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procedural learning and
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Stressful experiences form stronger memories due to enhanced neural
plasticity mechanisms linked to glucocorticoid hormones (cortisol in humans,
corticosterone in rats). Among other neural structures, the dorsal striatum
plays a role in the corticosterone-induced consolidation of stressful memories,
particularly in the cued water maze task. Neural plasticity is related to
mitochondrial activity due to the relevance of energy production and
signaling mechanisms for functional and morphological neuronal adaptations.
Corticosterone has been shown to enhance brain mitochondrial activity by
activating glucocorticoid receptors. In this context, striatum functions are
susceptible to change in relation to mitochondrial responses. Based on this
evidence, we hypothesized that training in the cued water maze would induce
an increase in corticosterone levels and mitochondrial activity (mitochondrial
membrane potential and calcium content) in the dorsal striatum, and that
these adaptations might be related to memory consolidation of the task. We
used an ELISA assay to evaluate plasma and striatal corticosterone levels;
mitochondrial activity was determined with the florescent probes MitoTracker
Red (mitochondrial membrane potential) and Rhod-2 (calcium content) in brain
slices containing the dorsal striatum of rats trained in the cued water maze and
euthanized at di�erent times after training (0.5, 1.5, or 6.0 h). We also analyzed
the e�ect of post-training inhibition of striatal mitochondrial activity by OXPHOS
complex 1 inhibitor rotenone, on the consolidation of the cued water maze task.
We found that cued water maze training induced an increase in corticosterone
levels and a time-dependent elevation ofmitochondrial membrane potential and
mitochondrial calcium content in the dorsal striatum. Unexpectedly, rotenone
administration facilitated the retention test. Altogether, our results suggest that
enhanced mitochondrial activity in the dorsal striatum is relevant for cued water
maze consolidation. The increase in mitochondrial activity was contextually
associated with an elevation of corticosterone in plasma and the dorsal striatum.
Additionally, our swimming groups also showed an increase in mitochondrial
activity in the dorsal striatum, but with a di�erent pattern, which could suggest a
di�erential functional adaptation in this structure.
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1 Introduction

Aversive learning experiences are associated with the activation

of the hypothalamic-pituitary-adrenal axis, which in turn

modulates the release of glucocorticoids, corticosterone (CORT) in

rats, and cortisol in humans (de Kloet, 2013). It has been reported

that systemic or local injection of CORT enhances memory

consolidation in aversive memory paradigms, such as inhibitory

avoidance and the Morris water maze (Sandi et al., 1997; Medina

et al., 2007). Procedural memories allow subjects to solve tasks

using a stimulus-response strategy rather than a spatial strategy

in paradigms such as the cued Morris water maze (Rice et al.,

2015). Research has shown that the dorsal striatum is required for

memory consolidation in this type of task (Miyoshi et al., 2012) and

that this consolidation process is partly modulated by CORT, since

direct administration enhances memory consolidation (Quirarte

et al., 2009).

In several organs, including the brain, glucocorticoids

activate two nuclear receptors: mineralocorticoid receptor

and glucocorticoid receptor (GR; Reul and de Kloet, 1985).

Both receptors act as transcriptional factors that modulate the

expression of brain plasticity-related genes (Datson et al., 2008).

Apart from its canonical function, GR can also translocate

into brain mitochondria (Moutsatsou et al., 2001), modulating

mitochondrial membrane potential and thus influencing reactive

oxygen species (ROS) production and calcium dynamics. It has

been reported that the incubation of neuronal cultures with CORT

leads to an increase in these processes, which is dependent on GR

activation (Du et al., 2009; Choi et al., 2018). This effect is related

to memory formation because synaptic plasticity during memory

consolidation is closely related to mitochondrial activity. This

includes calcium dynamics and signaling in long-term potentiation

(Kim et al., 2011), modulation of the dendritic spine population

(Ertürk et al., 2014), and energy production in the soma, axons,

and dendrites (Li et al., 2004). The suggestion that CORT could

modulate neural plasticity by regulating mitochondrial activity has

created new research opportunities. This integration of metabolic

changes and brain plastic processes is significant and offers a novel

approach to understanding how stressful memories are formed.

To support this idea, it has been reported that striatum-

dependent memory is disrupted when mitochondrial activity

is compromised (Mu et al., 2011; Chen et al., 2017), and

that striatal responses are highly susceptible to mitochondrial

alterations (Pickrell et al., 2011). Therefore, it is plausible that,

during a stressful memory experience, an increase in CORT

levels could induce an adaptation of mitochondrial activity in the

dorsal striatum. This adaptation, in turn, could lead to synaptic

plasticity events associated with memory consolidation. To assess

this hypothesis, we assessed mitochondrial activity using the

cationic fluorophores MitoTracker red (mitochondrial membrane

potential, 19m) and Rhod-2 (mitochondrial Ca+2 content) in

dorsal striatum slices of rats trained in the cued water maze and

euthanized at different times after training (0.5, 1.5, or 6 h). As

a control parameter, we assessed dorsal striatum mitochondrial

density by measuring OXPHOS complex IV subunit IV (COX-IV)

immunofluorescence in the same experimental protocol, in that

regard, we also explored the effect of lessening the mitochondrial

capacity of the dorsal striatum during memory consolidation in the

cued water maze by injecting rats with rotenone, an inhibitor of

the OXPHOS complex I. Lastly, we trained rats in the cued version

of the water maze and measured plasma and dorsal striatal levels

of CORT.

2 Method

2.1 Subjects

This project involved 118 male adult Wistar rats (Rattus

norvegicus albinus, weight: 250–350 g at the time of surgery)

obtained from the breeding colony of the Instituto de

Neurobiología of the Universidad Nacional Autónoma de

México (UNAM) and maintained at the vivarium of our laboratory

in individual acrylic home cages (24× 21× 45 cm) with ad libitum

access to food and water as well as a 12/12 h light/dark cycle starting

at 07:00 h. Animals were maintained in accordance with Official

Mexican Standard NOM-062-ZOO-1999 (NORMA, 2001) and the

recommendations of the Guide for the Care and Use of Laboratory

Animals of the National Research Council (National Research

Council, 2011). The protocols for these experiments were approved

by the Ethics Committee of the Instituto de Neurobiología, UNAM.

All subjects exposed to the water maze apparatus were handled for

5min for three days before the experiments.

2.2 Cued water maze

The rats were trained in a water maze as previously described

(Quirarte et al., 2009). The apparatus consisted in a black circular

plastic tank (1.54m in diameter and 0.60m in height) filled with

water (25± 1◦C) to a depth of 21 cm, surrounded by black curtains

to avoid distal cues. Four starting positions were spaced equally

around the pool perimeter, giving four quadrants. The rat was

placed in the tank at one of the four designated starting points,

facing the wall, and allowed to escape onto a visible platform (12

× 12 cm) marked by a white and green striped cylinder. If subjects

missed the platform in the first trial, they were guided to it. The

maximum duration of each trial was 60 s. After mounting the

platform, the rat remained there for 10 s and then was placed in

a holding box for 30 s until the next trial. A total of eight trials

were carried out. The platform was moved to a different location

on each trial, such that each of the four quadrants contained the

escape platform twice. The locations of the starting points were

organized according to the distance to the escape platform (i.e.,

proximal or distal) and the location of the platform relative to

the starting point (i.e., left or right) to be counterbalanced across

trials. Forty-eight h after the training session, each rat was given

one retention trial. Escape latencies were measured with Any-

maze software (Stoelting Co., Illinois, USA). For the mitochondrial

probes and immunohistochemistry measurements, a swimming

group was added as a motor activity control to assess stress and

motor components. The subjects in this group swam freely for eight

trials in the water maze tank without the platform for the mean

time the trained groups performed each trial of the task (from one

to eight trials: 48, 36, 20, 23, 25, 15, 21, and 20 s). Latencies were
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used as an indication of memory; shorter latencies were interpreted

as a more efficient memory.

2.3 Tissue processing

After the behavioral procedures, all animals were quickly

euthanized without anesthesia by decapitation with a guillotine,

always assuring to avoid probable aversive stimuli during

the process. For the mitochondrial activity probes and

immunohistochemistry, independent groups of trained or

swimming rats were sacrificed at different time points: 0.5, 1.5,

or 6.0 h after training. Another control group (caged group) was

added to all experimental procedures. The rats in this group were

kept in their cage until euthanasia.

For mitochondrial activity measurements, brains were

processed immediately after euthanasia, and slices corresponding

to the dorsal striatum were collected for staining. For

immunohistochemistry and corticosterone measurement, brains

were frozen in isopentane (C5H12) cooled with dry ice (CO2) for

later use. In all experiments, we used an extraction range of 0.0 to

2.0mm from Bregma (Paxinos and Watson, 2007).

2.4 Immunohistochemistry

To evaluate mitochondrial density, we measured the presence

of COX-IV (Choi et al., 2018). Brain sections (16µm thick) were

obtained from frozen brains using a cryostat and immediately fixed

in 4% paraformaldehyde for 20 min.

Epitope exposure was enhanced by incubation in sodium

citrate at 70–80◦C for 20min. The following antibodies were used:

mouse anti-COX-IV primary antibody at 1:500 dilution (Abcam,

ab33985) and the Biotin-Streptavidin system (Berghorn et al.,

1994) including the biotinylated anti-mouse secondary antibody

(Thermo Fisher S11227; 1:200 dilution, for 2 h) and streptavidin

coupled to the Alexa-594 fluorophore (Thermo Fisher 31806; 1:400

dilution, for 2 h). Washing steps were done with the buffers TBS1X

and TTBS1X (0.05% Triton). Non-specific binding sites were

blocked using 5% non-fat dry milk (Bio-Rad, Hercules, CA, USA).

Tissues were treated with Sudan Black (0.01% in 70% ethanol) for

the reduction of autofluorescence, and cell nuclei were stained with

DAPI (Sigma-Aldrich, D9542).

2.5 Mitochondrial activity probes

For the measurement of mitochondrial activity, we used

cationic fluorophores to label mitochondrial membrane potential

and mitochondrial Ca+2 content in 1 mm-thick dorsal striatum

slices that were obtained using a steel brain matrix immediately

after euthanasia. The slices were counterbalanced and placed in

Ringer solution (155mM NaCl, 4.5mM KCl, 1.9mM NaHCO3,

2.4mM CaCl2, 10mM glucose, 2mM MgCl2, 5mM HEPES, pH

7.5; modified from Bindokas et al., 1998). One hemisphere was

incubated with 0.5µMMitoTracker Red CMXRos (Thermo Fisher,

M7512) to measure mitochondrial membrane potential, and the

other hemisphere was incubated with 2–3µM DyhidroRhod-

2 prepared with NaBH4 according to the manufacturer’s

instructions (Thermo Fisher, R1245MP) to measure mitochondrial

Ca+2 content.

For fluorophore staining, brain slices were first equilibrated

with Ringer solution at room temperature for 30min and then

moved to another container with the fluorophores in Ringer

solution. The container was kept at a constant temperature of 37◦C,

in the dark, and with constant oxygenation for 1 h for fluorophore

loading (adapted from Johnson et al., 2018). When finished, the

tissues were fixed in 4% paraformaldehyde for 24 h. The tissues

were subsequently cryoprotected using 10%, 20%, and 30% sucrose

(Vázquez-Martínez et al., 2019), and then cut to obtain 16µm

sections. After this step, tissues were treated with Sudan Black

(0.01% in 70% ethanol) and Sytox Green (600 nM; Thermo Fisher,

S7020) for the reduction of autofluorescence (He et al., 2023) and

nuclear labeling, respectively. Washes were done with TBS1X.

2.6 Confocal imaging and analysis

Micrographs were captured using an LSM 780 confocal

microscope (Carl Zeiss, Germany) at 40X magnification and a

single focal plane. For mitochondrial activity probes, a total of

18 to 30 micrographs were acquired (6 per animal, from one

hemisphere, counterbalancing MitoTracker Red and Rhod-2).

For immunohistochemistry samples, 48 to 60 micrographs were

obtained (12 per animal, covering both hemispheres). Figure 1A

illustrates the selected areas for image acquisition. Along the

anterior-posterior brain axis, 2 micrographs were taken from each

of 3 slides, spaced 30 µm apart.

The micrographs were post-processed and analyzed with

ImageJ software (National Institutes of Health and the Laboratory

for Optical and Computational Instrumentation, USA). We

quantified the proportion of positive cells over the total number

of cells for each marker. The method consisted of a semi-automatic

analysis using nucleus signals as area masks (Miura et al., 2020).

These area masks were later enlarged to measure the mean

gray value of the marker of interest in each cell (Figure 1B).

Measurements were registered in a database and used to select a

“positive” cell reference value based on a clear visualization of the

staining color near the nucleus. This value was later used in all

images to count the number of cells with values greater than the

reference, thus, considered positive cells. We must emphasize that

the positive reference value was always picked from images of the

caged group to ensure measuring from a “basal” level of the dyes.

The values of positive cells were later divided by the total number

of cells to calculate the positive cell ratio.

2.7 Stereotaxic surgery and cannula
implantation

Rats were anesthetized with sodium pentobarbital

(Pisabarbital, 50 mg/kg, ip) and then secured in a stereotaxic

frame (Stoelting, Co., llinois, USA). Bilateral guide cannulae

(11mm, 23 gauge) were carefully inserted into the dorsal striatum
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FIGURE 1

(A) Representative diagram of the sampling zones for the micrographs used to measure mitochondrial activity probes and COX-IV immunoreactivity.
(B) ImageJ macro developed to measure the mean fluorescence of each cell in all micrographs. Channel 1 (c1) was set for the dye of interest
(MitoTracker Red, Rhod-2, or COX-IV) to measure mean fluorescence, while channel 2 (c2) was set for SYTOX Green or DAPI staining and used for
mask area selection.

following the coordinates outlined by Paxinos and Watson

(2007): anteroposterior: +0.4mm from Bregma, mediolateral:

±3.2mm from midline, dorsoventral: 4.2mm below the skull

surface. Stylets (11mm long) were utilized to maintain cannula

patency and removed only for drug administration and handling

sessions. Rats were given at least five days to recover before the

behavioral procedures.

2.8 Drug and infusion procedures

We bilaterally administered rotenone (0.8 or 1.2 µg/µL,

2.02mM and 3.03mM, respectively; ALX-350-360, Enzo Life

Sciences, Farmingdale, NY, USA) or vehicle into the dorsal striatum

immediately after the training session in the cued water maze.

Rotenone was diluted in a 1:1:2.6 dilution of DMSO, polyethylene

glycol, and saline solution, modified fromMulcahy et al. (2011).

Injection needles were inserted 1.0mm beyond the cannula

tips, and a 0.5 µL injection volume per hemisphere was infused at a

rate of 0.5µL/min using an automated micro infusion pump (WPI,

model 220i). The injection needles were left inside the cannula for

an additional 60 s to ensure maximum drug diffusion.

2.9 Corticosterone measurement

CORT levels in plasma and dorsal striatum homogenates

were measured using an ELISA kit following the manufacturer’s

instructions (Abcam, #ab108821). Fifteen min after training,

subjects were euthanized, and we obtained the trunk’s blood, from

which plasma was obtained by centrifugation at 3,000 g for 10min.

For the dorsal striatum, we extracted tissue from frozen brains

using a steel brain matrix. The tissue was then dissected, weighted,

and mixed with the kit’s diluent buffer, and centrifuged at 5,000 g

for 15min as previously described in Pegueros-Maldonado et al.

(2024). The obtained data from the dorsal striatum homogenate

was referred to tissue weight to express results in ng/mg.

2.10 Statistical analysis

Training escape latencies were analyzed with a repeated

measures two-way ANOVA, while the retention test and CORT

levels were compared with a one-way ANOVA. Both tests were

further analyzed with a Tukey post-hoc test, apart from the trained

group used for ELISA measurements, which was analyzed using a

repeated measures ANOVA and a Tukey post-hoc test. Positive cell

ratios of the mitochondrial probes (MitoTracker red and Rhod-2),

as well as COX-IV immunohistochemistry, were compared with

the caged group with an unpaired t-test. All data were analyzed for

normality with a Shapiro-Wilks test. Analyses were performed with

GraphPad Prism 8. p < 0.05 was considered statistically significant.

For some behavioral results obtained from the ANOVAs, we

compared the first and last trial of the training session with a t-

test to corroborate that a strong tendency could show statistical

differences masked by the grouped analysis.

3 Results

3.1 Striatal mitochondrial activity increases
during memory consolidation in a
time-dependent manner

Brain plasticity processes duringmemory consolidation require

a high metabolic demand, which is mainly met by mitochondrial
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function. To explore if the cued water maze training could

increase mitochondrial activity in the dorsal striatum, we analyzed

the fluorescent signals associated with mitochondrial density,

mitochondrial membrane potential, and mitochondrial calcium

content at different times after training (0.5, 1.5, or 6.0 h).

We used a repeated measures two-way ANOVA to

compare the training escape latencies of the subjects in which

mitochondrial density in the dorsal striatum was analyzed

by immunohistochemistry to assess possible changes in

mitochondrion presence (Figure 2A). Differences were detected in

the trial factor [F(3.60,32.43) = 4.708, p= 0.005] but not in the group

factor [F(2,9) = 0.777, p= 0.48] or the interaction [F(14,63) = 0.881,

p = 0.58]. A Tukey post-hoc test did not yield statistical differences

between the first and last trials in any group. A subsequent

statistical analysis of this comparison showed a decrease in the last

trial for the group euthanized 0.5 h after training [t(6) = 5.516, p =

0.001] and the group evaluated at 1.5 h [t(6) = 2.585, p = 0.04], but

not for the 6.0 h group [t(6) = 1.418, p= 0.20].

These results indicated that the subjects sacrificed at 0.5 h and

1.5 h learned the task adequately. Moreover, the group sacrificed

6.0 h after training did not acquire the task similarly to the

other groups. It is plausible that the results were affected by the

small number of subjects in this group, as four subjects could be

insufficient for robust behavioral analysis.

To evaluate if the changes in mitochondrial activity could

only be related to functional processes, we analyzed mitochondrial

density (Figure 2C) by comparing the proportion of positive

cells for COX-IV immunoreactivity and the total number of

cells in the dorsal striatum (Figure 2B). The data showed no

significant differences in any group or condition (p > 0.05). These

results suggest that neither training nor swimming experimental

conditions induced changes in mitochondrial density in the

dorsal striatum.

For the next experiment, we used a repeated measures two-

way ANOVA to analyze the training latencies of the subjects that

were subsequently assessed with the mitochondrial activity probes

(Figure 3A). The analysis showed significant differences in the trial

factor [F(3.41,30.72) = 5.342, p = 0.003], but not in the group factor

[F(2,9) = 2.660, p = 0.12] or the interaction [F(14,63) = 1.110, p =

0.36]. The Tukey post-hoc test did not yield statistical differences

between the first and last trials in any group. A subsequent

statistical analysis of this exact comparison indicated a decrease in

the latencies in the last trial of all the euthanasia temporalities: 0.5 h

group [t(6) = 4.854, p= 0.002], 1.5 h group [t(6) = 2.646, p= 0.03],

FIGURE 2

(A) Cued water maze training data of rats that were subsequently euthanized at 0.5, 1.5, or 6.0 h post-training, analyzed for mitochondrial density
using immunohistochemistry. n = 4. (B) Ratio of COX-IV-positive cells; a t-test showed no statistical di�erences. n = 4–5. Data are presented as
mean ± SEM, with small circles representing individual values. (C) Representative micrographs of the dorsal striatum from experimental and control
groups, showing COX-IV fluorescence in red and the nuclei in blue.
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FIGURE 3

(A) Cued water maze training data of subjects that were subsequently euthanized at 0.5, 1.5, or 6.0 h post-training analyzed with the mitochondrial
activity probes. n = 3–4. (B) Ratio of MitoTracker red-positive cells; a t-test indicated statistical di�erences compare to the CAGED group, (*) p <

0.05. n = 3–5. Data are presented mean ± SEM, with small circles representing individual values. (C) Representative micrographs of the dorsal
striatum from experimental and control groups, showing MitoTracker fluorescence in red and nuclei in blue.

and the 6.0 h group [t(6) = 2.724, p= 0.03]. These results indicated

that the subjects sacrificed at 0.5 h, 1.5 h, or 6.0 h post-training

performed similarly in the cued water maze training session.

To study whether training in the cued water maze influenced

mitochondrial membrane potential (Figure 3C), 19m was

determined by measuring the ratio of MitoTracker red-positive

cells over the total number of cells in the dorsal striatum

(Figure 3B).

All statistical comparisons were made with the basal levels of

the caged group.We found a significant time-dependent increase in

the trained and swimming groups. The trained groups did not show

an increase at 0.5 h [t(7) = 1.047, p = 0.330] or 1.5 h [t(7) = 1.30, p

= 0.23] after training. However, a marked increase was observed

at 6.0 h [t(7) = 4.037, p = 0.005]. The swimming groups showed a

slightly different dynamic. First, there was a significant increment

at 0.5 h [t(7) = 4.584, p = 0.002], followed by a rising tendency at

1.5 h [t(7) = 1.949, p= 0.09], and then a significant increase at 6.0 h

[t(6) = 2.938, p= 0.02]. These findings suggest that both training in

the cued water maze and the action of swimming induce a time-

dependent increase in mitochondrial membrane potential in the

dorsal striatum, although with different temporal dynamics.

Regarding calcium dynamics, Ca+2 content (Figure 4A) was

determined by measuring the ratio of Rhod-2 positive cells and

the total number of cells in the dorsal striatum. The positive

cell ratios from all groups were compared with the basal levels

of the caged group (Figure 4B). Similar to the mitochondrial

membrane potential results, the Rhod-2 positive cell ratio increased

at specific times, which were also significantly different in trained

and swimming subjects. In the case of trained subjects, a statistical

increase was observed at 0.5 h [t(7) = 2.793, p = 0.02], but not at

1.5 h [t(7) = 1.537, p = 0.16] or 6.0 h [t(7) = 1.146, p = 0.28] post-

training. On the other hand, the swimming subjects did not show

significant differences at 0.5 h [t(7) = 0.4567, p = 0.66] or 6.0 h

[t(6) = 2.249, p = 0.06], but there was a significant increase in at

1.5 h [t(7) = 2.904, p = 0.02] after training. These data suggest that

both training and swimming induce a time-dependent increase in

mitochondrial Ca+2 content after training in the cued water maze

task, although with different temporal dynamics.

3.2 Rotenone treatment in the dorsal
striatum induces memory facilitation

To assess if mitochondrial activity is a relevant factor for

memory consolidation, we analyzed the effect of inhibiting the
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FIGURE 4

(A) Ratio Rhod-2-positive cells; a t-test indicated statistical di�erences compare to the CAGED group; (*) p < 0.05. n = 3–5. Data represent mean ±

SEM, with small circles representing individual values. (B) Representative micrographs of the dorsal striatum of experimental and control groups,
Rhod-2 fluorescence in red and the nuclei in blue.

mitochondrial OXPHOS complex I by direct injection of rotenone

into the dorsal striatum immediately after training. We only

analyzed data from animals with correct cannula placement in

the dorsal striatum (Figure 5A). The escape latencies of each

subject were evaluated on the day of training (Figure 5B). Two-

way ANOVA analysis did not show differences in the treatment

factor [F(2,248) = 2.423, p = 0.09] or interaction [F(14,248) =

0.6807, p = 0.79], indicating that all groups were in similar

conditions before rotenone treatment. Statistical differences were

detected in the trial factor [F(7,248) = 23.44, p < 0.001], with

post-hoc comparisons showing lower latencies in the last trial

than in the first one, which indicates learning in the task (p <

0.001, in all group comparisons). Forty-eight h later, we measured

retention memory (Figure 5C) and found an unexpected memory

facilitation effect [one-way ANOVA; F(2,31) = 4.239, p = 0.02]

because rats with 0.8 or 1.2 µg rotenone showed lower escape

latencies than those treated with vehicle (p = 0.04, for both

comparisons). These results suggest that intra-striatal rotenone

treatment enhances memory consolidation of the cued water maze

task. To confirm that rotenone can affect mitochondrial activity,

we tested its efficacy by directly incubating brain slices (500–

600 nM) containing the dorsal striatum in a counterbalanced

manner and measuring its effect on 19m. We observed a

significant reduction [t(6) = 2.775, p = 0.03] in the proportion

of MitoTracker red-positive cells in rotenone-treated hemispheres

(Supplementary Figure 1).

3.3 Cued water maze training and
swimming induced an increase in plasma
and dorsal striatum corticosterone levels

Swimming in the cued water maze represents a stressful

event, and research has demonstrated that CORT is an important

modulator for mitochondrial activity. We explored whether CORT

levels in our experimental conditions (15min after training

or swimming) were associated with the mitochondrial changes

we detected.

We analyzed the escape latencies of the subjects trained in

the cued water maze (Figure 6A). Repeated measures ANOVA did

not indicate statistical differences between trials [F(2.669, 13.34) =

1.785, p = 0.20]. However, a posterior analysis with a paired t-test

indicated statistically significant lower latencies in the last trial in

comparison with the first [t(5) = 2.62, p = 0.04], suggesting that

these subjects as a group were able to learn the task.
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FIGURE 5

E�ect of rotenone injection into the dorsal striatum on memory consolidation of the cued water maze. (A) Representative diagrams showing
injection sites in the dorsal striatum for all groups; each black dot represents the cannula tip of each rat. (B) Escape latencies during training trials;
statistical analyses showed no significant di�erences among the groups. (C) Retention latencies; statistical analyses indicated significant di�erences
compared to the vehicle group (*) p < 0.05. n = 11–12. Data are presented as mean ± SEM, with mall circles representing individual values. VEH,
vehicle; ROT, rotenone.

FIGURE 6

(A) Learning curve of a group of rats trained in cue water maze, analyzed for plasma and striatal corticosterone levels. n = 6. Cued water maze
training and swimming increased corticosterone levels in plasma (B) and in striatum (C). The statistical analyses showed significant di�erences
between the trained and swimming groups compared to the caged group, (**) p < 0.01. (***) p < 0.001. n = 6–7. Data are presented as mean ± SEM.

Plasma and dorsal striatal homogenate CORT levels

(Figures 6B, C) were compared using a one-way ANOVA

and Tukey’s post-hoc test. In the case of plasma CORT levels, there

was a significant increase [F(2, 16) = 11.72, p < 0.001] in the trained

(p = 0.004) and swimming groups (p < 0.001) in comparison with

the caged group. On the other hand, CORT levels in the dorsal

striatum homogenate also showed statistical differences [F(2, 16) =

15.73, p < 0.001], with a marked increase in the trained (p= 0.001)

and swimming groups (p < 0.001) in comparison with the caged

group. These results suggest that, in our experimental conditions,
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CORT levels increased in both plasma and dorsal striatum 15min

after training and swimming. These results confirmed that CORT

is a robust presence variable in our experimental conditions that

could be associated with the consolidation process.

4 Discussion

This study aimed to explore if the cued water maze training

paradigm or its associated stress could induce adaptations in

the mitochondrial activity of the dorsal striatum. We explored

the dynamic of mitochondrial membrane potential and Ca+2

content. In order to discard a possible variability caused by

fission-fusion mitochondrial processes, we first assessed the

mitochondrial density obtained from the analysis of COX-IV

immunoreactivity. We did not find differences in any group,

suggesting that the changes detected in mitochondrial 1ψ

and Ca+2 could not be directly related to a change in the

mitochondrial presence but rather to a possible functional

adaptation. However, our results do not agree with literature

reporting that a depolarizing stimulus in neurons of hippocampal

cultures could induce an increase in mitochondrial density (Li

et al., 2004). A possible explanation for these contrasting results

could be related to our experimental approach, since for our

sampling for positive cells we used the nuclei as the initial

area of selection, and even though we enlarged the area to

measure the immunoreactivity, we may not have found changes

in mitochondrial density because this phenomenon has been

shown to be more prominent in dendritic spines (Li et al.,

2004).

Regarding the mitochondrial activity results, we found a

significant increase for both trained and swimming subjects.

These findings are relevant, because it has been reported

that 19m increases after synaptic excitation (Bindokas et al.,

1998) and is important for plasticity mechanisms, such as

ATP production. ATP production is a pivotal factor in various

cellular processes like axonal vesicle transport (Verstreken et al.,

2005), as well as in synaptic pruning, through the caspase

signaling pathway (Ertürk et al., 2014). As for all these possible

mechanisms, the fact that we encountered a differential time

increase in the trained and swimming groups could indicate that

mitochondrial membrane potential engages differential processes

in our experimental conditions.

In terms of Ca2+ content, we also observed an increment of

this cation in the trained and swimming groups. Mitochondrial

Ca2+ dynamics are important for maintaining cellular homeostasis

because mitochondria are one of the main regulators of

intracellular Ca2+ levels. In addition, intramitochondrial Ca2+

activates enzymes of the Krebs cycle, favoring ATP production

(Denton, 2009). In a neuronal context, it has been reported that

mitochondrial Ca2+ dynamics is pivotal in synaptic plasticity

mechanisms since the blockade of the mitochondrial Ca2+

uniporter with Ru360 inhibits the induction of long-term

potentiation in spinal cord neurons (Kim et al., 2011). In

other reports, it has been shown that mitochondrial activity

can be modulated by glutamate transmission, which is also

relevant for the correct functioning of the dorsal striatum

(Paraskevopoulou et al., 2019). Interestingly, the striatum is

strongly innervated by glutamate afferents from almost all cortex

areas, and this neurotransmitter may increase mitochondrial

respiration (Jekabsons and Nicholls, 2004). This phenomenon may

occur because glutamate increases intracellular Ca2+ (Beltran-

Parrazal et al., 2006), promoting an increase in mitochondrial Ca2+

and potentiating mitochondrial activity. Therefore, it is possible

that the motor and somatosensory inputs from cortex structures

could increase glutamate transmission in the dorsal striatum,

hereby enhancing mitochondrial activity through this mechanism.

Our divergent findings with mitochondrial probes for the

trained and swimming groups align with those of Chen et al.

(2017), who reported that a striatal-specific knockout of an

OXPHOS complex I subunit impaired motor performance but

did not affect stimulus-response learning, suggesting different

mitochondrial adaptations for each process. Similarly, Cid-

Duarte et al. (2020) found that hippocampal neural metabolic

activity was enhanced in a spatially trained group, whereas the

swimming group primarily showed metabolic activity associated

with motor performance. The dorsal striatum supports both

motor function and stimulus-response learning, with the latter

involving a two-phase process: an initial motivational phase and

a subsequent phase of behavioral habituation, where repeated

behavior becomes habitual (Cataldi et al., 2022). Our findings

for trained and swimming groups may thus reflect different

functional engagements within the dorsal striatum. Further studies

are warranted to examine this intriguing functional dichotomy and

its temporal dynamics.

Regarding memory in the cued water maze paradigm, we

found an unexpected memory facilitation effect associated with

the rotenone treatment. Miyoshi et al. (2012) reported that the

dorsal striatum is needed for the cued water maze consolidation

process. On the other hand, it has been shown that rotenone

could be a negative factor for memory and motor skill mechanisms

(Mulcahy et al., 2011; Moreira et al., 2012). This divergence of

results may be due to the intrinsic signaling pathways of the ROS

produced during the elevation of mitochondrial activity. In that

sense, it has been reported that incubation with rotenone elevates

ROS production in neuronal dopaminergic cell cultures (Radad

et al., 2006). This evidence is relevant since ROS also functions

as signaling activators, enhancing enzyme activity of PKA, PKC,

and ERK (Kim et al., 2011). It is important to emphasize that

the PKA-ERK pathway could be a pivotal factor for memory

facilitation in the hippocampus because its downstream activity

leads to synaptic functional changes (Guerra et al., 2011), being

this pathway also a relevant signaling mechanism for striatal

plasticity (Cerovic et al., 2013). This hypothesis is also linked to

the interpretation of our mitochondrial probes results, since it

is plausible that a glutamate-induced striatal mitochondrial Ca+2

content and rotenone blockade of complex I act in synergy to

increment ROS production to activate the PKA-ERK pathway and

thus inducememory facilitation. Deepening into rotenone effect on

mitochondrial activity and exploring ROS levels with fluorophores

and then ROS signaling after training could be a valuable approach

to deepen our knowledge about these putative mechanisms.

Another relevant aspect for the cued water maze consolidation

is its correlation with CORT levels. In this work, we found that both

training and swimming groups increased CORT in the plasma and

dorsal striatum. These results agree with evidence that swimming
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acts as a stressor by itself (Harrison et al., 2009) and increases

CORT levels in both the hippocampus and striatum (Droste

et al., 2008). CORT actions are closely related to mitochondrial

mechanisms, and it has been shown that the incubation with

CORT potentiates both 19m and Ca+2 content (Du et al., 2009;

Choi et al., 2018) in neuronal tissue and cultures. This effect is

explained by GR translocation into the mitochondria (Du et al.,

2009) and by GR association with other proteins, such as VDAC,

in the mitochondrial outer membrane (Choi et al., 2018). Another

interesting piece of literature is that CORT can directly affect

mitochondrial activity; for example, in hypothalamic cell cultures,

this hormone decreases ATP levels independently of GR activation.

This effect was attributed to the inhibition of complex I (Fujita et al.,

2009), since rotenone also inhibits complex I, it is plausible that this

mechanism is related to our mitochondrial probes and behavioral

results.

In summary, our findings demonstrated that training and

swimming in the cued water maze increase mitochondrial activity,

which in turn seems to modulate this structure, as seen by

the facilitation outcome of the putative mitochondrial OXPHOS

complex I inhibition by rotenone. This suggests that mitochondrial

activity in the dorsal striatum is closely related to consolidation.

Given these observations, we conclude that mitochondrial activity

is an important factor for memory consolidation and motor

performance in the dorsal striatum, and that these processes are at

least contextually associated with an elevation of CORT.

More studies are needed to better understand the dynamics

and functional importance of mitochondrial activity in the dorsal

striatum. This research should use different time points and

experimental conditions, assess the relevance of glutamate and

other factors, and explore the signaling pathways associated

with ROS levels that may be related to CORT mechanisms and

other modulators.
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