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Abstract

Adolescence is a transitional period from childhood to adulthood characterized by puberty and brain maturation involving
behavioral changes and environmental vulnerability. Diet is one of the factors affecting brain health, potentially leading to
long-lasting effects. Hence, we studied the impact of early exposure (P21-60) to a high-fat diet (HFD) on mouse hippocampus,
analyzing inflammation, adult neurogenesis, dendritic spine plasticity, and spatial memory. Glycemia and seric pro-inflammatory
IL133 were higher in HFD mice without differences on body weight. In the HFD hippocampus, neuroinflammation was evi-
denced by Ibal+ cells reactivity together with a higher expression of TNFx and IL1 while the neurogenic capability in the
dentate gyrus was strongly reduced. We found a predominance of immature Dil-labeled dendritic spines from CA1 neurons along
with diminished levels of the scaffold protein Shank2, suggesting a defective connectivity. Moreover, the HFD group exhibited
spatial memory alterations. To elucidate whether microglia could be mediating HFD-associated neuronal changes, the lipotoxic
context was emulated by incubating primary microglia with palmitate, a saturated fatty acid present in HFD. Palmitate induced a
pro-inflammatory profile as shown by secreted cytokine levels. The isolated exosome fraction from palmitate-stimulated mi-
croglia induced an immature dendritic spine phenotype in primary GFP+ hippocampal neurons, in line with the in vivo findings.
These results provide novel data concerning microglia to neuron communication and highlight that fat excess during a short and
early period of life could negatively impact on cognition and synaptic plasticity in a neuroinflammatory context, where microglia-
derived exosomes could be implicated.
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Introduction surprising since, at this moment, adolescents represent the largest

cohort in human history [1]. Adolescence is considered a critical

Science is today focusing greatly on adolescence, as the growing
number of publications addressing the matter shows. This is not
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developmental period in life, characterized by the transition from
childhood to adulthood, with important changes in brain archi-
tecture, puberty, and sexual maturity as well as the appearance of
particular behaviors regarding sociability, risk-taking, reward
sensitivity, and novelty-seeking [2, 3]. Importantly, these events
are conserved across mammalian species, validating the use of
mice models in the approach to this vital period [4]. An increase
in anxiety-like behavior and enhanced sensitivity to stressors are
commonly found during the adolescent period [5]. For this rea-
son, the quality of the environment as a whole emerges as deci-
sive. In this sense, physical activity, nutrition, and social interac-
tion, among other factors, exert a strong influence on courses of
health and development into later life [6].

Focusing on the nutritional environment, the higher con-
sumption of industrialized food with high-fat content,
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combined with sedentary habits, is associated with the rapid
increase in overweight and obesity during adolescence and
young adulthood across the world [7]. Several groups, includ-
ing ours, have demonstrated that obesity and exposure to a
high-fat diet (HFD) are connected with chronic systemic in-
flammation and dyslipidemia in humans and also in rodent
models. Insulin resistance, coupled with the inflammatory re-
sponse, is associated to increased cognitive decline, impaired
spatial learning, and signs of depression. These symptoms are
related to dysfunction of limbic structures such as the amyg-
dala and hippocampus, crucial targets in brain aging and neu-
rodegenerative diseases such as Alzheimer’s disease [8—11].
Previous studies from our laboratory showed that HFD con-
sumption was associated with decreased neurogenic ability in
the hippocampal dentate gyrus in adult mice, with both a di-
minished proliferation and differentiation of newborn neurons
in the subgranular zone (SGZ). Besides systemic inflamma-
tion, central inflammatory parameters were present in mice
exposed to HFD, evidenced by activation of microglia, the
innate immune cells of the CNS [12].

The last decades provided important evidence about
microglial function: microglial cells do not only drive the
inflammatory response upon different stimuli, they also pro-
vide regular neurotrophic support, acting as a key player in
connectivity modulation by the remodeling and fine-tuning of
synapses [13]. There are different mechanisms by which glial
cells and neurons communicate. Apart from the well-
established cell-to-cell contact associated to phagocytosis
and pruning for instance, and the paracrine action of soluble
mediators, glial cells and neurons can communicate by means
of extracellular vesicles (EVs), a relevant phenomenon that
accounts for cell function regulation across long distances
[14-17]. In the literature, different EV classifications and no-
menclatures can be found. However, the greater consensus
regarding EVs biogenesis and size comprise microvesicles
(MVs) and exosomes as the main types. MVs are 100- to
1000-nm-sized vesicles released by evagination of the cell
membrane [18-20] and exosomes are nano-scaled vesicles
with a diameter between 30 and 100 nm originated within
multivesicular bodies (MVB) and released by MVB fusion
with the plasmatic membrane. EVs biogenesis and release
regulation may involve the participation of different compo-
nents of the endosomal sorting complex required for transport
(ESCRT) machinery, and exosome release can also be medi-
ated by sphingomyelinase activity [21-23]. Aminopeptidase
CD13, TSG101, ALIX, and the lactate transporter MCT-1 are
considered specific markers for exosomes [24]. Among the
cargoes transferred via EVs from one cell to another contrib-
uting to pathophysiological processes, pro-peptides, cytosolic
proteins but also mRNA and micro RNAs are distinguished
[25]. The state of the donor cell and the extracellular stimuli
will strongly determine the composition and biological activ-
ity of EVs [26, 27]. In the CNS, this mechanism has been
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reported in the modulation of diverse phenomena affecting
neuronal activity and communication with glial cells both in
physiological conditions, as well as in the context of inflam-
mation and the propagation of damage associated to neurode-
generative pathologies such as Alzheimer’s disease and
Parkinson’s disease [28-32]. In a physiological scenario,
microglia-derived EVs are shown to regulate synaptic trans-
mission by different mechanisms such as sphingolipid metab-
olism enhancement in excitatory synapses and pre-synaptic
transmission inhibition in GABAergic neurons when carrying
components of the endocannabinoid system, among others
[32]. Under brain inflammatory conditions, however, microg-
lia is reported to respond by releasing different types of EVs.
For instance, upon LPS activation, BV2 microglial cells are
able to release EVs containing the pro-inflammatory cyto-
kines TNFo and IL-6 [33]. Interestingly, microglial MVs
can be detected in the cerebrospinal fluid of multiple sclerosis
patients, [34] and they are able to propagate cytokine-
mediated inflammatory responses across distant brain regions,
being IL13 and GAPDH the main cargoes in ATP-induced
microglial EVs release in culture [29, 35, 36]. Depending on
the stimulus, EVs can potentially change their cargo and dif-
ferentially influence synapses, being extracellular ATP a ma-
jor stimulant for MV shedding in this cell type. Also, the
analysis of exosomes from microglial culture exposed to in-
jured brain extract revealed higher levels of miR-124-3p, ap-
parently associated with a protective effect by inhibiting neu-
ronal inflammation and promoting neurite outgrowth, being
involved in neuroprotection and reduction of neuroinflammed
status [37].

Given the relevance of microglia-neuron communication
involved in several hippocampal plasticity-related processes,
this work intends to get in-depth knowledge regarding this
connection within a lipotoxic context associated to metabolic
disorders. To our knowledge, information about the modula-
tion of dendritic structural plasticity via microglial EVs in a
hyperlipidic context is scarce or null. To address that, we
performed a combined in vivo/in vitro approach. Mice ex-
posed to a high-fat diet from weaning (P21) and up to the
age of 2 months (P60) showed a more immature dendritic
spine pattern in CA1 Dil-labeled neurons, in association to
impaired spatial memory, decreased neurogenic ability, and
marked inflammation in the hippocampus. In parallel,
exosomes derived from primary microglia culture exposed
to palmitate, the most representative saturated fatty acid in
western diets, induced a clear preponderance of thin-type
spines on primary hippocampal neurons, in remarkable simi-
larity with the in vivo results. Therefore, from the results pre-
sented in this study, it can be suggested that metabolic-
triggered neuroinflammation could contribute to modify neu-
ronal connectivity in the hippocampus, with impact on cogni-
tive behavior, where microglia-derived extracellular vesicles
might represent possible glia-to-neuron damage mediators.
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Taking into account the period in which these events were
studied in vivo, corresponding to human adolescence, the ef-
fects could be determining for adult life.

Materials and Methods
Animals and Diets

C57BL/6]J male mice (Jackson Laboratories, Bar Harbor, ME)
were maintained in our animal facility (Institute of Biology
and Experimental Medicine, UBA-CONICET; NIH
Assurance Certificate # A5072-01) and were housed under
controlled conditions of temperature (22 °C) and humidity
(50%) with 12 h/12 h light/dark cycles (lights on at
7:00 am). All animal experiments followed the NIH Guide
for the Care and Use of Laboratory Animals and were ap-
proved by the Ethical Committee of the Institute of Biology
and Experimental Medicine. All efforts were done to reduce
the number of mice used in the study as well as to minimize
animal suffering and discomfort.

Three-week-old male mice (P21) were exposed to either
the control or a high-fat diet during 6 weeks, as the experi-
mental scheme shows (Fig. 1). We chose this particular time
window of exposure since it thoroughly comprises the adoles-
cent period when comparing this life stage to humans’ relative
age [38]. Both control diet (CD) and high-fat diet (HFD) were
provided by Gepsa Feeds (Grupo Pilar, Pilar, Buenos Aires,
Argentina). CD pellets provided 2.5 Kcal/g energy, whereas
HFD pellets provided 3.9 kcal/g energy. CD pellets were com-
posed by carbohydrate 28.8%, proteins 25.5%, fat 3.6%, fi-
bers 27.4%, minerals 8.1%, and humidity 6.7%, while HFD
pellets provided carbohydrate 22.5%, proteins 22.8%, fat
21.1%, fibers 23.0%, minerals 5.6%, and humidity 5.0%, as
it was previously reported by our group [12] and Valdivia et al.
using this diet [39].

During the last 2 weeks of exposure to the diet, the
behavioral tests were performed as further described and
euthanasia of the mice took place 3—5 days after the last
behavioral task. At the end point, CD and HFD mice were
weighed, 6-h fasted starting 1 h after the light period
began, anesthetized with ketamine (80 mg/kg BW, i.p.;

Holliday-Scott, Argentina) and xylazine (10 mg/kg BW,
i.p.; Bayer, Argentina), and then decapitated.

Tissue Processing

Pancreas was rapidly extracted, frozen in dry ice, and stored at
— 80 °C until use for determination of insulin content.

Brains were removed from the skull, the left hemisphere
dissected, and the hippocampus frozen in dry ice and stored at
—80 °C until use. A subgroup was processed for RT-qPCR
and another for immunoblotting. Hippocampi that were used
for Western blot were homogeneized in supplemented RIPA
buffer and those used for RT-qPCR were processed with trizol
reagent as further detailed.

The right hemisphere was fixed overnight in the 4% para-
formaldehyde (PFA) solution at 4 °C and then cut coronally at
60 pum in a vibrating microtome (Pelco easiSlicer, Ted Pella,
USA). Sections were stored in a cryoprotectant solution (25%
glycerol, 25% ethylene glycol, 50% phosphate buffer 0.1 M,
pH 7.4) at —20 °C until use. All immunohistochemical tech-
niques were performed on free-floating sections. For cell num-
ber and morphometric analyses, six brain sections per mouse
were evaluated. Ventral and dorsal hippocampi were consid-
ered, unless specified otherwise.

Pancreatic Insulin Content

As it was described in a previous report of our group [12]
and others [40], CD and HFD pancreases were weighed
and insulin was extracted from homogenates with acid-
ethanol. Briefly, tissues were homogenized in 40 volumes
of acid-ethanol (75% ethanol, 20% water, 5% acetic acid)
and extracted overnight at 4 °C. Homogenates were cen-
trifuged (10 min, 2000g, 4 °C) and the supernatants neu-
tralized with 1 volume of 0.85 M Tris buffer. After a
second incubation (60 min, —20 °C) and centrifugation
(30 min, 3000g, 4 °C), the supernatants were stored at
—70 °C until they were used. Pancreatic insulin was mea-
sured by radioimmunoassay (RIA) using human insulin
for iodination and standard, provided by Laboratorios
Beta, and anti-bovine insulin antibody (Sigma, St. Louis,
MO). All samples were evaluated in the same RIA. The
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Fig. 1 Experimental scheme. C57BL/6J male mice were exposed to
control (CD) or high-fat diets (HFD) since weaning (P21) until the
onset of adulthood (P60). Elevated plus maze (EPM) and novel object
location recognition test (NOL) were performed in the last 2 weeks of
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exposure. At the end point, CD and HFD mice were euthanized and the
pertinent tissues were dissected for histological and biochemical analyses
as detailed in the “Materials and Methods” section
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minimum detectable concentration was 2 ng, and the
intra-assay coefficient of variation was 6.8%. Pancreases
from five to seven mice per group were used for insulin
content determination.

Immunohistochemistry

Proliferation in the subgranular zone of the hippocampal den-
tate gyrus (DG) was studied by Ki67 immunolabeling.
Doublecortin immunohistochemistry allowed the assessment
of newborn neurons in the DG, and Ibal immunohistochem-
istry was performed to assess morphometric parameters of
microglia activation.

After blocking of nonspecific antigenic sites, sections were
incubated overnight at 4 °C with the following primary anti-
bodies: rabbit polyclonal anti-Ibal (1:1500, Wako Pure
Chemical Industries, Osaka, Japan), goat polyclonal anti-
DCX (1:400, SC-8066, Santa Cruz Biotechnology, USA), or
rabbit polyclonal anti Ki67 (1:2000 Novocastra/Leica,
Germany).

We used biotinylated secondary antibodies (1:1000 Vector
Laboratories USA) followed by processing with ABC kit
(Vector Laboratories) and development with 2 mM diamino-
benzidine (Sigma, USA) and 0.5 mM H,0, in 0.1 M Tris
buffer. Sections were placed on gelatin-coated slides, air-
dried overnight, dehydrated in graded solutions of ethanol,
cleared in xylene, and mounted with Canada balsam.

For all immunostaining analyses, at least four brains per
experimental group were used.

Ki67 Positive Cells in the SGZ

Ki67 immunostaining allowed the assessment of proliferation
ability in the SGZ of the hippocampal dentate gyrus.
Quantification of the number of Ki67+ cells was done under
a x40 objective in a Nikon E200 microscope. Every eighth
60-um coronal brain section throughout the entire rostro-
caudal extension of the DG was analyzed in each mouse.
Cells were counted in both upper and lower blades of the
SGZ and results were expressed as total Ki67+ cells per
hemi-DG, taking into account whole or discriminating dorsal
and ventral hippocampus.

DCX Positive Neurons and Differentiation in the SGZ

Doublecortin (DCX) immunohistochemistry was used to
study adult neurogenesis. Quantification of the number of
DCX+ cells was performed under ax 40 objective in a
Nikon E200 microscope as it was previously reported by our
group [12, 41]. Every eighth 60-pm coronal brain section
throughout the entire rostro-caudal extension of the DG was
analyzed in each mouse. Cells were counted in the SGZ and in
the granular cell layer (GCL). Both upper and lower blades of
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the GCL and SGZ were considered for cell counting and two
different subpopulations of DCX+ cells were distinguished
according to previously described criteria. A-D cells were de-
fined as less mature DCX cells, with no apparent processes or
short ones without exceeding the GCL, and E-F DCX+ cells
were considered more mature neurons, with a primary den-
drite and developed dendritic tree across the GCL and
reaching the molecular layer of DG [42]. Results were
expressed as total, A-D or E-F DCX+ cells per hemi-DG.

Microglial Density

Microglial density was estimated as it was already reported
[43] using a randomly placed 6 x 10> um?® counting probe on
the hippocampal hilus. A minimum of 100 cells per animal
were counted.

Microglial Soma Size

Soma size was evaluated as an indirect measure of microglial
activation. Microphotographs from randomly chosen individ-
ual cells in the hippocampus hilus were obtained, the soma
was delineated, and its surface quantified using the Imagel
software. At least 30 cells were measured in each animal.

Spine Analysis in Dil-Stained Brain Slices

Four HFD and four CD mice were deeply anesthetized with
ketamine (80 mg/kg BW, i.p.; Holliday-Scott, Argentina) and
xylazine (10 mg/kg BW, i.p.; Bayer, Argentina) and then
transcardially perfused with 20 mL of 0.9% saline solution,
followed by 20 mL of 4% PFA in 0.1 M phosphate buffer, pH
7.4. Brains were removed from the skull and further post-fixed
with the same fixative for 24 h at 4 °C. Afterwards, brains
were coronally cut at 150 wm with a vibrating microtome in
order to obtain slices containing mainly the dorsal hippocam-
pus. CA1 neurons from the dorsal hippocampus were stained
with a saturated solution of Dil (1,1'dioctadecyl-3,3,3",3'-
tetramethyl indocarbocyanine perchlorate) (Invitrogen, USA)
in fish oil [44]. As it was previously published [45], the dye
was microinjected using a glass patch clamp pippette attached
to a micromanipulator and introduced in the cells by means of
positive pressure. Stained sections were incubated in the dark
at RT for 24 h, post-fixed in 4% PFA for 2 h at RT, adequately
washed with PBS, and mounted in a Vectashield medium
(Vector Laboratories; Burlingame, CA). To perform dendritic
spine analysis, z-stack images with 0.1 pm step size were
acquired with a confocal microscope Olympus FV-300
(Centro de Microscopia Optica y Confocal de Avanzada,
Universidad Nacional de Cérdoba, Argentina), x60 oil immer-
sion objective (NA 1.42). Z-stacks were deconvolved using
the Huygens Professional software (Scientific Volume
Imaging, Leica, Netherlands), with the advanced maximum
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likelihood algorithm, set with 15 iterations. Dendritic spine
density and morphology were assessed in dendritic segments
of secondary or tertiary apical dendrites from CA1 neurons,
using the Imagel software (NIH, USA), and spine category
classification was done automatically using theoretical param-
eters of spine length, head and neck diameters, using previ-
ously reported criteria (Table 1). Briefly, spine types were
classified considering the length (dimension from the base at
the dendrite to the tip of its head, L), the diameter of the neck
(measured as the maximum neck diameter, dn), and the diam-
eter of the head (measured as the maximum head diameter,
dh). Thus, individual spines were included in each category
based on the specific ratios L/dn and dh/dn [46]: type I or
“stubby”-shaped dendritic spines, type II or “mushroom”-
shaped dendritic spines, and type III or “thin”-shaped dendrit-
ic spines. Generally, stubby spines present an L similar to the
dn and the dh, and in general the magnitude is <1 pum.
Mushroom spines present a dh much larger than the dn in
which the L is typically <1 pum. Thin spines present an L
longer than 1 um that is much greater than the dn [46-48].
Spine density was normalized to 10 um of dendritic segment,
analyzing a total of at least 1200 um per group.

Immunoblotting

Frozen hippocampi and BV2 cell lysates were homogenized
by sonication in supplemented RIPA buffer. Protein quantifi-
cation of the homogenates was obtained by the Bradford stan-
dardized method [49]. After lysis with loading buffer 5%, sam-
ples were loaded on 10 or 7.5% acrylamide gels, separated by
SDS-PAGE, and then transferred to nitrocellulose mem-
branes. Membranes were blocked with 5% nonfat milk in
TBS containing 0.5% Tween-20 (TTBS). To assess synaptic
marker levels, membranes were incubated overnight at 4 °C
with mouse monoclonal PSD-95 (1/500, 7E3, SC32290,
Santa Cruz, USA), rabbit polyclonal Shank 2 (1/500, catalog
number 162202, Synaptic Systems, Germany) and mouse
monoclonal 3-Actin (1/500, C4, SC-47778, Santa Cruz,
USA) antibodies. For determination of exosomal markers in
BV2 cell lysates and the derived exosome fraction,

Table 1 Ratio criteria for spine morphology classification[46]
L/dn dh/dn

0, 1.3) (13,3) (3, )
(0, 2/3) Stubby Mushroom Mushroom
2/3,2) Stubby Stubby Stubby
2,3) Stubby Mushroom Mushroom
3,5) Thin Mushroom Mushroom
(5, ) Thin Thin Thin

membranes were incubated with mouse monoclonal ALIX
(1/250, 3A9, SC-53538, Santa Cruz, USA) and mouse mono-
clonal TSG101 (1/250, C2, SC-7964, Santa Cruz, USA).
After initial probing with primary antibodies, membranes
were washed in 0.5% TBST and TBS solutions, incubated
for 1 h with 1:1000 dilutions of species-appropriate, HRP-
conjugated secondary antibodies (Bio-Rad, USA). After
washing, immunoreactivity was visualized by reaction in
ECL detection reagents (luminol and p-coumaric acid,;
Sigma-Aldrich Co., St. Louis, MO, USA) for 3 min, followed
by immediate exposure of the blot using Amersham Imager
600 RGB (GE Healthcare, USA). Bands at the relevant mo-
lecular weights were quantified using the ImagelJ plug-in for
gel analysis. Ratios of synaptic proteins to actin levels were
used to compare CD and HFD experimental groups.

Real-Time PCR of TNFa and IL1f

Hippocampi were homogenized by sonication in Trizol re-
agent (Life Technologies-Invitrogen, CA, USA) and total
RNA was extracted as recommended by the manufacturer.
The concentration and purity of total extracted RNA was de-
termined by measuring the optical density of the samples at
260 and 280 nm in a Nanodrop 2000 (Thermo Scientific
USA). cDNA templates for PCR amplification were synthe-
sized from 1 pg of total RNA using a MMLV High
Performance Reverse Transcriptase enzyme (Epicenter,
USA) for 60 min at 37 °C in the presence of random hexamer
primers. The sequences of primers for amplification of mouse
TNF«, IL13, and cyclophilin B are shown in Table 2.
Cyclophilin B was used as reference gene or housekeeping,
based on the regularity of its expression between experimental
groups. PCR protocols were optimized for each gene, being
10 min at 95° C and 40 cycles at 95 °C for 15 s followed by
60 °C for 1 min for cyclophilin B; 10 min at 95° C and 40 cy-
cles at 95 °C for 20 s followed by 58 °C for 30 s and ata 72 °C
for 1 min for TNFa; and 10 min at 95° C and 40 cycles at
95 °C for 20 s followed by 60 °C for 30 s and at a 72 °C for
1 min for IL1f3.

Samples were measured with a Bio-Rad CFX (Hercules,
CA, USA) detection system in a reaction mixture with a final
volume of 15 pl, containing 10 ul SYBR® Select Master Mix
(Thermo Fisher). Eight hippocampi were used per group and
every reaction was done in duplicate. Relative expression was
calculated by Pfaffl’s method [50] as shown by the equation
below and expressed as fold increase in relation to the control
group (CD).

(E target) A

Relative expression = AClreforence

reference )

where E is primers’ efficiency for each target and reference
gene, and ACt is obtained as the difference between the
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Table 2 Sequence of primers

used in RT-qPCR Gene Forward primer Reverse primer
sequence 5'- 3’ sequence 5'- 3’
TNFo GAAAAGCAAGCAGCCAACCA CGGATCATGCTTTCTGTGCTC
IL1B AACCTGCTGGTGTGTGACG CAGCACGAGGCTTTTTTGTT
Cyclophilin B AAGCATACAGGTCCTGGCATCT CATTCAGTCTTGGCAGTGCAG

control group average Ct and the mean of every sample for
each corresponding gene. Amplification specificity was veri-
fied by dissociation curves’ analysis. Primers were used at a
concentration of 0.3 uM and ¢cDNA in a 1:5 dilution.

Behavioral Procedures
General Considerations

Animals were tested during the light period, between 8:00 and
14:00 h. The order of testing was first the elevated plus maze
(EPM) and then the novel object location recognition test
(NOL) within 1 week separation. At least 10 CD and 10
HFD animals were tested.

Elevated Plus Maze

The elevated plus maze was performed as previously reported,
to assess anxiety [12]. It consisted of four 30-cm arms, two
open and two closed, elevated 50 cm from the ground. After a
15-min adaptation to the testing room, mice are allowed to
explore the maze during 10 min, recorded by a video camera.
Upon video analysis, exploration time was quantified.

Novel Object Location Recognition Test

Novel object location recognition test was performed in
order to analyze the hippocampus-dependent spatial mem-
ory and was carried out as previously published [12, 41].
Briefly, mice were habituated to the test arena (30 x 30 x
30 ecm® black box) in the behavior room for 5 days before
the test. The first day consisted of a 5-min group explo-
ration session in the box, and an individual 10-min explo-
ration session on the following four consecutive days. The
day of the test, mice were subjected to two object explo-
ration 10-min trials within the known boxes, T1 and T2,
separated by a 60-min inter-trial interval (ITT). Objects
were identical and one of them was relocated in T2.
Object preference was analyzed in the acquisition phase
(T1), measured as the percent difference in the exploration
of each object, relative to total T1 exploration time (one-
sample ¢ test against theoretical mean of 0). Locomotor
activity, measured as total distance and average speed,
was assessed with the Any-maze video tracking system
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(Stoelting Co, USA). Novel location exploration was
evaluated in comparison to random exploration (one-sam-
ple ¢ test against 50% chance level) and with a discrimi-
nation index, as the percent difference in T2 exploration
of novel and known objects, relative to total T2 explora-
tion time (two-sample ¢ test comparing experimental
groups).

Cell Cultures

Both microglial and neuron primary cultures were obtained as
previously reported by Matteoli’s group [35, 51].

Primary Microglia

Microglial cells were mechanically detached from mixed
glial cultures. Briefly, P1-3 C57BL/6J pups were decap-
itated, brains were removed from the skull, and the cor-
tices and hippocampi were dissected. After exhaustive
removal of meninges and a first step of mechanical tissue
disaggregation, cortices were subjected to two rounds of
enzymatic dissociation with 0.1% DNase (Sigma, USA),
0.025% trypsin (Sigma, USA) in Hank’s Balanced Salt
Solution (HBSS) at 37° C for 15 min in agitation.
Enzymatic activity was neutralized with Minimum
Essential Medium (MEM) with Earle salts (Thermo
Fisher Scientific, USA) supplemented with 20% fetal bo-
vine serum (FBS). The cell suspension was filtered
through a 70-um pore cell strainer (Corning, USA) and
then centrifuged at 800g for 10 min. The cell pellet was
then resuspended in complete cell culture medium
(MEM, 20% FBS, 0.6% glucose, 100 units/mL penicil-
lin, and 100 mg/mL streptomycin), seeded in T75 flasks
and maintained in a humid atmosphere at 37 °C, 5%
CO,, and 95% air. After 10-14 days in culture when
the monolayer of astrocytes was formed, microglial cells
were obtained by orbital shaking at 240 rpm for 45 min.
The resultant supernatants were centrifuged at 800g, cells
were resuspended, counted and seeded in previously
poly-L-ornithine-coated plates at a density of 700 cells/
mm?, and maintained in the mentioned glial medium and
incubation conditions.
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Primary Hippocampal Neurons

Primary hippocampal neurons were obtained from E18
C57BL/6J mouse brains. Briefly, as previously detailed for
glia cultures, brains were obtained and meninges carefully
removed. Hippocampi were dissected and chemically dissoci-
ated with 0.025% trypsin in HBSS, during 15 min at 37 °C
and further mechanical disaggregation. The reaction was neu-
tralized with the Neurobasal medium (Thermo Fisher
Scientific, USA) supplemented with 10% FBS and cells were
seeded in poly-L-lysine-coated coverslips at a density of
400 cells/mm?. Cultures were maintained in the Neurobasal
medium supplemented with 2% B27 (Thermo Fisher
Scientific, USA), 2 mM glutamine, 12.5 uM glutamate,
100 units/mL penicillin, and 100 mg/mL streptomycin, in a
humid atmosphere at 37 °C, 5% CO,, and 95% air.

Palmitate Preparation

Palmitic acid (PA) (Sigma, USA) was dissolved at a concen-
tration of 150 mM in 50% ethanol/water solution at 60° C.
Afterwards, complexes of palmitate and 10% free fatty acid
(ffaa) BSA W/Vin water (Sigma, USA) were obtained in a 5:1
ratio by stirring the solution for 1 h at 37 °C, generating a 7.5-
mM palmitate-10% ffaa BSA stock solution that was sterile
filtered and kept at —20° C until use [52]. Palmitate working
solutions were prepared fresh for each experiment by diluting
the stock in 2% FBS glial medium into 500 and 125 pM
palmitate concentrations.

Viability Assay by DAPI/PI Staining

Palmitate-exposed microglial viability was assessed by DAPI
(2 pg/mL) /PI (1 pg/mL) staining. Cells were seeded in a 24-
well plate and stimulated with vehicle, 125 or 500 uM PA
solutions for 24 h and incubated with DAPI/PI within the last
15 min of exposure. Using an inverted Olympus IX53 fluo-
rescence microscopy (Humanitas Research Hospital, Milan,
Italy), images were taken from at least three different fields
from two independent experiments in order to analyze the
proportion of dead, PI positive cells, upon palmitate exposure.
The Image] (NIH, USA) software was used to analyze DAPI/
PI nuclei.

Cytokine Levels

TNFe, IL1(3, and IL4 levels were measured by ELISA in the
supernatants of palmitate-exposed microglia. The following
PeproTech ELISA kits were used: Standard ABTS ELISA
Developmental kit (catalog number 900-K54) for mouse
TNF«, mouse IL1(3 ELISA Developmental kit (catalog num-
ber 900-K47), and mouse IL4 ELISA Developmental kit (cat-
alog number 900-K49), following the manufacturer’s

instructions. Determinations were performed in triplicate from
at least three independent experiments. After absorbance
values were obtained from a plate spectrophotometer, cyto-
kine levels were determined using the corresponding standard
curve for each cytokine and values were normalized to the
control, thus setting the control condition as 1. One- sample
Student ¢ test against a theoretical mean of 1 was performed
for statistical analysis.

Extracellular Vesicles’ Isolation

Extracellular vesicles (EVs) were obtained from the condi-
tioned media of 24 h-vehicle or palmitate-exposed microglia.
For this purpose, 2 x 10° microglial cells were seeded in 60-
mm petri dishes coated with poly-L-ornithine, and EVs were
isolated from 3 mL of glial medium supplemented with 2%
FBS that was previously ultracentrifuged for 18 h for thorough
serum extracellular vesicles’ depletion [53]. EVs isolation was
done by differential centrifugation and every centrifugation
and ultracentrifugation step was performed at 4° C. As it is
shown in the scheme (Fig. 7a), the first centrifugation step at
800g for 5 min allowed the removal of cell debris (P1) and the
resultant supernatant was centrifuged at 4000g for 20 min to
obtain organelles and apoptotic bodies (P2). In order to obtain
microvesicles of 100-1000 nm diameter (MVs or P3), the
supernatant was centrifuged at 15,000g for 60 min. Finally,
the fraction corresponding to exosome-like vesicles of 30—
100 nm diameters (P4) was purified by ultracentrifugation
(Beckman ultracentrifuge, SWTi55 rotor) at 110,000g for
90 min. Pellets of vesicles that were further used for functional
or biochemical assays were washed in PBS following the
same centrifugation conditions upon which they were obtain-
ed. EVs were resuspended either in PBS for functional assays
(hippocampal neuron stimulation) and electron microscopy, or
lysis buffer for protein determinations with the Micro BCA
Protein Assay Kit (Thermo Fisher Scientific, catalog number
23235).

For Western blot determination of EV markers, protein
extraction was performed by using the same isolation protocol
but from the BV2 microglial cell line, in order to optimize
protein yield. BV2 cell line was maintained in RPMI 1640
(Gibco, USA) 10% FBS, 100 units/mL penicillin and
100 mg/mL streptomycin, in a 5% CO, incubator. For this
experiment, 1 x 10° cells were seeded in 60-mm petri dishes
in RPMI with 2% FBS that was previously ultracentrifuged
for 18 h. EVs isolation was performed 48 h after seeding,
using 3 mL of collected conditioned media from 24-h vehicle
or PA-exposed cells.

Electron Microscopy

For morphologic assessment of purified EVs, vesicles were
visualized by transmission electron microscopy (TEM) in
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LANAIS-MIE (Laboratorio Nacional de Investigacion y
Servicios de Microscopia Electronica, UBA-CONICET,
Argentina). Ten microliters of each suspension were deposited
over a grid with a hydrophilic LRW membrane. Afterwards,
2% uranyl acetate staining was performed for 3 min, followed
by bi-distilled water washes and room temperature drying
until seen under transmission electron microscopy (Zeiss
EM 109T with digital camera Gatan ES1000W, LANAIS-
MIE IBCN CONICET).

Hippocampal Neuron Transfection and Spine Analysis

In order to perform dendritic spine analysis, 12 DIV hippo-
campal neurons were transfected with pEGFP-C1 plasmid
using Lipofectamine 2000 (Thermo Fisher Scientific, USA)
in a Neurobasal medium without serum. Neurons were incu-
bated with the DNA-Lipofectamine complexes for 30 min at
37 °C and then were transferred to their original medium.
After 48 h, neurons were exposed to the different fractions
of EVs corresponding to palmitate- or vehicle-treated microg-
lia for 24 h. Neurons were then fixed with 4% PFA for 10 min,
washed in PBS. and mounted with PBS/glycerol medium.
Neurons were analyzed using a FV1000 Olympus confocal
microscope (Humanitas Research Hospital imaging facility).
Z-stacks from GFP+ dendritic trees were obtained using a x60
oil immersion objective (NA 1.42) with a 0.4 step size in z-
axis. Using the ImagelJ software, reconstruction of z-stacks
was performed in order to analyze dendritic spine densities
and morphology, normalized to 10 um of secondary/tertiary
segment, as it was previously explained in the “Materials and
Methods” section for Dil tissue staining. Segments from at
least 15 neurons per group were analyzed, in two independent
experiments and statistical analysis was performed by one-
way ANOVA followed by Tukey post hoc comparisons.

Statistical Analysis

Data are expressed as mean = SEM. Analysis were performed
under blind condition to the experimental groups. Statistical
analyses were performed using unpaired one-tailed Student’s #
test (for one sample or comparing two samples) and one-way
ANOVA with Tukey post hoc multiple comparisons when
required and were done using Prism 3.02 (GraphPad
Software).

Sample size for the animal studies was calculated taking
into consideration results from previous studies done in our
laboratory [12, 43]. For a statistical significance level of 5%
and an 80% statistical power using a one-tailed Student’s ¢
test, we are able to detect differences of at least 10% between
groups composed by 5 mice each for RIA; 4 for immunohis-
tochemistry, WB, and Dil; 8 for qPCR; and 10 for behavioral
evaluation. Analyses were done using the sample size calcu-
lation tool on StatMate 2.0 (GraphPad Software Inc.).
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Results

Early Exposure to a High-Fat Diet Impacts
on Metabolic and Inflammatory Parameters with no
Changes on Body Weight

As it was previously reported by our group, after a short ex-
posure to HFD (45% Kcal from lipids), from 21 to 60 days of
life, no variations on final body weight were registered,
whereas glycemia was increased in the HFD group compared
to the control group fed with the standard diet [12]. In the
present work, we report that pancreatic insulin content mea-
sured by RIA (1.78 +0.14 ng/mg vs. 1.36 + 0.05 ng/mg) was
found significantly decreased after HFD exposure, p <0.05
Students’ ¢ test. Regarding systemic inflammation, there was
approximately a tenfold increase in plasmatic levels of IL-1f3
(p <0.05) while TNFa did not change [12].

As for the inflammatory status in the hippocampus, cyto-
kine expression levels were assessed as well as microglial
morphometric parameters. Firstly, Ibal immunolabeling on
coronal brain slices containing hippocampus allowed
microglial activation assessment (Fig. 2a—f). No changes were
detected in cell density (Fig. 2c—d), while an enlarged Ibal+
soma size was found both in the hilus (Fig. 2e) of the dentate
gyrus (p <0.01) and in the stratum radiatum subregion of CA1
(Fig. 2f, p <0.05), as a sign of reactivity. Moreover, the ex-
pression of pro-inflammatory cytokines TNFoc and IL13 mea-
sured by RT-qPCR was found to be increased in hippocampus
homogenates of the HFD group (Fig. 2g-h, p <0.05).

Fat Consumption Promotes Alterations in Adult
Neurogenesis and Hippocampal Connectivity

Concerning neuronal impact of early HFD consumption, adult
neurogenesis was one of the studied phenomena. The effect of
the hyperlipidic diet on the neurogenic ability in the hippo-
campal SGZ was assessed in relation to two important stages
of the neurogenic process: proliferation and differentiation of
newborn cells in the subgranular cell layer of the dentate gy-
rus. To that purpose, proliferation marker Ki67 (Fig. 3a-b)
and marker of immature neurons DCX (Fig. 3f-g) were stud-
ied by immunohistochemistry. In our work, the HFD group
exhibited alterations in both proliferation, assessed as the
number of Ki67+ cells in dorsal and ventral hippocampus
(Fig. 3c—e, p<0.01), and in the number of DCX+ immature
neurons (Fig. 3h, p<0.01) in the SGZ, being lower in the
experimental group when taking into account the entire hip-
pocampus. No significant differences were found when dis-
criminating dorsal or ventral hippocampus (Fig. 3i—j). Taken
together, these results suggest a decreased ability to generate
new neurons in the hippocampus of mice exposed to HFD,
considering an age at which neurogenesis normally occurs at a
particularly high rate [54]. As regards DCX+ neurons, the
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Fig. 2 HFD exposure induces inflammatory changes in the mouse
hippocampus. a, b Representative images of Ibal
immunohistochemistry in coronal brain slices, and their corresponding
insets of the hippocampal hilar region (scale bars =100 and 50 um,
respectively). ¢, d Ibal+ cell density in the hilus (¢) and stratum
radiatum (d), expressed as number of cells per cubic millimeter. e, f
Ibal+ cells’ soma area in the hilus (e) and stratum radiatum (f).

differentiation process was further analyzed by distinguishing
A-D and E-F populations (as described in the corresponding
“Materials and Methods” section) and we found a significant
decrease particularly in A-D, the more immature ones
(Fig. 3k, p<0.05), not in E-F that presents greater develop-
ment of dendritic trees (Fig. 31).

With the aim to explore whether the high-fat diet could in-
fluence the synaptic compartment, morphological parameters of
dendritic spines were evaluated after injection of Dil, a
photostable lipophilic dye, for individual neuron staining
(Fig. 4a). Fluorescent labeling of dendrites and spines followed
by confocal microscopy allowed the imaging of dendritic spines
with high resolution. After deconvolution of confocal z-stack
images of dendritic segments (Fig. 4c—d), we were able to visu-
alize individual spines in order to accurately determine each
spine’s length, head and neck diameter, allowing the morpho-
logical classification of spines (Fig. 4b): stubby (type I), mush-
room (type II), or thin (type III), as described in the “Materials

*p <0.05 and ** p<0.01 when compared to CD (Student’s ¢ test), n=
4-5 CD and HFD mice. g, h Relative expression of TNF«x (g) and IL13
(h) cytokines measured by RT-qPCR. Expression analysis was performed
by Pfaffl’s method and values were normalized to cyclophilin B as
housekeeping gene and relative to the CD group. *p <0.05 when
compared to CD (Student’s ¢ test), n = 8 hippocampi per group

and Methods” section. For interpretation purposes, it is impor-
tant to mention that we enclose stubby spines in the “mature”
category, together with mushroom spines, owing to a growing
body of literature that consider both types to be more stable and
to form stronger excitatory synapses [45, 47, 48, 55, 56], even if
the majority of spines in this category are mushroom. Our results
showed that, without changes in the total density of dendritic
spines (Fig. 4e), there was a lower proportion of mature protru-
sions (types I+ 11, Fig. 4f, p < 0.05), mushroom spines in partic-
ular (type II, Fig. 4g, p <0.01) in young mice consuming HFD
compared with the standard diet, with a prevalence of immature
thin dendritic spines (type III, Fig. 4h, p<0.01). In order to
further study this phenomenon, synaptic proteins associated to
the postsynaptic density region (PSD) were analyzed by
Western blot of CD and HFD hippocampal homogenates
(Fig. 41). Even if differences were not found in the levels of
PSD-95 (Fig. 4k), a 50% decrease was detected for Shank 2 in
HFD hippocampi (Fig. 4j, p <0.05).
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Fig. 3 Neurogenic ability is decreased in the dentate gyrus SGZ of HFD
mice. a, b Representative images of Ki67 immunostaining in CD (a) and
HFD (b) groups (scale bar =200 pm). c—e Number of Ki67+ cells in the
dentate gyrus SGZ, analyzing whole (c¢), dorsal (d), or ventral (e)
hippocampus. f, g Photographs of DCX immunostaining and their
corresponding SGZ insets, of CD (f) and HFD (g) groups (scale bars =

High-Fat Diet Exposure Induces Spatial Memory
Impairment in Young Mice

To address the potential effect of early fat consumption on
hippocampus-dependent spatial memory, the novel object

@ Springer

200 and 50 um, respectively). h-1 Number of total DCX+ cells in SGZ
analyzing whole (h), dorsal (i), or ventral hippocampus (j). A-D (k) or E-
F (1) subpopulations of DCX+ cells in SGZ in the whole hippocampus.
*p<0.05, **p<0.01, and ***p <0.001 when compared to CD
(Student’s ¢ test), n =4-5 animals per group

location recognition test was employed. As detailed in the corre-
sponding “Materials and Methods” section, after adequate habit-
uation, each mouse freely explored two identical objects during
10 min (T1), located as is illustrated in Fig. 5a. After this first
training session, mice were returned to their housing cages. Sixty



Mol Neurobiol (2019) 56:5075-5094

5085

a e f
15- ¢ 09
£ = 3
g e 7.5+ e *
S =
% 10- H
Q c
£ ‘S
3 & 5.0
«n (]
E 5 E!
L s 2.54
0 0.0
cp HFD cp HFD
g h -
7.5 7.59
h— — % E
E g. ——
§ é 5.04 % 5.0
ec g
= & 2.5 £ 2.5
£
0.0 0.0
CcD HFD cD HFD
i j k
w 1.57 o 157
CD HFD © ]
K —l— ?
k| ]
PSD 95 |--H--|-100 KDa e * s
N 0
) —_ — x 0.5 & 0.5-
st s ¢
0.0 0.0
cb HFD cb HFD

Fig. 4 HFD mice exhibit alterations in the morphology of dendritic
spines of dorsal hippocampus CA1 neurons. a Representative
photograph of a 150-um coronal brain section showing injection sites
of lipophylic Dil dye, seen as red fluorescence in CAl pyramidal
neurons, merged with the DIC microscopy image. b Reconstruction of
the dendritic segment from deconvolved z-stacks obtained with confocal
microscopy, showing examples of stubby (S), mushroom (M), and thin
(T) dendritic spines (scale bar=2 pm). ¢, d Representative 3D
reconstructions of Dil-stained apical dendritic segments from CAl
neurons, from the CD (c¢) and HFD (d) groups, respectively. Arrows
show mature, mushroom spines (scale bar=2 pm). e-h Number of

minutes later, the second trial was registered on the same arena
but with a different object spatial configuration (T2) (Fig. 5a). As
expected, the control group showed a significant increase in time
exploring the relocated object during T2, suggesting the recog-
nition of this novel location (Fig. 5b, p <0.001, one-sample
Student’s # test against 50%). Even if the HFD group was also
able to recognize the novel location, as shown by the exploration
percentage above randomness (Fig. 5b, p <0.05), the discrimi-
nation index was significantly lower (Fig. 5c, p <0.01). The
discrimination index describes the difference between the pro-
portion of time spent exploring an object placed in the novel
location and the proportion of time visiting the object in the
original location during T2, related to the total time spent in
exploring both objects. It is important to mention that preference
for no particular object was verified in T1 (—0.70 £4.40% and
9.17 £4.32% preference index in the CD and HFD groups, re-
spectively, one-sample ¢ test against theoretical mean of 0,

dendritic spines normalized to the 10-um dendritic segment. Total
dendritic spines (e), mature (stubby + mushroom) (f), mushroom (g), or
thin (h) spines. *p <0.05 and **p <0.01 when compared to CD
(Student’s ¢ test), n=4 CD and HFD animals, analyzing at least
1200 um dendritic length per group. i—k Representative Western blot
bands showing the levels of Shank2, PSD-95, or actin in hippocampal
homogenates from CD or HFD mice (i) and the corresponding
densitometry analysis of Shank2 (j) or PSD-95 (k), relative to actin
levels. *p <0.01 when compared to CD (Student’s ¢ test), n=4 CD and
HFD hippocampi, results from three independent blots

p>0.05) and locomotion impairment was discarded by distance
and speed analyses measured with the Any-maze video tracking
system (16.43+£1.84 m vs. 15.18 =1.24 m CD and HFD total
distance; 0.03 +£0.0031 m/s vs. 0.03 +£0.0021 m/s CD and HFD
exploration speed, two-sample ¢ test, p >0.05 between experi-
mental groups). Hence, regarding this specific test, HFD mice
exhibited impairment in short-term spatial memory. In relation to
anxiety-like behavior, at least assessed by the elevated plus maze
exploration test (Fig. 5d), no differences were found between
experimental groups in the exploration of open arms (Fig. Se).

Saturated Fatty Acid Palmitate Induces
a Pro-inflammatory Profile in Cultured Microglia

The in vivo experiments showed that an early exposure to a

HFD is associated to a pro-inflammatory response involv-
ing microglial cells in the hippocampus, together with poor
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Fig. 5 Behavioral parameters. Early exposure to HFD promotes deficits
in spatial memory. a Novel object location recognition test scheme
showing objects’ spatial configuration in T1 and T2 sessions and inter-
trial interval (ITI). b Quantification of the exploration time of the re-
localized object, expressed as percentage of total exploration in T2.
*p<0.05 and **¥p <0.001, statistical difference against 50% theoretic

neurogenic capability, predominance of immature dendritic
spines, and spatial memory deficits. With the aim to inves-
tigate the potential connection between microglia reactivi-
ty and neuronal dysfunction, we performed a series of
in vitro experiments. Primary microglia from the cortex
and hippocampus of P1-3 mice was exposed to different
concentrations of palmitate (PA), the most common satu-
rated fatty acid in western diets and present in HFD. First
of all, DAPI and propidium iodide cell labeling allowed us
to determine the working concentrations of PA that would
not affect cultures’ viability to a great extent (Fig. 6a, b).
PA complexed with fatty acid-free serum albumin at 0,
125, and 500 uM was employed to study the in vitro
microglial response. To this end, the levels of the pro-
inflammatory cytokines TNFx and IL1f3 were assessed
by ELISA in the conditioned media. When the microglial
culture was incubated with PA at 500 uM during 24 h,
while TNFa did not reach a significant increase (Fig. 6¢)
compared to control containing only BSA, IL1{ levels
were remarkably higher (Fig. 6d). In contrast, the quanti-
ties of the anti-inflammatory cytokine IL4 were signifi-
cantly lower after PA exposure (Fig. 6e). Overall, these
data show that PA induces a pro-inflammatory profile on
primary microglial cells.
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mean (one-sample Student ¢ test), n =10 animals per group. ¢
Discrimination index, obtained as the percent difference between
exploration times of novel or known localization, in relation to T2 total
exploration. **p <0.01 when compared to CD (Student’s ¢ test), n=10
mice per group. d Elevated Plus Maze apparatus. e Quantification of open
arms exploration time

Exosomal Fraction Isolation

from Palmitate-Stimulated Primary Microglial Culture
and its Effect on Hippocampal Neuron Dendritic
Spines

The following aim was to explore the role of exosome-like
extracellular vesicles derived from PA-exposed microglia on
neuronal structural plasticity. Consequently, the conditioned
media from primary microglia stimulated with different PA
concentrations was subjected to differential centrifugation to
obtain the corresponding EV fractions. As the scheme in
Fig. 7a shows, the isolation protocol included previous sepa-
ration of cell debris, organelles, and apoptotic bodies at 800,
4000, and 15,000 g sequential centrifugation steps, respective-
ly. Further ultracentrifugation at 110,000g took place to obtain
the exosome-containing fraction. Labeling of this resultant
fraction with uranyl acetate and examination with high-
resolution transmission electron microscope allowed the ver-
ification of exosomal vesicles’ morphology (Fig. 7b) and re-
ported diameter. The analysis of the exosomal fraction showed
a predominance of vesicles with a diameter around 60—70 nm
(Fig. 7c). However, at least for the assayed PA concentrations
(125 and 500 uM), no variations in diameter and total protein
content were registered on isolated exosome-like EV fraction
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Fig. 6 Effect of the saturated fatty acid palmitate on primary microglia
culture viability and secretory profile. a Representative images of PA-
exposed microglial cells stained with DAPI and propidium iodide (PI),
obtained with fluorescence microscopy. Arrowheads show dead PI
positive cells and the quantification is shown in b. Viability is
expressed as the percentage of DAPI positive nuclei negative for PL

(Fig. 7c, d). Furthermore, EVs extraction was replicated using
BV2 murine microglial cell line exposed to palmitate at the
same concentrations as primary microglia, with the objective
of optimizing protein obtention for Western blot determina-
tions. As it is depicted in Fig. 7e, the vesicle fraction obtained
after ultracentrifugation, corresponding to exosome-like vesi-
cles, was positive for the reported exosomal markers ALIX
and TSG101.

Once we were able to characterize the exosome-like
identity of the EV fraction obtained by the ultracentrifu-
gation protocol of the conditioned media, we pursued our
aim to assess the impact of exosomes derived from PA-
exposed microglia in the modulation of neuronal connec-
tivity. To that end, 14 DIV hippocampal neurons (from
E18 mice) that were previously transfected with a GFP-
expressing plasmid were incubated for 24 h with the
exosomal vesicles released from microglia stimulated
with different concentrations of PA or vehicle. Confocal
z-stack reconstruction images were obtained from GFP+
dendrites of each condition (Fig. 8a) in order to analyze

Palmitate (uM)

0
500 125 500
Palmitate (pM)

*p <0.05 when comparing 500 pM PA to control (one-way ANOVA
with Tukey post hoc test). c—e Protein levels of cytokines in the
conditioned media of microglia exposed to palmitate: TNFa (c), IL1f3
(d), and IL4 (e). Cytokine levels assessed by ELISA are normalized to
control and *p < 0.05 represents statistical difference with 1 (0 uM PA),
(one-sample Student ¢ test)

dendritic spine number and morphology on hippocampal
dendrites. The quantification of total spine density, as well
as categorization of distinct spine types according to mor-
phology, was done following the previously mentioned
procedure applied for Dil + arborizations on brain slices.
First of all, as the bar graph in Fig. 8b shows, total spine
density (number of spines/10 um dendritic segment) was
unaltered regardless of the experimental condition, i.e.,
hippocampal neurons exposed to exosomes derived from
vehicle (Exo 0 uM PA) or PA-stimulated primary microg-
lia (Exo 125-500 uM PA). Regarding spine morphology,
after the exposure of hippocampal neurons to the
exosomal fraction derived from primary microglia treated
with PA, there was a marked effect in spine remodeling
(Fig. 8c—e, significant differences for mature, mushroom,
and thin spine densities, p <0.05 one-way ANOVA). In
particular, we found significant changes associated to in-
cubation with exosomes derived from microglia exposed
to the higher concentration of PA (500 uM PA). A signif-
icant reduction in mature spines was verified (Fig. 8c,
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Fig. 7 Characterization of exosome-like vesicles isolated from
conditioned media of microglia exposed to palmitate. a Exosome
isolation scheme showing differential centrifugation steps. b
Representative TEM images after exosome fraction obtained from
primary microglia conditioned media, stained with uranyl acetate at
different magnifications, scale bars of 100 and 50 um. ¢ Exosome-like
vesicles diameter was measured in different fields of the TEM grid, from
at least 16 spatially isolated vesicles. No differences in diameter were

p <0.05 Tukey post hoc contrast against Exo 0 pM PA)
and, in line with this result, we found a predominance of
immature thin spines (Fig. 8e, p<0.01 Tukey post hoc
contrast against Exo 0 uM PA). When primary microglia
was stimulated with a low concentration of PA (125 uM),
the corresponding exosomal fraction was associated to the
same pattern of changes in spine maturity, but the differ-
ences did not reach statistical significance. As for untreat-
ed GFP+ 14 DIV neurons (Fig. 8a, upper panel), dendritic
spine densities (number of spines/10 um segment) were
also calculated as a reference, 4.58 £0.56 total spines,
2.45+0.28 mature, 2.01 £0.25 mushroom, and 2.83 +
0.23 thin spines/10 pm.

Remarkably, these in vitro results regarding synaptic re-
modeling recapitulated the in vivo findings where structural
synaptic plasticity of hippocampal CA1 neurons was studied
after Dil injection to brain slices from mice consuming HFD
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found upon PA treatment, one-way ANOVA p>0.05. d Total micro
BCA protein quantification from exosomal fraction of primary
microglia exposed to control or PA containing medium, one-way
ANOVA p > 0.05. e Western blot bands of exosomal markers Alix and
TSG101 in control or 500 uM PA-stimulated microglial BV-2 cell line
lysates and exosomal fraction obtained after ultracentrifugation at
110,000g

from early stages of life (Fig. 4), thus suggesting a potential
role of microglia-derived exosomes.

Discussion

The present study intended to further explore the impact of
metabolic dysfunction due to an increased dietary lipid intake
on hippocampal plasticity in a particularly vulnerable window
of time, prior to adulthood. Our results showed that HFD had
an effect on glycemia—with unaltered body weight—when
administered to young mice from P21 to P60, an age
parallelizing human adolescence. Pancreatic insulin content
was found to be diminished, suggesting an early pancreatic
dysfunction that could have later implications in the develop-
ment of insulin resistance and associated disorders [57-59].
Moreover, IL1 exhibited high seric levels, with an order of
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Fig. 8 Exosome-like vesicles derived from PA-stimulated primary
microglia affect dendritic spine morphology in primary hippocampal
neurons. a Representative dendritic segments of 14 DIV primary
hippocampal neurons expressing transfected GFP incubated with
exosome-like vesicles from primary microglia exposed to palmitate or
vehicle. Images were obtained as reconstructions of z-stacks from
confocal microscopy. b—e Number of dendritic spines normalized to
10 um dendritic segment. Total dendritic spines (b), one-way-ANOVA

magnitude of increase, thus contributing to the pro-
inflammatory scenario of this early and relatively short HFD
exposure. In the present study, inflammation was also mani-
fested in the hippocampus by microglial reactivity, assessed in
the stratum radiatum under CA1 and the hilus of the DG, in
association to a marked increase of cytokines’ expression, in
accordance with published results [60, 61]. The induction of a
pro-inflammatory state associated to the high intake of dietary
fats is probably mediated by multiple and interconnected path-
ways including toll-like receptors, peroxisome proliferator-
activated receptors, fatty acid-binding proteins, and oxidative
stress mediators reviewed in [62], highlighting the complexity
of this scenario.

Several reports have linked neuroinflammation with neu-
ronal structural plasticity impairment in different neurological
disorders [63, 64]. Brain plasticity represents the intrinsic
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p>0.05; mature (stubby + mushroom) (c), one-way-ANOVA p < 0.05;
mushroom (d), one-way-ANOVA p <0.05 or thin (e) spines, one-way-
ANOVA p <0.001. Morphological classification was performed applying
an algorithm with spine parameters: spine length and head and neck
diameters, as done with CA1 dendrites in brain slice shown in Fig. 4.
*p < 0.05 and ***p < 0.001 when compared to Exo 0 PA uM (Tukey post
hoc test), n = dendritic segments from at least 15 neurons and two
independent experiments

ability of CNS to react to a constantly changing environment,
by functional and structural modifications. Adult
neurogenesis and synaptic remodeling represent two mecha-
nisms involved in such adaptability [65-67]. Regarding the
incorporation of newborn neurons to the hippocampal circuit,
in rodents, the neurogenic capability in the dentate gyrus is at
its higher levels during the juvenile period with a progressive
decline with aging [68]. Metabolic dysfunction in type 1 dia-
betes and long-term exposure to HFD is associated with a
decrease in neurogenesis ability in young mice [58, 69, 70].
In line with that, in this study, we found a strong decrease in
cell proliferation in the subgranular zone and less DCX+ im-
mature granular neurons in 2-month-old HFD-fed mice. The
fact that the reduction in the number of DCX+ cells occurs
mainly in the A-D subpopulation, i.e. neurons with undevel-
oped dendritic arborization, together with the remarkably
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diminished proliferation in the SGZ, suggests a weakened
neurogenic process which is particularly vulnerable in its first
stages as a consequence of HFD exposure. Inflammation and
signaling molecules released by immune cells in the brain
have been associated with impaired hippocampal
neurogenesis. Microglia that expresses an inflammatory phe-
notype can affect cell proliferation, survival, and function of
new granular neurons [71, 72]. Hence, the fact that microglia
exhibits signs of reactivity in the hippocampus and especially
in the hilus of the dentate gyrus, which is juxtaposed to the
SGZ, emphasizes this concept.

As for the modulation of structural synaptic plasticity,
events of generation, elimination, strengthening, or weaken-
ing of synapses are key targets of environmental signals. The
dendritic compartment of a neuron receives input from thou-
sands of mostly excitatory upstream neurons via synapses [73]
and dendritic spines represent the /oci where the majority of
synapses occur [74]. Dendritic spines are composed of a head
and a thin neck that connects them to the dendritic shaft and
can have a wide variety of morphologies which appears to be
critical from the functional point of view [75]. Given the fact
that larger spines are able to recruit more PSD components, in
particular a greater amount of AMPA receptors, the direct
association of spine size and synapse strength becomes evi-
dent [76]. Larger spines, as mushroom and stubby, are consid-
ered to be mature and enable the occurrence of stronger post-
synaptic currents, thus influencing neuronal activity to a great-
er extent [77]. Our results showed that dendritic spine mor-
phology is affected at early stages in mice fed with HFD, with
a predominance of immature spines in the CA1 subfield with-
out changes on total spine density, suggesting potential syn-
aptic deficits as a consequence of metabolic alterations and
induced neuroinflammation. In reference to dendritic spine
dynamics underlying synaptic efficacy, actin cytoskeleton
and scaffold proteins involved in its remodeling are of great
relevance in the fine-tuned regulation of spine morphology.
Factors that regulate actin polymerization/depolymerization
rates, as well as spine membrane properties, constitute key
mediators of synaptic function upon different stimuli [78,
79]. In that sense, we found that levels of the scaffold protein
Shank2 were notably diminished in hippocampal homoge-
nates of HFD mice. Shank? is part of the Shank protein family,
interacting with numerous PSD components and involved in
spine morphogenesis. All shank isoforms are reported to in-
duce early maturation of spines in developing neurons and
increase in spine size in mature neurons, upon overexpression
[80]. Moreover, Shank2 knockdown and specific mutations in
Autism Spectrum Disorders’ (ASD) models as well as post-
mortem ASD brains are associated with synaptic dysfunction
with predominance of immature thin spines [81]. The fact that
we did not find significant differences in PSD-95 in HFD
hippocampal homogenates by Western blot analysis might
be related to the conserved spine numbers in both groups,
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yet it implies the need to use more precise techniques to study
changes in its distribution.

In addition to reactive microglia, low hippocampal
neurogenesis and changes in dendritic spines morphology,
we found a poor cognitive performance in a specific spatial
hippocampal-dependent task, the novel object location recog-
nition test. Spine numbers and morphology were reported as
structural underlying events of memory formation in the rat,
both in spatial and working memory hippocampal-dependent
tests, such as the Morris water maze and the radial arm mem-
ory test [82]. In line with this, our results are indicative of a
cognitive impairment in association with low neurogenic abil-
ity and an immature dendritic spine pattern in a
neuroinflammatory context in young mice fed with HFD.
Even though inflammation is one of the most important me-
diators of diet-induced cognitive impairment, other factors
like central insulin resistance, hypothalamic-pituitary-adrenal
axis activation, and diminished levels of neurotrophic factors
are also relevant contributing pathways [83]. In relation to
emotional processing-related behaviors, we did not find sig-
nificant differences in the EPM test in 2-month-old HFD mice,
similarly to what Boitard et al reported in rats exposed to
juvenile HFD [84]. However, as we reported previously, a
prolonged exposure to the hyperlipidic diet until 5 months of
age promoted not only alterations associated to anxiety, as
shown by a decreased exploration of the EPM open arms,
but also concerning depressive-like behavior by increased
freezing time in the tail suspension test [12], possibly suggest-
ing differential dynamics in the implication of metabolic dis-
orders in diverse types of behavior.

Regarding the possible mechanisms of action involved in
the glial activation associated to over nutrition, free fatty acids
(FFAs) are key components in high-fat diets known to con-
tribute to lipid toxicity of many cell types [85-87]. Evidence
shows that FFAs are able to cross the blood-brain barrier, and
there are reports indicating an increase of their transport from
circulation to the brain in contexts of metabolic disorders such
as HFD exposure and metabolic syndrome [88, 89]. In fact,
Spinelli et al. showed that palmitic acid is accumulated in the
hippocampus of C57BL/6J mice upon HFD treatment [90].
Moreover, it has been shown that long-chain FFA can affect
microglial function through the canonical toll-like receptor 4
(TLR4) that masters the inflammatory response [91, 92].

In the attempt to find possible mechanisms involved in the
interplay between microglial and neuronal compartments sub-
jected to a lipotoxic insult, the in vitro results replicated the
pro-inflammatory phenotype of microglia. On the one hand,
primary microglia incubated with the saturated free fatty acid
palmitate presented an increase in cytokines’ release, in agree-
ment with the pro-inflammatory microenvironment found in
the hippocampus of HFD mice. In this respect, experiments
employing BV2 cells microglial mouse cell line also showed a
pro-inflammatory profile associated to the presence of PA
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[93]. On the other hand, as regards the role of microglia-
neuron communication, exosomes purified from PA-
stimulated primary microglia induced alterations in the mor-
phology of dendritic spines in GFP+ hippocampal cultured
neurons. Predominance of immature thin spines with an unal-
tered density of protrusions per dendritic segment was found
in primary hippocampal neurons in the presence of exosomes
purified from palmitate-stimulated microglia added to the cul-
ture medium. Therefore, microglia-neuron communication
through exosomal EVs could represent a relevant phenome-
non involved in neuronal dysfunction upon a metabolic insult.
It is important to mention that spine analysis on GFP hippo-
campal neurons was also performed after incubation with the
MYV fraction (P3) from microglial cells exposed to palmitate
and no differences were detected, neither in total number of
spines nor in spine morphology (data not shown), pointing out
the notion of the exosomal pathway specificity in this context.

As regards possible candidate molecules within PA
microglia-derived exosomes mediating neuronal alterations,
as it was previously mentioned, actin cytoskeleton regulators
constitute crucial targets. For instance, molecules of diverse
nature, lipids, proteins, or nucleic acids, capable of modulat-
ing the function of actin binding proteins (ABPs), such as
cortactin, cofilin, and CamKIIb, are potential mediators car-
ried in exosomal vesicles [94]. MicroRNAs represent relevant
candidate molecules to study, since they are reported to be
transferred within EVs from cell to cell and have a strong
participation in local protein synthesis within the
synaptodendritic compartment [95]. As a matter of fact, there
is evidence of synaptic alterations in inflammatory contexts
mediated by miRNAs such as miR-146a-5p, loaded in
microglial EVs [96]. Also, it was recently reported that scaf-
fold protein Shank2, which we found diminished in HFD
hippocampi, is a direct target of miR-137. miR-137
downregulates protein translation of several proteins at the
postsynaptic locus such as AMPA receptors and Shank2
and, interestingly, both events, overexpression of miR-137
and downregulation of Shank2, are associated to
neurodevelopmental and neuropsychiatric disorders [97].

Further experiments must be conducted for in-depth study
of the ideas that have arisen from our work suggesting that
exosomes from microglia stimulated by components of high-
fat diets may contribute to alter dendritic spine morphology of
pyramidal neurons in the hippocampus of young mice.
Importantly, EV-mediated microglia-neuron communication
might be acting among a set of microglia-derived signals such
as glutamate, ROS, cytokines, and chemokines [98], establish-
ing complex response patterns. What is more, direct effects to
neurons and mechanisms involving indirect effects mediated
by other interactions, with astrocytes for instance, cannot be
excluded.

Neurobehavioral, morphological, neurochemical, and
pharmacological evidence suggest that brain circuits are in

active remodeling and maturation during adolescence [2,
99]. In that sense, our study indicates that during the peri-
adolescent period, the brain could be especially susceptible
to environmental factors as high-fat diet promoting chronic
inflammation and inducing relevant changes in neuronal con-
nectivity associated to cognitive alterations, effects that could
have a long-lasting impact on the adult brain. Our study con-
tributes to understand the complexity of the relationship be-
tween glia and neurons in the hippocampus under an inflam-
matory scenario promoted by a high-fat diet, during this rele-
vant life period when neuroendocrine systems’ flexibility in
ongoing maturation can be severely affected.
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