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a  b  s  t  r  a  c  t

The  incidence  of metabolic  disorders  including  obesity,  type  2  diabetes  and  metabolic  syndrome  have
seriously  increased  in  the  last  decades.  These  diseases  –  with  growing  impact  in  modern  societies  –
constitute  major  risk  factors  for  neurodegenerative  disorders  such  as  Alzheimer’s  disease  (AD),  sharing
insulin  resistance,  inflammation  and  associated  cognitive  impairment.  However,  cerebral  cellular  and
molecular  pathways  involved  are  not yet  clearly  understood.  Thus,  our aim was  to study  the  impact  of
a non-severe  high  fat diet  (HFD)  that  resembles  western-like  alimentary  habits,  particularly  involving
juvenile  stages  where  the brain  physiology  and  connectivity  are  in  plain  maturation.  To  this  end,  one-
month-old  C57BL/6J  male  mice  were  given  either  a  control  diet  or  HFD  during  4  months.  Exposure  to  HFD
produced  metabolic  alterations  along  with  changes  in  behavioral  and  central  parameters,  in the absence
of  obesity.  Two-month-old  HFD  mice  showed  increased  glycemia  and  plasmatic  IL1�  but  these  values
normalized  at  the  end of  the  HFD  protocol  at 5  months  of  age,  probably  representing  an  acute  response
that  is compensated  at later  stages.  After  four  months  of  HFD  exposure,  mice  presented  dyslipidemia,
increased  Lipoprotein-associated  phospholipase  A2  (Lp-PLA2)  activity,  hepatic  insulin  resistance  and
inflammation.  Alterations  in  the  behavioral  profile  of  the  HFD  group  were  shown  by the  impediment  in
nest  building  behavior,  deficiencies  in  short  and  mid-term  spatial  memories,  anxious  and  depressive-
like  behavior.  Regarding  the  latter  disruptions  in  emotional  processing,  we  found  an  increased  neural
activity  in  the  amygdala,  shown  by a greater  number  of  c-Fos+  nuclei.  We  found  that  hippocampal  adult
neurogenesis  was decreased  in  HFD  mice,  showing  diminished  cell  proliferation  measured  as  Ki67+  cells
and  neuronal  differentiation  in  SGZ  by  doublecortin  labeling.  These  phenomena  were  accompanied  by  a
neuroinflammatory  and insulin-resistant  state  in  the  hippocampus,  depicted  by  a  reactive  phenotype  in
Iba1+ microglia  cells  (increased  in  number  and  soma  size)  and  an  impaired  response  to  insulin given by

decreased  phosphorylated  Akt levels  and  increased  levels  of  inhibitory  phosphorylation  of  IRS1.  Our  data
portray  a set  of  alterations  in  behavioral  and  neural  parameters  as  a  consequence  of  an  early-life  exposure
to  a quite  moderate  high  fat diet, many  of which  can  resemble  AD-related  features.  These  results  highly
emphasize  the  need  to  study  how  metabolic  and  neurodegenerative  disorders  are  interrelated  in  deep,
thus allowing  the  finding  of  successful  preventive  and  therapeutic  approaches.

© 2016  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

Recent data from the World Health Organization (WHO)
evealed an alarming increase of obesity and overweight, respon-
ible for more deaths than underweight in high and middle income
ountries. The number of obese patients has been duplicated in
he last decades in the world and, regrettably, this increase has
een even higher within the infant population (WHO, 2015). The
ver-consumption of industrialized food with a high content of
at is directly implicated, in addition to changes in lifestyle that
nclude low physical activity. During the juvenile period, feed-
ng habits and especially food quality can potentially impact on
ehavior, emotionality and cognitive capabilities during adulthood,

ncreasing the risk to develop neurodegenerative diseases in both,
umans and animal models (Vendruscolo et al., 2010; Andersen,
003).

Obesity, insulin resistance and type 2 diabetes (T2D) are
ajor consequences of modern feeding habits and their effects

n the central nervous system are thought to be mediated
hrough multiple pathways. Obesity and high fat diet consump-
ion are associated with dyslipidemia and alterations in cholesterol
evels contributing to inflammation and pro atherogenic sta-
us via high oxidative stress. Obesity-associated peripheral and
rain inflammatory processes promote the development of emo-
ional and cognitive alterations, (reviewed in Castanon et al.,
015). Furthermore, increased levels of inflammatory cytokines
s TNF� can contribute to central and peripheral insulin sig-
aling dysfunction, aggravating the scene (Miller and Spencer,
014).

As our group and others have shown, neuroinflammation is
ound in metabolic disorders. Activation of hippocampal astro-
ytes and microglia are common findings in spontaneous models
f type 1 and type 2 diabetes (Beauquis et al., 2006, 2008, 2010;
iessels et al., 1994). Due to its high glucose demand and ele-
ated insulin sensitivity, the hippocampus can participate in central
nsulin resistance and subsequently promote brain aging and age-
elated illnesses as Alzheimer’s disease (Dineley et al., 2014; Fehm
t al., 2006). The amygdala and the hippocampus are recognized as
tress-sensitive structures that experience decisive changes dur-
ng the adolescent period (LeDoux, 2003; Maren, 2005). Thus,

etabolic disturbances with a juvenile onset can interfere with
imbic maturation and induce lifelong cognitive and emotional
lterations.

Multiple lines of evidence from clinical and epidemiological
tudies indicate that overweight and obesity are growing global
ublic health problems recognizing multifactorial contributions

ncluding genetic, behavioral and environmental agents. A number
f different risk factors are shared by T2D, cardiovascular pathology
nd hypertension; moreover, these pathologies are also associ-
ted with neurological and psychological outcomes, being among
hem impulsivity, attention-deficit hyperactivity disorder, depres-
ion and anxiety (Puder and Munsch, 2010).

Obesity and insulin signaling defects have been shown to be
ssociated with brain disorders (de la Monte and Tong, 2014;
reeman et al., 2014; Moll and Schubert, 2012) Mice rendered
iabetic (Beauquis et al., 2006) and also genetic models show
lterations in synaptic transmission, adult neurogenesis, behav-
or and glial support and reactivity (Beauquis et al., 2008, 2010;
alvo-Ochoa and Arias, 2015; Stranahan et al., 2008). These issues
ighlight the importance of searching common cellular and molec-
lar pathways in order to design preventive and therapeutic
trategies.
The purpose of this work was to study neural and behav-
oral effects of a non-severe high fat diet in mice – that could
e assimilated to a modern western diet – administered during
he critical juvenile stage, focusing on limbic structures, cog-
ocrinology 72 (2016) 22–33 23

nitive performance and emotionality. Our hypothesis considers
that the exposure to a high fat diet during a susceptible period
of the early life may  influence brain plasticity. In particular,
alterations in hippocampal neurogenic capability could poten-
tially increase the risk to develop cognitive failure or anxiety
symptoms, common to diseases like depression and demen-
tia.

Our results show that the exposure to a moderately high fat diet
during the juvenile period failed to induce significant overweight
and hyperglycemia but was  sufficient to provoke relevant periph-
eral and central changes in adulthood. These alterations could
represent premature signs of neurological diseases. Though obe-
sity and overt diabetes are frequently diagnosed, other metabolic
disorders could have a subclinical course, constituting ‘silent’ car-
diovascular and brain disease risk factors that are usually present
since an early age. Therefore, the normoglycemic non-obese mouse
model that we  describe in the present study may help to improve
diagnosis and prevent CNS complications in the context of subclin-
ical metabolic disorders as well as contributing to the study of the
pathways involved.

2. Material and methods

2.1. Animals and diets

C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME)  were
maintained in our animal facility (Institute of Biology and Experi-
mental Medicine, 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 approved by
the Ethics 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.

One month-old male mice were exposed to control or a high
fat diet during four months, as the experimental scheme shows
(Fig. 1A). Both control diet (CD) and high fat diet (HFD) were pro-
vided by Gepsa Feeds (Grupo Pilar, Pilar, Buenos Aires, Argentina).
CD pellets provided 2.5 kcal/g energy and were composed by: car-
bohydrate 28.8%, proteins 25.5%, fat 3.6%, fibers 27.4%, minerals
8.1% and humidity 6.7%. HFD pellets were custom-prepared and
provided 3.9 kcal/g energy. HFD pellets’ composition included: car-
bohydrate 22.5%, proteins 22.8%, fat 21.1%, fibers 23.0%, minerals
5.6% and humidity 5.0%. The main fat components of HFD pellets
were monounsaturated fatty acids (44.7%), saturated fatty acids
(29.8%) and polyunsaturated fatty acids (20.9%), among others as
it was reported by Valdivia et al. (2014) using this diet. The ratio
between omega 3/omega 6 polyunsaturated fatty acids did not dif-
fer comparing HFD to CD and the ratio value was near 17 in both
diets.

Thirty five mice were used in total, comprising 15 CD and 20 HFD
mice. During the last month of exposure to the diet, the behavioral
profile was assessed as described in Section 2.1 and euthanasia was
done 5–7 days after the last behavioral task was  performed. At end
point, the procedure was  as follows: CD and HFD mice were fasted
for 6-h (fasting started one hour after lights on), weighed, glu-
cose was  measured from tail blood, anesthetized with ketamine (IP
80 mg/kg BW,  Holliday-Scott, Argentina) and xylazine (IP 10 mg/kg
BW,  Bayer, Argentina), stimulated for ten minutes with insulin (IP
5 UI/kg BW,  Beta Laboratory, Argentina) and then decapitated.
Additionally, a different group of 20 animals was exposed to
either CD or HFD (n = 10 for each group) and euthanized at two
months of age in order to assess certain parameters, such as weight,
glycemia and inflammatory markers.
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Fig. 1. Experimental scheme and liver alterations induced by HFD exposure. One month-old male mice were exposed either to CD or HFD ad libitum until the age of 2
or  5 months. Weight and food consumption were assessed weekly. During the last month of exposure to the diet (fifth month), the behavioral tasks were performed and
afterwards euthanasia and tissue processing took place (A). Paraffin embedded liver sections stained with H&E (B and C) show perinuclear blank spaces marked with white
arrows  in HFD hepatocytes. In (D) the graph shows liver TNF� expression measured by RT-qPCR. Panels (E) and (F) show representative western blot bands corresponding
t  CD a
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o  liver protein levels of total Akt and IRS1 levels and their phosphorylated states in
Akt/Akt or pIRS1/IRS1 densitometry ratio relative to CD ratio. (Student’s t-test for

n  this figure legend, the reader is referred to the web  version of the article.

.2. Tissue processing

Trunk blood was collected, centrifuged at 12000g  for 20 min,
◦C and serum stored at −20 ◦C for metabolic determinations. Liver
as quickly extracted; one lobule was frozen in dry ice and stored

t −80 ◦C until use for protein and mRNA expression analysis, and a
econd lobule was fixed overnight in 4% paraformaldehyde solution
t 4 ◦C, properly ethanol dehydrated, xylene cleared and paraffin
mbedded for sectioning at 10 �m in a rotatory microtome. Pan-

reas was rapidly extracted, frozen in dry ice and stored at −80 ◦C
ntil use for determination of insulin content.

Brains were removed from the skull and both hemispheres dif-
erently processed. The hippocampus was dissected form the left
nd HFD groups with the corresponding densitometry analysis. Data is expressed as
endent samples, * p < 0.05, ** p < 0.01). For interpretation of the references to color

hemisphere, frozen in dry ice and stored at −80 ◦C until use. A sub-
group of frozen hippocampi was  processed for RT-qPCR, another
one for immunoblotting and the third one for ELISA determinations.
Hippocampi that was  used for western blot or ELISA was  homog-
enized 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 a 4% paraformaldehyde solution
at 4 ◦C and then cut coronally at 60 �m in a vibrating microtome
(Vibratome 1000P, USA). Sections were stored in a cryoprotec-

tant solution (25% glycerol, 25% ethylene glycol, 50% phosphate
buffer 0.1 M,  pH 7.4) at −20 ◦C until use. All immunohistochemi-
cal techniques and Cresyl Violet counter-staining were performed
on free-floating sections. For cell number and morphometric anal-
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ses, six brain sections per mouse were evaluated. In all detailed
ases in the following sections, ventral and dorsal hippocampi were
onsidered.

.3. Cytokines assessment

Mouse TNF� and IL-1� concentrations were measured in ani-
al  serum and hippocampal homogenates of 2 or 5-month-CD or
FD mice by ELISA using BD OptEIATM mouse TNF ELISA Set II
it (catalog number: 558534, BD Biosciences, Franklin Lakes, NJ,
SA) and Mouse IL-1�sMini ABTS ELISA Development Kit (catalog
umber: 900-M47, PreproTech, Rocky Hill, NJ, USA) following the
anufacturerı́s specifications. The experiments were performed

n triplicates. The results were obtained with a microplate spec-
rophotometer.

.4. Immunohistochemistry

Briefly, after blocking of nonspecific antigenic sites, sections
ere incubated overnight at 4 ◦C with the following primary anti-

odies: rabbit polyclonal anti-Iba1 (1:1500, Wako Pure Chemical
ndustries, Osaka, Japan), goat polyclonal anti-DCX (1:400, SC-
066, Santa Cruz Biotechnology, USA), rabbit polyclonal anti-Ki67
1:2000 Novocastra/Leica, Germany) or rabbit polyclonal anti-c-
os (1:3000, SC-7202, Santa Cruz Biotechnology, USA). We  used
iotinylated secondary antibodies (1:1000 Vector Laboratories
SA) followed by processing with ABC kit (Vector Laboratories)
nd development with 2 mM diaminobenzidine (Sigma, USA) and
.5 mM  H2O2 in 0.1 M Tris buffer. Sections were put on gelatin-
oated slides, air-dried overnight, dehydrated in graded solutions
f ethanol, cleared in xylene, and mounted with Canada balsam. For

mage acquisition, Nikon E200 microscope was used.

.4.1. c-Fos positive nuclei in amygdala
The number of c-Fos immunopositive cells was assessed in the

mygdala on brain sections counter-stained with Cresyl violet. Due
o the difficulty to state the limits between basolateral and central
mygdala in certain sections, we inform the results as the number
f c-Fos nuclei in an area including these two subregions, though
redominantly representing basolateral amygdala. Nuclei positive

or c-Fos was counted under a 40× objective. c-Fos nuclei den-
ity (nuclei/mm2) was quantified analyzing 63,523.02 �m2 fields in
entral and basolateral amygdala from each brain section to obtain
n average of c-Fos nuclei/mm2.

.4.2. Proliferation capability: Ki67 positive cells in the SGZ
Quantification of the number of Ki67+ cells was done under a

0× objective. Cells were counted in both upper and lower blades
f the SGZ.

.4.3. DCX positive neurons in the dentate gyrus
Quantification of the number of DCX+ cells was  done as it was

reviously reported by our group (Beauquis et al., 2014). Cells were
ounted in the SGZ and in the GCL. Both upper and lower blades of
he GCL and SGZ were considered for cell counting.

.4.4. Microglial density
Microglial density was estimated as it was already reported

Pomilio et al., 2016) using a randomly placed 6 × 105 �m3 counting
robe on two different hippocampal subfields: stratum radiatum
nd hilus. A minimum of 100 cells per animal was  counted.
.4.5. Microglial soma size
Microphotographs from randomly chosen individual cells in the

ippocampal stratum radiatum and hilus were obtained, the soma
ocrinology 72 (2016) 22–33 25

was delineated and its surface quantified using ImageJ software. At
least 50 cells were measured in each animal.

2.5. Metabolic parameters

All metabolic parameters were measured after a 6-h fasting.

2.5.1. Glycemia
Glycemia was measured on tail blood with a glucometer (One

Touch Accutrend GC, Boehringer Mannheim, Germany).

2.5.2. Lipid profile
Triglycerides and total cholesterol were quantified by stan-

dardized methods (Roche Diagnostics, Mannheim, Germany) in
Selectra-2 autoanalyzer. HDL was isolated in the supernatant
obtained following precipitation of Apo B-containing lipoproteins
with 40 g/L phosphotungstic acid in the presence of magnesium
ions.

2.5.3. Lipoprotein-associated phospholipase A2 activity
LpPLA2 activity was measured following the radiometric assay

described by Blank et al. (1983) with few modifications (Muzzio
et al., 2009). The separation of the released radiolabeled acetate
from the lipid substrate was  carried out by phase–phase partition-
ing and measurement of the radioactivity in the aqueous phase. The
radioactivity of the aqueous phase was measured by liquid scintilla-
tion using a Liquid Scintillation Analyzer (Packard 210TR; Packard
Instruments, Meridian, CT). Radioactivity of the substrate-buffer
was also measured. Results were expressed as umol/ml.h. Mea-
surements were all carried out within the same assay. Within-run
precision (CV) for Lp-PLA2 activity was  5.1%.

2.5.4. Pancreatic insulin content and serum insulin determination
Pancreatic insulin content was  measured as previously

described (Bonaventura et al., 2008). To measure pancreas insulin
content pancreases were weighed, and insulin was  extracted from
homogenates with acid-ethanol and extracted overnight at 4 ◦C.
Homogenates were centrifuged (10 min, 2000 g, 4 ◦C) and the
supernatants neutralized with 0.85 M Tris. After a second incu-
bation (60 min, −20 ◦C) and centrifugation (30 min, 3000 g, 4 ◦C),
the supernatants were stored at −70 ◦C until used. Pancreatic and
serum insulin was  measured by RIA using human insulin for iodina-
tion and standard, provided by Laboratorios Beta, and anti-bovine
insulin antibody (Sigma, St. Louis, MO). All samples were evaluated
in the same RIA. The minimum detectable concentration was 2 ng,
and the intra-assay coefficient of variation was 6.8%.

2.5.5. HOMA index calculation
Homeostatic model assessment (HOMA), index of insulin

resistance was  calculated with basal blood glucose and basal
insulin measured after 6-h fasting. HOMA-IR = Fasting insulin
(mU/L) × Fasting glucose (mg/dl)/405.

2.6. Hematoxylin & eosin staining of liver sections

Briefly, paraffin embedded liver sections on gelatin-coated
slides were deparaffinized in xylene, rehydrated in graded ethanol
solutions, followed by distilled water. Sections were incubated

for two  minutes in hematoxylin, rinsed with tap water and then
incubated with eosin for one minute. Finally, liver sections were
dehydrated in graded solutions of ethanol, cleared in xylene, and
mounted with Canada balsam.
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.7. Immunoblotting

Frozen hippocampi and livers were homogenized in supple-
ented Ripa buffer (1:10 relation tissue to buffer) using a Polytron

omogenizer. Protein quantification of the homogenates was
btained by the Bradford standardized method (Bradford, 1976)
fter lysis with loading buffer 5×, were loaded on 10% or 7.5%
crylamide gels, separated by SDS-PAGE, and then transferred to
itrocellulose membranes. Membranes were blocked with 5% milk
r BSA in TBS containing 0.5% Tween-20 (TTBS). Blots were incu-
ated overnight at 4 ◦C with the antibodies anti-Akt1 pS473 (1:500
ell Signaling, USA), anti-Akt1 (1:500 Santa Cruz, USA), anti-IRS1
S636/639 (1:500 Cell Signaling, USA) and anti-IRS1 (1:500 Santa
ruz, USA). After initial probing with primary antibodies, mem-
ranes were washed in 0.5% TBST and TBS solutions, incubated for

 h with 1:1000 dilutions of species-appropriate, HRP-conjugated
econdary antibodies (Santa Cruz, USA). After washing, immunore-
ctivity was visualized by reaction in ECL detection reagents
luminol and p-coumaric acid; Sigma-Aldrich Co., St. Louis, MO,
SA) for 3 min, followed by immediate exposure of the blot in a G-
ox (Syngene, UK). Bands at the relevant molecular weights were
uantified using the ImageJ plugin for gel analysis.

.8. Real-time PCR of TNF˛

Hippocampi and liver tissues were homogenized in Trizol
eagent (Life Technologies-Invitrogen, CA, USA) with a Polytron
omogenizer and total RNA was extracted as recommended by the
anufacturer. The concentration and purity of total extracted RNA
ere determined by measuring the optical density of the samples

t 260 and 280 nm in a Nanodrop 2000 (Thermo Scientific USA).
DNA templates for PCR amplification were synthesized from 1 �g
f total RNA using a MMLV  High Performance Reverse Transcrip-
ase enzyme (Epicentre, USA) for 60 min  at 50 ◦C in the presence
f random hexamer primers. The sequence of primers for amplifi-
ation of mouse TNF alpha is FWD  5′GAA AAG CAA GCA GCC AAC
A 3′ REV 5′ CGG ATC ATG CTT TCT GTG CTC 3′. PCR protocols have
een published elsewhere (Garay et al., 2012). Cyclophilin b was
hosen as a housekeeping gene based on the similarity of mRNA
xpression across all samples templates. Relative gene expression
ata were analyzed using the ABI PRISM 7500 sequence Detec-
ion System (Applied Biosystems, Foster City, CA, USA), calculated
sing the 2−��ct (Livak and Schmittgen, 2001) method and it was
xpressed as fold induction with respect to its corresponding con-
rol. Specificity of PCR amplification and the absence of dimers were
onfirmed by melting curve analysis. For amplification, 20 ng of
DNA was used and qPCR was performed under optimized con-
itions: 95 ◦C at 10 min  followed by 40 cycles at 95 ◦C for 0.15 s and
0 ◦C for 1 min. Primers were used in a concentration of 0.2 �M.

.9. Behavioral procedures

General considerations
Animals were tested during the light period, between 8:00 h and

4:00 h.The order of testing was as follows: open field (OF), elevated
lus maze (EPM), novel object location recognition test (NOL) or Y
aze exploration test, nest building test (NB) and tail suspension

est (TST) with 1 week between each test, except for the OF and EPM
hat were carried within the same week, separated by 3 days. The
lummination density was  approximately 50–100 lx at the center
f the testing room.
.9.1. Nest building test (NB)
Animals were single housed and provided with 16 pieces of

 × 5 cm2 piled tissue paper in the front part of the cage. Twenty
our hours later analysis of the built nest was done in a qualitative
ocrinology 72 (2016) 22–33

and quantitative manner. Qualitative assessment determined the
presence or absence of a proper nest and a quantification of the
torn paper was  done, taking into account as torn, pieces of paper
where the ripped surface exceeded 1 cm2.

2.9.2. Novel object location recognition test (NOL)
NOL was performed as previously published (Beauquis et al.,

2014). Locomotor activity, measured as total distance, was assessed
in both trials (T1 and T2) with Any-maze video tracking system
(Stoelting Co, USA).

2.9.3. Y maze
The Y-maze platform consisted of a black maze with three 30 cm

arms in an equal angled disposition. Mice were adequately habitu-
ated to the room where the tests are carried out. The test consisted
of two  10-min trials (sample trial or T1 and test trial or T2), sepa-
rated by a 4-h inter-trial interval, that was  recorded with a video
camera. During T1, mice were allowed to explore two  of the three
arms, while during T2, the third novel arm exploration was  permit-
ted. Having verified that exploration in T1 was not different from
the 50% in either arm, behavior in T2 was  evaluated as the num-
ber of entries to the novel arm during the first two  minutes of the
test trial. Locomotor activity, measured as total distance as well as
total entries, was  assessed in both trials (T1 and T2) with Any-maze
video tracking system (Stoelting Co, USA).

2.9.4. Elevated plus maze (EPM)
EPM consisted of four 30 cm arms, two open and two  closed,

elevated 50 cm high. After a 15 min  adaptation to the testing room,
mice were allowed to explore the maze during 10 min  and recorded
by a video camera. Upon video analysis, exploration time and
entries to the open arms were quantified. Locomotor activity, mea-
sured as total distance, total entries and entries to closed arms were
assessed with Any-maze video tracking system (Stoelting Co, USA).

2.9.5. Tail suspension test (TST)
Animals were tape-held by the tail to a 50 cm high frame and

their activity was  recorded during 6 min. Immobility time, con-
sidered when the animal was in a complete freezing state was
measured using a chronometer.

2.9.6. Open field test (OF)
OF was carried out as previously published (Beauquis et al.,

2014). Results are expressed as ‘total distance traveled’ as a mea-
sure of locomotion and ‘percentage distance traveled in the center’
in relation to total distance as a measure of anxious like behavior.

2.10. Statistical analysis

Data are expressed as mean +/−  SEM. Analysis were performed
under blind condition to the experimental groups. Statistical anal-
ysis were performed using unpaired one-tailed Student’s t-test (for
one sample or two independent samples) and two-way Anova or
chi2 test when required and were done using Prism 3.02 (GraphPad
Software) and Infostat software (Universidad Nacional de Cór-
doba, Argentina). As regards the number of animals used for each
determination, at least n = 4 animals were used for immunohisto-

chemistry and western blot analysis (in 2–3 independent blots). For
RT-qPCR and behavioral tests at least n = 7 animals were used and
n = 4 for serum parameters (with a minimum of n = 8 for glycemia,
insulinemia and pancreatic insulin measurements).
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Table  1
Body weight and metabolic parameters at 2 and 5 months. Serum parameters and
pancreatic insulin were determined after a 6-h fasting. (Student’s t-test for inde-
pendent samples, *p < 0.05, ** p< 0.01).

Parameter CD HFD

5 months

Final weight (g) 31.240 ± 0.46 30.23 ± 0.40
Glycemia (mg/dl) 142.10 ± 9.23 150.41 ± 6.15
Pancreatic insulin (ng/mg) 1.32 ± 0.19 1.74 ± 0.08*
Fasting insulin (ng/ml) 0.36 ± 0.01 0.42 ± 0.02*
HOMA 4.18 ± 0.41 4.84 ± 0.52
Triglycerides (mg/dl) 93.75 ± 9.72 86.50 ± 4.57
Cholesterol (mg/dl) 92.25 ± 14.45 142.75 ± 8.14*
c-HDL (mg/dl) 70.75 ± 14.07 109.75 ± 6.09*
PAF-AH (�mol/ml h) 33.04 ± 1.19 37.82 ± 095**
TNF�  (pg/ml) 39.88 ± 5.70 38.12 ± 5.36
IL1b (pg/ml) 198.28 ± 64.62 247.7 ± 41.66

2 months

Final weight (g) 24.23 ± 0.52 23.97 ± 0.44
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Glycemia (mg/dl) 177.10 ± 5.47 196.89 ± 7.63*
TNF�  (pg/ml) 34.64 ± 2.44 38.96 ± 7.45
IL1b (pg/ml) 182.06 ± 84.50 1108.45 ± 319.64*

. Results

.1. High fat diet induces insulin resistance and dyslipidemia

At the end of the experiment, mice exposed to the high fat diet
howed changes in several metabolic parameters but no differences
ere found regarding the body weight. In the subset of 2 month-old
FD, increased glycemia was found (p < 0.05 vs CD mice) but this

hange was not found in mice exposed to HFD for 4 months, when
lycemia was slightly but not significantly increased in HFD mice
ompared to mice under standard diet. However, fasting insuline-
ia  and pancreatic insulin content measured by RIA were higher

n 5 month-HFD mice, suggestive of insulin resistance. Yet, the cal-
ulation of HOMA did not show differences between both groups.
n relation to the lipid profile, whereas serum triglyceride levels
xhibited no changes between experimental groups, cholesterol
nd cHDL- the most representative lipoprotein in rodents (Camus
t al., 1983)—were found augmented in HFD mice serum respect to
D mice. Moreover, the activity of the proatherogenic LpPLA2 was

ncreased in mice fed with the fat enriched diet (p < 0.01). Regard-
ng to serum cytokine levels, at 2 months HFD mice exhibited a

arked increase in IL-1� levels that were abolished at the end of
he exposure (5 months), while TNF� levels remained unchanged
n CD and HFD groups at both time points (Table 1).

.2. Liver alterations. High fat diet is associated with increased
epatic lipid content, inflammation and diminished insulin
ignaling

H&E staining of paraffin embedded liver slices corresponding to
FD group revealed qualitatively elevated lipid content on hepato-

ytes compared to control group (Fig. 1B and C). The accumulation
f lipids is evidenced by perinuclear white spaces left after the

ipid washing upon tissue dehydration. When activated, insulin
eceptor autophosphorylates IRS1 and IRS2 ultimately promoting
kt activation, a central integrator of insulin signaling. Phospho-
ylation in serine residues in IRS is known to negatively modulate
nsulin signaling (Vadas et al., 2011). Evaluation of phosphorylated
kt levels is a well accepted manner to assess insulin resistance.
o further characterize the effect of HFD in metabolism, we found

hat Akt phosphorylation in response to the induction with insulin,
as diminished in mice exposed to the hyperlipidic diet, approxi-
ately at a 40% (p < 0.01), showing an impaired response (Fig. 1E). In

ine with this result, we found a twofold increase in the inhibitory
ocrinology 72 (2016) 22–33 27

phosphorylation of IRS1 (p < 0.01; Fig. 1F). Additionally, as a sign
of hepatic HFD- induced inflammation, we  found greater levels of
TNF� mRNA expression in the RTqPCR assays (Fig. 1D, p < 0.05).

3.3. Nest building ability, short- and mid-term spatial memories
are altered in C57Bl/6J mice exposed to a high fat diet

In order to assess the effect of HFD on mice cognitive status,
we performed several behavioral tests related to relevant cerebral
structures like hippocampus and amygdala. On the one hand, we
evaluated nest building, a highly conserved ability associated to the
performance of activities of daily living. For NB, mice were single
housed during 24 h and provided with nesting material (Fig. 2A).
The day after, we evaluated the position of the created nest (if
any) and the grade of nesting material breakdown. As the image
illustrates, CD mice mostly arranged the nest in the opposite side
from where the nesting material was  provided, coinciding with the
darker part of the cage, as expected. In contrast, mice fed with the
HFD failed to build a nest, as shown not only by the absence of a
proper nest (Chi2 test p < 0.05) but also by the diminished propor-
tion of torn paper. Moreover, after the given time to carry out the
test, the provided nesting material was  frequently found untouched
in cages corresponding to HFD mice.

Given the general alteration in behavior seen in this last test, we
evaluated hippocampus-dependent spatial memory. Short-term
spatial memory was evaluated by the Novel Object Location Recog-
nition test (NOL). In Fig. 2B it can be observed that HFD group
showed a poorer performance in this test, where the time exploring
the relocated object was not statistically different from chance level
(50%), suggesting a cognitive impairment involving short-term spa-
tial memory. It is important to mention that, on the one hand, there
were no differences in total distance traveled between groups in
either trial (T1 or T2, p = 0.44 and p = 0.67, respectively) and on the
other hand, mice did not show any preference for a particular object
in T1 (p = 0.17 and p = 0.18 for CD and HFD exploration of one of the
identical objects, respectively, comparing the relative exploration
to 50%). Similarly, the number of entries to a novel arm was assessed
in the Y maze exploration test and mice fed with the high fat diet
showed again no differences with randomness, while control diet
fed mice visited more frequently the novel arm, as expected. Again,
here we found no differences in total distance traveled in either
trial (p = 0.58 for T1 and p = 0.71 for T2). As we stated a 4 h period
as inter-trial interval, the result could imply a potential alteration
in the mid-term spatial memory (Fig. 2C).

3.4. High fat diet exposure induces alterations in emotional
status: anxiety and depressive-like behavior

We explored certain emotional behavior aspects related to anxi-
ety and depression. So as to evaluate the grade of an anxiety-related
component in the behavioral profile, we performed the EPM test
where the HFD group spent less time exploring the open arms
(p < 0.05), more exposed and illuminated than closed ones, as
Fig. 3A shows, whereas total entries as well as entries to closed
arms did not differ between the groups (p = 0.99 and p = 0.48,
respectively). This conduct is suggestive of an anxious- like per-
turbation. As regards the OF evaluation, no differences were found
in total distance traveled, reinforcing the fact that the previously
mentioned alterations are independent of locomotor capacity. Dis-
tance traveled in the center of the arena did not differ between
the groups (Fig. 3C). However, the OF test is less specific than
EPM in the assessment of anxiety. TST is a well accepted trial to

measure depressive-like behavior, where immobilization time is
associated to behavioral despair or a decreased effort in trying to
escape. HFD mice exhibited a significant increase in this param-
eter in comparison to the control group (Fig. 3B, p < 0.05). We
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Fig. 2. Nest building behavior and spatial memory tasks. Panel A depicts qualitative (Chi2 test p < 0.05) and quantitative assessment of nesting behavior (Student’s t-test for
independent samples, ** p < 0.01). The effect of HFD feeding on spatial memory was assessed by two  different tasks: the novel object location recognition test, with a 1-h ITI
(panel  B) and the Y-maze exploration test, with a 4-h ITI (panel C). In both cases, exploration of the novel object location or the novel arm were compared to randomness
(Student’s t-test for one sample, ** p < 0.01, *** p < 0.001). For interpretation of the references to color in this figure legend, the reader is referred to the web version of the
article.

Fig. 3. Alterations in emotional behavior. Panel A shows the exploration time in the open arms of an elevated plus maze (EPM). Duration of immobility was assessed in the
t n the 
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ail  suspension test (B). In C, the table shows total distance and distance traveled i
nd  HFD immunostained amygdala slices respectively (scale bar = 200 �m) with the
f  c-Fos positive nuclei in central and basolateral amygdala. (Student’s t-test for ind

re able to conclude that the observed alterations are indepen-

ent of impairment in locomotion or motivation to perform the
ests, since locomotion was not altered in any of the apparatus
sed.
center of an open field test. Panels D and E show representative 10× images of CD
ective 40× insets (scale bar = 50 �m) and panel F the corresponding quantification
ent samples, * p < 0.05).

3.5. Increased c-Fos expression in amygdala after juvenile

exposure to high fat diet, in concordance with behavioral changes

In relation to anxiety and depressive-like behavior results,
we explored the potentially associated amygdaloid activity. Neu-
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onal activation was assessed by c-Fos+ cell counting in central
nd basolateral amygdaloid nuclei. A twofold increase was found
n the number of positive c-Fos nuclei in mice exposed to HFD
ompared with CD, as it is shown in Fig. 3D–F. This amygdala
yperactivation could be associated with the emotional alterations

nduced by HFD, in terms of anxiety and depression, mentioned
bove.

.6. High fat diet during juvenile period is linked to reduced adult
eurogenesis in the hippocampal dentate gyrus

Proliferation capability in the GCL was studied by Ki67 immuno-
abeling on brain slices. The total number of Ki67+ cells decreased
round 30% in mice exposed to HFD in comparison with normal
ed group as it is shown in Fig. 4C. This diminished proliferation
ate was seen irrespective of the hippocampal subregion analyzed,
orsal or ventral (Fig. 4E, two-way anova p < 0.05, significant diet
ffect).

As regards differentiation of newborn cells to neuronal linage
n the DG, expression of DCX, marker of young neurons was exam-
ned. In this case, the dorsal hippocampal subregion from HFD mice
pecifically exhibited a lower number of DCX+ cells than CD mice
p < 0.05) while no differences were found in the ventral hippocam-
us (Fig. 4D and F). Representative images from Ki67 and DCX

mmunostaining are shown in Fig. 4A and B.

.7. High fat diet induced insulin resistance in the hippocampus

In order to assess the brain ability to respond to insulin and a
otential central insulin resistant state, as it was done in the liver,
ice received 5UI/kgBW of insulin. Levels of phosphorylated Akt
ere found to be decreased by 37% in the hippocampus of HFD mice,

Fig. 4G, p < 0.05). Again, levels of the inhibitory phosphorylation of
RS1 in serine 636/639 were found to be increased in HFD mice
Fig. 4H, p < 0.05).

.8. Inflammatory response in the hippocampus of HFD mice:
ncreased microglial density and soma cell size

Microglial morphology was addressed in the hippocampus of
D and HFD rodents by immunohistochemistry against Iba1. Given
ecent results from our group identifying differential susceptibil-
ty to damage in particular hippocampal subfields (Pomilio et al.,
016), cell density was  assessed in the stratum radiatum and the
ilus of the dentate gyrus. The number of Iba1+ cell significantly

ncreased 40% in the hilar region of HFD mice compared with the
ontrol group (Fig. 5A). In the stratum radiatum, we found a slight
ncrement in cell density without reaching significance (Fig. 5C).

The soma size is a responsive parameter in microglia, associ-
ted to cellular activation. In both subfields of the hippocampus,
n expansion in Iba1 somatic area was found in the HFD group,
ndicative of microglial activation (p < 0.05 and p < 0.001 for hilus
nd stratum radiatum, respectively; Fig. 5B and D). A representative
mage of Iba1 immustaining is shown in Fig. 5E.

The evaluation of the inflammatory response in the hippocam-
us included the detection of the prototypic pro inflammatory
ytokines TNF� and IL-1� by ELISA and mRNA expression of TNF�
y RT qPCR. Protein levels of TNF� and IL-1� did not differ between

D and HFD groups (Fig. 5F, table), and mRNA expression of TNF�
as not found to be altered either (1.03 +/−  0.09 vs 1.19 +/−  0.13

elative levels of TNF� mRNA in CD and HFD groups respectively
 = 0.16).
ocrinology 72 (2016) 22–33 29

4. Discussion

Besides clinical and epidemiological evidence, several scientific
groups working on basic neuroscience with rodents addressed the
impact of high fat diets on the brain, stressing the magnitude and
relevance of this topic (Boitard et al., 2012; Freeman et al., 2014;
Sobesky et al., 2014; Vendruscolo et al., 2010). However, the vari-
ability in mice strains used, the diversity of administered diets and
the time window when the animals are exposed to the diet provide
important heterogeneity to the discussion of obtained results.

Our work examines the neurological effects of a moderately
high fat diet consumed during the critical juvenile period of life in
rodents. This age coincides with crucial biological events as body
growth, hormonal changes, cerebral maturation and establishment
of brain circuits (Spear, 2000) featuring a highly vulnerable time
window to environmental and endogenous stressors.

The high fat diet administered to C57BL/6J male mice during
4 months was  able to induce hyperinsulinemia, increased insulin
production and dyslipidemia without an impact on body weight
or blood glucose. In addition, HFD caused hepatic lipid accumula-
tion and inflammation contributing to decreased insulin signaling
in this tissue. This finding in the liver together with the high levels
of serum and pancreatic insulin is suggestive of insulin resistance.
Diminished insulin signaling was  also verified in the hippocampus
of HDF mice. Moreover, this diet promoted an inflammatory and
prothrombotic context evidenced by the increased activity of the
plasmatic enzyme LpPLA2, associated to cardiovascular risk.

Cognitive performance and emotionality were significantly per-
turbed after the exposure to this diet. We  found that HFD fed
mice exhibited impairment in nest building compared with CD. To
our knowledge, this is the first report showing alterations in NB
behavior in rodents exposed to a high fat diet. Interestingly, nest-
ing behavior is displayed by both males and females in parental
and non-parental contexts and it is considered a cognitively flexi-
ble behavior, mainly controlled by levels of arousal and motivation
(Wesson and Wilson, 2011). Impairment in nest building has been
found in mice with hippocampus lesions and, among other typical
behaviors such as burrowing and hoarding are thought as remi-
niscent of the impairments in activities of daily living (ADL) so
characteristic of AD (Filali and Lalonde, 2009; Deacon, 2012; Deacon
et al., 2015). Hence, our results suggest an early-life disruption in
motivated behavior, indicative of cognitive dysfunction that could
be associated to impairments in activities of daily living as it occurs
early in AD.

Short and mid-term spatial memories were also disturbed as a
consequence of the high fat diet. Spatial memory strongly depends
on the integrity of the hippocampus. The dorsal and ventral hip-
pocampi have been suggested to be functionally distinct structures
(Moser and Moser, 1998; Fanselow and Dong, 2010). While spatial
and contextual memories are associated with the dorsal hippocam-
pus, ventral lesions alter stress-related responses (Henke, 1990).
Evidence including specific ventral and/or dorsal hippocampal
lesions well demonstrated the correlation with a poor performance
in spatial memory tasks (Broadbent et al., 2004). Our results show-
ing a reduced performance in the NOL and the Y maze suggest
spatial memory dysfunction in mice exposed to HFD.

Neurogenesis in the SGZ of the dentate gyrus is certainly a key
process involved not only in the cognitive status, memory acquisi-
tion and learning ability, but in the emotional status, anxiety and
depressive-like behaviors (Boitard et al., 2015; Papazoglou et al.,
2015). We  found a generalized decrease of cell proliferation in the
dentate gyrus of HFD mice, assessed as Ki67+ cells throughout the

entire hippocampus. Neuronal differentiation was found specifi-
cally perturbed on the dorsal hippocampus, with less number of
DCX+ immature neurons, potentially underlying the spatial mem-
ory dysfunction found in mice exposed to HFD. Interestingly, low
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Fig. 4. Neurogenic capability and insulin sensitivity in the hippocampus of mice exposed to HFD diet. Proliferation in the subgranular zone of the dentate gyrus was
assessed. In A, a 10× representative photograph of Ki67 (scale bar = 100 �m) immunoreactivity is shown and the quantification of Ki67 positive cells across the entire dentate
gyrus  (panel C Student’s t-test for independent samples, * p < 0.05) as well as discriminated into dorsal and ventral hippocampus in E (Two-way Anova * p < 0.05). In B, a
10×  representative image of DCX immunostaining is shown (scale bar = 100 �m),  together with the quantification of DCX positive cells in the granular cell layer of whole
hippocampus (panel D, Student’s t-test for independent samples, non-significant) or dorsal and ventral hippocampus (panel F, Two-way Anova followed by orthogonal
contrasts * p < 0.05). Assessment of Insulin signaling was  done by western blot analysis from hemi-hippocampal homogenates. Panel G shows representative bands from
pAkt  and Akt blot and their corresponding densitometry analyses and panel H shows representative bands from IRS1 and its inhibitory phosphorylation followed by their
corresponding densitometry analysis. (Student’s t-test for independent samples, * p < 0.05). For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of the article.
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Fig. 5. Microglial alterations in the hippocampus of HFD mice. The number of microglial Iba1+ cells and Iba1+ cells soma area in the hilar subfield of the hippocampus are
shown  in panel A and B, respectively. Panels C and D show the same parameters measured in stratum radiatum subregion. A 10× representative Iba1 immunostaining image
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scale  bar = 100 �m) with a 40× inset (scale bar = 20 �m)  is shown in E. In F, the tabl
omogenates. (Student’s t-test for independent samples, * p < 0.05, *** p < 0.001). F
he  web version of the article.

eurogenesis in the dentate gyrus is associated with aging (Saravia
t al., 2007), neurodegenerative disorders (Beauquis et al., 2008)
nd specifically with some psychiatric conditions like depression
Tanti and Belzung, 2013).

The exposure to HFD also promoted an altered emotional phe-
otype involving anxiety and depressive-like behavior. In line with
hese results, we detected elevated neural activity in the amygdala.
he amygdala is recognized as a prominent actor in the complex
egulation of the stress response and emotional control of behavior,
n close connection with the hippocampus. Recent studies explored
he impact of metabolic disorders during juvenile period on the
unctionality of this brain region (Boitard et al., 2015). Our results
howing the anxiety increase, depressive-like behavior and amyg-
aloid activation emphasize the involvement of emotionality in
etabolic dysfunction linked to HFD consumption during the peri-

dolescent period.
Inflammation is an important phenomenon in a plethora of

athological conditions and cytokines and chemokines have a
ariety of detrimental effects in the physiology of the brain at differ-
nt levels, affecting behavior, neurogenesis, BDNF expression and
icroglia activation, among others (Russo et al., 2011; Freeman

t al., 2014). Furthermore, cytokines and stress kinases JNK, IKK
nd PKR play a key role in the development of insulin resistance,
ffecting relevant processes that involve cell homeostasis, viability
nd synaptic plasticity (Bomfim et al., 2012; de la Monte and Tong,
014). Our results show that at shorter exposure to HFD (2 month-
ld mice), serum levels of IL1� levels were markedly increased
ogether with elevated glycemia. However, at the end of the expo-

ure (5 months) these two parameters did not differ from control
roup insinuating the existence of compensatory phenomena to an
cute and transitory response.
s protein levels of the cytokines TNF� and IL1b measured by ELISA in hippocampal
rpretation of the references to color in this figure legend, the reader is referred to

Interestingly, TNF� and IL1� levels were not found to be
increased neither in serum nor in hippocampus of 5 month-old
HFD mice, unlike other reports state in the literature (Miller and
Spencer, 2014). In line with our results, Boitard and co-workers
suggested the notion that cytokine production induced by HFD
could only be exacerbated by the presence of an immune chal-
lenge such as LPS, acting as a second “hit” (Boitard et al., 2014).
Our data suggest a time dependent- IL1� response dynamics; with
an early increase of this cytokine in plasma that could initiate the
inflammatory response in both, the periphery and the CNS.

Lastly, we  cannot exclude the involvement of leptin and related
receptors, as it was suggested by Del Olmo group, studying the HFD
effect on adolescent mice (Valladolid-Acebes et al., 2013) or alter-
native mechanisms to inflammation underlying the observed CNS
alterations. For instance, free fatty acids are known to contribute
to the lipid toxicity in HFD paradigms. A single palmitic acid injec-
tion has shown to have a direct effect on dopamine and serotonin
metabolism in the hippocampus and amygdala of mice, suggest-
ing the participation of alternative metabotropic pathways as the
free fatty acid receptors and independently of the canonical toll-
like receptor 4 (TLR4) inflammatory response (Moon et al., 2014).
Moreover, lipoproteins that we found here increased after a fat diet
as well as advanced glycation end products and oxidized lipopro-
teins augmented in rich fat diet reported by Velloso and coworkers
(Velloso et al., 2015) could act directly on TLRs or on alternative sites
promoting neuronal and/or glial changes. Besides, it is well charac-
terized that rodent models of obesity, T2D or metabolic syndrome
exhibit an altered hypothalamic-pituitary-adrenal axis that could

account for a maladapted response to stress, sickness behavior and
associated disorders (Beauquis et al., 2010; Grillo et al., 2014).
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Physiologically, in an intact brain, ramified microglia is essen-
ial in establishing a successful neurogenic niche, promoting neural
tem cells proliferation, differentiation and survival (Santos et al.,
015). Our work depicts that HFD induced alterations compatible
ith an increase of microglial activation in the hilus of the dentate

yrus suggesting both a loss-of-function phenotype regarding the
upporting role of ramified microglia in the neurogenic process and

 gain-of-function phenotype in relation to the detrimental effects
f the proinflammatory profile of reactive microglia. These results
ere associated to diminished proliferation in the SGZ together
ith an impaired neuronal differentiation in the dorsal hippocam-

us. Interestingly, emerging data is linking microglia dysfunction
ith psychiatric conditions. Deviation from microglial homeostasis

ccurs in neurodegenerative diseases associated to aging or dur-
ng inflammatory process as a consequence of stress, infections or
troke, all converging in depression (Yirmiya et al., 2015).

Microglial activation in the hippocampus could play a critical
ole linking metabolic and neurological changes and deserves fur-
her investigation.

. Conclusion

Our study supports the association between metabolic dys-
unction induced by fat diet intake during the juvenile period
nd cognitive and emotional perturbations including anxious- and
epressive-like behaviors. We  show that metabolic and neurolog-

cal alterations are relevant even in absence of obesity and overt
iabetes. Early life period appears to be particularly vulnerable to
he detrimental effects of HFD consumption on limbic functioning
t both behavioral and cellular levels at the adult age.
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