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Age-related changes in photosensitive melanopsin-expressing retinal ganglion
cells correlate with circadian rhythm impairments in sighted and blind rats
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ABSTRACT

The melanopsin system consists of intrinsically photosensitive retinal ganglion cells containing the
photopigment melanopsin (mMRGCs). These mRGCs mediate several non-image-forming visual
functions, including light entrainment of circadian rhythms. Here we evaluate age-related altera-
tions of the melanopsin system and circadian rhythms in P23H line 1 (P23H-1) rats, a rodent model
of retinitis pigmentosa (RP). In homozygous P23H-1 rats and wild-type control rats from the same
genetic background (Sprague-Dawley), body temperature and locomotor activity were continu-
ously monitored at 10-min intervals for 7 days, once every 4-5 weeks, between 2 and 24 months
of age, using a telemetry transmitter. The distribution and number of mMRGCs were assessed in
control rats at 12, 18, and 24 months of age and in P23H-1 rats aged 12, 18, 24, and 30 months by
immunostaining whole-mount retinas with antibodies against melanopsin. The mean density of
mMRGCs in control rats showed no significant variations when evaluated at 12 and 18 months of
age, and fell by approximately 56% between 18 and 24 months of age. Meanwhile, a significant
decrease in the mean number of mRGCs was found in 18-month-old P23H-1 rats as compared to
18-month-old control rats (81% decrease). Parametric and non-parametric analyses of the records
showed a gradual age-dependent weakening of body temperature and locomotor activity circa-
dian rhythms robustness in both control and P23H-1 rats from 2 to 24 months of age. However,
body temperature and locomotor activity circadian patterns were less robust throughout the
experiment in P23H-1 as compared to control rats, with lower amplitude, weaker coupling
strength to environmental zeitgebers and higher fragmentation of the rhythms. The present
study shows that the degeneration of photoreceptors and inner retinal neurons, characteristic
of RP, has age-related degenerative effects on the melanopsin system and is associated with
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weaker circadian patterns.

Introduction

The melanopsin system consists of retinal gang-
lion cells containing the photopigment melanop-
sin (Provencio et al., 2000). This photosensory
brightness-sensing system mediates several non-
image-forming visual functions, including light
entrainment of circadian rhythms and pupillary
responses to light (Lucas et al., 2001; Panda et al,,
2003). In mammals, melanopsin-expressing ret-
inal ganglion cells (mRGCs) are intrinsically
photosensitive and provide direct photic informa-
tion to the suprachiasmatic nuclei (the master
circadian clock) through the retinohypothalamic
tract (Gooley et al., 2001; Hattar et al., 2002).

Although mRGCs do not require synaptic inputs
to generate light-induced signals, they receive
these inputs from bipolar and amacrine cells
(Belenky et al., 2003; Vugler et al., 2015), suggest-
ing that rod and/or cone signals may be capable
of modifying the animal’s intrinsic response to
light. Mice with both outer retinal degeneration
and a deficiency in melanopsin exhibit a complete
loss of both circadian oscillator photoentrainment
and pupillary light responses (Panda et al., 2003).

Circadian rhythm alterations (amplitude damp-
ing, phase shifts, and/or period changes) are com-
mon in aging and pathological processes (Turek
et al., 1995; Zhang et al., 1996). Ocular pathologies
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and blindness in humans are thereby associated
with circadian disorders that depend on the degree
to which light perception is conserved (de Zavalia
et al, 2011; Gonzalez Fleitas et al, 2015;
Lahouaoui et al., 2014; Lockley et al., 2007). The
higher the degree of light perception a subject has,
the more likely their circadian system is to be
entrained with normally phased circadian rhythms
(Skene & Arendt, 2007).

Retinitis pigmentosa (RP) is a heterogeneous
group of retinal degenerative disorders of a poly-
morphic hereditary origin that cause a progressive
loss of retinal function and represent a major
cause of blindness. Approximately 20-25% of
patients with autosomal dominant RP have a
mutation in the rhodopsin gene, one of the most
common rhodopsin mutations being the P23H,
which accounts for approximately one-third of
such cases in the USA (Dryja et al., 2000). P23H
transgenic albino rats suffer from a progressive rod
degeneration initially associated with normal cone
function, which is consistent with the clinical find-
ings in P23H patients (Cuenca et al., 2004;
Machida et al., 2000; Pinilla et al., 2005). The loss
of photoreceptors is accompanied by degenerative
changes in the inner retina (Cuenca et al.,, 2014;
Cuenca et al,, 2004; Marc et al., 2003; Puthussery
& Taylor, 2010) and a substantial degeneration of
retinal ganglion cells (Garcia-Ayuso et al., 2010;
Kolomiets et al., 2010). In previous studies on
P23H-3 rats, we demonstrated that retinal degen-
eration positively correlates with the occurrence of
circadian dysfunctions (Lax et al., 2011), and that
melanopsin-containing ganglion cells degenerate
in advanced stages of the disease (Esquiva et al.,
2013; Garcia-Ayuso et al., 2015).

Considering the profound impact of aging on
human visual function and ophthalmic diseases
(Dagnelie, 2013; Klein & Klein, 2013), it is impor-
tant to expand our understanding of the link
between pathological changes in the eye and cir-
cadian rhythm impairments. Nevertheless, there
have been very few longitudinal studies on circa-
dian rhythms in retinal degenerative diseases. The
aim of the present research is, therefore, to jointly
examine the effects of retinal degeneration and
aging on both the melanopsin system and circa-
dian photoentrainment, by simultaneously evalu-
ating mRGC degeneration and circadian rhythms

of body temperature and locomotor activity in
Sprague-Dawley and P23H rats. In this study,
we used P23H line 1 (P23H-1) transgenic albino
rats, because their retinal degeneration is faster
than in P23H-3 rats, thus ensuring that a higher
degree of retinal degeneration was present at each
tested age.

Materials and methods
Animals

Homozygous P23H-1 rats (n = 14), obtained from
Dr. M. LaVail (UCSF), were used as a model of
RP. Normal Sprague-Dawley rats (genetic back-
ground; n = 9) obtained from Harlan
Laboratories (Barcelona, Spain) were used as
wild-type controls. All animals were bred in a
colony at the University of Zaragoza, Spain, and
maintained under controlled humidity (60%),
temperature (23 + 1°C) and photoperiod (LD
12:12) conditions. Light cycle illumination varied
from 7 to 30 lux, depending on the front-to-back
position within the respective cages. Water and
dry feed were made available ad libitum. The
average life span of laboratory rats is approxi-
mately 3 years (Quinn, 2005). No differences in
longevity were found between P23H-1 and
Sprague-Dawley rats. All animals were housed,
handled and the procedures carried out under
the Project License PI 12/14 approved by the
Ethic Committee for Animal Experiment from
the University of Zaragoza. All procedures were
performed in accordance with current regulations
for the use of laboratory animals (NIH, ARVO,
and European Directive 2010/63/UE), in order to
minimize animal suffering and limit the numbers
used for the experiments.

Body temperature and locomotor activity
recording

Body temperature and locomotor activity were con-
tinuously monitored at 10-min intervals for 7 days,
once every 4-5 weeks, from 2 to 24 months of age,
using a telemetry transmitter (TA-T20; Data Sciences
International, St. Paul, MN, USA). Sterilized trans-
mitters were implanted intraperitoneally under asep-
tic conditions. No mortality or morbidity was

110

115

120

125

130

135

140

145

150



155

160

165

170

175

180

185

190

195

200

observed after the surgery. Data signals were collected
using specific Dataquest A.RT. software (Data
Sciences International), which coordinated the detec-
tion, collection and analysis of the signals.

Body temperature and locomotor activity records
were analyzed for each seven-day experimental per-
iod using software specifically designed for chron-
obiological analysis (El temps, Diez-Noguera,
University of Barcelona). Actograms, mean wave-
forms, and Sokolove-Bushell periodograms were
calculated. Furthermore, a non-parametric analysis
of the recordings was performed throughout the
experiment for seven-day periods, as previously
described (Lax et al., 2012; Lax et al., 2011).

Non-parametric variables were primarily pro-
posed by Witting et al. (1990) to quantify the main
characteristics of the rest-activity circadian rhythm.
The relative amplitude (RA) of the rhythm repre-
sents the ratio of the most active 10-h period (M10)
to the least active 5-h period (L5) and is calculated as
follows: (M10-L5)/(M10+L5). A 10-h window and
another 5-h window were moved across each day to
determine periods of the 10 most active hours and
the 5 least active hours, respectively. RA scores the-
oretically range from 0 to 1, with higher values
indicating a circadian rhythm of higher amplitude.
Interdaily phase stability (IS) values are considered
proportional to the degree of phase homogeneity
during the corresponding experimental period, and
can be considered a measure of the phase stability of
the rhythm over successive days. The IS was derived
by normalizing the 24-h value from the chi-square
periodogram. IS scores range from 0 for Gaussian
noise to 1 for perfect stability, with low scores repre-
senting poor consistency of activity patterns. The
intradaily variability (IV) quantifies the fragmenta-
tion of periods of activity from periods of rest within
a 24-h period. The IV was calculated by taking the
ratio of the mean squared first derivate of the data
and the population variance of the data. IV scores
range from 0 (when the wave was perfectly sinusoi-
dal) to 2 (Gaussian noise) and are typically below 1.
Higher IV values indicate a more fragmented
rhythm and reflect shorter periods of rest and activ-
ity rather than one extended active period and one
extended rest period. The circadian function index
(CFI), described by Ortiz-Tudela et al. (2010), takes
into account RA, IS and IV scores. IV values were
inverted and normalized between 0 and 1, and CFI

3

was calculated as the average of these three para-
meters. Consequently, CFI oscillates between 0
(absence of circadian rhythmicity) and 1 (a robust
circadian rhythm).

Retinal histology

Immunoperoxidase labeling
Animals were sacrificed in the morning, between
10:00 a.m. and 12:00 p.m., by administering a
lethal dose of pentobarbital. After marking the
dorsal margin of the limbus with a stitch, eyes
were enucleated, fixed in 4% (w/v) paraformalde-
hyde during 1 h at room temperature (RT),
washed in phosphate buffer and sequentially cryo-
protected in 15, 20, and 30% sucrose. The cornea,
lens and vitreous body were removed, and the
eyecups were processed for whole mounts.
Whole-mount retinas were dissected out from
the choroid and put through a freeze-thaw proce-
dure by dipping them in liquid nitrogen-cooled
isopentane for a few seconds. After thawing in
30% sucrose, retinas were washed in phosphate
buffer. Endogenous peroxidase activity was sup-
pressed by immersion in 1% hydrogen peroxide
(H1009, Sigma, St. Louis, MO, USA) in phosphate
buffer (10 minutes, RT). In order to break aldehyde
bonds and enhance the permeability of the tissue,
the retinas were incubated first in 2.28% sodium
m-periodate (S1878, Sigma) in phosphate buffer (5
minutes, RT) and then in 0.02% sodium borohy-
dride (163314, Panreac, Barcelona, Spain) in phos-
phate buffer (5 minutes, RT). After a blocking step
(10% normal goat serum in phosphate buffer plus
0.5% Triton X-100 for 1 h), flat-mount retinas were
incubated for 2 days at 4°C in a 1:2000 dilution of
the rabbit anti-melanopsin primary antibody (PA1-
780, Thermo Fisher Scientific Inc., Rockford, IL,
USA), washed four times in phosphate buffer (5
minutes, RT), and then incubated for one day at
4°C in biotinylated goat anti-rabbit secondary IgG
antibody at 1:100 dilution in phosphate buffer plus
0.5% Triton X-100. The retinas were washed before
transferring them to a solution of avidin-biotin
peroxidase complex (PK-6100, Elite ABC Kkit,
Vector Laboratories Ltd, Cambridgeshire, UK) in
phosphate buffer containing 0.5% Triton X-100 for
1 day. Finally, the retinas were washed in phosphate
buffer and pre-incubated under agitation in the
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dark with 3,38-diaminobenzidine tetrahydrocholor-
ide (DAB, D5637, Sigma; 0.5 mg/ml in phosphate
buffer) for 15 minutes and further incubated in
fresh DAB solution, with 0.01% H,0, and 0.025%
ammonium nickel (II) sulfate hexahydrate (A1827,
Sigma). The DAB reaction was stopped by washing
with distilled water (Cuenca & Kolb, 1998). Whole
retinas were flat mounted in Citifluor (Citifluor
Ltd), with the ganglion layer side up, and cover-
slipped for optical microscopy viewing on a Leica
DMR microscope (Leica Microsystems).

In order to determine the spatial distribution
and total number of mRGCs stained in each retina
examined, each and every one of the cell bodies
labeled with immunoperoxidase in each entire
retina were manually traced. To reconstruct the
soma and dendritic profiles of individual
mRGCs, we manually traced the outlines of the
cell body and the dendritic field of representative
labeled cell. The images created were subsequently
digitalized, using the image-editing software
Photoshop 10.0 (Adobe Systems Inc).

Statistical analysis

Normal distribution and homogeneity of variance
were found for the categories of mRGC density;
thus, a two-way analysis of variance (ANOVA)
was performed to evaluate the effects of genotype
(Sprague-Dawley vs. P23H-1) and age (12, 18, 24
and 30 months), as well as the interactions among
them. When a 0.05 level of significance was found,
post-hoc pairwise comparisons using Bonferroni’s
test were performed.

For the analysis of age-related changes in circa-
dian values, according to results of the
Kolmogorov-Smirnov test, a repeated measures
ANOVA was conducted to compare each para-
meter between the P23H-1 and control group at
different ages (2-24 months). The within-subject
factor was each circadian parameter at different
ages; the between-subject factor was the genotype
(Sprague-Dawley vs. P23H-1). Box’s test of equality
of covariance matrices was verified before interpre-
tation of results. When a violation of the sphericity
assumption was observed (Mauchly’s test), results
were reported using the Greenhouse-Geisser epsi-
lon. Significant differences were further analyzed
using Bonferroni post-hoc comparisons. In the

correlational analyses between mRGC density and
circadian values, Pearson’s product moment corre-
lation coefficients were calculated.

Data are reported as the mean + standard error of
the mean. Values of P < 0.05 were considered to be
statistically significant. All statistical analyses were
performed using SPSS 20.0 software (Statistical
Package for Social Sciences, Chicago, IL, USA).

Results

Melanopsin-containing retinal ganglion cells in
control and P23H-1 rat retinas

To examine melanopsin expression in both control
and P23H-1 rat retinas, whole-mount rat retinas
were immunostained with primary polyclonal
antibody against melanopsin. mRGCs were dis-
tributed throughout the entire retina in control
(Figure 1A-C) and P23H-1 (Figure 2A-C) rats,
even though a somewhat higher density was
observed in the upper-temporal part of the retina.
Melanopsin immunoreactivity was present at com-
parable intensity on the soma, axon, and dendrites
of a subpopulation of RGCs on both control
(Figure 1D-I) and P23H-1 (Figure 2D-I) rat reti-
nas. Immunofluorescent cell bodies appeared in
the ganglion cell layer (GCL) and, to a lesser
extent, within the innermost cell row of the inner
nuclear layer (INL). Two plexuses of immuno-
fluorescent dendrites were evident within the
inner plexiform layer: one occupying the outer
margin (outer part of the OFF-sublamina, stratum
S§1) and the other occupying the inner side (inner
part of the ON-sublamina, stratum S5).

Age-related changes in mRGC density in control
and P23H-1 rats

At 12 months of age, the mean number of mela-
nopsin-containing ganglion cells measured in con-
trol Sprague-Dawley rats was 32.9 + 3.6 cells/mm”
(2222 + 194 cells/retina, n = 7; Figure 3). This
density value showed no significant variation
when evaluated at 18 months of age (37.9 + 2.4
cells/mm?, 2505 + 156 cells/retina, n = 7; Figure 3).
However, the mean number of mRGCs in 24-
month-old control rats (18.8 + 1.4 cells/mm?
1248 + 93 cells/retina, n = 4; Figure 3) was smaller
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Figure 1. Distribution, morphology and arborization of mRGCs in control Sprague-Dawley rat retinas. (A-C) Representative drawings
of whole-mount retinas from Sprague—Dawley (SD) rats at 12 (A), 18 (B), and 24 (C) months of age. Retinas were drawn by hand,
showing the location of individual mRGCs labeled with immunoperoxidase. (D-F) Examples of mRGCs in whole-mount rat retinas
from Sprague—Dawley rats at 12 (D), 18 (E) and 24 (F) months of age. Each image is the projection of 5 to 10 focal planes between
the GCL and the stratum S1 of the IPL. (G-I) High magnification of D-F, respectively. (J-L) Representative drawings of the soma and
complete dendritic field of mRGCs from a region of the central retina (between the superior and nasal quadrants) of Sprague—
Dawley rats at 12 (J), 18 (K) and 24 (L) months of age. Scale bars: A-C, 500 pm; D-F, 100 pm; G-I, 20 pm; J-L, 50 um.

than that measured in 12- and 18-month-old con-
trol rats (ANOVA, Bonferroni’s test, P < 0.01 and
P < 0.001, respectively).

In P23H-1 rat retinas, the mean density of
mRGCs found at 12 months of age (26.3 + 4.6
cells/mm?, 986 + 266 cells/retina, n = 3; Figure 3)
was similar to that of control rats of the same age.

However, a significant decrease in the mean num-
ber of mRGCs was found in 18-month-old P23H-1
rats (7.3 + 0.5 cells/mm?, 353 + 15 cells/retina, n =
6; Figure 3) as compared to 12- and 18-month-old
control rats (ANOVA, Bonferroni’s test, P < 0.001
in both cases). At 24 months of age, the mean
number of mRGCs in P23H-1 rats (8.7 + 1.2
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A P23H-1, 12 months

nasal
nasal

B P23H-1, 18 months
superior

C P23H-1, 24 months

Figure 2. Distribution, morphology and arborization of mRGCs in P23H-1 rat retinas. (A-C) Representative drawings of whole-mount
retinas from P23H-1 rats at 12 (A), 18 (B) and 24 (C) months of age. Retinas were drawn by hand, showing the location of individual
mRGCs labeled with immunoperoxidase. (D-F) Examples of mRGCs in whole-mount rat retinas from P23H-1 rats at 12 (D), 18 (E) and
24 (F) months of age. Each image is the projection of 5-10 focal planes between the GCL and the stratum S1 of the IPL. (G-I) High
magnification of D-F, respectively. (J-L) Representative drawings of the soma and complete dendritic field of mRGCs from a region
of the central retina (between the superior and nasal quadrants) of P23H-1 rats at 12 (J), 18 (K) and 24 (L) months of age. Scale bars:

A-C, 500 pm; D-F, 100 pm; G-I, 20 um; J-L, 50 um.

cells/mm?, 552 + 74 cells/retina, n = 3; Figure 3)
was similar to that obtained at 18 months of age.

The spatial distribution and number of mela-
nopsin-containing ganglion cells was also evalu-
ated in 30-month-old P23H-1 rats. The spatial
distribution of mRGCs showed a similar

arrangement to that observed in younger animals
(Figure 4). The mean number of mRGCs (3.3 £ 1.2
cells/mm?, 129 + 102 cells/retina, n = 3) was sig-
nificantly lower than that measured in 12-month-
old P23H-1 rats (ANOVA, Bonferroni’s test, P
< 0.05).
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Figure 3. Mean density of mRGCs in control Sprague—Dawley and
P23H-1 rats. Quantification of the mean density (cells/mm?) of
mRGCs in Sprague-Dawley (SD) ratsat 12 (n =7), 18 (n =7) and 24
(n = 4) months of age, and P23H-1 rats aged 12 (n = 3), 18 (n = 6)
and 24 (n = 3) months. Each of the cell bodies labeled with
immunoperoxidase was counted in each entire retina examined.
ANOVA, Bonferroni's test, **P < 0.05, ***P < 0.001.

Progressive degeneration of mRGC structure in
P23H-1 rats

To analyze mRGC neurite morphology, we
manually traced the outlines of the cell body
and the complete dendritic field of representa-
tive melanopsin-positive cells. In control
Sprague-Dawley rats, mRGC dendrites formed
a dense plexus in the inner plexiform layer at
all three ages tested (Figure 1J-L). However, a
progressive age-dependent decrease in the den-
dritic area and the number of branch points of
mRGCs was observed in P23H-1 rats
(Figure 2J-L), indicating a gradual degeneration
associated with age. At 30 months of age,
mRGCs in P23H-1 rats were very few and scat-
tered, with extremely short and limited den-
drites (Figure 4).

A P23H-1,30 months B P23H-1, 30 months

superior

nasal

inferior

[elodwa)

ﬁZSHJ 30 months EFVZSH -1, 30 months

‘%i

‘i;

Figure 4. Distribution, morphology and arborization of mRGCs in 30-month-old P23H-1 rats. (A) Representative drawings of a whole-mount
retina from a P23H-1 rat at 30 months of age. The retina was drawn by hand, showing the location of individual mRGCs labeled with
immunoperoxidase. (B) Representative drawings of the soma and complete dendritic field of an mRGCs from a region of the central retina
(between the superior and nasal quadrants) of a P23H-1 rat at 30 months of age. (C, D) Examples of mRGCs in whole-mount rat retinas from
P23H-1 rats at 30 months of age. Each image is the projection of 5 to 10 focal planes between the GCL and the stratum S1 of the IPL. Scale bars:

A, 500 pm; B 50 pm; C, 100 pm; D, 20 pm.
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Figure 5. Circadian rhythms of core-body temperature in Sprague-Dawley rats. Representative actograms (left panels), period-
ograms (middle panels), and mean waveforms (right panels) at the ages of 6 (A), 12 (B), 18 (C), and 24 (D) months for a control
Sprague-Dawley (SD) rat exposed to a 12:12 LD cycle. All data were obtained from the same animal. Light and dark schedules are

represented by white and dark bars, respectively.
Age-related changes in body temperature
rhythms in control and P23H-1 rats

To assess circadian rhythms and photoentrain-
ment in control Sprague-Dawley and P23H-1

rats, the core-body temperature of each animal
was continuously monitored from 2 to 24 months
of age. Figures 5 and 6 show representative acto-
grams, Sokolove-Bushell periodograms and mean
waveforms for body temperature from a control
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Figure 6. Circadian rhythms of core-body temperature in P23H-1 rats. Example of actograms (left panels), periodograms (middle
panels), and mean waveforms (right panels) at the ages of 6 (A), 12 (B), 18 (C), and 24 (D) months for a P23H-1 rat exposed to a
12:12 LD cycle. All data were obtained from the same animal. Light and dark schedules are represented by white and dark bars,
respectively.

(Figure 5) and a P23H-1 rat (Figure 6) at 6, 12, 18,
and 24 months of age. Throughout the experi-
ment, body temperature exhibited a robust circa-
dian rhythm in control animals, regardless of the

age or strain of the animal, with no differences in
the periodogram or in the pattern of the mean
waveform, even at 24 months of age. However,
body temperature circadian rhythms were less
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Figure 7. Age-related changes in circadian core-body temperature parameters in Sprague-Dawley and P23H-1 rats. Rhythm
parameters (left panels) and non-parametric variables (right panels) from control Sprague-Dawley (SD) (n = 9) and P23H-1 (n =
14) rats throughout their lifetime. Mesor = 24-h time series mean; amplitude = one-half the peak-to-trough variation of the 24-h
rhythm; acrophase = peak time relative to local midnight; % variance = index of goodness of fit of the 24-h waveform approximation

to the time series data; IS = interdaily stability; IV = intradaily variability; RA = relative amplitude; CFl = circadian function index.

Repeated measures ANOVA, Bonferroni's test, *P < 0.05.

robust throughout the experiment in P23H-1 rats.
The mesor (24-h time series mean) values from
the body temperature records were lower within

age in P23H-1 rats (repeated measures ANOVA,

but there were no differences between genotypes.

Bonferroni’s test, P < 0.001; Table 1, Figure 7A),
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Figure 8. Circadian rhythms of locomotor activity in Sprague-Dawley rats. Representative actograms (left panels), periodograms

(middle panels), and mean waveforms (right panels) at the ages of 6 (A), 12 (B), 18 (C), and 24 (D) months for a Sprague-Dawley
(SD) rat exposed to a 12:12 LD cycle. All data were obtained from the same animal. Light and dark schedules are represented by

white and dark bars, respectively.

However, significant differences were found
throughout the experiment between control and
P23H-1 rats in terms of either the amplitude
(one-half the peak-to-trough variation of the 24-

h rhythm, Figure 7B) or the acrophase (peak time

relative to local midnight of the temporal pattern,
as derived by the 24-h waveform approximation;

Figure

7C)

(repeated  measures

ANOVA,
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Bonferroni’s test, genotype effect P < 0.05 in both  temperature, we evaluated the degree of phase

cases; Table 1).

homogeneity in control and P23H-1 rats by

To better understand the effects of visual degen-  means of non-parametric variables. The coupling
eration on the circadian patterns of body  strength of the body temperature rhythm to
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Figure 10. Age-related changes in circadian locomotor activity parameters in Sprague-Dawley and P23H-1 rats. Rhythm parameters
(left panels) and non-parametric variables (right panels) from control Sprague-Dawley (SD) (n = 9) and P23H-1 (n = 14) rats
throughout their lifetime. Mesor = 24-h time series mean; amplitude = one-half the peak-to-trough variation of the 24-h rhythm;
acrophase = peak time relative to local midnight; % variance = index of goodness of fit of the 24-h waveform approximation to the

time series data; IS = interdaily stability; IV =
measures ANOVA, Bonferroni’s test, *P < 0.05.

environmental zeitgebers (IS) was significantly
weaker in P23H-1 rats than in control rats, with
higher differences in the last phase of the experi-
ment (repeated measures ANOVA, age effect P <
0.001, genotype effect P < 0.001; Table 1,
Figure 7E). The analysis of the body temperature
rhythm also revealed a significantly higher frag-
mentation, measured as IV (repeated measures
ANOVA, genotype effect, P < 0.05; Table 1,

intradaily variability; RA =

relative amplitude; CFl = circadian function index. Repeated

Figure 7F), and a decrease in the RA (repeated
measures ANOVA, genotype effect P < 0.05;
Table 1, Figure 7G) in P23H-1 rats as compared
to control animals. The CFI, a parameter that takes
into account RA, IS, and IV, also revealed a lower
robustness of the circadian pattern as recorded in
P23H-1 versus control rats (repeated measures
ANOVA, genotype effect P < 0.0001; Table I,
Figure 7H).
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Table 1. Circadian parameters.

Body Temperature

Locomotor Activity

Correlation with mRGC Control n = P23H-1n= Correlation with mRGC
Controln=9 P23H-1n=14 Density 9 14 Density
Rhythm parameters
Mesor (°C/counts) 37.02 + 0.02 36.96 + 0.01 —0.140 3.16 £ 0.10  3.88 = 0.09* -0.134
Amplitude (°C/ 0.57 + 0.01 0.48 + 0.01* 0.244 211 £ 0.07 1.83 + 0.07 0.360
counts)
Acrophase (min) 99.67 + 9.52  104.55 + 6.98* —0.475*% 95.67 + 6.91 87.82 + 10.51 0.011
% Variance 99.99 + 0.005 99.98 + 0.004 —0.288 45.64 £ 0.60 45.95 £ 0.55 0.013
accounted
Non-parametric variables
IS 0.77 +£ 0.006  0.68 + 0.005*** 0.627*% 0.30 £ 0.01 0.23 £ 0.01% 0.203
v 0.14 £ 0.003  0.16 + 0.003* —-0.601* 1.07 £0.01 1.19 £ 0.01* —0.561*
RA 0.013 £ 0.000 0.011 + 0.000* 0.587*% 0.60 +£ 0.01 0.45 £ 0.01% 0.416*
CFI 0.57 + 0.002 0.54 + 0.002%** 0.674* 0.46 + 0.01 0.36 = 0.01* 0.497*

Circadian parameters of body temperature and locomotor activity (mean + SEM) from control Sprague-Dawley and P23H-1 rats, and Pearson’s
product moment correlation coefficients from the correlational analyses between mRGC density and circadian parameters. IS, interdaily stability;
IV, intradaily variability; RA, relative amplitude; CFl, circadian function index; mRGC, melanopsin-expressing retinal ganglion cells. Repeated
measures ANOVA, genotype effect (P23H vs. Control): * P < 0.05, ** P < 0.001, *** P < 0.0001; Pearson’s product moment correlation coefficients

(mRGC density vs circadian parameters): * P < 0.05.

Age-related changes in locomotor activity
rhythms in control and P23H-1 rats

We also recorded locomotor activity in control
Sprague-Dawley and P23H-1 rats from 2 to 24
months of age. Figures 8 and 9 show representative
locomotor activity actograms, Sokolove-Bushell
periodograms and mean waveforms from a control
(Figure 8) and a P23H-1 rat (Figure 9) exposed to a
12:12 LD cycle at the ages of 6, 12, 18, and 24
months. In control rats, locomotor activity exhib-
ited a robust circadian rhythm throughout the
experiment, up to 18 months of age, with no differ-
ences in the actogram patterns, periodograms or
mean daily waveforms. During the final experimen-
tal period, however, we observed a slight deteriora-
tion in the circadian locomotor activity rhythms,
with weak circadian oscillations in actograms and
mean waveforms, and low significance of peaks in
the periodograms at 24 months of age (Figure 8D).

In P23H-1 rats, the locomotor activity circadian
rhythm showed a progressive age-related dete-
rioration throughout the experiment, with a gra-
dual weakness in the rest-activity cycle in the
actograms and mean waveforms (Figure 9).
Moreover, in P23H-1 rats, the Sokolove-Bushell
periodogram analysis of locomotor activity
showed no significant peaks at 24 months of age.
The mesor values were higher in P23H-1 versus
control animals (repeated measures ANOVA,

genotype effect P < 0.05; Table 1, Figure 10A).
But no differences were found between control
and P23H-1 rats in terms of the amplitude
(Figure 10B), acrophase (Figure 10C) or the per-
centage of variance accounted for by the locomo-
tor activity rhythms (Figure 10D).

The analysis of non-parametric variables in the
locomotor activity records also evidenced that
locomotor activity circadian rhythms were less
robust throughout the experiment in P23H-1
rats, as compared to the control animals. The
coupling strength of the locomotor activity rhythm
to environmental zeitgebers (IS), the RA of the
rhythm (RA), and the CFI were significantly
lower in P23H-1 rats than in control rats (repeated
measures ANOVA, genotype effect P < 0.05 in all
cases; Table 1, Figure 10E, 10G, 10H, respectively).
On the contrary, the locomotor activity rhythm
revealed a significantly higher IV (repeated mea-
sures ANOVA, genotype effect P < 0.05; Table 1,
Figure 10F) in P23H-1 rats as compared to control
animals, also indicating a less robust circadian
pattern in P23H-1 versus control rats.

When age-related changes in mRGCs were
compared to the results obtained from the chron-
obiological evaluation, a correlation was found
between mRGC density and circadian rhythm
parameters. In fact, the mRGC density values
from control and P23H-1 rats positively correlated
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with the body temperature IS, RA, and CFI (R =
0.627, 0.587, and 0.674, respectively; P < 0.05) and
with the locomotor activity RA and CFI (R = 0.416
and 0.497, respectively; P < 0.05). mRGC density
correlated negatively with the body temperature
acrophase and IV (R = -0.475 and -0.601, respec-
tively; P < 0.05) and with the locomotor activity IV
(R =0.561; P < 0.05).

Discussion

The present work provides evidence that RP in
P23H-1 rats is associated with both a progressive
degeneration of mRGCs and a gradual deteriora-
tion of the circadian system. The progressive loss
in density, integrity, and dendritic arborization of
mRGCs in advanced stages of the degenerative
disease correlates with decreased RAs, weaker cou-
pling strength of the rhythm to environmental
zeitgebers and higher rhythm fragmentation in
P23H-1 rats. In previous studies, we have demon-
strated that retinal degeneration positively corre-
lates with the occurrence of circadian dysfunctions
in P23H-3 rats (Lax et al., 2011), and that mela-
nopsin-positive ganglion cells degenerate in
advanced stages of the disease (Esquiva et al,
2013; Garcia-Ayuso et al., 2015). However, to our
knowledge, this is the first longitudinal study that
jointly examines the effects of retinal degeneration
and aging on both the melanopsin system and
circadian photoentrainment.

The present study concerns P23H rats, which
have been engineered to mimic a naturally occur-
ring mutation in P23H patients (Cuenca et al,
2004; Machida et al., 2000; Pinilla et al., 2005). In
P23H transgenic albino rats, both line 1 (faster
degeneration) and line 3 (slower degeneration)
suffer from a progressive loss of photoreceptors,
accompanied by degenerative changes in the inner
retina (Cuenca et al., 2014; Cuenca et al., 2004;
Marc et al., 2003; Puthussery & Taylor, 2010) and
a substantial degeneration of retinal ganglion cells
(Garcia-Ayuso et al., 2010; Kolomiets et al., 2010).
In this study, we used P23H-1 transgenic albino
rats in order to obtain a high degree of retinal
degeneration at each age tested. Previous studies
on P23H-1 rats have shown that intensity response
electroretinograms are already severely depressed
at P21 as compared to age-matched Sprague-

15

Dawley rats (Pinilla et al., 2005). Furthermore,
only sporadic photoreceptors have been found in
9-month-old P23H-1 rats (Cuenca et al.,, 2004),
and a total loss of rod and cone photoreceptors
has been described in P23H-1 rats aged 12 months
and older (Pinilla et al, 2015). In our results,
P23H-1 animals showed a progressive age-related
degeneration of mRGCs, which is in accordance
with data previously described for P23H-3 rats
(Esquiva et al., 2013; Garcia-Ayuso et al., 2015).

Since the daily light-dark cycle is the primary
environmental zeitgeber in mammals, via the
mRGCs, ocular pathologies have been classically
associated with circadian disorders. Many studies
have correlated altered circadian rhythms with
inner retinal diseases, such as glaucoma (de
Zavalia et al., 2011; Jean-Louis et al., 2008), diabetic
retinopathy (Fernandez et al, 2013; Lahouaoui
et al., 2014), or retinal ischemia (Gonzalez Fleitas
et al., 2015). But circadian disorders have also been
described in advanced stages of diseases of the outer
retina, including RP. Accordingly, it has been
shown that sleep quality decreases in RP patients
in an age-dependent manner (Gordo et al., 2001;
Ionescu et al., 2001), and alterations in blood pres-
sure and heart rate circadian rhythmic structure
have been demonstrated in non-blind patients
affected by RP (Cugini et al, 2001). Moreover,
circadian dysfunctions have been shown in rds/rds
mice (Mrosovsky & Thompson, 2008) and P23H-3
rats (Lax et al., 2011), which are both animal mod-
els of RP. In agreement with this, P23H-1 rats
showed impaired circadian rhythmicity in body
temperature and locomotor activity, as compared
to age-matched Sprague-Dawley rats, mainly dur-
ing the final stage of the experiment. Throughout
the experiment, P23H-1 animals showed body tem-
perature and locomotor activity circadian rhythms
of decreased amplitude, weaker coupling strength,
and higher rhythm fragmentation than that
observed in wild-type animals. Conversely, body
temperature and locomotor activity circadian
rhythms were less robust in the elderly, as com-
pared to young adult control Sprague-Dawley rats,
which is in line with previous reports showing age-
dependent disturbances in the circadian system
(Gubin et al., 2006; Tasaki et al., 2006).

Core-body temperature rhythms were more
robust than circadian locomotor activity rhythms
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in both Sprague-Dawley and P23H-1 elderly rats.
These results are in agreement with previous studies
showing that temperature rhythm is similar in juve-
nile, adult and senile mice, whereas the magnitude of
the activity rhythm decreases as age increases
(Weinert & Waterhouse, 1999). The result is also in
accordance with a previous study showing robust
body temperature circadian rhythms in aged
Sprague-Dawley and P23H-3 rats (Lax et al.,, 2011).
In this sense, it has been postulated that both endo-
genous and environmental temperature cycles can
participate in the synchronization of peripheral
clocks in mammals (Brown et al., 2002).

Circadian impairments in P23H-1 rats corre-
lated with a progressive deterioration of melanop-
sin-positive ganglion cell density and structure.
Even though aged Sprague-Dawley rats (24
months of age) showed a mean density of
mRGCs that was significantly lower than in
younger animals, the mean density of mRGCs in
P23H-1 rats at 18 and 24 months of age was
significantly lower than that observed in age-
matched control Sprague-Dawley rats. Moreover,
a progressive age-dependent deterioration of
mRGC neurites was observed in P23H-1 rats. On
the other hand, although mRGCs do not require
synaptic inputs to generate light-induced signals,
they receive these inputs from bipolar and ama-
crine cells (Belenky et al, 2003; Vugler et al,
2015). Therefore, the progressive loss of photore-
ceptors and the retinal remodeling in P23H trans-
genic albino rats may also contribute to the
deterioration of the animal’s intrinsic response to
light. All these results agree with previous findings
in P23H-3 rats (Esquiva et al., 2013; Garcia-Ayuso
et al., 2015) and represent further evidence of the
existence of a positive correlation between the
animals’ visual capacity and the strength of their
circadian rhythmicity.

Despite the alterations in the melanopsin system
and circadian rhythms found in P23H-1 rats, all
rhodopsin-mutant animals  displayed 24-h-
entrained rhythms, probably supported by the
considerable number of mRGCs survived, even in
very advanced stages of retinal degeneration.
Several authors have found data supporting the
existence of an efficient survival system for
mRGCs (Cui et al., 2015; Vugler et al., 2008).
Both the molecular and cellular mechanism may

be factors contributing to the resistance of mRGCs
to cell injury, including the fact that they have a
large soma, long and sparsely branching dendritic
fields, intrinsic photosensitivity, pituitary adeny-
late cyclase-activating  polypeptide (PACAP)
expression, etc. (Cui et al.,, 2015; Li et al., 2008;
Robinson & Madison, 2004).

The present study demonstrates that degenera-
tion of photoreceptors and inner retinal neurons
have degenerative effects on the number and
morphology of mRGCs and causes disturbances
in the body temperature and locomotor activity
circadian rhythms in P23H-1 rats. This leads us
to conclude that vision loss in RP is correlated
with progressive alterations in the melanopsin
system and circadian rhythms. Future study is
needed to determine the relationship between
mRGC degeneration and impairment of circadian
rhythms in RP patients.
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