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Brain aging is a physiological process associated with physical and cognitive 
decline; however, in both humans and animals, it can be regarded as a risk factor 
for neurodegenerative disorders, such as Alzheimer’s disease. Among several brain 
regions, hippocampus appears to be  more susceptible to detrimental effects of 
aging. Hippocampus belongs to limbic system and is mainly involved in declarative 
memories and context-dependent spatial-learning, whose integrity is compromised 
in an age-dependent manner. In the present work, taking advantage of liquid 
chromatography–tandem mass spectrometry (LC–MS/MS)-based proteomics, 
we sought to identify proteins differentially expressed in the hippocampus of the 
aged grazing milk cows. Our exploratory findings showed that, out of 707 identified 
proteins, 112 were significantly altered in old cattle, when compared to the adult 
controls, and functional clusterization highlighted their involvement in myelination, 
synaptic vesicle, metabolism, and calcium-related biological pathways. Overall, our 
preliminary data pave the way for the future studies, aimed at better characterizing 
the role of such a subcortical brain region in the age-dependent cognitive decline, 
as well as identifying early aging markers to improve animal welfare and husbandry 
practices of dairy cattle from intensive livestock.
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1. Introduction

Brain aging is a physiologic process, characterized by molecular, structural, and behavioral 
changes that, eventually bring about cognitive dysfunctions. In this line, progressive deficits in 
learning and memory occur at different extent and brain regions, like hippocampus, which is 
particularly vulnerable to aging process in mammals, including domestic and laboratory animals, 
as well as humans (Peters, 2006; Youssef et al., 2016). Pioneering studies from O’Keef and colleagues 
highlighted the structural-functional relationship for such a subcortical region, so it can 
be  regarded as a key player for spatial navigation and memory consolidation (O'Keefe and 
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Dostrovsky, 1971). Although precise mechanisms underlying 
age-dependent decay of cognitive abilities need to be  still deeper 
addressed, preclinical and clinical studies documented a correlation 
between age-dependent cognitive decline and decrease of hippocampal 
volume (Driscoll et al., 2006). Alongside structural changes occurring 
over time, aging has the potential to severely modify the physiology of 
the synaptic strength and plasticity within the hippocampus. Synaptic 
plasticity relies on the ability of neurons to make and break connections, 
thereby modifying the efficacy of the preexisting ones, that impact on 
subsequent thoughts, feelings, and behavior (Citri and Malenka, 2008). 
Long-Term Potentiation (LTP) and Long-Term Depression (LTD) 
represent the neurobiological substrate of the hippocampal synaptic 
plasticity which, overall, appear impaired during aging, and 
dysfunctional in neurological disorders. In this respect, studies in 
rodents showed a rapid age-dependent decay of hippocampal LTP, since 
old rats had poorer performance in spatial memory abilities, together 
with a greater hippocampal depotentiation and lower threshold for LTD 
onset (Norris et al., 1996; Errico et al., 2008; Lister and Barnes, 2009; 
Errico et al., 2011a,b). The age-dependent reduction of hippocampal 
synapses is associated with morphological changes of dendritic spines 
and dendrites, in addition to alterations of synaptic vesicle protein 
levels, which are accountable for neurotransmitter release during the 
physiological activity of the hippocampus and, in turn, contribute to 
cognitive decline (Wang et al., 2007; Leal and Yassa, 2015; Truckenbrodt 
et al., 2018). Among the brain aging complexity culprits, oxidative stress, 
glucocorticoid-related dysfunctions, epigenetic and nutritional factors 
might play a prominent role in the hippocampal physiology (Bettio 
et al., 2017). In this framework, some of the major traits of cognitive 
decline might be related to the pathological extracellular Aβ deposition 
and intracellular tau aggregation, together with an impaired intracellular 
degradative pathway (autophagy), which are regarded as hallmarks for 
the early onset of Alzheimer’s disease in humans and animals (Reddy 
et al., 2018; Rao et al., 2022). Accordingly, the occurrence of AD-like 
pathology was reported in some aged cow, since they showed scattered 
Aβ deposits and substantial amount of amyloid accumulation in cortex 
and hippocampus (Moreno-Gonzalez et al., 2021). Thus, considering 
the crucial role for the hippocampus upon molecular and behavioral 
symptoms during aging, a deeper characterization of the age-dependent 
brain physiology paves the way for the development of strategies aimed 
at counteracting, or slowing down, the detrimental effects of the 
hippocampal decline in humans and farm animals as well. Therefore, in 
the present explorative study, taking advantage of liquid 
chromatography–tandem mass spectrometry (LC–MS/MS)-based 
proteomics, we sought to identify proteins differentially expressed in the 
hippocampus of the aged grazing milk cows, to shed light on the 
biological processes mainly impaired during aging, and setting the 
ground to increase animal welfare and husbandry practices.

2. Methods

2.1. Animals

For the present study, two groups of animals were employed: an 
adult group of 7–12 years (n = 4) and aged group of 16–24 years (n = 5). 
Samples were collected post-mortem in an abattoir in Campania 
Region, Italy, performing inspection to ensure the absence of any 
apparent clinical illness or neurological signs (gait abnormalities, 
weakness, and decreased mental status).

2.2. Ethical statement

Even though our research includes animal tissues, the study did 
not require consent or ethical approval according to European 
Directive 2010/63/EU because all sampling procedures from animals 
were performed during post-mortem inspection. However, the 
animals were slaughtered rigorously in line with European regulations 
(CE no: 1099/2009 of 24 September 2009) that assure the protection 
and welfare of animals at the time of killing. The owner of the abattoir 
and the veterinary inspector responsible for the sanitary surveillance 
granted permission to collect the samples.

2.3. Proteomics analysis

Hippocampus samples from 4 adult and 5 aged dairy cattle were 
treated as reported in Cozzolino et al. (2021) to carry out a label free 
shotgun differential proteomics analysis (Andolfo et al., 2023). Peptide 
mixtures were dissolved in 100 μL of formic acid 0.2% and 2 μL were 
analyzed on an LTQ Orbitrap XL (Thermo Fisher Scientific) coupled 
to the nanoACQUITY UPLC system (Waters; Bertini et al., 2021). The 
software MaxQuant (v. 1.5.2.8) was employed for protein identification 
and quantification through raw files using the following parameters: 
UniProt Database; Taxonomy: Bos taurus (Bovine); enzyme: trypsin; 
1 missed cleavages allowed; fixed changes: carbamidomethylation (C); 
variable changes: oxidation (M); Gln-pyro-Glu (N-Term Q); 
minimum number of peptides for identification: four with at least two 
unique; minimum number of peptides for quantification four; FDR: 
0.01; peptide tolerance: 20 ppm (Iacobucci et  al., 2022). Data are 
available via ProteomeXchange with identifier PXD044404. For the 
phosphorylation analysis, Phospho(STY) was set as variable 
modification and the generated Phosphosites(STY) file was used for 
the statistical analysis with Perseus software.

2.4. Functional enrichment analyses

Differentially expressed proteins were statistically filtered as 
described below, and those showing |log2FCs| ≥ 0.5 were collected in a 
unique list, which was analyzed using the ClueGO + CluPEDIA 
extension app of Cytoscape (v3.9.1). The biological processes database of 
Gene Ontology (GO) Bos Taurus was queried by applying the Benjamini-
Hochberg correction with a value of p < 0.05 (Palinski et al., 2021).

2.5. Multiple reaction monitoring analyses

Multiple Reaction Monitoring (MRM) analysis was carried out for 
the validation of some putative targets of each functional network. By 
using Skyline v20.1.0.155 (MacCoss Lab Software, Dept of Genome 
Sciences, UW), for each protein, at least three prototypic peptides and 
three transitions for each deriving parent ion were selected and 
monitored by using a Xevo-TQS triple-quad mass spectrometer, 
coupled to a nanoAcquity UHPLC (Waters, Milford, MA, 
United States) equipped with IonKey CHIP interface, according to 
Cozzolino et al. (2020). Each run was analyzed in duplicate and the 
total area of each peptide transition was used for the relative 
quantification of the specific protein, by using the area of actin peptide 
ions transitions for normalization (Berkman et al., 2019).
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2.6. Statistical analysis

The Perseus Software (1.6.15.0) was used for statistical analysis of 
differentially expressed proteins, by analyzing LFQ Intensity values, 
according to normalization and imputation criteria reported in 
(Andolfo et al., 2023). Proteins with more than 70% of non-valid values 
(zeros) were removed, and the data were normalized by applying a 
logarithmic scale [log2(LFQ)]. Additionally, Perseus imputation was 
used to allow the replacement of invalid values with numerical values 
(downshift of the standard deviation of 1.8 and a width of 0.3). The 
statistical significance of the difference in protein expression was 
calculated using Student’s T-test. On the other hand, the 
phosphorylation analysis was performed by filtering entries with more 
than 50% of non-valid values, and the missing values were replaced by 
imputation as explained above. The statistical test was performed using 
a Student’s T-test with a Benjamini-Hochberg corrected value of p 
threshold of 0.05 (Supplementary Table S1). The distribution of the 
samples was defined by using the platform Principal Component 
Analysis (PCA) of Perseus software. For MRM experiments, a t-test 
was performed to define the statistical significance of measured FCs of 
selected proteins as aged vs. adult, by using GraphPad Prism 9.

3. Results

3.1. Proteomics profiling of hippocampus 
from aged grazing cattle

A shotgun label free proteomics approach was carried out to 
compare the hippocampus’s profiling from 5 aged (16–24 years old) 
grazing cattle to that deriving from 4 adult specimens (7–12 years old). 
Tissue samples were treated as described in the methods section, and 
protein extracts digested by trypsin according to a classical shotgun 
protocol. Peptide mixtures were analyzed by LC–MS/MS and protein 
identification and quantification according LFQ intensity values were 
achieved by using MaxQuant software, as reported in 
Supplementary Table S1. Principal Component Analysis was carried 
out by using Perseus, and the results, showed in the PCA plot 
(Figure 1A), highlight the perfect agreement among samples belonging 
to the same set, suggesting a high level of homogeneity from a 
biological point of view. Conversely, the distance between the two sets 
of samples, adult and aged, is in line with their biological differences.

A t-test was then carried out to extract the statistically significant 
proteins from the starting protein groups. We selected 221 proteins 
showing FDR values<0.05, and the Fold Changes (FCs) were calculated 
by averaging the LFQ values between the two replicates within a same 
sample set. Finally, we obtained 62 down- (log2FCs ≤ −0.5) and 43 
up-regulated proteins (log2FCs ≥ 0.5; Supplementary Table S1) as 
graphically reported in the volcano plot in Figure 1B.

A larger number of down-regulated proteins in comparison to the 
up-regulated suggested a prevalent loss of functions in the aged brains.

3.2. Functional enrichment analyses

Functional clusterization according to Biological Processes of the 
43 up- and the 62 down-regulated proteins was performed by 
Cytoscape software, with the ClueGO app + CluPEDIA extension and 

Benjamini-Hochberg as the statistical option, with a cutoff of 
FDR ≤ 0.05. The resulting Cytoscape networks are reported in 
Figure 2.

As showed in the Figure 2, the only up-regulated process overcoming 
the statistical filter was “axon ensheathment/myelination” (the green 
cluster) including CNP, INA, PLP1, MOG, NDRG1, MBP. Among the 
down-regulated processes, the largest number of proteins were distributed 
between “Arp2/3 complex/regulation of actin polimerisation” (ARPC1A, 
ARPC2, ARPC3, ACTR2, ARPC4, ARPC5L, CAPZA2, STMN1, CFL2) 
and “citrate metabolicprocess/aerobic respiration” (several Isocitrate 
Dehydrogenase subunits such as IDH3A, IDH3B, IDH3G and succinate 
dehydrogenase SDHB are included). Cytoskeleton remodeling might 
be also associated with another important process, namely “synaptic 
vesicle cycle” (SYT1, STX1A, RAB3A, SYNJ1, SLC17A7), since both can 
affect the transport and the release of neurotransmitters at different levels. 
Also, calcium homeostasis, a crucial process for brain functionality, 
looked impaired in this picture, with the down regulation of PPP3CA, 
HPCA and CPNE6. Moreover, the cluster “ATP hydrolysis coupled cation 
transmembrane transport,” comprising some subunits of the V0 complex 
of vacuolar(H+)-ATPase (V-ATPase; ATP6V0D1 and ATP6V0A1), and 
ATP2A1 can also be associated with cation exchange, including Ca2+ ions. 
However, V-ATPase complex is also responsible for the acidification of 
various organelles, including synaptic vesicles, and plays an essential role 
in neuronal development in terms of integrity and connectivity of 
neurons, through its action on compartment acidification.

3.3. Protein fold changes validation

At least one protein belonging to the main functional clusters was 
selected for validation experiments based on a LC–MSMS approach, 
known as Multiple Reaction Monitoring (MRM), alternative to the 
western blot assays. MRM experiments were set up to monitor specific 
transitions of proteotypic peptides selected for each protein target, by 
using Skyline software. A transition consists in a couple of m/z values 
including the parent ion and a daughter ion generated upon 
fragmentation procedure. For each peptide more than one transitions 
can be  foreseen, according to its amino acid sequence. Tryptic 
mixtures from all adult and aged samples were analyzed in MRM 
mode and two or more transitions of at least three proteotypic 
peptides were monitored for each protein. Each sample was run in 
duplicate and the average areas, normalized with the areas measured 
for ACTIN-derived transitions in the same sample, were statistically 
filtered and employed for calculating the FCs of the specific protein in 
aged vs. adult. Supplementary Table S2 reported the proteins validated 
with their relative peptides, transitions, MRM data, and the FCs 
measured in the targeted approach (MRM) in comparison with the 
untargeted method (label free).

The analytical data were processed by GraphPad Prism 9 and the 
intensity of the normalized area for each analyzed protein is reported 
in graph in Figure 3.

4. Discussion

In the present work, we sought to investigate the potential impact of 
aging upon proteomic profiling in the hippocampus of grazing cattle. The 
choice of comparing adult rather than young female subjects was due to 
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both sexual maturity and productive phases of Podolica cattle breed, in 
order to study animals during the lactation persistency. We identified 112 
proteins, associated to different molecular processes, including 
myelination, regulation of actin polymerization, synaptic vesicle cycle and 
calcium homeostasis. Hippocampus is a subcortical region of the limbic 
system, involved in the context-dependent cognition, as well as regulation 
of emotional behaviors. An overall age-dependent cognitive decline was 
observed in both humans and animals (Leal and Yassa, 2015; Bettio et al., 
2017). Studies performed on animal models accordingly documented that 
old female rats showed cognitive dysfunctions and, hippocampal atrophy 
(Driscoll et al., 2006; Cole and Franke, 2017; Cole et al., 2019), thus 
highlighting a valuable role for the such a brain region in age-related 
impairments across sp. (Du et al., 2006). Cognitive deterioration during 
aging may be  associated to physiological changes in molecular and 
neuronal pathways throughout life that, in turn, affect synaptic plasticity 
and connectivity within the hippocampus (Shivarama Shetty and 
Sajikumar, 2017).

4.1. Synaptic plasticity

Synaptic plasticity is regarded as structural and functional 
changes of both dendritic spines and their calcium-dependent 
postsynaptic density, after learning process (Bettio et  al., 2017; 
Shivarama Shetty and Sajikumar, 2017). We documented a significant 
lower density of the calcium/calmodulin-regulated protein 
phosphatase, CAMK2B, which is involved in dendritic spine and 
synapse formation, and reorganization of the actin cytoskeleton 
(Sanabria et al., 2009) during plasticity, by binding and bundling 
actin filaments. This structural function is required to promote 
dendritic spine and synapse formation, and maintain synaptic 
plasticity, which enables Long Term Potentiation (LTP) onset and 
hippocampus-dependent learning (Borgesius et al., 2011; Lisman 
et al., 2012). In developing hippocampal neurons NMDARs promote 
arborization of the dendritic tree and in mature neurons, as well as 
dendritic remodeling and migration.

FIGURE 1

Panel A: Plot of Principal Component Analysis (PCA) displays the distribution of biological samples from adult (green dots) and aged (red dots) 
hippocampus brain section according to Perseus analysis. Panel B: Volcano plot showing the distribution of up- (red dots, log2FCs  ≥  0.5) and down-
regulated proteins (blue dots, log2FCs  ≤  −0.5), according to their Log2 FCs and -Log10FDR values.

FIGURE 2

Cytoscape graphical representation of Biological Processes including up- (green) and down-regulated (blue) proteins. The GO database was used; a 
Benjamini-Hochberg correction (value of p  ≤  0.05) was applied. Node sizes were correlated with the specific p value.
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4.2. Synaptic vesicle cycle

The soluble N-ethylmaleimide-sensitive factor attachment protein 
receptor (SNARE) complex is involved in several processes within the 

brain, such as neurotransmitter release, autophagy and synaptic plasticity, 
and it can be impaired following physiologic aging. The core SNARE 
complex proteins SNAP25, VAMP2 and syntaxin 1 (STX) mediate 
synaptic vesicle fusion, exocytosis, and secretion of both neuropeptides 

FIGURE 3

Graphical representation of MRM experiments. The normalized area of selected proteins measured in aged vs. adult samples were reported in two-
dimensional graphs for specific proteins selected within the following biological processes: Myelination (CNP, PLP1, MPB, INA, MOG, NDRG1, 
panel A), regulation of actin polymerization (ARPC4, STMN1, panel B), synaptic vesicle cycle (STX1A, RAB3A, panel C), response to calcium ion (PP3Ca, 
CAMK2b, panel D), ATP hydrolysis coupled cation transmembrane transport (ATP2A1, panel E), citrate metabolic process (IDH3A, panel F). Statistical 
significance of protein expression calculated as aged/adult with a *value of p < 0.05, **value of p < 0.01, ***value of p < 0.001 and ****value of p < 0.0001.
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and neurotrophins (Sudhof and Rothman, 2009), whereas the 
GTP-binding protein rabphilin 3A (Rab3A) acts as a negative modulator 
of vesicle fusion at presynaptic sites (Leenders et al., 2001). Similarly, 
STX1A localized at the synaptic plasma membrane within neurons, plays 
a key role in the modulation of several plasma membrane-bound 
monoamine transporters, such as serotonin, dopamine, and 
norepinephrine (Quick, 2003; Sung et al., 2003; Carvelli et al., 2008). In a 
previous work, STX1A has been associated to Aβ oligomers accumulation, 
which directly inhibit SNARE-mediated exocytosis in APP/PS1 TG mice, 
and considered the main pathogenic culprits for AD-related deficits in 
learning, memory and synaptic plasticity (Bornemann and Staufenbiel, 
2000; William et al., 2012; Yang et al., 2015). Moreover, morphological and 
biochemical studies from Paciello and colleagues revealed a higher 
intraneuronal lipofuscin and APP immune-positive accumulation in both 
dentate gyrus and hippocampus of aged bovine (De Biase et al., 2017). 
Data from our exploratory study revealed that both STX1A and Rab3A 
proteins were differentially expressed in the hippocampus of old samples, 
allowing us to hypothesize a potential correlation between aging, Aβ 
aggregates and cognitive decline in cattle. By our unbiased approach, 
we did not identify proteins associated with Aβ metabolism and/or its 
clearance, such as BACE1, Nicastrin, IDE, APP. Differently, Tau is present 
among the statistically significant proteins, although with a FC 
value = 1.28, at the limit of biological relevance (Supplementary Table S1). 
On the other hand, the analysis of the variations of its phosphorylation 
level confirms its over-phosphorylation at least in correspondence of 
Ser209 (FC = 3.84) and Thr410 (FC = 5.19). These findings suggest that 
Tau hyperphosphorylation, a well-known hallmark of AD, might be also 
indicated as an age-related target in healthy subjects, as already reported 
(Noble et al., 2013; Carlyle et al., 2014).

4.3. Myelination

The changes of some myelin-related proteins in the hippocampus of 
old samples, prompt us to postulate that the aged-dependent accumulation 
of such an electrical and lipid-based insulator occurred, most likely due to 
its improper turnover, might be linked to the cognitive decline (Bennett 
and Madden, 2014; Wang F. et al., 2020; Murray et al., 2023). Our data 
were further confirmed by the higher density of the N-Myc downstream 
regulated 1 protein (NDRG1) in the aged samples. This iron-regulated 
growth and metastasis suppressor is known to be  enriched in the 
cytoplasm of myelinating cells and, when mutated, associated to the onset 
of peripheral and myelin-based neuropathies in humans, such as Charcot 
Marie Tooth (Berger et al., 2002). Lack of NDRG1 was associated to a high 
rate of demyelination rate in knockout mice treated with the cuprizone 
diet, when compared to control animals, thus suggesting that NDRG1 
might play a trophic role for peripheral nerve by trafficking and transport 
within the cytoplasm of Schwann cells (Marechal et al., 2022). In this line, 
previous immunofluorescence and molecular studies showed a significant 
age-dependent accumulation of myelin debris in the microglia cells of 
cortex, hippocampus and corpus callosum of Plp-DsRed transgenic old 
mice, that could be  enhanced by the microglial phagocytic activity 
(Theriault and Rivest, 2016; Hill et al., 2018). This apparent discrepancy 
between myelination process and physiologic hippocampal aging might 
be  related to the long-term stability of myelin-related proteins, that 
eventually leads to a progressive myelin breakdown and cognitive decline 
as well (Readhead et al., 1994). Further studies, aimed at better disclosing 
the functional role of the physiological age-dependent myelin degeneration 
within the hippocampus of bovine are mandatory.

4.4. Regulation of actin polymerization

Among a variety of molecular and cellular pathways involved in the 
brain physiology, dynamics of actin filaments and microtubule assembly 
have been regarded as key players of brain development, cell division and 
proliferation, as well as neurite outgrowth, axon migration and synaptic 
plasticity (Kim et  al., 2022). Accordingly, proteomic and behavioral 
studies in rats documented age-dependent changes of the hippocampal 
actin-related protein 3 (ARP3) levels, associated to decay in long-term 
depression, and spatial learning and memory (Curmi et al., 1999; Ottis 
et  al., 2013). The core subunit of the actin-related protein (ARP2/3) 
complex, ARPC4, which catalyzes the formation of F-actin networks, has 
been associated to neural migration and differentiation (Laboy Cintron 
et  al., 2022). Moreover, the ubiquitous phosphoprotein Stathmin 1 
(STMN1) was found expressed in brain regions associated to learning-
dependent changes in microtubule stability; previous findings showed 
that genetically modified stathmin mice showed age-dependent 
alterations in the strength of synaptic responses, anxious hyperactivity 
and impaired hippocampal long-term potentiation (Uchida et al., 2014; 
Nguyen et al., 2019). Therefore, the altered expression of both ARPC4 and 
STMN1 proteins in the hippocampus of our old samples let us hypothesize 
and confirm that a cognitive impairment may also occur in bovine during 
the physiologic aging.

4.5. Mitochondria metabolism

Cytoscape analysis showed an age-dependent modulation of 
pathways underlying aerobic respiration and TCA-related processes, since 
a lower abundance of mitochondrial markers, including vesicular 
glutamate transporters, isocitrate and dehydrogenase subunits and 
succinate dehydrogenase was found in the old hippocampal samples. 
Given that mitochondria are regarded as both source and target of the 
reactive oxygen species (Grimm and Eckert, 2017), our data allow us to 
better understand the role of age-related mitochondrial dysfunctions 
during physiological aging in the hippocampus of dairy cattle, although 
they require to be further validated by means of LC–MS/MS analysis.

Alongside welfare and ethics, aging in farm animals is gathering a 
growing interest for society. Indeed, in recent years animal welfare is 
progressively shifting from the five freedoms as such, animals’ needs, 
affective states, and inter-individual differences, to the importance of 
having knowledge about the ability of acquiring, processing, and using 
information, in order to improve livestock management and practices, in 
particular during production. In this framework, according to 
Shettleworth’s theory, cognitive mechanisms can be better understood if 
physical and social cognition are taken into account, in order to evaluate 
the ability of farm animals to solve particular tasks (Shettleworth, 2001). 
Physical cognition in cattle is generally based on their ability to learn and 
be aware of the environment, allowing them to associate the location with 
quantity and quality of food found there, and improve the foraging 
patterns (Nawroth et al., 2019). Cognitive abilities can be adequately 
preserved if the animals are allowed to perceive and address their social 
and physical environment, thereby improving housing, management 
practices and production as well. In this respect, housing conditions 
(especially from intensive livestock) are often limited, regarding species-
appropriate structure and behavior, thus causing the animals to develop 
stress and reduced welfare. Enabling them to be housed in the presence 
of cognitive enrichment and suitable environment, might turn into a 
functional improvement of positive states and wellbeing. Cattle used in 
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the present study were all Podolica breed, female, with no parental bond. 
Animals came from several and different family-run extensive farms in 
Salerno province, in Southern Italy. Cattle had the freedom to wander 
outdoors, and the autonomy over the access to shelter, water consumption 
and diet selection mostly by grazing on large areas of pastures and natural 
resources. Moreover, the animals were held in farms that offered high 
welfare conditions, such as protection from predators, extreme changes 
of temperature and allowed them to form natural bonds and hierarchies 
and to be free from thirst, hunger, and fear. Therefore, their welfare was 

not negatively influenced by intense noises, human activities, inadequate 
husbandry management or poor air quality. Differential proteomic 
profiling underlying myelination, synaptic plasticity and calcium 
homeostasis processes identified in old Podolica cattle, are broadly 
consistent with pathway changes observed in other animal systems 
(Table 1).

Collectively, despite the lack of a cognitive correlate of protein 
changes observed in the hippocampus of old cattle, our preliminary 
data obtained from an unbiased approach pave the way for further 

TABLE 1 Some of the potential aging biomarkers identified in this study are summarized considering the biological process in which they are involved 
and the observed disorders in which they have been studied in correlation with aging in other organisms.

Biological process Associated proteins Organism Associate disorders Bibliography

Mitochondria metabolism ATP2A1 Mouse Neurological deficit; Myotonic dystrophy (DM) 1 

and 2

Hasuike et al. (2022)

ATP6V0A1 Mouse; Human Neurodevelopmental disorders; neurological 

deficit

Aoto et al. (2021)

IDH3A Mouse Retinal degeneration Findlay et al. (2018)

IDH3B Mouse Retinal degeneration Findlay et al. (2018)

IDH3G Mouse Retinal degeneration Findlay et al. (2018)

CAT Mouse; Human Age degenerative diseases; PD, AD Nandi et al. (2019)

FABP3 Mouse; Human Synucleinopathies Oizumi et al. (2021)

APOD Mouse; Human AD, PD, stroke, multiple sclerosis, schizophrenia, 

meningoencephalitis

Rassart et al. (2020)

Myelination PLP1 Mouse Neurological deficit Abdelwahab et al. (2023)

MOG Mouse Neurological deficit Gil et al. (2010)

MBP Mouse Neurological deficit Wang Y. et al. (2020)

NDRG1 Mouse Neurological deficit Marechal et al. (2022)

CNP Mouse Neurological deficit Baburina et al. (2017)

INA Mouse; Human Neurological deficit Yuan and Nixon (2021)

Regulation of actin 

polymerization

ARPC3 Rat; Mouse Synaptic dysfunction: poor learning and 

memory; behavioral abnormalities

Ottis et al. (2013)

ARPC4 Mouse; Human Microcephaly and speech delay Cintron et al. (2021)

STMN1 Mouse; Human Aging Li et al. (2016)

ARPC2 Mouse; Human General senescence, aging process Haarer et al. (2023)

CFL2 Mouse Involvement in Alzheimer’s Wang et al. (2007)

CAPZA2 Mouse; Human Neurodegeneration; Alzheimer’s disease Suszyńska-Zajczyk et al. (2014)

Synaptic plasticity CAMK2B Mouse Impairment in learning Lisman et al. (2012)

PP3CA Mouse; Human Deficit in brain and memory; traumatic brain 

injury

Wu et al. (2013)

HPCA Rat Cognitive impairment VanGuilder et al. (2011)

TAU Monkey Aging Carlyle et al. (2014)

Synaptic vesicle cycle STX1A Mouse Neurological deficit Fujiwara et al. (2016)

RAB3A Mouse Accumulation of Aβ-peptides: Alzheimer’s 

disease (AD)

Szodorai et al. (2009)

SYT1 Mouse; Human Memory deterioration; AD Kuzuya et al. (2016)

SYNJ1 Mouse Parkinson’s disease (PD) Zhu et al. (2023)

SLC25A11 Mouse Neurodegenerative diseases associated with aging McCormick and Promislow (2018)

SLC25A22 Mouse Neurological deficit; AxD and VWM disease Hillen and Heine (2020)

SLC17A7 Mouse; Macaques Neuronal impairment linked to aging Eghlidi et al. (2018)
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investigations on a larger cohort of grazing animals, aiming at 
improving animal welfare and husbandry practices of dairy cattle 
from intensive livestock.

Data availability statement

The datasets presented in this study can be found in online 
repositories. This data is available via ProteomeXchange: http://www.
ebi.ac.uk/pride/archive/projects/PXD044404.

Ethics statement

Ethical approval was not required for the studies involving animals in 
accordance with the local legislation and institutional requirements 
because Even though our research includes animal tissues, the study did 
not require consent or ethical approval according to European Directive 
2010/63/EU because all sampling procedures from animals were 
performed during post-mortem inspection. However, the animals were 
slaughtered rigorously in line with European regulations (CE no: 
1099/2009 of 24 September 2009) that assure the protection and welfare 
of animals at the time of killing. The owner of the abattoir and the 
veterinary inspector responsible for the sanitary surveillance granted 
permission to collect the samples. Written informed consent was obtained 
from the owners for the participation of their animals in this study.

Author contributions

MM: Conceptualization, Resources, Supervision, Writing – 
original draft, Writing – review & editing. FC: Investigation, Writing 
– original draft. LC: Methodology, Validation, Investigation, Writing 
– review & editing. LS: Software, Writing – original draft. MG: 
Methodology, Validation, Writing – review & editing. II: Data 
curation, Formal analysis, Software, Writing – review & editing. CG: 
Project administration, Visualization, Writing – review & editing. DB: 
Resources, Visualization, Writing – review & editing. EN: Resources, 
Visualization, Writing – review & editing. OP: Resources, 

Visualization, Writing – review & editing. LA: Project administration, 
Visualization, Writing – review & editing. Dd’A: Conceptualization, 
Funding acquisition, Project administration, Writing – review & 
editing. FN: Conceptualization, Project administration, Writing – 
original draft, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by #NEXTGENERATIONEU (NGEU), Ministry of 
University and Research (MUR), National Recovery and Resilience 
Plan (NRRP), project MNESYS (PE0000006) – A Multiscale integrated 
approach to the study of the nervous system in health and disease 
(DN. 1553 11.10.2022).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnagi.2023.1274073/
full#supplementary-material.

References
Abdelwahab, T., Stadler, D., Knöpper, K., Arampatzi, P., Saliba, A. E., Kastenmüller, W., 

et al. (2023). Cytotoxic CNS-associated T cells drive axon degeneration by targeting 
perturbed oligodendrocytes in PLP1 mutant mice. iScience 26:106698. doi: 10.1016/j.
isci.2023.106698

Andolfo, I., Monaco, V., Cozzolino, F., Rosato, B. E., Marra, R., Cerbone, V., et al. 
(2023). Proteome alterations in erythrocytes with PIEZO1 gain-of-function mutations. 
Blood Adv. 7, 2681–2693. doi: 10.1182/bloodadvances.2022008673

Aoto, K., Kato, M., Akita, T., Nakashima, M., Mutoh, H., Akasaka, N., et al. (2021). 
ATP6V0A1 encoding the a1-subunit of the V0 domain of vacuolar H+-ATPases is 
essential for brain development in humans and mice. Nat. Commun. 12:2107. doi: 
10.1038/s41467-021-22389-5

Baburina, Y., Odinokova, I., Azarashvili, T., Akatov, V., Lemasters, J. J., and 
Krestininaa, O. (2017). 2′,3′-cyclic nucleotide 3′-phosphodiesterase as a messenger of 
protection of the mitochondrial function during melatonin treatment in aging. Biochim. 
Biophys. Acta 1859, 94–103. doi: 10.1016/j.bbamem.2016.11.003

Bennett, I. J., and Madden, D. J. (2014). Disconnected aging: cerebral white matter 
integrity and age-related differences in cognition. Neuroscience 276, 187–205. doi: 
10.1016/j.neuroscience.2013.11.026

Berger, P., Young, P., and Suter, U. (2002). Molecular cell biology of Charcot-Marie-
tooth disease. Neurogenetics 4, 1–15. doi: 10.1007/s10048-002-0130-z

Berkman, S. J., Roscoe, E. M., and Bourret, J. C. (2019). Comparing self-directed 
methods for training staff to create graphs using Graphpad prism. J. Appl. Behav. Anal. 
52, 188–204. doi: 10.1002/jaba.522

Bertini, L., Cozzolino, F., Proietti, S., Falconieri, G. S., Iacobucci, I., Salvia, R., et al. 
(2021). What Antarctic plants can tell us about climate changes: temperature as a driver 
for metabolic reprogramming. Biomol. Ther. 11:1094. doi: 10.3390/biom11081094

Bettio, L. E. B., Rajendran, L., and Gil-Mohapel, J. (2017). The effects of aging in the 
hippocampus and cognitive decline. Neurosci. Biobehav. Rev. 79, 66–86. doi: 10.1016/j.
neubiorev.2017.04.030

Borgesius, N. Z., Van Woerden, G. M., Buitendijk, G. H., Keijzer, N., Jaarsma, D., 
Hoogenraad, C. C., et al. (2011). betaCaMKII plays a nonenzymatic role in hippocampal 
synaptic plasticity and learning by targeting alphaCaMKII to synapses. J. Neurosci. 31, 
10141–10148. doi: 10.1523/JNEUROSCI.5105-10.2011

Bornemann, K. D., and Staufenbiel, M. (2000). Transgenic mouse models of 
Alzheimer's disease. Ann. N. Y. Acad. Sci. 908, 260–266. doi: 10.1111/j.1749-6632.2000.
tb06653.x

Carlyle, B. C., Nairn, A. C., Wang, M., Yang, Y., Jin, L. E., Simen, A. A., et al. 
(2014). cAMP-PKA phosphorylation of tau confers risk for degeneration in aging 
association cortex. Proc. Natl. Acad. Sci. U. S. A. 111, 5036–5041. doi: 10.1073/pnas. 
1322360111

https://doi.org/10.3389/fnagi.2023.1274073
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
http://www.ebi.ac.uk/pride/archive/projects/PXD044404
http://www.ebi.ac.uk/pride/archive/projects/PXD044404
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1274073/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1274073/full#supplementary-material
https://doi.org/10.1016/j.isci.2023.106698
https://doi.org/10.1016/j.isci.2023.106698
https://doi.org/10.1182/bloodadvances.2022008673
https://doi.org/10.1038/s41467-021-22389-5
https://doi.org/10.1016/j.bbamem.2016.11.003
https://doi.org/10.1016/j.neuroscience.2013.11.026
https://doi.org/10.1007/s10048-002-0130-z
https://doi.org/10.1002/jaba.522
https://doi.org/10.3390/biom11081094
https://doi.org/10.1016/j.neubiorev.2017.04.030
https://doi.org/10.1016/j.neubiorev.2017.04.030
https://doi.org/10.1523/JNEUROSCI.5105-10.2011
https://doi.org/10.1111/j.1749-6632.2000.tb06653.x
https://doi.org/10.1111/j.1749-6632.2000.tb06653.x
https://doi.org/10.1073/pnas.1322360111
https://doi.org/10.1073/pnas.1322360111


Cozzolino et al. 10.3389/fnagi.2023.1274073

Frontiers in Aging Neuroscience 09 frontiersin.org

Carvelli, L., Blakely, R. D., and Defelice, L. J. (2008). Dopamine transporter/syntaxin 1A 
interactions regulate transporter channel activity and dopaminergic synaptic transmission. 
Proc. Natl. Acad. Sci. U. S. A. 105, 14192–14197. doi: 10.1073/pnas.0802214105

Cintron, D. L., Muir, A. M., Scott, A., McDonald, M., Monaghan, K. G., 
Santiago-Sim, T., et al. (2021). A recurrent, de novo pathogenic variant in ARPC4 
disrupts actin filament formation and causes microcephaly and speech delay. HGG Adv. 
3:100072. doi: 10.1016/j.xhgg.2021.100072

Citri, A., and Malenka, R. C. (2008). Synaptic plasticity: multiple forms, functions, 
and mechanisms. Neuropsychopharmacology 33, 18–41. doi: 10.1038/sj.npp.1301559

Cole, J. H., and Franke, K. (2017). Predicting age using neuroimaging: innovative 
brain ageing biomarkers. Trends Neurosci. 40, 681–690. doi: 10.1016/j.tins.2017.10.001

Cole, J. H., Marioni, R. E., Harris, S. E., and Deary, I. J. (2019). Brain age and other 
bodily 'ages': implications for neuropsychiatry. Mol. Psychiatry 24, 266–281. doi: 
10.1038/s41380-018-0098-1

Cozzolino, F., Landolfi, A., Iacobucci, I., Monaco, V., Caterino, M., Celentano, S., et al. 
(2020). New label-free methods for protein relative quantification applied to the 
investigation of an animal model of Huntington disease. PLoS One 15:e0238037. doi: 
10.1371/journal.pone.0238037

Cozzolino, F., Vezzoli, E., Cheroni, C., Besusso, D., Conforti, P., Valenza, M., et al. 
(2021). ADAM10 hyperactivation acts on piccolo to deplete synaptic vesicle stores in 
Huntington's disease. Hum. Mol. Genet. 30, 1175–1187. doi: 10.1093/hmg/ddab047

Curmi, P. A., Gavet, O., Charbaut, E., Ozon, S., Lachkar-Colmerauer, S., Manceau, V., 
et al. (1999). Stathmin and its phosphoprotein family: general properties, biochemical 
and functional interaction with tubulin. Cell Struct. Funct. 24, 345–357. doi: 10.1247/
csf.24.345

De Biase, D., Costagliola, A., Pagano, T. B., Piegari, G., Wojcik, S., Dziewiatkowski, J., 
et al. (2017). Amyloid precursor protein, lipofuscin accumulation and expression of 
autophagy markers in aged bovine brain. BMC Vet. Res. 13:102. doi: 10.1186/
s12917-017-1028-1

Driscoll, I., Howard, S. R., Stone, J. C., Monfils, M. H., Tomanek, B., Brooks, W. M., 
et al. (2006). The aging hippocampus: a multi-level analysis in the rat. Neuroscience 139, 
1173–1185. doi: 10.1016/j.neuroscience.2006.01.040

Du, A. T., Schuff, N., Chao, L. L., Kornak, J., Jagust, W. J., Kramer, J. H., et al. (2006). 
Age effects on atrophy rates of entorhinal cortex and hippocampus. Neurobiol. Aging 27, 
733–740. doi: 10.1016/j.neurobiolaging.2005.03.021

Eghlidi, D. H., Luna, S. L., Brown, D. I., Garyfallou, V. T., Kohama, S. G., and 
Urbanski, H. F. (2018). Gene expression profiling of the SCN in Young and old Rhesus 
macaques. J. Mol. Endocrinol. 61, 57–67. doi: 10.1530/JME-18-0062

Errico, F., Nistico, R., Napolitano, F., Mazzola, C., Astone, D., Pisapia, T., et al. (2011a). 
Increased D-aspartate brain content rescues hippocampal age-related synaptic plasticity 
deterioration of mice. Neurobiol. Aging 32, 2229–2243. doi: 10.1016/j.
neurobiolaging.2010.01.002

Errico, F., Nistico, R., Napolitano, F., Oliva, A. B., Romano, R., Barbieri, F., et al. 
(2011b). Persistent increase of D-aspartate in D-aspartate oxidase mutant mice induces 
a precocious hippocampal age-dependent synaptic plasticity and spatial memory decay. 
Neurobiol. Aging 32, 2061–2074. doi: 10.1016/j.neurobiolaging.2009.12.007

Errico, F., Rossi, S., Napolitano, F., Catuogno, V., Topo, E., Fisone, G., et al. (2008). 
D-aspartate prevents corticostriatal long-term depression and attenuates schizophrenia-
like symptoms induced by amphetamine and MK-801. J. Neurosci. 28, 10404–10414. doi: 
10.1523/JNEUROSCI.1618-08.2008

Findlay, A. S., Carter, R. N., Starbuck, B., McKie, L., Nováková, K., Budd, P. S., et al. 
(2018). Mouse Idh3a mutations cause retinal degeneration and reduced mitochondrial 
function. Dis. Model. Mech. 11:dmm036426. doi: 10.1242/dmm.036426

Fujiwara, T., Sanada, M., Kofuji, T., and Akagawa, K. (2016). Unusual social behavior 
in HPC-1/syntaxin1A knockout mice is caused by disruption of the oxytocinergic neural 
system. J. Neurochem. 138, 117–123. doi: 10.1111/jnc.13634

Gil, V., Bichler, Z., Lee, J., K Seira, O., Llorens, F., Bribian, A., et al. (2010). 
Developmental expression of the oligodendrocyte myelin glycoprotein in the mouse 
telencephalon. Cereb. Cortex 20, 1769–1779. doi: 10.1093/cercor/bhp246

Grimm, A., and Eckert, A. (2017). Brain aging and neurodegeneration: from a 
mitochondrial point of view. J. Neurochem. 143, 418–431. doi: 10.1111/jnc.14037

Haarer, E. L., Theodore, C. J., Guo, S., Frier, R. B., and Campellone, K. G. (2023). Genomic 
instability caused by Arp2/3 complex inactivation results in micronucleus biogenesis and 
cellular senescence. PLoS Genet. 19:e1010045. doi: 10.1371/journal.pgen.1010045

Hasuike, Y., Mochizuki, H., and Nakamori, M. (2022). Cellular senescence and aging 
in myotonic dystrophy. Int. J. Mol. Sci. 23:2339. doi: 10.3390/ijms23042339

Hill, R. A., Li, A. M., and Grutzendler, J. (2018). Lifelong cortical myelin plasticity and 
age-related degeneration in the live mammalian brain. Nat. Neurosci. 21, 683–695. doi: 
10.1038/s41593-018-0120-6

Hillen, A. E. J., and Heine, V. M. (2020). Glutamate carrier involvement in 
mitochondrial Dysfunctioning in the brain white matter. Front. Mol. Biosci. 7:151. doi: 
10.3389/fmolb.2020.00151

Iacobucci, I., Monaco, V., Cane, L., Bibbo, F., Cioffi, V., Cozzolino, F., et al. (2022). 
Spike S1 domain interactome in non-pulmonary systems: A role beyond the receptor 
recognition. Front. Mol. Biosci. 9:975570. doi: 10.3389/fmolb.2022.975570

Kim, Y. J., Cho, M. J., Yu, W. D., Kim, M. J., Kim, S. Y., and Lee, J. H. (2022). Links of 
cytoskeletal integrity with disease and aging. Cells 11:2896. doi: 10.3390/cells11182896

Kuzuya, A., Zoltowska, K. M., Post, K. L., Arimon, M., Li, X., Svirsky, S., et al. (2016). 
Identification of the novel activity-driven interaction between synaptotagmin 1 and 
presenilin 1 links calcium, synapse, and amyloid beta. BMC Biol. 14:25. doi: 10.1186/
s12915-016-0248-3

Laboy Cintron, D., Muir, A. M., Scott, A., Mcdonald, M., Monaghan, K. G., 
Santiago-Sim, T., et al. (2022). A recurrent, de novo pathogenic variant in ARPC4 
disrupts actin filament formation and causes microcephaly and speech delay. HGG Adv 
3:100072.

Leal, S. L., and Yassa, M. A. (2015). Neurocognitive aging and the Hippocampus across 
species. Trends Neurosci. 38, 800–812. doi: 10.1016/j.tins.2015.10.003

Leenders, A. G., Lopes Da Silva, F. H., Ghijsen, W. E., and Verhage, M. (2001). Rab3a 
is involved in transport of synaptic vesicles to the active zone in mouse brain nerve 
terminals. Mol. Biol. Cell 12, 3095–3102. doi: 10.1091/mbc.12.10.3095

Li, C. W., Wang, W.-H., and Chen, B.-S. (2016). Investigating the specific core genetic-
and-epigenetic networks of cellular mechanisms involved in human aging in peripheral 
blood mononuclear cells. Oncotarget 7, 8556–8579. doi: 10.18632/oncotarget.7388

Lisman, J., Yasuda, R., and Raghavachari, S. (2012). Mechanisms of CaMKII action in 
long-term potentiation. Nat. Rev. Neurosci. 13, 169–182. doi: 10.1038/nrn3192

Lister, J. P., and Barnes, C. A. (2009). Neurobiological changes in the 
hippocampus during normative aging. Arch. Neurol. 66, 829–833. doi: 10.1001/
archneurol.2009.125

Marechal, D., Dansu, D. K., Castro, K., Patzig, J., Magri, L., Inbar, B., et al. (2022). 
N-myc downstream regulated family member 1 (NDRG1) is enriched in myelinating 
oligodendrocytes and impacts myelin degradation in response to demyelination. Glia 
70, 321–336. doi: 10.1002/glia.24108

McCormick, M. A., and Promislow, D. E. L. (2018). Recent advances in the systems 
biology of aging. Antioxid. Redox Signal. 29, 973–984. doi: 10.1089/ars.2017.7367

Moreno-Gonzalez, I., Edwards, G. 3rd, Morales, R., Duran-Aniotz, C., Escobedo, G. 
Jr., Marquez, M., et al. (2021). Aged cattle brain displays Alzheimer's disease-like 
pathology and promotes brain amyloidosis in a transgenic animal model. Front. Aging 
Neurosci. 13:815361. doi: 10.3389/fnagi.2021.815361

Murray, C. J., Vecchiarelli, H. A., and Tremblay, M. E. (2023). Enhancing axonal myelination 
in seniors: A review exploring the potential impact cannabis has on myelination in the aged 
brain. Front. Aging Neurosci. 15:1119552. doi: 10.3389/fnagi.2023.1119552

Nandi, A., Yan, L.-J., Jana, C. K., and Das, N. (2019). Role of catalase in oxidative 
stress- and age-associated degenerative diseases. Oxidative Med. Cell. Longev. 
2019:9613090. doi: 10.1155/2019/9613090

Nawroth, C., Langbein, J., Coulon, M., Gabor, V., Oesterwind, S., Benz-Schwarzburg, J., 
et al. (2019). Farm animal cognition-linking behavior, welfare and ethics. Front Vet Sci 
6:24. doi: 10.3389/fvets.2019.00024

Nguyen, T. B., Prabhu, V. V., Piao, Y. H., Oh, Y. E., Zahra, R. F., and Chung, Y. C. 
(2019). Effects of Stathmin 1 gene knockout on Behaviors and dopaminergic markers in 
mice exposed to social defeat stress. Brain Sci. 9:215. doi: 10.3390/brainsci9090215

Noble, W., Hanger, D. P., Miller, C. C. J., and Lovestone, S. (2013). The importance of 
tau phosphorylation for neurodegenerative diseases. Front. Neurol. 1:83. doi: 10.3389/
fneur.2013.00083

Norris, C. M., Korol, D. L., and Foster, T. C. (1996). Increased susceptibility to 
induction of long-term depression and long-term potentiation reversal during aging. J. 
Neurosci. 16, 5382–5392. doi: 10.1523/JNEUROSCI.16-17-05382.1996

Oizumi, H., Yamasaki, K., Suzuki, H., Hasegawa, T., Sugimura, Y., Baba, T., et al. 
(2021). Fatty acid-binding protein 3 expression in the brain and skin in human 
Synucleinopathies. Front. Aging Neurosci. 13:648982. doi: 10.3389/fnagi.2021.648982

O'keefe, J., and Dostrovsky, J. (1971). The hippocampus as a spatial map. Preliminary 
evidence from unit activity in the freely-moving rat. Brain Res. 34, 171–175. doi: 
10.1016/0006-8993(71)90358-1

Ottis, P., Topic, B., Loos, M., Li, K. W., De Souza, A., Schulz, D., et al. (2013). Aging-
induced proteostatic changes in the rat hippocampus identify ARP3, NEB2 and BRAG2 
as a molecular circuitry for cognitive impairment. PLoS One 8:e75112. doi: 10.1371/
journal.pone.0075112

Palinski, W., Monti, M., Camerlingo, R., Iacobucci, I., Bocella, S., Pinto, F., et al. 
(2021). Lysosome purinergic receptor P2X4 regulates neoangiogenesis induced by 
microvesicles from sarcoma patients. Cell Death Dis. 12:797. doi: 10.1038/
s41419-021-04069-w

Peters, R. (2006). Ageing and the brain. Postgrad. Med. J. 82, 84–88. doi: 10.1136/
pgmj.2005.036665

Quick, M. W. (2003). Regulating the conducting states of a mammalian serotonin 
transporter. Neuron 40, 537–549. doi: 10.1016/S0896-6273(03)00605-6

Rao, Y. L., Ganaraja, B., Murlimanju, B. V., Joy, T., Krishnamurthy, A., and Agrawal, A. 
(2022). Hippocampus and its involvement in Alzheimer's disease: a review. Biotech 
12:55. doi: 10.1007/s13205-022-03123-4

Rassart, E., Desmarais, F., Najyb, O., Bergeron, K.-F., and Mounier, C. (2020). 
Apolipoprotein D. Gene 756:144874. doi: 10.1016/j.gene.2020.144874

https://doi.org/10.3389/fnagi.2023.1274073
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1073/pnas.0802214105
https://doi.org/10.1016/j.xhgg.2021.100072
https://doi.org/10.1038/sj.npp.1301559
https://doi.org/10.1016/j.tins.2017.10.001
https://doi.org/10.1038/s41380-018-0098-1
https://doi.org/10.1371/journal.pone.0238037
https://doi.org/10.1093/hmg/ddab047
https://doi.org/10.1247/csf.24.345
https://doi.org/10.1247/csf.24.345
https://doi.org/10.1186/s12917-017-1028-1
https://doi.org/10.1186/s12917-017-1028-1
https://doi.org/10.1016/j.neuroscience.2006.01.040
https://doi.org/10.1016/j.neurobiolaging.2005.03.021
https://doi.org/10.1530/JME-18-0062
https://doi.org/10.1016/j.neurobiolaging.2010.01.002
https://doi.org/10.1016/j.neurobiolaging.2010.01.002
https://doi.org/10.1016/j.neurobiolaging.2009.12.007
https://doi.org/10.1523/JNEUROSCI.1618-08.2008
https://doi.org/10.1242/dmm.036426
https://doi.org/10.1111/jnc.13634
https://doi.org/10.1093/cercor/bhp246
https://doi.org/10.1111/jnc.14037
https://doi.org/10.1371/journal.pgen.1010045
https://doi.org/10.3390/ijms23042339
https://doi.org/10.1038/s41593-018-0120-6
https://doi.org/10.3389/fmolb.2020.00151
https://doi.org/10.3389/fmolb.2022.975570
https://doi.org/10.3390/cells11182896
https://doi.org/10.1186/s12915-016-0248-3
https://doi.org/10.1186/s12915-016-0248-3
https://doi.org/10.1016/j.tins.2015.10.003
https://doi.org/10.1091/mbc.12.10.3095
https://doi.org/10.18632/oncotarget.7388
https://doi.org/10.1038/nrn3192
https://doi.org/10.1001/archneurol.2009.125
https://doi.org/10.1001/archneurol.2009.125
https://doi.org/10.1002/glia.24108
https://doi.org/10.1089/ars.2017.7367
https://doi.org/10.3389/fnagi.2021.815361
https://doi.org/10.3389/fnagi.2023.1119552
https://doi.org/10.1155/2019/9613090
https://doi.org/10.3389/fvets.2019.00024
https://doi.org/10.3390/brainsci9090215
https://doi.org/10.3389/fneur.2013.00083
https://doi.org/10.3389/fneur.2013.00083
https://doi.org/10.1523/JNEUROSCI.16-17-05382.1996
https://doi.org/10.3389/fnagi.2021.648982
https://doi.org/10.1016/0006-8993(71)90358-1
https://doi.org/10.1371/journal.pone.0075112
https://doi.org/10.1371/journal.pone.0075112
https://doi.org/10.1038/s41419-021-04069-w
https://doi.org/10.1038/s41419-021-04069-w
https://doi.org/10.1136/pgmj.2005.036665
https://doi.org/10.1136/pgmj.2005.036665
https://doi.org/10.1016/S0896-6273(03)00605-6
https://doi.org/10.1007/s13205-022-03123-4
https://doi.org/10.1016/j.gene.2020.144874


Cozzolino et al. 10.3389/fnagi.2023.1274073

Frontiers in Aging Neuroscience 10 frontiersin.org

Readhead, C., Schneider, A., Griffiths, I., and Nave, K. A. (1994). Premature arrest of 
myelin formation in transgenic mice with increased proteolipid protein gene dosage. 
Neuron 12, 583–595. doi: 10.1016/0896-6273(94)90214-3

Reddy, P. H., Yin, X., Manczak, M., Kumar, S., Pradeepkiran, J. A., Vijayan, M., et al. 
(2018). Mutant APP and amyloid beta-induced defective autophagy, mitophagy, 
mitochondrial structural and functional changes and synaptic damage in hippocampal 
neurons from Alzheimer's disease. Hum. Mol. Genet. 27, 2502–2516. doi: 10.1093/hmg/
ddy154

Sanabria, H., Swulius, M. T., Kolodziej, S. J., Liu, J., and Waxham, M. N. (2009). 
betaCaMKII regulates actin assembly and structure. J. Biol. Chem. 284, 9770–9780. doi: 
10.1074/jbc.M809518200

Shettleworth, S. J. (2001). Animal cognition and animal behaviour. Anim. Behav. 61, 
277–286. doi: 10.1006/anbe.2000.1606

Shivarama Shetty, M., and Sajikumar, S. (2017). 'Tagging' along memories in aging: 
synaptic tagging and capture mechanisms in the aged hippocampus. Ageing Res. Rev. 35, 
22–35. doi: 10.1016/j.arr.2016.12.008

Sudhof, T. C., and Rothman, J. E. (2009). Membrane fusion: grappling with SNARE 
and SM proteins. Science 323, 474–477. doi: 10.1126/science.1161748

Sung, U., Apparsundaram, S., Galli, A., Kahlig, K. M., Savchenko, V., Schroeter, S., 
et al. (2003). A regulated interaction of syntaxin 1A with the antidepressant-sensitive 
norepinephrine transporter establishes catecholamine clearance capacity. J. Neurosci. 23, 
1697–1709. doi: 10.1523/JNEUROSCI.23-05-01697.2003

Suszyńska-Zajczyk, J., Luczak, M., Marczak, L., and Jakubowski, H. (2014). 
Hyperhomocysteinemia and bleomycin hydrolase modulate the expression of mouse 
brain proteins involved in neurodegeneration. J. Alzheimers Dis. 40, 713–726. doi: 
10.3233/JAD-132033

Szodorai, A., Kuan, Y.-H., Hunzelmann, S., Engel, U., Sakane, A., Sasaki, T., et al. 
(2009). APP anterograde transport requires Rab3A GTPase activity for assembly of the 
transport vesicle. J. Neurosci. 29, 14534–14544. doi: 10.1523/JNEUROSCI.1546-09.2009

Theriault, P., and Rivest, S. (2016). Microglia: senescence impairs clearance of myelin 
debris. Curr. Biol. 26, R772–R775. doi: 10.1016/j.cub.2016.06.066

Truckenbrodt, S., Viplav, A., Jahne, S., Vogts, A., Denker, A., Wildhagen, H., et al. 
(2018). Newly produced synaptic vesicle proteins are preferentially used in synaptic 
transmission. EMBO J. 37:e98044. doi: 10.15252/embj.201798044

Uchida, S., Martel, G., Pavlowsky, A., Takizawa, S., Hevi, C., Watanabe, Y., et al. 
(2014). Learning-induced and stathmin-dependent changes in microtubule stability 

are critical for memory and disrupted in ageing. Nat. Commun. 5:4389. doi: 10.1038/
ncomms5389

VanGuilder, H. D., Farley, J. A., Yan, H., Van Kirk, C. A., Mitschelen, M., 
Sonntag, W. E., et al. (2011). Hippocampal dysregulation of synaptic plasticity-associated 
proteins with age-related cognitive decline. Neurobiol. Dis. 43, 201–212. doi: 10.1016/j.
nbd.2011.03.012

Wang, F., Ren, S. Y., Chen, J. F., Liu, K., Li, R. X., Li, Z. F., et al. (2020). Myelin 
degeneration and diminished myelin renewal contribute to age-related deficits in 
memory. Nat. Neurosci. 23, 481–486. doi: 10.1038/s41593-020-0588-8

Wang, Y., Song, X., Wang, Y., Huang, L., Luo, W., Li, F., et al. (2020). Dysregulation of 
cofilin-1 activity-the missing link between herpes simplex virus type-1 infection and 
Alzheimer's disease. Crit. Rev. Microbiol. 46, 381–396. doi: 10.1080/1040841X.2020.1794789

Wang, R., Tang, Y., Feng, B., Ye, C., Fang, L., Zhang, L., et al. (2007). Changes in 
hippocampal synapses and learning-memory abilities in age-increasing rats and effects 
of tetrahydroxystilbene glucoside in aged rats. Neuroscience 149, 739–746. doi: 10.1016/j.
neuroscience.2007.07.065

William, C. M., Andermann, M. L., Goldey, G. J., Roumis, D. K., Reid, R. C., 
Shatz, C. J., et al. (2012). Synaptic plasticity defect following visual deprivation in 
Alzheimer's disease model transgenic mice. J. Neurosci. 32, 8004–8011. doi: 10.1523/
JNEUROSCI.5369-11.2012

Wu, P., Zhao, Y., Haidacher, S. J., Wang, E., Parsley, M. O., Gao, J., et al. (2013). 
Detection of structural and metabolic changes in traumatically injured Hippocampus 
by quantitative differential proteomics. J. Neurotrauma 30, 775–788. doi: 10.1089/
neu.2012.2391

Yang, Y., Kim, J., Kim, H. Y., Ryoo, N., Lee, S., Kim, Y., et al. (2015). Amyloid-beta 
oligomers may impair SNARE-mediated exocytosis by direct binding to Syntaxin 1a. 
Cell Rep. 12, 1244–1251. doi: 10.1016/j.celrep.2015.07.044

Youssef, S. A., Capucchio, M. T., Rofina, J. E., Chambers, J. K., Uchida, K., 
Nakayama, H., et al. (2016). Pathology of the aging brain in domestic and laboratory 
animals, and animal models of human neurodegenerative diseases. Vet. Pathol. 53, 
327–348. doi: 10.1177/0300985815623997

Yuan, A., and Nixon, R. A. (2021). Neurofilament proteins as biomarkers to monitor 
neurological diseases and the efficacy of therapies. Front. Neurosci. 15:689938. doi: 
10.3389/fnins.2021.689938

Zhu, X., Prakash, S. S., McAuliffe, G., and Pan, P.-Y. (2023). Synaptojanin1 modifies 
Endolysosomal parameters in cultured ventral midbrain neurons. eNeuro 
10:ENEURO.0426-22.2023. doi: 10.1523/eneuro.0426-22.2023

https://doi.org/10.3389/fnagi.2023.1274073
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/0896-6273(94)90214-3
https://doi.org/10.1093/hmg/ddy154
https://doi.org/10.1093/hmg/ddy154
https://doi.org/10.1074/jbc.M809518200
https://doi.org/10.1006/anbe.2000.1606
https://doi.org/10.1016/j.arr.2016.12.008
https://doi.org/10.1126/science.1161748
https://doi.org/10.1523/JNEUROSCI.23-05-01697.2003
https://doi.org/10.3233/JAD-132033
https://doi.org/10.1523/JNEUROSCI.1546-09.2009
https://doi.org/10.1016/j.cub.2016.06.066
https://doi.org/10.15252/embj.201798044
https://doi.org/10.1038/ncomms5389
https://doi.org/10.1038/ncomms5389
https://doi.org/10.1016/j.nbd.2011.03.012
https://doi.org/10.1016/j.nbd.2011.03.012
https://doi.org/10.1038/s41593-020-0588-8
https://doi.org/10.1080/1040841X.2020.1794789
https://doi.org/10.1016/j.neuroscience.2007.07.065
https://doi.org/10.1016/j.neuroscience.2007.07.065
https://doi.org/10.1523/JNEUROSCI.5369-11.2012
https://doi.org/10.1523/JNEUROSCI.5369-11.2012
https://doi.org/10.1089/neu.2012.2391
https://doi.org/10.1089/neu.2012.2391
https://doi.org/10.1016/j.celrep.2015.07.044
https://doi.org/10.1177/0300985815623997
https://doi.org/10.3389/fnins.2021.689938
https://doi.org/10.1523/eneuro.0426-22.2023

	Preliminary evaluation of the proteomic profiling in the hippocampus of aged grazing cattle
	1. Introduction
	2. Methods
	2.1. Animals
	2.2. Ethical statement
	2.3. Proteomics analysis
	2.4. Functional enrichment analyses
	2.5. Multiple reaction monitoring analyses
	2.6. Statistical analysis

	3. Results
	3.1. Proteomics profiling of hippocampus from aged grazing cattle
	3.2. Functional enrichment analyses
	3.3. Protein fold changes validation

	4. Discussion
	4.1. Synaptic plasticity
	4.2. Synaptic vesicle cycle
	4.3. Myelination
	4.4. Regulation of actin polymerization
	4.5. Mitochondria metabolism

	Data availability statement
	Ethics statement
	Author contributions

	References

