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ARTICLE INFO ABSTRACT

Handling editor: Tallie Z Baram Stress exposure during the sensitive period of early development has been shown to program the brain and

increases the risk to develop cognitive deficits later in life. We have shown earlier that early-life stress (ES) leads

Keywords: to cognitive decline at an adult age, associated with changes in adult hippocampal neurogenesis and neuro-

Early-life stress inflammation. In particular, ES has been shown to affect neurogenesis rate and the survival of newborn cells later

PMOilc);I;hir;Ols in life as well as microglia, modulating their response to immune or metabolic challenges later in life. Both of

Cognitgion these processes possibly contribute to the ES-induced cognitive deficits. Emerging evidence by us and others
indicates that early nutritional interventions can protect against these ES-induced effects through nutritional
programming. Based on human metabolomics studies, we identified various coffee-related metabolites to be part
of a protective molecular signature against cognitive decline in humans. Caffeic and chlorogenic acids are coffee-
polyphenols and have been described to have potent anti-oxidant and anti-inflammatory actions. Therefore, we
here aimed to test whether supplementing caffeic and chlorogenic acids to the early diet could also protect
against ES-induced cognitive deficits. We induced ES via the limited nesting and bedding paradigm in mice from
postnatal(P) day 2-9. On P2, mice received a diet to which 0.02% chlorogenic acid (5-O-caffeoylquinic acid) +
0.02% caffeic acid (3',4-dihydroxycinnamic acid) were added, or a control diet up until P42. At 4 months of age,
all mice were subjected to a behavioral test battery and their brains were stained for markers for microglia and
neurogenesis. We found that coffee polyphenols supplemented early in life protected against ES-induced
cognitive deficits, potentially this is mediated by the survival of neurons or microglia, but possibly other
mechanisms not studied here are mediating the effects. This study provides additional support for the potential of
early nutritional interventions and highlights polyphenols as nutrients that can protect against cognitive decline,
in particular for vulnerable populations exposed to ES.

life (Short and Baram, 2019; Carr et al., 2013; Naninck et al., 2015). This
association is confirmed by preclinical studies in which ES led to
1. Introduction cognitive impairments which were accompanied by specific alterations
in brain plasticity, including adult hippocampal neurogenesis (Naninck

Exposure to stress during early-life is associated with an increased et al., 2015; Baek et al., 2011; Lajud et al., 2012; Mirescu et al., 2004;
risk to develop cognitive impairments and psychopathologies later in
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Abbreviations

BBB Blood brain barrier

BrdU 5-bromo-2-deoxyuridine

CA Cornu ammonis

CTL Control

DG Dentate gyrus

ES Early-life stress

HCPC Hierarchical clustering of principle components
ITI Intertrial interval

LBN Limited bedding and nesting
ML Molecular layer

MWM Morris water maze

MS Maternal separation

OLT Object location task

ORT Object recognition task

P Postnatal day

PB Phospate-buffered

PBS Phosphate-buffered saline

PCA Principal component analysis

PFA Paraformaldehyde

Poly Diet containing 0.02% chlorogenic acid and 0.02% caffeic
acid

PPS Postpartum stress

PUFAs  Polyunsaturated fatty acids

ROI Region of interest

RT Room temperature

SEM Standard error of the mean

SGZ Subgranular zone

SLM Stratum lacunosum moleculare

Std Standard

TBS Tris-buffered saline

v Ventral

Oomen et al., 2009; Lucassen et al., 2015; Korosi et al., 2012) and
neuroinflammation (Hoeijmakers et al., 2014, 2017; Bachiller et al.,
2022; Lumertz et al., 2022; Reemst et al., 2022a). In particular, we and
others have shown earlier that the survival of newborn cells (Naninck
et al., 2015) and of other stages of adult hippocampal neurogenesis are
reduced by ES (Baek et al., 2011; Lajud et al., 2012; Oomen et al., 2009).
Concerning neuroinflammation, ES further affects the ‘macrophages of
the brain’, i.e. the morphology, transcriptome and phagocytic capacity
of microglia, as well as their response to later life challenges (e.g. LPS
administration) (Hoeijmakers et al., 2017; Reemst et al., 2022a; Delpech
et al., 2016; Diz-Chaves et al., 2013; Dayananda et al., 2023). Given
their functional roles, the ES-induced alterations in hippocampal neu-
rogenesis and microglia could potentially contribute to the observed
cognitive deficits later in life (Green and Nolan, 2014).

While there has been great progress in understanding the neurobi-
ological processes contributing to the ES effects on cognition later in life,
effective interventions for this vulnerable population are currently still
lacking. There is evidence that early nutritional interventions could
prevent the ES-induced changes in behavior (Arabi et al., 2021; Donoso
et al., 2020; Naninck et al., 2017; Yam et al., 2019; Juncker et al., 2022).
For example, we have shown in a limited bedding and nesting model
(LBN) that ES led to impairment in spatial memory and object recog-
nition tasks in males, but not females (Naninck et al., 2015) and that
early supplementation with early micronutrients (P2-9) or N-3 poly-
unsaturated fatty acids (PUFAs) from P2-42 protected against these
ES-induced cognitive deficits later in life (Naninck et al., 2017; Yam
et al., 2019). In particular, these beneficial effects of N-3 PUFA sup-
plementation were associated with a rescue of the ES-induced alter-
ations in the survival of newborn cells and neuroinflammation (Yam
et al., 2019).

Recently, also other potential candidates for nutritional in-
terventions have surfaced. In fact, in an untargeted metabolomic pro-
spective cohort study (spanning 12 years of cognitive assessment follow-
up), coffee-metabolites, which are markers of consumption of coffee,
were identified to be protective against cognitive decline in humans
(Low et al., 2019; Gonzalez-Dominguez et al., 2021). This raised our
interest in the potential protective effects of more bioactive compounds,
such as coffee-derived polyphenols including chlorogenic and caffeic
acid. Therefore, we here aim to further investigate the potential of these
polyphenols, and test whether they can be protective against cognitive
decline in ES-exposed male mice.

Polyphenols are plant metabolites naturally occurring in many fruits,
vegetables, coffee, tea, and wine (Quideau et al., 2011) and their pro-
tective potential in the context of psychiatric- and cognitive disorders
has been suggested before (Morris et al., 2021; Gomez-Pinilla and

Nguyen, 2012; de Vries et al., 2021). Although the exact mechanisms of
action of these compounds and their microbial metabolites in the brain
are not fully understood, they have demonstrated to be able to positively
affect cerebrovascular blood flow, protect the blood-brain barrier (BBB)
and to mitigate neuroinflammation through the modulation of diverse
intracellular signalling pathways and the regulation of transcription
factors such as Nuclear factor-x B, Nuclear factor erythroid 2-related
factor 2, and Aryl hydrocarbon receptor, resulting in particular in an
inhibition of the release of cytokines and other pro-inflammatory me-
diators, as well as a reduction of reactive oxygen species generation in
response to microglia activation (Corral-Jara et al., 2021; Pinto et al.,
2023; Carregosa et al., 2021; Vauzour, 2017). An effect through the
intestinal barrier protection has also been suggested (Wang et al., 2022).

There is further evidence that magnolia polyphenols attenuate
oxidative- and inflammatory responses in neurons and microglial cells
(Chuang et al, 2013) and that flavonoids extracted from
Xiaobuxin-Tang reverse decreases in hippocampal neurogenesis and
neurotrophic molecule expression in chronically stressed rats (An et al.,
2008), suggesting that polyphenols might exert their beneficial effects
via modulation of microglia and hippocampal neurogenesis. These
properties are specifically interesting in the context of ES as the
neuro-immune system (Hoeijmakers et al., 2017; Bachiller et al., 2022;
Lumertz et al., 2022) and neurogenesis (Naninck et al., 2015) have been
reportedly affected by ES. There is also evidence that polyphenols
(ferulic acid (Zheng et al., 2019) and kolaviron (Omotoso et al., 2020))
protect against behavioral alterations induced by ES (in the form of
prenatal stress (Zheng et al., 2019) and maternal deprivation (Omotoso
et al., 2020)) when administered after the stressor (P60-88) and
(P21-35) respectively.

Here, we study whether polyphenols derived from coffee (0.02%
chlorogenic acid and 0.02% caffeic acid, equivalent to 2 cups of coffee)
supplemented early in life could protect against chronic ES-induced ef-
fects on cognition in mice. We focus on male mice due to their increased
vulnerability to cognitive decline when exposed to LBN (Naninck et al.,
2015). In addition, we study whether this dietary modulation could be
mediated by newborn cell survival or microglia. We show that the
ES-induced cognitive decline is prevented by an early diet (P2-42)
supplemented with chlorogenic- and caffeic acid and that the modula-
tion of microglia, but not newborn cell survival, might contribute to
these effects.
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2. Material and methods
2.1. Animals, ES model and diet

C57BL/6 mice were bred in-house to control for perinatal environ-
mental conditions, as described previously (Naninck et al., 2015). If a
nest was detected between 9 a.m. and 10 a.m., PO was assigned to the
day before. Dams and her pups were exposed to postpartum stress (PPS)
and ES respectively, using the LBN paradigm from P2-9, as previously
described (Naninck et al., 2015; Rice et al., 2008). Briefly, at P2, nests
were culled to 5-6 pups keeping the sex-ratio as equal as possible, fol-
lowed by random assignment to either stress-control ((CTL): 100 g
bedding, 1 piece of nestling material; ES: 33 g bedding, half a nestlet,
stainless steel grid mesh placed 1 cm above bedding) and both diet
conditions. Dams were introduced to either a grain-based diet (AIN-93G,
Ssniff-Spezialdiaten GmbH, Soest, Germany) containing 0.02% chloro-
genic acid (5-O-caffeoylquinic acid) + 0.02% caffeic acid (3',4-dihy-
droxycinnamic acid) (Poly), or a standard chow diet (Std) matched to
this diet from P2-42. Our diets (both experimental and control diet) were
grain-based diets, as synthetic diets may lack essential fibers, which in
turn could lead to compromised gut health and systemic inflammation,
potentially influencing outcome measures (Pellizzon and Ricci, 2020;
Tuck et al., 2020).

Male mice were weaned at P21 and littermates were group-housed
(2-4 animals per cage). At P42, all mice were switched back to stan-
dard chow (CRM(P)). Mice were weighed at the start and end of the ES-
paradigm and dietary intervention, at weaning, and then monthly until
sacrificed. Before animals were weaned, the weight increase of an in-
dividual animal versus the average weight of animals in a cage was
calculated. Food intake was measured throughout the dietary inter-
vention up until one week after. Food intake by the dams exposed to PPS
was recorded from P2-9 and from P9-21 and corrected for litter size.
Total food intake by pups exposed to ES was corrected for the number of
cage mates. Animals were further left undisturbed until an age of P120
+ 15 days. For an overview of the experimental design, see Fig. 1A. All
experimental procedures were executed according to the Dutch national
law and European Union directives on animal experiments and were
approved by the animal welfare committee of the University of
Amsterdam.

2.2. Behavioral observations and testing

Male mice (CTL Std n = 12; ES Std n = 12; CTL Poly n = 9; ES Poly n
= 14) were subjected to a behavioral test battery including the object
recognition task (ORT), the object location task (OLT) and the Morris
water maze task (MWM). During testing, the mice were recorded by a
video camera connected to a computer, set up with Ethovision software.
The ORT and OLT videos were manually scored by an experimenter
blind to the conditions using Observer XT 9.0 (Noldus Information
Technology). Two weeks before the first behavioral test starting around
four months of age, the mice were housed in a room with a reversed
dark/light schedule (12/12 h light/dark - lights on at 8 p.m.). All mice
were handled for 5 min for five consecutive days prior to behavioral
testing. During testing, mice were brought into the testing room 1 h prior
to the start of the habituation, training, or testing. All behavioral testing
was done during the dark (active) phase. There was a one-day interval
between the ORT, the OLT and the MWM. Because the behavioral ex-
periments were performed in two batches, we corrected for batch effects
when necessary, using a linear mixed model.

2.2.1. Object recognition task

Prior to the ORT, animals were habituated for 5 min every day for
three days to the testing arena (transport box L x B = 34.8 x 27.5 cm),
which was covered with sawdust. Subsequently, during the training
phase, mice were left to freely explore two identical objects for 5 min.
After an intertrial interval (ITI) of 24 h, one of the objects was replaced
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by a novel object and mice were again left to freely explore both objects
for 5 min and the time that the head of the animal was in close proximity
to the objects was scored and the discrimination index calculated (see
2.2.2.1).

2.2.2. Object location task

Mice were re-habituated to the testing arena for 5 min in one day.
Two identical objects (but distinct from the objects used for the ORT)
were placed in the testing arena. During the training, animals were
allowed to freely explore both objects. The next day, after an ITI of 24 h,
one object was moved to a novel location in the testing arena. The mice
were reintroduced to both objects for 5 min and again scored for the
time that the head of the animal was in close proximity to the objects
was scored and the discrimination index calculated (see 2.2.2.1) 2.2.2.1
OLT and ORT analyses.

Analysis was done in the same way for the ORT and the OLT. For both
the training and testing phase of the ORT and OLT, we assessed the
discrimination index (For training: (total exploration time object 1 —
total exploration time object 2)/(total exploration time objectl + object
2), for testing (total exploration time novel object — total exploration
time familiar object)/(total exploration time novel object + total
exploration time familiar object)), which is used as an index of memory.
An index significantly above 0 indicates a preference for the novel ob-
ject. The mean discrimination index of each group was compared to zero
by performing a one-sample t-test. To assess stress and diet effects on the
DI among experimental groups, we performed a two-way ANOVA.
During training, when mice had a cumulative exploration time of less
than 10 s, the animal was excluded from analysis.

2.2.3. Morris water maze

During habituation, the mice were placed in the centre of a circular
maze (diameter: 100 cm) filled with water (20-23 C) with a platform in
one of the quadrants and allowed to explore for 60 s. The water level was
as such that the platform rose 1-2 cm above the water, visible for the
mice. The habituation phase lasted one day with two trials and an IT] of
30 min.

Before the acquisition phase started, water was opacified by non-
toxic, white paint. Spatial cues were placed on the walls encircling the
pool and the platform was now placed 1 cm below the water surface in
the northwest-quadrant. Animals were allowed to swim from starting
point to the platform for a maximum of 60 s, to prevent fatigue. An ego-
centric search strategy was prevented by randomly varying the starting
point between trials. The acquisition phase lasted six days with two
trials and an ITI of 30 min. For each trial, the latency towards entrance of
the platform was measured.

At the end of the acquisition phase, the platform was removed for the
probe trial. During the probe trial (which lasted 60 s), the time spent in
the correct quadrant was scored. During the probe trial, the percentage
of time spent in the target quadrant was used as an index of memory: a
percentage significantly above 25 (chance level) indicates a preference
for the quadrant where the platform used to be and is used as a proxy for
memory. For the reversal phase, the platform was brought back into the
pool in the southeast-quadrant and animals were tested for cognitive
flexibility. In a trial, animals were allowed to swim from the starting
point to the platform for a maximum of 60 s. The reversal phase lasted
four days with two trials and an ITI of 30 min. For each trial, the latency
to reach the platform was measured.

2.3. BrdU injections

Mice were injected intraperitoneally three times a day for two days,
with 5-bromo-2'-deoxyuridine (BrdU; 100 mg/kg, Sigma-Aldrich), at
three weeks after behavioral testing, and four weeks before sacrifice to
ensure that the behavioral tasks did not interact with the BrdU
incorporation.
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2.4. Tissue collection and dissection perfused with saline (0.09% NaCl in Aquadest), followed by 4% para-

formaldehyde (PFA). The perfused brains were post-fixed in 4% PFA for
Four weeks after BrdU injections, the mice were anaesthetized with 24 h before moving them to Phospate-buffered (PB)-azide for temporary
an injection of Euthasol (AST Farma, 100 mg/kg) and transcardially storage. Before sectioning, brain tissue was cryoprotected by moving
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Fig. 1. - Experimental workflow, and ES and diet effects on bodyweight, behavior and survival of newborn cells. A) Experimental design. Mice were exposed
to ES using LBN from P2-9. At the same time, from P2-42, a polyphenol diet or Std diet was administered. At P120, mice underwent behavioral testing. Three weeks
later, mice were injected with BrdU for 3 times per day for 2 days, and four weeks later, animals were sacrificed. B) ES decreased bodyweight gain between P2-P9,
while diet increased bodyweight gain. C) Discrimination index during the training phase of the ORT was not statistically significant from O for all experimental
groups. D) ES impaired discrimination between novel and familiar objects during the testing phase of the ORT, which was reversed by supplementation with the
polyphenol diet. In general, ES animals discriminated less between novel and familiar objects. E) Discrimination index during the training phase of the OLT was not
statistically significant from 0 for all experimental groups. F) All groups discriminated between novel and familiar objects during the testing phase of the OLT. On the
Std diet, ES animals discriminated less between novel and familiar objects, but this was not the case on the polyphenol diet. G) ES animals had a lower learning score
on the Std diet, but not on the polyphenol diet. H) CTL animals reached the platform more quickly over time on both diets. I) ES animals reached the platform more
quickly over time, and Polyphenol diet fed animals performed better than the Std fed animals. J) ES animals fed the Std diet spent more time in the target quadrant
compared to other quadrants during the probe trial, all other groups failed to perform better than chance. K) Representative stitched overlay image (40x) of BrdU
(red) staining and DAPI (blue) of (part of) the DG for CTL Std animals, dashed lines indicate a zoom-in of that area. L) ES and diet did not affect survival of newborn
cells in the DG. M) Stress and diet did not affect survival of newborn cells in the SGZ. N) There was an interaction of diet and ES in their effect on survival of newborn
cells in the ML. Annotations: For two-way ANOVAs % is day of acquisition effect p < 0.05, $ is ES effect p < 0.05, & is diet effect p < 0.05, " is interaction effect ES x
Diet p < 0.05, * is post hoc Tukey effect p < 0.05; for one-sample t-test # is mean is different from 0 (DI) and 25 (probe trial) p < 0.05, ns is not significant p > 0.05.

All values are Data +SEM.

them first to a 15%, then a 30% sucrose solution in PB at 4 °C. Using a
sliding microtome, all brain tissue was coronally sectioned at a thickness
of 40 pm in 6 parallel series and then stored in anti-freeze (30% Ethylene
glycol, 20% Glycerol, 50% 0.05 M phosphate-buffered saline (PBS)) at
—20 °C before use.

2.5. Immunohistochemistry and imaging

2.5.1. BrdU staining and imaging

BrdU staining was performed in four batches with an equal repre-
sentation of each condition (4 x 8 = 32 animals) per day (total animal
numbers: CTL Std n = 8; ES Std n = 8; CTL Poly n = 8; ES Poly n = 8). We
tested for batch effects and included batch as a factor when necessary in
a linear mixed model. Sections were first mounted on glass slides and
antigen retrieval was performed to improve the immunoreactive signal:
sections were first exposed to 2 N HCI for 20 min at 37 C in an oven and
afterwards washed for 10 min in 0.1 M NayB40;. The sections were then
quickly washed with PBS (0.05 M, 0.9% saline; pH 7.4) before being
incubated for 2 h in blocking solution (3% bovine serum albumin (BSA),
0.30% Triton X-100 in PBS).

Subsequently, the sections were incubated overnight at 4 C with the
primary antibody in blocking solution (Rat anti-BrdU, Accurate Chem-
ical and Scientific Corporation OBT0030, 1:500). Subsequently, the
sections were rinsed for 5 x 5 min with washing solution (PBS-T: 0.25%
Triton X-100 in 0.05 M PBS) before getting incubated with secondary
antibodies (Donkey anti-Rat Alexa fluor 488, Invitrogen Thermo Fisher
Scientific, 1:500; and DAPI, Invitrogen Thermo Fisher Scientific, 1:1000;
in blocking solution) for 2 h on the shaker at RT in the dark. The incu-
bation was followed by a quick wash with PBS and slides were then
covered with embedding medium containing DAPI and coverslipped.

Three stained dorsal (Bregma points —1.06 to —1.94) and three
stained ventral (Bregma points —1.94 to —3.80) sections of the dentate
gyrus (DG) were imaged (Nikon eclipse H600L fluorescent microscope
40x objective, stitched image (size depended on bregma point), NIS-
Elements BR 4.60.00 64-bit software).

2.5.2. Ibal staining and imaging

Free-floating sections (total animal numbers: CTL Std n = 8; ES Std n
= 8; CTL Poly n = 6; ES Poly n = 8) were being washed 3 x 5 min in 0.05
M Tris-buffered saline (TBS) (pH 7.6) and subsequently treated in 0.3%
hydrogen peroxide in TBS for 15 min to block endogenous peroxidase
activity. This was followed by washing in TBS 3 x 5 min and a blocking
step of 30 min in blocking mix (1% BSA + 0.3% triton-x in TBS). The
sections were incubated for 1 h at room temperature (RT) followed by an
overnight incubation at 4 °C with primary antibody in the blocking mix
(polyclonal rabbit anti-Ibal (a general microglia marker), Wako,
1:1000). The day after, sections were washed in 0.05 M TBS +0.3%
Triton X-100 (3 x 5 min) and this was followed by an incubation with a
secondary antibody (biotinylated goat anti-rabbit (Vector), 1:500) for 2

h. Following a second wash in 0.05 M TBS (3 x 5 min), sections were
incubated in avidin-biotin complex in 0.05 M TBS for 90 min (ABC Elite
kit, Vectastain, Brunschwig Chemie, Amsterdam, the Netherlands, 1:800
for each component). After washing sections for 5 min in 0.05 M TBS and
subsequently, in 0.05 m tris buffer (TB) (4 x 5 min), sections were
incubated for 20 min with 0.5 mg/ml 3,3-diaminobenzidine (DAB) in
0.05 M TB (pH = 7.6) with 0.1% H505. Sections were fast washed three
times in TB, followed by washes in TB (2 x 5 min). After mounting the
sections on a slide, they were dried overnight, dehydrated, and covered
with Entallan.

Two dorsal and two ventral hippocampal sections were imaged
(Nikon eclipse H600L widefield microscope 20 x objective, 2x2 stitched
image, LED 15%, NIS-Elements BR 4.60.00 64-bit software) to distin-
guish the DG from the cornu ammonis (CA) of the hippocampus.

2.5.3. CD68 staining and imaging

Free-floating sections (total animal numbers: CTL Std n = 8; ES Std n
= 8; CTL Poly n = 8; ES Poly n = 8) were washed in 0.05 M TBS for 3 x 5
min, and blocked with a solution of 3% BSA and 0.3% triton-x in TBS.
Following this, sections were incubated with primary antibody (CD68 -
MCA 1957, rat anti-mouse monoclonal, Serotec AbD, 1:500) in an in-
cubation mix of 1% BSA and 0.3% triton-x in TBS overnight at 4 C. After
primary AB incubation, sections were washed in TBS for 3 x 5 min and
incubated with secondary antibody (A-11077, goat anti-rat Alexa fluor
568, Invitrogen, 1:500) in incubation mix for 2 h at RT. Finally, sections
were washed in TBS for 3 x 5 min, placed in 0.05 M tris buffer, mounted
on slides, and coverslipped with mounting medium containing DAPIL

Two dorsal and two ventral sections were imaged using a confocal
microscope (Nikon Al; 20x objective, 6x2 stitched image with 20 x 1p
Z steps), imaging a section containing both the DG and CA of the
hippocampus.

2.6. Quantifications

2.6.1. Volume estimations

To estimate the volume of the hippocampus, the DG and the sub-
granular zone (SGZ), the Cavalieri principle was employed as described
previously (Hoeijmakers et al., 2017). A surface estimation (in mm?) of
the DG at each level was obtained using the DAPI staining, by tracing the
structures in Fiji software in six sections per animal. The area was then
multiplied by six as sections were split into six series, and then multi-
plied by the thickness of sections (0.04 mm). As we used six out of nine
hippocampal sections per series, we multiplied by 9/6.

2.6.2. BrdU+ and Ibal+ counts

Quantification of Ibal+ and BrdU + cell numbers and densities was
done by an experimenter blinded to the experimental groups. BrdU +
cells were manually counted in regions of interest (ROIs) of the whole
DG, consisting of the hilus, the SGZ and the molecular layer (ML). The



J. Geertsema et al.

amount of BrdU + cells in each of these regions were added up and
corrected for the surface area of the DG (calculated earlier). Ibal -+ cells
were manually counted in ROIs of the CA and DG. When looking at
hippocampal cell density, Ibal+ cells were manually counted in all ROIs
from four images (Four ROIs per regions CA and DG), added up and
divided by the area of all ROIs and data are presented as BrdU+ and
Ibal+ cells per surface area.

2.6.3. Coverage analysis

Images were converted to 8-bit black-and-white images and ROIs
were drawn based on the DAPI signal to outline the DG and the CA. A
fixed threshold, equal for all experimental conditions was determined
for the CD68 staining, after which the percentage of immunoreactive
stained area (coverage) in the respective regions could be calculated.
CD68 coverage was corrected for cell density in each experimental
condition.

2.6.4. Complexity analysis

1200 representative Ibal+ cells were selected from images by an
experimenter blind to experimental groups. For both the CA and DG, we
extracted 20 cells per region per animal, derived from both dorsal and
ventral slices, representing the full hippocampus. The single-cell images
were processed to cell silhouette images by local thresholding and
subjected to automated skeletonization, Sholl- and fractal analyses and
27 morphometric parameters were extracted as described before (van
Weering et al., 2023). A principal component analysis (PCA) was applied
on 23 of these parameters, which had an eigenvalue of >1 to reduce the
influence of high collinearity. Subsequently, a hierarchical clustering on
principal components (HCPC) in all cells was conducted to identify 6
different microglial morphotypes. To assess whether general cluster
distribution was different among experimental conditions, a MANOVA
was conducted. Subsequently, the effects of ES and diet were tested in
each cluster with an alpha of 0.05/6 (six clusters). Separate ANOVAs
have been performed per independent parameter, and the effects of ES
and diet with an alpha of 0.05/17. The Sholl plots were shown for
visualization. From these plots, the area under the curve was calculated
per cell and plotted for all four conditions. The number of primary
branches was one of the morphometric parameters that contributed to
the clustering of cells and is a measure for complexity.

2.7. Statistical analysis

Data were analyzed using R (version 4.2.1) and visualized with
GraphPad Prism 9 and expressed as mean + standard error of the mean
(SEM). Data were considered statistically significant when p < 0.05 (or,
when multiple testing was in place, alpha is clearly stated in Supple-
mentary Table 1. Data points that were outside the 1.5 interquartile
range were deemed as outliers and excluded from analysis. Assumptions
of parametric analysis were tested using the Shapiro-Wilk normality test
and Levene’s test for homogeneity of variance. When data could be
transformed to follow a normal distribution, this was done to use a
parametric test, otherwise non-parametric statistic tests were per-
formed, see Supplementary Table 1.

Because multiple animals from one litter were included in this study,
we always tested for possible contributing effects of litter by performing
a mixed model analysis with litter as a random factor. When the model
significantly improved including nest number, it was added and a linear
mixed model was performed (see Supplementary Table 1). When a linear
mixed model was performed, residuals were inspected visually in R. In
addition, because multiple cells from one animal were sampled for the
analysis of AUC and primary branching, we averaged these data points/
animal resulting in one datapoint per animal for each measure.
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3. Results

3.1. Effects of ES, diet and their interaction on bodyweight gain and food
intake

Bodyweight was measured at P2, P9, P21, P42, and at 2, 3 and 4
months of age (Supplementary Fig. 1A). Overall, there was a significant
effect of condition, diet, and age on bodyweight gain and food intake
(Repeated-Measures Three-way ANOVA: Condition F (1,43) = 4.729, p
< 0.05; Diet F (1,43) = 4.955, p < 0.05; Age GGe (3.18, 136.6) = 0.529,
p < 0.01). More specifically, ES reduced the weight gain between P2 and
P9, corroborating our previous findings (Naninck et al., 2015; Reemst
et al., 2022a). Moreover, animals on the polyphenol diet had an
increased bodyweight gain compared to the animals fed the Std diet
(Fig. 1B Two-way ANOVA: Condition F (1, 45) = 18.607, p < 0.01; Diet
F (1, 45) = 6.716, p < 0.05).

In the time following ES, until weaning (P9-21), no significant dif-
ferences in bodyweight gain were detected between groups (Supple-
mentary Fig. 1B). At P42, the average weights of all groups were similar,
regardless of condition or diet (Supplementary Fig. 1C). Food intake by
the dams from P2-9 and P9-21 was unaffected by PPS or diet (Supple-
mentary Figs. 1D-E). After weaning, food intake was similar among all
groups of pups at ages P21-42 (Supplementary Fig. 1F). The return to the
Std diet did not lead to changes in food intake compared with animals
that had always been fed the Std diet. Food intake was also unaffected by
ES (Supplementary Fig. 1G).

3.2. Effects of ES, diet and their interaction on behavior

To test the effect of ES and early diet and their interaction on later life
cognitive functioning, we assessed behavior in the ORT, OLT and MWM.
There were no differences among groups in locomotor activity during
the habituation phase and cumulative exploration time during the
training phase (Supplementary Figs. 2A-B).

To test the effects of ES and early supplementation with polyphenols
on recognition memory, we performed an ORT. In the training phase of
the ORT, none of the animals exhibited a preference towards one of the
objects (Fig. 1C). However, during the testing phase, ES Std animals did
not prefer the novel object over the familiar objects, while all other
experimental groups did (Fig. 1D One sample t-test Hyp: DI = 0: CTL Std t
(Bachiller et al., 2022) = 10.712, p < 0.01; ES Std t (Bachiller et al.,
2022) =1.445, p = 0.176; CTL Poly t (Lucassen et al., 2015) = 6.257, p
< 0.01; ES Poly t (Reemst et al., 2022a) = 3.617, p < 0.01), suggesting a
cognitive deficit in ES animals fed the Std diet in the ORT. Moreover, ES
exposed animals spent significantly less time with the novel object
compared with the familiar object during the testing phase (Two-way
ANOVA: Condition F (1,43) = 7.830, p < 0.01).

To assess whether spatial memory was affected by ES or diet, we
exposed mice to OLT and MWM testing. During the training phase of the
OLT, none of the animals exhibited a preference between the objects
(Fig. 1E). During the testing phase, all animals were able to discriminate
between the novel and familiar object (Fig. 1F One sample t-test Hy: DI
= 0: CTL Std t (Lucassen et al., 2015) = 25.321, p < 0.01; CTL Poly t
(Oomen et al., 2009) = 11.308, p < 0.01; ES Std t (Bachiller et al., 2022)
= 4.289, p < 0.01; ES Poly t (Reemst et al., 2022a) = 9.769, p < 0.01).
However, despite the fact that all mice learned the task, there was a
significant interaction effect of ES and diet among groups (Two-way
ANOVA: Condition x Diet F (1,43) = 4.649, p < 0.05). Post hoc tests
revealed that ES Std animals explored the novel object less than the than
CTL Std animals (p < 0.01), a difference not evident when comparing
CTL Poly and CTL Std animals (p = 0.725). When looking at a learning
score (i.e., composing one Z-score for both tasks), we see a strong
detrimental effect of ES under the Std diet, which is not significant when
comparing the polyphenol supplemented groups (Fig. 1G Linear mixed
model: Condition x Diet t (Bachiller et al., 2022) = -2.380 p < 0.05, CTL
Std - ES Std p < 0.01 and CTL Poly — ES Poly p > 0.05). Concerning the
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MW, all animals, independent of diet or condition, acquired the task
both when looking at short and long-term memory by exploring the first
and second trial of each day separately, or when the trials were averaged
(Supplementary Figs. 2C-E Repeated Measures Three-way ANOVAs
combined: Day GGe (3.79, 159.02) = 0.757, p < 0.01; first trial: Day
GGe (3.74, 153.48) = 0.749, p < 0.05; second trial: Day GGe (4.18,
153.48) = 0.836, p < 0.01). To further explore potentially different
effects of the diet between experimental groups, we also analyzed the
CTL and ES groups separately. When analyzing the acquisition times in
the second trial, we found that diet did not affect acquisition time in CTL
groups, but polyphenol supplementation reduced acquisition time in
ES-exposed mice (Fig. 1H-I Repeated Measures Two-way ANOVA: Diet F
(1,120) = 4.473, p < 0.5).

During the probe trial, only the ES animals fed the Std diet performed
significantly better than chance (Fig. 1J; One sample t-test Hy: Time
spent in target quadrant = 25: CTL Std t (Bachiller et al., 2022) =
—1.325, p = 0.212; CTL Poly t (Lucassen et al., 2015) = 0.712, p =
0.497; ES Std t (Bachiller et al., 2022) = 5.202, p < 0.01; ES Poly t
(Reemst et al., 2022a) = 1.559, p = 0.143). We found the same pattern
during the first 30 s of the probe trial (Supplementary Fig. 2F; One
sample t-test Hy: Time spent in target quadrant = 25: CTL Std t (Hoeij-
makers et al., 2017) = —1.014, p = 0.335; CTL poly t (Oomen et al.,
2009) = 0.282, p = 0.786; ES Std t (Bachiller et al., 2022) = 3.376, p <
0.01); ES Poly t (Reemst et al., 2022a) = 0.359, p = 0.725). Animals fed
the polyphenol diet, independent of ES exposure, had a shorter latency
towards entering the correct quadrant (Supplementary Fig. 2G, Linear
mixed model: Diet t (Tuck et al., 2020) = 2.262 p < 0.05). During the
probe trial of the MWM, there were no differences in distance moved
among groups, ruling out the influence of possible swimming locomotor
activity differences (Supplementary Fig. 2H).

We were additionally interested to see how cognitive flexibility was
affected by ES and early polyphenol administration. During reversal
learning, acquisition time was not affected by condition or diet or by day
of training (Supplementary Fig. 2I).

Given that we observed ES-induced impairments in the ORT and OLT
as well as in a composite learning score, which were rescued by the
polyphenol diet and that in the MWM, the polyphenol diet improved
acquisition specifically in the ES-exposed group, we next aimed to
investigate the associated alterations in relevant forms of brain plasticity
related to neuronal survival and microglia.

3.3. Effects of ES and diet on hippocampal volume and BrdU + cells

The estimated volume of the hippocampus, the DG or the SGZ was
not affected by ES or diet (data not shown, test statistics in Supple-
mentary Table 1). We tested the effects of ES and diet on survival of
newborn cells by quantifying the amount of BrdU + cells per mm?,
corrected for volume (for a representative image see Fig. 1K). In the DG
and SGZ, no effects of ES or diet were found (Fig. 1L-M), while in the ML
there was a significant interaction between diet and ES (Fig. 1N Linear
mixed model: Condition x Diet t (Yam et al., 2019) = 2.444, p < 0.05, no

significant post hoc tests).

3.4. Effects of ES and diet on microglial density, complexity and CD68
expression

Next, we tested whether ES and a polyphenol diet affected Ibal+ cell
density and complexity and CD68 expression. We quantified immuno-
reactive Ibal cells via; i) manual counts in representative areas of the
DG, CA and hippocampus and ii) via detailed unbiased morphological
characterization, as performed before (van Weering et al., 2023).

There was an interaction effect between diet and ES on Ibal+ cell
density (for a representative image, see Fig. 2A) when taking the whole
hippocampus in account, while these effects disappear when looking at
the dorsal and ventral hippocampus separately (Supplementary
Figs. 3A-C Two-way ANOVA: Condition x Diet F (1,24) = 6.252, p <
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0.05). When looking at the DG and the CA separately, we find region-
specific effects. We found no effects of ES and diet on Ibal+ cell den-
sity in the DG (Fig. 2B-D), but we did find an interaction effect between
diet and ES in the CA (Fig. 2E-G). Specifically, we found an interaction
between ES and diet, with the polyphenol diet significantly increasing
the number of Ibal+ cells in CTL animals, but not in ES animals (Fig. 2E
Two-way ANOVA: Condition x Diet F (1,24) =10.712, p < 0.01, CTL Std
— CTL Poly p < 0.01; ES Std — ES Poly p = 0.894). A similar pattern was
found throughout the dorsal(d)CA axis of the CA (Fig. 2F dCA Two-way
ANOVAs: Diet x Condition F (1,24) = 9.064, p < 0.01), and the ventral
(v)CA (Fig. 2G vCA Two-way ANOVA: F (1,24) = 5.361, p < 0.01),
though only in the vCA post hoc testing revealed that the polyphenol
diet significantly increased Ibal+ cell counts in CTL, but not ES animals
(CTL Std - CTL Poly p < 0.01; ES Std - ES Poly p = 0.988).

To obtain a more general overview of Ibal+ cell morphology, Sholl
plots were made for the individual Ibal+ silhouettes per experimental
group (Supplementary Fig. 3D for the hippocampus, Fig. 2H for the DG
and Fig. 2I for the CA). The polyphenol diet and ES exposure did not
affect the area under the curve (AUC) and the number of primary
branches in the hippocampus (Supplementary Figs. 3E-F). Subregional
analyses revealed no differences in AUC (Fig. 2J), but a trend towards a
diet effect on primary branches, where the Poly diet seems to reduce the
number of primary branches in the DG (Fig. 2K; Two-way ANOVA: Diet
F (1,26) = 4.100, p = 0.053) but not in the CA (Fig. 2L and M).

From the thresholded silhouettes, 27 different parameters could be
extracted of which the 23 parameters that were not colinear were sub-
jected to PCA (Supplementary Fig. 3G, Two-way ANOVAs for each
parameter can be found in Supplementary Table 1). The distribution of
all Ibal+ cells on the first component plane was visualized. PC1
accounted for 50.4% of the variance in the dataset, while PC2 accounted
for 14.5% of the variance in the dataset (Supplementary Fig. 3H). Based
on these PCAs, an unsupervised HCPC analysis identified six Ibal+
morphotypes (Fig. 2N). Cluster distribution was similar among all 4
experimental groups, in the whole hippocampus (Supplementary
Fig. 31), and in the DG (Fig. 20) and the CA (Fig. 2P) subregions.

As a proxy for microglial phagocytosis, we investigated the effects of
early polyphenol diet and ES on CD68 coverage (Fig. 2Q for a repre-
sentative image of the staining), which was corrected for the amount of
Ibal+ cells per mm?2. ES increased CD68-expression independent of diet
in the hippocampus, DG, and the CA (Supplementary Fig. 3J-L and
Fig. 2R and S (Two-way ANOVAs: hippocampus condition F (1,26) =
8.224, p < 0.01; DG Condition F (1,26) = 6.618, p < 0.05); CA Condition
F (1,26) = 4.695, p < 0.05). There were dorsoventral differences in the
DG and CA. In the DG, the effect of ES was only detected dorsally
(Fig. 2T; Two-way ANOVA: Condition F (1,26) = 8.291 p < 0.01), but
not ventrally (Fig. 2U), while in the CA, CD68 coverage was increased
across both the dCA and the vCA (Fig. 2V-W; Two-way ANOVAs dCA
Condition F (1,25) = 8.765, p < 0.01; vCA Condition F (1,25) = 4.653 p
< 0.05).

To further investigate the relationship between microglia and
cognitive functions, we explored the correlation of hippocampal Ibal+
cell density and CD68 coverage with the learning score. While we did
not detect a correlation between Ibal+ cell density and learning scores
(Supplementary Fig. 3M), there was a correlation of CD68 coverage with
learning scores, which was dependent on experimental group. In mice
exposed to ES and supplemented with polyphenols, learning scores were
positively correlated with CD68 coverage, while there was a trend to-
wards a negative correlation when ES mice were fed the Std diet (Fig. 2X
Spearmans correlations: ES Poly R? = 0.557, p < 0.05; ES Std R? =
0.497, p = 0.051). There was no significant correlation in CTL mice.

4. Discussion
In this study, we report that supplementation of an early diet with

coffee polyphenols from P2-42 in ES-exposed (P2-9) male mice, pro-
tected them against ES-induced later life cognitive deficits. To study
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Fig. 2. Effects of diet and ES on microglial cell density, complexity and expression of CD68. A) Area marked in the dashed boxes are the ROIs. Representative
stitched brightfield image (20x) of DAB staining of Ibal of the hippocampus for each condition. B) There was no effect of ES or polyphenol diet on Ibal+ cell density
in the DG. C) There was no effect of ES or polyphenol diet on Ibal+ cell density in the dDG. D) There was no effect of ES or polyphenol diet on Ibal+ cell density in
the vDG. E) The polyphenol diet increased Ibal+ cell density in the CA of CTL animals, but not in ES animals. F) There was an interaction of diet and stress on
microglial cell density in the dCA. G) The polyphenol diet increased Ibal+ cell density in the vCA density in CTL animals, but not in ES animals. H) Amount of
intersections plotted against the distance from the soma of DG Ibal+ cells. I) Amount of intersections plotted against the distance from the soma of CA Ibal+ cells. J)
ES and diet did not affect the AUC of the DG Sholl plots. K) Diet tends to reduce number of primary branches of DG Ibal+ cells, independent of ES. L) There was no
effect of ES or diet on the AUC of the CA Sholl plots. M) There was no effect of ES or diet on the number of primary branches of CA Ibal+ cells. N) Representative
silhouette images of Ibal+- cell clusters, categorized in color per morphotype. O) There was no effect of stress or diet on relative morphotype proportions in the DG. P)
There was no effect of stress or diet on relative morphotype proportions in the CA. Q) Cropped image from a representative stitched confocal image (40x) CD68
(green) staining. R) ES increased CD68 coverage in the DG, independent of diet. S) ES increased CD68 coverage in the CA, independent of diet. T) ES increased CD68
coverage in the dDG, independent of diet. U) No effect of stress or diet on CD68 coverage in the vDG. V) ES increased CD68 coverage in the dCA, independent of diet.
W) ES increased CD68 coverage in the vCA. X) In ES animals, CD68 coverage correlated with learning score, but not in CTL animals. There was a negative correlation
between learning score and CD68 coverage in ES animals fed the Std diet, but a positive correlation in ES animals fed the polyphenol diet. Annotations: For two-way
éNOVAs $ is ES effect p < 0.05, & is diet effect p < 0.05, " is interaction effect ES x Diet p < 0.05, * is post hoc Tukey effect p < 0.05. All values are Data +SEM

possible underlying mechanisms that could mediate these effects, we
investigated processes most affected in our previous studies using this
same model, i.e. survival of newborn cells and neuroinflammation
(Naninck et al., 2015, 2017; Reemst et al., 2022a; Yam et al., 2019).
Newborn cell survival was not affected by ES or diet in the DG, but an
interaction between ES and polyphenol diet was detected in the ML.
Moreover, the polyphenol diet increased microglial cell density in the
CA and reduced microglial complexity in the DG, while ES increased
microglial CD68 expression throughout the hippocampus without any
further effect of the diet. The observed microglial alterations potentially
contribute to the alleviating effect of the coffee polyphenol diet on the
ES-induced cognitive defects.

4.1. Diet supplemented with coffee polyphenol early in life protects against
ES-induced cognitive impairments

Coffee polyphenol supplementation early in life and beyond (P2-42)
protected against the ES-induced cognitive deficits. We observed ES-
induced impairments only in mice in the CTL diet group in the ORT as
well as in a composite learning score, while not in mice exposed to the
polyphenol diet. In the MWM, the polyphenol diet improved acquisition
specifically in the ES-exposed group. Despite the fact that mice from all
group acquired the task, only the mice from the ES Std group spent
significantly more time in the target quadrant during the probe trial. We
currently have no explanation for why our control mice did not learn the
tasks. Based on a meta-analysis on 400 independent experiments, it is
clear that variation in the behavioral effects of ES can be expected
(Bonapersona et al., 2018), and the general consensus is that ES impairs
non-stressful learning. Polyphenols have been shown to protect against
ES-induced behavioral deficits before in rats (Arabi et al., 2021; Donoso
et al., 2020; Omotoso et al., 2020; Menezes et al., 2017). For example,
supplementing with auraptene (Arabi et al., 2021), phlorotannins,
quercetin or xanthohumol (Donoso et al., 2020), kolaviron (Omotoso
et al., 2020) and catechins (Menezes et al., 2017), after maternal sepa-
ration (MS, i.e. a different ES paradigm), led to improvements in
ES-induced anxiety (Arabi et al., 2021; Donoso et al., 2020; Omotoso
et al,, 2020), depressive-like symptoms (Donoso et al., 2020) and
cognitive impairment (Omotoso et al., 2020; Menezes et al., 2017). All of
the abovementioned polyphenols have different plant origins, and our
study adds to this evidence by showing that also coffee-related poly-
phenols can modify ES effects, but now in mice subjected to the LBN
model. Moreover, we provide evidence for long-term beneficial effects
of this early and relatively short supplementation with polyphenols. In
contrast to our design, which consisted of an early dietary intervention
that ended several months prior to behavioral testing, previous studies
in rats started their intervention shortly after the stress paradigm, with
the diet being supplemented throughout life, and thus the nutrients
could still be present when the rats underwent behavioral testing up
until sacrifice (Arabi et al., 2021; Donoso et al., 2020; Omotoso et al.,
2020; Menezes et al., 2017).

Taken together, despite the heterogeneity of studies on diets sup-
plemented with polyphenols given during different time windows in
specific ES paradigms and species, polyphenols seem promising nutri-
ents in counteracting ES-induced behavioral changes. Next to the
beneficial effects of an early polyphenol diet, as described here, the
selection of the early life period has proven to be a successful time
window for nutritional intervention in the context of ES. Also, other
nutrients that were administered during this period were shown to be
beneficial, including a combination of micronutrients (Naninck et al.,
2017) and N-3 PUFAs (Yam et al., 2019), highlighting the importance
for this sensitive developmental period as a critical time window to
provide preventive nutritional strategies (Juncker et al., 2022).

4.2. Neurobiological processes potentially contributing to the protective
effect of coffee polyphenols

4.2.1. Hippocampal volume and survival of newborn cells

The volumes of the hippocampus, the DG and SGZ were unaffected
by ES exposure, which is in line with our previous studies (Naninck
et al., 2017; Yam et al., 2019). While in clinical studies ES has been
shown to reduce hippocampal gray matter volume (Hakamata et al.,
2022), in rodent studies, the effect of ES on hippocampal volume is more
subtle (Walker et al., 2017). For example, hippocampal volume in
adulthood was reduced in mice exposed to LBN (Naninck et al., 2015),
while after MS, a decrease in hippocampal volume was observed only up
until P30 (Herpfer et al., 2012). Our current findings further underline
the subtle nature of the effect of ES on hippocampal volume.

Newborn cell survival was not affected by ES or diet in the DG as a
whole, but an interaction between ES and diet was detected in the ML.
This contrasts with earlier evidence showing that ES lead to a reduction
in the birth and survival of newborn neurons in adulthood (Naninck
et al., 2015; Baek et al., 2011; Lajud et al., 2012; Mirescu et al., 2004;
Oomen et al., 2009; Lucassen et al., 2015; Korosi et al., 2012). In
particular, we had shown before that ES reduced the number of BrdU +
cells, which were all NeuN+ (Naninck et al., 2015), which is why we in
the current study focused on BrdU + cells only. When assessing the ML
and SGZ separately, and thereby distinguishing cells that have and have
not migrated further in the hippocampus, we found an interaction of diet
and ES in the ML of the hippocampus, suggesting an increased survival
of newborn cells after ES. The origin of this discrepancy might lie in the
subregional analyses that were performed here rather than taking the
full DG into account.

The polyphenol diet led to increased cell survival in CTL mice, while
it reversed the ES-induced increase in cell survival. It is intriguing that
polyphenols seem to exert a neurogenic effect in CTL mice that is
opposite to its effect in ES-exposed mice. Similar to the neurogenic effect
of the diet in CTL mice, other studies investigating polyphenols in the
context of stress found a stimulatory effect on factors related to neuro-
genesis. For example, xanthohumol supplementation from postnatal
week 8-16 increased brain-derived neurotrophic factor expression in
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MS-exposed rats in week 16 (Donoso et al., 2020). In a model of prenatal
stress, ferulic acid supplementation for four weeks (P60-88) increased
the amount of Nissl + bodies (a proxy for neuronal number) in the
hippocampus at P95 (Zheng et al., 2019). Four weeks after a period of 28
days, during which chronic unpredictable stress at an adult age was
combined with flavonoid supplementation, an increase in hippocampal
BrdU + cells was found (An et al., 2008). In our current study we did not
detect an ES-induced reduction in neurogenesis, which differs from
some previous studies and there are several key differences between
them, including the heterogeneity in polyphenols supplemented, the
different stress paradigms and timelines, and also the behavioral out-
comes measured. However, other nutrients, such as N-3 PUFAs, were
able to modulate BrdU + cells lasting into adulthood, when supple-
mented early in life, notably with a similar timeline as the one used in
the current study, suggesting different pathways of action of PUFAs and
polyphenols (Yam et al., 2019). While the lack of an ES-induced
reduction in DG volume remains unclear, this finding is in line with
the lack of effect on cell survival of newborn cells in the DG as well as
with the milder effect of ES in hippocampal-dependent learning tasks,
compared to our earlier reports (Naninck et al., 2015, 2017; Yam et al.,
2019). In addition, we cannot exclude that other stages of neurogenesis
are affected by polyphenols, which remains to be investigated in future
studies.

4.2.2. Microglia

As ES affects the neuroimmune system in rodents (Hoeijmakers et al.,
2017; Reemst et al., 2022a; Delpech et al., 2016; Diz-Chaves et al., 2013;
Dayananda et al., 2023; Yam et al., 2019) and polyphenols have
anti-inflammatory capacities (Chuang et al., 2013; Zheng et al., 2019;
Omotoso et al., 2020), we were interested in studying whether microglia
modulation might be involved in the protective effect of polyphenols on
the ES-induced cognitive deficits. We show that both ES and polyphenol
supplementation individually affect microglia-related parameters,
without interaction effects between diet and ES exposure.

An increasing body of evidence suggests that microglia are affected
by ES (As reviewed by (Johnson and Kaffman, 2018)). When studying
microglia, there are several parameters of relevance that can be assessed
at the morphological level, including cell density, cell morphology and
complexity, and the expression of phagocytic markers (e.g. CD68) as a
proxy for phagocytic activity. The effect of ES on microglial cell density
is not clear. MS studies have reported an increase (Delpech et al., 2016),
a decrease (Saavedra et al., 2017) or no effect on microglial cell density
(Roque et al., 2016). LBN exposure has however, been consistently re-
ported not to lead to changes in microglial cell density in the hippo-
campus of young (Dayananda et al., 2023) and adult mice (Hoeijmakers
et al., 2017; Reemst et al., 2022a), consistent with our current findings.
The lack of ES-induced alterations in microglial complexity is, however,
in contrast with the earlier detected reduction in microglial complexity
in the hilus and the stratum lacunosum moleculare (SLM) in one of our
previous studies, at roughly the same age (Reemst et al., 2022a).

This discrepancy might be due to the specific subregions analyzed, as
we here assessed microglia in the DG and the CA (from which the SLM is
a compartment), but not the hilus. This may have potentially diluted the
effects in the SLM. Furthermore, these animals have been injected with
saline, and the injection itself (either via stress or inflammation (Swan
et al., 2023)) might have triggered effects in microglia, for which we
cannot account when comparing across studies. Finally, we have now
used a different approach for assessing microglial complexity.

The observed ES-induced increase in CD68 expression is in line with
previous findings by our group (Reemst et al., 2022a; Yam et al., 2019)
and others (Delpech et al., 2016; Dayananda et al., 2023). More recently,
our group has also shown that expression of genes regulating phagocy-
tosis (such as Gas6) was upregulated in the transcriptome of adult
ES-exposed mice (Reemst et al., 2022a). Moreover, ES has been reported
to downregulate phagocytosis of synaptosome in an ex vivo assay
(Reemst et al., 2022a) as well of synaptic pruning (Dayananda et al.,
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2023; Bolton et al., 2022). It is intriguing that the increased expression
of phagocytic markers in situ in adulthood (Hoeijmakers et al., 2017;
Yam et al., 2019) would suggest functional implications opposite to
those observed (Reemst et al., 2022a; Dayananda et al., 2023; Bolton
et al., 2022). This might suggest that ES effects on adult microglial
phagocytosis are more complex and might be highly dependent on the
specific substrates. In addition, even though the current diet did not
reduce the ES-induced increase in CD68 coverage, we made interesting
observations regarding the correlation of microglial measures and
learning score. It appeared that while the learning score did not corre-
late with CD68 in the CTL groups, this positively correlated with CD68 in
the ES Poly group specifically, while this was negative in the ES Std
group. Considering that CD68 is increased in both groups but there are
different learning outcomes suggest that there might be other mecha-
nism contributing to the beneficial effects of the diet in the ES-induced
behavioral alterations.

This is the first study addressing if and how microglia alterations
might contribute to the effect of polyphenol supplementation in the
context of ES. In the current study, we report an increased Ibal+ cell
density in the CA of and a slightly reduced cellular complexity in the DG
by the Poly diet of CTL animals. While the functional implication of such
increase in number of microglial cells remains to be determined it re-
mains intriguing that the Poly diet may have different impact on brain
microglia under baseline conditions versus brains previously exposed to
ES. Polyphenols from grapes have been shown to improve chronic stress-
induced anxiety- and depressive-like behaviors in an adult setting,
where they also reversed the associated microglial activation (Yang
et al., 2023). In addition, polyphenols have been shown to modulate
other aspects of neuroinflammation in models of ES (Arabi et al., 2021;
Chuang et al., 2013). For example, kolaviron- (Omotoso et al., 2020) and
auraptene (Arabi et al., 2021) supplementation reduced MS- induced
increases in glial fibrillary protein, and TLR-4 and Il-1f expression,
respectively. These effects were found in younger animals, which were
still on the diet when sacrificed ((Omotoso et al., 2020): P35, (Arabi
et al, 2021): P60). Taken together, this suggests that the
anti-inflammatory actions of polyphenols might contribute to their
beneficial effects by counteracting the effect of (early-life) stress on
behavior, but further studies are needed to further understand how
exactly polyphenols exert their anti-inflammatory properties in the
brain.

Finally, we have shown previously that nutritional intervention with
anti-inflammatory N-3 PUFAs during the same timeframe as in the
current study, led to a reduction of the ES-induced increase in CD68"
expression (Yam et al., 2019) suggesting that coffee polyphenols
ameliorate ES-induced deficits via different processes.

4.2.3. Limitations of the study

While our study presents some unique strengths, it also presents with
some limitations. In the current study we focused on males only, as in
our LBN model, ES specifically impairs cognitive functions in males, but
not in females at this age (Naninck et al., 2015). We therefore choose to
test the potential effectiveness of coffee polyphenols to protect against
the ES-induced behavioral alterations in males. Considering the
emerging evidence for the sex-dependence of the impact ES on various
domains (Goodwill et al., 2019; Bale and Epperson, 2015; Reemst et al.,
2022b), it will be of importance to address the potential for nutritional
strategies in the context of ES also in females when focusing on other
domains. In the current study we addressed a possible association be-
tween the impact of ES and diet on hippocampal cell survival and
microglia however causal implication of any of the observed changes
will require future investigations. Next to the mechanisms that we
addressed here, other processes known to be affected by ES and poly-
phenols such as apoptosis (Arabi et al., 2021; Sun et al., 2021), oxidative
stress (Arabi et al., 2021; Omotoso et al., 2020; Menezes et al., 2017;
Zheng et al., 2015), the microbiome and the HPA-axis (Donoso et al.,
2020) might be of interest for future research.
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In addition, we did not assess whether caffeic or chlorogenic acids or
their derivatives were indeed present in the breast milk from the dam,
the peripheral tissues, or the brain of the offspring. While it is estab-
lished that polyphenols can be transmitted through breast milk (Lu et al.,
2021; Rios et al., 2022), it is yet unsure what exactly is the metabo-
lization rate of polyphenols across the blood-brain barrier (Figueira
et al., 2017), thus it remains to be determined if the observed effects in
the present study are direct or indirect or rather a combination of both.

5. Conclusion

The supplementation of polyphenols in a diet emerges as a promising
avenue for nutritional intervention in the context of mitigating the
detrimental cognitive effects of ES in males which are associated with
microglial changes. Next to the processes that we addressed here, other
processes that are known to be affected by ES might be of interest for
future research. While in the current study we focused on an early time
window for intervention aiming at preventing the ES-induced effects,
additional time windows of intervention aiming at rescuing these will be
of relevance to study in the future. Overall, our findings underscore the
potential of early caffeic- and chlorogenic acid supplementation in the
combatting the effect of ES.
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