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Olena Prykhodko?' and Galyna Skibo '

" Department of Cytology, Bogomoletz Institute of Physiology, Kyiv, Ukraine, ¢ Department of Food Technology, Engineering
and Nutrition, Lund University, Lund, Sweden, ° Department of Biochemistry and Physiology, Oles Honchar Dnipro National
University, Dnipro, Ukraine

Objective: This study aimed to investigate and compare the morphological and
biochemical characteristics of the hippocampus and the spatial memory of young adult
ApoE-/— mice on a standard chow diet, a low-fat diet (LFD), a high-fat diet (HFD), and
an HFD supplemented with lingonberries.

Methods: Eight-week-old ApoE-/— males were divided into five groups fed standard
chow (Control), an LFD (LF), an HFD (HF), and an HFD supplemented with whole
lingonberries (HF+WhLB) or the insoluble fraction of lingonberries (HF+InsLB) for 8
weeks. The hippocampal cellular structure was evaluated using light microscopy and
immunohistochemistry; biochemical analysis and T-maze test were also performed.
Structural synaptic plasticity was assessed using electron microscopy.

Results: ApoE—/— mice fed an LFD expressed a reduction in the number of intact
CA1 pyramidal neurons compared with HF+InsLB animals and the 1.6-3.8-fold higher
density of hyperchromic (damaged) hippocampal neurons relative to other groups. The
LF group had also morphological and biochemical indications of astrogliosis. Meanwhile,
both LFD- and HFD-fed mice demonstrated moderate microglial activation and a decline
in synaptic density. The consumption of lingonberry supplements significantly reduced
the microglia cell area, elevated the total number of synapses and multiple synapses,
and increased postsynaptic density length in the hippocampus of ApoE-/— mice, as
compared to an LFD and an HFD without lingonberries.

Conclusion: Our results suggest that, in contrast to the inclusion of fats in a diet,
increased starch amount (an LFD) and reduction of dietary fiber (an LFD/HFD) might be
unfavorable for the hippocampal structure of young adult (16-week-old) male ApoE—/-
mice. Lingonberries and their insoluble fraction seem to provide a neuroprotective effect
on altered synaptic plasticity in ApoE—/— animals. Observed morphological changes in
the hippocampus did not result in notable spatial memory decline.

Keywords: hippocampus, lingonberries, dietary fiber, glial cells, ApoE-/- mice, low- and high-fat diets, starch,
structural synaptic plasticity
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FIGURE 3 | Pyramidal neurons in the hippocampal CA1 area of ApoE—/— mice. (A) The reference image of the Nissl-stained coronal section of the dorsal hippocampus
obtained from the Allen Mouse Brain Atlas. Dotted lines indicate the area of interest in the stratum pyramidale. (B) Methylene blue-stained semi-thin sections
demonstrate the morphology of a pyramidal layer. Arrows point to hyperchromic damaged cells. (C) The density of intact neurons. (D) The density of hyperchromic
pyramidal cells. Data are expressed as the Mean + SEM (n = 3/group). Comparisons among groups were performed with the one-way ANOVA, followed by Turkey’s
post hoc test. *p < 0.05 indicates significant differences vs. control; #p < 0.05 indicates significant differences vs. LF. The scale bar corresponds to 20 um.

microglia. An enlargement of soma with a shape change (cell
body becomes bi- or tripolar, ellipsoid or rod-shaped), thickening
and shortening of the base processes, and a decrease in their
branching indicate the activation of microglia (30, 31). Most
microglial cells in the hippocampal CA1l area of the control
animals were characterized by small round or slightly elongated
somas with thin, long, and moderately ramified processes,
whereas LFD-, HFD-, and HFD+InsLB-fed ApoE-/- mice
demonstrated morphological indications of microglia activation
(Figures 4B,C). There were enlarged oval and, in some cases,
rod-shaped somas along with both long ramified and short,
poorly branched processes in the Iba-1-positive cells of LFD-
fed animals. Microglia with big somas and branched processes
of different lengths were detected in the hippocampus of HFD-
fed mice. Mainly cells with small rounded or polar somas
were detected in the HF+InsLB group; rod-shaped cells and
signs of partial deramification were occasionally observed. The
HF+WHhLB group, in turn, harbored mostly morphologically
resting microglia (small and predominantly rounded cell bodies
and long and highly branched processes). Concerning the

quantitative indicators, the number of Iba-1-positive cells per
unit area was higher (p = 0.06) in LFD-fed ApoE-/- mice vs.
those on standard chow (Figure 4F). The increase in the surface
area of Iba-1-positive cells in LFD- and HFD-fed animals was
substantial, by 25 £ 3% (p < 0.05 and p = 0.10), compared to
the control group. Microglial hypertrophy in the HF+WhLB and
HF+InsLB groups reduced by 25-30% relative to HF (p < 0.05)
and LF (p < 0.01) (Figure 4G).

Ultrastructural Changes in the
Hippocampal CA1 Area

Ultrastructural analyses of the hippocampal CA1 area in different
experimental groups of ApoE-/- mice (LF, HF, HF+WHhLB,
HF+InsLB) showed that the structures of their neuropil did not
have critical morphological differences with those of the control
animals (Figure 5A). However, some changes in the quantitative
parameters of the neuropil were identified via morphometric
analysis (Figures 5C-H). Control mice had 29.9 & 0.5 synapses
per 100 wm? of stratum radiatum in the hippocampal CA1 area
(Figure 5C). This parameter declined nearly 1.35 times in both
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FIGURE 4 | Immunohistochemical analysis of glial cells in the hippocampal CA1 area of ApoE-/— mice. (A) The reference image of the Nissl-stained coronal section of
the dorsal hippocampus obtained from the Allen Mouse Brain Atlas. Dotted line squares indicate the areas of interest (AQI) in the stratum pyramidale and stratum
radiatum. (B) Immunofluorescent-labeled images of GFAP-positive astrocytes and Iba-1-positive microglia at 40x objective magnification, as well as (C) cut out and
zoomed fragments (crops) from these images for better visualization of the processes and somas of astrocytes and microglial cells. (D-G) The morphometric
characteristics of glial cells: (D) the density of GFAP-positive astrocytes and (E) their area; (F) the density of Iba-1-positive microglia and (G) the area of microglial cells.
Data are expressed as the Mean + SEM (n = 3/group). Comparisons among groups were performed with the one-way ANOVA, followed by Turkey’s post hoc test.
*n < 0.05 indicates significant differences vs. control; #p < 0.05 and ##p < 0.01 indicate significant differences vs. LF; *p < 0.05 indicates significant differences
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the LF (p < 0.01) and HF (p < 0.01) groups compared with the
control animals. Meanwhile, the inclusion of whole lingonberries
and their insoluble fraction to an HFD led to an increase in
synaptic density by 38 £ 3% (p < 0.05 for HF+WhLB and p
= 0.06 for HF+InsLB) and 42 4+ 3% (p < 0.05), compared to
an LFD and an HFD without berry supplements, respectively.
Given that the most prevalent synaptic type is the simple one,
the differences in the number of simple synapses observed among
experimental groups were very similar to the differences in
overall synaptic density (Figure 5D). Of note, LFD- and HFD-
fed mice demonstrated a dramatic decrease in the density of
multiple synapses in the hippocampal CAIl area vs. control
animals. The simultaneous ingestion of whole lingonberries and
an HFD contributed to about a 15-fold rise in the number of
multiple synapses (p < 0.001) compared to the intake of an HFD
(Figure 5F). Interestingly, the hippocampal synaptic density had
a strong negative correlation with the area of microglial cells
(r = —0.762). According to the coefficient of determination

(r?), we assume that microglia hypertrophy could cause the
observed diminishing number of synapses with the likelihood of
58% (Figure 5@G). In addition, there was a statistically significant
increase in PSD length (by 35-40%) in mice on an HFD with
InsLB supplementation (p < 0.05) relative to standard diet-,
LFD-, and HFD-fed animals (Figure 5H).

GFAP and NCAM in the Hippocampus

The highest level of the filamentous form of GFAP was observed
in LFD-fed mice, accounting for a concentration that was 43,
54, 31, and 53% more than that in the control (p < 0.05), HF
(p < 0.01), HF+WhLB (p = 0.06), and HF+InsLB (p < 0.01)
groups, respectively (Figure 6A). Meanwhile, the analysis of the
soluble form of GFAP did not reveal any differences among
experimental mice (Figure 6B). In addition, neither investigated
diet contributed to the modulation of NCAM expression, as is
evident from our data of the concentrations of its membrane and
soluble forms (Figures 6C,D).
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FIGURE 5 | Electron microscopic analyses of the stratum radiatum in the hippocampal CA1 area of distinct experimental groups. (A) Electron micrographs of the
neuropil ultrastructure. Different types of synaptic contacts are marked in various colors, as follows: simple—pink, perforated —yellow, multiple—green. (B)
Representative images of (1) simple, (2) perforated, and (3) multiple synaptic types. Pre, presynaptic terminal; Post, postsynaptic terminal: Arrows point to the
postsynaptic density. (C) The density of synapses and (D) the number of simple, (E) perforated, and (F) multiple synaptic contacts per 100 pwm? of hippocampal
neuropil. (G) Pearson’s correlative analysis between the area of microglial cells and synaptic density. (H) The average length of the postsynaptic density. Data are
expressed as the Mean + SEM (n = 3/group). Comparisons among groups were performed with the one-way ANOVA, followed by Turkey’s post hoc test. *p < 0.05
and **p < 0.01 indicate significant differences vs. control; #p < 0.05 and ##p < 0.01 indicate significant differences vs. LF; ¥p < 0.05 and ***p < 0.01 indicate
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DISCUSSION

It is generally believed that high-fat diets promote obesity and
neuroinflammation and induce a cognitive decline in ApoE-/-
mice (32, 33). Based on this understanding, we hypothesized
that an HFD intake could induce the neuroinflammation and
damage of brain tissues, particularly the hippocampus, eventually
leading to cognitive impairments. Lingonberries and their
insoluble fraction were anticipated to prevent, at least partly, the
abnormalities mentioned above (20).

In the present study, comparing the experimental diets
(standard chow, an LFD, an HFD, an HFD+WhLB, and an
HFD+InsLB) did not reveal their influence on short-term
spatial memory in young adult ApoE-/- mice. But surprisingly,
animals on an LFD, unlike other rations, demonstrated a marked
increase in the density of hyperchromic (damaged) pyramidal
neurons and astroglial activation (namely, elevated levels of
the filamentous form of GFAP, more significant astrocyte
proliferation, and their hypertrophy) in the hippocampus.
Reactive astrogliosis is generally understood to enhance

neuroprotection and trophic support for neurons; however,
it may further lead to emerging damage and neuronal loss
through the production of pro-inflammatory cytokines and ion
imbalance (34). Worth noting, the indicated morphological
impairments in the LF group are consistent with our previous
results derived from the 16S rRNA gene sequencing of cecal
microbiota (unpublished data); in that study, LFD-fed mice
harbored the highest Firmicutes/Bacteroidetes ratio and relatively
abundant Oscillospira and Desulfovibrio among all experimental
groups. Reportedly, a higher Firmicutes/Bacteroidetes ratio
correlates  with  depression-like ~ behavior, hippocampal
astrogliosis, cognitive deficit, amyloid plaques load, obesity,
and inflammation (35, 36), and an abundance of Oscillospira
and Desulfovibrio is associated with systemic inflammation and
impaired intestinal permeability (34, 37).

Morphological signs of astrogliosis, incidentally, were also
observed in the HF+WhLB group. But, in our view, it had a
different nature from that in LFD-fed mice. A possible cause
of astrocyte activation in animals fed WhLB might be the high
concentration of free benzoic acid in whole lingonberries (0.6-1.3
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FIGURE 6 | The levels of astrocyte- and neuron-specific proteins in the hippocampus of ApoE—/— mice. The concentrations of (A) the filamentous and (B) the soluble
forms of GFAP, as well as (C) the membrane and (D) the soluble forms of NCAM are presented in the form of the scatter dot plots. Data are expressed as the Mean +
SEM (n = 5-6/group). Comparisons among groups were performed with the one-way ANOVA, followed by Turkey’s post hoc test. *p < 0.05 indicates significant
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g/L, about 5% of all organic acids), which is water-soluble
(appears in an InsLB fraction to a lesser extent) and ensures a low
pH in the berries (pH 2.6-2.9) (38, 39). Per a previous report, 80
mg/kg bw/d of benzoic acid promotes sub-chronic oral toxicity
in mice (40).

Interestingly, both LDF- and HFD-fed ApoE-/- mice had
morphological signs of microglia activation (increase in the
area of Iba-1-positive cells, enlargement of somas, alterations
in the pattern of processes ramification in the two groups,
and moderate microglia proliferation in the LF group), and a
decline in hippocampal synaptic density alongside a reduction
in the number of multiple synapses compared to ApoE-/-
animals on a regular diet and an HFD with lingonberry
supplements. Many recent publications confirm the relationship
between microglia on one side and synaptic plasticity and
neurogenesis on the other in some physiological or pathological
conditions. For instance, the hypertrophy of Iba-1-positive
cells in the hippocampal CAl area in the mouse model of
Alzheimer’s disease has been associated with a substantial decline

in dendritic spine density (41). Furthermore, HFD-induced
obesity contributes to microglial reactivity in the hippocampus
of C57BL/6] mice, as evidenced by an increase in the microglial
soma area (without significant cell proliferation) along with the
increased co-localization of Iba-1 and CD68 markers. In that
case, microglial activation was involved in the loss of dendritic
spines and synaptophysin-positive sites in the CAl area and
dentate gyrus due to microglial phagocytosis of synapses, higher
expression of pro-inflammatory cytokines (TNF-a and IL-1f),
and deterioration of neurogenesis in the dentate gyrus (42, 43).
Considering that we observed changes in hippocampal
morphology not only between the mice fed an HFD and
standard chow/an LFD, but also between the intake of an
LFD and standard diet, we could assume that the lipid
composition of the diets was not crucial in inducing the
disturbances mentioned above. As seen from the composition
of the investigated diets, the most substantive quantitative and
qualitative differences were noted in dietary carbohydrates
(Table 1; https://sdsdiets.com/wp-content/uploads/2021/02/
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rmlp-e-fg.pdf). The primary source of carbohydrates in
the LFD and an HFD was corn starch (66 and 51 gm%,
respectively). Additionally, both diets consisted of ~5.5 gm%
of cellulose, insoluble dietary fiber. Notably, lingonberry-
derived fiber and other berry components substituted some
starch in an HFD (34 gm% for an HFD+WhLB and 37 gm%
for an HFD-+InsLB). Meanwhile, the standard RM-1 diet
had 45 gm% of starch that originated from wheat, barley,
wheat bran, and de-hulled extracted soya and 17 gm% of
dietary fiber.

Generally, the more there is starch and low-molecular sugars
and the less there is dietary fiber in a diet, the higher the
glycemic index (GI) that diet has (44). Consequently, we can rank
the diets used in the order of increasing GIs: an HFD+WhLB
— an HFD+InsLB —  standard chow — an HFD —
an LFD. As shown before, feeding C57BL/6] mice with high
GI-diet resulted in an increased blood glucose area under the
curve (AUC) during OGTT and the development of insulin
resistance (45). Similarly, in our experiment, ApoE-/- mice
fed an LFD and HFD demonstrated enhanced AUCs by 16-
24 and 10-17%, respectively, vs. eating standard chow and an
HFD with lingonberries (unpublished data), indicating the risk
of glucose metabolism abnormalities and insulin resistance in
those groups.

Some authors have pointed out an unfavorable impact of
excessive dietary starch on glucose metabolism. Maekawa et
al. found that a high-starch diet (starch 74%kcal) considerably
enhanced insulin secretion during OGTT and the value of
HOMA-IR index in mice, a representative indication of insulin
resistance (46). Patterson et al. in turn, revealed that a low-
fat high-corn starch diet might cause more severe glucose
intolerance in mice than a low-fat high-sucrose diet (47).
However, not only total dietary starch content but its qualitative
composition is relevant to glucose metabolic rate. Starch consists
of two major components—amylopectin (branched and more
digestible) and amylose (linear and less available for enzymatic
hydrolysis). A high-amylopectin diet promotes a more significant
production of postprandial blood glucose and the development
of insulin resistance in rats compared to a high-amylose diet
(48). Literature indicates that the amylose content in the
primary plant sources of starch in the diets we applied are
as follows: wheat (21.5-26.6 gm%), barley (25.8-29.8 gm%),
and corn (20.9-25 gm%) (49-51). Thus, heterogeneity in
starch composition between standard chow and an LFD/HFD
might partly contribute to morphological changes detected in
the hippocampus of ApoE-/- mice, but we tend to think
that the overall level of this polysaccharide plays a more
critical role.

Glucose imbalance and insulin resistance correlate positively
with both structural and functional impairments in the
hippocampus. Diet-induced hyperglycemia in middle-aged rats
has been shown to lead to disturbances in spatial learning,
reduction in LTP at Shaffer collaterals, and dendritic spine
density in the CAl area (52). Diabetic mice with chronic
hyperglycemia exhibit enhanced blood-brain barrier (BBB)
permeability, microglia activation (Iba-1 immunoreactivity,
enlarged microglial somas), and elevated TNF-a and IL-6

production, along with the downregulation of the expression of
two synaptic markers, spinophilin and synaptophysin (53, 54).
Moreover, chronic high blood glucose level-induced activation
of microglia and neuroinflammation exacerbates apoptosis in
hippocampal pyramidal neurons (55).

As mentioned before, investigated diets also varied in
amount and types of dietary fiber. Standard chow was
more abundant in fiber, including hemicellulose, cellulose,
pectin, and lignin, than an LFD/HFD with cellulose alone.
Furthermore, various ingredients of a standard diet are not
equal in the content of dietary fiber; for example, total
dietary fiber account for about 13, 45, and 17 gm% of wheat
grains, wheat bran, and barley grains, respectively (56, 57).
Barley is worth emphasizing to be rich in B-glucan (~2-
7 gm%). It has been shown that barley B-glucan reduces
insulin resistance, serum glucose levels, and lipids in HFD-fed
mice. Due to the modification in gut microbiota composition,
barley provides an anti-inflammatory effect as well (58). Zhang
et al. demonstrated that wheat fiber significantly diminishes
the size of atherosclerotic plaques and, most importantly,
inhibits the expression of pro-inflammatory factor NF-kB in
the aorta of ApoE-/- mice (59). However, whether cereal
fiber could modulate NF-kB expression in microglia, thereby
impacting neuroinflammation in the hippocampus, merits
detailed evaluation. In addition, dietary fiber supplements link
with BBB integrity, hippocampal morphology, synaptogenesis,
and cognitive function indirectly through the alteration of
gut bacterial cenosis. Shi et al. revealed that an intake of
microbiota-accessible carbohydrates (MAC) boosts the richness
and o-diversity of fecal microbiota in obese mice, especially
within the Bacteroidetes taxon, compared to a fiber-deficient
diet. In the hippocampus, MAC supplementation to an HFD
can attenuate impairments induced by fiber-deficient ration,
such as a decrease in occludin levels (tight junctional protein),
reactive astrogliosis and microgliosis, the upregulation of pro-
inflammatory cytokines (TNF-a, IL-1f, IL-6), the engulfment of
PSD95-positive sites by microglia, and the deterioration of the
recognition memory (60, 61).

At the ultrastructural level, we revealed that rations with
lingonberries and their insoluble fraction prevented the decline
in synaptic density in the CAl stratum radiatum, observed
in HFD- and LFD-fed animals. In addition, lingonberry
supplements altered the ratio of synaptic types, increasing
the total number of multiple synapses. Beyond that, the
consumption of the insoluble fraction of the berries supported
the elongation of PSD. We see such reorganization as an
indication of higher structural synaptic plasticity in the
hippocampus. The formation of multiple synaptic contacts is
thought to enhance the efficiency of synaptic transmission
and is associated with several synaptogenic stimuli, such as
brain damage, LTP, hippocampus-mediated training, estrogen
use, and more (62). The PSD length increase, in its turn,
is linked to the increased abundance in neurotransmitter
receptors on a postsynaptic membrane and, as a result, more
intensive neurotransmission (63). Interestingly, the enhanced
hippocampal synaptic density in the HF+WhLB and HF+InsLB
groups correlated with the decrease in microglial cellular
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area. Thus, in our study, microglial activation may serve as
a mechanism of structural synaptic plasticity regulation. The
synaptic improvements in the hippocampi of animals fed
lingonberries and their insoluble fraction were also accompanied
by a substantial rise in the relative abundance of Akkermansia
in the cecum, as well as a decrease in Mucispirillum, unlike
in the HF group (19). Mucispirillum is associated with
gastrointestinal inflammation and age-related changes (64),
whereas, Akkermansia normalizes lipid profile and blood
glucose levels during obesity, attenuates AP pathology, restores
neuronal development and synaptic plasticity, and provides anti-
inflammatory effects (65-67).

The growth and maintenance of beneficial gut microbiota
in ApoE-/- mice could be achieved through dietary fiber
and phenolic compounds (e.g., quercetin, catechin, resveratrol,
anthocyanins, and more), which are abundant in lingonberries
(68). For example, a blackberry anthocyanin-rich extract has
shown a neuroprotective effect in rats fed an HFD by modulating
the gut microbiota and enhancing kynurenic acid production
(a neuroprotective agent) (69). Combining quercetin with
resveratrol restores HFD-induced intestinal microbiota dysbiosis
in rats and increases the relative abundance of Akkermansia
muciniphila (70).

Regarding the role of dietary fats, in our study, their
excess in an HFD had a neutral effect on the hippocampal
structure of ApoE-/- mice rather than a negative one. As
illustrated in Table1, all fats in standard chow and LFD
constituted soybean oil, whereas an HFD contains not only
soybean oil but also lard, which is rich in saturated (39-
45%) and monounsaturated (42-45%) fatty acids (71, 72).
Brain phospholipids have recently been shown to incorporate
monounsaturated fatty acids more frequently than phospholipids
in rodent heart, liver, and kidney (73). Thus, we do not
exclude the potential impact of a lard-rich HFD on neuronal
plasticity maintenance in young ApoE-/- mice. Besides, the
8-week feeding period might be insufficient for noticeable
hippocampal and behavioral effects of an HFD to develop.
Therefore, further investigations must be carried out to scrutinize
this hypothesis.

Since different dietary exposures on animals with ApoE
deficiency have being studied for more than a couple of
decades, many divergent observations have accumulated. Their
comparison is complicated by variations between experiments
such as rodents age and sex, composition of diets, duration of
feeding, efc. For instance, Mulder et al. showed a dramatically
increased BBB permeability in adult ApoE-/- mice with
chronic HFD intake (74), whereas Bai et al. demonstrated
that the consumption of an HFD elevated levels of GFAP,
pro-inflammatory and pro-apoptotic factors in the cortex and
hippocampus of 20-week-old male ApoE-/- mice (75). Another
work suggests that 5-week feeding of ApoE-deficient rats with
an HFD upregulated IL-1f and decreased the expression of
occludin in the brain (signs of neuroinflammatory reaction),
compared with an LFD (76). In contrast, there is evidence
indicating the beneficial effect of a high-fat/high-cholesterol

diet on the expression of BDNF and TrkB mRNAs in
the hippocampus of 20-week-old ApoE-/- mice, which is
related to improved synaptic plasticity (77). Meanwhile, our
morphological and behavioral data are largely consistent with
certain previously published papers. Crisby et al. also found
microgliosis and no difference in the density of GFAP-positive
astrocytes in the hippocampus of adult ApoE-/- mice fed
an HFD, as compared to those on a standard diet (78).
Other researchers, in turn, state that an HFD did not affect
the spatial memory of middle-aged ApoE-/- females (4). In
addition, the obtained results on the impact of lingonberries
on the structural synaptic plasticity complement existing
information concerning the ability of bioactive compounds from
fruits and berries to correct the metabolic and neurological
alterations in ApoE-deficient mice including reduction of
the atherosclerotic lesion (20), enhancement of antioxidant
protection (79), increasing the level of brain acetylcholine (80),
and so on.

It is worth pointing out several limitations when interpreting
and extrapolating the present results. Firstly, only males
were examined in our study that constrains the spreading
of the findings on the entire population of ApoE-/-
mice. Secondly, due to the relatively young age of the
investigated animals and thereby insufficiently marked
neuromorphological and cognitive alterations, a favorable
or adverse impact of the diets may not be fully manifested.
Thirdly, additional research on wild-type mice appears
to us would enable more comprehensively interpret the
obtained data, as well as explores possible outcomes from the
consumption of various dietary components, depending on
ApoE genotype.

In summary, we revealed that ApoE-/- mice on an LFD were
characterized by the hyperchromatosis of the pyramidal neurons
and signs of neuroinflammation in the hippocampal CA1 area.
By contrast, the consumption of an HFD did not substantially
negatively affect the cellular structure of the hippocampus.
However, both diets contributed to synaptic loss along with a
shift in the number of multiple synapses and moderate microglia
hypertrophy. Obtained results may be related not so much with
the fat content of diets used but rather with the composition
of carbohydrates. Our study demonstrates that reducing the
starch amount and increasing dietary fiber in a ration is more
favorable for maintaining the healthy hippocampal structure in
young adult male ApoE-/- mice. The inclusion of lingonberries
and their insoluble fraction to an HFD seems to provide a
neuroprotective effect on the altered structural synaptic plasticity.
Meanwhile, the above-mentioned morphological changes in the
hippocampus of ApoE-/- mice did not escalate into severe spatial
memory impairments.
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