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 27 

Abstract. 28 

Understanding of central nervous system mechanisms underlying age-related infertility remains 29 

limited. Fibril -synuclein, distinct from its monomeric form, is implicated in age-related diseases. 30 

Notably, fibril -synuclein spreads among neurons, similar to prions, from damaged old neurons in 31 

cortex and hippocampus to healthy neurons. However, less is known whether -synuclein propagates 32 

into oxytocin neurons, which play crucial roles in reproduction. We compared -synuclein expression 33 

in the oxytocin neurons in suprachiasmatic nucleus (SCN), supraoptic nucleus (SON), paraventricular 34 

hypothalamic nucleus (PVN), and posterior pituitary (PP) gland of healthy heifers and aged cows to 35 

determine its role in age-related infertility. We analyzed mRNA and protein expression, along with 36 

Congo red histochemistry and fluorescent immunohistochemistry for oxytocin and -synuclein, 37 

followed by confocal microscopy with Congo red staining. Both mRNA and protein expressions of -38 

synuclein were confirmed in the bovine cortex, hippocampus, SCN, SON, PVN, and PP tissues. 39 

Significant differences in -synuclein mRNA expressions were observed in the cortex and hippocampus 40 

between young heifers and old cows. Western blots showed five bands of -synuclein, probably 41 

reflecting monomers, dimers, and oligomers, in the cortex, hippocampus, SCN, SON, PVN, and PP 42 

tissues, and there were significant differences in some bands between the young heifers and old cows. 43 

Bright-field and polarized light microscopy did not detect obvious amyloid deposition in the aged 44 

hypothalami; however, higher-sensitive confocal microscopy unveiled strong positive signals for Congo 45 

red and -synuclein in oxytocin neurons in the aged hypothalami. -synuclein was expressed in 46 

oxytocin neurons, and some differences were observed between young and old hypothalami. 47 

 48 
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Introduction 54 

Aging increases the risk of various health problems, including infertility in both humans [1-3] and 55 

cattle [4, 5]. However, little is known about the central nervous system (CNS) mechanisms pertaining 56 

to this phenomenon. Oxytocin is a pleiotropic peptide hormone with broad implications in general health, 57 

adaptation, development, behavior, and reproduction [6]. The cell bodies of oxytocin neurons are located 58 

in the suprachiasmatic nucleus (SCN), supraoptic nucleus (SON), and paraventricular hypothalamic 59 

nucleus (PVN), and  their fibers project to various brain regions (to secrete oxytocin as 60 

neurotransmitter) or to the posterior pituitary (PP) gland (to secrete oxytocin as hormone into the blood) 61 

[7]. Oxytocin is a potential therapeutic target for brain diseases such as Alzheimer's disease and 62 

Parkinson's disease in the elderly [7]. However, there is limited knowledge regarding how these neurons 63 

change with age. 64 

-synuclein is a protein encoded by the SNCA gene, and is synthesized as the brain advances from 65 

the fetal to mature stage [8-10]. Although the precise physiological functions and roles of native 66 

monomeric α-synuclein remain unclear [10], it has been observed to associate with synaptic vesicles [9] 67 

and interacts with the ATP synthase subunit to enhance ATP synthase efficiency and mitochondrial 68 

function [11]. The monomers of -synuclein aggregate into fibril -synuclein, which causes brain 69 

diseases with advancing age, including Alzheimer’s disease, Parkinson's disease, and Lewy body 70 

dementia [12-14]. Moreover, the interaction of α-synuclein oligomers with ATP synthase switches its 71 

role from physiological to pathological, resulting in mitochondrial dysfunction [11]. Furthermore, 72 

aggregated -synuclein damages cells [12] and lipid rafts in the plasma membrane [15]. Importantly, 73 

similar to prions, -synuclein propagates among neurons in the cortex and hippocampus [16]. However, 74 

no studies have investigated whether -synuclein propagates to hypothalamic oxytocin neurons or 75 

whether infected oxytocin neurons synthesize -synuclein. 76 

Aged brains have amyloid deposits due to various causative molecules, including amyloid-β and 77 

-synuclein [17, 18]. The traditional method for visualizing amyloid deposition due to various causative 78 

molecules is Congo red staining for bright-field and polarized light microscopy (green, yellow, orange, 79 

or red) [19]. However, recent studies have reported that Congo red-positive regions can be detected by 80 
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higher-sensitivity confocal microscopy [20-22]. Amyloid deposition is thought to occur only in the 81 

extracellular space. However, a recent study on Lewy body dementia revealed that amyloid deposition 82 

can also occur in the cytoplasm [23]. Congo red fluorescence is also detected inside the neurons using 83 

by fluorescence microscopy [24]. However, little is known regarding amyloid deposition in the 84 

hypothalamus. Interestingly, the intra-cerebro-ventricular injection of aggregated amyloid β fragment 85 

may damage hypothalami in rats [25], meaning that oxytocin neurons may be affected by amyloid 86 

deposition. 87 

To the best of our knowledge, no previous study has reported the expression of -synuclein in 88 

oxytocin neurons and how this expression differs between young and old hypothalami. Therefore, we 89 

compared -synuclein expression in the oxytocin neurons of SCN, SON, PVN, and PP between healthy 90 

heifers and old cows to estimate the importance of -synuclein in aging-related infertility. 91 

 92 

Materials and Methods 93 

Animals and treatments  94 

All experiments were performed in accordance with the Guiding Principles for the Care and 95 

Use of Experimental Animals in the Field of Physiological Sciences (Physiological Society of Japan) 96 

and approved by the Committee on Animal Experiments of Yamaguchi University (approval number 97 

301).  98 

All cattle were managed by our contracted farmer in western Japan. The farm had open free-99 

stall barns with free access to water. The cattle were fed twice daily with a total mixed ration according 100 

to the Japanese feeding standard [26]. All cattle were non-lactating, non-pregnant, and with no follicular 101 

cysts, luteal cysts, or other ovarian disorders, as observed based on macroscopic examinations of the 102 

ovaries [27]. Japanese Black heifers mature sexually at about 15 months [28]. 103 

We obtained brain samples (cortex, hippocampus, anterior hypothalamus containing the SCN 104 

and SON [‘S & S’ block], and posterior hypothalamus containing the PVN and SON [‘P & S’ block]) 105 

from healthy post-pubertal Japanese Black heifers (23.0 ± 1.4 months of age; n = 5; young group) and 106 

old Japanese Black cows (162.8 ± 5.7 months of age; n = 5; old group) using methods detailed in our 107 
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previous studies. [29-31] and in Supplementary Figure 1. The frontal lobe cortex was collected caudal 108 

to the central sulcus near the midline. The hippocampus was collected from the temporal lobe, ventral 109 

to the lateral ventricle, after identification based on its unique shape [32]. Old cows were slaughtered 110 

after completing sufficient parturition time, usually after 10 years of age, as planned by the farmers, to 111 

obtain beef. Each block was stored in 4% paraformaldehyde at 4°C for 24 h. The fixed blocks were 112 

placed in a 20% sucrose solution at 4°C for 72 h. They were then stored in 30% sucrose solution at 4°C 113 

until the block was submerged for at least 48 h.  114 

We also collected cortex, hippocampus, PP, S & S, and P & S tissue samples from other healthy 115 

post-pubertal Japanese Black heifers (22.5 ± 1.3 months of age; n = 6; young group) and old Japanese 116 

Black cows (160.7 ± 10.8 months of age; n=6; old group) to perform reverse transcription-polymerase 117 

chain reaction (RT-PCR), quantitative RT-PCR, or western blotting. Both S & S and P & S blocks were 118 

cut along their midlines to obtain the left and right sides. Using the bovine brain atlas [33, 34] as a 119 

reference, the blocks were cut based on their exterior shapes, with the third or lateral ventricles as 120 

landmarks. The tissues were immediately frozen in liquid nitrogen and stored at −80 °C until RNA or 121 

protein extraction. 122 

 123 

RT-PCR, sequencing of amplified products, and homology search in gene databases 124 

Total RNA was extracted from the samples of cortex, hippocampus, S & S, P & S, and PP tissues 125 

(n=6 per group per region) using RNAzol RT isolation reagent (Molecular Research Centre Inc., 126 

Cincinnati, OH, USA). The extracted RNA samples were treated with a ribonuclease-free 127 

deoxyribonuclease (Toyobo, Tokyo, Japan). The concentration and purity of each RNA sample were 128 

evaluated to ensure the A260/A280 nm ratio was in the acceptable range of 1.8–2.1. The mRNA quality of 129 

all samples was verified by electrophoresis of total RNA, and the 28S:18S ratios were 2:1. The 130 

complementary deoxyribonucleic acid (cDNA) was synthesized using the Verso cDNA Synthesis Kit 131 

(Thermo Fisher Scientific, Waltham, MA, USA). 132 

PCR was conducted using primers designed using the Primer3 algorithm based on the reference 133 

sequences of bovine SNCA (National Center for Biotechnology Information [NCBI] reference sequence 134 

of bovine SNCA is NM_001034041.2). Supplementary Table 1 shows the details of the primers. The 135 
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PCR was performed using 50 ng of cDNA and polymerase (Tks Gflex DNA Polymerase, Takara Bio 136 

Inc., Shiga, Japan) under the following thermocycles: 94°C for 1 min for pre-denaturing followed by 35 137 

cycles of 98°C for 10 sec, 60°C for 15 sec, and 68°C for 30 sec. PCR products were separated on 1.5% 138 

agarose gel by electrophoresis with a molecular marker (Gene Ladder 100 [0.1-2kbp], Nippon Gene, 139 

Tokyo, Japan). The PCR products were sequenced with a sequencer (ABI3130, Thermo Fisher 140 

Scientific) using one of the PCR primers. The sequences obtained were used as query terms to search 141 

the homology sequence in the NCBI data bank using the basic nucleotide local alignment search tool 142 

(BLAST) optimized for highly similar sequences. 143 

 144 

Quantitative RT-PCR for SNCA 145 

After preparation of high-quality total RNA and cDNA synthesis using the previously described 146 

protocol, SNCA mRNA expression in young and old cortex, hippocampus, S & S, P & S, and PP tissues 147 

were compared between the young and old groups via quantitative RT-PCR as described previously 148 

[35]. The expression of each enzyme was normalized to the geometric mean of the expression of two 149 

house-keeping genes, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta 150 

(YWHAZ; NCBI reference sequence, NM_174814.2) and succinate dehydrogenase complex flavoprotein 151 

subunit A (SDHA; NCBI reference sequence, NM_174178.2). These two housekeeping genes are the 152 

most stable and reliable housekeeping genes to use in the bovine hypothalamus [35], and the cortex and 153 

hippocampus of sheep and rats [36, 37]. 154 

The amount of gene expression was measured in duplicate by quantitative RT-PCR with 50 ng 155 

cDNA using the CFX96 Quantitative RT-PCR System (Bio-Rad, Hercules, CA, USA) and Power SYBR 156 

Green PCR Master Mix (Thermo Fisher Scientific), together with a 6-point relative standard curve, non-157 

template control, and no reverse-transcription control. Standard 10-fold dilutions of purified and 158 

amplified DNA fragments were prepared. Temperature conditions for all genes were as follows: 95°C 159 

for 10 min for pre-denaturation; five cycles each of 95°C for 15 sec and 66°C for 30 sec; and 40 cycles 160 

each of 95°C for 15 sec and 60°C for 60 sec. Reactions with a coefficient of determination (R2) > 0.98 161 

and efficiency between 95 and 105% were considered optimized. The coefficients of variation of 162 

quantitative RT-PCRs were less than 6%. The concentration of PCR products was calculated by 163 
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comparing the Cq values of unknown samples with the standard curve using the appropriate software 164 

(CFXmanagerV3.1, Bio-Rad). Subsequently, the SNCA amount was divided by the geometric mean of 165 

YWHAZ and SDHA in each sample. 166 

 167 

Antibodies 168 

Human/rat/mouse -synuclein rabbit polyclonal antibody (GTX112799; GeneTex, Inc., CA, 169 

USA) recognizes human -synuclein (NP_001029213.1). This antigen sequence had a 95% homology 170 

to bovine -synuclein (NP_001029213.1) but no homology to other bovine proteins, as determined 171 

using protein BLAST. 172 

We also used an anti-oxytocin mouse monoclonal antibody (clone number 4G11: MAB5296; 173 

Sigma Aldrich, St. Louis, MO, USA) raised against a synthetic oxytocin peptide, CYIQNCPLG. This 174 

sequence had a 100% homology to bovine oxytocin (NP_789825.1). This antibody was used for 175 

immunohistochemistry to visualize oxytocin neurons in the rat brain [38]. 176 

 177 

Western Blotting for -synuclein detection 178 

We used a previously reported method, with minor modifications, for western blotting of bovine 179 

brain [30, 31]. Briefly, proteins were extracted from the frozen stock tissues of young and old groups (n 180 

= 6 per region per group) using a tissue protein extraction reagent (T-PER; Thermo Fisher Scientific) 181 

with a Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific). In addition, proteins were extracted 182 

from a whole brain of female mouse (5 weeks old, B6C3F1/Slc, Japan SLC, Inc., Shizuoka, Japan) for 183 

use as a positive control. The extracted protein samples were boiled with sample buffer solution with 184 

reducing reagent (6x) for SDS-PAGE (09499-14; Nacalai Tesque, Kyoto, Japan) at 100°C for 3 min. 185 

Protein samples (8,000 ng of total protein) were loaded onto a sodium dodecyl sulphate-polyacrylamide 186 

gel (4–15% Criterion TGX gel, Bio-Rad) alongside a molecular weight marker (Multicolor Protein 187 

Ladder; Nippon Gene Co., Ltd., Tokyo, Japan). Gels were run at 100 V for 90 min. Proteins were 188 

transferred onto polyvinylidene fluoride (PVDF) membranes by electroblotting at 1.0 A and 25 V for 30 189 

min using the Trans-Blot Turbo system (Bio-Rad). The PVDF membranes were stained with Revert 700 190 
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total protein stain (LI-COR Biosciences, Lincoln, NE, USA) for 5 min. After two 30-s washing cycles 191 

with 30% methanol containing 6.7% acetic acid, the PVDF membranes were neutralized with 10 mM 192 

Tris–HCl (pH 7.6) and 150 mM NaCl solution. Subsequently, the membranes were scanned using an 193 

Odyssey CLx (LI-COR Biosciences) to calculate the total protein content based on the density in each 194 

lane. 195 

The Can Get Signal Immunoreaction Enhancer kit (Toyobo Co. Ltd, Osaka, Japan) served as a 196 

blocking membrane (1 h at 25°C) for the primary antibody reaction (16 h at 4°C) with the anti--197 

synuclein antibody (1:100,000 dilution in 20 ml of immunoreaction enhancer solution I supplemented 198 

with 20 μg normal goat IgG) and secondary antibody reaction (1 h at 25°C) with goat anti-rabbit IgG 199 

horseradish peroxidase-conjugated antibody (Bethyl Laboratories Inc., Montgomery, TX, USA; 200 

1:100,000 dilution in 20 ml of immunoreaction enhancer solution II supplemented with 20 μg normal 201 

goat IgG). 202 

Protein bands were visualized using the Amersham ECL-Prime chemiluminescence kit (Cytiva, 203 

Marlborough, MA, USA) and a CCD imaging system (Amersham Image Quant 800, Cytiva). To verify 204 

signal specificity, several negative controls were included, wherein the primary antibodies were omitted 205 

or normal rabbit IgGs were used instead of the primary antibodies. Signal specificity was also confirmed 206 

using negative controls in which the primary antibodies were pre-absorbed with 5 nM antigen peptide 207 

(Scrum Inc., Tokyo, Japan). ImageQuant TL (version 8.2; Cytiva) software was used to measure band 208 

sizes and volumes. The frequently used control proteins, such as β-actin, GAPDH, and α-tubulin, are 209 

not suitable controls for western blotting in brain research [39,40]. This study utilized the REVERT total 210 

protein stain as the loading control, which demonstrated significant advantages over housekeeping 211 

proteins [40]. Consequently, the level of -synuclein was normalized to the total protein level. 212 

 213 

Cryosection 214 

After sucrose treatment, serial coronal sections were cut into 10 µm (for Congo Red staining) or 215 

50 µm thick (for immunohistochemistry, followed by Congo red staining) sections using a cryostat based 216 

on the bovine brain atlas [33, 34]. The selected S & S tissues contained both anterior commissure or 217 
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optic chiasm, SCN was lateral to the third ventricle, and SON was medial to optic chiasm. The selected 218 

P & S tissues contained fornix, PVN was lateral to the third ventricle, and SON was lateral to the optic 219 

tract. Every sixth section of the tissue was subjected to staining for -synuclein, oxytocin, and Congo 220 

red. The 50 µm thick sections were then stored in 25 mM PBS containing 50% glycerol, 250 mM sucrose, 221 

and 3.2 mM MgCl2・6H2O at –20°C until used for immunohistochemistry. The 10 µm thick sections 222 

were affixed to slide glass (MAS coat Superfrost, Matsunami-Glass, Osaka, Japan). 223 

 224 

Congo red staining 225 

The slides attached with 10 µm thick sections were covered in hematoxylin (New Type M, Muto 226 

Pure Chemicals Co., LTD., Tokyo, Japan) for 2 min. After washing with water, Congo red solution (New 227 

Type M; Muto Pure Chemicals Co., Ltd.) was used for staining for 3 min. The sections were rinsed by 228 

water twice and differentiated by 0.2% potassium hydroxide 80% ethanol (alkaline ethanol) for 3 sec; 229 

then, the sections were dehydrated in 70%, 90%, 100%, and 100% ethanol and cleared with three 230 

changes of xylene. After attaching coverslips, the stained sections were observed under both bright-field 231 

and polarized light using a microscope (Eclipse Si, Nikon, Tokyo, Japan). 232 

 233 

Fluorescent immunohistochemistry and confocal microscopy 234 

Frozen stock brain tissue was thawed and washed twice with PBS. Free-floating tissue sections 235 

were permeabilized with PBS containing 0.5% Tween 20 for 3 min. We combined two quenching 236 

methods, glycine/hydrogen peroxide [30, 31] and Vector True VIEW autofluorescence quenching 237 

(VTVAQ) kit (Vector Laboratories Inc., Burlingame, CA, USA). Briefly, the tissue was blocked with 238 

PBS containing 2% normal goat serum, 50 mM glycine, 0.05% Tween 20, 0.1% Triton X 100, and 0.1% 239 

BSA for 30 min [30]. The sections were incubated with a cocktail of primary antibodies (anti-oxytocin 240 

mouse and anti--synuclein rabbit antibodies [all diluted as 1:1,000]) dissolved in PBS containing 10 241 

mM glycine, 0.05% Tween 20, 0.1% Triton X 100, and 0.1% hydrogen peroxide at 4°C for 16 h. The 242 

sections were washed once with PBS containing 0.5 % Tween 20 (PBST), and twice with PBS, the 243 

sections were incubated with a cocktail of fluorochrome-conjugated secondary antibodies (Alexa Fluor 244 
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488 goat anti-rabbit IgG, and Alexa Fluor 647 goat anti-mouse IgG [all from Thermo Fisher Scientific 245 

and diluted to 1 µg/ml]) and 1 µg/ml of 4′, 6′-diamino-2-phenylindole (DAPI; Wako Pure Chemicals) 246 

for 4 h at room temperature. Sections were washed once with PBST and twice with PBS. Each free-247 

floating section was transferred to a slide glass. After drying overnight, the sections were stained by 248 

Congo red solution for 3 min. The sections were rinsed twice with water, differentiated by alkaline 249 

ethanol for 3 seconds, and washed by water. The sections were stained with PBS containing 1 µg/ml of 250 

DAPI again for 10 min. Subsequently, the VTVAQ kit was used according to the manufacturer’s 251 

protocol. After 5 min incubation with the kit, the sections were rinsed twice with PBS and cover glass 252 

was attached using ProLong Glass Antifade Mountant (Thermo Fisher Scientific). 253 

The sections were observed under a confocal microscope (LSM710; Carl Zeiss, Göttingen, 254 

Germany) equipped with a 405 nm diode laser, 488 nm argon laser, 533 nm HeNe laser, and 633 nm 255 

HeNe laser. Images obtained by fluorescence microscopy were scanned with a 20× or 40× oil-immersion 256 

objective and recorded with a CCD camera.  Congo red staining was viewed at 546 nm using the 257 

helium-neon laser [20-22]. Oxytocin, -synuclein, and Congo red localization were examined using 258 

confocal images of triple-labeled specimens. To verify the specificity of the signals, we included several 259 

negative controls, in which the primary antiserum was omitted or pre-absorbed with 5 nM of the antigen 260 

peptide, or in which normal rabbit IgG was used instead of the primary antibody. 261 

We defined various segments of neurons based on the following criteria: the cell body is round 262 

or polygonal in shape with a diameter is more than 8 m; the fiber is shown as a continuous or dotted 263 

line of immunopositive signal. We specified oxytocin neurons if they had a shape similar to that reported 264 

in a previous paper on bovine oxytocin neurons [33] and showed oxytocin-positive signals. 265 

To evaluate co-localization, the oxytocin signal was shown in red and either -synuclein or 266 

Congo red was shown in green. The percentage of cell bodies or fibers of oxytocin single-labeled 267 

neurons and double/triple-labeled cell bodies or fibers of neurons among all oxytocin-positive cell 268 

bodies or fibers of neurons were determined for each individual. For this purpose, we analyzed all areas 269 

of four randomly selected sections containing the SCN, four sections containing the SON, four sections 270 

containing the PVN, and twelve sections containing the PP from each individual. 271 
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 272 

 273 

Statistical analysis 274 

Grubb’s test verified the absence of outliers. The Shapiro–Wilk and Kolmogorov–Smirnov 275 

Lilliefors tests verified the normality of distribution of each variable. Two-factor analysis of variance 276 

(ANOVA) was employed to evaluate the effect of the different groups (young vs. old) on the -synuclein 277 

band intensity in western blots. Differences in each band of -synuclein protein intensity, total band 278 

intensity of -synuclein, and protein or mRNA expression were analyzed using non-paired t-test. T-test 279 

was utilized to compare the young and old groups in the percentage of cell bodies or fibers of oxytocin 280 

single-labeled neurons and the percentage of double/triple-labeled cell bodies or fibers of neurons 281 

among all oxytocin-positive cell bodies or fibers of neurons in the SCN, PVN, SON, or PP tissues. The 282 

level of significance was set at P < 0.05. Data are expressed as the means ± standard error of the mean. 283 

 284 

Results 285 

Detection of -synuclein mRNA 286 

Agarose gel electrophoresis yielded PCR products of the expected size, indicating the presence 287 

of -synuclein in the bovine cortex, hippocampus, S & S, P & S, and PP tissues (303 bp; Supplementary 288 

Figure 2). Homology searching of the obtained sequences of the amplified products in the gene databases 289 

revealed that the best match alignment was for bovine SNCA (NM_001034041.2). Both had a query 290 

coverage of 100%, an e-value of 0.0, and a maximum alignment identity of 99%. No other bovine genes 291 

were found to share homology with the obtained sequences of the amplified products, indicating that 292 

the sequences of the amplified products were identical to those of bovine SNCA. 293 

 294 

Detection of -synuclein protein 295 

Western blotting confirmed the presence of -synuclein in the young and old cortex, 296 

hippocampus, S & S, P & S, and PP tissues, with differences in intensity among sample types (Fig. 1A). 297 

The expected size of the -synuclein monomer form was 16.6 kDa. We observed other four band sizes, 298 
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most likely dimers (36.9 kDa), oligomers (53.8 kDa, 65.2 kDa, and 91.0 kDa or 95.1 kDa). Two-factor 299 

ANOVA for band intensity after normalization to total protein intensity (Fig. 1B) revealed the significant 300 

effects of age in the cortex, S & S, P & S, and PP tissues, but not in the hippocampus (Fig.1C–G). Non-301 

paired t-tests revealed significant differences in the 36.9-kDA band for S & S, P & S, and PP tissues, the 302 

53.8-kDa band for PP, and the 65.2-kDa band for the hippocampus between young and old bovines. 303 

Non-paired t-tests revealed significant differences in the total band intensity of -synuclein protein 304 

between young and old bovines. 305 

 306 

Quantitative RT-PCR 307 

Quantitative RT-PCR revealed significant differences in SNCA mRNA (Fig. 2) expression levels 308 

between young and old bovines in the cortex and hippocampus, but not in S & S, P & S, or PP tissues. 309 

 310 

Congo red staining for amyloid deposit 311 

Congo red staining coupled with bright-field microscopy displayed red or orange hues in the 312 

SCN, SON, and PVN of the old group, but not in the young group (Supplementary Figure 3). Some 313 

stained cell bodies formed clusters. Polarized light microscopy revealed red- or brown-colored cell 314 

bodies and fibers in the SCN, SON, and PVN of the old group. 315 

 316 

Fluorescence analysis of -synuclein and Congo red in the cortex and hippocampus 317 

Fluorescence immunohistochemistry detected -synuclein in the cell bodies and fibers of 318 

neurons in the cortex and hippocampus of both young and old groups (Supplementary Figure 4). Strong 319 

Congo red fluorescence was detected in the cortex and hippocampus of old group, whereas weak 320 

fluorescence was detected in young group. 321 

 322 

Fluorescence analysis of oxytocin, -synuclein, and Congo red 323 

Immunofluorescence immunohistochemistry followed by Congo red staining detected -324 

synuclein in most of the oxytocin neuron cell bodies and fibers in the SCN (Fig. 3), SON (Fig. 4), PVN 325 
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(Fig. 5), and PP tissues (Fig. 6) in the old group, but not in the young group. Triple-positive (oxytocin-326 

positive, -synuclein-positive, and Congo red-positive) cell bodies and fibers were abundant in the old 327 

SCN, SON, PVN, and PP, but not in young ones. However, weak -synuclein was solely observed 328 

occasionally in the young group (Fig. 4E, 5E, 6A, 6C). The -synuclein-positive cell bodies of oxytocin 329 

neurons were observed in close proximity (within 5 m) to cell bodies of other oxytocin neurons in the 330 

SCN (Fig. 3B, 3D, 3F), SON (Fig. 4B, 4D), and PVN (Fig. 5B, 5D). Strong Congo red fluorescence was 331 

detected in the SCN, SON, PVN, and PP of the old group. In contrast, only weak Congo red fluorescence 332 

was detected in the SCN, SON, PVN, and PP of the young group. Importantly, -synuclein-positive 333 

oxytocin fibers were observed very close to a blood vessel (Fig. 6B, 6D). 334 

Supplementary Table 2 presents the number of examined oxytocin-positive, -synuclein-335 

positive, and Congo red-positive cell bodies and fibers in the SCN, SON, PVN, or PP. As illustrated in 336 

Supplementary Table 3, the vast majority of cell bodies and fibers of oxytocin neurons are positive for 337 

both α-synuclein and Congo red in the SCN, SON, PVN, or PP in the old group, but not in the young 338 

group. Significant differences were evident in almost all the ratios between the two groups. In addition 339 

to oxytocin neurons, there were also α-synuclein-positive and Congo red-positive non-oxytocin neurons 340 

(as shown in Supplementary Table 3). This indicates that α-synuclein-positivity and Congo red-341 

positivity were not exclusive to oxytocin neurons. 342 

 343 

Discussion 344 

The present study detected -synuclein mRNA and protein expression in the bovine SCN, SON, 345 

PVN, and PP. Immunohistochemistry detected -synuclein in bovine oxytocin neurons. Most of the cell 346 

bodies or fibers of oxytocin neurons were -synuclein- and Congo red-positive were observed in the 347 

SCN, SON, PVN, and PP tissues of the old group. To the best of our knowledge, this is the first study 348 

to report -synuclein- and Congo red-positivity in oxytocin neurons of all species. The discovered -349 

synuclein and Congo red positivity in SCN, SON, PVN, and PP warrant further exploration because 350 

their localization has significant implications for various physiological functions, including reproduction. 351 

A previous study observed Congo red-positive neurons in the PVN and SON of an elderly patient 352 
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with Alzheimer’s disease [41]; however, the corresponding cells were not identified. We observed strong 353 

-synuclein and Congo red signals in the oxytocin neurons of old bovines, and positivity for both was 354 

weak in the oxytocin neurons of young bovines. It is well-known that -synuclein monomers can 355 

combine into oligomers and fibrils, these being a driving cause of brain disease [12-14]. Monomeric α-356 

synuclein is expressed in fetal and young healthy brains [8-10]. The western blots in this study revealed 357 

five bands, similar to those observed in a previous study on the human brain [42]. The smallest band 358 

(16.6 kDa) seemed to correspond to the monomer because the molecular weight of bovine -synuclein 359 

is 14.5 kDa (calculated based only on the amino acid sequence [NP_001029213.1], without including 360 

the acetylation and phosphorylation sites stated in its annotation). We speculated that the second-361 

smallest band (36.9 kDa), was a dimer, and the band intensities of old S & S, P & S, and PP tissues were 362 

significantly higher than those of the young. The band intensities of the larger bands may reflect the 363 

amount of endogenous oligomers and fibrils. A significant effect of different ages was detected by two-364 

factor ANOVA in the cortex, S & S, P & S, and PP. Therefore, further studies are required to clarify the 365 

pathogenic roles of -synuclein in oxytocin neurons. 366 

As shown in Fig 6A and 6B, the oxytocin neuronal cell bodies formed clusters. A similar cluster 367 

is well known in GnRH neurons, and most GnRH neurons (86%) form multiple close appositions with 368 

dendrites of other GnRH neurons, probably for GnRH neuronal synchronization via dendrodendritic 369 

communication [43]. Therefore, oxytocin clusters may serve similar purposes. -synuclein and Congo 370 

red positivity in oxytocin neurons may be relevant to the regulation of oxytocin secretion. It is known 371 

that -synuclein aggregates at lipid rafts, which are important components of the plasma membrane, 372 

and inhibit cytoplasmic signaling pathways [15]. Moreover, -synuclein behaves like prions [16]. 373 

Therefore, further studies are warranted to clarify the role of -synuclein in the oxytocin neuron cluster. 374 

Oxytocin neurons in the SCN, SON, and PVN project to the PP gland and secrete oxytocin into 375 

the circulating blood [7]. A previous study reported the presence of -synuclein-positive deposits in the 376 

PP glands of the majority of elderly patients with Parkinson's disease and Lewy body dementia; however, 377 

-synuclein-positive deposits were also present in the PP glands of elderly patients without these 378 

diseases [44]. The present study found -synuclein signals in the fibers of oxytocin neurons very close 379 
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to blood vessels in the PP glands. Moreover, the total band intensity of α-synuclein was greater in the 380 

PP glands of older bovines than in those of younger bovines. It is known that -synuclein is transported 381 

into and out of the brain, even via the blood-brain barrier [45]. Furthermore, amyloid deposits are 382 

reported in the hypophyses of 7-year-old cows [46]. Additionally, cultured neurons can secret -383 

synuclein fibrils [47]. Therefore, the findings of this study suggest another route in which -synuclein 384 

may be secreted into the blood to suppress peripheral organs. Further studies to evaluate this hypothesis 385 

are warranted. 386 

Similar to old human brains, old cattle brains promote amyloidosis and display Alzheimer's 387 

disease-like pathology [48]. -synuclein contributes to the formation of amyloid deposits [17, 18]. 388 

Recent studies have reported that confocal microscopy detects the fluorescence of Congo red, and this 389 

detection has a higher sensitivity than that of traditional bright-field or polarized light microscopy [20-390 

22]. Cytoplasmic amyloid deposits may have physiological functions, since -synuclein interacts with 391 

and modulates the aggregation of Pmel17, a functional amyloid in melanoma [49-51]. Importantly, an 392 

oxytocin-like peptides self-assemble into amyloid fibrils [52]. Moreover, a study reported that atrial 393 

fibrillation occurs after administering a bolus of oxytocin during cesarean section [53]. Therefore, the 394 

functional amyloid concept warrants further studies for oxytocin neurons in the hypothalamus, as the 395 

present study did not provide direct evidence that α-synuclein accumulation leads to abnormal oxytocin 396 

nerve function. 397 

This study had a limitation. The SCN, SON, and PVN specimens also contained other brain areas 398 

and nuclei because it was impossible to obtain precisely cut samples under our experimental conditions. 399 

Therefore, data from western blots and RT-PCR could not define -synuclein expression only in 400 

oxytocin neurons. However, immunohistochemistry detected -synuclein expression in the oxytocin 401 

neurons, which allowed us to safely conclude that bovine oxytocin neurons expressed -synuclein. 402 

Previous studies have clarified that the hippocampus is a unique region of the adult brain for 403 

neurogenesis [54]. We observed the highest -synuclein expression in the hippocampus. Fetal and 404 

healthy young brains synthesize -synuclein for an unclarified role [8, 10]. Therefore, further studies 405 

are required to clarify the roles of -synuclein in neurogenesis. Additionally, the young cortex and 406 
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hippocampus had higher SNCA mRNA expression than their older counterparts. Furthermore, in a 407 

previous study [55], the levels of -synuclein mRNA throughout the mouse brain were found to be high 408 

in young mice (2-month-old) and were observed to progressively decline in middle-aged (10-month-409 

old) and old (20-month-old) mice. Therefore, the amounts of -synuclein, likely the normal native 410 

monomeric α-synuclein form, appear to have declined in the brains of old cows. 411 

Two differences in band size were observed in western blots. The largest band, measuring 95.1 412 

kDa, was present in almost all regions except for the cortex (91.0 kDa). Second, the most prominent 413 

band was evident in the lane corresponding to the whole mouse brain. Despite extensive analyses, we 414 

were unable to ascertain the underlying mechanisms responsible for this difference. Potential 415 

explanations include differences in the chemical composition of various brain regions or inter-species 416 

variation. 417 

In conclusion, the presence of α-synuclein in oxytocin neurons was demonstrated, and notable 418 

differences were observed between the hypothalamus of young and old individuals. Oxytocin plays a 419 

crucial role in supporting reproduction by promoting sexual and nursing behaviors and stimulating 420 

reproductive organs [6, 56]. Furthermore, oxytocin plays significant roles in the inhibition of age-related 421 

neurodegenerative diseases [6, 56]. Therefore, additional research is required on the mechanisms by 422 

which α-synuclein and amyloid function within the hypothalamus to influence oxytocin secretion. 423 
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Figure Legends 586 

 587 

Fig. 1. Western blot analysis of α-synuclein in brain sections: positive control (+, whole mouse brain), 588 

negative control (-, buffer only), cortex (Cort), hippocampus (Hipp), suprachiasmatic nucleus and 589 

supraoptic nucleus (S & S), paraventricular hypothalamic nucleus and supraoptic nucleus (P & S), and 590 

posterior pituitary (PP) tissues from post-pubertal heifers (Y; n = 6) and older cows (O; n = 6), detected 591 

with anti-α-synuclein antibody (A). Representative photos of membrane stained by Revert 700 total 592 
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protein stain (B). Relative -synuclein protein levels normalized to the amount of total protein based on 593 

all densities in each lane (C, D, E, F, and G). Headings indicate the results of the two-way ANOVA. P-594 

values indicate significant differences by t-test between the young and old specimens.  595 

ANOVA: analysis of variance 596 

N.S.: non-significant 597 

  598 
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 599 

 600 

Fig. 2. Relative SNCA mRNA levels, presented as mean ± SEM, in various brain regions: cortex (Cort) 601 

(A), hippocampus (Hipp) (B), suprachiasmatic nucleus and supraoptic nucleus (S & S) tissue (C), 602 

paraventricular hypothalamic nucleus and supraoptic nucleus (P & S) tissue (D), and posterior pituitary 603 

(PP) tissue (E), comparing healthy, post-pubertal, growing, nulliparous heifers (young group; n = 6) to 604 

old, multiparous cows (old group; n = 6), as measured by RT-qPCR. Data were normalized to the 605 

geometric means of YWHAZ and SDHA levels. The P-values in the upper of each graph represent the 606 

results of non-paired t-test. 607 

RT-qPCR: quantitative reverse transcription-polymerase chain reaction 608 

SEM: standard error of mean  609 

N.S.: non-significant 610 
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 612 

Fig. 3. Fluorescence photomicrographs of oxytocin, -synuclein, Congo red, and DAPI in the SCN of 613 

young and old bovines. Images were captured with laser confocal microscopy for oxytocin (light blue), 614 

-synuclein (green), Congo red (red), and DAPI (blue). In the merged photos, the yellow arrows and 615 

yellow star indicate the cell body and blood vessel. Scale bars, 20 m. 616 

SCN: suprachiasmatic nucleus 617 
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 619 

 620 

Fig. 4. Fluorescence photomicrographs of oxytocin, -synuclein, Congo red, and DAPI in the SON of 621 

young and old bovines. Images were captured with laser confocal microscopy for oxytocin (light blue), 622 

-synuclein (green), Congo red (red), and DAPI (blue). In the merged photos, the arrows indicate the 623 

cell body. Scale bars, 20 m. 624 

SON: supraoptic nucleus 625 
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 627 

 628 

Fig. 5. Fluorescence photomicrographs of oxytocin, -synuclein, Congo red, and DAPI in the PVN of 629 

young and old bovines. Images were captured with laser confocal microscopy for oxytocin (light blue), 630 

-synuclein (green), Congo red (red), and DAPI (blue). In the merged photos, the arrows indicate the 631 

cell body. Scale bars, 20 m. 632 

PVN: paraventricular hypothalamic nucleus 633 
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 635 

Fig. 6. Fluorescence photomicrographs of oxytocin, -synuclein, and Congo red in the PP glands of 636 

young and old bovines. Images were captured with laser confocal microscopy for oxytocin (light blue), 637 

-synuclein (green), Congo red (red), and DIC (gray). In the merged photos, the yellow stars indicate 638 

the blood vessels. Scale bars, 20 m. 639 

PP: posterior pituitary 640 

DIC: differential interference contrast 641 
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 643 

Supplementary Fig. 1. Schematic illustration of brain tissue sampling. Brain tissues were dissected as 644 

per the dotted line on the ventral side (A) with the following margins: rostrally-rostral border of the 645 

optic chiasm; caudally-rostral to the mammillary bodies; lateral to the optic chiasm; and 0.5 cm dorsal 646 

to the third ventricle. The block was then split into two parts by cutting from the rostral to the median 647 

eminence, yielding an anterior part containing the suprachiasmatic nucleus and supraoptic nucleus (S 648 

& S block) and a posterior part containing the paraventricular hypothalamic nucleus and supraoptic 649 

nucleus (P & S block). The blocks were further cut. Both the S & S and P & S blocks were cut at the 650 

midlines to obtain left and right sides. Using the bovine brain atlas (Graïc et al., 2018; Okamura, 651 

2002) as a reference, the blocks were further cut using their exterior shapes and the third or lateral 652 

ventricles as landmarks as the dotted line (B, C, D) to obtain tissue sample containing the 653 

suprachiasmatic nucleus and supraoptic nucleus (S & S tissue) and tissue containing the 654 

paraventricular hypothalamic nucleus and supraoptic nucleus (P & S tissue). 655 

  656 
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 657 

 658 

Supplementary Fig. 2. Detection of -synuclein mRNA in bovine brain regions by RT-PCR. 659 

Electrophoresis of PCR-amplified DNA products using primers for -synuclein and cDNA derived from 660 

the bovine cortex, hippocampus (Hipp), tissues containing the suprachiasmatic nucleus and supraoptic 661 

nucleus (S & S), paraventricular hypothalamic nucleus and supraoptic nucleus (P & S), or posterior 662 

pituitary (PP) tissues of post-pubertal heifers. The sizes of the obtained DNA products met 663 

expectations—303 bp. The marker lane (MW) indicates the DNA marker. 664 

RT-PCR: reverse transcription-polymerase chain reaction. 665 

  666 



32 

 

 667 

 668 

Supplementary Fig. 3. Congo red staining for amyloid deposit in SCN, SON, PVN, and PP in young 669 

and old bovines. The bright-field microscopy showed amyloid deposit regions in red. The polarized light 670 

microscopy results showed amyloid deposits in green or yellow. Scale bars are 50 µm in SCN and PP, 671 

and 100 µm in SON and PVN. 672 

SCN:  suprachiasmatic nucleus; SON: supraoptic nucleus; PVN: paraventricular hypothalamic 673 

nucleus; PP: posterior pituitary 674 
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 676 

 677 

Supplementary Fig. 4. Fluorescence photomicrographs of -synuclein, Congo red, and DAPI in the 678 

cortex (A, B) and hippocampus (C, D) of young and old bovines. Images were captured with laser 679 

confocal microscopy for a-synuclein (green), Congo red (red), and DAPI (blue). In the merged photos, 680 

the yellow arrows indicate the co-localization of -synuclein and Congo red in the cell body. Scale 681 

bars, 20 m. 682 
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Supplementary Table 1. Details of primers for bovine genes used for RT-PCR or quantitative RT-PCR 684 

 685 

Gene 

Species 

Primer sequence 5'-3' Position Size  

(bp) Nucleotide Exon 

SNCA a 
 

F 

R 

GACGCCGGGTGAGTGTG 

CAATGCTCCCTGCTCCTTCT 

18–34 

301–320 

1 

4 

303 

SNCAb 
 

F 

R 

GCCGGGTGAGTGTGGTGTA 

GACTCCCTCCTTGGCCTTTG 

21–39 

81–100 

1–2 

2 

80 

YWHAZ b 
 

F 

R 

AGACGGAAGGTGCTGAGAAA 

CGTTGGGGATCAAGAACTTT 

256–275 

359–378 

2 

3 

123 

SDHA b 
 

F 

R 

CATCCACTACATGACGGAGCA 

ATCTTGCCATCTTCAGTTCTGCTA 

428–448 

494–517 

5 

5 

90 

RT-PCR, reverse transcription polymerase chain reaction; SNCA, synuclein alpha; SDHA, Succinate 686 

dehydrogenase complex flavoprotein subunit A; YWHAZ, Tyrosine 3-Monooxygenase/Tryptophan 5-687 

Monooxygenase Activation Protein Zeta. 688 

a For RT-PCR. 689 

b For quantitative RT-PCR. 690 

691 
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Supplementary Table 2. Mean ± SEM of the number of examined oxytocin -positive, -synuclein-692 

positive, or Congo red-positive cell bodies and fibers in the suprachiasmatic nucleus (SCN), 693 

supraoptic nucleus (SON), paraventricular hypothalamic nucleus (PVN), and posterior pituitary (PP) 694 

gland of the young (n = 5) and old (n = 5) groups. 695 

Young group 696 

 Cell body in 

SCN/SON/PVN 

Fiber in 

SCN/SON/PVN 

Fiber in PP 

Oxytocin+ 40.0 ± 0.5 37.4 ± 0.7 37.4 ± 0.7 

-synuclein+ 52.8 ± 0.7 50.6 ± 0.8 43.6 ± 2.5 

Congo red+ 4.8 ± 1.8 1.6 ± 0.2 13.8 ± 3.0 

Old group 697 

 Cell body in 

SCN/SON/PVN 

Fiber in  

SCN/SON/PVN 

Fiber in PP 

Oxytocin+ 32.6 ± 0.7 31.2 ± 0.6 28.2 ± 1.1 

−synuclein+ 59.4 ± 1.7 50.8 ± 0.7 48.6 ± 3.2 

Congo red+ 60.0 ± 1.8 50.4 ± 0.7 48.4 ± 3.0 

 698 

  699 
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Supplementary Table 3. Mean ± SEM of the percentage of oxytocin cell bodies or fibers that co-700 

localize -synuclein or Congo red and the percentage of -synuclein or Congo red cells that co-localize 701 

oxytocin in the young (n = 5) and old (n = 5) SCN, SON, PVN, and PP tissues. 702 

(A) Cell body in the SCN /SON/PVN 703 

 Young Old P-value 

Oxytocin cells co-localize -synuclein 52.6 ± 1.6 99.4 ± 0.6 < 0.01 

Oxytocin cells co-localize Congo red 9.2 ± 4.7 98.7 ± 0.8 < 0.01 

Oxytocin cells co-localize both 3.8 ± 1.8 98.7 ± 0.8 < 0.01 

-synuclein cells co-localize oxytocin 39.8 ± 1.0 54.8 ± 2.2 <0.01 

Congo red cells co-localize oxytocin 70.0 ± 6.8 53.9 ± 2.4 NS 

 704 

(B) Fibers in the SCN /SON/PVN. 705 

 Young Old P-value 

Oxytocin cells co-localize -synuclein 54.6 ± 1.2 96.9 ± 1.4 < 0.01 

Oxytocin cells co-localize Congo red 1.6 ± 0.7 94.9 ± 2.1 < 0.01 

Oxytocin cells co-localize both  0.6 ± 0.2 94.9 ± 2.1 < 0.01 

-synuclein cells co-localize oxytocin 40.3 ± 0.6 59.5 ± 0.7 < 0.01 

Congo red cells co-localize oxytocin 30.0 ± 12.2 58.7 ± 1.0 NS 

 706 

(C) Fibers in the PP. 707 

 Young Old P-value 

Oxytocin cells co-localize -synuclein 54.6 ± 1.2 98.6 ± 0.9 < 0.01 

Oxytocin cells co-localize Congo red 7.3 ± 5.3 98.6 ± 0.9 < 0.01 

Oxytocin cells co-localize both  2.8 ± 2.1 91.9 ± 2.7 < 0.01 
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-synuclein cells co-localize oxytocin 47.3 ± 2.5 57.7 ± 2.2 < 0.05 

Congo red cells co-localize oxytocin 28.0 ±15.5 57.8 ± 1.6 NS 

 708 

 709 

 710 


