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Exercise performance and zinc administration individually yield a protective effect on various neurodegenerative models,
including ischemic brain injury. Therefore, this work was aimed at evaluating the combined effect of subacute prophylactic
zinc administration and swimming exercise in a transient cerebral ischemia model. The prophylactic zinc administration
(2.5 mg/kg of body weight) was provided every 24 h for four days before a 30 min common carotid artery occlusion (CCAO),
and 24h after reperfusion, the rats were subjected to swimming exercise in the Morris Water Maze (MWM). Learning was
evaluated daily for five days, and memory on day 12 postreperfusion; anxiety or depression-like behavior was measured by the
elevated plus maze and the motor activity by open-field test. Nitrites, lipid peroxidation, and the activity of superoxide
dismutase (SOD) and catalase (CAT) were assessed in the temporoparietal cortex and hippocampus. The three nitric oxide
(NO) synthase isoforms, chemokines, and their receptor levels were measured by ELISA. Nissl staining evaluated hippocampus
cytoarchitecture and Iba-1 immunohistochemistry activated the microglia. Swimming exercise alone could not prevent
ischemic damage but, combined with prophylactic zinc administration, reversed the cognitive deficit, decreased NOS and
chemokine levels, prevented tissue damage, and increased Iba-1 (+) cell number. These results suggest that the subacute
prophylactic zinc administration combined with swimming exercise, but not the individual treatment, prevents the ischemic
damage on day 12 postreperfusion in the transient ischemia model.
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1. Introduction

Cerebrovascular disease (CVD) is caused by a temporary or
sustained deprivation of oxygen and nutrients in one or more
brain areas, leading to cerebral parenchyma injury [1]. This
disease affects 15 million people worldwide every year and is
one of the leading causes of permanent disability and mortality
[2]. In addition, ischemia is a more frequent cause than the
hemorrhagic process in CVD [3]. The ischemic process dis-
rupts the blood flow, alters cell homeostasis, and induces
immediate cell death by necrosis in the infarct core [4]. Fur-
thermore, in the penumbra zone, the ischemic process triggers
deleterious events such as excitotoxicity (release of glutamate
and calcium), nitrosative and oxidative stress [5], lytic enzyme
activation (proteases, lipases, and nucleases), dynamic cyto-
skeleton alteration [6], and neuroinflammation [7].

Severe cerebral ischemic damage has been reproduced in
rodents with cerebral artery occlusion (MCAO) or with com-
mon carotid artery occlusion (CCAO) for more than one hour
(up to 120 min) [8, 9], which promotes the formation of exten-
sive infarct zones in the brain [10, 11]. Models with shorter
occlusion times, such as CCAO for 10 min, do not promote
an infarct core [12, 13] but cause learning and memory loss
at 12 days postreperfusion [12, 14, 15]. In the 30 min CCAO
model, although some authors have reported that it does not
cause infarct volume at 24h postreperfusion [7, 16], others
have proven that it mimics the physiopathology of human
ischemic-type CVD [17]. The CCAO for 30 min can cause
an infarct core and the penumbra zone, affecting several brain
regions such as the lateral neocortex, striatum, and ipsilateral
hippocampus [18, 19]. In the early phase of 30min CCAO,
it has been reported that the alteration of energy metabolism
[20, 21] detonates oxidative/nitrosative stress [16] and neuro-
inflammation [22, 23]. The humoral response is characterized
by the expression of proinflammatory cytokines (IL-1, TNF-
a, and IFN-y) [22], adhesion molecules (ICAM-1 and VCAM-
1) [21], and chemokines (CCL2, CCL3, CXCLI1, CXCL13, and
CX3CL1) whose levels maintain up to 5 days postreperfusion
[24]. The cellular response includes an increase in microglia
number [25, 26] and the presence of infiltrated macrophages,
neutrophils, and B lymphocytes [22] in the infarct core
[27-29]. Those cellular events correlate with neuronal cell
death, and the maximum increase occurs on day 7 postreper-
fusion [30]. Posteriorly, regeneration processes originated in
the subgranular zone (SGZ) [26], and removal of the infarct
by astrocytes and microglia occurs until day 14 postreperfu-
sion [27]. However, the neuropsychological alterations prevail
[27-29] from 21 days [30] to 90 days postreperfusion [31].

Nevertheless, the constant release of proinflammatory
cytokines, chemokines, and adhesion molecules can elicit
apoptosis and affect neuroplasticity, which causes cognitive
deficits such as learning and memory loss and emotional dis-
turbances such as anxiety or depression-like behavior [32].
Interestingly, some reports have shown that cognitive activ-
ity or motor performance protects against neurodegenera-
tive diseases, improving cerebral functionality [33, 34].
Swimming exercise, for example, has shown neuroprotection
in animal models of Alzheimer [35], spinal muscular atro-
phy [36], depression [37], and amyotrophic lateral sclerosis,
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thorough increasing the production and release of growth
factors [38]. However, the beneficial effect of exercise perfor-
mance depends on factors like intensity and frequency to
trigger efficient cellular adaptation mechanisms to oxidative
stress and increase the antioxidative response stimulated by
mitochondrial biogenesis [39, 40].

An increasing number of reports support the neuropro-
tector effect of zinc administration prophylactically [11, 41,
42] or postreperfusion [43]. However, zinc administration
can also exacerbate ischemia-induced cerebral injury
depending on the dose and time of administration. The neu-
roprotective effect was found in subacute prophylactic ZnCl,
administration (2.5 mg/kg/24 h for 4 days, i.p., before 10 min
CCAO) [11, 41] and hyperacute ZnCl, administration at a
dose of 20 mg/kg, ip., 30 min before 3min CCAO [44];
10.9 mg/kg equivalent of zing, i.p. 30 min before 2 h ischemia
[45]; and 6 mg/kg, iv., after 60min of 2h medial carotid
artery occlusion (MCAO) [46]. On the contrary, chronic
prophylactic ZnCl, administration at a dose of 0.5mg/kg/
15 days, i.p. [47], or zinc protoporphyrin IX treatment can
exacerbate ischemia-induced cerebral injury [48-50]. Other
factors that influence zinc neuroprotection are the time
(3min to 2h) postreperfusion and the modality of oblitera-
tion (unilateral or bilateral) [44, 45] or injury size in the case
of traumatic brain injury (TBI) models [51, 52].

The main beneficial effect of zinc is to promote antioxi-
dant and anti-inflammatory actions against ischemic damage.
It modulates the formation of ROS by inhibiting NMDAR
through its binding to the GluN2A subunit [53, 54]; decreases
the reactivity of O, due to a structural part of the cytosolic
superoxide dismutase (SOD1) [55]; regulates the transcription
of reduced glutathione (GSH), SOD, reduced glutathione
transferase (GST), and heme oxygenase- (HO-) 1 through
Nrf2 [56]; induces BDNF expression [57]; converts pro-
BDNF to mature BDNF by activation of zinc-dependent
MMPs [58]; prevents the formation of the complex IKK
through the interaction of Zn*" via influx by Zip8 [59], or
the A20 protein [60], inhibiting the NF-xB signaling pathway
[61] and decreasing neuroinflammation; and increases the
density of neuronal precursor cells after a TBI [62], promoting
neurogenesis [63, 64]. Furthermore, zinc through microglia-
expressed ZEB1 can regulate neuroinflammation after stroke,
decreasing neutrophil chemoattraction by CXCLI1 [65].

It has been reported that subacute prophylactic zinc
administration in the 10 min CCAO model has a neuropro-
tective effect, reducing nitrosative stress and cell death [11],
increasing chemokine and growth factor levels, and improv-
ing learning and memory in the Morris Water Maze
(MWM) test [41]. On the contrary, zinc deficiency caused
anxiety-like behavior in rats submitted to MWM [66].
Besides, chronic prophylactic zinc (0.2 mg/kg by 14 days)
combined with therapeutic selenium administration has a
neuroprotective and antioxidant effect on hypoxic-ischemic
brain events postreperfusion [42].

Based on the neuroprotection of exercise performance and
subacute prophylactic zinc administration, this work was
aimed at evaluating whether the combined neuroprotection
of prophylactic zinc administration (2.5 mg/kg/24h for four
days) and swimming exercise through MWM can be effective
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in brain injury caused by 30min CCAO. The biochemical
parameters studied were NO and malondialdehyde and 4-
hydroxy-alkenal (MDA+4-HDA) levels and chemokine
(CCL2, CXCL1, CXCL13, and CX3CL1) and nitric oxide syn-
thase (NOS-1, NOS-2, and NOS-3) protein levels, measured
by ELISA. In addition, Nissl staining and Iba-1 immunohisto-
chemistry were performed on day 12 postreperfusion. At this
time, cognition was also evaluated, whereas emotional distur-
bances were evaluated on day 30 postreperfusion.

2. Methodology

2.1. Experimental Animals. Male Wistar rats (bodyweight
180-240g) were obtained from the Animal Production Unit
of CINVESTAV and maintained in suitable rooms with con-
trolled conditions of temperature (22 +3°C) and light-dark
cycles (12h-12h; light onset at 07:00). The animals received
food (Laboratory Autoclavable Rodent Diet 5010, 130 ppm of
zinc) and drinking water ad libitum. All procedures were car-
ried out according to the current Mexican legislation, NOM-
062-Z00-1999 (SAGARPA), based on the Guide for the Care
and Use of Laboratory Animals, NRC. The experimental pro-
cedures were approved by the Institutional Animal Care and
Use Committee with protocol number 09-102. All experimen-
tal processes were made to minimize animal suffering.

2.2. Experimental Groups. The animals were randomly divided
into the following groups: (1) healthy, without swimming
exercise treatment, or surgery to normalize the effect of all
treatments; (2) MWM, control of swimming exercise trained
in MWM; (3) Zn, control with chloride zinc (2.5mg/kg of
body weight, equivalent to 1.2 mg atomic zinc) administration
[41]; (4) CCAO, rats with 30min left CCAQO; and (5) Zn
+CCAO, prophylactic zinc administration and CCAO.

2.3. Experimental Design. Experimental diagram of the pro-
cedures performed, zinc administration, common carotid
artery obliteration (CCAO), biochemical determinations,
and tests is shown to evaluate cognitive and motor abilities
(Figure 1).

2.4. Common Carotid Artery Obliteration (CCAO). The ani-
mals were maintained in a sterile room, and surgical instru-
ments were sterilized. Posteriorly, animals were anesthetized
with a mixture of ketamine (70 mg/kg) and xylazine (6 mg/
kg) at a dose of 200 uL/100g of body weight, i.p. After an
incision of 0.5 cm long midline skin in the neck area, the left
common carotid artery was carefully dissected and occluded
for 30 min with a clamp (Bulldog Clamps, INS6000119; Kent
Scientific Corporation; Torrington, CT, USA). Upon com-
pletion of the occlusion time, the artery reperfusion was
visually verified, and the incision was sutured with a 3-0 silk
thread (Atramat; Ciudad de Mexico, Mexico). The animals
were kept in an individual cage until their complete recovery
in the surgery room and then transferred to a temporary
vivarium. The animals after experimental processes were
euthanized on day 12 postreperfusion using sodium pento-
barbital at a dose of 60 mg/kg of body weight [41, 42].

2.5. Morris Water Maze (MWM). MWM pool was used to
submit the rats to physical exercise as reported previously
[67, 68]. Additionally, this test was utilized to evaluate learn-
ing and memory. All experimental groups were trained at
24h after CCAO with MWM to evaluate the learning and
memory. The swimming pool was divided into four quad-
rants, North (N), West (W), South (S), and East (E), and
two clues were placed on the inner walls of the tank, which
serve as the orientation and location inside the platform.
The MWM consisted of a circular tank (swimming pool)
of 150 cm diameter and 80 cm height; the escape platform
measuring 10cm in diameter was placed in the quadrant
southeast. The tank will be filled with water (19-22°C) one
centimeter above the platform height to ensure that rats can-
not see the escape platform.

The learning test consisted of four probes per day, one
for each quadrant, giving 60 seconds (s) to find the platform
(escape latency). Once the rats completed the trial, they
remained on the platform for 30s. Then, they were removed
from the platform and waited 30 min to start the subsequent
trial. The order of performance of the quadrants was N, W,
S, and E, for five consecutive days.

The memory test was evaluated seven days after the last
day of the learning test. The memory test was carried out for
60s in the N quadrant, counting the number of times that
the rat passed by the escape platform and the time in which
it was localized [42].

2.6. Elevated Plus Maze. The elevated plus maze was used to
assess the depressive-like behavior and anxiety of the rats.
The maze was placed 90 cm from the ground and consisted
of two open arms (25 x 5 x 1 cm; white color) and two closed
arms (25 x5 x 16.cm; black color) connected to a central
platform (5% 5cm). The open arms had a wall of 1cm to
reduce the risk of falls, whereas the closed arms had a wall
of 16 cm to cover the entire arm.

The test was carried out for 5min, and the number of
times that the animal entered the open and closed arms
and the time to remain on them were recorded. In addition,
the urination and defecation numbers were also quantified.

2.7. Open Field. The open-field test was also used to assess
the unrestricted mobility of rats. The evaluations were car-
ried out in a square wood box of 60 cm divided into nine
quadrants per side and 70 cm high. The number of times
the subject passed through the central quadrant (quadrant
5) and the distance traveled (total number of quadrants vis-
ited multiplied by 20 cm) during 5 min were registered.

2.8. Nitric Oxide Quantification. The NO production was
assessed by the accumulation of nitrites (NO,) by the mod-
ified technique of Griess as described previously [69]. The
cerebral cortex and hippocampus were obtained 1h after
the memory test (n=5 rats in each group), mechanically
homogenized in phosphate-buffered saline solution pH 7.4
(PBS), and centrifuged at 12,500 rpm for 30 min at 4°C by
using a Z216MK microcentrifuge (HERMLE Labortechnik;
Wehingen, Germany). Briefly, the NO concentration was
measured in 10uL of supernatant after the addition of
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10 puL of Griess reagent (composed of equal volumes of 0.1%
N-(1-naphthyl) ethylenediamine dihydrochloride and 1.32%
sulfanilamide in 60% acetic acid). In addition, the optical
density in a 2 uL sample was measured with a NanoDrop
1000 Spectrophotometer (Thermo Fisher Scientific, Bancroft
Building, Wilmington, USA) at 540 nm, and the optical den-
sity values were interpolated from the standard curve of
NaNO, (1 to 10 uM) to obtain NO concentration.

2.9. Lipid Peroxidation Quantification. Malondialdehyde
(MDA) and 4-hydroxyalkenals (4-HDA) as an index of lipid
peroxidation were measured in each group (n =5), following
the procedure described previously [69]. The colorimetric
reaction was performed in 200 uL of the supernatant supple-
mented with 650 4L of 10.3mM N-methyl-2phenyl-indole
(Sigma-Aldrich; Saint Louis, MO, USA), which was previ-
ously diluted in a mixture of acetonitrile: methanol (3:1)
and 150 uL of methanesulfonic acid (Sigma-Aldrich; Saint
Louis, MO, USA). This reaction mixture was vortexed and
incubated at 45°C for 1h and then centrifuged at 3000 rpm
for 10 min. The absorbance of the reaction in supernatant
was read at 586 nmm with a SmartSpec 3000 spectropho-
tometer (Bio-Rad; Hercules, CA, USA). The absorbance
values were interpolated from a standard curve of 1,1,3,3-
tetramethoxypropane (10mM stock) in the concentration
range of 0.25 to 5uM to calculate the MDA+4-HDA level
in the samples.

2.10. Superoxide Dismutase (SOD) Activity. Total SOD activ-
ity was quantified directly in the spectrophotometer quartz
cuvette containing 8 uL pyrogallol (initial substrate), 800 uL
of Tris-HCI buffer solution (pH8.2), and 15uL of EDTA.
After 30s, 60 uL of the supernatant was added, and the
absorbance was measured immediately every minute for 3
minutes at 420nm using a spectrophotometer (Lambda
EZ-150; PerkinElmer Company; Waltham, MA, USA). The
results were reported as the Umin~'/mg protein. The equa-
tions are detailed in [69].

2.11. Catalase (CAT) Activity. CAT activity was quantified
directly in the spectrophotometer quartz cuvette containing
50 uL of the supernatant and 655 yL of PBS 1X. The reaction
was initiated by adding 330 uL of H,0, (30 mM), and the
absorbance was measured at 240 nm every 30 s for 2 minutes
with a spectrophotometer (Lambda EZ-150; PerkinElmer
Company; Waltham, MA, USA). The results were reported
as the Umin’llmg protein [69].

2.12. 2, 3, 5-Triphenyltetrazolium Chloride (TTC) Staining.
The tetrazolium salt assays measure mitochondrial activity
associated with the electron transport chain, given the rapid-
ity with which most dehydrogenase systems reduce it. Upon
reduction, tetrazolium precipitates in the form of a deep red
water-insoluble complex. The experimental animals were
anesthetized and perfused intracardially with 0.9% isotonic
saline solution (SSI); the brains were extracted and coronally
sectioned at intervals of 2mm; then, the sections were
incubated for 15 minutes at 37°C in 1% of TTC solution;
posteriorly, the tissues were placed overnight in 4% parafor-
maldehyde solution. After staining, photographs of the brain
sections were taken.

2.13. Nissl Staining. Brain slices of 40 um thick were placed
on gelatinized slides, washed with distilled water, and
stained with a 0.1% cresyl violet solution (Merck KGaA;
San Luis, Missouri, USA) in a 0.25% acetic acid solution
for 30 min. Subsequently, the sections were dehydrated in
increasing concentrations of ethanol and rinsed with xylene
(Hycel; CDMX, Mexico), and Entellan resin (Merck KGaA;
Darmstadt, Germany) was used as a mounting medium [11].

2.14. Immunohistochemical Staining. The brains were cryo-
protected with 30% sucrose and then cut into 40 ym thick
sagittal sections equidistant 1:6. Then, the slices were
washed with TBS-1X (Trizma base buffer, pH 7.4) and prein-
cubated with 3% H,O, solution for 30 min to block endoge-
nous peroxidase. After removing excess H,0, with
triplicated TBS-1X washes, unspecific binding sites were
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blocked with TBS ++ (TBS-1X, Triton X-100, and goat
serum) for 30 min at room temperature (RT), and then,
the slices were incubated with a primary anti-Iba-1 rabbit
antibody (FUJIFILM Wako Chemicals USA Corporation
019-19741) overnight at 4°C. Later, the staining was accom-
plished using the ABC peroxidase system (the secondary
antibody conjugated with biotin and 3,3’ diaminobenzidine
(DAB) as a developer). Finally, micrographs of Iba-1 (+)
cells were taken with a 20x objective of a microscope (DMLS
2000, Leica Microscope) for further analysis with Image]
software (RRID: SCR_003070, National Institute of Health).

2.15. ELISA Immunoassay. The ELISA plate of 96 wells
(Corning, Camelback, Rd, Glendale, USA) was sensitized
with five ug of total protein from the homogenate of the
samples and completed to a final volume of 100 L with car-
bonate buffer for 24h at 4°C. Then, the ELISA plates were
washed with PBS 1X containing 0.1% Tween 20, and the
unspecific binding sites were blocked with 0.5% fetal bovine
serum for 30 min. Subsequently, the wells were washed with
PBS-0.1% Tween 20, and the primary antibody (dilution
1:500) was added and incubated for 24h at 4°C. The pri-
mary antibodies were mouse anti-nNOS (Sigma Aldrich,
SAB4502010), rabbit anti-INOS  (Sigma  Aldrich,
SAB4502012), rabbit anti-eNOS Rabbit (Sigma Aldrich
SAB4502013), rabbit anti-CCL2 (Abcam ab9779), rabbit
anti-CXCL1 (Abcam ab9772), rabbit anti-CXCL13 (Abcam
ab112521), rabbit anti-CX3CL1 (ThermoFisher SCIEN-
TIFIC PA1-29224), rabbit anti-CCR2 (Abcam ab21667),
and rabbit anti-CXCR2 (Abcam abl14935). Subsequently,
the wells were washed with PBS-0.1% Tween 20, and the sec-
ondary polyclonal antibody goat anti-rabbit and goat anti-
mouse (dilution 1: 1000; Pierce Technology Co.; Holmdel,
NJ, USA) was added. Then, the secondary antibodies conju-
gated with horseradish peroxidase were incubated for 3h at
RT (1:5000, Pierce Technology Co. Holmdel, NJ, USA), and
finally, they were washed with 1X PBS-1% Tween 20, and
the ABTS (2,2'-azino-bis- (3-ethyl benzyl-thiazoline-6-sul-
fonic acid) substrate was incubated for 15 min. The reaction
on the plate was read in an ELISA reader (Bio-Rad Bench-
mark) at 415 nm.

2.16. Hierarchization Score of the Protective Effect of
Pharmacological Strategies (HSPEPS). The values of cogni-
tive tests, histopathology, and biochemical probes were
expressed according to the modified HSPEPS [69], indicat-
ing the efficacy of one or more pharmacological strategies
(Register # MX2020010357) treatments. A value lower than
healthy was zero, equal to healthy was 1, and higher than
healthy was 1.5 or 2, depending on the increasing grade
(Table 1). HSPEPS was constructed with the sum of all per-
formance scores of each treatment and study (Table 2).

2.17. Statistical Analysis. The values are mean + standard
error of themean (SEM). The difference of escape latency
was analyzed with two-way ANOVA and Bonferroni’s post
hoc multiple comparisons tests, whereas the escape latency
on the memory test was analyzed with Kruskal-Wallis and
Dunn’s post hoc. The elevated plus maze and open-field

5
TaBLE 1: Performance score for each treatment per animal.
Score Performance
0 Lower than healthy
1 Equal to healthy
1.5-2 Higher than healthy

TaBLE 2: Hierarchization score of the protective effect of
pharmacological strategies (HSPEPS).

Performance score Recovering ratio

<Control Inefficient
=Control Efficient
>Control Enhanced

results were analyzed with Student’s ¢-test and Welch’s post
hoc. One-way ANOVA and Dunnett’s post hoc were used to
analyze the biochemical results, the optical density of Nissl
stain, and the number of Iba-1-positive cells in hippocampal
areas. All statistical analyses were performed with the Prism
software (GraphPad Prism; San Diego, CA, USA; RRID:
SCR_0158070). The experimental values were compared
with their respective healthy (%), MWM group (®), and
CCAO group (t). P <0.05 was significant.

3. Results

CCAO caused a loss of acquisition of spatial learning revealed by
the increased escape latency (55.4 + 27.09%; ® p=0.0407) on
day 5 of training compared with the MWM group (Figure 2
(a)). In contrast, subacute prophylactic zinc administration sig-
nificantly decreased the escape latency on days 3 (32.38 + 9.46
%, 'P=0.0261) and 5 (52.38 £10.21%, '"P=0.0099) com-
pared with the CCAO group. The Zn group did not show a dif-
ference in spatial learning acquisition compared with the MWM
group (Figure 2(a)).

Long-term memory test on day 12 postreperfusion
showed that CCAO increased the escape latency by 103.44
+17.81% (®®® P=0.0001), compared with the MWM
group (Figure 2(b)). On the contrary, the subacute prophy-
lactic zinc treatment reverted (44.16 + 8.84%, ""'P =0.0249
) the CCAO-induced increase in escape latency (Figure 2
(b)). Furthermore, the CCAO group showed decreased
number of platform crossings (44.16 + 8.84%; © P =0.0249
) compared with the MWM group, which was prevented
(114.88 + 17.8%; ""P =0.0001) by the subacute prophylac-
tic zinc treatment (Figure 2(c)). These results show that pro-
phylactic zinc administration prevents the cognitive deficit
induced by 30 min CCAO.

The elevated plus maze (EPM) test on day 30 postreper-
fusion showed that CCAO decreased the number of entries
to the open arms (OA) (23.07 + 3.84%; ® P=0.0132) com-
pared with the MWM group (Figure 3(a)). This effect was
prevented by the subacute prophylactic zinc administration
(55 + 13.22%; "P = 0.0399) compared with the CCAO group
(Figure 3(a)). However, no statistically significant difference
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FiGure 2: The subacute prophylactic zinc administration prevents the cognitive deficit caused by a 30 min CCAO. The values are the
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Wallis with Dunn’s post hoc test was used to analyze the escape latency in the memory test. P < 0.05, “compared with the MWM group

and "compared with the CCAO group.

was found in the time of permanency in the OA of EPM
(Figure 3(b)). In addition, neither group showed statistically
significant differences in the number of urinations and defe-
cations (data not shown).

The open-field test showed that CCAO also affected rat
mobility. Both the distance traveled (32.83 +4.38%; *P p
=0.0097) and entries to the central quadrant (37.16 +7.67
%; ? P=0.0379) were less than those of the MWM group
(Figures 3(c) and 3(d)). Those alterations were not modified
by subacute prophylactic zinc administration (Figures 3(c)
and 3(d)).

The HSPEPS analysis on the cognitive tests showed that
the CCAO+MWM group had a lesser value (0.5) than the
MWM group (4), and the Zn+CCAO+MWM group yielded
values closer to basal values (3.5) of the MWM group
(Table 3).

In the temporoparietal cortex, nitrite levels were not differ-
ent among all experimental groups on day 12 postreperfusion
(Figure 4(a)). Meanwhile, in the hippocampus, only the zinc
group increased the nitrite levels, while the others groups
decreased compared with the healthy group (Figure 4(b)).

However, the MDA +4-HDA levels were significantly elevated
in the temporoparietal cortex of all groups compared with the
healthy group. The maximum increase was found in the
MWM group (1118.15+67.31%, ***P =0.0001), whereas
the increase was 591.32 + 120.67% (**P = 0.0025) in the zinc
group, 643.21+40.94 (**P=0.0022) in the CCAO group
and 560.34 + 108.89 (**P =0.0038) in the Zn+CCAO group
(Figure 4(c)). In the hippocampus, MDA+4-HDA levels were
not different among all groups (Figure 4(d)).

The SOD activity in the temporoparietal cortex (Figure 4
(e)) and hippocampus (Figure 4(f)) did not show a statistical
difference among all groups on day 12 postreperfusion.
However, in this region, CCAO injury increased CAT activ-
ity (242.02+15.77%, ® P=0.0064) compared with the
healthy and MWM groups, and the subacute prophylactic
zinc administration reverted this increase (77.28 +6.58%,
TP =0.0036) (Figure 4(g)). In the hippocampus, the CAT
activity was not statistically different among all experimental
groups (Figure 4(h)).

ELISA measurements in the temporoparietal cortex
showed significantly increased NOS levels compared with



Behavioural Neurology

Eleveted plus maze

15 7 150 -
+
T

5 107 % 100
g ¢ 5 T
= Q
S £
w57 £ 50 A

0 - T 0 - T

MWM Zn CCAO  Zn/CCAO MWM Zn CCAO  Zn/CCAO
Swimming Swimming
(@) (b)
Open field test

15 30
2 10 ¢ E 20 ¢
=}
3 ¢ b jad T
g 5- i & 10
H

0 - T 0- k

MWM Zn CCAO  Zn/CCAO MWM Zn CCAO  Zn/CCAO
Swimming Swimming

(c)

(d)

F1GURE 3: The subacute prophylactic zinc administration prevented emotional disturbance but not mobility alterations in rats with a 30 min
CCAO on day 30 postreperfusion. The values are mean + SEM (1 = 4) and analyzed with ¢-test and Welch’s post hoc. P < 0.05, ®compared
with the MWM group and "compared with the CCAO group. OA: open arms.

the healthy group on day 12 postreperfusion as follows,
nNOS in the CCAO group (Figure 5(a)), iNOS (Figure 5
(c)), and eNOS in all groups (Figure 5(e)). The subacute pro-
phylactic zinc administration decreased the levels of nNOS
(13.84+3.06%, 'P=0.0455) (Figure 5(a)) and eNOS
(6.12+0.92%, 'P=0.0161) compared with the CCAO
group (Figure 5(e)). In the hippocampus, no changes related
to CCAO and zinc treatment were found in NOS levels on
day 12 postreperfusion (Figures 5(b), 5(d), and 5(f)). How-
ever, iNOS levels were low (13.52 +3.61%, ¥ P =0.0316) in
the Zn+CCAO group compared with the rest of the groups
(Figure 5(d)), whereas increased eNOS levels (21.77 +2.96
%, © P =0.0305) were found in the Zn group (Figure 5(f)).

Preliminary results showed that the prophylactic zinc
administration in the absence of MWM (Zn+CCAO group)
caused greater damage revealed by TTC staining at 24 h and
7 days postreperfusion (data not shown). In contrast, the
TTC staining in fresh brains on day 12 postreperfusion
showed that the evident infarct core in the CCAO hippo-
campus was prevented by the prophylactic zinc administra-
tion combined with swimming (Zn+CCAO+MWM group)
(Figure 6).

Confirming the tissue injury shown by TTC staining
(Figure 6), Nissl staining brought about decreased optical
density in the three hippocampal layers on day 12 after

TaBLE 3: Hierarchization score of the protective effect of
pharmacological strategies (HSPEPS) in cognitive test.

Learning NA 1 1 0 1
Memory NA 1 1 0 1
EPM NA 1 1 0 1
f?gzn NA 1 0 0.5 0.5
Total 4 3 0.5 35

NA: does not apply.

30min CCAO compared with the healthy and MWM
groups (Figure 7). Meanwhile, the optical density in the
three layers was normalized in the Zn+CCAO+MWM group
(Figure 7). In addition, healthy rats submitted to the MWM
showed a significant increase in optical density in the hippo-
campus CA3 layer (Figure 7).

Iba-1 immunohistochemistry was used to explore the
response of activated microglia cells in the hippocampus.
An increased number of Iba-1-positive cells was consistently
found in the three hippocampal layers of the CCAO group
compared with the healthy group (Figure 8). Surprisingly,
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FIGURE 4: The subacute prophylactic zinc administration and swimming prevented nitrosative stress and increased catalase activity on day
12 postreperfusion only in the temporoparietal cortex of rats with 30 min CCAO. The values are mean + SEM (n = 5) and analyzed with one-
way ANOVA and Dunnett’s post hoc multiple comparison test. P < 0.05, *compared with the Healthy group, ®compared with the MWM
group, and T compared with the CCAO group; NV: normalized values.

a more considerable increase in Iba-1-positive number was ~ found in the three hippocampal layers than in the CCAO
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FiGure 5: The subacute prophylactic zinc and swimming administration prevented increased nNOS and iNOS levels only in the
temporoparietal cortex of rats with 30 min CCAO on day 12 postreperfusion. The values are mean + SEM (n =4) and analyzed with one-
way ANOVA and Dunnett’s post hoc multiple comparisons. P < 0.05, *compared with the healthy group, ®compared with the MWM
group and "compared with the CCAO group. NV: normalized values; nNOS: neuronal nitric oxide synthase; iNOS: inducible nitric oxide
synthase; eNOS: endothelial nitric oxide synthase.

Healthy MWM Zn+MWM CCAO+MWM Zn+CCAO+MWM

FiGUure 6: The subacute prophylactic zinc administration and swimming prevented tissue damage induced by 30min CCAO in the
hippocampus, as revealed by TTC staining. Slices of 2mm thickness from fresh brains were stained with 2,3,5-triphenyltetrazolium
chloride (TTC). Images representative of 3 brains per group. The white arrows indicate the infarct zones in the hippocampus. The arrow
indicates the infarct core.
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F1GURE 7: The subacute prophylactic zinc administration and swimming (Morris Water Maze, MWM) prevented tissue damage induced by
30 min CCAO in the hippocampus, as revealed by Nissl staining. O.D.: optical density. The values are mean + SEM (n =4) and analyzed
with one-way ANOVA and Dunnett’s post hoc multiple comparisons. P < 0.05, *compared with the healthy group, ®compared with the

MWM group, and "compared with the CCAO group.

group (Figure 8), possibly corresponding to the M2 pheno-
type microglia response (Figure 8). The number of Iba-1-
positive cells was variable in the other groups; whereas it
increased in the MWM group, it remained unchanged in
the Zn group (Figure 8).

The HSPEPS analysis of the histopathological study
showed a high score (7.5) in the MWM group compared to
the healthy group (5), and this score was reduced to 5 by the
subacute prophylactic zinc administration (Zn+MWM
group). On the other hand, the lesser score (4) was seen in
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fcompared with the CCAO group.

the CCAO+MWM group, revealing the ischemic damage in ELISA assays showed variable chemokine levels in all
the hippocampal CA3 layer. Compared with the former  experimental groups of the temporoparietal cortex
group, the score in the Zn+CCAO+MWM group was higher ~ (Figure 9) and hippocampus (Figure 10). Of relevance to
(7), reaching the score in the MWM group (Table 4). the effect of the combined treatment on ischemia-induced
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TaBLE 4: Hierarchization score of the protective effect of pharmacological strategies (HSPEPS) in histopathology study.
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F1GURE 9: The subacute prophylactic zinc administration and swimming partially prevented the CXCLI increase induced by 30 min CCAO
in the temporoparietal cortex on day 12 postreperfusion. The values are mean + SEM (n =4) and analyzed with one-way ANOVA and
Dunnett’s post hoc multiple comparisons. *P < 0.05, compared with the control group, ®compared with the MWM group, and

Tcompared with the CCAO group. NV: normalized values.
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Figure 10: CXCL1, CX3CL1, and CCR2 levels were decreased by treatments compared with the MWM group in the hippocampus on day 12
postreperfusion The values are mean + SEM (n = 4) and analyzed with one-way ANOVA and Dunnett’s post hoc multiple comparisons.
P <0.05, *compared with the healthy group, ®compared with the MWM group, and "compared with the CCAO group. NV: normalized

values.

changes, only CXCL1 was found significantly increased
(688.14 +228.01%, ®P® P=0.0001) in the temporoparietal
cortex of the CCAO group compared with the healthy group
(Figure 9(b)). Such an increase was prevented by the sub-
acute prophylactic zinc treatment combined with swimming
exercise but could not normalize CXCL1 levels to healthy
values (Figure 9(b)).

ELISA assays showed that 30min CCAO reduced
CXCL1 by 14.08 + 1.45% (**P =0.0095) (Figure 10(b)) and
CCR2 by 14.08 +1.45% (**P=0.0095) (Figure 10(e)) in
the hippocampus compared with the healthy group on day
12 postreperfusion. However, this decrease was unchanged

by subacute prophylactic zinc administration combined with
swimming (Figures 10(b) and 10(e)).

HSPEPS in biochemical studies included nitrosative
stress, NOS isoforms, antioxidant activity, and chemokines.
This analysis showed that swimming (MWM group)
yielded a higher score (17) than the healthy group (13)
that was unmodified by the subacute prophylactic zinc
administration (Zn+MWM) and the cerebral ischemia
(CCAO+MWM) groups. However, the subacute prophy-
lactic zinc administration combined with a 5-day swim-
ming exercise produced a score (13) similar to the
healthy value (Table 5).
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TaBLE 5: Hierarchization score of the protective effect of
pharmacological strategies (HSPEPS) in biochemical studies.

Biochemical 7n CCAO Zn+CCAO
studies Healthy MWM VoM sMWM +MWM

LPO 1.5 1.5 1.5
Nitrites 2 hip
SOD
CAT
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iNOS
eNOS
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CXCL13
CX3CL1
CCR2
CXCR2
Total
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4. Discussion

This work focused on a transient moderate cerebral ischemia
whose functional deficiency could still be at least partially
reversed by treatments. In particular, the work explored
the effect of subacute prophylactic zinc administration com-
bined with swimming exercise on biochemical and cellular
alterations in the late stage of ischemia. In this stage, the
neurological deficit persists regardless of neuroinflammation
which was naturally resolved by the end of the early stage
(before two weeks postreperfusion). Our results prove that
subacute prophylactic zinc administration combined with a
5-day swimming exercise in MWM avoided the cognitive
and emotional deficits commonly presented in the clinic
[70, 71], but not motor activity. Furthermore, preventing
those deficits is consistent with reducing tissue injury and
promoting neuroregeneration in the hippocampus, as TTC
and Nissl staining showed. On this basis, it is thought that
the increased Iba-1 cell (+) density in the hippocampus
would reflect the participation of M2 phenotype microglia
trying to remove cell detritus rather than the neuroinflam-
matory process endurance. Similarly, the increase in nitrosa-
tive stress, nNOS, iNOS, and CAT activity in the
temporoparietal cortex in the CCAO group might reflect a
late postischemic sequel in this region that can account for
the reduced free mobility in the open field and its resistance
to treatment with the subacute prophylactic zinc administra-
tion combined with swimming at 30 days postreperfusion.
Preliminary studies show that 2.5 mg/kg subacute prophy-
lactic administration in the absence of swimming caused
severe cerebral damage after CCAO at 24h and 7 days post-
reperfusion (data not shown). This harmful effect can be
caused by the higher zinc concentration accumulated in
the brain [49] due to the zinc treatment and the released zinc
from presynaptic vesicles following long times of artery
occlusion, thus leading to excitotoxicity [72]. On this basis,
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we utilized the zinc treatment combined with swimming
exercise in a transient ischemic process of 30 min.

4.1. Swimming Exercise and Nitrosative Stress. Different
modalities of swimming exercise are known to elicit a precon-
ditioning effect [73, 74], able to attenuate or reverse cerebral
injury in the early stage after ischemia [75], and improve cog-
nition [76]. Furthermore, NO production from the three NOS
isoforms [77] and increased hydroxyl radical rate [78] trig-
gered by aerobic exercise participate in the formation of asso-
ciative and spatial memory [79]. Our results in the
temporoparietal cortex in the MWM group showed that
swimming exercise during the late stage of ischemia increased
lipid peroxidation, iNOS, and eNOS, events also associated
with improved sensory and motor skills [80], spatial recogni-
tion, and long-term learning and memory [81]. Altogether,
these findings support that NO plays a critical role in synaptic
transmission, acting as a retrograde neurotransmitter [79],
and that ROS are required in LTP formation, increasing mem-
ory acquisition and consolidation [82, 83].

We found that rats with 30 min CCAO submitted to swim-
ming exercise presented learning and memory loss on day 12
postreperfusion, showing that swimming exercise alone was
insufficient to avoid cerebral ischemic damage. In contrast,
the prevention of cognitive deficits and tissue damage was
achieved with the addition of subacute prophylactic zinc
administration. eNOS likely mediates this beneficial effect
since exercise prevents vascular endothelium dysfunction [77,
84, 85], reduces infarct volume [86], and promotes nerve repair
after cerebral ischemia [77]. Furthermore, zinc stabilizing
eNOS increases its enzymatic activity [87]. On the contrary,
zinc deficiency increases O, levels by eNOS, promoting cere-
bral damage [88], as could occur in the CCAO group.

An increasing number of reports have associated the
protective effect of zinc with swimming exercise stimulation
and improved cell functioning [89, 90]. Accordingly, swim-
ming training using MWM protects hippocampal neurons
against degenerative changes and improves learning and
memory [51]. Furthermore, oral supplementation of 16 or
32 ppm ZnSO, [91, 92] and subacute intraperitoneal admin-
istration of 2.5 mg/kg of ZnCl, [41] or 0.2 mg/kg chronically
administered [42] prevent memory loss in ischemia or TBI
[41, 42, 51]. The protective effect of exercise and zinc is pro-
posed to be mediated by increasing the expression of growth
factors [41] through regulating CREB [67] and antioxidant
enzymes, such as SOD [42] and CAT, in animal damage
models [93, 94]. These neuroprotective events are shown
to occur in the early stage (day 7) postreperfusion when
ROS is elevated by the ischemic process [95, 96], as con-
firmed by unpublished results of our group. However, in
the late stage (day 12), zinc and swimming exercise did not
modify SOD and CAT activity in the hippocampus but
decreased the CCAO-activated CAT activity in the tempor-
oparietal cortex. These results suggest that the increased
CAT activity in the ischemic group reflects a response to oxi-
dative stress, which is prevented by zinc combined with
swimming. In addition, zinc decreases CAT activity in neo-
nate rats [69] through the regulation of ERK phosphoryla-
tion [97].
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Furthermore, zinc can exert an anxiolytic effect [98] by
decreasing the inflammatory process [99], nNOS [100],
and cell damage [99]; increasing antioxidant enzymes
[101], BDNF [102], and synaptic plasticity; modulating neu-
rochemical transmission [103]; regulating the activity of
NMDA receptors [103-105]; and reducing the ischemic
damage [106].

In addition, several studies show that the administration of
NMDA receptor antagonists prevented tissue damage [107,
108] and modified some aspects of behavior [108], which can
be enhanced by hypothermia caused by anesthesia [109]. In
this work, we used ketamine which has been useful in models
of ischemia, being capable of reducing the damage when
administered superacute and therapeutically mode [110, 111],
due to its inhibitor effect on glutamate receptors [112].

Accordingly, subacute prophylactic zinc administration
combined with swimming increased the entry to the open
arms in the elevated plus maze, thus showing that the com-
bined treatment prevented the CCAO-induced anxiety. How-
ever, the combined treatment could not improve motor skills
in the open field, as reported in the TBI model [51]. These
results show that the subacute prophylactic zinc administra-
tion combined with swimming zinc partially protects the
sequel of ischemic damage on day 30 after reperfusion.

4.2. Zinc Administration Combined with Swimming Prevents
Tissue Injury. The 30 min hypoxia-ischemia model causes
neuronal death that remains until seven days in the infarct
core [24], whereas in the penumbra zone, highly plastic
events triggered lead to tissue regeneration 14 days postre-
perfusion [27]. Our results agree with both events. First,
the CCAO group showed signs of infarct on day 12 postre-
perfusion, revealed by the decreased cell density mainly in
DG and CA3 layers of the hippocampus that coincides with
the reduced cell viability. Second, the recovery of cell density
and viability in the hippocampus in the Zn+CCAO group
indicates that the subacute prophylactic zinc administration
induced potentiation of plastic events. A similar effect was
observed in a 10 min CCAO model [11], thus showing that
the zinc neuroprotector effect combined with swimming is
still effective in a cerebral injury of 30 min CCAO, reported
previously in a 10 min model [11, 41, 42].

Tissue recovery from CNS injury also involves the par-
ticipation of microglia [113]. The CCAO group showed an
increased Iba-1(+) cell number to the healthy group on
day 12 postreperfusion, suggesting that the natural course
of both neuroinflammation and tissue recovery has yet not
terminated on day 12 postreperfusion. However, subacute
prophylactic zinc administration combined with swimming
increased the Iba-1 (+) cell population over that of the
CCAO group on day 12 postreperfusion. This result agrees
with the previous report showing that the Iba-1 (+) cell
number is still high at this time and decreased at 14 days
postreperfusion [27]. However, subacute prophylactic zinc
administration combined with swimming decreased the pro-
tein levels of chemokines (CXCL1, CCL2, CXCL13, and
CX3CL1), the three isoforms of NOS, and the tissue damage
caused by CCAO, showing a decrease in the neuroinflamma-
tory process. These results also suggest that the combined
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treatment modulated the inflammation process, decreasing
chemoattraction of leukocytes such as neutrophils by
CXCL1 [114], macrophage/microglia by CCL2 [115] and
CX3CL1 [116], and lymphocyte B, natural killer cells
[117], and M1 microglia activation [118] by CXCLI13
[119]. Therefore, the increase in microglial cells does not
indicate a harmful effect but their participation in removing
cell detritus.

In contrast, some reports have shown that these chemo-
kines also have a neuroprotector effect in the late phase post-
reperfusion. For instance, CCL2 chemoattracts neuroblasts
[120] and promotes neurogenesis [121] and synaptic plastic-
ity in the hippocampus [122], thus decreasing the infarct size
and recovering the cognitive function [41, 123]. In addition,
CXCL1 promotes the remyelination process through the
migration and maturation of oligodendrocytes [124]. Fur-
thermore, CXCL13 induces proliferation and autophagy of
mesenchymal stem cells [125] and has a chemoattractant
action of neuroblast [126], and CX3CL1 causes the chemoat-
traction and differentiation of neural precursor cells [127]
and reduces the microglia reactivity, decreasing neuroin-
flammation [128, 129]. However, the decrease in these che-
mokines by prophylactic zinc administration combined
with zinc could affect those recovery processes in the long
term.

The HSPEPS analysis reported previously [69] shows
that in the CCAO+MWM group, the tissue damage corre-
lates with the cognitive dysfunction, although biochemically;
there are no differences with the MWM group. The MWM
group showed a more beneficial effect on hippocampal
cytoarchitecture and biochemical variables than the healthy
control group. However, the subacute zinc prophylactic
administration blocked the cognitive deficit and tissue dam-
age caused by CCAO, and such effect was unmodified on the
biochemical variables. In contrast, the score equality to the
healthy control and MWM values observed in the Zn
+CCAO+MWM in all the tests shows that the prophylactic
zinc administration combined with swimming exercise pre-
vented the 30min CCAO-induced ischemic damage. In
summary, HSPEPS analysis proves that the individual treat-
ment did not cause the expected effect, i.e., a precondition-
ing effect by the prophylactic zinc administration or the
therapeutic effect by swimming. However, effective neuro-
protection against ischemic damage induced by 30min
CCAO in the rat was reached by combining the prophylactic
and therapeutic strategies.

5. Conclusion

Prophylactic zinc administration combined with swimming
exercise prevented ischemic damage in the 30 min CCAO
model by decreasing neuroinflammation and nitrosative
stress, preventing cell death, and improving the spatial
learning-memory on day 12 postreperfusion and anxiety-
like behavior on day 30 postreperfusion. These results sug-
gest that subacute prophylactic zinc administration requires
another complementary therapeutic approach to maintain
the neuroprotector effect in the late phase of cerebral hyp-
oxia-ischemia.
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