”?. This is mirrored in humans,
where cones on which human vision is almost entirely dependent, are highly resistant to cell death. Even in age
related macular degeneration (AMD) where there is progressive central atrophy, cones persist at the margin of the
atrophic region when surrounding rods have died’. Their survival may be linked with the specific accumulation
of phosphorylated tau in their inner segments that likely undermines mitochondrial function?!, but which also
blocks cell death by reducing cytochrome c release and caspase activity??. As cell death is an end point in ageing,
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such fundamental differences likely reflect mechanisms of ageing that are very different between primates and
mice.

We investigate retinal ageing in an old world primate Macaca fascicularis that has a retina highly similar to the
human with a well-developed macular and fovea. We reveal key features and mark how they differ significantly
from mouse models, questioning the relevance of these models for human retinal ageing research.

Results

Protein arrays for stress and inflammation.  Changes in stress related and cytokine proteins were meas-
ured between young and old primates in the macular and the periphery. Stress markers were measured in retina
and cytokines in retina and in the RPE/choroid complex. Stress markers were not measured in RPE/choroid
because they are poorly expressed here.

Stress marker arrays. These showed clear age related increases between young and old primates for the 26
proteins examined (Fig. 1). In the macular and periphery, more stress markers are upregulated in old compared to
young animals (Fig. 1). In the macular 10 stress markers are upregulated in young primates and 17 in old animals.
In the peripheral regions 11 stress markers are found in young retinae and 22 in old. Hence, ageing is associated
with increased retinal stress. The principal components of the stress arrays, P27, and HSP70 were greater in the
macular than the periphery for both young and old primates. Although most of the 26 cell stress related proteins
were upregulated in the older primates, some were also downregulated most notably, ADAMTS], Bcl-2, Carbonic
Anhydrase IX, COX-2, HSP70, p27 and phospho-p53.

Cytokine markers. Ageing in mice is normally characterised by a proinflammatory state that can initiate
age-related diseases! 8. However, our results reveal little if any up regulation of these cytokines in primate retinal
arrays (Fig. 2). Only two cytokines were clearly expressed, MIF and CXCL12.

A wider range of cytokines are expressed in the peripheral retina than the macular (Fig. 2), but these remain
at relatively low levels and are only revealed when the scale of the Y axis is expanded. However, even here there is
no overall increase in expression with age. Data for the macular and the peripheral imply that these regions are
different and that the macular possesses a degree of protection from cytokine based inflammation that is not seen
in the periphery.

A cytokine array analysis was undertaken on the primate RPE/choroidal tissue (Fig. 3). This reveals marginally
greater levels of expressions than found in the retina and a shift towards an age related increase. MIF and CXCL12
were again highly expressed in the RPE/choroid tissue, reflecting the data obtained from the retina (Fig. 2).

Much of current understanding of aged and diseased retinal inflammation derives from research on mice!'. To
determine species differences between primates and mice we directly compared relative cytokine levels in ageing
for those cytokines commonly expressed in the retinae of both species (Fig. 4A). Differences between species are
marked, with much greater levels of cytokine expression in mice than primates. Further, in mice many of these are
clearly up regulated with age. While CXCL12 is a principal component in primates, its relative level of expression
is much lower in mice. In mice the principal components are CD54, GM-CSF and C5/C5a, which all show aged
increases. While these are present in primate, they are expressed at much lower levels and show no aged increase.

Array analysis was then undertaken for cytokines that were only expressed in either primates or mice (Fig. 4B).
These reflect the overall pattern seen in Fig. 4A, with many more cytokines expressed in mice than primates. In
primates the principal component was MIF that did not show an age related increase. When other cytokines
expressed at much lower levels were revealed in the insert in Fig. 4 where the Y axis is expanded, none showed
an age related increase. However, of the 13 cytokines identified in mice, 9 showed age related increases. Hence,
overall mice have much greater levels of cytokine expression in the retina and show clear age related increases not
seen in primates.

ATP production. The array data reveal that stress is present in the aged primate but is not associated with
elevated inflammation. However, such stress could result from reduced mitochondrial activity and declining ATP
production, undermining normal physiological function. Hence, ATP levels and cytochrome c oxidase activity
were measured (Fig. 5A,B). ATP was reduced by >70% in aged primates. Analysis was then divided into measure-
ments taken from macular and periphery. In the macular ATP was reduced by 60% while in the periphery reduc-
tions were approximately 80%. These changes were reflected in a 15% reduction in the activity of cytochrome
c oxidase (Fig. 5B). Reductions in cytochrome c oxidase were present in both the macular and the periphery,
although only in the periphery was it significant.

In ageing it has been assumed that mitochondrial decline may be associated with a compensatory increase
in glycolysis®*. However, this carries a high price because glycolysis is associated with an increase in the pace of
ageing®*. ATP can be generated by mitochondrial respiration or glycolysis, although the glycolytic pathway is
relatively inefficient producing only 2 molecules of ATP per molecule of glucose compared with 36 molecules
of ATP for mitochondrial respiration. Glycolysis increased significantly by approximately 20% overall in aged
primate retinae compared to young animals (Fig. 5C) and this significant increase was present in both macular
and periphery equally. Hence, overall ATP levels fall markedly with age even though glycolysis is upregulated,
implying that aged mitochondrial dysfunction may be greater than that reflected by ATP production alone.

Mitochondrial morphology. Because there are such large reductions in ATP in aged primate retinae, we
ask if this is reflected in differences in mitochondrial organisation in photoreceptor inner segments. By com-
bining two lipid staining techniques, using osmium tetroxide and Sudan Black B, mitochondrial outlines can be
identified at the light microscope (LM) level in thin plastic sections. This method affords the ability to examine a
relatively large number of cells compared with an analysis at the electron microscope level. Mitochondrial stain-
ing patterns were very different in young and old primates (Fig. 6). In young primates images were consistent
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Figure 1. Stress markers in primate retina. (A) Primate proteome cell stress array from young and old primates
for total retina with heat map representation to the right. Data show a small overall upregulation of a number of
stress markers with age. Of the 25 stress proteins 17 were up regulated in older animals, which are seen in both
the main graph and heat map representation. The main plot is dominated by two principal components, HSP70
and p27, neither of which showed an age related increase. Six proteins were clearly expressed at higher levels in
the younger than the older animals. (B,C) Arrays were divided into those from macular and periphery. Patterns
in both are similar to total samples seen in A. Hence age related stress increases relatively uniformly across

the retina. On the right is a heat map for these data reflecting relative overall changes. White represents not
detected. Green is weak expression and red is strong expression in Young (Y) and old (O). Supplementary Data
provides raw scores for the heat maps. N =5 in each group, with tissue being pooled. Average age of young is 4
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years and 2 months, SD =+ 2 months and for old primates is 14 years and 7 months, SD 4 months.
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Figure 2. Cytokine expression in primate retina. (A) Cytokine arrays from young and old primates for total
retina with heat map representation to the right. There was very low cytokine expression and no marked general
increase with age. Only MIF and CXCL12 were expressed at significant levels, but even here there was no age
related increase. In the insert the Y axis has been re-scaled to reveal cytokines expressed at a lower level with
MIF and CXCL12 truncated. (B,C) Arrays were divided into macular and periphery. Patterns in both are similar
to total levels shown in A. However, when the data are rescaled for each region in the inserted graphs higher
levels of cytokine expression over a broader number of cytokines are seen in the periphery. On the right is a heat
map for these data reflecting relative overall changes. White represents not detected. Green is weak expression
and red is strong expression in Young (Y) and old (O). Supplementary Data provides raw scores for the heat
maps. N =5 in each group with tissue being pooled. Average age of young is 4 years and 2 months, SD 42
months and for old primates is 14 years and 7 months, SD + 4 months.

SCIENTIFICREPORTS|  (2019)9:12574 | https://doi.org/10.1038/s41598-019-49121-0


https://doi.org/10.1038/s41598-019-49121-0

www.nature.com/scientificreports/

Cytokines in choroid/RPE

E b |
A Weak Strong
v|o
ccLy
1.0' 0.12 - YOung [==*]
. MIP-1a/B|
0.10 s Od s
> cs/csa
2 0.840.08 cxen)
T CXCL11
g 0706 CM-CSF
[] 06 0.04 i-1a
- . — 8 IL-18)
=] 0.02 wies
(] w2
> 0.4- 0.00 SN ETTL 0L SUDOO® FTO TIOOW® suaL JomN T :t:
s A ZAnAnt I T I gt ISR NS0 TG )
= QOSD00-O N R 22 e EaEaaITT RS040 izor0
-~ OO0 0wBxO = N=ZWO=00 4 4=0 Q =
D % 0055 s TES = = 5° g iL1s
14 0.2'I = » TNF-af
TRENE:
CXCL1O|
ey
(Y1) PO 1 -
€040
NS gnTy 00 SNPRE P TRgR IR Lol Yoo =
0080000 yTadd e b= Ennd e (o= 102 4 4 o174l
OO0 0OBx0a =44 ~=ZWOE00 _II_'|='_'| oY—=22ddc waze
LT HOX=E - - Lol > == = X0 o is
= (81T) A O (6] o 1e323
= N [
CXCL12
G-CSF
s
IL-10
IL-13
27
=21
B Macula
1.04q 2 o020
2 0.15.
>08 % o010 Macula__ Periphery
.84 £
D T 005 v|[o vJo
S & o000 SNEnsCy sesygeseloe izoesme st Ny Yo enTn o
- L = Sm e E =T STENSESLG25 N 2
E 0.6 88§8§§%%='=‘=' E#Eggﬁga RAEONA %3 ='='='=-§_ T
ey = b ccLs
= 0.44 cs/csa
- cxcL
% oXCLi1
oz 0.2 GM-CSF
IL-1a|
|L-1$J
0.0 - A i e B .

N2 © L T2 SNWDOWOWI—O fIO® O mLL N o™~ 2
oG8 aTGos SR i T P I AR AN SE NG IS TN SW s
OO0S000HO Y yw==a"ga = aFandc s 19=10=
OOT Onx<Ooa=d1 ~=ZWokoo™ =4 o =2d=ads s

T HOX=E - - Lo >3 2= = <o o 1L-12 70 -
= oo = =O o Q 16
0 TNF-al
C P - h TREM-1
erl e' y XCL10
p 1FN-y
CD54
1.0 2 0.20 D40
2 015 e
o o s
2 0815 o4 e
2] .% 0.05 IL-18
§ 0.6 3 . L3223 _
.64 & 0.00 e DRI
£ Sa2esSThIeEygeReiTe igRame u o yooRSy e
g Sggségégagé—-—s':'.ggglgas—;‘:ﬁ:'z gg—ﬁﬁﬁﬁg pps
= 0.4 = ] a FO © 3 e
£
© 1110
[}} 113
m 0-2- IL-27
IL-21
Serpin E1
0.0 - d ' - o
SNgRES TSI ENYeRe YT TR e U N Y OONST
s L
008000, w22 L= Z AR A= SETN 25 GG
i°80%% - & tEg oo 2247 %o E
= o = S

Figure 3. Cytokine expression in primate choroid/RPE. (A) Cytokine expression in primate RPE/choroid

complex in young and old animals. While cytokine expression was low in both age groups there was an overall

increase with age revealed in both graphs and heat maps. As with the retina the graphs are dominated by MIF

and CXCL12 expression. The insert is re-scaled to show low level expression with MIF and CXCL12 truncated.

(B,C) show data derived from macular and peripheral regions, which generally mirror data for total retina.

Again in each data are rescaled in inserts with MIF and CXCL12 truncated. On the right is a heat map for these

data reflecting relative overall changes. White represents not detected. Green is weak expression and red is

strong expression in Young (Y) and old (O). Supplementary Data provides raw scores for the heat maps. N=5

in each group with tissue being pooled. Average age of young is 4 years and 2 months, SD =+ 2 months and for
old primates is 14 years and 7 months, SD &4 months.
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Figure 4. Expression of retinal cytokines in primate and mouse. (A) Those common in both primate and
mouse. Here cytokine expression is much higher in mice than primate and in mouse shows an age related
increase in many. Because expression is so low, the primate data have been rescaled by 21log units in the insert
with CXCL12 truncated for comparison. (B) Cytokines that were exclusive to either primate or mouse. Again,
much higher levels of expression are found in mouse than primate and in mouse there is a generally an age
related increase in expression. Primate patterns are dominated by MIF and data has been rescaled in the insert
with MIF truncated for comparison. There is no age related increase in expression in primate. On the right

is a heat map for these data reflecting relative overall changes. White represents not detected. Green is weak
expression and red is strong expression in Young (Y) and old (O). Supplementary Data provides raw scores
for the heat maps. N =5 in each group with tissue being pooled. Average age of young is 4 years and 2 months,
SD =+ 2 months and for old primates is 14 years and 7 months, SD &4 months. N = 6 per group of mice. Young
mice were 2 months and 12 months for old.
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Figure 5. Age related changes in primate retinal metabolism. (A) Retinal ATP was measured in whole retinae
and from both macular and periphery in young and old primates with data normalised for protein content.
With age there was a significant >70% fall in the overall ATP concentration of the retina. When age related
changes were divided into those from the macular regions and those from the periphery significant reductions
were found in both. (B) At the same time there was a significant increase in glycolysis of approximately 20%.
Again this was present in both the macular and the periphery. (C) Cytochrome c oxidase activity as measure at
the same ages. Overall there was an approximate 20% decline with age across the retina although when samples
were taken from the macular and the periphery the decline was only statistically significant in peripheral
regions. N =5 in each group. Average age of young is 4 years and 2 months, SD & 2 months and for old primates
is 14 years and 7 months, SD & 4 months. ***P <0.001, **P <0.01 and *P <0.05.
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Figure 6. Age related changes in primate mitochondrial alignment. Retinae from young and old primates were
osmicated, embedded in plastic, sectioned and stained with Sudan Black B. This marked lipid content including
that found in mitochondria in inner segments (IS) and that present in outer segments (OS). Outline images of
mitochondria (m) in IS in the two age groups were different in cones. In young animals they reflected patterns
commonly found with mitochondria roughly aligning along the long axis of the IS. In older animals this pattern
was lost and many mitochondria appeared to be aligned orthogonal to this axis as can be seen by the appearance
of profiles with a circular appearance. Also in older primates marked gaps were present at the junction of the IS
and the OS that were now mitochondria free (Arrow). N =5 in each group. Average age of young is 4 years and
2 months, SD £ 2 months and for old primates is 14 years and 7 months, SD 4 months.

with classic descriptions, with mitochondria in ellipsoid regions of inner segments of both rods and cones aligned
along the cells long axis®. This was not the case in the old animals where many mitochondria were seen in cross
section producing circular outlines. In cones these were within relatively enlarged inner segments. This pattern is
also present in the rods. Further, within aged cones, mitochondria commonly failed to populate the distal regions
of the inner segment adjacent to the outer segment (arrows Fig. 6).

Thickness of Bruch’s membrane and extracellular deposition. If ATP production is reduced this
may be correlated with increased thickness of Bruch’s membrane resulting in reduced outer retinal perfusion,
which would restrict the oxygen supply critical in ATP production. Measurements of membrane thickness
showed a 40% increase with age (Fig. 7A,B).

A key element in Bruch’s membrane deposition in aged mouse retina is amyloid beta that is deposited line-
arly on the membrane, in choroidal blood vessels and is also a component of deposition on photoreceptor outer
segments. In human it is known to be present on outer segments'>*. However, there is little evidence for its gen-
eral accumulation on the membrane in aged human retinae, although it is a component of drusen that are focal
deposits?.

We stained primate sections with amyloid beta 4G8 similar to Hoh Kam et al.'? confirming that positive stain-
ing was present on outer segments (Fig. 7C). This antibody labels amyloid precursor protein and also the heavy
oligomers amyloid beta (1-42). However, in spite of the 40% increase in Bruch’s membrane thickness we found
no evidence for amyloid beta (4G8) as component of the membrane. Staining was also undertaken with two addi-
tional amyloid antibodies, DE2B4 and EPR1878 to examine components on Bruch’s membrane, and again both
were negative (data not shown). Hence, we find no evidence for amyloid beta deposition on Bruch’s membrane in
primates. Likewise we found no evidence for deposition of this material on the walls of choroidal vessels (Fig. 7C).
We also found almost no evidence for focal deposition of any nature on Bruch’s membrane. Structures similar to
drusen were very rarely seen (Fig. 7D), but when identified they were relatively small and did not rupture through
the RPE as found in the aged human retina®. These small deposits stained heavily with Sudan black B implying
that they had high lipid content.

In aged mice, scanning EM images of outer segments reveal material deposited upon them that is associated
with amyloid beta staining'?. When similar images similar to those in mice were examined from primates with
scanning EM there was no evidence of extracellular deposition at any age (Fig. 7D). Taken together, these data
imply that staining for amyloid beta with 4G8 identified a potentially functional protein in the membrane of outer
segments rather than an extracellular deposit.

Outer segment refractive error. In spite of the failure to reveal changes in outer segment deposition there
were changes in the refractive error of outer segments consistent with age related changes in their structure. The
phase retardation per micron of the photoreceptors was found to be significantly greater in outer segments of the
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Figure 7. Age related changes in primate outer retina. There were age related changes in association with
Bruch’s membrane (BM). (A,B) BM became significantly thicker with age by approximately 40%. (C) Amyloid
beta is a component of BM deposition and present in association with outer segments in mice and has been
reported on human outer segments. Staining for A3 (brown) revealed its presence in young and old primates
alike on outer segments, but in no animal was it present on BM (red arrow) or in association with choroidal
vessels (cv red arrow head). This absence is in contrast to age mice. (D) Only rarely were there any deposits on
BM with an appearance similar to human drusen, but these were small remaining under the RPE. They were A3
negative but they did stain with Sudan black B (red arrow). (E) Scanning electron microscope image from age
primate outer retina. There were no obvious deposits on outer segments (OS). Inner segments (IS) are to the
top. N=5 in each group. N =3 for E. Average age of young is 4 years and 2 months, SD #+ 2 months and for old
primates is 14 years and 7 months, SD 44 months. **P <0.01.

younger animals compared to the older group (two sample t-test; t =2.74, df =18, p=0.014). This increase in the
retardation values was due to a greater refractive index of the outer segment. The greater refractive index of the
outer segments found in the younger photoreceptors has the optical effects of the both increasing the effective
numerical aperture of the outer segment and increasing the fraction of the optical power that can be guided into
the cell.

Discussion

We show that while ageing primate retinae suffer increased cellular stress, they do not suffer from cytokine driven
inflammation and extracellular deposition, distinguishing them from ageing processes in mice'"'2. In primates
the key feature of aged decline is the significant reduction in mitochondrial function and ATP production that
reduces available cellular energy in a metabolically demanding environment. Even though glycolysis increased
significantly with age, it did not compensate for this decline. Overall ATP production was reduced by >70%,
which is greater than found in old mice where reduction is only around 30%°. Given the high energy demands
of the outer retina®, reductions of this magnitude are likely to impact on retinal function. As primates age, their
photoreceptor mitochondria also show different distribution patterns appearing to lose their alignment along
inner segment long axis adjacent to their oxygen supply*®. Mitochondria are key regulators of ageing and also
signal cell death when their membrane potential declines, and this may underpin the significant reduction in rod
numbers with age's. However, there is no evidence for reduced cone numbers with age in primate, although these
cells show functional decline”?. Their survival may be due to the accumulation of phosphorylated tau, which
although associated with mitochondrial decline has also been shown to be neuroprotective?2.

Our results do show a relatively small aged increase in inflammation in primate RPE/choroid complex, which
may be significant because this is where age related macular degeneration (AMD) is initiated®. It is also a region
where in AMD there are fundamental changes in metabolism with reduced mitochondrial function®.

Some of the cell stress markers that were up regulated in primate are known to have specific functions or asso-
ciations. HSP70 proteins are central components of the cellular network of molecular chaperones and catalysts
helping in protein folding and also interacting with key regulators of signal transduction pathways controlling
homeostasis, proliferation, differentiation and cell death. The functions of HSP70 are based on its ability to inter-
act with proteins in an ATP-controlled fashion®"*? and this may explain why HSP70 is downregulated in the old
primates as with age retinal ATP declines (See Fig. 5).

Phosphorylated p53 plays a role in cell cycle control and apoptosis. Feng et al.>* have found that p53 function
declines with age, which reflects our results. In older retinae, the level of phosphorylated p53 is downregulated in
the periphery but was not detected in the macula.

While it is not always obvious what role each stress marker may play, key markers are apparent with roles
appropriate for their age. ADAMTS]I is associated with growth and anti-angiogenesis and is higher in young
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animals. Free cytochrome C is associated with cell death and is higher in older animals where significant rod
photoreceptor loss is likely”. DKK-4 is associated with neurodegeneration and present at higher levels in older
animals, particularly in the macular. Hypoxia-inducible factor (HIF) that is up regulated in the ageing macular.
Here, increased hypoxia is a likely consequence of age related to Bruch’s membrane thickening that compromises
outer retina perfusion (See Fig. 7). Bcl-2 is neuroprotective and more highly expressed in young.

Only a very limited range of cytokines were upregulated in aged primate retinae. MIF (Macrophage migration
inhibitory factor) is an innate immunity molecule acting as both a pro- and anti-inflammatory agent regulat-
ing proliferation and survival. It is ubiquitous expressed particularly in the CNS*#*>. CXCL12 is a homeostatic
chemokine®, regulating T and B lymphocyte survival and generation of T cell memory?*’. CXCL12 also regulates
homing/mobilisation of hematopoietic stem cells between bone marrow and peripheral blood*®. It modulates
neurotransmission, neurotoxicity and neuroglial interactions®. CXCL12 and its receptor CXCR4 are expressed in
developing and mature CNS, but do not mediate leukocyte recruitment®+*°, which may partially explain increased
CXCL12 levels in the young compared to old retina.

The failure to find significant increases in aged cytokine driven retinal inflammation in primates stands in
contrast to the mouse data. This may be a consequence of multiple factors. Here, the immune status of laboratory
mice may play a key role. Mice have different patterns of immunity from primates and these can be exacerbated by
being kept for many generations in specific pathogen free environments and intensely inbred. The C57Bl/6 mouse
has been inbred since approximately 1921476, It has a very high incidents of microphthalmia, with up to 9% of
animals displaying this feature, mainly in the right eye of females*’. However, the primates used here had a very
low inbreeding rate, probably similar to that in the wild, and were housed in an open environment. When such
issues are combined with the very different patterns of retinal architecture between mice and primates, with the
primate having major regional differences in cell density not seen in mice'?, the validity of the mouse model for
retinal ageing in humans becomes questionable. The legitimacy of mouse models for human disease is now widely
questioned, particularly in relation to patterns of immunity*"***>*$ and our results support this.

In comparing cytokine expression in mouse and primate, it is not only that there are such marked differences
in the levels of cytokines, but also that in primates expression was heavily focussed on only two proteins, MIF and
CXCL12. The reason for this is unclear, but this perhaps marks them out as of particular interest.

The absence of amyloid beta on Bruch’s membrane is another key difference separating primates and mice.
Labelling for amyloid beta 4G8 that includes the precursor protein is present in association with primate outer
segments, but not on Bruch’s membrane or in the lumen of choroidal vessels as found in mice!>?°. Because of our
failure to identify label with 4G8 we also used 2 other separate antibodies, but consistent with 4G8, these were
also negative. Differences between mice and primates may imply that primate RPE is better able to degrade this
material than in mice, and that this avoids deposition on Bruch’s membrane. Further, we were unable to identify
deposited material on primate outer photoreceptor segments at the EM, which are present in mice!. However,
there are age related changes to outer segments as revealed by changes in the reflective error of individual outer
segments. This implies that something is changing in their structure with age, although the nature of this change
is unclear.

Data presented here are consistent with the notion that amyloid beta detected in primate is likely to be a
functional protein rather than a cytotoxic deposited material. Lighter amyloid beta oligomers are functional and
modulate synaptic plasticity. Their removal has been linked to cognitive decline***°. Synaptic plasticity is a fea-
ture of photoreceptor ribbon synapses® ~>* and amyloid beta removal has been associated with reduced retinal
responses®”. Amyloid beta is found as a component of drusen in human retinae, but this is a relatively minor
element of their volume®®. Further, it is not deposited linearly along Bruch’s membrane as in mice where it is
coincident with aged inflammation'>*’, which is a significant species differences.

An important difference between the data presented here and that found in humans is that we rarely encoun-
tered drusen type deposits. When seen they were small and did not rupture through the RPE. However, our
primates were maintained on healthy diets that were relatively low in fat and avoided the multiple variables that
confound many human studies on retinal ageing, including diet, smoking and exercise. This difference may be
important when looking for drivers of aged retinal disease. A high fat diet is a known risk factor for age related
macular degeneration®®®. It is possible that primates maintained on different diets may have different retinal
signatures in terms of inflammation and deposition.

With age a mitochondrial free region develops at the outer region of primate cone inner segments. This feature
has been identified previously, but this was in eyes from AMD patients and the authors regarded this as a feature
of degeneration®. However, there was no indication that retinae in our older animals were degenerate. Hence, it
is likely that this feature is one of ageing. The phenomenon of mitochondrial remodelling and shuffling is to our
knowledge not seen in mice. One consequence of the presence of this mitochondrial free region is that it separates
a key energy source from the energy consuming outer segment, which may have consequences for photoreceptor
function.

The key finding of our study is the impact of age upon ATP production. Improved mitochondrial function can
be obtained by exposure to long wavelength light that is absorbed by cytochrome c oxidase, which is the rate lim-
iting enzymatic complex in their respiration. Exposure to these wavelengths improves mitochondrial membrane
potential®! and ATP production'®"” in the retinae of old mice and also improves aged retinal function in mice and
insects®2-%. This improvement may be linked to improved ATP availability to the high energy consuming ionic
membrane pumps that are responsible for maintaining a potential difference across the cell membrane. These are
known to decline with age®. This may also explain the general improvements found in CNS function following
exposure to longer wavelengths in both ageing and induced pathology®+®¢”. As the application of longer wave-
lengths improves mitochondrial function and ATP production, this may be a productive route for assisting in age
related decline in the human retina.
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The results of this study may question the validly of some therapeutic approaches targeting aged inflammation
and/or amyloid beta deposition in the human retina®®%. Many studies use mice to test mode of action of products
and their ability to reduce retinal inflammation and clear deposition. They then progress to the use of primates
mainly for demonstration of product safety before going into human trials. Hence, the primate is not used as the
platform for the original experimentation. While the primates used here are not humans and were maintained
on a healthy diet, it is note worth that there has been a lack of general success of clinical trials that have targeted
inflammatory agents and deposited material in age related macular degeneration’’-’? and the reason may partly
reside in the use of mice for the basic research used to justify the therapeutic approach.

Materials and Methods

Animals. All animal were used with University College London local ethics committee approval and con-
formed to the United Kingdom Animal Licence (Scientific Procedures) Act 1986. UK Home Office licence
number PPL 70/6571. Primates Ocular tissues were acquired from a large long established colony of Macaca
fascicularis maintained Public Health England. The primary purpose of animal usage was different from the aims
of this study and eyes were only retrieved after death. Primates were of Mauritian origin and have a smaller gene
pool than those from Indonesia and age more rapidly.

Eye retrieval followed sedation with ketamine (4 mg/kg) and an overdose of intravenous sodium pentobarbital
(20 mg/kg). The eyes were removed rapidly. One eye from each animal was rapidly dissected removing retina,
retinal pigment epithelial (RPE) and choroid from the macular and defined region of the periphery. At each
location the retina was separated from RPE and choroid. Samples were taken from the central macular. Those
from the periphery were pooled from the nasal, ventral and dorsal regions approximately 3-4 mm distant from
the optic nerve head. These samples were rapidly snap frozen and stored at —80 °C for protein arrays. Primate
tissues arrays from different retinal regions were derived from individual animals. Tissues from specific regions
were pooled across primates. The other eye was fixed in 4% paraformaldehyde for approximately 36-48 h and
then transferred to phosphate buffer with 0.025% sodium azide. Samples were taken from 5 young female ani-
mals (average age 4 years and 2 months. SD & 2 months) and 5 old female primates (average age 14 years and 7
months. SD £ 4 months). At 4 years old these animals are at the early stages of sexual maturity. Their eye size is
adult like. They display no indication of physical ageing. Their lenses are fully transparent. By 14 years the animals
have reduced fertility, are less active and their lenses have reduced transparency. Within this aged cohort there is
an increased probability of arthritic development, diabetes and grey body hair. However, all of the aged animals
used in this study were healthy and had bi-monthly heath checks by a veterinary office specialising in primate
health. Primates in this colony rarely lived beyond 18 years and at 14 years show significant and obvious signs of
ageing. Additional eyes from 3 young female and 3 old female primates were dissected and the retinae fixed for
scanning EM.

Mice. (C57Bl/6 female mice were used for comparison on protein arrays for cytokines. These were from 6
animals that were 2 months and 6 that were 12 months old. It is open to debate how best to match ageing in mice
against that in primate. However, at 2 months the animals are, like the primates, in the early stages of sexual
maturity and physically active. By 12 months fertility has declined significantly and there are less active. Over
12 months of age there is a marked increase in cataract development and reduced survival. Mice were killed by
cervical dislocation and one eye from each was removed and the retina dissected free and snap frozen as above.

Protein arrays. In the primate tissue snap frozen retinal samples were either used to assess the levels of
cytokine using the Proteome Profiler Human Cytokine Array Panel A (R & D Systems, Minneapolis, MN, USA)
or the levels of cell stress-related proteins using the Human Cell Stress Proteome Profiler Array kit (R&D Systems,
Minneapolis, MN, USA). While these arrays are for human, at both gene and protein levels there is a 93-99%
homology between human and Macaque cytokines’®. Retinae were pooled from defined retinal regions in dif-
ferent primates and across whole retinae in mice. The retinae were homogenized in RIPA buffer (Millipore, UK)
containing protease inhibitors (Sigma, UK). Lysates were centrifuged at 1000 x g for 10 minutes at 4°C and the
supernatant was used for the arrays and were conducted according to the manufacturer’s instructions and offer
a parallel determination of 36 cytokines for the cytokine array and 26 for the human cell stress related proteins.
Protein concentration was calculated using the Protein Assay (Thermo Scientific). Protein Array Analyzer for
Image ] was used to quantify and determine spot density. In the mouse tissues snap frozen retinae were used
to assess the levels of cytokine using the Proteome Profiler Mouse Cytokine Array Panel A (R & D Systems,
Minneapolis, MN, USA).

ATP measurements. ATP extracts were performed using 6 M guanidine hydrochloride to each frozen neu-
ral retina sample, which was then homogenized using a sonicator. The homogenates were briefly frozen on dry
ice and then denatured at 95 °C for 5 minutes. Then they were centrifuged at max speed for 10 minutes at 4°C and
the supernatants were transferred into a new centrifuge tube. The samples were diluted 50-fold with deionized
water and 10 pL of this diluted extract was used for this analysis. ATP concentration in all extracts was measured
by using an ATP determination kit (ThermoFisher scientific, UK).

Glycolysis measurements. The specific activity of the glyceraldehyde-3-phosphate dehydrogenase was
measured modifying the procedures described by Krebs” and Velick’ as a metric of glycolysis. The activity of
this enzyme was measured by determining the increase in the absorption at 340 nm resulting from the reduc-
tion of NAD. Briefly, snap frozen retinal tissue was homogenised in pyrophosphate/arsenate buffer (0.015M
sodium pyrophosphate buffer, pH 8.5 containing 0.03 M sodium arsenate) and total protein content meas-
ured with the BCA assay. The reaction mixture contained pyrophosphate/arsenate buffer, supplemented with
0.25mM NAD, 3mM DTT. Per sample, 1.5pg of protein was added to the assay followed by the addition of
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D-glyceraldehyde-3-phosphate (final concentration of 0.25 mM) to start the reaction. Each group consisted of 5
replicates. Measurements were in duplicate.

Cytochrome C oxidase activity. The specific activity of complex IV (cytochrome c oxidase) was meas-
ured adapting a previously published protocol’®. Complex IV activity was measured by determining the rate of
oxidation of reduced cytochrome c at 550 nm. Briefly, snap frozen retinal tissue was homogenised in isolation
buffer (225-mM mannitol, 75-mM sucrose, 10-mM 3-(N-morpholino) propanesulfonic acid, 1-mM ethylene
glycol tetra acetic acid, pH 7.2) and total protein measured (BCA assay). The reaction mixture contained 5-mM
MgCl2, 2 pg/mL rotenone, 2 pg/mL antimycin A, 1-mM DDM, 45-pM cytochrome c and 0.75 ug protein from
each sample. The reaction was inhibited with 4mM KCN. Sodium dithionite was used to reduce cytochrome c’°.
Each group consisted of 5 replicates. Measurements were in duplicate.

Immunohistochemistry. Primate eyes were fixed in 4% paraformaldehyde in PBS. After a few days, eyes
were washed in PBS, dissected and the anterior tissues removed. A horizontal strip containing the retina, RPE and
choroid was removed running from the temporal periphery, through the macular and fovea into the nasal ret-
ina. These were cryoprotected in 30% sucrose and then embedded in OCT (Optimal Cutting Temperature com-
pound, VWR UK). Frozen sections were cryosectioned at 10 um and immunostained with; a mouse monoclonal
anti amyloid beta 4G8 (1:100, Covance, USA) and two amyloid antibodies, an anti-beta Amyloid 1-38 antibody
EPR1878 (ab108253, Abcam) and beta Amyloid Antibody (DE2B4, Novus Biologicals). Secondary antibodies
conjugated with biotin-SP were used accordingly (1:1000, Jackson ImmunoResearch Laboratories, UK) followed
by a horseradish peroxidase solution. Chromogenic visualization was achieved with 3,3-diaminobenzidine (DAB,
DAKO, USA). Slides were mounted in glycerol and coverslipped. Sections were viewed and images captured using
a bright-field microscope (Olympus BX50F4, Olympus, UK) and a Nikon DXM1200 (Nikon, UK) digital camera.

Resin embedded histology light microscopy. Eyes from 5 young and 5 old primates were dissected and
a horizontal strip of the neural retina together with the RPE/choroidal tissues were removed running from the
periphery to the macular were processed for resin embedded plastic. They were post-fixed with 2% paraformalde-
hyde and 2% glutaldehyde in PBS for 24 h, followed by repeated PBS washing and then were fixed in 1% OsO4 in
0.1 M PBS for 2h. They were then thoroughly washed in distilled water and dehydrated through a graded series of
ethanol. Then infiltrated, polymerised and embedded in Technovit 7100 historesin (Taab Laboratories equipment,
UK). Resin sections were cut at 5um, histologically stained with either 1% Toluidine blue or 1% Sudan Black B
and mounted in Depex and coverslipped. Measurement of the thickness of the Bruch’s membrane was done using
Image J.

Scanning electron microscopy. Retinae were fixed in 2% paraformaldehyde and 2% glutaldehyde in PBS
for 24 h, followed by washing in PBS and then post fixed in 1% osmium tetroxide in 0.1 M PBS for 2h. Tissues
were then thoroughly washed in distilled water and dehydrated through a graded series of ethanol. The specimens
were dried with a critical dry point apparatus. After which they were coated with platinum and analysed using a
Carl Zeiss scanning electron microscope.

Measuring the refractive error of photoreceptor outer segments.  Small sections of retina previ-
ously fixed with 4% paraformaldehyde, were teased apart onto a no.1 glass microscope coverslip in PBS resulting
in the release of rod outer segments into the solution. A coverslip was placed over these and sealed with nail
vanish.

The optical properties of the photoreceptor outer segments were measured using a digital holographic micro-
scope (DHM) (T1000, LyncéeTec, Lausanne, CH) at a laser wavelength of 660 nm and under a 100x oil immer-
sion objective (Leica, HCX PL Fluotar). The retardation provides a proportional measure of the refractive index
of the sample with reference to the surrounding medium. A detailed description of the technique can be found
in Colomb et al.””. Holographic data were reconstructed into 2-dimensional retardation maps from the samples
using the DHM software, Koala (version 4) (LyncéeTec, Lausanne, CH) and phase transects calculated across the
outer segments. Phase data and statistical analyses were processed using R (version 2.15.3). Values of retardation
per micron were recorded from quantitative phase measurements of 10 outer segments from each animal along
with diameters of the each cell.

Statistical analysis. For group comparison a Mann-Whitney U test or a t test was used. Data were analysed
using GraphPad Prism version 6.0 for windows (GraphPad, San Diego, USA).

Data Availability

All data are available on request.

References

1. Rubner, M. Das Problem der Lebensdauer und seine Beziehungen zu Wachstum und Erndhrung. (Oldenbourg, 1908).

2. Jumpertz, R. et al. Higher energy expenditure in humans predicts natural mortality. J Clin Endocrinol Metab 96, E972-976 (2011).

3. Speakman, J. R. Body size, energy metabolism and lifespan. ] Exp Biol 208, 1717-1730 (2005).

4. Wang, Y. X. PPARs: diverse regulators in energy metabolism and metabolic diseases. Cell Res 20, 124-137 (2010).

5. Greenberg, J. A. Organ metabolic rates and aging: two hypotheses. Medical Hypotheses 52, 15-22 (1999).

6. Linsenmeier, R. A. & Padnick-Silver, L. Metabolic dependence of photoreceptors on the choroid in the normal and detached retina.
Invest Ophthalmol Vis Sci 41, 3117-3123 (2000).

7. Curcio, C. A. Photoreceptor topography in ageing and age-related maculopathy. Eye (Lond) 15, 376-383 (2001).

8. Weleber, R. G. The effect of age on human cone and rod ganzfeld electroretinograms. Invest Ophthalmol Vis Sci 20, 392-399 (1981).

9. Owsley, C. Aging and vision. Vision Res 51, 1610-1622 (2011).

0. Jackson, G. R., Owsley, C., Cordle, E. P. & Finley, C. D. Aging and scotopic sensitivity. Vision Res 38, 3655-3662 (1998).

SCIENTIFIC REPORTS |

(2019) 9:12574 | https://doi.org/10.1038/s41598-019-49121-0


https://doi.org/10.1038/s41598-019-49121-0

www.nature.com/scientificreports/

11.
12.

13.
14.

15.

16.
17.

18.
19.

20.
21.
22.
23.
24.
25.

26.

27.
28.
29.
30.
31.
. Young, J. C. Mechanisms of the Hsp70 chaperone system. Biochem Cell Biol 88, 291-300 (2010).
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44,
45,
46.

47.
48.

49.
50.
51.

52.
53.

54.

Xu, H., Chen, M. & Forrester, ]. V. Para-inflammation in the aging retina. Prog Retin Eye Res 28, 348-368 (2009).

Hoh Kam, J., Lenassi, E. & Jeffery, G. Viewing ageing eyes: diverse sites of amyloid Beta accumulation in the ageing mouse retina and
the up-regulation of macrophages. PloS one 5 (2010).

Cunea, A. & Jeffery, G. The ageing photoreceptor. Vis Neurosci 24, 151-155 (2007).

Cunea, A., Powner, M. B. & Jeffery, G. Death by color: differential cone loss in the aging mouse retina. Neurobiol Aging 35, 2584-2591
(2014).

Kolesnikov, A. V., Fan, J., Crouch, R. K. & Kefalov, V. . Age-related deterioration of rod vision in mice. ] Neurosci 30, 11222-11231
(2010).

Gkotsi, D. et al. Recharging mitochondrial batteries in old eyes. Near infra-red increases ATP. Exp Eye Res 122, 50-53 (2014).
Calaza, K. C,, Kam, ]. H., Hogg, C. & Jeffery, G. Mitochondrial decline precedes phenotype development in the complement factor
H mouse model of retinal degeneration but can be corrected by near infrared light. Neurobiol Aging 36, 2869-2876 (2015).
Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The hallmarks of aging. Cell 153, 1194-1217 (2013).

Stone, J. & Johnston, E. The topography of primate retina: a study of the human, bushbaby, and new- and old-world monkeys. J
Comp Neurol 196, 205-223 (1981).

Weinrich, T. W. et al. No evidence for loss of short-wavelength sensitive cone photoreceptors in normal ageing of the primate retina.
Sci Rep 7, 46346 (2017).

Aboelnour, A., Van der Spuy, J., Powner, M. & Jeffery, G. Primate retinal cones express phosphorylated tau associated with neuronal
degeneration yet survive in old age. Exp Eye Res 165, 105-108 (2017).

Wang, H. H. et al. Tau overexpression inhibits cell apoptosis with the mechanisms involving multiple viability-related factors.
Journal of Alzheimer’s disease: JAD 21, 167-179 (2010).

Feng, Z., Hanson, R. W,, Berger, N. A. & Trubitsyn, A. Reprogramming of energy metabolism as a driver of aging. Oncotarget 7,
15410-15420 (2016).

Xing, Y. et al. Injury of cortical neurons is caused by the advanced glycation end products-mediated pathway. Neural Regen Res 8,
909-915 (2013).

Stone, ., van Driel, D., Valter, K., Rees, S. & Provis, J. The locations of mitochondria in mammalian photoreceptors: relation to
retinal vasculature. Brain Res 1189, 58—-69 (2008).

Aboelnour, A., Kam, J. H., Elnasharty, M. A., Sayed-Ahmed, A. & Jeffery, G. Amyloid beta deposition and phosphorylated tau
accumulation are key features in aged choroidal vessels in the complement factor H knock out model of retinal degeneration. Exp
Eye Res 147, 138-143 (2016).

Johnson, L. V. et al. The Alzheimer’s A3-peptide is deposited at sites of complement activation in pathologic deposits associated with
aging and age-related macular degeneration. Proceedings of the National Academy of Sciences 99, 11830-11835 (2002).

Nelson, P. T. & Wang, W. X. MiR-107 is reduced in Alzheimer’s disease brain neocortex: validation study. Journal of Alzheimer's
disease: JAD 21, 75-79 (2010).

Guymer, R, Luthert, P. & Bird, A. Changes in Bruch’s membrane and related structures with age. Prog Retin Eye Res 18, 59-90
(1999).

Ferrington, D. A. et al. Altered bioenergetics and enhanced resistance to oxidative stress in human retinal pigment epithelial cells
from donors with age-related macular degeneration. Redox Biol 13, 255-265 (2017).

Mayer, M. P. & Bukau, B. Hsp70 chaperones: cellular functions and molecular mechanism. Cell Mol Life Sci 62, 670-684 (2005).

Feng, Z. et al. Declining p53 function in the aging process: a possible mechanism for the increased tumor incidence in older
populations. Proc Natl Acad Sci USA 104, 16633-16638 (2007).

Fingerle-Rowson, G. R. & Bucala, R. Neuroendocrine properties of macrophage migration inhibitory factor (MIF). Immunol Cell
Biol 79, 368-375 (2001).

Matsuda, A., Tagawa, Y., Yoshida, K., Matsuda, H. & Nishihira, J. Expression of macrophage migration inhibitory factor in rat retina
and its immunohistochemical localization. ] Neuroimmunol 77, 85-90 (1997).

Bleul, C. C., Fuhlbrigge, R. C., Casasnovas, J. M., Aiuti, A. & Springer, T. A. A highly efficacious lymphocyte chemoattractant,
stromal cell-derived factor 1 (SDF-1). ] Exp Med 184, 1101-1109 (1996).

Klein, R. S. & Rubin, J. B. Immune and nervous system CXCL12 and CXCR4: parallel roles in patterning and plasticity. Trends
Immunol 25, 306-314 (2004).

Lucas, D., Battista, M., Shi, P. A, Isola, L. & Frenette, P. S. Mobilized hematopoietic stem cell yield depends on species-specific
circadian timing. Cell Stem Cell 3, 364-366 (2008).

Li, M. & Ransohoff, R. M. Multiple roles of chemokine CXCL12 in the central nervous system: a migration from immunology to
neurobiology. Prog Neurobiol 84, 116-131 (2008).

Zhang, S. et al. Chemokine CXCL12 and its receptor CXCR4 expression are associated with perineural invasion of prostate cancer.
J Exp Clin Cancer Res 27, 62 (2008).

Mestas, J. & Hughes, C. C. Of mice and not men: differences between mouse and human immunology. Journal of immunology
(Baltimore, Md.: 1950) 172, 2731-2738 (2004).

Tao, L. & Reese, T. A. Making Mouse Models That Reflect Human Immune Responses. Trends Immunol 38, 181-193 (2017).
Gibbons, D. L. & Spencer, J. Mouse and human intestinal immunity: same ballpark, different players; different rules, same score.
Mucosal Immunol 4, 148-157 (2011).

Abolins, S. et al. The comparative immunology of wild and laboratory mice, Mus musculus domesticus. Nat Commun 8, 14811
(2017).

Seok, J. et al. Genomic responses in mouse models poorly mimic human inflammatory diseases. Proc Natl Acad Sci USA 110,
3507-3512 (2013).

Smith, R.S. & Sundburg, J.P. Microphthalmia and ocular infections in inbred C57 black mice. JAX Notes. https://www.jax.org/news-
andinsights/1995/october/microphthalmia-and-ocular-infections-in-inbred-c57-black-mice (1995).

Pierro, L. ]. & Spiggle, J. Congenital eye defects in the mouse. I. Corneal opacity in C57black mice. ] Exp Zool 166, 25-33 (1967).
Perlman, R. L. Mouse models of human diseaseAn evolutionary perspective. Evolution, Medicine, and Public Health 2016, 170-176
(2016).

Parihar, M. S. & Brewer, G. J. Amyloid-beta as a modulator of synaptic plasticity. Journal of Alzheimer’s disease: JAD 22, 741-763
(2010).

Puzzo, D., Privitera, L. & Palmeri, A. Hormetic effect of amyloid-beta peptide in synaptic plasticity and memory. Neurobiol Aging
33(1484), e1415-1424 (2012).

Haverkamp, S. et al. Synaptic plasticity in CNGA3(—/—) mice: cone bipolar cells react on the missing cone input and form ectopic
synapses with rods. ] Neurosci 26, 5248-5255 (2006).

Aartsen, W. M. et al. Mpp4 recruits Psd95 and Veli3 towards the photoreceptor synapse. Hum Mol Genet 15, 1291-1302 (2006).
Sanyal, S., Hawkins, R. K., Jansen, H. G. & Zeilmaker, G. H. Compensatory synaptic growth in the rod terminals as a sequel to partial
photoreceptor cell loss in the retina of chimaeric mice. Development 114, 797-803 (1992).

Jansen, H. G. & Sanyal, S. Synaptic plasticity in the rod terminals after partial photoreceptor cell loss in the heterozygous rds mutant
mouse. ] Comp Neurol 316, 117-125 (1992).

SCIENTIFIC REPORTS |

(2019) 9:12574 | https://doi.org/10.1038/s41598-019-49121-0


https://doi.org/10.1038/s41598-019-49121-0
https://www.jax.org/news-andinsights/1995/october/microphthalmia-and-ocular-infections-in-inbred-c57-black-mice
https://www.jax.org/news-andinsights/1995/october/microphthalmia-and-ocular-infections-in-inbred-c57-black-mice

www.nature.com/scientificreports/

55. Ho, T. et al. Amyloid precursor protein is required for normal function of the rod and cone pathways in the mouse retina. PloS one
7,€29892 (2012).

56. Crabb, J. W. The proteomics of drusen. Cold Spring Harb Perspect Med 4, a017194 (2014).

57. Catchpole, L. et al. Systemic administration of Abeta mAb reduces retinal deposition of Abeta and activated complement C3 in age-
related macular degeneration mouse model. PloS one 8, €65518 (2013).

58. Parekh, N. et al. Association between dietary fat intake and age-related macular degeneration in the carotenoids in age-related eye
disease study (careds): An ancillary study of the women&#39;s health initiative. Archives of Ophthalmology 127, 1483-1493 (2009).

59. Seddon, J. M. et al. Dietary fat and risk for advanced age-related macular degeneration. Archives of Ophthalmology 119, 1191-1199
(2001).

60. Litts, K. M., Messinger, J. D., Freund, K. B., Zhang, Y. & Curcio, C. A. Inner Segment Remodeling and Mitochondrial Translocation
in Cone Photoreceptors in Age-Related Macular Degeneration With Outer Retinal Tubulation. Invest Ophthalmol Vis Sci 56,
2243-2253 (2015).

61. Kokkinopoulos, I., Colman, A., Hogg, C., Heckenlively, J. & Jeffery, G. Age-related retinal inflammation is reduced by 670 nm light
via increased mitochondrial membrane potential. Neurobiol Aging 34, 602-609 (2013).

62. Sivapathasuntharam, C,, Sivaprasad, S., Hogg, C. & Jeffery, G. Aging retinal function is improved by near infrared light (670 nm)
that is associated with corrected mitochondrial decline. Neurobiol Aging 52, 66-70 (2017).

63. Powner, M. B,, Salt, T. E., Hogg, C. & Jeffery, G. Improving Mitochondrial Function Protects Bumblebees from Neonicotinoid
Pesticides. PloS one 11, €0166531 (2016).

64. Weinrich, T. W,, Coyne, A., Salt, T. E., Hogg, C. & Jeffery, G. Improving mitochondrial function significantly reduces metabolic,
visual, motor and cognitive decline in aged Drosophila melanogaster. Neurobiol Aging 60, 34-43 (2017).

65. de Lores Arnaiz, G. R. & Ordieres, M. G. Brain Na(+), K(+)-ATPase Activity In Aging and Disease. Int ] Biomed Sci 10, 85-102
(2014).

66. Weinrich, T. W, Hogg, C. & Jeffery, G. The temporal sequence of improved mitochondrial function on the dynamics of respiration,
mobility, and cognition in aged Drosophila. Neurobiol Aging 70, 140147 (2018).

67. Fitzgerald, M. et al. Red/near-infrared irradiation therapy for treatment of central nervous system injuries and disorders. Reviews in
the neurosciences 24, 205-226 (2013).

68. Cheng, W.-S., Lu, D.-W,, Chiang, C.-H. & Chang, C.-]. Overview of clinical trials for dry age-related macular degeneration. Journal
of Medical Sciences 37, 121-129 (2017).

69. Volz, C. & Pauly, D. Antibody therapies and their challenges in the treatment of age-related macular degeneration. European journal
of pharmaceutics and biopharmaceutics: official journal of Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik e.V 95,
158-172 (2015).

70. Rosenfeld, P. J. et al. A Randomized Phase 2 Study of an Anti-Amyloid 3 Monoclonal Antibody in Geographic Atrophy Secondary
to Age-Related Macular Degeneration. Ophthalmology Retina 2, 1028-1040 (2018).

71. AMD, A. Modern Retina, Modern Medicine Cases, Modern Medicine Feature Articles, Modern Medicine News, Ophthalmology,
Retina, AMD. Treatment for geographic atrophy lacks efficsacy in phase 2 study. Vol. 2017 (Ophthalmology Times, Modern Retina,
2017).

72. NIH. Efficacy, Safety And Tolerability Study Of RN6G In Subjects With Geographic Atrophy Secondary to Age-related Macular
Degeneration. (U.S. National Library of Medecine, clinicalTrials.gov, 2016).

73. Villinger, F, Brar, S. S., Mayne, A., Chikkala, N. & Ansari, A. A. Comparative sequence analysis of cytokine genes from human and
nonhuman primates. J Immunol 155, 3946-3954 (1995).

74. Krebs, H. A. & Hems, R. Phosphate-transfer reactions of adenosine and inosine nucleotides. Biochem ] 61, 435-441 (1955).

75. Velick, S. E. [60] Glyceraldehyde-3-phosphate dehydrogenase from muscle. In Methods in Enzymology, Vol. 1 401-406 (Academic
Press, 1955).

76. Spinazzi, M., Casarin, A., Pertegato, V., Salviati, L. & Angelini, C. Assessment of mitochondrial respiratory chain enzymatic activities
on tissues and cultured cells. Nat Protoc 7, 1235-1246 (2012).

77. Colomb, T. et al. Polarization imaging by use of digital holography. Appl Opt 41, 27-37 (2002).

Acknowledgements
This research was supported by the BBSRC, UK. Grant number BB/N000250/1.

Author Contributions
J.H.K. and T.W.W. conceived the project. JH.K., TW.W.,, H.S., M.B.P, N-WR,, A.A. and G.J. undertook the
experiments. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-49121-0.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:12574 | https://doi.org/10.1038/s41598-019-49121-0


https://doi.org/10.1038/s41598-019-49121-0
https://doi.org/10.1038/s41598-019-49121-0
http://creativecommons.org/licenses/by/4.0/

	Fundamental differences in patterns of retinal ageing between primates and mice

	Results

	Protein arrays for stress and inflammation. 
	Stress marker arrays. 
	Cytokine markers. 
	ATP production. 
	Mitochondrial morphology. 
	Thickness of Bruch’s membrane and extracellular deposition. 
	Outer segment refractive error. 

	Discussion

	Materials and Methods

	Animals. 
	Mice. 
	Protein arrays. 
	ATP measurements. 
	Glycolysis measurements. 
	Cytochrome C oxidase activity. 
	Immunohistochemistry. 
	Resin embedded histology light microscopy. 
	Scanning electron microscopy. 
	Measuring the refractive error of photoreceptor outer segments. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Stress markers in primate retina.
	Figure 2 Cytokine expression in primate retina.
	Figure 3 Cytokine expression in primate choroid/RPE.
	Figure 4 Expression of retinal cytokines in primate and mouse.
	Figure 5 Age related changes in primate retinal metabolism.
	Figure 6 Age related changes in primate mitochondrial alignment.
	Figure 7 Age related changes in primate outer retina.




