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Abstract The brain is one of the most sensitive organs
damaged during aging due to its susceptibility to the
aging-related oxidative stress. Hence, in this study, the
sensory nerve pathway integrity and the memory were
evaluated and related to the redox state, the antioxidant
enzymes function, and the protein oxidative damage in
the brain cortex (Cx) and the hippocampus (Hc) of
young (4-month-old) and old (24-month-old) male and
female Wistar rats. Evoked potentials (EP) were per-
formed for the auditory, visual, and somatosensory
pathways. In both males and females, the old rat groups’
latencies were larger in almost all waves when com-
pared to the young same-sex animals. The novel object
test was performed to evaluate memory. The superoxide
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dismutase and catalase antioxidant activity, as well as
the protein oxidative damage, and the redox state were
evaluated. Magnetic resonance (MR) imaging was used
to obtain the diffusion tensor imaging, and the brain
volume, while MR spectroscopy was used to obtain
the brain metabolite concentrations (glutamine, gluta-
mate, Myo-inositol, N-acetyl-aspartate, creatine) in the
Cx and the Hc of young and old females. Our data
suggest that, although there are limited variations re-
garding memory and nerve conduction velocity by sex,
the differences concerning the redox status might be
important to explain the dissimilar reactions during
brain aging between males and females. Moreover, the
increment in Myo-inositol levels in the Hc of old rats
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and the brain volume decrease suggest that redox state
alterations might be correlated to neuroinflammation
during brain aging.

Keywords Evoked potentials, - Memory, - Oxidative
stress, - Magnetic resonance, - Brain, - Aging, - Sexual
dimorphism

Introduction

Aging is currently considered a multifactorial, universal,
progressive, and deleterious process that occurs with
time and results in a decline in the organism’s physio-
logical functions, increasing its vulnerability to illness
and death [1, 2]. Human life expectancy has increased in
recent decades, and it is known that women live longer
than men. Moreover, they survive better in adverse
situations [3]. The fact that females and males age
differently is supported by numerous reports where
genetic manipulations or pharmacological interventions
favored one or the other sex [4, 5]. This pattern is
apparently conserved in several mammalian species
(but not in all). It has been mainly explained due to the
presence of sex hormones, such as estrogen [6], and,
more recently, by the hormonal interplay of the whole
hypothalamic—pituitary—gonadal axis [5]. Still, other
factors may also be involved, not only in promoting
longevity, but also in increasing the healthspan.

It is known that the nervous system is one of the most
affected systems during aging, and that men and women
have different propensities to present neurodegenerative
diseases. Yet, for many years, female studies have been
under-represented in neuroscience, since only male ani-
mals are typically used to perform the experiments [7]. In
recent years, it is increasingly common to find reports of
sex differences in neurobiology and behavior. However,
most of those studies are performed in young individuals,
so0, normal age-related changes are usually not evaluated.
Moreover, the majority of them also focus on the differ-
ences orchestrated directly by sex hormones [8].

The brain’s intrinsic characteristics make it especially
susceptible to changes in the redox state. Some exam-
ples of these characteristics are its high oxygen con-
sumption that results in considerable reactive oxygen
species (ROS) generation, its high lipid content, the auto
oxidation of neurotransmitter precursors, its low antiox-
idant capacity, and its high iron content compared to
other organs [9]. Therefore, many of the physiological
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changes that promote mental and motor deterioration
during normal aging, as well as neurodegenerative dis-
eases, have been associated to oxidative stress. Alter-
ations in the redox state disturb processes such as sen-
sory pathway integration, nerve conduction velocity,
memory, circadian rhythm, and others [10-12]. There-
fore, in this study, we wanted to analyze sex differences
in the brain functionality and in the cognitive decline
during normal aging, and to relate them with changes in
the redox state. Recently, sex differences in the brain
redox state were shown during aging [13]. Although, it
has been established that oxidative stress might not be
the principal cause of aging [14], alterations in the redox
state are known to play important roles in the central
nervous system (CNS) functional decline and degener-
ation [15]; so, besides the hormonal changes, modifica-
tions in the redox state might account for the different
responses observed in males and females. Hence, to
better understand the sex differences in the brain func-
tional decline during normal aging, biochemical assays
to evaluate oxidative stress were run along with the non-
invasive functional tests using female and male Wistar
rats aged 4 and 24 months. The superoxide dismutase
[16] and the catalase (CAT) antioxidant activity, as well
as the protein oxidative damage, and the redox state (the
reduced and oxidized glutathione ratio, GSH/GSSG),
were evaluated. Changes in the sensory pathways func-
tion through evoked potentials (EP) were quantified to
evaluate a probable decrease in the conduction velocity
due to myelin loss or degeneration. The novel object
recognition test was also used to evaluate the recogni-
tion memory, which is dependent on the sensory inputs
and a brain circuit conformed by the hippocampus, and
the frontal and rhinal cortices [17].

Another series of experiments were performed only
in young and old females; diffusion tensor imaging
(DTI) was used as the indicator of nerve fiber integrity
and myelination [18-20], along with anatomical and
metabolic determinations that were also non-invasively
obtained through magnetic resonance imaging (MRI)
and spectroscopy (MRS), since brain metabolite alter-
ations during aging have been related to cognitive de-
cline [21]. The brain cortex (Cx), the hippocampus (Hc),
and the total brain volume were measured and MRS was
used to quantify the molecular concentrations of gluta-
mine, glutamate, Myo-inositol, N-acetyl aspartate,
glycerophosphocholine, and creatine.

Our data suggest that, although there are limited
variations regarding the memory and nerve conduction
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velocity by sex, the differences concerning the redox
status might be important to explain the dissimilar reac-
tions during brain aging between males and females.

Material and methods
Chemicals

All chemicals and reagents were purchased from Sigma
Chemical Co. (St. Louis, MO). The reagents obtained
from other sources are detailed throughout the text.

Animals

The Wistar rats (Rattus norvegicus) were provided by
the closed breeding colony at the Universidad
Auténoma Metropolitana-Iztapalapa (UAM-I). Young
(4-months old) and old (24-months old) animals were
housed five-per-cage in polycarbonate cages in a 12-h
light-dark cycle and provided with a standard commer-
cial rat diet (Harlan 2018S, USA), and water ad libitum.
The animals’ health status was constantly evaluated. An
acceptable state of health was considered when the
animals did not have tumors, nor skin or ear infections,
and when they ate and drank properly. Rats with tumors
and those that went blind were discarded from the study.
All animals’ procedures were strictly carried out accord-
ing to the Mexican Official Ethics Standard NOM-062-
Z00-1999, and the Standard for the disposal of biolog-
ical waste (NOM-087-ECOL-1995). The rats were eu-
thanized by decapitation, according to the NOM-062-
Z00-1999, section 9.5.3.3. The protocol was also ap-
proved by the Internal Committee of Laboratory Ani-
mals Care and Use, as well as the Ethics and Research
Commissions of APREXBIO S.A.S. de C.V.

Biochemical assays

The Cx and the Hc were dissected and stored in a —70°C
ultra-freezer for the biochemical assays.

Protein extraction

One hundred milligrams from each dissected tissue was
taken and mechanically homogenized. Lysis buffer
(DTT 10 mM, Phenylmethylsulfonyl fluoride (PMSF)
10 mM, 1 Roche completeTM Mini tablet, 10 mL T-
PER) was added to the homogenate and the mixture was

centrifuged at 13,500 rpm at 4°C for 15 min. The
supernatants were separated and stored in a —70°C
ultra-freezer. Before each assay, the protein concentra-
tion was determined by spectrophotometry at 595nm,
using a commercial Bradford reagent (Bio-Rad, Hercu-
les, CA, USA).

SOD antioxidant activity

The antioxidant enzyme activity was analyzed by
spectrophotometry (Thermo Scientific™ GENESYS
10S UV-Vis; Madison, WI USA) through the
xanthine/xanthine oxidase system based on Paoletti,
et al [22] protocols modified by [23]. Twenty five
microliters of the sample plus 25 puL of xanthine
oxidase solution freshly prepared (0.1 U of XO
dissolved in 1 mL of 2 M ammonium sulfate) were
used, and were added to 1.45 ml of the working
solution (10 uM xanthine, nitro blue tetrazolium
(NBT) 250 uM and EDTA 10 puM dissolved in a
sodium carbonate buffer solution 50mM). The
xanthine/xanthine oxidase system continuously pro-
duces superoxide anion, which reacts with the NBT
and generates a formazan salt as a product that was
measured at 560nm every 30 s along 5 min spectro-
photometrically. One unit of enzyme is considered
as the amount of SOD needed to inhibit 50% of the
superoxide reaction with the NBT.

Catalase antioxidant activity

The antioxidant enzyme activity was analyzed by spec-
trophotometry (Thermo Scientific™ GENESYS 10S
UV-Vis; Madison, WI USA) through the Aebi protocol
[24] modified by [25], evaluating the decline in H,O,
levels at 240 nm every 15 s along 3 min. One catalase
unit was considered as the amount of enzyme necessary
to catalyze 1 pmol of H,O, per min.

Protein oxidative damage

The carbonyl concentration was determined as reported
elsewhere [23]. Each protein sample was centrifuged at
13,500 rpm at 4°C for 15 min. The supernatants were
separated in 1.5-mL tubes and 20 pL were taken and
added into 96 wells plates with 20 L. of DNPH 10 mM
in 0.5 M H5PO, (DNPH final concentration 4 mM). The
samples were incubated for 10 min in the dark with
constant agitation. Afterwards, NaOH 1.2M was added
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and incubated in the dark for 10 min at room tempera-
ture (50 puL. was the total volume in each well). The
absorbance was determined at 450 nm against a blank
where an equal volume of buffer solution substituted the
protein solution. The carbonyl content was calculated as
(Absyso/E)/total protein content of the sample, where E
= extinction factor of 46.1.

GSH/GSSG determination

The GSH/GSSG quotient was determined by high-
performance liquid chromatography (HPLC) [26]. The
brain cortex (100 mg) and the hippocampus (50 mg)
were homogenized mechanically in 1 mL of perchloric
acid/BPDS 1 mM. Then, the homogenate was centri-
fuged at 13,500 rpm at 4°C for 5 min. The supernatants
were separated and diluted with PBS (1:10 v/v). Each
sample (50 puL) was injected on a binary pump (Waters
1525) coupled to a UV/visible detector (Waters 2489) at
210 nm. The stationary phase was performed in a 4.6 x
250 mm Eclipse XDB-C18 column, and a 5-pm particle
size using KH,PO,4 20mM and 1% pH 2.7 acetonitrile as
mobile phase with a ImL/min flux. The area under the
curve was determined through a standard curve using
10, 25, 50, 100, 200, and 400 uM GSH and GSSG
concentrations.

Neurophysiological assays

The evoked potentials were performed in the
APREXBIO’s Neurophysiolgy Laboratory and record-
ed in a NEURONICA 5® equipment (Neuronic®, La
Habana, Cuba) using subcutancous needle electrodes
(Ambu®, Spain) located according to the 10/20 Inter-
national System. The electrophysiological assays were
registered employing <5¢) impedances. Chemical seda-
tion by intramuscular administration was required for
the application of the electrophysiological tests, using an
anesthetic cocktail, which contained ketamine (100
mg/kg; Anesket® Pisa Farmacéutica Mexicana) and
xylazine (5 mg/kg; Procin® Pisa Farmacéutica
Mexicana).

Brainstem auditory evoked potentials (BAEP)
The ear stimulation was evaluated with “clicks” or
clicking rarefaction (negative polarity) at a 50-dB inten-

sity, with a 0.1-ms duration [12]. The “clicks” came out
through headphones that were part of the equipment.
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The contralateral ear was masked with white noise at 20
dB below the intensity explored. The electrode imped-
ance was maintained below 5 k{). In order to obtain the
electrical activity recording, the stimulation with 50 dB
started at the left ear and then continued to the right one.
The negative electrodes were located on the Al or A2
brain derivation on the ipsilateral side of the stimulated
ear, and the positive electrode was located on Fz, the
ground electrode was located on the base of the tail. The
bandpass filter was set up between 100 to 3000 Hz with
10 pV sensitivity, and an average of 2000 stimuli was
administrated.

Visual evoked potentials (VEP)

The negative electrode was located on the occipital zone
[12] and the positive electrode was located on Fz, the
ground electrode was located on the base of the tail. The
bandpass filter was set up between 1 to 100 Hz with
50 uV sensitivity, and an average of 50 stimuli of
200 ms was administered. Both eyes were stimulated
by luminous flashes.

Medial nerve somatosensory evoked potentials
(MSSEP) and tibial nerve somatosensory evoked
potentials (TSSEP)

For the MSSEP recording, the negative electrodes were
located on the 7th cervical disk (C7) and the contralat-
eral somatosensory cortex (C3” or C4"), and the positive
electrode was located on the frontal zone (Fz). For the
TSSEP recording, the negative electrodes were located
on the 4th lumbar disk (L4) and the contralateral so-
matosensory cortex (C3” or C4”), and the positive elec-
trode was located on Fz. In both cases, the ground
electrode was located on the base of the tail.

Standard somatosensory evoked potentials were ob-
tained by 100 ps square monophasic electric pulses with
an intensity of 2 mA, the stimulation frequency was of
1.1 stimuli/s, with an average of 250 stimuli adminis-
trated. The bandpass filter was set up between 3 to 3000
Hz.

Novel object recognition test (NOR)

The NOR test has been used to evaluate the short-term
and working memory, as well as their decay during
aging in Wistar rats [27]. Here, the NOR test was
performed using a 45 x 45 x 45-cm acrylic observation
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box; each rat was introduced into the observation box
for 5 min a day for 3 days, as a training period. On the
fourth day, a pre-test was performed. Two random ob-
jects, with different geometric shapes, were placed in the
box and the animals were allowed to explore for 5 min
both objects. The exploration time for each object was
recorded. The objects were changed for each rat. On the
fifth day, the actual test was performed by placing just
one of the objects previously presented to the animal
along with a novel object. The animals were then
allowed to explore again for 5 min. The exploration
time was recorded, as well as the interaction-time and
the interaction-number spent with the old and new ob-
jects. The Preference index was calculated dividing the
time spent exploring the novel object by the total explo-
ration time multiplied by 100, in order to obtain a
percentage value.

Magnetic resonance imaging (MRI)

All the imaging experiments were performed at the
National Laboratory for Magnetic Resonance Imaging,
using a 7 T Bruker PharmaScan 70/16 scanner
(Ettlingen, Germany), with a 2x2 array surface RF coil.
Four and 24-month-old female rats were used. All spec-
imens were anesthetized with isoflurane in an air mix-
ture using 3.5 % for induction, then maintained in 0.8—
1.5% isoflurane during the MRI scanning. The respira-
tion rate was continually monitored. The body temper-
ature was maintained at 37 °C by warm water circulation
underneath the animal. High-resolution anatomical im-
ages were acquired in axial, coronal, and sagittal views
to determine the specimen's correct position. T2-
weighted MR imaging was performed using rapid ac-
quisition with refocused echoes sequence with the fol-
lowing parameters: TR = 2500 ms, TE = 33 ms, number
of echoes = 8, averages=3, field of view =35 - 35 mmz,
matrix = 256 - 256, resulting resolution: 0.137 - 0.137
mm?, slice thickness = 0.5 mm and acquisition time = 4
min. The MRI scans were exported to DICOM format
using Paravision 6.01 and analyzed using ImageJ [28] .
The regions of interest (ROIs), i.e., the brain cortex (Cx)
and the hippocampus (Hc), were defined in coronal
sections by RSM & BRC. For the Cx, within the slice
in bregma —2.0 mm with approximately 100 voxels
covering the primary somatosensory region and for the
Hc, within the slice in bregma -2.7 mm with at least 60
voxels covering the CA1 region.

Diffusion tensor imaging (DTI)

DTI data were acquired using a spin-echo EPI se-
quence with the parameters: TR = 2250 ms, TE =
31.32 ms, flip angle = 90°, averages = 4, field of
view = 20 x 14 mm?, matrix = 150 x 104 pixels,
resolution = 0.133 x 0.135 mm?, slice thickness =
0.75 mm, number of acquisitions = 1. The diffusion
weighting was isotropically distributed along 40 di-
rections with b values = 650 and 2000 s/mm”. Ad-
ditionally, six images with no diffusion weighting
were acquired (b value = 0 s/mm?). The DTI data
acquisition took 13 min. The pre-processing and
analysis of diffusion weighted-images were per-
formed using the MRtrix3 and FSL software (ver-
sion 5.0.6; FMRIB, Oxford, UK) [29]. Each scan
was visually inspected for quality. The diffusion
weighted images were denoised and then corrected
for eddy current distortions and head movement
using eddy correction (FSL’s tool). The measured
water diffusion was fitted to a tensor model with a 3
x 3 symmetrical matrix with eigenvalues A;, A,, and
Az, and its corresponding eigenvectors vy, V,, and
v3. The eigenvalue A; is related to the diffusivity
along the principal axis, therefore also called axial
diffusivity (AD); the average of A, and As, the
diffusivities along the minor axes, is the radial dif-
fusivity (RD). The fractional anisotropy (FA) and
the apparent diffusion coefficient (ADC) were also
computed in the defined ROIs. The ROIs used here
were the ones previously drawn for the anatomical
determinations.

Magnetic resonance spectroscopy (MRS)

The volumes of interest (VOI) with dimensions 4 x
1.5 x 3 mm were placed in the hippocampus or
cortex. The non-water suppressed and water-
suppressed spectra were acquired using a point-
resolved spectroscopy (PRESS) sequence. The
water-suppressed acquisition parameters were: TR
= 2500 ms, TE = 15.8 ms and averages = 256.
The metabolite concentrations (glutamine, Gln; glu-
tamate, Glu; Myo-inositol, Ins; N-acetyl aspartate,
NAA; glycerophosphocholine + phosphocholine,
GPC+PCh; NAA+NAAG; total creatine = creatine
+ phosphocreatine, Cr+PCr; and glutamate + gluta-
mine, Glu + Gln), were calculated using the linear
combination method LCModel (Stephen Provencher
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Inc, Oakville, Ontario, Canada). The non-water sup-
pressed signal measured from the same VOI was
used as an internal reference for the absolute quan-
tification of metabolites.

Statistical analysis

For the univariate comparisons, all data were processed
in NCSS 2007. D'Agostino & Pearson omnibus normal-
ity test and Levene’s homoscedasticity test were per-
formed. Since not all of the data groups presented nor-
mal distribution, the use of a 2-way ANOVA was not
possible. Instead, for age and sex comparisons, a f-test
or Mann-Whitney U test were performed depending on
the normality assumption. For all cases, P < 0.05 was
taken as a significant difference between groups. The
resultant graphs were performed with the GraphPad
Prism 7 software.

Dimension reduction of evoked potential measurements

To reduce the number of variables of evoked potentials
used to relate to the redox response, we used principal
component analysis to collapse/reduce dimensions into
1 or 2 new variables.

The Brainstem Auditory Evoked Potentials (BAEP)
waves I, II, III, IV, and V were reduced into two dimen-
sions henceforth referred to as BEAP 1 and BAEP 11
(cumulative variation explained: 93.78%, Dimension 1:
EG =4.3, Chi* =193.17, dF =14, P <0.0001; Dimen-
sion2: EG =0.38, Chi” =48.79, dF =9, P <0.0001).

The three components measured from Visual Evoked
Potentials (VEP), Ny, Py, and N, were reduced to one
dimension, henceforth referred to simply as VEP (vari-
ation explained: 86.55%, Dimension 1: EG =2.6, Chi?
=64.33, dF =5, P <0.0001).

The four components measured from the Medial
Nerve Somatosensory Evoked Potential (MNSSEP):
CxP1, CxN1, C7P1, C7N1 were reduced to one dimen-
sion, henceforth referred simply as MNSSEP (variation
explained: 82.50%, Dimension 1: EG =3.3, Chi?
=101.4, dF =9, P <0.0001).

The Tibial Nerve Somatosensory Evoked Potentials
(TNSSEP): CxP1, CxNI, L4P1, and L4N1 were re-
duced to one dimension, henceforth referred to simply
as TNSSEP (variation explained: 80.3%, Dimension 1:
EG =3.3, Chi® =133.9, dF =9, P <0.0001).
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Discriminant analysis

The database was tested for multivariate normality
with the Doornik and Hansen omnibus test (Ep:
31.20, P =0.22), and for multivariate equal variances
we used the Monte Carlo test (P = 0.057). To
characterize each age/sex group according to their
collapsed evoked potentials and redox response, we
performed a discriminant analysis. We first used a
stepwise variable selection to determine the vari-
ables which would significantly contribute to the
model. Afterwards, the model was performed using
a Linear Discriminant Analysis (LDA).

Regression models

We also explored multiple relationships between the
redox response (antioxidant activity, carbonyl content,
and redox state) with evoked potentials' collapsed
variables.

For the lineal relationships, multiple linear regres-
sions were performed. For non-linear relationships, a
neural network analysis was performed; the validation
method used was KFold =5 with 3 nodes; the training
and validation sets statistics are indicated in each graph.
In cases where variables were related to a single vari-
able, univariate linear regressions, and 2nd, 3rd, or 4th
order non-linear regressions were performed. All multi-
variate statistics were performed with the JMP 9 statistic
software and the graphs were edited with the GraphPad
Prism 7.

Results
SOD and CAT enzymatic activity

The SOD and CAT enzymatic activity was mea-
sured in the Cx and the Hc from young and old rats
of both sexes. In males, the SOD activity was dif-
ferent in young vs. old animals in both brain regions
(Fig. 1A). However, while the enzymatic activity
increased in the Cx, in the Hc the activity was lower
in the old group compared with the young one.
Interestingly, in females, the SOD enzymatic activ-
ity in the Cx showed no difference between young
and old rats (Fig. 1B), while there was a lower
antioxidant activity in the Hc from old animals.
When young males and females were compared, a
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Fig. 1 Biochemical determinations related to redox state. The
enzymatic activity of SOD (a—b) and CAT (c—d), as well as the
protein oxidative damage (carbonyl content) (e—f) and the GSH/
GSSQG rate (g-h) [30], was measured in the brain cortex (Cx) and
the hippocampus (Hc) from young (n=10) and old (n=5) female

higher SOD activity was found in females Cx and
Hc (2.3-fold and 5.1-fold, respectively). In the case
of old males vs. old females, there was a higher
SOD activity in both brain regions in females (Cx:
1.4-fold and Hc: 4.1-fold).

Regarding CAT activity, it was observed that old
males decreased their enzymatic activity in both brain
regions (Fig. 1C). Conversely, in the females, no differ-
ences were found in the Cx or the He (Fig 1D). When
young females and males were compared, a lower CAT
activity in the Hec was observed in females, but no
differences between same age groups were noted in
the Cx. Conversely, when old groups from both sexes
were compared, old females had a higher CAT activity
than males in the Hc (2.05-fold), but no differences were
found in the Cx.

Carbonyl content

Figure 1E and F shows that the Cx’s carbonyl content
from old female rats was higher than the carbonyl con-
tent in young animals. Curiously, in the Hc, lower
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and male rats as described in materials and methods. The bars
represent the mean £ S.D. of independent determinations,
ANOVA followed by Tukey's multiple comparison test. Statisti-
cal significance with respect to young animals (*) P<0.05, or
between males and females (&) P<0.05 were considered

carbonyl amounts were determined. No differences
were found in the carbonyl content in the males’ Cx
but, as well as in old females, a reduction was noted in
the He from old males. When both sexes’ old groups
were compared, old females presented a higher carbonyl
content in the Cx than old males. In the Hc, old females
had lower levels of carbonylated proteins when com-
pared with old males.

Redox state determination

Since the GSH/GSSG ratio is an indicator of the redox
state, both compounds were evaluated (Fig. 1G and H).
In female and male old groups, the Cx presented a
higher GSH/GSSG ratio when compared with the young
groups (3.5- and 0.69-fold respectively). In contrast, in
the Hc, the GSH/GSSG ratio differed between males
and females. While in females the GSH/GSSG ratio
decreased with age, in males, a higher ratio was ob-
served in the older group (2.2-fold compared with
young males).
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No differences in the redox state in the Cx were
observed between sexes. Female and male groups ob-
tained similar GSH/GSSG ratio values, showing an age-
related increase. In the He, the redox state was not
different between 24-month-old females and males. In-
terestingly, in the He, 4-month-old females showed a
higher GSH/GSSG ratio than same age males (4.8-fold).

Neurophysiological assays
Brainstem auditory evoked potentials (BAEP)

The evaluation of the left and right auditory latencies
waves I, II, III, IV, and V from young and old rats of
both sexes are shown in Fig. 2A, B, and C. The repre-
sentative images of BAEP wave measurements are
shown in Fig. 2A. In females, all waves significantly
increased their latency with age (Fig. 2C), while in old
males only, the latencies in waves IIl and V were
significantly higher than in the young group (P < 0.05,
Fig 2B). Furthermore, longer latencies were recorded in
young males when compared with young females in
waves L, II, III, IV, and V (P < 0.05, Fig. 2C). Interest-
ingly, no differences between groups were found when
old males were compared to old females.

Visual evoked potentials (VEP)

The N1, P1, and N2 waves of the visual pathway
were evaluated and the representative images of VEP
wave measurements are shown in Fig. 2D. The laten-
cies of all waves evaluated in both males and females
were higher in old animals than in young animals (P
< 0.05). The increase in old males (Fig. 2E) was
3.2 ms in the N1 wave, 8.2 ms in the P1 wave, and
9.4 ms in the N2 wave. While in old females (Fig.
2F), the increment was 5.5 ms in the N1 wave, 3.8 ms
in the P1 wave, and 5.4 ms in the wave N2. No
differences were found between the latencies of
young males and young females, but when the old
males were compared with the old females, lower
latencies were recorded in the P1 and N2 waves of
old females.

Medial and tibial somatosensory evoked potentials
(MSSEP and TSSEP)

The P1 and N1 waves of the somatosensory cortex (Cx)
and the cervical disk (C7) were evaluated for MSSEP
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Fig. 2 Neurophysiological assays. (a) Brainstem auditory evoked P>
potentials (BAEP). The figures in a represent the morphology of
the auditory pathway waves (I-V) determined in female and male
rats in each age group. The BAEP were obtained as described in
Materials and Methods in (b) young (n=10), and old male rats
(n=5), and (¢) young (n=10), and old (n=5) female rats. d—. (d)
Visual evoked potentials (VEP). The three components of the
visual pathway (N1, P1, N2) are observed in female and male
rats in each age group. The VEP were obtained as described in
materials and methods in (e) young (n=10), and old male rats
(n=5), and (f) young (n=10), and old (n=5) female rats. g—i.
Medial somatosensory evoked potentials (MSSEP). In (g), the
morphology of the MSSEP waves is shown in both males and
females young and old rats. The electrical activity of the anterior
limb somatosensory pathways in (h) young (n=10), and old male
rats (n=5), and (i) young (n=10), and old (n=5) female rats was
determined. The CxP1, CxN1, C7P1, and C7N1 waves were
obtained as described in materials and methods. j-1 Tibial
somatosensory evoked potentials (TSSEP). In (j), the
morphology of the MSSEP waves is shown in both males and
females young and old rats. The electrical activity of the posterior
limb somatosensory pathways in (k) young (#n=10), and old male
rats (n=5), and (1) young (n=10), and old (n=5) female rats was
determined. The CxP1, CxNI1, L4P1, and L4N1 waves were
obtained as described in materials and methods. The bars
represent the mean = S.D. of independent determinations. An
ANOVA test was performed, followed by Tukey's multiple
comparison test. Statistical significance to young animals (*), or
between sexes (&), P<0.05 were considered

(Fig. 2G), while the P1 and N1 of the Cx and the
Lumbar 4 derivation (L4) were evaluated for TSSEP
(Fig. 2J). The latencies of all evaluated waves in both
males and females were higher in old animals than in
young animals (P < 0.05). In the case of the TSSEP, a
similar behavior was observed (Fig. 2K and L).

Higher latencies in the CxP1, CxN1, and C7N1
waves from MSSEP were found in young males com-
pared with young females (P < 0.05). In old groups, the
differences were lost in almost all waves, except for the
CxP1 wave in which the latencies were longer in males
(Fig. 2H and I).

Regarding to TSSEP, the CxP1, and CxN1 were
longer in young males compared with same-age females
(P < 0.05), similarly as in MSSEP. Finally, in females
and males old groups, the same behavior as in MSSEP
was observed in TSSEP. The differences were lost in
almost all waves, except for the CxN1 wave, in which
longer latencies were recorded in old males compared
with old female rats.

In summary, the evoked potentials performed in the
old animals showed higher latencies in the different
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waves evaluated, pointing towards a decrease in the
nerve conduction velocity during aging.

Discriminant and regression analysis of antioxidant
parameters and evoked potentials by sex and age

In order to determine the differences between the
experimental groups, a discriminant analysis was
performed using the covariates corresponding to
the redox response (enzymatic activity, carbonyl
content, and redox state), along with the evoked
potentials. The MR and NOR data were not included
because the first ones were performed only in fe-
males, and the second ones were not paired. In Fig.
3, each point represents an individual in each of the
four experimental groups, and the circles indicate
the region where most of them are grouped. The
fact that all the circles are separated indicates that
all the groups behaved differently. The circles were
colored to indicate experimental groups. The biplot
represents the variables projected on lines or rays in
the graph, with different ray lengths depicting the
importance of the variable, the larger the ray is, the
greater the importance of the variable. The discrim-
inant analysis between age and sex groups was
performed only using the covariates, which signifi-
cantly contributed to the model (P <0.05): GSH/

GSSG-Cx, SOD-He, SOD-Cx, CAT-He, CAT-Cx,
MNSSEP, and TNSSEP evoked potentials.

The model was significant (Wilks” lambada =
0.0005, F g1 =15.69, P <0.0001), and both canonical
dimensions explained 95.9% of the total variance. The
relationship between antioxidant and EP was remark-
ably different for each group, highlighting that female
and male physiological responses differ as they age.

In the case of the young females, the EP results were
positively related to the early scavenger barrier SOD,
but negatively to the H,O, scavenger CAT. They were
also positively related to protein damage and negatively
related to the redox state (Supplementary Fig. 1). While
in the old females, EP were mostly positively related to
CAT (Supplementary Fig. 2). The majority of EP ob-
tained from old females were not directly related to
protein damage, except for VEP that was related to the
Cx carbonyl content.

The evoked potentials in young males were highly
related to the GSH/GSSG ratio, but the relationship was
not the same for all of the evoked potentials assessed.
For example, when TNSSEP and BAEP II were high,
the GSH/GSSG ratio was also high; however, when
MNSSEP and VEP were high, the GSH/GSSG ratio
was low (Supplementary Fig. 3). Although, compared
to young females, young males-EP were more related to
carbonyl content; moreover, they were also positively

N Old Female

47 Young Female
= 34 Old Male
&
S 2 ° Young Male
&
~ 1-
o~
3 o &
g - CAT-Cx ol .
c
©
(&] -2+ °
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-3 ¢ ®
4 L} L] L] T L] L] L]
0 2 4 6 8 10 12 14 16

Canonical 1 (70.34%)

Fig. 3 Linear discriminant analysis plot. The Canonical Plot
shows first (x-axis) and second (y-axis) canonical dimensions.
This represents the covariates linear combination (antioxidants
and evoked potentials) that maximizes the multiple correlation
between the category (experimental groups) and the covariates.
The experimental groups are represented by a 95% confidence
level ellipse and each group mean is denoted by a plus (“+7)
marker. The percentage of variation explained by each canonical

dimension is indicated. If two groups differ significantly, the
confidence ellipses avoid to intersect. Each ellipse has a different
color to facilitate its distinction. The set of rays that appears in the
plot represents the covariates that are significantly contributing to
separate each group. The length and direction of each ray in the
biplot indicate the degree of association of the corresponding
covariate to the classified groups
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related to the antioxidant activity as a mechanism of
compensation.

Finally, evoked potentials of old male rats were
mainly associated to the CAT activity and the redox
state, as well as to the carbonyl content, mainly in the
Cx. Though, when compared to old females, old males’
EP were more related to protein damage. The carbonyls
decrease coincided with the antioxidant activity
(Supplementary Fig. 4). When comparing old vs. young
males, the relationships shifted from linear to non-linear,
since there were less antioxidant enzymes involved.
Furthermore, compared to young males, in old rats, only
individual relationships between evoked potentials and
specific antioxidants were observed, while in young
male animals, the antioxidants had a combined influ-
ence over the evoked potentials.

Novel object recognition test

To assess the potential detrimental effects of the
sensory deficits detected by the EP upon cognition,
a novel object recognition test was performed in
both young and old, as well as male and female rats.
As shown in Fig. 4A, young animals spent more
time exploring the new object as compared to the
old object; they also presented more interactions
with the new object as compared to the known
object (Fig. 4B). The 4-month-old female and male
rats spent more than 80% of the exploration time
exploring the new object. Meanwhile, old rats spent
overall less time exploring both objects as compared
to same sex young animals (Fig. 4C). In addition,
old male and female rats were incapable to discrim-
inate the new object from the previously presented
one, as depicted by the low preference index (Fig.
4D) and by the small period of time exploring the
new object (Fig. 4A), and the low interaction num-
ber (Fig. 4B). Although old females had a trend to
explore the novel object for longer periods and more
times, this difference did not reach a level of
significance.

Diffusion tensor imaging (DTI)

Fractional anisotropy (FA) (Fig. 5A), as well as axial
(AD) and radial diffusivity (RD). (Fig. 5B and C), were
evaluated in the brain cortex (Cx) and the hippocampus
(He) of young and old female rats. All MRI/MRS de-
terminations were not possible to perform in old male
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rats, because the great size they reached as they aged
hampered introducing them inside the 7 Tesla resonator.
Hence, these experiments were performed only on fe-
males. The overall diffusivity (i.e., AD and RD) was
reduced in the cortex of the 24 month-old rats, as com-
pared to the young animals, with no change in FA. In the
hippocampus, RD was reduced, while AD showed no
differences between the young and old animals, condi-
tioning an increase of FA in this region. The decrease in
AD and RD produced a significant apparent diffusion
coefficient (ADC) reduction in both brain regions (Fig.
5D).

Volume measurement of brain structures by magnetic
resonance imaging

The volumes of Hc and Cx were also determined
since they are two of the most damaged structures
during aging. Supplementary Fig. 5 is a representa-
tive image that shows the ROIs where the measure-
ments were obtained. No significant differences
were found in the Hc volume with age (Fig. 6A),
but there was a significant decrease of 14.6% in the
Cx volume of old rats compared with the 4-month
old group (Fig. 6B). The total brain volume was also
measured, and a significant decrease of 8.11% was
found in old rats compared with the young group
(Fig. 6C).

Metabolites quantification by MRS

In order to obtain a more detailed scenery of brain
alterations during aging, several brain metabolites
were evaluated. We were only able to obtain
in vivo '"H NMR spectra from the female rats since
the old males were too large to fit into the animal
scanner. The representative MR spectra are shown in
Fig. 7A. The water signal was well suppressed, and
the signal-to-noise was 7.5+1.7 Hz and 8.0+1.9 Hz
in the spectra from the Hc and the Cx respectively.
Only the metabolites with CRLB below 20% were
considered. The complete results are shown in Sup-
plementary Table 1, and as observed, the quantified
metabolite levels were higher in the Cx than in the
Hc at both, 4 and 24 month of age (Fig. 7B), in
particular Glu, NAA, NAA+NAAG, and total crea-
tine. In the Hc of old female rats, a decrease in the
neuronal marker NAA and an increase in the Myo-
inositol levels (P < 0.001) were observed when
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Fig. 4 Novel object recognition test. New and old object interac-
tion time (a) and number (b) were determined in young (n=12),
and old male rats (n=3), and young (n=10), and old (n=4) female
rats as described in materials and methods. Young animals from
both sexes showed a higher number of interactions and interacted
more time with the new object as compared to the old object. Old
animals did not discriminate between them. Mann-Whitney U test.
(*)P<0.05 as compared with the old object; (&)P<0.05 as com-
pared with same sex young group. No differences between sexes
were noted. Total exploration time (¢) was also determined in
young (n=12), and old male rats (»=3), and young (n=10), and

compared with young rats (P < 0.05). Contrastingly,
metabolite levels in the Cx were not different, but
the ratio (Glu+GIn)/(Cr+PCr) diminished with age.
Pearson correlation coefficients () were calculated
to find a possible linear dependence between the
measured metabolite levels. As shown in Supple-
mentary Fig. 6A, there was a positive linear depen-
dence between several metabolites measured in
young animals. Interestingly, the Cx metabolites
displayed a greater dependence on each other than
the metabolites determined in the Hc. Remarkably,
in aged rats’ brains, the dependency between metab-
olites in both regions seemed to be disrupted
(Supplementary Fig. 6B).
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old (n=4) female rats and it showed that old animals spent less time
interacting with the objects as compared to young animals. The
Preference index was calculated dividing the time spent exploring
the novel object by the total exploration time multiplied by 100, in
order to obtain a percentage value (d), this index indicated that
young animals spent more than 80% of the interaction time ex-
ploring the new object, while the old animals did not discriminate
between the new and old objects, as they spent approximately 50%
of the exploration time interacting with the new object. Mann-
Whitney U test; (&)P<0.05 as compared with the young group. No
differences between sexes were noted

Discussion

Sex differences in neurophysiology are considerable and
might be influenced by multiple features, from anatomi-
cal to molecular levels. Most of the studies involving sex
differences in the nervous system are performed in young
individuals, so, normal age-related changes are usually
not evaluated. Additionally, to date, most of the behavior
studies are still done in males, although it is already
known that females and males age differently. Thus, it
is important to analyze the alterations during the aging
process in the nervous system’s physiology and morphol-
ogy. Generally, these differences are attributed to hor-
monal changes [31]. However, it has been accepted that
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Fig. 5 Diffusion tensor imaging
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there may be other factors, such as oxidative stress, that
might be involved in the dissimilar brain deterioration
between sexes [31, 32].

The oxidative stress theory of aging, proposed in the
1950s by D. Harman [33], postulated that macromole-
cule oxidative damage accumulation, due to oxygen free
radicals formed from normal metabolism caused aging

a) Hippocampus volume b) Cortex volume

Cx Hc

Brain region

deterioration. Nevertheless, in the last decades, this the-
ory has been widely debated because numerous exper-
iments conducted on transgenic/knockout animals, for a
wide variety of antioxidant enzymes, had shown no
effects on lifespan [14]. Therefore, oxidative stress
was not included in the nine hallmarks of aging de-
scribed by [1]. Nevertheless, it has been argued that
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Fig. 6 MR imaging volume quantification. Volume measured in
the hippocampus (Hc) (a), cortex (Cx) (b), and whole brain (¢) of
young (n=10) and old (n=5) female rats. The bars represent the
mean = S.D. of independent determinations. ANOVA test was
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performed, followed by Tukey’s multiple comparison test. Statis-
tical significance with respect to young rats (*) P<0.05 was
considered



GeroScience

e 9
a e : g
9 Yy 5 =2
S s G 8
& 3 £ || S | 4 months
7 ER=
| G S
24 months
4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
f1 (ppm)
b Il 4 months
Cortex Hippocampus 24 months
20 15
3 )
° ©° T
g 15 2
e = 104
B c
2 10 S . o
£ g e "
g T 54 i
2 s g
o (=
o Q "
(3}
0 0-
0\0 0\0 \(@ ?Y' R V.O Q(" RN 0\0 O\o \e vy- o (‘
N e?’ & Ox A x Vy.
qu X (¢) 0\ Qo é
& ¢

Fig. 7 Metabolite quantification by MRS. a Representative MR
spectra from the hippocampus of 4- and 24-month-old female rats
acquired in vivo with PRESS at 7T as described in the Materials
And Methods section. The Ins (Myo-inositol) peak shows a higher
intensity in old rats. b Metabolite concentration in the Cx and He
of 4- and 24-month-old rats female rats. Abbreviations are as
follows: glutamine, Gln; glutamate, Glu; Myo-inositol, Ins; N-
acetyl aspartate, NAA; glycerophosphocholine + phosphocholine,

the redox metabolome and proteome serve as adaptive
interfaces for genome—exposome interactions that mod-
ulate the hallmarks of aging, and therefore changes in
the redox state might be considered when studying the
aging process [34]. Kunath and Moosmann (2020) [35]
have recently proposed that the discrepancies in validat-
ing or invalidating this theory rely on the rate-limiting
kinetic steps of the aging cascade, and that the disagree-
ments arose depending on the time when the experi-
ments were done, i.e., radical propagation vs. radical
initiation or termination; because, apparently, radical
propagation might be the rate-limiting step for aging
and this step has barely been studied. Though, regard-
less of whether or not oxidative stress governs

GPC+PCh; NAA+NAAG:; total creatine = creatine + phosphocre-
atine, Cr+PCr; and glutamate + glutamine , Glu + GIn. Metabolite
concentrations were calculated using the linear combination meth-
od LCModel (Stephen Provencher Inc, Oakville, Ontario, Cana-
da). Statistical significance with respect to young animals (*)
P<0.05, (***) P<0.001 were considered. The complete results
are shown in Supplementary Table 1

longevity, its participation in the normal and patholog-
ical brain deterioration is of great relevance [15], Oxi-
dative stress is known to be a mechanism for age-related
brain functional decline [36, 37]. So, the way in which
each of the sexes handles oxidative stress to reach redox
homeostasis could be a factor that influences the way in
which the brain ages in males and females.

The cerebral cortex (Cx) is a high-level process-
ing structure that has been associated with somato-
sensory processing information [38], meanwhile the
hippocampus (Hc) is responsible for numerous cog-
nitive functions, such as learning and memory pro-
cesses [39]. Oxidative damage in the Hc and the Cx
has been associated with cognitive decline [40] and

@ Springer



GeroScience

therefore, the redox state was evaluated in these two
brain regions to understand the oxidative stress role
in nerve conduction velocity’s and memory dysfunc-
tion during aging.

The biochemical determinations related to the redox
state revealed interesting results. A higher SOD activity
was found in females’ Cx and Hc compared to males
regardless of the age. This difference is consistent with
what has been reported for young females in murine
models [41-44], and has been associated with the levels
of sex hormones, mainly progesterone and estrogen [31,
45]. There are very few studies regarding SOD activity in
old murine females, but it appears that the activity de-
creases together with the sex hormones decline [31]. More-
over, our results showed a significant decrease in SOD
activity in the Hc of both sexes during aging coinciding
with other reports [46]; remarkably, augmented oxidative
stress within the Hc has been associated with age-related
cognitive decline and somatosensory function [47].

CAT activity in males significantly decreased with
age in both brain regions, concurring with Guevara’s
work [46], which reported that CAT activity declined
with age in Wistar rats, regardless of their sex. Here, we
also did not find significant differences by sex, and CAT
activity showed high variability in females. In other
reports where CAT activity was evaluated in the normal
brain and in dementia murine models [48] no sex-related
differences were found.

Regarding the GSH/GSSG ratio, there was an increase
in males with age in both brain regions, while in females,
the increment was only observed in the Cx, and no
differences were found between sexes during aging.
Therefore, the evidence comparing the GSH system and
the redox status in the brain from female and male rodents
is still inconclusive [44, 49]. Increased GSH levels have
been observed in adult male rats exposed to Pb-induced
oxidative stress with hippocampal damage and impaired
memory [50]. This effect might be related to a compen-
satory mechanism to reestablish redox homeostasis.

Apparently, females have a better management of the
redox state. In this sense, Guevara's group [46], who
also found no differences in the antioxidant enzyme
activity between old male and female rats, proposed that
the reason why old female rats seemed to have better
redox homeostasis is due to better mitochondrial func-
tionality, and not just antioxidant activity. That idea
would be very worthy to analyze in the future.

Differences in nerve conduction velocity have been
evaluated in human males and females, and the results
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have shown that males have higher latencies in somato-
sensory [51, 52], visual [53, 54], and auditory pathways
[55, 56]. This observation seems to be maintained in
other mammals like rodents and non-human primates, in
which latencies increase with age, and nerve conduction
velocity decreases, but the magnitude varies between
sexes [12, 57]. Here, we also found sex-dependent var-
iations in nerve conduction, with longer latencies re-
corded in males during young and adult stages, concur-
ring with other authors, and pointing towards a systemic
nerve conduction impairment and electrophysiological
alterations during aging [58]. Our data support that
latencies augment with age in both sexes in all evaluated
sensory pathways, in a similar way as in humans, sug-
gesting comparable mechanisms of deterioration in old
individuals. Even though we registered longer latencies
in male rats since youth, when compared with same-age
females, these significant differences between sexes
were lost in the old groups, with the exception of the
visual evoked potentials (VEP), where old females pre-
sented lower latencies in the P1 and N2 waves than old
males. Interestingly, it has been reported by Kuba and
co-workers [59] that the differences in N2 peak latencies
may not be entirely attributable to different parameters
of motion stimuli, but also to differences in the age of
subjects, and that VEP latencies prolongation might be a
good indicator of individual biological aging.

The decrease in age-related conduction velocity has
been associated with the myelin loss or the deterioration
associated to oxidative stress [60, 61]. Some authors
suggest that these effects could be a consequence of
the loss of thickness and number of myelinated fibers
during aging, leading to neurophysiological impairment
[62]. Our aforementioned data, regarding the increase in
oxidative stress with age, support this idea, since oxida-
tive damage also triggers neuronal injury and cell death
[36]. Oxidative stress might be related to mitochondrial
dysfunction, high iron levels, decreased antioxidant en-
zymes, altered Ca*? homeostasis, microglial activation,
ete. [15, 63, 64] . All these features, along with other
changes in the neuronal excitability related to metabo-
lism, such as channel protein levels and activation, as
well as membrane composition modifications, might
influence the conduction velocity observed during the
EP and should not be put aside [65].

To improve the understanding of the relationships
between age and sex, we performed a discriminant anal-
ysis to integrate several parameters (enzymatic activity,
protein damage, and GSH/GSSG) with the functional
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response of evoked potentials. The discriminant analysis
revealed a non-linear relationship between oxidative
stress and EP in young female rats, where the increase
in the latencies coincides with a rise in carbonyls and the
reduction of the redox state, suggesting that there might
be an association between damage and nerve pathway
dysfunction. Interestingly, this behavior only occurs up to
a certain threshold, since, when reaching certain slowness
in the EP (particularly in MNSSP), this relationship is
reversed, improving the redox status and the latencies.
These results could explain why young females possibly
activate redox protection mechanisms to prevent the so-
matosensory pathway deterioration.

However, in old female rats, the SOD activity de-
creased and the CAT remained the same, so their effect
might be insufficient to clear all the ROS generated.
Hence, the activity of the two enzymes might be insuf-
ficient to avoid protein damage, which also concurs with
the decrease in the conduction velocity. Interestingly,
both, young and old females, had higher SOD activity
than males; however, with age this was not enough to
prevent age-associated damage.

The regression analysis showed a direct relationship
between the GSH/GSSG ratio and the EP in young rat
males, suggesting that maintaining a reduced redox state
could favor the somatosensory pathway s functionality.
When the EP of males are compared with those of
females, it is observed that, although there is a greater
relationship with protein carbonylation, there is also a
high enzymatic activity, possibly as a compensation
mechanism. In the case of old males, the regression
analysis revealed a relationship between the decrease
in the redox state and the activity of antioxidant en-
zymes, with the increase in the latencies and protein
damage, especially when compared to young males.
Although compared with old females, it seems that
when females age, they can cope with the damage better
than males, since more relationships were found be-
tween increased latencies and carbonyl damage in old
males than in old females. Furthermore, in old females,
the models were multivariate; in most cases, the EP were
related to the antioxidant parameters simultaneously,
while in old males, each comparison was independent
of the previous one.

Memory tests involve the detection of various senso-
ry inputs (visual, somatosensory, and probably auditory
and olfactory) in order to integrate the information about
space and their subsequent comparison with previously
used stimuli, consequently, the NOR-test was used as a

complementary measure of sensory alterations detected
through EP. In addition, there are several studies in
rodents where oxidative stress induction by different
stimuli negatively impacted cognition [40, 66—68]. The
NOR-test showed that old male and female rats were
incapable to discriminate the new object from the pre-
vious one, and though old females had a greater tenden-
cy to explore the novel object, this difference did not
reach a level of significance. Therefore, although these
results suggest that there is a cognitive decline associat-
ed with age, it will be necessary to corroborate them
using a larger number of animals.

Unfortunately, most of the studies that evaluate age-
related cognition decline are carried out only in males
[66—68]. This problem was elegantly discussed by
Hernandez and coworkers (2019) [7] in a recent paper
where they remark that, in addition to the shortage of
sexual dimorphism studies related to cognitive decline,
there are discrepancies between them that might be ex-
plained due to sensorimotor impairments. Their results
showed that the old female rats performed significantly
better in the rotarod test but that there were no differences
by sex in terms of cognitive assessment. Another very
interesting study by Logan et al. 2019 [69], using a mice
model deficient in the antioxidant enzyme Cu/Zn-
superoxide dismutase, provided important evidence that
hippocampal oxidative stress alone is sufficient to induce
neuroinflammation and age-associated memory decline. In
that study, male and female data were analyzed separately
and no clear differences between them were reported.

The conduction velocity depends on the suitable
functionality of the myelin sheaths, an increase in oxi-
dative stress might oxidized them, impairing their func-
tion and, inevitably, affecting memory and cognitive
performance. Hence, DTI studies were performed, to
obtain information about the integrity of nerve fibers
and myelination, in order to evaluate if the changes in
the redox state were related to the decrease in the con-
duction velocity, and if these were associated to myelin
loss or degeneration. DTI is a widely used technique to
study white matter integrity and to relate it with cogni-
tive disorders and neurodegeneration [20, 70, 71]. These
experiments were performed only on females since the
old males were too large and did not fit into the scanner.
Our results showed a decrease in ADC in the Cx and He
in old animals, which has been related with cellular
swelling, reduced extra-cellular space, astrocytes func-
tional and morphological changes, and extracellular ma-
trix modifications [30, 72, 73]. Neuronal cell death, glial
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proliferation, and astrogliosis have also been linked to
ADC reductions [74, 75]. In the Hc, an increased FA
was observed in old animals, which contrasts with pre-
vious reports of reduced anisotropy in CA3 and dentate
gyrus of aged rats. The current resolution of our images
precluded accurate segmentation of the hippocampal
subfields, which may display different patterns of diffu-
sion changes [73]. In addition to the differential effects
of aging on hippocampal subfields, this FA increase
should be cautiously interpreted, given the low diffusion
anisotropy typical of gray matter, and the susceptibility
of FA to noise in the low anisotropy regime [76]. The
ADC data indicate that inflammation, probably gener-
ated by the glia, is an important factor that also contrib-
utes to myelin deterioration. It is widely documented
that oxidative stress induces neuroinflammation [77].
Changes in ADC have also been interpreted as micro-
structural changes in the brain [78, 79] and reduced
ADC has been reported with increasing frequency [30,
72, 73]. Therefore, it was interesting to evaluate brain
volume using MRI. The brain volume is known to
reduce during normal aging, but the variations do not
occur uniformly in all brain regions [80]. Our data
support brain atrophy during the aging process because
we found a significant reduction in female’s brain vol-
ume and, in particular, in the Cx, and a trend in the same
direction in the He volume. Age-related brain atrophy
is generally observed in old mammals [80], and a
positive correlation between brain volume loss, ag-
ing, and cognitive decline has been reported [81]. It
has been suggested that grey matter is prone to
shrink with age since adulthood, while white matter
frequently presents changes at a microstructural lev-
el during aging [82]. Hamezh et al [81] reported the
effect of age on specific brain region volumes, cog-
nitive and locomotor performance, and antioxidant
enzyme activity in adult and old Sprague-Dawley
male rats. Although in their study the MDA content
increased, no significant changes were observed in
the protein carbonyl content with age, moreover
CAT and SOD activity were unchanged, while
GPX decreased, which led them to conclude that
increased oxidative stress along with the shrinking
of several brain regions, were among the apparently
causative factors of aging associated to cognitive
and locomotor decline, as well as the decrease in
nerve conduction velocity.

Brain metabolite alterations during aging have been
related to the changes in ADC measurements [72] and
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might also be involved in cognitive decline. Therefore,
the ADC reduction observed during aging might be
associated with morphological and physiological changes
in the astroglia and the increased secretion of macromol-
ecules to the extracellular matrix. To support this idea,
"H-MRS was used to quantify the molecular concentra-
tions of some brain metabolites, which have biological
relevance, such as glutamine, glutamate, Myo-inositol,
N-acetyl aspartate (NAA), glycerophosphocholine, and
creatine. In particular, NAA and Myo-inositol are con-
sidered neuronal and glial markers, respectively [83, 84].
Our data showed a high correlation between the content
of several metabolites in both, the Cx and Hc of young
rats. This correlation is disrupted in old animals, which
evidences the loss of brain homeostasis and might be
related with the age associated brain dysfunction.

Moreover, a significant decrease in NAA levels in
the He of old female rats was determined. NAA low
levels have been correlated with neuronal loss or func-
tional reduction [83, 85], so its decrease in the Hc
might be directly associated to the observed age-
related cognitive decline. Another interesting finding
was a 36% increment in the Myo-inositol levels in the
Hc of old rats. There is evidence that correlates high
Myo-inositol concentration with pathological
astrogliosis during aging, and therefore this metabolite
has been considered a glial marker related to neuroin-
flammation [86-88].

In summary, our results showed moderate dissimilar-
ities regarding memory and nerve conduction velocity by
sex, but the differences regarding the redox status could
help explaining why the response to different interven-
tions is so dissimilar between males and females. The
integration of these results suggests that females seem to
cope with neural damage better than male rats. The MRI/
MRS results indicated that during normal aging, the
deficient response to oxidative stress is coupled with
neuroinflammation, which might be aggravating the
functional decline; however, these effects related to fe-
male results must be confirmed in male animals.

Finding the differences in female and male brain-
decline during normal aging is important because, not
only are longevity and quality of life different, but also
the incidence of various age-related neurodegenerative
diseases shows a sex-dependency, along with dissimilar
clinical manifestations and drug responses depending on
the sex, which influence the diverse responses to treat-
ments [89]. Furthermore, this information is essential to
decide where to direct the interventions, in order to
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avoid aging deterioration, since what could benefit fe-
males is not necessarily the same for males.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11357-
021-00353-x.
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