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Diet enriched with high-phenolic cocoa
potentiates hippocampal brain-derived
neurotrophic factor expression and neurogenesis
in healthy adult micewith subtle effects on
memory+t
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Adriana Castro-Zavala,®® Patricia Rivera,®< Maria del Carmen Razola-Diaz,%®
Francisco J. Monje,” Celia Rodriguez-Pérez (0 *+9¢9 and Estela Castilla-Ortega*$*°

Cocoa is widely known for its health benefits, but its neurocognitive impact remains underexplored. This
preclinical study aimed to investigate the effects of cocoa and cocoa polyphenols on hippocampal neuro-
plasticity, cognitive function and emotional behavior. Seventy young-adult C57BL/6JRj male and female
mice were fed either a standard diet (CTR) or a diet enriched with 10% high-phenolic content cocoa
(HPC) or low-phenolic content cocoa (LPC) for at least four weeks. In a first experiment, behavioral tests
assessing exploratory behavior, emotional responses and hippocampal-dependent memory were con-
ducted four weeks into the diet, followed by animal sacrifice a week later. Adult hippocampal neurogen-
esis and brain-derived neurotrophic factor (BDNF) expression in the hippocampus and prefrontal cortex
were evaluated using immunohistochemistry and western blot. In a different experiment, hippocampal
synaptic response, long-term potentiation and presynaptic-dependent short-term plasticity were studied
by electrophysiology. Cocoa-enriched diets had minimal effects on exploratory activity and anxiety-like
behavior, except for reduced locomotion in the LPC group. Only the HPC diet enhanced object reco-
gnition memory, while place recognition memory and spatial navigation remained unaffected. The HPC
diet also increased adult hippocampal neurogenesis, boosting the proliferation, survival and number of
young adult-born neurons. However, both cocoa-enriched diets increased immobility in the forced
swimming test and hippocampal BDNF expression. Hippocampal electrophysiology revealed no altera-
tions in neuroplasticity among diets. The results were mostly unaffected by sex. Overall, the HPC diet
demonstrated greater potential regarding cognitive and neuroplastic benefits, suggesting a key role of
cocoa flavanols in dietary interventions aimed at enhancing brain health.
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The consumption of cocoa, obtained from the Theobroma
cacao tree whose beans are used to produce various food pro-
ducts, including chocolate, has significantly increased since
its introduction to Europe in the 16th century.™*

Cocoa contains more than 300 different constituents,
including minerals (magnesium, potassium, iron and zinc),
fiber, methylxanthines (caffeine and - most abundantly - theo-
bromine, a caffeine derivative) and polyphenols.** Phenolic
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compounds are a large group of compounds present in plants
and plant-based foods.> Among them, natural cocoa powder is
a major source of polyphenols, which are found in cocoa at a
higher concentration (up to 50 mg per gram) than in many
other natural foods.*® The main polyphenols found in cocoa
are flavanols; specifically, monomeric (-)-epicatechin and

This journal is © The Royal Society of Chemistry 2024
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(+)-catechin and polymerics procyanidins are the most abun-
dant.* Nevertheless, it is important to note that the phenolic
composition of commercial cocoa-derived products varies
widely, with pure cocoa powder typically containing higher
levels.”” Factors including cocoa plant genotype, region and
method of cultivation and manufacturing processes (especially
alkalinization, which reduces polyphenol content) contribute
significantly to this variability.'*"?

Polyphenols may explain cocoa’s long recognized health
benefits, as they have been shown to have preventive and/or
therapeutic effects on a number of diseases such as cancer,
diabetes, cardiovascular and even neurodegenerative dis-
orders."® Among other actions, cocoa flavanols directly neutral-
ize free radicals and reduce levels of reactive oxygen species,
contribute to arterial elasticity and nitric oxide-mediated vaso-
dilation, have anti-inflammatory properties, reduce insulin re-
sistance - by lowering the circulating levels of glucose - and
enhance the growth of beneficial gut microbiota.>' However,
in addition to flavanols, other cocoa components such as
methylxanthines may influence health outcomes. For example,
recent studies have highlighted the potential of theobromine
as a protective agent against cancer, inflammation and cardio-
vascular disease.””'® For caffeine, both healthy and harmful
effects on several physiological systems have been
described.”™® In any case, an interesting possibility is that
some cocoa components may act synergistically or in inter-
action, so the combination of caffeine and theobromine in
cocoa may have the expected methylxanthine-derived benefits
without the side effects reported for caffeine.'*'® Therefore, it
is not only relevant to study the properties of each of the cocoa
components separately, but also important to study the effects
of the whole natural product, which is highly present in the
everyday diet of millions around the world.

Lately, cocoa and dark chocolate have been proposed as
cognitive enhancers. Acute intake of cocoa has been consist-
ently associated with a rapid improvement in cognitive
measures.'” For example, ingestion of 35 g of a 70% dark choco-
late bar is enough to potentiate hippocampal-dependent episo-
dic-like memory, probably through flavanols’ rapid actions on
brain irrigation'® which increase cerebral blood flow in memory-
related brain regions including the hippocampus.'® Regarding
chronic consumption, a meta-analysis of studies that adminis-
tered chocolate or cocoa for 1-6 months to healthy adults
revealed an improvement in executive function and language-
related measures.”’ However, a recent randomized clinical trial
with 2262 elderly participants that consumed cocoa extract for 3
years did not find an effect of cocoa on global cognition, in con-
trast to the cognitive benefits found after multivitamin-mineral
supplementation.” Another review focused on cocoa flavanols'’
supports that flavanols improve general cognition, attention,
memory or processing speed. Nevertheless, flavanols’ cognitive
effects are not unequivocal and consistently replicated compared
to their action on other physiological responses, and findings
may depend on methodological differences; for example, con-
sumption of cocoa flavanols may be more beneficial for popu-
lations at risk of neurocognitive impairment.'”
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Preclinical research could provide a valuable tool to unveil
the cognitive functions of cocoa and cocoa flavanols, as well as
their brain mechanisms. In addition to their cerebrovascular,
anti-inflammatory and antioxidant properties, some in vivo
and in vitro studies point out that cocoa flavanols stimulate
the cAMP-response element-binding protein (CREB) pathway
in neurons, leading to long-term potentiation as well as the
production of survival factors such as the brain-derived-neuro-
trophic factor (BDNF).*>** Cocoa methylxanthines may also
exert neuroprotective actions; for example, theobromine in
cocoa has demonstrated anti-amyloidogenic activity in cellular
models of Alzheimer’s disease.>* In rodents, adult hippocam-
pal neurogenesis (AHN) is a key neuroplastic phenomenon
that seems to be involved in maintaining normal cognitive and
emotional function, and dysregulation of this process has
been associated with behavioral impairments in animal
models of aging, dementia, stress and many other pathol-
ogies.”®> Adult-born hippocampal neurons are highly sensitive
to both extrinsic and intrinsic factors, including neurotrophins
such as BDNF and inflammatory cytokines, which can be influ-
enced by diet.”® However, the influence of non-alkalized
(natural) cocoa on AHN has not yet been properly evaluated.
Flavanols are usually considered as AHN enhancers,” but
mixed results have been reported for caffeine.’®*° Other
studies have revealed a potentiated AHN - cell proliferation
and differentiation - and a pro-cognitive effect in both normal
mice and Alzheimer’s disease mice that consumed a diet
enriched with high-phenolic cocoa. Unfortunately, the diet was
also enriched with other nutrients such as polyunsaturated
fatty acids from nuts, which prevented the determination of
the specific contribution of cocoa.>® Other experiments that
fed rats with a high-phenolic cocoa powder extract have
described behavioral outcomes typically associated with AHN -
i.e. antidepressant-like effects and improved cognitive perform-
ance in spatial navigation tasks -, but no brain correlates were
analyzed.*'**

In this study, we aimed to study the effect of chronic
administration of a cocoa-enriched diet on emotional and cog-
nitive behavior in healthy adult male and female mice, asses-
sing AHN and BDNF expression (in the hippocampus and pre-
frontal cortex) as measures of brain neuroplasticity.
Additionally, we conducted electrophysiological experiments to
further investigate the impact of the cocoa-enriched diet on
the hippocampal response, specifically focusing on the CA3-
Schaffer collateral to CA1 pathway synapses. Considering the
potential contribution of cocoa polyphenols to both behavioral
and brain outcomes, we used two different cocoa powders that
differed in their phenolic composition.

Materials and methods

The present manuscript is grounded in the findings of two dis-
tinct experiments. The first experiment (Experiment 1) encom-
passed behavioral assessment, western blot analysis and
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immunohistochemistry. Conversely, the second experiment
(Experiment 2) was specifically focused on electrophysiology.

Animals and ethics statement

Seventy young adult male and female C57BL/6JRj mice,
divided into two experiments, were sourced from Janvier Labs
(Le Genest-St-Isle, France) and arrived at the animal facility at
10 weeks of age. After one week of acclimation, mice were indi-
vidually housed in standard laboratory cages with nesting
material under standard conditions, which consisted of a con-
trolled temperature of 22 + 2 °C and a 12-hour light/dark cycle
(lights on at 8:00 a.m.). Additionally, they were provided with
ad libitum access to water and food.

Procedures were performed according to the European and
Spanish regulations for animal research (Directive 2010/63/UE,
Real Decreto 53/20130 and Ley 32/2007) and were approved by
the research ethics committees of the University of Malaga
(code: 104-2021-A) and Junta de Andalucia (code: 3/11/2021/
170). Experimenters held the appropriate training certification
for the use of laboratory animals in experimental sciences.

Diets

High-phenolic content cocoa (HPC) and low-phenolic content
cocoa (LPC) were selected considering their nutritional and
phenolic composition as we previously published.’® First,
more than 20 cocoa powders commercially available in the
Spanish market were evaluated considering the information
from their nutrition fact labels (data not shown). After that,
seven cocoa powders with similar composition in macronutri-
ents and energy from different origins (5 alkalized and 2 non-
alkalized) were finally selected for determining their total phe-
nolic content (TPC), procyanidin content and methylxanthine
content and for assessing their antioxidant activity as
described elsewhere.'® Briefly, the TPC was evaluated using
the Folin-Ciocalteu spectrophotometric method while the pro-
cyanidin content (flavan-3-ols) was measured by high perform-
ance liquid chromatography coupled to a fluorescence detector
(HPLC-FLD). Furthermore, the total methylxanthine content
(expressed as the sum of caffeine and theobromine concen-
tration) was determined by HPLC coupled to a photodiode
array detector (DAD). For that purpose, an Agilent 1200 Series
(Agilent Technologies, Palo Alto, CA, USA), equipped with a
quaternary pump delivery system, a degasser, an autosampler
and a photodiode array detector (DAD) set up at 264 nm, was
employed for the analysis using the procedure described by
Alafién et al>* In addition, three different methods were
employed for determining the antioxidant activity of the cocoa
samples, ie., 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azino-
bis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS) and Ferric
Reducing Antioxidant Power (FRAP) assays.

The cocoa-supplemented diets were provided by the
Scientific Animal Food & Engineering (SAFE, Bourgogne,
France) company, by incorporating 10% concentration of the
respective high and low phenolic content cocoa powder into
the standard diet pellets (SAFE® D40 pellets). Additionally, a
green or a blue dye was added to facilitate accurate identifi-
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cation of either dietary profile. All diets were stored at —80 °C
upon their arrival and unfrozen two days before their use.

Statistical analysis

To assess the normality of the data distributions, a Shapiro-
Wilk test was conducted. To explore the differences among
dietary treatments, one-way analysis of variance (ANOVA) or
repeated measures ANOVAs were performed, followed by post-
hoc Fisher’s least significant difference (LSD) or Tukey’s test
when required. Tukey’s test was employed to assess variations
in bioactive compounds between the two different cocoas, with
two samples analyzed per cocoa powder. Furthermore,
additional factorial and repeated measures ANOVA analyses
were subsequently carried out to explore sex differences and
potential interactions between sex and diet, which are reported
in the ESIT in the case of significant effects. Comparisons were
considered significant at p < 0.05. Non-statistically significant
differences are shown in ESI Table 1.7

Experiment 1

Forty-eight young-adult C57BL/6]JRj mice - 24 mice of each sex
- were divided into three groups based on comparable average
body weight. They were then randomly assigned to receive
either the standard (‘control’; CTR), HPC or LPC diet (n =
16 mice; 8 mice per sex). The cocoa-enriched diets were intro-
duced on Day 1 (Fig. 1A), coinciding with the animals reaching
12.5 weeks of age. Throughout the first four weeks, food intake
and body weight measurements were recorded twice a week.
Mice consumed their assigned diets until the end of the
experiment (i.e. on Day 50).

Bromodeoxyuridine administration

To study AHN, bromodeoxyuridine (BrdU, Sigma-Aldrich,
Madrid, Spain) was administered over the initial four weeks of
dietary administration, specifically on days 4, 11, 18, and 25
(Fig. 1A), in order to tag the newly generated cells. Mice were
subjected to two daily intraperitoneal administrations of BrdU
at a dosage of 75 mg kg™?, diluted in physiological saline, with
a 4-hour interval between each administration.*® This BrdU
administration protocol aims to investigate whether the diets
modulated AHN, without specifying the precise timing at
which this effect occurs.

Behavioral testing

The evaluation of exploration, emotional responses, and cogni-
tive performance was conducted in accordance with our pre-
viously published protocols.***” The behavioral assessment
started five weeks after the separation of mice in individual
cages. Mice were carried to a noise-isolated room (illuminated
at 75 lux) at 8:30 a.m. and were habituated for at least
20 minutes before starting behavioral testing. To eliminate
odor cues, a 30% ethanol solution was utilized to clean the dry
maze arena. The experimental sessions were recorded, and
spatiotemporal parameters were analyzed with the software
Ethovision XT.17. (Noldus, Wageningen, The Netherlands).
Observational scorings were carried out by a proficient obser-

This journal is © The Royal Society of Chemistry 2024
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(A) Experiment 1 schedule. Body weight gain and food intake were monitored twice a week during Days 1-28. (B) Both cocoa-enriched diets

increased food consumption across the first four weeks. (C) However, cocoa consumption did not have clear effects on body weight gain. Post hoc
least significant difference (LSD): difference between the CTR group vs. the HPC and LPC groups: *p < 0.05; **p < 0.001. Data are expressed as

mean + SEM.

ver who was blind to the mice’s sex and treatment conditions
and possessed no preconceived notions regarding the study’s
outcome.

The behavioral schedule was structured as shown in
Fig. 1A:

+ Elevated plus maze (EPM) (Day 29). The plus-shaped (+)
apparatus was positioned at a height of 47 cm from the floor and
comprised two unprotected open arms and two enclosed arms
(each measuring 29.5 x 5 cm) connected by a central platform (5
x 5 cm). The mouse was introduced onto the central platform
and allowed to freely explore the apparatus for a duration of
6 min. Total locomotion (cm), time spent (s) in the open arms
and the latency to enter an open arm (s) were analyzed.

«+ Open field test (OFT) (Day 30). On the second day of be-
havioral assessment, mice were placed at one corner of an
empty open field (40 x 40, 40 cm high) and allowed to freely
explore for 5 min (habituation session). Total locomotion (cm)
and time spent (s) in the center zone (comprising an imagin-
ary central square of 20 x 20 cm) were evaluated.

» Novel object recognition (NOR) and novel place reco-
gnition (NPR) memory (Days 30-32). Sixty minutes following
the OFT, mice were re-exposed to the apparatus. It included

This journal is © The Royal Society of Chemistry 2024

two identical copies of an object, referred to as the ‘familiar’
object, positioned near two adjacent corners (sample session;
Fig. 2C). On Day 31, mice were left to explore an identical copy
of the familiar object and a ‘novel’ unknown object, located in
the previous positions (NOR test). Finally, on Day 32, the open
field was equipped with two identical copies of the familiar
object. One of them remained in its habitual position (i.e.
‘stationary’), while the other was ‘displaced’ to the opposite
corner of the arena (NPR test). The mouse was given 10 min to
freely explore the apparatus in each session. The total duration
of object exploration (s), defined as nose or paw contact with
the object or pointing its nose towards the object at a distance
of 1-2 cm away, was analyzed observationally as per prior
research.®® Furthermore, the ‘object memory ratio’ [(time
spent exploring the novel object — time spent exploring the
familiar object)/total time spent exploring both objects] and
the ‘place memory ratio’ [(time spent exploring the displaced
object — time spent exploring the stationary object)/total time
spent exploring both objects] were calculated to gauge object
and place memory, respectively.

+ Forced swimming test (FST) (Day 33). Mice were intro-
duced into a cylindrical container made of a transparent

Food Funct, 2024, 15, 8310-8329 | 8313
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Fig. 2 (A) Cocoa-enriched diets did not influence general exploratory activity and anxiety-like behavior in the EPM. (B) However, a reduced loco-

motor activity was found in mice fed the LPC-enriched diet when tested in the OFT. (C) CTR group explored objects for a longer time than the other
groups, but only mice fed with the HPC-enriched diet showed potentiation of object memory in the NOR paradigm, with no changes in place
memory. Locomotion during object exploration was similar between groups. (D) Consumption of either cocoa-enriched diet yielded despair-like be-
havior in the FST, consisting of reduced struggling and enhanced immobility behavior. Post hoc least significant difference (LSD): difference between
a group vs. the other two: *p < 0.05; **p < 0.001. Data are expressed as mean + SEM.

material (10 cm diameter, 27 cm height) filled with water (22 +
1 °C) reaching a depth of 15 cm for a duration of 6 min. The
total time (s) of two distinct behaviors, which included ‘immo-
bility’ (i.e. minimal movements to keep the head above water)
and ‘struggling’ (i.e. vigorous attempts to climb the cylinder
walls while breaking the water surface using the forelimbs), as

8314 | Food Funct, 2024, 15, 8310-8329

well as latency to immobility (s) were observationally recorded
and analyzed.

» Water maze (Days 36-48). A circular pool (1.2 m diameter)
was filled with opaque water (containing non-toxic white
paint) at a temperature of 24 °C = 1 °C. The pool was parti-
tioned into four equal quadrants, which were conceptual div-

This journal is © The Royal Society of Chemistry 2024
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isions rather than physically separated compartments. Mice
were released from one of the four possible starting positions
in each quadrant’s peripheral region (north, N; west, W; east,
E; and south, S). The experimental room was furnished with
distal extra-maze cues, including visible black cardboard
panels with distinct geometric shapes placed on each wall, as
well as various furniture elements to facilitate spatial orien-
tation. During the training session, latency (s) to reach the
platform and total path length (cm) were evaluated as indi-
cators of learning.

The water maze training consisted of the following stages:

- Habituation (Day 36). Mice swam freely in the pool for
1 min, starting from the S position. Various parameters were
analyzed, including the total distance swum (cm) and time
spent (s) in the peripheral area (defined as an outer zone
located 24 cm inward from the walls).

- Visible platform training (Days 36-37). Forty-five min after
the habituation session, a white goal platform (11 cm dia-
meter) was placed in the center of one quadrant. The platform
was slightly above the water level and featured a vertically
standing black polystyrene tube. Each day, the mice underwent
four training sessions (with an inter-trial interval — ITI - of
30 min), during which the platform’s location was moved
across all quadrants, and the starting positions were alter-
nated. If a mouse successfully reached the visible platform, it
was promptly removed from the pool. However, if a mouse
failed to reach the platform within a duration of 1 min, the
experimenter guided the animal towards it. This training was
repeated on Day 37. Path length (cm), velocity (cm s™) and
latency (s) to reach the platform were analyzed.

- Reference memory training (Days 38-41). The platform
was permanently positioned within the target quadrant, sub-
merged under 1 cm of water. Spatial memory training took
place over four consecutive days (Days 10-13), with a total of
six training sessions per day (IT: 30 min). During each session,
mice were released into the pool from one of the four starting
positions (N, W, E, S). Upon discovering the hidden platform,
mice were allowed to remain on it for 5 s. If a mouse failed to
locate the platform within 1 min, the experimenter guided the
mouse to it, permitting the mouse to stay on the platform for
10 s. Total locomotion (cm), velocity (cm s™*) and latency (s) to
reach the platform were evaluated.

- Probe trials (Day 42). Following the removal of the plat-
form from the maze, mice were released from the S position
and given a 1 min swimming period. Performance evaluation
encompassed measurements of the total time (s) spent swim-
ming within the target and opposite quadrants, the latency (s)
to reach the circular region where the platform was previously
positioned, and the number of crossings made towards the
imaginary platform. Two probe trials were carried out on Day
42. The first probe trial occurred early in the day, 72 h after the
last spatial training session, to evaluate the long-term reten-
tion of spatial memory. The second probe trial took place
30 min after the last training session with platform inversion,
focusing on cognitive flexibility and the acquisition of short-
term memory regarding the new platform location.

This journal is © The Royal Society of Chemistry 2024
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- Platform inversion (Day 43). Forty-five minutes after the
72 h probe trial, the platform was hidden in the center of
quadrant E, which was positioned opposite to the target quad-
rant utilized during spatial training. Six training sessions were
then conducted according to the previously described
procedure.

Brain sample collection

Mice were deeply anesthetized with intraperitoneal sodium
pentobarbital (50 mg per kg body weight) and sacrificed on
Day 50, one week after the platform inversion test. Five
minutes after administering the anesthetic, mice were intracar-
dially perfused with 0.1 M phosphate buffered saline pH 7.4
(PBS) and subsequently sacrificed by decapitation. Brain
samples were immediately extracted; the right hemisphere was
post-fixed in paraformaldehyde (PFA) for 48 h at 4 °C and cut
into coronal (45 pm) vibratome sections for immunohisto-
chemistry, while the left hemisphere was directly frozen at
—80 °C for protein analysis by western blot.

Western blot

The left hemisphere of the hippocampus, frozen at —80 °C,
was dissected from frozen brain samples using the Paxinos
and Watson’s mouse brain atlas*® as a reference. Since three
hippocampal samples were missed during tissue extraction
(two CTR males and one LPC female), a total of 45 animals
were studied for western blot analysis. The hippocampus
samples (17-20 mg per sample) and prefrontal cortex samples
(18—21 mg per sample) of forty-five animals were individually
homogenized in 1 ml of cold radioimmunoprecipitation assay
lysis buffer (RIPA). The RIPA buffer consisted of 50 mM Tris-
HCI pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1% Triton, 0.1% SDS,
1 mM NazVO,, and 1 mM NaF. Additionally, the homogeniz-
ation buffer was supplemented with a phosphatase
(Phosphatase Inhibitor Cocktail Set III, 524527, Millipore,
Darmstadt, Germany) and a protease (cOmplete™ Protease
Inhibitor Cocktail, 11836145001, Roche, Basel, Switzerland)
inhibitor cocktail. Following a 2 h incubation at 4 °C, the sus-
pension was centrifuged at 12,000 rpm for 15 min at 4 °C. The
resulting protein extracts (obtained from the supernatant) were
diluted 1:1 in loading buffer (dithiothreitol [DTT] 2x) and
heated for 5 min at 99 °C.

Protein expression levels of BDNF were assessed using
western blot analysis following methods from our laboratory.*®
Tissue protein samples (10-15 pg) were subjected to electro-
phoresis on 4-12% Criterion XT Precast Bis-Tris gels (3450125,
Bio-Rad, California, USA) for 30 min at 80 V, followed by 2 h at
150 V. The separated proteins were then transferred onto a
0.2 pm nitrocellulose membrane (Bio-Rad, USA) using wet
transfer equipment (Bio-Rad, USA) for 1 h at 80 V. Ponceau
Red staining (10x diluted to 1x in H,0) was utilized for protein
visualization. The membrane was subsequently washed with
TBST 1x Tween 20 (150 mM NaCl, 10 mM Tris-HCl, 0.1%
Tween 20, pH 7.6) until it became clean and clear. The mem-
brane was blocked with 2% bovine serum albumin-Tris
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buffered saline Tween 20 (BSA-TBST 1x) on a shaker platform
at room temperature for 1 h. Next, the membrane was incu-
bated overnight at 4 °C with the primary antibodies [rabbit
anti-BDNF antibodies (1:250, AB1534SP, Sigma-Aldrich,
Massachusetts, USA)], diluted in 2% BSA-TBST 1x. The follow-
ing day, the membrane was washed three times for 10 min
with TBST 1x and then incubated with appropriate horse-
radish peroxidase conjugated secondary antibodies (goat anti-
rabbit IgG, W4011, Promega, Wisconsin, USA) diluted
1:10 000 in 2% BSA-TBST 1x for 1 h at room temperature on a
shaker. After washing the membrane, it was exposed to a che-
miluminescent reagent (Santa Cruz Biotechnology) for 5 min.
If required, stripping/reproving steps were performed. The
protein bands on the membrane were visualized using chemi-
luminescence  (ChemiDoc Imaging System, Bio-Rad,
California, USA) and quantified using Image] software (densi-
tometric analysis https:/imagej.nih.gov/ij). Normalization was
accomplished by using a reference protein, y-adaptin (1 : 2000,
610385, BD Biosciences, New Jersey, USA), which was present
on the same membrane. The results were expressed as the
ratio between the total protein expression and y-adaptin as
described.*® Data were normalized to the CTR mean group.

Immunohistochemistry and cell quantification

Following a 48-hour post-fixation period, the hippocampus of
the right hemisphere of 24 mice (four males and four females
of each treatment, selected at random) was sectioned into
45 pm coronal sections, resulting in six equivalent tissue
series, using a Leica VT1000S vibratome. For free-floating
immunohistochemistry, the following steps were undertaken:
first, sections were subjected to an antigen retrieval method
using EnVision Flex high pH solution (Dako, Glostrup,
Denmark) for 1 min in a microwave instrument. Subsequently,
an endogenous-peroxidase blocking solution consisting of
80% PBS, 10% methanol, and 10% hydrogen peroxide was
applied in darkness for 30 min. After PBS rinses, the sections
were incubated overnight with primary antibodies, which were
diluted in a solution of PBS, 0.5% Triton X-100, and donkey
serum. The primary antibodies used were as follows: rabbit
anti-doublecortin (DCX; 1:2000, ab18723, Abcam, Cambridge,
UK), rat anti-BrdU (1:500, ab6326, Abcam), and mouse anti-
proliferating cell nuclear antigen (PCNA; 1:1500, P8825,
Sigma). On the following day, appropriate biotin-conjugated
secondary antibodies were incubated for 90 min, including
rabbit anti-rat (1:200, 31834, Invitrogen, Carlsbad, USA), goat
anti-mouse (1:800, B7264, Sigma-Aldrich), and donkey anti-
rabbit (1:500, RPN1004 V, Thermo Fisher Scientific,
Massachusetts, USA). The staining process was carried out
using the biotin and peroxidase-conjugated extravidin method,
employing diaminobenzidine (DAB) and hydrogen peroxide as
the chromogen/substrate. PBS rinses followed each step of the
protocol.

Co-labeling of BrdU with a mature neuron marker was con-
firmed by immunofluorescence in four animals per treatment.
Sections were first incubated overnight with a combination of
rat anti-BrdU antibodies (diluted 1 : 500) and rabbit anti-neuro-
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nal nuclei antibodies (NeuN; 1:500, ABN78, Merck Millipore,
Madrid, Spain), as a marker for mature
Subsequently, sections were incubated for 90 min in a mixture
of fluorescent secondary antibodies. This included goat anti-
rat Alexafluor-594 (AB150160, Abcam, Cambridge, UK) and
goat anti-rabbit Alexafluor-594 (A11012, Invitrogen Thermo
Fisher, Carlsbad, USA), both diluted 1: 500 in PBS.

neurons.

Cell quantification

The dentate gyrus (DG) within the dorsal hippocampus
(bregma -1.06 mm to -3.08 mm)*® was examined for
immunohistochemical expression to determine the presence
of the aforementioned specific markers related to AHN. To
quantify the cells stained with DAB, detailed photographs of
every sixth hippocampal section were captured using an
Olympus BX41TF-5 microscope equipped with an Olympus
DP70 digital camera (Olympus, Glostrup, Denmark). The soft-
ware Image] (National Institutes of Health, Maryland, USA)
was used to measure and analyze the drawn regions of interest.
The number of positive cells within each region was counted
and expressed as the number of cells per mm?”. For the DCX +
neurons, we distinguished two categories according to their
morphological features: type 1: with absent or short dendritic
processes (i.e., immature-like morphology) and type 2: with at
least one prominent apical dendrite penetrating the granular
cell layer.”™ Confocal microscopy (Leica SP8; Leica
Microsystems, Solms, Germany) was used to detect the co-
expression of BrdU and NeuN by immunofluorescence in 1 in
every 12 dorsal hippocampal sections.

Experiment 2

Twenty-two young-adult C57BL/6JRj mice were divided into
three groups based on comparable body weight. They were
then randomly assigned to receive either the standard CTR,
HPC or LPC diet (n = 7-8 animals per experimental group,
comprising 3-4 males and 4 females each). The cocoa-
enriched diets were introduced on Day 1, coinciding with the
animals reaching 12.5 weeks of age (Fig. 6A). Throughout the
first four weeks, food intake and body weight measurements
were recorded once a week. Mice consumed their assigned
diets until the end of the experiment (i.e. on Day 30).

Hippocampal slice preparation

Animals were deeply anesthetized using a solution containing
110 mg kg™' ketamine and 15 mg kg™' Rompun, diluted in
saline. Subsequently, they were quickly sacrificed by decapi-
tation. The hippocampal slices were prepared in accordance
with previous reports.*>** The right hemisphere of the brain
was immediately extracted and placed in an ice-cold artificial
cerebrospinal fluid (aCSF) solution containing (in mM) 125
NaCl, 2.5 CaCl,, 2.5 KCI, 1 MgCl,, 20 NaHCO;3, 25 p-glucose
and 1 NaH,PO, (all compounds from Sigma-Aldrich, Wien,
Austria). Sagittal hippocampal slices were then cut using a
Mcllwain tissue chopper (TC752, Campden Instruments Ltd,
Loughborough, UK) into 400 pm-thick sections and trans-
ferred to an aCSF-filled recovery chamber submerged in a
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water bath at 32 °C, where they recovered for 1 h before electro-
physiology measurements. The aCSF solution was consistently
gassed with 95% O, and 5% CO, to maintain a pH of 7.4.

Electrophysiology

Slice recordings (3-4 slices per animal) were carried out in a
submerged chamber that received a continuous supply of pre-
carbogenated aCSF, pre-warmed at 30 + 2 °C, at a rate of
3-4 mL min'. Field excitatory postsynaptic potentials
(fEPSPs) were recorded in the CA1 stratum-radiatum layer
using glass micropipettes filled with aCSF (2-4 MQ). The
recordings were made after electrically stimulating the collat-
eral projections of Schaffer originating from the CA3 region
(Fig. 6B). To induce the fEPSPs, biphasic-square voltage pulses
were delivered through bipolar electrodes made of tungsten
wire, which were insulated with a Teflon coating up to the elec-
trode tips.. The voltage pulses were generated using an
ISO-STIM 01D stimulator (NPI Electronics, Tamm, Germany).
All recordings were made within the dorsal hippocampus, fol-
lowing previously described protocols.** >

The input/output (I/O) curves were established by applying
progressively increasing voltage discharges (0-7 V with A1V,
200 ps per pulse; 15 s inter-pulse interval). The fEPSP slopes of
each field potential were normalized to the maximum induci-
ble value, and the average was used as an indicator of the
synaptic response. For the induction of long-term potentiation
(LTP), a high-frequency stimulation (HFS) protocol was deli-
vered. Six separate series of electrical stimulations were
applied at 200 ms intervals. Each series consisted of a total of
10 biphasic voltage pulses (100 ps per phase) delivered at a fre-
quency of 100 Hz. A 10 min baseline of field recordings was
established, followed by the delivery of the LTP-inducing proto-
col. Subsequently, field recordings for an additional 20 min
were conducted. LTP was identified by observing the temporal
changes in fEPSP slope values (decaying phase) subsequent to
LTP induction and normalizing them to the average slope
values recorded in the baseline. Finally, the properties of pre-
synaptic-dependent short-term plasticity were studied by
implementing electrophysiological protocols of Paired-pulse-
induced Facilitation (PPF). Two successive pulses of electrical
stimulation, delivering voltages that evoke approximately 50%
of the maximum inducible field amplitude, were administered
with “delta” of increments of 20 ms, increasing up to 120 ms
interpulse interval. Ratios for the values of the initial decay
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slope of the field potential response (EPSP,/EPSP;) were
employed to quantify the power of paired-pulse induced facili-
tation. A second PPF protocol was applied after the LTP induc-
tion in order to examine possible changes in metaplasticity
properties.

Recordings were obtained using an AxoClamp-2B amplifier,
digitalized using the Digidata-1440 interface, and acquired
and analyzed using the pCLAMP-11 (version 11.3) software (all
from Axon Instruments, Molecular Devices, 660-665 Eskdale
Rd, Winnersh, Triangle, Wokingham RG41 5TS, UK).

Results
Composition of different cocoa powders

Significant differences among the studied cocoa powders in
terms of bioactive compounds and antioxidant activity were
found."® The nutritional composition based on labelling of the
selected cocoas is shown in ESI Table 2.1 Concerning bioactive
compound composition, the cocoa powder with the highest
values presented a TPC of 57.4 mg gallic acid equivalents
(GAE) per g d.w., flavanol content of 28575.06 pg catechin
equivalents (CE) per g d.w. and antioxidant activity of 97.94,
267.43 and 98.74 mg Trolox equivalents (TE) per g d.w. for
DPPH, ABTS and FRAP, respectively, while the one with the
lowest values had a TPC of 9.2 mg GAE per g d.w., flavanol
content of 3,298.89 pg CE per g d.w., and 30.77, 73.97 and
28.88 mg TE per g d.w. of antioxidant activity measured by
DPPH, ABTS and FRAP assays, respectively. Those two cocoa
powders were finally selected for further experiments, one with
the highest TPC, procyanidins and antioxidant activity (HPC)
and other with the lowest values (LPC). Considering an average
pellet intake per mouse of 5 g per day (enriched with 10%
HPC or LPC), the calculated intake of phenolics, flavanols, and
methylxanthines was higher in mice on the HPC diet than in
those on the LPC diet (Table 1).

Supplementing cocoa in diets increased food consumption

Both groups of cocoa-fed mice freely increased food consump-
tion when assessed during the four following weeks compared
to control animals [repeated measures ANOVA ‘diet x day’:
effect for ‘diet’: F(2, 45) = 17.731, p < 0.001; ‘day’: F(7, 315) =
22.613, p < 0.001; ‘diet x day’: F(14, 315) = 2.405, p = 0.003; LSD
post hoc analysis is shown in Fig. 1B]. However, such increased

Table 1 Summary of the bioactive compounds from cocoa daily intake, considering an average pellet intake per mouse of 5 g day™* (enriched with
10% HPC or LPC) expressed as mg per kg body weight x day. Expressed as mean + s.d

Bioactive compounds

HPC LPC

Total phenolic content (TPC) (mg GAE per kg)
Flavanols (mg CE per kg)

Methylxanthines (mg kg )

- Caffeine (mg caffeine per kg)

- Theobromine (mg theobromine per kg)

Different letters (a,b) in the same line indicate significant differences.

This journal is © The Royal Society of Chemistry 2024

191.67 + 30.42b
68.75 £ 0.83b
573.75 + 60.83b
296.67 + 59.36b
276.88 +1.67

1195.83 + 27.5a
595.42 +1.25a
815.83 £17.92a
563.75 £ 1.25a
251.88 +£42.92
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food consumption did not yield notable changes in body
weight gain which was similar to that in controls. Moreover,
LSD post hoc analysis did not reveal significant differences
between the CTR group and any of the cocoa-treated groups
(Fig. 1C). During the analysis of sex differences, food con-
sumption was not influenced by the sex of the animals.
Nevertheless, male mice exhibited a higher body weight than
females (ESI Fig. 17).

Locomotor activity was reduced by LPC-enriched diet, with no
differences in anxiety-like behavior

In the elevated plus maze, there were no significant differences
among treatments in total locomotion, total time spent in
open arms or latency to enter an open arm (Fig. 2A). However,
exploration of a novel open field revealed reduced locomotor
activity in the LPC group [F(2, 45) = 5.790, p = 0.006; LSD post
hoc analysis is shown in Fig. 2B], while the time spent in the
center of the apparatus was not altered (Fig. 2B). There were
no differences related to sex in these tasks.

Only HPC-enriched diet promoted object recognition memory

Results from the sample, object and place recognition memory
sessions are reported at a 7 min trial duration, as we found
that this cut-off time maximized between-group differences.
HPC-fed mice showed increased object memory [one-way
ANOVA: F(2, 45) = 3.729, p = 0.032; LSD post hoc analysis is
shown in Fig. 2C], while all groups performed similarly in the
place memory test (Fig. 2C). Mice fed either of the cocoa-
enriched diets spent less time exploring objects than CTR
mice [repeated measures ANOVA ‘diet x session’: effect for
‘diet’: F(2, 45) = 3.193, p = 0.050; ‘session’: F(2, 45) = 4.387,p =
0.015; ‘diet x session’: F(4, 90) = 1,343, p = 0.260; LSD post hoc
analysis is shown in Fig. 2C], although locomotion was similar
in all groups. During the analysis of sex differences, the effects
of diet on recognition-related measures and locomotion were
not influenced by the sex of the animals. Nevertheless, male
mice spent more time exploring objects than females (ESI

Fig. 27).

Both cocoa-enriched diets increased immobility behavior
during forced swimming

In the forced swimming test, mice fed with any of the cocoa-
enriched diets showed more immobility and less struggling
than their CTR counterparts [one-way ANOVA: struggling: F(2,
45) = 8.206, p < 0.001; immobility: F(2, 45) = 8.578, p < 0.001;
latency to immobility: F(2, 45) = 9.736, p < 0.001; LSD post hoc
analyses are shown in Fig. 2D]. There were no differences
related to sex in this task.

Both cocoa-enriched diets initially reduced swimming velocity
but did not modulate spatial memory

In the 5 min habituation trial with no platform, the treatment
did not affect the preference for different maze zones, such as
the periphery (thigmotaxis) (Fig. 3A) or each of the four
different quadrants (data not shown).
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However, the cocoa-treated groups initially showed a
reduced swimming velocity compared to controls. This was
evident during habituation [F(2, 45) = 4.479, p = 0.017; LSD
post hoc analysis is shown in Fig. 3A] and also during visible
platform training, mostly evident during the first sessions
[repeated measures ANOVA ‘diet x trial: effect for ‘diet’: F(2,
45) = 8.703, p < 0.001; ‘trial’: F(7, 315) = 2.886, p = 0.006; ‘diet x
trial’: F(14, 315) = 1.118, p = 0.340; LSD post hoc analysis is
shown in Fig. 3B]. Interestingly, the CTR mice progressively
reduced their higher swimming velocity as they were trained to
reach the visible platform (i.e. sessions 1-3 on day 1 were
different from sessions 3 and 4 on day 2; LSD post hoc analysis;
p < 0.05). This reduced swimming velocity may affect the
outcome of a classic learning-related measure in the water
maze such as the escape latency. In fact, both cocoa-fed
groups initially took more time to reach the visible platform
than controls [effect for ‘diet’: F(2, 45) = 8.195, p < 0.001; ‘trial’:
F(7, 315) = 12.663, p < 0.001; ‘diet x trial’: F(14, 315) = 0.656, p
= 0.817; LSD post hoc analysis is shown in Fig. 3B].
Nevertheless, the path length (i.e. total distance swam), which
is based on the trajectory followed from the starting position
to the platform, independently of velocity, was similar among
groups (Fig. 3B).

During the reference memory training (Fig. 3C), there were
no differences among diets, either for the path length, the
latency to find the hidden platform or the swimming velocity.

A probe trial was performed 72 hours after the last refer-
ence memory session to study long-term memory retention
(Fig. 3D). All groups spent more time in the pool quadrant that
previously contained the hidden platform than in the opposite
quadrant and showed similar frequency of crossings over the
previous platform location (‘platform crossings’). A second
probe trial was performed 30 minutes after six training ses-
sions with the hidden platform displaced to the opposite
quadrant (‘inversion’ training) to study short-term acquisition
and cognitive flexibility (Fig. 3E). All groups of mice performed
the same number of platform crossings and were unable to
discriminate the new target quadrant from the opposite. This
outcome suggests that the short ‘inversion’ training was
insufficient for mice to develop a significant preference for the
new platform-containing quadrant, but they were able to extin-
guish the previously acquired preference.

When sex differences were investigated in the water maze
task, the sex of the animals did not modulate the effects of the
diet on the learning-related measures. However, when consid-
ering the overall data across all groups, male mice generally
outperformed females in the visual platform training (escape
latency; ESI Fig. 31) and during reference memory training
(path length, escape latency; ESI Fig. 4 and 57).

HPC-enriched diet potentiated hippocampal adult
neurogenesis and BDNF expression

BDNF expression was analyzed by western blot in both the hip-
pocampus and the prefrontal cortex (Fig. 4A). In the hippo-
campus, BDNF expression augmented in both cocoa-fed
groups compared to the CTR group [one-way ANOVA: F(2, 42) =

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Water maze training. Mice fed either cocoa-enriched diet displayed reduced swimming velocity which was evident at the initial stages of the
task, either at the habituation session (A) or at the visible platform training session (B). However, when trained for reference memory with a fixed
hidden platform (Days 1-4) and when the platform was hidden at the opposite pool quadrant (‘Inversion’ Day), all groups were similar in swimming
velocity as well as in learning-related measures (C). Furthermore, the probe trials did not reveal differences in long-term (D) or short-term (E)
memory retention. Post hoc least significant difference (LSD): difference between groups: #p < 0.05; difference between a group vs. the other two:
*p < 0.05. ANOVA effect for ‘quadrant’ in (D): $Sp < 0.001. Data are expressed as mean + SEM.
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Fig. 4 Fold change of BDNF/adaptin in the hippocampus and the prefrontal cortex of CTR, HPC and LPC mice (A). In the hippocampus, BDNF
expression augmented in both cocoa-fed groups compared to the CTR group, showing no differences regarding the prefrontal cortex (PFC) (B). Post
hoc least significant difference (LSD): between a group vs. the other two: *p < 0.05. Data are expressed as mean + SEM.

4.937, p = 0.012; LSD post hoc analysis is shown in Fig. 4B].
Contrary to the hippocampus, western blot analysis of BDNF
in the PFC did not reveal differences per diet [F(2, 42) = 0.111,
p = 0.895; Fig. 4B].

Regarding AHN markers, diets did not influence the
number of DCX+ neurons with an immature-like (Type 1) mor-
phology (Fig. 5B). However, the HPC diet increased the popu-
lation of proliferating PCNA+ cells [F(2, 19) = 4.279, p = 0.029;
Fig. 5A], the DCX+ neurons with a mature-like morphology
(Type 2) [F(2, 21) = 13.651, p < 0.001; LSD post hoc analysis is
shown in Fig. 5B] and the number of BrdU+ cells that survived
until the end of the experiment [F(2, 21) = 14.019, p < 0.001;
LSD post hoc analysis is shown in Fig. 5C]. While the sex of the
animals did not modulate the impact of diet, female mice
showed less DCX+ neurons than males (ESI Fig. 6t). There
were no differences in all treatments in their differentiation
into mature neurons, as shown in the double staining of BrdU/
NeuN (Fig. 5D).

Cocoa intake did not influence synaptic plasticity at the CA3-
CA1 region

Input-output curves, obtained in order to analyze the impact
of cocoa on basal synaptic transmission, revealed no statisti-
cally significant differences between experiments (Fig. 6C).
Recordings from slices obtained from animals treated with
cocoa exhibited no significant differences compared to those
from the CTR group in terms of LTP (Fig. 6D). Regarding PPF,
analysis of the changes in field slope ratios measured across
all interpulse intervals examined, including both the PPF
before and after LTP, indicated no significant differences
between groups (Fig. 6E), suggesting that cocoa did not impact
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the properties of short- and long-term synaptic plasticity in the
dorsal hippocampus.

Discussion

This work was aimed to describe the effects of chronic con-
sumption of two cocoa-enriched diets on brain plasticity and
behavior in healthy young adult mice of both sexes. HPC diet
surpassed the LPC diet not only in the total phenolic com-
ponent (approximately 6.2 times higher in the HPC), but also
in its total levels of caffeine (approximately 1.9 times higher in
the HPC). Conversely, cocoas were similar in nutritional com-
ponents such as fat, proteins, and sugars. Despite the fact that
caffeine doses consumed by mice fed both cocoa-enriched
diets were elevated compared to those in other mouse studies
(roughly 2.8 times higher in the HPC diet and 1.5 higher in
the LPC diet),*>*” polyphenol doses in the HPC diet were also
markedly elevated (~6 times higher) compared to those in the
previous literature.*®*® Importantly, while considering the
potential adverse effects of caffeine on health, the action of
polyphenols is known to mitigate methylxanthine’s effects.'®
Thus, while the varying effects of cocoa-enriched diets in this
study are likely attributable to the action of polyphenols, we
cannot discount other alternative explanations, such as poten-
tial interactions among other constituents. Hence, it is valu-
able to study the effects of whole cocoa products, which are
commonly consumed in everyday diets, rather than adminis-
tering the components separately.

Despite the similar caloric content of the three diets, mice
fed either of the cocoa-enriched diets showed increased
(approximately by +18%) total food consumption during the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Brain plasticity measures. (A—C) Mice fed with the HPC-enriched diet showed increased adult hippocampal neurogenesis. This difference
was evident regarding proliferating cells (A), young DCX+ neurons with a mature-like morphology (Type 2; B) and in the number of BrdU+ cells that
survived until the end of the experiment (C). This difference did not reach significance regarding young DCX+ neurons with an immature-like mor-
phology (Type 1; B) and in their differentiation into mature neurons (D). White arrows represent PCNA, BrdU and DCX type 2+ cells. The dark arrow
represents DCX type 1+ cells. Post hoc least significant difference (LSD): difference between a group vs. the other two: *p < 0.05; **p < 0.001. Data
are expressed as mean + SEM.

first four weeks compared to mice fed the CTR diet. A possible sumption (i.e. ‘hedonic hunger’) in the absence of homeostatic
explanation is that cocoa supplementation may result in hunger [reviewed in ref. 50]. Chocolate is regarded as highly
rewarding for mice, hence it could stimulate appetite and con- palatable for rodents.”® However, reward studies should be per-
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and CAl synaptic regions, respectively. (C) Analysis of basal synaptic transmission (input/output curves). (D) Averaged values of the fEPSP slopes
through time. The time of delivery of the high-frequency stimulation (HFS) protocol and the long-term potentiation (LTP) are indicated by wide-
pointing filled arrows. (E) Paired-pulse facilitation (PPF) used to induce short-term synaptic strengthening both before and after the induction of LTP.

Data are expressed as mean + SEM.

formed specifically with natural cocoa, since chocolate reward
may not only be attributed to components present in cocoa —
such as methylxanthines - but to chocolate’s particular attri-
butes, such as its sweetness.”" In any case, consumption of the
cocoa-enriched diets did not increase body weight, in accord-
ance with previous reports. In fact, cocoa is regarded as a
natural anti-obesity product in animal models acting through
different mechanisms such as reducing adipogenesis or
increasing antioxidant response.’>>* Accordingly, a meta-ana-
lysis of randomized clinical trials concluded that diet sup-

8322 | Food Funct,, 2024, 15, 8310-8329

plementation with cocoa or dark chocolate did not affect body
weight and other anthropometric measures, and body weight
could even be reduced by certain consumption schedules.>
Regarding emotional measures, it is a popular belief that
cocoa-containing foods are positive regulators of mood.
Clinical literature in healthy adults with no psychiatric dis-
orders overall supports that cocoa-rich products reduce
depressive and anxiety symptoms; however, caution has been
drawn on the short administration schedule used in the avail-
able studies (usually less than 1 week) as well as on the

This journal is © The Royal Society of Chemistry 2024
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reduced number of participants involved.>® On the other hand,
experimental research in rodents using cocoa, cocoa flavanol
extract or cocoa-rich products is scarce and inconclusive.
Regarding anxiety-like responses, cocoa mass had an anxiolytic
effect in adult male rats when administered acutely but not
when administered for 2 weeks.*®In contrast, chronic adminis-
tration (i.e. for 14 or 24 weeks) of the flavanol (—)epicatechin
may reduce anxiety-like measures in healthy male mice;>’
however, another study concluded that only pathologically
anxious obese male mice, and not healthy controls, were bene-
fited by (—)epicatechin treatment.>® For depression-like
responses, adult male rats administered a cocoa polyphenolic
extract for 14 days showed reduced immobility in the FST with
no changes in exploratory activity. But this effect was not
evident in the initial exposure to the FST but in a second reten-
tion trial, in which the animals were already familiarized with
the test.*” Notably, the second FST trial involves non-emotion-
al components, for example, memory for the previous exposure
to the task.>® In a different research study, mice’s diet was sup-
plemented with 10% cocoa-based dark chocolate for 3 weeks,
revealing increased locomotor activity and motor coordination
but no effects on anxiety or depression-related variables (exam-
ined with the EPM and FST tests, among others).*” In con-
clusion, preclinical data do not yet support a strong effect of
cocoa-derived products on emotional variables.
Methodological differences among studies regarding the pro-
perties of the cocoa-derived product administered, the animal
model used, or the administration schedule are likely respon-
sible for some of the discrepancies. Furthermore, it is note-
worthy that few studies used natural cocoa or female rodents,
making direct comparisons between the present study and pre-
vious data challenging.

In the present work, cocoa — regardless of its phenolic
content - had no clear effects on modulating anxiety-like beha-
viors (i.e. in the OFT and EPM) when chronically administered
to healthy young male and female mice. Nevertheless, both
groups of cocoa-fed mice showed reduced highly active
attempts to escape from water (struggling) while increasing
immobility behavior in the FST. While immobility has been
classically considered as a depression or despair-like
response,®®®! several factors should be taken into account to
interpret this outcome. First, mice fed either of the cocoa-
enriched diets also showed a decreased swimming velocity in
the first water maze sessions (i.e. the habituation session and
the initial sessions with a visible platform). Since the CTR
mice showed gradually decreased swimming velocity as they
became habituated to the water maze task, the cocoa-treated
mice may have displayed increased resilience to an acute water
stressor. In this regard, there has been a shift towards the
interpretation of the FST immobility behavior as an adaptative
mechanism for mice to cope with the inescapable water
stressor®”®’ whereas animals vulnerable to stress would
expend higher energy attempting to escape fruitlessly.®* Given
these considerations, further investigation is warranted to
examine the role of cocoa-enriched diets in regulating the
stress response and its habituation.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Second, FST behavior may be strongly modulated by
changes in motor activity,® so it is advisable to combine the
FST with motor activity tests to rule out this confounding
factor.’> For example, environmentally-enriched male mice
that travelled less distance in novel environments would
struggle less in water.>> Reduced motor and exploratory acti-
vation was induced by cocoa (specifically the LPC) in the OFT
when this environment was novel, and both cocoa-enriched
diets reduced total object exploration. Locomotion, exploration
and novelty-seeking are reward-related responses modulated
by the mesolimbic system, which in turn interacts with food
reward, hunger and satiety signals.®® As we have discussed pre-
viously, cocoa-enriched diets could have been more rewarding
for mice than the standard diet, considering increased food
intake measures.

We also researched whether cocoa could modulate declara-
tive memory, measured using object and place recognition
memory and spatial navigation tasks. Episodic-like memory is
the memory for everyday life experiences, and allows to encode
several components of an event such as what, when and
where. The object recognition paradigm mainly assesses the
‘what’ component, while the place recognition memory para-
digm would assess the ‘where’.®® Although both cocoa-
enriched diets reduced total object exploration, such dimin-
ished motivation for objects did not prevent novelty prefer-
ence. In fact, the HPC-enriched diet, but not the LPC-enriched
diet, potentiated long-term object recognition memory com-
pared to the control diet. Previous research converge with our
results as administering the flavanol (—)epicatechin for 4
weeks improved object recognition memory at 1 h and 24 h
retention intervals in both young and aged male mice, sup-
porting a role of cocoa polyphenols in object recognition
memory.®® In our case, monomers (catechin + epicatechin)
accounted for > 27% of the total flavanols present in the HPC,
which means 74.4% higher content than in the LPC diet. On
the other hand, neither cocoa-enriched diet influenced novel
place recognition memory, nor spatial memory acquisition
and consolidation tested in the water maze.

All of these declarative memory tasks require the integrity
of the hippocampus and the medial temporal lobe as well as
its associated structures such as the medial prefrontal
cortex.®®"°® However, their neurobiological substrate does not
completely overlap. For example, while the hippocampal par-
ticipation in the novel place memory is consistently recog-
nized, the hippocampal involvement in novel object memory
seems to be conditioned to a number of methodological
factors,®® and it usually requires a long delay imposed between
the sample and the test trials such as the one used here
(24 h).*” Object memory is also frequently dissociated from
spatial navigation memory, as it is not unusual for different
enhancing or deleterious treatments to modulate one type of
memory but not the other [e.g. ref. 35, 69 and 70]. While pre-
vious finding has reported that the flavanol (—)epicatechin
would improve spatial reference memory, the effect was most
evident when this treatment was combined with physical exer-
cise in female mice.”* In another report, a diet containing
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cocoa prevented spatial memory impairment in aged rats.?!
Thus, our study does not rule out a potential beneficial effect
of cocoa or its phenolic compounds on spatial memory, which
may require certain adjunct treatments or be more evident in
individuals with cognitive impairment. On a different note, we
did not find a sex-dependent effect on the modulation of be-
havior by the cocoa-enriched diets. Independently of the diet,
here there was a slightly delayed reference memory learning in
female mice. While sex differences are not the focus of this
manuscript, this effect is extensively discussed in our previous
report®” and in the ESL}

At the neurobiological level, we evaluated BDNF expression
in the prefrontal cortex and the hippocampus, only finding
changes in the latter. Increases in either circulating BDNF con-
centration in humans’® or hippocampal BDNF expression in
rodents”® have been associated with diets rich in polyphenols.
However, we did find that hippocampal BDNF was increased
by both cocoa-enriched diets, independently of their phenolic
content. It should be noted that other cocoa components
present in both diets might account for this effect. For
instance, theobromine, which was equally present in our
cocoa-enriched diets, could have contributed to the increase in
hippocampal BDNF levels.”*7®

In addition, a key result of this study is that only the HPC-
enriched diet upregulated AHN, compared to the CTR and LPC
diets. This upregulation in the HPC group appeared to be
driven both by enhanced cell proliferation, as indicated by the
increased number of PCNA+ cells, as well as by improved cell
survival. Specifically, there was a marked increase in the
number of BrdU+ cells that differentiated into neurons and
survived until the end of the experiment in the HPC-fed mice.
This was accompanied by a higher number of young DCX+
neurons that were postmitotic and exhibited a mature-like
morphology.*! Previous studies have linked dietary polyphe-
nols to stimulation of AHN, acting through several mecha-
nisms that may involve anti-inflammatory and antioxidant
activity, as well as modulation of neurotransmitters or
neurotrophins,®”””” but a pro-neurogenic effect was not studied
after specific administration of cocoa-derived polyphenols or
whole natural cocoa. Considering that the adult-born hippo-
campal neurons may enter the hippocampal circuitry at a
young age, while still immature - the first output synapses
may occur at 2-3 weeks of age -,”® it is possible for the
increased AHN to contribute to the behavioral phenotype of
the HPC mice. However, the functional role of AHN remains
ambiguous. In humans, the existence of AHN is currently
under debate.””®® In rodents, AHN is interpreted as a mood
regulator that provides resilience to stress, being also involved
in hippocampal-dependent memory consolidation, updating
and forgetting.®" Nevertheless, most literature studies, such as
the present report, only show a correlational relationship
between increased AHN and a healthier behavioral response
after unspecific manipulations of AHN (i.e. by exercise, learn-
ing, novelty, dietary changes,...). Compared to loss-of-function
studies, there are very few gain-of-function studies that selec-
tively increase AHN to causally demonstrate an effect of an
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augmented number of these neurons on behavior.*> In any
case, AHN is a well-established marker of hippocampal neuro-
plasticity in preclinical literature which may be stimulated by
natural cocoa, but only when sufficient amounts of phenolic
compounds are present in its composition.

Finally, we evaluated the influence of cocoa on hippocam-
pal synaptic plasticity, finding no differences among groups. It
was previously shown that mice fed a diet supplemented with
10% cocoa-based dark chocolate — with unknown phenolic
content - displayed hippocampal hyperexcitability and
reduced GABA-al receptor levels in the dentate gyrus, when
using a combined low Mg>* and pharmacological GABAergic
neurotransmitter-inhibition as a strategy to unmask potential
seizure-like responses resembling features of epilepsy.*” This
raised concerns regarding a deleterious epileptogenic effect of
cocoa, which may be explained by its methylxanthine
content.®? In contrast to Cicvaric et al. (2018), here we purpo-
sely avoided using seizure-like models of epilepsy in order to
experimentally recreate physiological conditions more closely
resembling in vivo synaptic activity and plasticity-related func-
tions. Under our experimental conditions, none of the cocoa-
enriched diet groups displayed hippocampal seizure-like
hyperexcitability or an impairment or enhancement of the pro-
perties of basal hippocampal synaptic transmission or short-
or long-term forms of synaptic plasticity as examined in CA3-
CA1 synapses. These observations dismiss possible detrimen-
tal effects of the different cocoa sources on the examined
synaptic functions and align with the absence of effects on
hippocampal memory evaluated in the water maze, as it has
been widely established that CA3-CA1 synapses play key roles
in spatial memory acquisiton and maintenance.®*
Nevertheless, there are several other potential target areas of
the brain not examined here by electrophysiological methods
(including the hippocampal dentate gyrus), which are known
to play key roles in memory-related functions and that could
be influenced by polyphenols and other bioactive molecules
found in the cocoa varieties used here. Given that we report
specific effects on the dentate gyrus region (significantly
enhanced AHN) in response to HPC, future electrophysiologi-
cal studies examining the effects of HPC on the electrophysio-
logical synaptic properties of dentate gyrus synapses are there-
fore encouraged. This exploration may shed light on potential
effects of HPC on neurogenesis-dependent long-term forms of
synaptic potentiation.®>%¢

In conclusion, our study shows that chronic consumption
of two different cocoa-enriched diets increased hippocampal
neuroplasticity (BDNF expression) and modulated behavior in
both male and female mice. However, only cocoa with a high
phenolic content was able to potentiate object memory and
increase AHN, a neuroplastic process in rodents that usually
correlates with healthy cognition and emotional regulation.
This result may have important implications when using cocoa
as a nutraceutical tool, considering that the available cocoa
products in the market may strongly differ in their phenolic
composition. However, several limitations in this study should
be noted. First, the findings are based on animal models,
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which may limit direct translation to human physiology. In
human clinical trials, the effects of dietary interventions invol-
ving cocoa on brain health have been inconsistently reported.
Second, although the study focused on hippocampal neuro-
plasticity and behavior, as well as the actions of cocoa polyphe-
nols, further investigation into other neurobiological mecha-
nisms or the influence of other cocoa components is war-
ranted. These limitations underscore the importance of future
research to thoroughly explore the potential benefits and
mechanisms of cocoa-derived compounds for enhancing cog-
nitive function - in both normal and pathological conditions —
and mitigating age-related cognitive decline, across both
animal and human models.
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