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Abstract Agingis associated with changes in several
basic parameters of circadian timing system (CTS) in
mammals leading to circadian dysfunction. We had
reported earlier that upon aging and in rotenone
induced Parkinson’s disease (RIPD) rat model there
were significant alterations in the core clock genes
expression levels and daily pulses. To identify
biomarkers of aging and PD chronomics of proteomic
day—night profiles in suprachiasmatic nucleus (SCN),
pineal and substantia nigra (SN) in 3 month (m), 12,
24 m and RIPD rat model were studied at two time
pointsi.e. Zeitgeber Time (ZT)-6 (mid-day) and ZT-18
(mid-night). Proteome analysis was done by using two
dimensional (2-D) electrophoresis and the spots
showing robust day—night variations were identified
by using MALDI TOF/TOF analysis. In 3 m rats the
number of proteins showing day—night variations were
relatively more than 12, 24 m and RIPD rat model in
SCN and SN. But in pineal there was increase in
number of protein spots showing day—night variations
in 24 m. Mass spectroscopy of the protein spots
showing robust day night variation in aging and RIPD
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rats were identified. As melatonin, a multitasking
molecule, an endogenous synchronizer of rhythm, an
antioxidant and an antiaging drug, declines with aging,
the effects of melatonin administration on differential
alterations in chronomics of 2-D protein profiles in
aging and RIPD male Wistar rats were studied. We
report here that the melatonin could be playing an
important role in modulating the chronomics of 2-D
protein profiles. Additionally, various proteins were
identified for the first time in this study showing
significant day night variation in SCN, pineal and SN
may prove useful towards targeting novel treatments
for circadian dysfunction, good health and longevity.
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Introduction

Biological rhythm that persists with 24 h periodicity is
called as circadian rhythm. In mammals the circadian
rhythms are controlled by Suprachiasmatic nucleus
(SCN) which is located in hypothalamus (Jagota et al.
2000). SCN with its molecular components synchro-
nizes the physiological and behavioral activities of
mammals to the daily light/dark cycles. Such a
molecular frame work is also present in every other
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peripheral cell that is synchronized by SCN. The SCN
mediates its circadian function by various neurotrans-
mitters such as serotonin, glutamate and neuropeptides
such as pituitary adenylate cyclase activating polypep-
tide (PACAP), vasoactive intestinal peptide (VIP),
arginine vasopressin (AVP) (Jagota 2006). Melatonin
is one of the major clock output and its primary
function is to transduce light and dark information to
whole body physiology. Melatonin regulates various
physiological processes such as sleep (Cardinali et al.
2012), free radical scavenging, tumor growth inhibi-
tion, seasonal reproduction as well as immune function
(reviewed in Pandi-Perumal et al. 2013). Melatonin
being a potent antioxidant shows receptor independent
actions due to its direct scavenging ability of reactive
oxygen species (Pandi-Perumal et al. 2013, Reiter et al.
2014). Melatonin can directly neutralize many free
radicals such as OH’, ONOO-, O>—, H,O,, 10,, NO',
LOO’ and HCIO (Reiter et al. 2014) and stimulate
antioxidant enzymes. Melatonin shows two kinds of
effects on SCN. One is neuronal firing suppression
through MT1 and the other one is circadian phase
resetting. This readjustment in circadian phase of SCN
is mediated through MT2 (Pandi-Perumal et al. 2013).
Rhythmic melatonin secretion also has an important
role in dopamine circadian rhythms and thus SCN
indirectly regulate dopamine rhythms in the mid brain
region substantia nigra (SN) (Khaldy et al. 2002).

Aging is a complex process (Rattan 2012) character-
ized by the slowing or alteration of cellular and bodily
processes over time, reduced functionality of cells,
increased susceptibility to disease, alterations in circadian
rhythms and ultimately the death of the organism. Age-
related changes in the SCN have been linked to age-
related circadian dysfunction, decline in circadian neural
activity (Nakamura et al. 2011), alteration in serotonin
rhythms (Jagota and Kalyani 2008, 2010), neuropeptide
content and GABAergic network of the SCN (Palomba
et al. 2008). Melatonin production, amplitude and its
pulsatile release from pineal gland decreases upon aging
(Aujard et al. 2001). With profound effects on the health
and well-being of the elderly subjects (Poeggeler 2005).
Upon aging the clock gene expression gets altered
(Mattam and Jagota 2014). Increased oxidative stress
results in most of the age-related neurological diseases
like Parkinson’s disease (PD), Alzheimer’s disease (AD)
etc. (Kondratov et al. 2006).

PD is the second most common age-related neu-
rodegenerative disorder (Beal 2001), which is
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estimated to affect approximately 1% of the popula-
tion older than 65 years of age (Jagota 2005). PD
patients exhibit cardinal motor symptoms such as
resting tremor, bradykinesia, rigidity and abnormal
postural reflexes (Uversky 2004). Dopaminergic neu-
rons present in the SN of mid brain region undergo
degeneration resulting in the deterioration of the
neuronal connection between the SN and the striatum
(Dauer and Przedborski 2003) thus leading to decrease
in dopamine level in PD as well as with aging.
Oxidative damage linked to mitochondrial dysfunc-
tion, energy depletion and activation of programmed
cell death are the major causes for death of the
dopaminergic neurons in PD (Dauer and Przedborski
2003). Many circadian disorders observed in aging are
also observed in PD which is more pronounced in case
of latter. One of the possible causes of circadian
disorders observed in PD is degeneration in circadian
clock regulating circuits in the SCN. In aging and PD
many of the circadian dysfunction had been related to
metabolism, antioxidant defense, melatonin, DNA
repair and autophagy (Kondratova and Kondratov
2012). Though there is accumulating data on PD; the
biomarkers of aging and PD need to be identified. We
have recently reported alteration in various clock gene
mRNA expression and serotonin metabolomics in the
RIPD male Wistar rat model (Mattam and Jagota
2015). To identify such biomarkers for aging and PD,
we studied the day—night variations in protein profile
of SCN (pacemaker), pineal (relay centre) and SN (the
region undergoing degeneration in PD) in rotenone
induced PD (RIPD) rat model. In aging and PD, as
melatonin has antioxidant properties and helps in
circadian phase resetting, we further studied the
effects of melatonin on day—night variations of protein
profile in SCN, pineal and SN of aging and RIPD rat
model to identify melatonin sensitive protein markers.
Additionally protective effects of melatonin against
rotenone by administrating simultaneously were also
studied.

Materials and methods
Animals
Male Wistar rats in three age groups each with

n = 144 Group I: 3 months (m), Group II: 12 m,
and Group III: 24 m were used. Each group I, II and
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Il was further divided into three groups of 48
animals each i.e., (A) Control (B) Melatonin treated
(MT) and (C) Vehicle control. For PD studies Group
IV (n = 384) male Wistar rats of 60 day old were
separated into three groups-IVA, IVB and IVC. To
get 400 png of protein for each gel we have pooled
for SCN and Pineal tissue from four animals. Briefly
Group IVA (n = 192) was further divided into four
groups with n = 48 each as control (age matched
control), Sham, Vehicle and rotenone-treated
(2.5 mg/ml/kg body weight) at ZT-5 to develop
RIPD model (Alam and Schmidt 2002). Group IVB
(n = 96) was further divided into two groups with
n = 48 each as RIPD, Melatonin vehicle (RIPD,
MEL-V) (Pazo et al. 2002; Jagota and Kalyani
2010) and RIPD, Melatonin (RIPD, MEL) (Pazo
et al. 2002; Jagota and Kalyani 2010). Group IVC
(n = 96) also was further divided into two groups
with n = 48 each as rotenone and melatonin vehicle
(RT+MEL-V); and rotenone and melatonin
(RT+MEL) (Supplementary Fig. 1).

All rats were kept individually in polypropylene
cages contained within well ventilated light proof
environmental cabinets isolated in animal facility.
They were maintained at room temperature at
23 £ 1 °C and relative humidity 55 + 6% LD 12:12
[lights on: 06:30 A.M. Zeitgeber time (ZT-0) and
lights off: 6:30 P.M. (ZT-12)] for 2 weeks prior to
experiment. Food and water were provided ad libitum.
During handling of animals in dark dim red light was
used. Cage changing was done at random intervals. All
experiments were performed as per Institutional
Animal Ethics (Reddy and Jagota 2014).

Animal treatments were done as explained earlier
(Mattam and Jagota 2015).

Rotenone administration to develop RIPD model

Rotenone emulsified in sunflower oil (2.5 mg/ml/kg
body weight) was administered intraperitoneally at
ZT-5 for 48 days to develop as RIPD model. Sham
control group received 48 days of intraperitoneal
administration of phosphate buffered saline (PBS;
1 ml/kg body weight) at ZT-5. Vehicle control
received 48 days of intraperitoneal administration of
sunflower oil (I ml/kg body weight) at ZT-5 (Alam
and Schmidt 2002; Mattam and Jagota 2015).

Melatonin administration

3, 12, 24 m age groups were administered 30 pg/kg
body weight of melatonin in 10% ethanol in physio-
logical saline subcutaneously at 1 h before the onset of
darkness (ZT-11) for 11 days (Pazo et al. 2002; Jagota
and Kalyani 2010). On 12th day rats of variable age
groups were sacrificed at ZT-6 and 18.

RIPD, MEL group received 11 days of subcuta-
neous administration of melatonin (30 pg/kg body
weight in 10% ethanol in physiological saline) sim-
ilarly after development of RIPD. However,
RT+MEL group received intraperitoneal administra-
tion of rotenone emulsified in sunflower oil (2.5 mg/
mL/kg body weight) at ZT-5 and subcutaneous
administration of melatonin (30 pg/kg body weight
in 10% ethanol in physiological saline) at ZT-11
simultaneously for 48 days (Mattam and Jagota 2015).

SCN, pineal and SN tissue separation

Animals were sacrificed by decapitation and the brains
were dissected out carefully at two time points such as ZT-
6 and 18. Pineal glands were separated (Jagota et al. 1999).
500 pm brain slices were made using rat brain slicer (Zivic
Instruments; Pittsburg USA) and the SCN was carefully
punched out with the help of a sharp scalpel (Jagota and
Reddy 2007). SN was removed by the method of Heffner
et al. (1980) (Mattam and Jagota 2015).

Proteomic studies by two-dimensional (2-D)
electrophoresis

Preparation of protein samples for 2-D
electrophoresis

20% homogenate of SCN, pineal and SN was prepared
with lysis buffer (7 M urea, 2 M thiourea, 2% CHAPS,
2% ampholines, 20 mM DTT and 1 mM PMSF). SCN
and pineal samples were prepared by pooling the
tissues from four male wistar rats for each sample.
Average weight of each SCN and pineal was approx-
imately 1-2 mg, SN was approximately 7-10 mg.
Cells were disrupted by sonication for 2 min and
centrifuged at 10,000 rpm for 5 min at 4 °C. Clear
supernatant as transferred to fresh tubes. 750 pL of ice
cold acetone was added to clear supernatant to
precipitate proteins and kept at —20 °C for 24 h.
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Acetone precipitated samples were dissolved in rehy-
dration buffer (7 M urea, 2 M thiourea, 2% CHAPS,
2% ampholines, 20 mM DTT). Protein estimation was
done by Amido Black method (Schaffner and Weiss-
mann 1973).

2-D electrophoresis

400 pg of protein was dissolved in 350 pL of rehy-
dration buffer. This solution was used to rehydrate IPG
strip (18 cm strip, pH 3-10 NL; GE Healthcare) in an
Immobiline drystrip re-swelling tray (GE Healthcare)
for 20 h at room temperature. First dimension Iso
Electro Focusing (IEF) was performed with the Ettan
IPG Phor3 system (GE Healthcare) for 24 h for 60,000
Vh. After IEF, strips were equilibrated in 25 mM DTT
and 50 mM lodoacetamide. Strips were subjected to
second dimension 12% SDS PAGE gel electrophore-
sis followed by Silver Staining (Mortz et al. 2001).
Details of various buffers and solutions used is
provided in supplementary material.

Analysis of 2-D gels and statistics

Gels (Fig. 1) were scanned on high resolution scanner
and saved as TIFF-files and transferred to the Image
Master 2D Platinum software version 7 (GE Healthcare)
on which the analysis was performed. All the gels
(n = 6) (Supplementary Figs. 2, 3,4) were matched and
spots on these gels with the same match identity number
(id). Spots were quantified and the volume percentage
was obtained for all spots. Changes in expression
between ZT-6 and ZT-18 were considered significant at
p values less than 0.05 (ANOVA) given by software.

Proteomic analyses: in-gel digestion and mass
spectrometry (MS)

In-gel digestion and matrix-assisted laser desorption/
ionization time of flight mass spectrometric (MALDI-
TOF MS) analysis was performed with a MALDI-
TOF/TOF mass spectrometer (Bruker Autoflex III
smartbeam, Bruker Daltonics, Bremen, Germany)
according to the method described by Shevchenko
et al. (1996) with slight modifications. Silver-stained
protein spots were manually excised from two repro-
ducible gels. The excised gel pieces were destained
with 30 pL of Potassium ferricyanide and Na,S,0;
(1:1) for 30 min and then with 50% acetonitrile (ACN)
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in 25 mM ammonium bicarbonate NH,HCO; for
15 min. Thereafter, the gel pieces were treated with
10 mM DTT in 25 mM NH4HCO; and incubated at
56 °C for 1 h. This was followed by treatment with
55 mM iodoacetamide in 25 mM NHHCO; for
45 min at room temperature (25 + 2 °C), washed
with 25 mM NH4HCO; and ACN (1:1), dried in speed
vac and rehydrated in 20 pL of 25 mM NH4HCO;
solution containing 12.5 ng/pL trypsin (sequencing
grade, Promega, Wisconsin, USA). The above mixture
was incubated on ice for 10 min and kept overnight for
digestion at 37 °C. After digestion, a short spin for
10 min was given and the supernatant was collected in
a fresh eppendorf tube. The gel pieces were re-
extracted with 50 pL of 1% trifluoroacetic acid (TFA)
and ACN (1:1) for 15 min with frequent vortexing.
The supernatants were pooled together and dried using
speed vac and were reconstituted in 5 pL of 1:1 ACN
and 1% TFA. 2 pL of the above sample was mixed
with 2 pL of freshly prepared a-cyano-4-hydroxycin-
namic acid (CHCA) matrix in 50% ACN and 1% TFA
(1:1) and 1 pL was spotted on target plate.

Protein identification: peptide mass fingerprinting
and MS/MS analysis

Protein identification was performed by database
searches (PMF and MS/MS) using MASCOT program
(http://www.matrixscience.com) employing Biotools
software (Bruker Daltonics).The similarity search for
mass values was done with existing digests and
sequence information from NCBInr and Swiss Prot
database. The taxonomic category was set to Rattus
norvegicus. The other search parameters were: fixed
modification of carbamidomethyl (C), variable modi-
fication of oxidation (M), enzyme trypsin, peptide
charge of 1" and monoisotropic. According to the
MASCOT probability analysis (p < 0.05), only sig-
nificant hits were accepted for protein identification.

Results
Day night variation in protein profile in SCN,
pineal and SN upon aging and RIPD rat model:

effect of melatonin administration

Representative 2-D gel images with protein profiles of
spots of proteins in the 3—10 pH range in SCN, pineal


http://www.matrixscience.com

Biogerontology (2017) 18:615-630

619

SCN

pH3to 10

Pineal SN

Mol
Wt

> i G

I \'b?
.4* e "";
RS c-

{ 9

- "

-

vy e

Fig. 1 Representative 2D gel images with protein profiles of spots of proteins in the 3—10 pH range in SCN, pineal and SN protein

profiles (listed in Table 1, Supplementary Table)

and SN protein profiles have been shown here as Fig. 1.
Analysis of 2-D gels, gave the count of protein spots in
the 12 month (m), 24, 12 m melatonin treated (12 m
MT), 24 m MT and rotenone induced PD (RIPD) rat
model, RIPD given melatonin for 11 days (RIPD,
MEL); and rotenone and melatonin treatment together
for 48 days (RT+MEL). The common spots between
two groups control and melatonin treated were then
counted followed by picking from these common
protein spots, the ones that showed significant variation
(p < 0.05) (Fig. 2; Supplementary Table 1). Further,
among the oscillating protein spots, the number of
spots with up regulation at ZT6 and ZT18 in various
experimental groups were identified (Table 1).

The number of protein spots showing day night
variation in RIPD were found comparable to 24 m age.
Upon melatonin administration the number of proteins
showing day night variation were differentially restored
in various experimental groups. No significant differ-
ence was found between the control and the vehicle
control. The spots in each group with robust day—night
variation were selected for peptide identification. MS/
MS analysis revealed identification of proteins with
robust day—night variation in SCN, pineal and SN in
various experimental groups studied (Table 2).

SCN

Semaphorin-4F, Sodium driven chloride bicarbonate
exchanger, Retinol binding protein 1, syntaphilin,

Malate dehydrogenase, Solute carrier family 25
member 39 and Merlin were identified with MS/MS
analysis in SCN. In 3 m “Semaphorin-4F” showed
robust day—night variation which persisted in 12 m
and abolished in 24 m and RIPD rat model. Upon
melatonin administration its day—night variationwas
not restored in both aging (12 and 24 m) and RIPD rat
model (Fig. 3a). In 3 and 12 m “Sodium driven
chloride bicarbonate exchanger” showed robust day—
night variation. Upon aging and in RIPD rat model its
day—night variation has been abolished. Upon mela-
tonin administration its day—night variation could not
be restored in neither aging (12 and 24 m) nor RIPD
rat model (Fig. 3b). In 12 and 24 m “Retinol binding
protein 1” showed robust day—night variation though
neither in 3 m nor RIPD rat model. Upon melatonin
administration its day—night variation were lost in 12,
24 m and RT4+MEL but established in RIPD MEL
group (Fig. 3c). In 12 and 24 m MT “syntaphilin”
showed robust day—night variation though no day-
night variation was observed in 3, 12 and 24 m age
groups and RIPD rat model. Upon melatonin admin-
istration its day—night variation was not observed in
RT+MEL and RIPD MEL group (Fig. 3d). “Malate
dehydrogenase” displayed day—night variation in
24 m and RIPD rat model though not in 3 and 12 m.
However, day—night variation was observed in 24 m,
RT+MEL and RIPD MEL group upon melatonin
administration (Fig. 3e). “Solute carrier family 25
member 39” showed day—night variation in 3 m and
RIPD rat model but not in 12 and 24 m. Upon
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Table 1 Effect of melatonin on daily rhythms of protein profiles in aging and RIPD rat model

Tissue No. of protein spots shown day—night variation
Age in months (m) RIPD RIPD RT+MEL
3m 12 m 24 m 12 m MT 24 m MT MEL

SCN 32 20 9 30 20 8 22 15
ZT6:19 ZT6:18 ZT6:7 7T6:23 ZT6:8 ZT6:4 ZT6:19 ZT6:9
ZT18:13 ZT18:2 ZT18:2 ZT18:7 ZT18:12 ZT18:4 ZT18:3 ZT18:6

Pineal 51 18 62 52 71 36 58 31
7T6:23 ZT6:11 7T6:25 7T6:22 ZT6:30 ZT6:15 7T6:34 7T6:23
ZT18:28 ZT18:7 ZT18:37 ZT18:30 ZT18:41 ZT18:21 ZT18:24 ZT18:8

SN 59 30 9 36 23 12 12 9
ZT6:9 7T6:23 7T6:4 ZT6:28 ZT6:10 ZT6:5 ZT6:9 ZT6:7
ZT18:50 ZT18:7 ZT18:5 ZT18:8 ZT18:13 ZT18:7 ZT18:3 ZT18:2

Day-night variation in protein spots in aging (3 month (m), 12, 24, 12 m melatonin treated (12 m MT), 24 m MT and rotenone
induced PD (RIPD) rat model, RIPD given melatonin for 11 days (RIPD, MEL) and rotenone treatment and melatonin treatment for
48 days (RT+MEL). Among the protein spots showing day night variation, the spot numbers showing upregulation at ZT 6 and ZT18

have been tabulated

melatonin administration there was restoration in
12 m (Fig. 3f). “Merlin” showed day—night variation
only in 12 m but not in 3, 24 m and RIPD but with
melatonin administration RT+MEL and RIPD MEL
groups showed day night variation (Fig. 3g).

Pineal

The proteins identified in pineal using MS/MS anal-
ysis were PHD finger protein-II, AP-1 complex
subunit beta-1, isovaleryl CoA dehydrogenase, Pro-
tein FAM131B and Small G protein signaling mod-
ulator 3. It was found that “PHD finger protein-II"
showed a day night variation in 3 m but not in 12 and
24 m and RIPD rat model. With melatonin adminis-
tration restoration in day—night variation was observed
in both 12 and 24 m groups and RIPD MEL (Fig. 4a).
“AP-1 complex subunit beta-1” showed a robust day—
night variation in 12 and 24 m group but not in 3 m
and RIPD rat model. With melatonin administration its
day—night variation persisted in 12 and 24 m (Fig. 4b).
In 24 m and RIPD group “isovaleryl CoA dehydro-
genase” showed robust day—night variation but not in
3 and 12 m. Upon melatonin administration the day—
night variation of this protein was observed in 12 m
and RTH+MEL (Fig. 4c). “Protein FAMI131B”
showed robust day—night variation in 12 m MT and
RIPD group (Fig. 4d). “Small G protein signaling
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modulator 3” showed robust day—night variation in
3 m and RIPD but not in 12 and 24 m. With melatonin
administration restoration in day—night variation was
observed in 12, 24 m, RT+MEL and RIPD MEL
(Fig. 4e).

SN

Upon MS/MS analysis, Neuropilin-1, RalGTPase-
activating protein subunit beta, SH2B adaptor protein
3, SH2B adaptor protein 3, Amyloid beta A4 precursor
protein-binding family A member 3, Pro-neuregulin,
Protein RUFY3 and Enol protein were identified in
SN. It was found in 3 m group “Neuropilin-1” showed
robust day—night variation which was lost by 12 m and
abolished in 24 m and RIPD groups. Melatonin
administration could not restore its day—night varia-
tion in any of the groups studied (Fig. 5a). The protein
“RalGTPase-activating protein subunit beta” dis-
played robust day—night variation in 3, 12 and 24 m
and RIPD. With melatonin treatment its day—night
variation persisted only in RIPD MEL group but not in
12, 24 m and RT4+MEL (Fig. 5b). In 12, 24 m and
RIPD group, SH2B adaptor protein 3 showed a robust
day-night variation but not in 3 m group. The
melatonin administration did not show any effect in
restoring this protein (Fig. 5¢). In 12 and 24 m,
“Guanine nucleotide binding protein subunit alpha-
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Fig. 2 Effect of melatonin on number of protein spots in SCN,
pineal and SN in aging and RIPD rat model. Various animal
groups: (12 month (m), 24, 12 m melatonin treated (12 m MT),
24 m MT and rotenone-induced PD (RIPD) rat model, RIPD
given melatonin for 11 days (RIPD, MEL) and rotenone
treatment and melatonin treatment for 48 days (RT+MEL).

12” showed a robust day—night variation but not in
3 m and RIPD group. With melatonin treatment its
day-night variation persisted only in 12 m and
RT+MEL group (Fig. 5d). “Amyloid beta A4 pre-
cursor protein-binding family A member 3” showed
day—night variation in 3, 24 m and RIPD but not in
12 m. Upon melatonin administration its day—night
variation was observed in 12, 24 m and RIPD MEL

)o) €l €l €6
)0 €6 € EE

Left and Right circle show total number of proteins detected in
the respective group. Two circles at their overlapping areas
represent number of matched spots between two groups. The
central square represents number of protein spots showing
significant variation between the groups (p < 0.05)

groups (Fig. 5e). “Pro-neuregulin 2”, membrane
bound isoform showed day—night variation in 3, 12
and 24 m and RIPD rat model. Upon melatonin
administration its day—night variation persisted in 12
and 24 m, abolished in RIPD MEL and RT+MEL
(Fig. 5f). Protein RUFY3 showed day—night variation
in 12, 24 m and RIPD but not in 3 m. Upon melatonin
administration its day-night variation persisted in
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Table 2 Identified proteins showing robust daily pulse in SCN, pineal and SN in aging and RIPD and upon melatonin administration

S. Group Protein identified Peptide sequence matched Observed SC MS/
No. (Mwt in (%) MS
kD/pI) score
SCN
1 3m Semaphorin-4F LQSCSECILA 85/6.59 2 28
QDPVCAWSFR
2 12m Sodium-driven chloride AAIVFPM 126/6.07 2 13
bicarbonate exchanger MVLALVFEVR
3  12m MT Syntaphilin MAMSLQGSR 55/5.8 1 24
24 m Retinol-binding protein 1 ALDVNVALR 15.9/5.1 6 16
5 24mMT Malate dehydrogenase, DLDVAVLVGSMPR 36.6/6.16 14 116
cytoplasmic SAPSIPKENFSCLTR
GEFITTVQQR
VEGLPINDFSR
6 RIPD Solute carrier family 25 QMSLGAV 39.6/9.45 4 23
member 39 EAMRVKPPR
7  RT+MEL Merlin (fragment) IASRMSFSSLKR 68.9/6.2 4 36
VLHMKEEATMANEAL
MR
Pineal
1 3m PHD finger protein 11 DAAVK 38.2/6.1 3 32
APFLKK
2 12 m AP-1 complex subunit beta- LSH 105/5 1 17
1 ANSAVVLSAVK
3  12m MT Protein FAM131B SSFSGISRSMK 36/4.3 6 37
DPEMSTALSR
4 24m Isovaleryl-CoA QYVYNVAR 46.8/8.03 4 122
dehydrogenase, YEIGGGTSEVRR
mitochondrial
5 24 m MT Small G protein signaling ~ EGSEPGCSQ 86.1/5.33 2 21
modulator 3 MAGTPLVEDPPQR
SN
1 3m Neuropilin-1 AKSF 104/5.71 4 33
EGNNNYDTPE
LRAFTPLSTR
FIR
TFCHWEHDSHAQLR
2 12m Ral GTPase-activating LSM 166/6.3 2 25
protein subunit beta PQSAAVNTTP
PHNR
ATMKTST
VTTAHTSK
3 12m MT  Guanine nucleotide binding RRNRGKPLFHHFTT 44.2/9.84 5 25
protein subunit alpha-12 A|DTENIR
4 24m SH2B adapter protein 3 LSGYVVVV 40/9.64 3 13
SQAPGR

@ Springer



Biogerontology (2017) 18:615-630

623

Table 2 continued

S. Group Protein identified

No.

Peptide sequence matched

Observed SC MS/
(Mwt in (%) MS
kD/pI) score

5 24mMT Amyloid beta A4 precursor GPEVPSED

61.5/5.16 11 40

protein-binding family A HPSNTQWALGPR
member 3
LLQPPEDPGGDPG
WMEGTEPADNRSSSSS

PELW LETAPLVTHR

6 RIPD Pro-neuregulin 2, AAMPPY

membrane bound isoform  gpSIPDSLR

7 RIPD, Protein RUFY3

8 RTH+MEL Enol protein

TNQMAATIK
MEL QAKTLNSAANK
AAVPSGASTGIYEALELR

95.2/9.52 1 27

53.1/5.36 4 31

51.7/6.7 23 426

HIADLAGNPEVILPVPAFNV
INGGSHAGNKLAMQEFMILPVGASSFR

AGYTDQVVIGMDVAASEFYR

YITPDQLADLYK

LAQSNGWGVMVSHR

Robust daily pulse shown proteins in aging (3 month (m), 12, 24, 12 m melatonin treated (12 m MT), 24 m MT and rotenone induced
PD (RIPD) rat model, RIPD given melatonin for 11 days (RIPD, MEL) and rotenone treatment and melatonin treatment for 48 days
(RTH+MEL). MW: Molecular weight in kD; SC: sequence coverage; pl: isoelectric point

In SCN (RIPD, MEL) and pineal (RIPD; RIPD, MEL; RT+MEL) selected protein spots failed to qualify MASCOT probability
analysis (p < 0.05), as only significant hits can be accepted for protein identification

24 m and RIPD MEL (Fig. 5g). Enol protein showed
day—night variation only in RIPD and RT+MEL but
not in other groups (Fig. 5h).

Discussion

We have reported recently the alterations of clock
genes upon aging and in RIPD and the differential
effect of melatonin on such changes (Mattam and
Jagota 2014, 2015). In this study, as a step towards
understanding the proteomic profiles, we studied the
complete proteome analysis of 3, 12, 24 m old rats and
RIPD rats. We report here significant robust alter-
ations in the protein expression with day—night
variations in SCN, pineal and SN in aging and RIPD
rats.

Melatonin, a neurohormone plays an important role
in regulating circadian rhythms through its rhythmic
release from pineal gland (Jagota 2012; Pandi-Peru-
mal et al. 2013). The melatonin levels have been
reported to decrease upon aging leading to the

circadian system disruption (Karasek 2004). The
exogenous administration of melatonin proved to be
beneficial in restoring the abolished rhythms in several
aspects of physiology and behavior as reported by
several researchers (Pandi-Perumal et al. 2013). We
reported earlier the exogenous effects of melatonin on
restoration of daily rhythms of serotonin, serotonin
metabolism (Jagota and Kalyani 2010; Reddy and
Jagota 2015), antioxidant enzymes and lipid peroxi-
dation (Manikonda and Jagota 2012), clock genes
rPerl, rPer2, rCryl, rCry2 and rBmall (Mattam and
Jagota 2014) as well as in NO levels and Socs/
expression (Vinod and Jagota 2016, 2017) in aging
and restoration of clock genes and serotonin metabo-
lism in RIPD (Mattam and Jagota 2015). We therefore
studied effects of administration of melatonin on
altered protein profiles in aging and RIPD in present
study.

In SCN we found that “Semaphorin-4F” and
“Sodium driven chloride bicarbonate exchan-
ger”(NCBE), a member of SLC4 family of bicarbon-
ate transporters known to regulate intracellular pH and

@ Springer



624

Biogerontology (2017) 18:615-630

Semaphorin-4F

LR A~
w = o= 9
. . . . )

=4
~
L

0.1 4

0.0 -

144 Retinol-binding protein 1
1.2

1.0
0.8 -
0.6 -
0.4 -

0.2

0.0 - =

Mean spot volume percentage Mean spot volume percentage
o) p p g ) Y p g >

0.30 - Malate dehydrogenase, cytoplasmic

0.25 4
0.20 4
0.15 4

0.10 -

Mean spot volume percentage

R Merlin (fragment)

Mean spot volume percentage a

3m 12m 24m 12m 24m RIPD RIPD, RT+

MT MT MEL MEL

Fig. 3 The proteins identified in SCN showing significant daily
pulse (p < 0.05), a semaphorin-4F; b sodium-driven chloride
bicarbonate exchanger; ¢ retinol-binding protein 1;

chloride ion concentration (Wang et al. 2000) showed
robust day—night variation in 3 and 12 m but in 24 m
and RIPD rats such day—night variation was abolished.
In the SCN, diurnal changes in intracellular chloride
concentration modulate the GABA equilibrium
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potentials altering its excitatory and inhibitory status
between day and night, respectively (Wagner et al.
2001). We show for the first time that NCBE is
expressed in the SCN, its rhythmic expression profile
may be indicative of its role in changes in the electrical
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Fig. 4 The proteins identified in pineal showing significant
daily pulse (p < 0.05), a PHD finger protein 11; b AP-1
complex subunit beta-1; ¢ isovaleryl-CoA dehydrogenase,

properties of the SCN across a circadian day. Impor-
tantly the protein rhythms were abolished in the 24 m
and RIPD group studied. The mechanisms involved in
the rhythmic expression of ion channels and its
reciprocal regulation by core clock oscillators with
significance to physiological rhythms is less under-
stood (Ko et al. 2009), however age related alteration
in SCN membrane properties have been well studied
(Banks et al. 2016). Recently, lack of NCBE was
shown to affect visual acuity and temporal changes in
light-evoked ganglion cell responses in retina (Hilgen
et al. 2012). We observed an abolition of day—night
variation of “Semaphorin-4F” in aged and RIPD rats.
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mitochondrial; d protein FAM131B; e small G protein signaling
modulator 3. Asterisk represents comparison with ZT-6 within
the group

Semaphorin-4F has been reported as a retinal axon
guiding molecule that helps in guiding the axons from
retina to the target region (Parrinello et al. 2008). The
decrease in day night variation of “Semaphorin-4F”
can be linked to the impairment of circadian rhythms
because of diminished signaling from retina. This
retinol binding protein la, has been reported as a
cytoplasmic protein involved in intracellular transport
of retinol (Ghyselinck et al. 1999). Interestingly we
found “retinol binding protein 17, showing significant
day—night variation in 12 and 24 m rats were lost in
RIPD. This was in corroboration with the previous
study (Van Dycke et al. 2015) showing “retinol
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Fig. 5 The proteins identified in SN showing significant daily
pulse (p < 0.05), a neuropilin-1; b Ral GTPase-activating
protein subunit; ¢ SH2B adapter protein 3; d guanine nucleotide
binding protein subunit alpha-12; e Amyloid beta A4 precursor

binding protein 1”as marker for circadian disruption

though it did not show day—night variation as was
observed in 3 m rats. Syntaphilin was found to show
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day night variation in 12, 24 m melatonin treated rats
though not observed in 3, 12 and 24 m rats. This can be
linked to capability of externally administered
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melatonin in gene regulation (Koyama et al. 2014).
Another protein “Solute carrier family 25 member
39” show a day—night variation in 3 m rats but not in
12 and 24 m rats could be a possible target for
regulation by clock genes. Further, another protein
“Merlin” showed the day—night variation in 12 m rats
but not in 3 and 24 m rats.

In pineal we observed that PHD finger protein II, a
nuclear protein involved in positive regulation of Th-1
type cytokine gene expression, showed significant
day—night variation in 3 m but not in 12 and 24 m and
RIPD rats. Till date there is no study showing “PHD
finger protein II” with day—night oscillations in its
protein expression. We for the first time showed the
day—night expression of this protein in rats. Further,
melatonin administration restored PHD finger protein
II day—night variation not only in 12 and 24 m rats but
also in RIPD rats. AP-1 complex subunit beta-1 has
been reported to play an important role in protein
sorting in the late-Golgi/trans-Golgi network (TGN)
and/or endosomes (Gallusser and Kirchhausen 1993),
and has been believed to be the target of miR-219 a
target for clock and bmall (Cheng et al. 2007).
Interestingly we found AP-1 complex subunit beta-1
showing day—night variation in 12 and 24 m rats.

In SN “Neuropilin-1”, showed robust daily
rhythms in 3 m, decreased in 12 m and abolished in
24 m and RIPD rats. “Neuropilin-1”, a single pass
type-1 membrane receptor has been reported crucial
for the assembly of fore brain neuronal circuits
(Chauvet et al. 2007). Interestingly, the neuroprotec-
tive effects of Vascular Endothelial growth factor
(VEGF) elicited upon rotenone administration is
mediated through dopaminergic (DA) neuron
expressed Neuropilin receptor signalling (Cabezas
et al. 2013). The altered Neuropilin profile with aging
and RIPD can thus be linked to progression of DA
neuron degeneration with aging or PD. We observed
RalGTPase-activating protein subunit beta a showing
robust day—night variation in 3, 12 and 24 m rats
revealing its possible link with the circadian rhythms.
The non-catalytic subunit of the heterodimer RagGap-
1 and RalGap-2 complexes were reported by some
researchers to act as GTPase activator for Ras like
small GTPases (Shirakawa et al. 2009). We also found
that SH2B adaptor protein 3 showed alteration in day—
night variation with aging and RIPD. Amyloid beta A4
precursor protein-binding family A member 3, may
modulate processing of the beta-amyloid precursor

protein (APP) and hence formation of beta-APP. This
protein is extensively studied in Alzheimer’s disease
(Tanahashi and Tabira 1999). We found it showing
robust day—night variations in 3 and 24 m rats and
RIPD rats. Our results show that pro-neuregulin and
RUFY3 also showed day-night oscillations. The
current knowledge on these proteins is very limited.

We observed day night variation in the expression
profile of some proteins in the SCN, pineal and SN
only in the 24 m and in RIPD model. This finding can
be linked to the fact that PD is an age related disorder
with the possibility of common pathological changes.
This may be associated with decline in ubiquitin/
proteasome pathway (UPP) functions upon aging
(Vernace et al. 2007) or disease condition. Due to
the accumulation of ‘uncleared’ protein products the
expression profile probably appears rhythmic. In the
SCN, Malate dehydrogenase’ (MDH) showed day-—
night variation in 24 m rats but not in 3 and 12 m rats.
MDH is also reported to form aggregates in liver
mitochondria disrupting ‘mitochondrial homeostasis’
upon senescence (Bezawork-Geleta et al. 2015). As
compared to Alzheimer’s disease (Qureshi and Parvez
2007) decreased expression of MDH in RIPD rats in
the present study also demonstrates its differential
effects in various neurological disorders. In the pineal
‘isovaleryl CoA dehydrogenase” a mitochondrial
protein involved in synthesis of (S)-3-hydroxy-3-
methylglutaryl-CoA from 3-isovaleryl-CoA, a sub
pathway of leucine degradation (Ikeda and Tanaka
1983), Protein FAMI31B and Small G protein
signaling modulator 3 exhibited robust day—night
variation in RIPD rats. The information on these
proteins in relation to the circadian rhythms and
Parkinson’s disease is obscure and the present data
demonstrated the immediate necessity to study these
proteins further to understand their role in disease
progression. Similarly in the SN, Enolasel(enol)
exhibited day-night variation in RIPD but not in 3,
12 and 24 m rats. However, eno 1 is reported to be a
circadian protein in peripheral clocks (Podobed et al.
2012).

Deery et al. (2009) reported that the master clock
SCN involves 13% of its intracellular proteome that is
under circadian regulation out of which 65% peaks
during day and 35% peaks during night. The pineal
and retina showed a lesser extent of circadian regu-
lation with 3.4 and 2.7% respectively. The proteins
that showed robust circadian pattern include heat
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shock proteins which belong to ATPases,
Immunoglobulins, RNA/protein/DNA metabolism
and energy production and transduction. Our results
are in agreement with findings from Deery et al.
(2009) and Lee et al. (2013) as well as with a study
on day-night proteome analysis in pineal by Moller
et al. (2010) which revealed that the proteins
involved in glucose metabolism, Krebs cycle, struc-
tural formations, energy transduction, signaling
cascades, protein/DNA/RNA metabolism, calcium
binding and intracellular transport showed day night
variations.

The alterations in the male rat can be related to
changes in middle age female rats such as serotonin
uptake, serotonin transporter (SERT) binding sites,
maintenance of normal cyclic release of luteinizing
hormone (LH), alpha-1 adrenergic receptors,
decreased sensitivity of Gonadotropin-releasing hor-
mone (GnRH) neurons to vasoactive intestinal
polypeptide (VIP) input (i.e. decreased c-fos expres-
sion) and changes in glucose utilization (Cohen and
Wise 1988; Krajnak et al. 2003). These changes have
been related to mood, memory and sleep (Krajnak
et al. 2003). Onset of menopause has been related with
the alterations in the biological rhythms and CNS
function due to reduced exposure to estradiol (Smith
et al. 2005). Epidemiologic studies by some workers
suggested that females are relatively protected from
PD compared with males and that exposure to
endogenous and exogenous estrogen contributes to
the sex differences. The estrogen could be protecting
dopaminergic neuron depletion induced by neurotox-
ins in PD animal models and therefore is neuropro-
tective. The sexual dimorphisms at the molecular
levels in dopaminergic neurons in the basal ganglia
had been linked to such differences (Gillies et al.
2014). The studies for such sexual differences in PD
may prove useful in understanding underlying
mechanisms.

Proteomics methods based on mass spectrometry
hold special promise for the discovery of novel
biomarkers. Some of the proteins identified in present
study may prove useful towards targeting novel
treatments for age induced circadian dysfunction and
neurological disorders such as PD.
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