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Abstract The fast-ageing Kkillifish has gained
increasing attention as a promising gerontology
model to study age-related processes and neurodegen-
eration. Interestingly, it is the first vertebrate model
organism that shows physiological neuron loss at old
age in its central nervous system (CNS), including
its brain and retina. However, the fact that the killi-
fish brain and retina are ever-growing tissues compli-
cates studying neurodegenerative events in aged fish.
Indeed, recent studies showed that the method of tis-
sue sampling, either using sections or whole-organs,
has a large effect on the observed cell densities in the
fast-expanding CNS. Here, we elaborated on how
these two sampling methods affect neuronal counts in
the senescent retina and how this tissue grows upon
ageing. Analysis of the different retinal layers in cryo-
sections revealed age-dependent reduction in cellular
density but evaluation of whole-mount retinas did not
detect any neuron loss, as a result of an extremely fast
retinal expansion with age. Using BrdU pulse-chase

Luca Masin and Lieve Moons Shared last author.

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10522-023-10026-1.

S. Bergmans - P.-J. Serneels - L. Masin - L. Moons (D<)
Department of Biology, Animal Physiology

and Neurobiology Division, Neural Circuit Development
& Regeneration Research Group, KU Leuven, Leuven
Brain Institute, 3000 Leuven, Belgium

e-mail: lieve.moons @kuleuven.be

experiments, we showed that the young adult killi-
fish retina mainly grows by cell addition. However,
with increasing age, the neurogenic potency of the
retina declines while the tissue keeps on growing.
Further histological analyses revealed tissue stretch-
ing, including cell size increase, as the main driver of
retinal growth at old age. Indeed, both cell size and
inter-neuronal distance augment with ageing, thereby
decreasing neuronal density. All in all, our findings
urge the ‘ageing science’ community to consider cell
quantification bias and employ tissue-wide counting
methods to reliably quantify neuronal numbers in this
unique gerontology model.

Keywords Killifish - Ageing - Retina - Growth -
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Introduction

In recent years, the African turquoise killifish (Notho-
branchius furzeri) has gained increasing attention
as a strong gerontology model. These fish are char-
acterised by an exceptional short lifespan of only a
few months, during which they go through all life-
stages (i.e., embryo, larvae, juvenile, adult). Within
this short life cycle, the killifish rapidly ages while
displaying several hallmarks of human ageing (Kim
et al. 2016; Platzer and Englert 2016), previously
defined by Lopez-Otin et al. (2013) as a conceptual
framework to study ageing (Lopez-Otin et al. 2013).
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The accumulation of these ageing hallmarks, such as
cellular senescence, stem cell exhaustion, etc., lead
to the development of the commonly described aged
phenotype of the killifish, namely skin depigmenta-
tion, muscle atrophy, spinal curvature and a decline
in both motor and cognitive function (Genade et al.
2005; Cellerino et al. 2016; Kim et al. 2016; Platzer
and Englert 2016). Strikingly, the killifish is the first
vertebrate model showing physiological neurode-
generation at old age. Indeed, recent observations of
naturally occurring Parkinsonian-like dopaminergic
cell loss were reported in its central nervous system
(CNS), including its brain and retina (Matsui et al.
2019; Vanhunsel et al. 2021; Bagnoli et al. 2022).
Therefore, the CNS of this relatively new gerontol-
ogy model with an extremely fast ageing phenotype
might provide crucial insights for neurodegenerative
research.

The retina, considered the most accessible part of
the CNS, is a well conserved structure among verte-
brates, all the way from teleost fish to mammals and
thus humans. This layered structure consists of three
nuclear layers of neurons: (1) the outer nuclear layer
(ONL), containing the nuclei of the cone and rod pho-
toreceptors of which the photo segments reside in the
photoreceptor layer (PRL), (2) the inner nuclear layer
(INL), where the interneurons (amacrine, horizontal
and bipolar cells) are located, and (3) the ganglion
cell layer (GCL), that accommodates the retinal gan-
glion cells (RGCs). These different nuclear layers are
separated by two synaptic layers, the outer and inner
plexiform layer (OPL and INL), that ensure that elec-
trical cues—converted from incident light—are con-
ducted throughout the retina. The signals are further
transmitted to the visual target areas of the brain via
the axons of the RGCs that, exiting the retina, form
the optic nerve/tract (Stenkamp 2011).

Remarkably, and opposite to its mammalian coun-
terpart, the teleost retina continues to expand through-
out life, thereby displaying indeterminate growth,
similar to all other teleost tissues and its entire body
(Armstrong and Smith 2001). Two main players are
known to regulate tissue growth, i.e., cellular addition
and tissue stretching (Lyall 1957; Johns 1981; Van
houcke et al. 2019). Within the retina, a neurogenic
niche, called the ciliary marginal zone (CMZ), is
located in the circumferential peripheral region. Both
during development and later growth, the CMZ is
the main source of cell addition that supports retinal
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expansion. This neurogenic region has a specialised
spatial organisation of distinct retinal stem cells and
progenitors, with the most peripheral edge harbouring
the retinal stem cells. This most outer area is deline-
ated by retinal progenitors that become gradually dif-
ferentiated and finally develop into fully differentiated
post-mitotic neurons that are added to the peripheral
retina in the different layers according to their line-
age (Wan et al. 2016; Fernandez-Nogales et al. 2019).
As a result of the growth facilitated by the CMZ, over
time, concentric circles of newly born cells are added
onto the enlarging retina, inducing a radial gradient
of cellular age across this nervous tissue (Wan et al.
2016; Fernandez-Nogales et al. 2019; Vanhunsel
et al. 2021). One cell type that is not produced by the
CMZ are the rod photoreceptors, which are generated
by another distinct neurogenic niche, the Miiller glia
(Stenkamp 2007, 2011; Lenkowski and Raymond
2014). These radial glia cells, of which the cell bod-
ies reside in the INL and their processes span across
the complete retina, are able to dedifferentiate, divide
asymmetrically to form a differentiated Miiller glia
and a rod progenitor, which will proliferate and even-
tually differentiate into rod photoreceptors to replace/
add rods across the entire retina (Stenkamp 2007,
2011; Lenkowski and Raymond 2014).

Besides cell addition, the teleost retina is known
to grow via another mechanism, i.e., through tissue
stretching, which, in its most basic description, can
be defined as the expansion of existing tissue without
addition of new cells (Lyall 1957; Van houcke et al.
2019). Indeed, during the process of stretching, the
intercellular space can increase, leading to a reduction
of cell density in the stretched tissue (Johns 1981). As
nicely illustrated by Van Houcke et al. (2019), reti-
nal tissue stretching can either occur along the axis
perpendicular to the retinal layers, leading to thicken-
ing of the layers, and/or along the radial plane of the
retina, resulting in the increase of the retinal area and
subsequent thinning of the layers (Van houcke et al.
2019). One other way of tissue stretching, in which
the distance between cell centroids increases but the
extracellular spacing remains unaffected, is cell size
enlargement (Sands et al. 1979; Dobbing and Sands
1985). Indeed, it is known that tissues and organs in
the post-embryonic stage not only develop via cell
addition but also through cell growth, thus cell size
expansion (Sands et al. 1979; Dobbing and Sands
1985).
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The explosive growth of killifish tissues might
complicate morphological cell counting, especially
when comparing fish at various ages or during differ-
ent growth phases. A recent study reported neuronal
loss in the old killifish brain (Matsui et al. 2019).
However, the fact that its CNS is an ever-enlarging
organ—regulated by both cell addition and potentially
stretching—complicates studying these neurodegen-
erative events. Indeed, Bagnoli et al. (2022) recently
challenged the previously reported loss of both dopa-
minergic (~25%) and noradrenergic (~75%) neu-
rons in the posterior tuberculum (homologue for the
mammalian substantia nigra) and locus coeruleus,
respectively (Matsui et al. 2019; Bagnoli et al. 2022).
While Matsui et al. (2019) evaluated the number of
these tyrosine hydroxylase (TH) immunolabeled neu-
rons using thick brain sections, Bagnoli et al. (2022)
studied the TH positive cell densities in whole cleared
brains. They observed a significantly lower percent-
age of cell loss or even the absence of it in certain
brain regions (Bagnoli et al. 2022). We recently also
reported a decline in dopaminergic cell number in
the aged killifish retina upon analysis on retinal sec-
tions (Vanhunsel et al. 2021). Within this study, and
using a tissue-wide cell counting method, we could
no longer confirm this degenerative phenotype. As
it is not known how the killifish retina exactly grows
throughout life, we next characterised how retinal
expansion evolves during ageing and more specifi-
cally elaborated on the interplay between cell addi-
tion and tissue stretching during adult tissue growth.

Material and methods
Fish husbandry

In this study we only used adult female killifish of
the Nothobranchius furzeri GRZ-AD inbred strain,
as male and female fish of the same age differ tre-
mendously in size, thereby increasing inter-condition
variation. Based on in-house lifespan experiments,
four adult age groups were defined and used in all
experiments, i.e., young adult (6 weeks, w), middle-
aged (12 w), old (18 w) and very old (24 w) fish (Van
houcke et al. 2021). Fish were fed twice a day with
brine shrimp (Artemia salina nauplii, Ocean Nutri-
tion) during the first two weeks post hatching and
then with both brine shrimp and Chironomidae larvae

until the age of 5 w. During the later life phases (>5
w), fish were only fed with Chironomidae larvae
twice a day. Fish were maintained in small (1 L) tanks
with a daily water renewal of 50% for the first week,
after which they were reared under standardised con-
ditions (temperature 28,3 °C; conductivity 600 puS,
pH 7; 12 h light/dark cycle; water renewal 15%) in 3,5
L ZebTec tanks (Techniplast). When the fish reached
sexual maturity, they were housed in tanks contain-
ing three females and one male, until the age of 12
w, when males were removed due to overdominance.
A detailed overview of the housing conditions can be
found in supplementary table 1. All animal experi-
ments were approved by the Animal Ethics Com-
mittee of the KU Leuven, which strictly follows the
European Communities Council Directive 2010/63/
EU.

Animal experiments and tissue processing for
histological analysis

BrdU pulse-chase

To label new born cells originating from the retinal
neurogenic zone, fish were intraperitoneally injected
(pulse) with 5-Bromo-2’-deoxyuridine (BrdU, Merck-
Aldrich) using a 10 uL Hamilton syringe connected
to a 30 gauge needle, all as previously described
(Vanhunsel et al. 2021). Briefly, fish were anaesthe-
tized by placing them in tank water containing 0.03%
tris buffered tricaine (Merck) and intraperitoneally
injected with BrdU solution (8 pg/g body weight).
Two injections were performed with a 4 h interval. At
21 days post intraperitoneal injection (dpIP), animals
were euthanized, perfused and eyes were collected
(chase).

Retrograde biocytin tracing

As there are no antibodies available to label killifish
RGCs, we used a retrograde tracing to efficiently and
truthfully label retinal ganglion cells (RGCs) (Van-
hunsel et al. 2022). Briefly, fish were anaesthetized as
described above and positioned on their side under a
stereomicroscope. The dermal layer of the cornea was
cut and the eye was lifted out of its orbit. Next, the
optic nerve was transected at a distance of 0.5 mm
from the optic nerve head (ONH) and a wad contain-
ing the biocytin (Sigma-Aldric) tracer was placed on
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the proximal end of the nerve. Fish were revived for
3 h, allowing passive transport of biocytin through
the RGC axons to their cell bodies in the retina. Fol-
lowing tracing, fish were euthanised, perfused and
eyes were collected.

Body size measurement, eye collection and tissue
processing

Fish were euthanized using 0.1% tris-buffered tricaine
and their body size (length; head to tail) was deter-
mined using callipers before performing intracar-
dial perfusion with phosphate buffered saline (PBS,
0.01 M, pH 7.4) and 4% paraformaldehyde (PFA, in
PBS, Merck-Aldrich), all as described (Marién et al.
2022). Eyes were collected and post-fixed for 1 h in
4% PFA at room temperature (RT) and subsequently
rinsed three times in PBS. Depending on the follow-
up procedure, eyes were either incubated in increas-
ing sucrose solutions (10, 20 & 30% in PBS, Merck)
and embedded in 1.25% agarose and 30% sucrose in
PBS for cryosectioning, or retinas were dissected and
fixed for 1 h in 4% PFA at RT, rinsed three times in
PBS and stored in storage buffer (0.4% NaN, in PBS)
until further use. 10 um sagittal cryosections were cut
using a NX70 cryostat (Epredia), serially collected on
eight SuperFrost Plus Adhesion Slides (Epredia) per
eye and stored at -20 °C until further use. In all cases
retinal orientation (dorsal, ventral, nasal and tempo-
ral) was taken into account.

Immunohistochemical stainings
BrdU visualization

New born cells were visualised by staining for BrdU
(rat anti-BrdU, Sigma AB6326). Briefly, retinal cryo-
sections of BrdU treated fish were initially dried at
37 °C and hydrated in distilled water (aqua destil-
lata, AD). Next, double-stranded DNA breaks were
induced by 30 min incubation in 2 M HCI at 37 °C
after which HCl was neutralised by rinsing in 0.1 M
sodium borate. Aspecific binding sites were blocked
with pre-immune donkey serum before overnight
incubation with the primary antibody at RT. Primary
antibody was visualized using an Alexa-594 conju-
gated goat anti-rat secondary antibody and sections
were mounted with Mowiol®. Detailed information
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concerning primary and secondary antibodies is
reported in supplementary table 2.

Biocytin visualization

Retinal cryosections were dried at 37 °C to increase
adhesion, after which they were hydrated in AD.
Biocytin was visualised using an Alexa 488-coupled
streptavidin (1:200, ThermoFisher). Finally, nuclei
were stained using 4’,6-diamidino-2-phenylindole
(DAPI, 1:1000 in PBS, ThermoFisher Scientific) and
sections were mounted with Mowiol®.

Retinal whole-mounts (WMs) were initially per-
meabilized via a freeze-thaw step in 0.5% Triton-
X-100 in PBS (PBST) at —80 °C for 15 min. Next,
biocytin was visualised using an Alexa 488-coupled
streptavidin (1:100) and nuclei were stained using
DAPI as described above.

Immunolabeling of amacrine cell types

To evaluate age-dependent cell loss in the INL,
immunohistochemical stainings for tyrosine hydroxy-
lase (TH; rabbit anti-TH, Millipore AB152) and cho-
line acetyltransferase (Chat, goat anti-Chat, Millipore
AB144P) were performed on retinal cryosections and
WDMs.

Retinal cryosections were initially dried and subse-
quently hydrated as described above. Prior to block-
ing with donkey pre-immune serum, an acid antigen
retrieval was performed on samples that were stained
for Chat. Primary antibodies were incubated over-
night at RT and visualised using Alexa conjugated
secondary antibodies (ThermoFisher). Nuclei were
visualised using DAPI.

Retinal WMs were initially permeabilized by a
freeze—thaw step in 0.5% PBST. Next, an acid antigen
retrieval was performed on the samples stained for
Chat just prior to blocking with pre-immune donkey
serum. TH primary antibody was incubated overnight
at RT while Chat primary antibody was incubated
for four consecutive days at 4 °C. Finally, primary
antibodies were visualised using Alexa conjugated
secondary antibodies and nuclei were stained using
DAPI.

A detailed overview of the used primary and sec-
ondary antibodies is provided in supplementary
table 2.
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Imaging of (immuno)stained WMs and sections

Entire retinal WMs as well as complete retinal cryo-
sections were imaged with a wide-field epifluores-
cence microscope (Leica DM6, 20x/0.40 objective)
to study BrdU, Biocytin, TH, and Chat positive cell
numbers. Per eye, three sections equally spaced
on both sides of the midsagittal section containing
the optic nerve head (ONH), were imaged for fur-
ther analysis (max. 240 pm from the ONH), thereby
equally representing both the nasal/temporal and dor-
sal/ventral retina.

To measure the distance between single cone
nuclei, the ONL of retinal WMs was imaged based
on DAPI signal. Per retinal WM, 12 confocal images
were taken using an Olympus FV1000 microscope
(Olympus, 60x/1.35 objective), namely three frames
(central, C; middle, M and peripheral, P) per retinal
quadrant. A schematic overview of how the three
frames were sampled is depicted in Figure S3b.

Morphometric analyses
Manual cell measurements

At 21 dpIP injection, BrdU positive cells that were
generated by the CMZ and added to the different reti-
nal layers were counted on retinal cryosections using
ImagelJ in a layer specific way (Figure S1). Six sec-
tions per eye were analysed, equally representing
both the nasal and temporal retina. To obtain the total
number of added cells per section, the BrdU positive
cell number—counted on the dorsal and ventral sides
of the retina (both present within one retinal cryosec-
tion)—were summed. The total number of newly born
cells per retina was calculated by summing the total
number of added cells. Next, the average number of
BrdU positive cells was calculated per fish (n=6-7).
Similar analyses were done separately for the three
retinal layers (ONL, INL, GCL).

TH and Chat positive cells were manually counted
on cryosections over the entire length of the INL
using Image]. Cell counts were performed on six
sections per eye and subsequently averaged per fish
(n=10 for TH; n=6 for Chat).

Cell size of TH positive neurons in the INL was
studied on predefined areas of retinal WMs stained
for TH. Briefly, frames were sampled from retinal
WDMs at a distance of 160, 745 and 1315 pum from the

optic nerve head, representing the C, M and P frames
for each retinal quadrant, respectively. Per frame, the
area of ten TH positive cells was measured using
ImagelJ. Next, the diameter of each cell soma, which
was approximated to a circle, was calculated and
averaged per frame. Overall, TH positive cell size was
evaluated by calculating the average diameter per fish
(n=6).

Automated cell counting—training, testing and using
deep learning counting models

The tissue-wide automated counting models, per-
formed on retinal WMs for all analysed cell types,
were repurposed via transfer-learning from RGCode
(Masin et al. 2021), and trained following the pub-
lished pipeline with minor adaptations. Briefly,
frames were sampled as described above. The num-
ber of frames per dataset and their sizes are reported
in supplementary table 3. Ground-truth counts were
provided by three independent expert counters. Train-
ing frames were equally divided across the three man-
ual counters, while the testing frames were counted
in triplicate by all. For transfer learning, the weights
of the original RGCode U-Net (Ronneberger et al.
2015) were loaded before starting the training, which
was executed until the training loss function reached
plateau. The performance of the models was vali-
dated on the testing dataset via linear regression and
Bland—Altman bias analysis (Figure S2). The slope,
coefficient of determination, and bias comparable to
the inter-counter values were deemed satisfactory.

Cell counts on retinal WMs were performed by
running RGCode with the newly trained models for
biocytin, TH and Chat, leading to a total cell number
per retinal WM. Next, the average number of counted
cells was determined per fish (n=6-10 for biocytin;
n=6-10 for TH; n=6-9 for Chat).

Analysis of retinal area—growth rate—and its
correlation with body size

Retinal area was measured by manually delineating
DAPI stained WMs using Imagel. Next, the retinal
growth rate was determined by the formula stated
below. t2 and tl represent two consecutive ages, with
t2 representing the older age group. Of note, when
the growth rate was determined for 6 w old fish, reti-
nal area (t1) and t1 were considered being zero. This

@ Springer



408

Biogerontology (2023) 24:403—419

analysis yielded the growth rate, expressed in mm?

per week (n=11-15).

growthrate (t2)
__ retinal area (t2) — average retinal area (t1)
B 2 —tl

The correlation (Pearson coefficient, r) between
retinal area and body length was calculated using the
build-in correlation analysis method of GraphadPrism
version 9.4.

Analysis of tissue stretching

To evaluate to which extent the retina grows by tissue
stretching, the nearest neighbour distance (NND) was
calculated using a Python script. The coordinates of
all cells centroids per retinal WM were exported from
RGCode (Masin et al. 2021). The ONH was manu-
ally annotated on every retina using ImageJ. The dis-
tance of the five nearest neighbours was calculated
for every cell using the KDTree function (k=J5) of
the library scikit-learn (version 0.22.1). A schematic
representation of the NND measurement is shown in
supplementary Figure S3a. Moreover, the Euclidean
distance between every cell and the optic nerve head
was calculated using the cdist function of the library
scipy (version 1.7.3) and rounded to the nearest tenth
of a millimetre. The average NND was calculated per
fish (n=4-9).

The distance between single cones was studied
based on a concept described in the trout retina by
Lyall (1957) as an additional measurement for tis-
sue stretching (Lyall 1957). Distances between four
independent single cone nuclei pairs were meas-
ured on preselected frames of DAPI stained WMs
as described above. A schematic representation is
depicted in supplementary Figure S3b. Distances
between single cone pairs were only measured when
the stereotypic cone pattern was fully intact. Next, the
average distance was calculated for each region (C,
M, or P) and per WM to evaluate radial and overall
stretching per fish (n=7).

The change in retinal stretching, either in the INL
or ONL, between two age groups was determined
using the formula stated below. t2 and tl represent
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two consecutive ages, with t2 representing the older
age group.
% stretching (between t1 & 12)

tretching dist 12
_ stretching .lS an.ce ~1) %100
average stretching distance t1

Cell size analysis of retinal cell suspensions

To analyse overall cell size in the killifish retina,
a single cell suspension was made. Briefly, fish
were euthanized using 0.1% tris-buffer tricaine
after which the dermal and scleral layer of the cor-
nea were removed, thereby exposing the retina. Of
note, while removing the dermal and scleral layer
of the cornea, the eye remained in its socket. Next,
using sterile PBS, the retinal pigment epithelium
was flushed off and both left and right retina were
collected in Lebovitz 15 (L15) medium supple-
mented with 2% Penicillin—Streptomycin (Ther-
moFisher Scientific), 0,5% Gentamycin (Merck),
2% heat-inactivated Fetal Bovin Serum (Ther-
moFisher Scientific), 1% Glutamax (ThermoFisher
Scientific), 2% MEM Essential Amino Acids (Ther-
moFisher Scientific), 2% B27 (ThermoFisher Scien-
tific), 25 mM D-Glucose (Merck), 25 mM HEPES
(ThermoFisher Scientific) and brought to pH 7.4
(referred to as complete L15, from now). Next,
retinas were rinsed three times with complete L15.
Sterile activated papain (Antonides) and DNase
(ThermoFisher Scientific) were added to the reti-
nas at a final concentration of 16 U/mL and 4.5 U/
mL, respectively. Retinas were digested for 30 min
at 28 °C, after which they were washed three times
with complete L15 complemented with DNase to a
final concentration of 4.5 U/mL. Single cell disso-
ciation was accomplished through mechanical tritu-
ration in complete L15. Cell clumps were removed
using a 40 um cell strainer (PluriSelect). Cell sus-
pensions were diluted 1:2 with complete L15 to
meet cell concentration ranges of the Luna Auto-
mated Cell Counter (BioCat). For each fish, cell
viability and average cell size were assessed using
acridine orange (ThermoFisher Scientific) and the
LUNA Automated Cell counter (n=9-10). The
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overall cell survival, cell concentration and cell size
are reported in supplementary table 4.

The change in cell size between two age groups
(either for the TH + soma diameter or the total reti-
nal cell suspension) was calculated in a similar man-
ner as the “% tissue stretching change” (described
above). Here, cell sizes were used instead of stretch-
ing distances.

Statistical analysis

All graphs show the individual values and report the
mean =+ standard error of mean (SEM). Each graph
includes the number of animals used per condition
(biological replicates), as indicated by the value n.
Statistical analyses were performed using GraphPad
Prism version 9.4. All raw data passed the Shapiro-
Wilko normality test and were tested for parallel
equal variance using the Brown-Forsythe test, and
found to meet all assumptions in all cases. Significant
intergroup differences (p < 0.05) were evaluated using
an ordinary One-Way ANOVA or Two-Way ANOVA
followed by the Tukey’s multiple comparison, and are
indicated on the graphs with a different letter. Hence,
age groups with a different letter are significantly dif-
ferent from one another while age groups with the
same letter do not significantly differ. Additionally, an
overview of all p-values is reported in supplementary
table 5.

Results

All results were obtained using young adult (6 w),
middle-aged (12 w), old (18 w) and very old (24 w)
female fish of the GRZ-AD Kkillifish inbred strain.

Cell density is artefactually decreased in spatially
pre-sampled screenings vs tissue-wide analyses

Considering earlier findings by Matsui et al. (2019)
and Bagnoli et al. (2022) that revealed a different
cell density in the killifish brain upon 2D (thick brain
sections) or 3D tissue-wide (whole cleared brains)
analysis (Matsui et al. 2019; Bagnoli et al. 2022), we
first compared how spatially pre-sampled 2D analy-
sis on retinal sections correlates to tissue-wide analy-
sis on retinal WMs. Thereto, cell densities of RGCs,
dopaminergic and cholinergic amacrine cells were

evaluated on retinal cryosections and WMs, stained
for biocytin (after retrograde tracing), TH and Chat,
respectively. Analysis on retinal cryosections showed
a significant increase in the numbers of both biocytin
positive RGCs in the GCL (Fig. 1a), and TH (Fig. 1b)
and Chat (Fig. 1c) immunopositive cells in the INL
between 6 and 12 w old fish, which can be attributed
to retinal growth. Interestingly, the number of biocy-
tin positive RGCs kept on increasing until the age of
18 w, followed by a significant decrease at 24 w. The
number of TH and Chat positive cells already stabi-
lised from 18 w of age and were significantly lower
during the later life stages as compared to 12 w old
fish (Vanhunsel et al. 2021). However, using a well-
validated automated tissue-wide analysis method on
retinal WMs (Masin et al. 2021), the degenerative
phenotype could no longer be observed. Indeed, cell
number of all studied cell types—being RGCs in the
GCL (Fig. 1d), dopaminergic (Fig. le) and choliner-
gic (Fig. 1f) amacrine cells in the INL—continued
to increase until reaching a plateau between 18 and
24 w. Interestingly, the addition rate clearly declined
with increasing age for both amacrine populations
located in the INL. Altogether, these data clearly
show that tissue-wide counting methods are needed
to faithfully map cell numbers in the ageing killifish
retina and highlight the need to further explore how
the retina grows.

The killifish retina keeps on growing throughout life

To evaluate the growth rate of the retina throughout
life, we measured the area of retinal WMs from the
four different age groups. Scaled images (Fig. 2a) and
area analysis (Fig. 2b) revealed that the retinal area
clearly expands tremendously between 6 and 12 w old
fish (58.29% + 8.38%) and keeps on growing through-
out life. Interestingly, there is a high correlation
(r=0.9132) between retinal area and body length,
suggesting a proportional growth. However, although
the retina is ever-expanding, the growth rate gradually
attenuated with age (12 and 18 w, 21.03% +7.11%;
18 and 24 w, 8.37%+8.36%), highlighting that the
older retina loses it exponential growth potential
(Fig. 2c). Indeed, while the exponential growth phase
of the Kkillifish retina was clearly confined to the early
phase (6 w) of adulthood, the retina steadily kept on
growing significantly throughout life and its size did
not plateau in the studied age window. These findings
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Fig. 1 Cell density artifactually decreases in spatially pre-
sampled screenings vs tissue-wide analyses. a—c Cell counts
for RGCs (a), dopaminergic (b) and cholinergic (c¢) amacrines
on retinal cryosections of killifish revealed an initial significant
increase in cell numbers, followed by a decrease upon ageing.
d-f A tissue-wide analysis method on retinal whole-mounts
(WM) did not confirm this growth-degeneration pattern for any
of the three cell types. Here, the cell numbers kept on increas-
ing, although addition rates declined with age. All data are
presented as mean =+ standard error of mean. Statistical differ-

raise the question: what is the actual driver of retinal
growth during the different phases of life?

Cell addition in the retina decreases with age

The CMZ, the main neurogenic region of the retina
located at its periphery, is known to generate retinal
neurons throughout life (Wan et al. 2016). To assess
how the CMZ, hence cellular addition, contributes
to the rapidly expanding retina of the killifish, BrdU
pulse-chase experiments were performed (Figure S1).
The total number of BrdU positive cells labelled after
the BrdU chase was high at young adult age, and sig-
nificantly decreased upon ageing, stabilising to a very
low cell addition rate at 18 and 24 w (27.49+5.38%
and 18.77 £3.32% of the addition rate at 6 w, respec-
tively) across all retinal layers (total retina, Fig. 3a).
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ences between the age groups are depicted using a different
letter and corresponding p-values are reported in supplemen-
tary table 5. The number of biological replicates is indicated
underneath every condition by the letter n. Of note, cell counts
of dopaminergic amacrines on retinal cryosections, shown in
panel b, was previous published by Vanhunsel et al. (2021).
Chat choline acetyltransferase, GCL ganglion cell layer, INL
inner nuclear layer, RGCs retinal ganglion cells, TH tyrosine
hydroxylase, w weeks, WMs Whole-mounts

Cell addition levels, measured in a retinal layer-spe-
cific way for all age groups, followed a similar pattern
across all layers and are almost equally affected by
age. In addition, the ratio of new cells added per reti-
nal layer was found to reflect the relative abundance
of cells across the different retinal layers, independ-
ent of age (Fig. 3b—d), all as previously described for
other fish species (Marcucci et al. 2016; Fernandez-
Nogales et al. 2019). Our results also affirmed the
previously reported decline in neurogenic potential
of the killifish CMZ (Vanhunsel et al. 2021). Next,
when comparing cell addition with retinal area at the
four ages, an inverse correlation could be observed
for the total retina (Fig. 4a), as well as for the differ-
ent retinal layers (Fig. 4b—d). Indeed, although the
retinal area continued to increase throughout life, cell
addition levels reduced very prominently from 6 w of
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Fig. 2 The killifish retina keeps on growing throughout life. a
Representative images of retinal WMs clearly showed that the
killifish retina continues to grow throughout life. b The retinal
area of 6, 12, 18 and 24 w old fish significantly increased in
all age groups. ¢ The retinal growth rate, a measure to study
growth in time, significantly decreased in all age-groups.
Hence, retinal expansion occurred throughout life with an
exponential growth phase in early adulthood that significantly
reduced at older age. d A high correlation (r=0.9132) can be
observed between the retinal area (mm?) and the body length

age on. Interestingly, the point of intersection of both
retinal area and cellular addition occurred early on in
adulthood, i.e., between 6 and 12 w of age. Addition-
ally, a clear positive correlation between cell addi-
tion and retinal growth (for all retinal layers) could
be observed, as both declined with age (Figure S4).
All in all, these findings suggest that next to cellular

n=13 n=11 n=13 n=15
Age (weeks)
1.5
a
1.0 2020
b
.II C
0.5 L " d
[ ] Yev
v

T T T T
6 12 18 24

Retinal growth rate (mm?/week)

% Ag A
A A% '_H:V'_
0.0+ vy
v
0.5 T T T T
6 12 18 24

n=13 n=11 n=13 n=15
Age (weeks)

(cm) of the killifish. All data are presented as mean + standard
error of mean. Statistical differences between the age groups
are depicted with a different letter and corresponding p-values
are reported in supplementary table 5. The number of biologi-
cal replicates is indicated underneath every condition by the
letter n. Of note, the retinal growth rate, shown in panel ¢, was
previous published by Vanhunsel et al. (2021), here, sample
size is increased (Vanhunsel et al. 2021). C caudal, N nasal, T
temporal, V ventral, w weeks, WMs whole-mounts

addition another mechanism must underlie the con-
tinuous growth of the retina at older age.

Tissue stretching is the main driver of retinal growth
at old age

Stretching in the plane perpendicular to the retinal
layers, or in other words retinal thickening, was
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Fig. 3 Cell addition in the retina decreases upon ageing in
all retinal layers. a Counting of BrdU positive cells within the
retinal layers at 21 days after the initial BrdU pulse, revealed
a significant reduction in the addition of new born neurons
with ageing that stabilized at 18 w with a very low addition
rate. b—-d When focussing on the specific retinal cell layers,
being the GCL (b), INL (¢) and ONL (d), a comparable pat-
tern could be observed. Interestingly, the number of added
neurons seemed to correspond with the relative abundance of
neurons across the different layers. All data are presented as

already investigated by Vanhunsel et al. (2021),
who disclosed no thickening of the retinal layers,
but rather thinning of the GCL, INL and ONL with
advancing age (Vanhunsel et al. 2021). These find-
ings could be an indication of either loss of cell/
synaptic complexity and/or stretching in the radial
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mean +standard error of mean. Statistical differences between
the age groups are depicted using a different letter and corre-
sponding p-values are reported in supplementary table 5. The
number of biological replicates is indicated underneath every
condition by the letter n. BrdU 5-Bromo-2’-deoxyuridine, GCL
ganglion cell layer, INL inner nuclear layer, ONL outer nuclear
layer, w weeks. Of note, earlier reported BrdU stained images
by Vanhunsel et al. (2021) were re-analysed and sample size
was increased (Vanhunsel et al. 2021)

plane of the retina. Therefore, we further elabo-
rated on retinal stretching along this radial axis,
which relates to an increase in intercellular space,
generally measured as the distance between cell
centroids.
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Fig. 4 The inverse correlation between cell addition and reti-
nal area in the fast-growing killifish indicates that addition is
not the main driver of retinal growth at old age. a—d Plotting
both cell addition and retinal area in one graph revealed a point
of intersection between 6 and 12 w old fish for the total retina
(a), as well as for the GCL (b), INL (c¢) and ONL (d) sepa-
rately. These data show that in the early phase of adulthood

Tissue stretching was investigated in the INL
by determining the nearest neighbour distance
(NND) between TH positive cells on retinal WMs
(Fig S3a). While we are aware that potential cell
losses could not be excluded using this approach,
we sought to minimize their effect by averaging the
distance of five neighbours (K=35). Our analysis
disclosed a very significant increase in the NND of
TH positive cells, and thus in INL tissue stretching
between 6 and 18 w old fish after which it stabi-
lized (Fig. 5a). An interesting observation was that
at the retinal periphery, proximal to the CMZ, the
NND of TH positive cells was lowest in young adult
(6 w old) fish, indicating that there is a dramatic

cell addition is the main driver regulating growth but at older
age (from 12 w onwards) another mechanism is at play to sup-
port retinal expansion. All data are presented as mean = stand-
ard error of mean. BrdU 5-Bromo-2’-deoxyuridine, GCL gan-
glion cell layer, INL inner nuclear layer, ONL outer nuclear
layer, w weeks

post-developmental growth of the retina driven
by cellular addition early in the killifish lifespan
(Fig. 5b). On the other hand, in fish older than 12
w, intercellular distance was highest at the periph-
ery, suggesting that cellular addition was not able to
keep up with retinal enlargement, which thus seems
mainly supported by tissue stretching at older ages.
Interestingly, at older ages, the intercellular dis-
tance increased across the complete retinal radius,
including the central retina, which contains cells
born prior to the occurrence of extensive stretching.
This means that stretching affects the retina along
the complete radial component and not only at the
periphery.
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Fig. 5 Tissue stretching is the main driver of retinal growth
at old age. a,b Analysis of the NND in retinal wholemounts
immunostained for TH, revealed that the NND of the dopamin-
ergic amacrines in the INL significantly increased upon ageing,
plateauing at 18 w (a). b Interestingly, plotting the NND across
the radial distance from the ONH disclosed a clear difference
between young adult fish and the older ones. In young adults,
the NND was found to be lowest and to decline from the cen-
tral towards the peripheral retina. As the latter lies close to the
neurogenic niche, this data suggest that retinal growth at this
age is fully supported by cell addition. The older age groups
showed an increasing NND across the retinal radius, which
indicated that tissue stretching was the main driver of retinal
expansion in older fish ¢ The distance between independent
single cone pairs was studied using DAPI labelling in the ONL

As the stretching process might not be isometric
perpendicularly to the retinal layers, meaning that
the inner layers with a smaller radius might stretch
less than the outer layers with a bigger radius, we
also investigated the extent of tissue stretching in the
ONL. Here, patterning of the photoreceptors, and
more specifically of the cones, conveniently allowed
to measure the distance between specific cones, also
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and this revealed a significant increase in inter-single cone dis-
tance, that also stabilised at 18 w. d Tissue stretching in the
INL seemed to be most pronounced between 6 and 12 w old
fish (not significant) while for the ONL the biggest difference
in the extent of stretching was observed between 12 and 18 w,
data that highlights that stretching is not isometric and thus
that different layers stretch in a different way. All data are pre-
sented as mean =+ standard error of mean. Statistical differences
between different age groups are depicted using a different let-
ter and corresponding p-values are reported in supplementary
table 5. The number of biological replicates is indicated under-
neath every condition by the letter n. p-values are reported in
supplementary table. INL inner nuclear layer, K number of
neighbours, NND nearest neighbour distance, ONH optic nerve
head, TH tyrosine hydroxylase, w weeks

as previously described for the trout and zebrafish
retina (Lyall 1957; Van houcke et al. 2019). Notably,
analysis of this very stereotyped cone receptor pat-
terning enabled us to exclude increased intercellular
space due to potential neurodegeneration, a parameter
that, although minimised, could not be fully excluded
while measuring NND of TH positive cells in the
INL. As expected, the distance between single cones
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pairs significantly augmented with advancing age
(Fig. 5¢).

Additionally, when comparing the extent of
stretching (%) in the INL and ONL, it could be
clearly deducted that stretching is not homoge-
nous across all ages. While stretching seemed most
prominent between 6 and 12 w old fish in the INL
(9.63 £ 1.90%)—although not significant—, in the
ONL it was most pronounced in fish between 12 and
18 w (22.67+4.23%, p-value<0.0001) (Fig. 5d).
Moreover, the increase in intercellular distance
caused by tissue stretching persisted at very old life
stages (24 w) for the ONL (Fig. 5c), whereas in the
INL, it reached a plateau at 18 w (Fig. 5a). Alto-
gether, our data disclose that although cell addition
across the different retinal layers follows a similar
trend, this is not the case for tissue stretching. All in
all, it can be concluded that tissue stretching is high-
est in young and middle-aged fish (between 6 and 18
w old) when cell addition is lowest, with a clear inner
to outer stretching gradient. Hence, tissue stretching
is the main driver of tissue growth at later life stages.

Cell size is one of the players underlying stretching

One aspect of cellular stretching that is often over-
looked is the increase in cell size itself. Here, we
evaluated both the average cell soma diameter of the
TH positive cells in the INL as well as the cellular
diameter of all retinal cells. Analysis in retinal WMs
revealed a significant increase in the TH positive cell
soma diameter, which stabilised in fish from 18 w
(Fig. 6a). The overall trend of cell size increase was
also observed when analysing cell size of all retinal
cells using the LUNA Automated cell counter. Reti-
nal cells significantly increased in size between 12
and 18 w old fish, after which this plateaued (Fig. 6b).
Of note, while the dopaminergic amacrine cells in the
INL seemed to expand most prominently during the
early phases of life (5.76 +1.74%), the overall reti-
nal cell size increase seemed to be at its maximum at
mid-adulthood (8.39 +4,9%), although not significant
(Fig. 6¢). Overall, these findings disclose that cell
size enlargement is an important contributor to tissue
stretching, which is the main driver of retinal growth
during the later stages of the killifish lifespan.

Discussion

Being the first model organism to display physi-
ological neurodegeneration at old age, the African
turquoise killifish harbours a tremendous potential
to revolutionize the field of neurodegenerative and
ageing research. Indeed, many findings showing the
age-dependent deterioration of the nervous system—
such as the accumulation of several ageing hallmarks
in the visual system (Vanhunsel et al. 2021), the
presence of neurofibrillary tangles (Valenzano et al.
2006) and lipofuscin accumulation (Terzibasi et al.
2008)—potentially leading to the loss of cognitive,
motor and sensory functions have steered the commu-
nity to further explore the degenerative phenotype in
the fast-ageing killifish (Valenzano et al. 2006; Ter-
zibasi et al. 2008; Vanhunsel et al. 2021). In the last
lustrum, Parkinsonian-like pathology was reported
by two independent research groups both showing
the aggregation and accumulation of o-synuclein,
the main culprit in Parkinson’s disease (Matsui et al.
2019; Bagnoli et al. 2022). However, the investiga-
tion of cell loss upon ageing, potentially caused by
a-synuclein pathology, resulted in contrasting evi-
dence. While Matsui et al. (2019) reported loss of
dopaminergic and noradrenergic neurons, Bagnoli
et al. (2022) only noticed loss of noradrenergic neu-
rons, and to a much lesser extent (Matsui et al. 2019;
Bagnoli et al. 2022). The major difference between
these two studies was the method of morphological
analysis. While Matsui et al. (2019) used thick sagit-
tal brain sections, Bagnoli et al. (2022) analysed fully
cleared brains, thereby excluding the effects of tis-
sue growth on cell density (Matsui et al. 2019; Bag-
noli et al. 2022). Their contrasting findings could be
explained by the fact that analysis on sections does
not consider the tissue expansion perpendicular to the
sectioning plane, thereby artefactually increasing cell
loss in stretched tissues. Anyhow, these observations
suggest that section-confined cell density analysis
does not correlate with tissue-wide analysis methods.

While studying how age affects the visual system
of the killifish, we also focussed on the degeneration
of dopaminergic amacrine cells in the aged retina.
Using sagittal sections of the retina we observed an
initial increase in cell number between 6 and 12 w
old fish that afterwards decreased and eventually sta-
bilised at 18 w, a finding that we initially interpreted
as the occurrence of neurodegeneration in the retina

@ Springer



416

Biogerontology (2023) 24:403—419

INNER NUCLEAR LAYER

TOTAL RETINA(L SUSPENSION)

d 5.0+
S
c
[]
S A bc
2 E 45 b
H 3 a mE A A
52 g
88 ,,] =
+ U7
gx
E'_
0\0—
S o
< 354
3
°T N B
1 1 1 1
6 12 18 24
n=6 n=6 n=6 n=6
Age (weeks)
CHANGE IN CELL SIZE
g 30—.
[ ]
e ab v
ﬁ 20 v abc
o abc v
= vYyv
8 104 °
£ I
[ 4
3 1 ac
g o4k, T R VT I 1y Dy
5 aad v
v
v
-10 1 1 1
6 - 12 weeks 12 -18 weeks 18 - 24 weeks
Age window

Fig. 6 Cell size increment is one of the processes underlying
tissue stretching. a Morphological analysis of cell size on reti-
nal whole mounts, immunostained for TH, disclosed a signifi-
cant increase in amacrine soma size that reached a plateau in
18 w old fish. b Assessing cell size in total retinal cell suspen-
sions using a LUNA Automated Cell Counter revealed a simi-
lar pattern although a significant increase in overall cell size
was only observed between 12 and 18 w old fish, after which it
stabilized. ¢ Although a trend could be observed for changes in
cell size (% of cell size expansion between two age groups) for

(Vanhunsel et al. 2021). Within this study, we now
clearly disclosed that the method of analysis is crucial
when evaluating cell number. Indeed, using a tissue
wide analysis, we observed that cell number keeps
on increasing for several cell types in the inner retina
throughout life, reaching a plateau at 18 w of age.
These findings indicate that pre-sampled screenings
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both the TH positive cells in the INL and the total retinal cells,
no significant differences could be detected, indicating that cell
size changes evolve similarly over life time. All data are pre-
sented as mean =+ standard error of mean. Statistical differences
between different age groups are depicted using a different let-
ter and corresponding p-values are reported in supplementary
table 5. The number of biological replicates is indicated under-
neath every condition by the letter n. TH tyrosine hydroxylase,
w weeks

are not able to recapitulate the biological processes
that are ongoing throughout the entire tissue. There-
fore, tissue-wide counting methods should become
the golden standard in fast-growing tissues/organs/
organisms, in order to faithfully map cell numbers
and thus possible neuronal loss.
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We then also further invested in unravelling how
the ever-growing retina of the killifish enlarges
throughout life. As expected and in line with findings
in other fish species (trout, goldfish, zebrafish), the
killifish retina keeps on expanding (Lyall 1957; Johns
1977, 1981; Van houcke et al. 2019). Its growth rate,
however, tremendously decreases with age, as was
described for killifish body size as well as zebrafish
body size and retinal area (Van houcke et al. 2019;
Vanhunsel et al. 2021). Of note, these data reflect on
how growth is regulated in captivity and thus might
differ for killifish in their natural habitat as it has been
reported that wild killifish reach sexual maturity,
which is highly correlated with growth, within two
weeks, as compared to approximately five weeks in
captivity (Vrtilek et al. 2018). Indeed, factors such as
food supply (limited in the wild), absence of preda-
tors in captivity, population density (standardized in
captivity) and temperature, impact the growth of wild
versus captive Kkillifish (Cellerino et al. 2016; Vrtilek
et al. 2018). Interestingly, and in contrast to what has
been reported in zebrafish, the exponential growth
phase of killifish is confined to early adulthood while
for zebrafish it is later in life, namely during early to
mid-adulthood (Van houcke et al. 2019). These dif-
ferences in growth regulation between killifish and
zebrafish could possibly be explained by a different
activity of the CMZ between these two teleost spe-
cies. Indeed, in zebrafish, the neurogenic potential of
the CMZ already decreases in early adulthood (from
larvae until 12 months old fish), albeit a substantial
number of neurons is still added to the retina at older
age (Van houcke et al. 2019). The killifish on the
other hand shows an initial hyperactivity of the CMZ,
leading to a very high cellular density in the periph-
eral retina compared to its central part, that supports
the initial exponential retinal growth phase in this
teleost. This high CMZ activity at young age might
then also lead to a depletion and exhaustion of this
neurogenic zone early in life, resulting in the very low
addition rates observed from 12 w onwards (Vanhun-
sel et al. 2021). Interestingly, exhaustion of the neu-
rogenic niches reaches beyond the retina, as the stem
cell zones of the optic tectum (dorsomedial and ven-
trolateral zones) have also been reported to become
depleted/exhausted upon ageing (Vanhunsel et al.
2021). As such, it is clear that the neurogenic potency
is highly affected by age in the entire killifish CNS.

To evaluate how the killifish retina grows in the
later phases of life, we determined tissue stretch-
ing, as also studied for the zebrafish and trout
retina. This phenomenon was investigated using
two different methods. For the INL, the NND was
determined for the dopaminergic amacrine cells
while for the ONL the distance between independ-
ent single cones was assessed. The advantage of
measuring stretching in the ONL is the stereotypic
patterning of the cones, allowing us to exclude the
potential degenerative events. While the analysis of
tissue stretching in the INL is susceptible to poten-
tial neurodegeneration, as there is no stereotyped
patterning of the dopaminergic amacrine cells, we
tried to minimize this effect by studying the NND
between five neighbours. Tissue stretching was
found to be most pronounced during the latter phase
of retinal expansion when cell addition is lowest,
suggesting that retinal growth is mainly supported
by stretching during later life stages. These find-
ings are in line with reports in guppy (Miiller 1952),
carp (Kock and Reuter 1978), trout (Lyall 1957)
and goldfish (Johns 1977), where tissue stretch-
ing accounts for most of the retinal growth dur-
ing adulthood. Interestingly, this is not the case in
zebrafish, where stretching is the main driver during
the early phases of life, while retinal enlargement is
mainly facilitated by cell addition from the neuro-
genic niche(s) at older age (Van houcke et al. 2019).
Notably, our results show that tissue stretching is
not isometric across the different layers, which can
be attributed to the fact that the retinal radius dif-
fers for the different layers. For instance, our data
disclose that stretching peaks in the INL between 6
and 12 w while in the ONL a maximal stretching
can be observed in fish between 12 and 18 w of age.
In contrast to studies in other fish species, we also
investigated how cell size is affected during retinal
growth. Interestingly, for both the dopaminergic
amacrines as well as for the overall retinal cells, cell
size also increases with age, thereby implying it as
an important player within the stretching process.
Of note, a clear difference in absolute cell size can
be observed when comparing total retina cells to the
dopaminergic amacrines. This can be attributed to
both the cell heterogeneity within the total retina,
as well as to the use of a single cell suspension for
analysis which might have caused minor swelling of
the cells.
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In conclusion, our findings demonstrate that retinal
expansion in the killifish is regulated by cell addition
(mainly facilitated by the CMZ) and tissue stretching,
including a role for cell size increment. Moreover,
there is a specific timing for the two different drivers
of retinal growth, being that cell addition initially reg-
ulates the exponential expansion during early adult-
hood while tissue stretching is the main orchestrator
of growth at older age. These findings have impor-
tant implications for neurodegenerative research as
section-confined screening methods will not be able
to fully account for the effects of tissue stretching on
cell densities, especially for organs expanding along
the sectioning plane, leading to an artefactual increase
in observed cell loss. Therefore, we suggest the usage
of 3D tissue-wide screening methods as the golden
standard to evaluate cell numbers in fast-growing tis-
sues, such as the killifish brain and spinal cord.
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