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a b s t r a c t

During aging, lifestyle-related factors shape the brain's response to insults and modulate the progression
of neurodegenerative pathologies such as Alzheimer's disease (AD). This is the case for chronic hyper-
glycemia associated with type 2 diabetes, which reduces the brain's ability to handle the neurodegen-
erative burden associated with AD. However, the mechanisms behind the effects of chronic
hyperglycemia in the context of AD are not fully understood. Here, we show that newly generated
neurons in the hippocampal dentate gyrus of triple transgenic AD (3xTg-AD) mice present increased
dendritic arborization and a number of synaptic puncta, which may constitute a compensatory mech-
anism allowing the animals to cope with a lower neurogenesis rate. Contrariwise, chronic hyperglycemia
decreases the complexity and differentiation of 3xTg-AD newborn neurons and reduces the levels of b-
catenin, a key intrinsic modulator of neuronal maturation. Moreover, synaptic facilitation is depressed in
hyperglycemic 3xTg-AD mice, accompanying the defective hippocampal-dependent memory. Our data
suggest that hyperglycemia evokes cellular and functional alterations that accelerate the onset of AD-
related symptoms, namely memory impairment.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) and type 2 diabetes (T2D) are age-
related disorders that share common features: a disturbance in
glucose metabolism and impaired insulin signaling (Sebastiao et al.,
2014; Wijesekara et al., 2018). AD is the most prevalent neurode-
generative disease worldwide and is pathologically characterized
by the presence of senile plaques and neurofibrillary tangles
(Ferreira et al., 2010). Around 75% of AD patients develop T2D or
glucose intolerance (Cowie et al., 2009; reviewed in Kroner, 2009).
Metabolic alterations may occur early in the onset of AD, contrib-
uting to the development of the disease (Casadesus et al., 2007;
Kroner, 2009). Besides, features of T2D, such as insulin resistance
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and hyperglycemia, are associated with increased AD prevalence
and thus considered risk factors for the disease (Wijesekara et al.,
2018). In accordance, Carvalho et al. (2012) demonstrated that in-
duction of a prediabetic state (by treating animals with 20% sucrose
for 7 months) causes brain mitochondrialerelated alterations and
increases amyloid-b levels, 2 characteristics also observed in 11-
month-old triple transgenic AD (3xTg-AD) mice, suggesting that
diabetes is a risk factor for developing AD. Indeed, alterations in
glucose metabolism affect brain function, its capacity to cope with
insults (i.e., brain’s cognitive reserve), hindering brain’s functional
compensation in age- or disease-related neuronal loss, accelerating
the appearance of AD symptoms (Stern, 2009; Stranahan and
Mattson, 2012).

The hippocampus constitutes a perfect region to analyze the
brain’s cognitive reserve in the context of AD. It is among the first
brain structures to be affected by AD pathology (Gallagher and Koh,
2011), although it can constantly adapt to the cognitive demands of
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the environment. This extraordinary adaptive capacity of the hip-
pocampus relies mainly on its plastic synaptic activity, and its
ability to produce adult-born neurons (neurogenic reserve)
(Kempermann, 2008), which are reduced in AD patients (Moreno-
Jiménez et al., 2019). The addition of a small number of neurons
to the adult hippocampal circuitry at the level of the dentate gyrus
(DG) critically influences memory processing. These newborn
neurons present enhanced excitability and synaptic plasticity,
which favor their recruitment into memory engrams and their ac-
tion as key elements of DG signal filtering through the activation of
local interneurons (Piatti et al., 2013; Rodríguez-Iglesias et al.,
2019).

The neurogenic reserve is tightly modulated by lifestyle-related
factors, such as exercise, stress, or diet, including hyperglycemia
(Kempermann, 2008; Valero et al., 2016; Zainuddin and Thuret,
2012). Ultimately, life factors may exert an effect on intrinsic
cellular and molecular pathways that control cell proliferation,
survival, and differentiation (Valero et al., 2016). The canonical Wnt
signaling pathway regulates target genes involved in neural stem
cell proliferation and differentiation (Lie et al., 2005; Varela-Nallar
and Inestrosa, 2013). Importantly, decreased b-catenin levels and
impaired Wnt/b-catenin signaling may underlie altered adult hip-
pocampal neurogenesis seen in the context of AD (Bayod et al.,
2015; He and Shen, 2009; Tiwari et al., 2015), and also affect the
formation of dendrites in newborn hippocampal neurons (Gao
et al., 2007; Yu and Malenka, 2003).

Although many studies have revealed possible mechanisms
behind the role of T2D in AD progression (de la Monte, 2012;
Sebastiao et al., 2014), the influence of perturbed glucose meta-
bolism on hippocampal neurogenesis has not been explored in the
context of AD. Having this in consideration and the relevance of
exploring the interaction between T2D and AD in the regulation of
cognition, we explored a new possible link between T2D and AD
progression by analyzing the effects of the perturbation of glucose
metabolism, due to chronic hyperglycemia, on adult hippocampal
neurogenic reserve and cognitive function in the triple transgenic
AD (3xTg-AD) mice (a model with overexpression of humanmutant
amyloid precursor protein, presenilin-1, and microtubule-
associated protein tau, causing neuropathological changes similar
to those seen in AD patients). Our results strongly suggest that
chronic hyperglycemia affects hippocampal neurogenesis and the
capacity of the brain to cope with AD-like pathological burden,
leading to defective learning and memory loss.

2. Materials and methods

2.1. Animals and ethics statement

Breeding pairs of homozygous 3xTg-AD mice harboring PS1/
M146V, APPswe, and tauP301L transgenes, and respective non-
transgenic (NonTg) control mice with the same genetic background
(C57BL/6 � 129s), were kindly provided by Dr Frank LaFerla from
the University of California, Irvine (Irvine, CA), which were genet-
ically engineered as previously described (Oddo et al., 2003). Mice
were bred and maintained at CNC-Faculty of Medicine animal
house (license no. 520.000.000.2006, from the Portuguese animal
welfare authorities). The development of amyloid and tau pathol-
ogies in males was confirmed in the CNC 3xTg-AD mouse colony, as
shown in Mota et al. (2014). Two-month-old NonTg (n ¼ 28) and
3xTg-AD (n¼ 25) malemicewere used and randomly divided into 2
experimental groups: (1) untreated and (2) sucrose-treated ani-
mals. Mice were grouped in pairs in cages enriched with a
malleable paper bag, handled every day and kept in the same room,
under standard laboratory conditions: temperatures of 21 � 2 �C,
12 hours light/dark cycle starting at 07:00 AM, ad libitum access to
food (# 4RF21A;Mucedola, Milanese, Italy) andwater, for untreated
animals, or 20% sucrose for sucrose-treated mice. Investigators
performing the experiments were blinded to the experimental
groups. Animal weight and food consumptionweremonitored once
a week, while liquid consumption was monitored every 2 days,
simultaneously with bottle replacement (Supplementary Fig. 1). A
pilot study was previously performed to estimate the period of
sucrose treatment required to reach hyperglycemia and the
adequate number of animals to be used. For the characterization of
metabolic parameters, measurements were taken in the beginning
of the light cycle, after a fasting period of 12 hours. A glucose
tolerance test (GTT) was performed at 0, 3, and 6 months after
beginning the sucrose treatment. Behavioral experiments were
done during the dark cycle and these mice were fasted for 12 hours
before sacrifice. All procedures were performed in order to mini-
mize exposure to stress and suffering, in accordance with the
approved animal welfare institutional guidelines (local welfare
approval: ORBEA_140_2016/15072016; Directorate-General for
Food and Veterinary [Direção-Geral de Alimentação e Veterinária]
approval: 0421/000/000/2016) and European legislation (European
directive 2010/63/EU).

2.2. Behavioral studies

The Morris water maze (MWM) test was performed in a circular
pool (140 cm in diameter), surroundedwith black curtains to which
4 different large white and black shapes were fixed (to serve as
navigation cues). The pool was filled with water (21� 2 �C) and was
rendered opaque by the addition of nontoxic white paint. For the
training, a transparent platform (14 cm in diameter) was sub-
merged 1 cm below the water surface. The roomwas maintained at
a constant temperature of 25 �C and illuminated by a red light. A
camera was fixed to the ceiling, above the pool center, and video
recorded using the Debut video capture software v1.74 (NCH soft-
ware; Greenwood Village CO). Mice were brought every day to the
room 1 hour before the beginning of the experiments. Prior to
training, mice were handled for 2 days. On the second day of
handling, animals were briefly exposed (10 seconds) to the
unsubmerged platform as a habituation protocol to facilitate pos-
terior learning (Valero et al., 2014). Mice were then trained for
4 days with 6 trials per day. For each trial, mice were placed into the
pool at one of the 4 predefined starting points in a pseudorandom
order and allowed to search for the platform. Mice were guided to
the platform if they were unable to reach it by themselves within
60 seconds. A minimum interval of 15 minutes was given to the
animals between each trial. All animals with a thigmotaxia-like
behavior during training were excluded from the study (only
3xTg-AD animals presented thigmotaxia, accounting for ~50% of
3xTg-AD mice). Memory retention was assessed by performing a
probe test 24 hours after the last training trial, inwhich the animals
were allowed to search for the absent platform for 60 seconds. Path
analysis was performed using a custom-made macro for the Fiji
software (Schindelin et al., 2012) (ImageJ 1.48v) and probe test
parameters obtained using the Wintrack software (Wolfer et al.,
2001). Data were expressed as mean (�standard error of the
mean) for 8 untreated and 8 sucrose-treated NonTg mice, 4 un-
treated 3xTg-AD mice, and 6 sucrose-treated 3xTg-AD mice.

2.3. Immunofluorescence staining

Sixteen NonTg (8 untreated and 8 sucrose-treated) and 15 3xTg-
AD (7 untreated and 8 sucrose-treated) mice were deeply anes-
thetized with sodium pentobarbital (70 mg/kg, i.p.). Immediately
after blood collection by cardiac puncture, mice were perfused
intracardially with 0.9% NaCl, for 4 minutes, by inserting the needle
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through the ventricle into the ascending aorta. The brain was
dissected out and the 2 hemispheres separated. One hemisphere
was postfixed for 24 hours at 4 �C with 4% paraformaldehyde in
phosphate-buffered saline (PBS; containing, in mM, 137 NaCl, 2.7
KCl, 1.8 KH2PO4, 10 Na2HPO4$2H2O, pH 7.4), rinsed twice with PBS
and cryoprotected with 30% (w/v) sucrose in PBS at 4 �C until it
sank. Cryoprotected hemispheres were snap-frozen and kept
at �80 �C. Left hemispheres were cut into 40-mm thick coronal
sections using a cryostat-microtome (CM3050S; Leica, Mannheim,
Germany). Slices were collected in 6 series and stored at �20 �C in
antifreezing solution composed of 30% glycerol (v/v) and 30%
polyethylene glycol (v/v) in 0.1 M phosphate buffer, pH 7.4.

For immunofluorescence staining, sections were rinsed in PBS
overnight at 4 �C, and again 3� 10 minutes at room temperature
(RT). For doublecortin (DCX) and Ki67 double staining, slices were
left in blocking solution, composed of 3% bovine serum albumin
(w/v) and 0.2% Triton X-100 in PBS, for 1 hour at RT. For DCX and
postsynaptic density protein 95 (PSD95) double staining, slices
were submerged in a blocking solution of 3% bovine serum albumin
and 1% Triton X-100 in PBS. Sections were then incubated with
primary antibodies prepared in their respective blocking solution
for 72 hours, at 4 �C: goat anti-DCX (1:500; clone C-18, Sc-8066,
RRID:AB_2088494, Lot #C0514, Santa Cruz Biotechnologies), rab-
bit anti-Ki67 (1: 2000; # ab16667, RRID:AB_302459, Lot #
GR155005-2; Abcam, Cambridge, UK), mouse anti-PSD95 (1: 2000;
clone K28/43, # MABN68, RRID:AB_10807979, Lot # 2424805;
Merck Millipore), rabbit anti-b-catenin (1: 500; # ab32572, RRI-
D:AB_725966, Lot # GR184212-3; Abcam), or chicken anti-
microtubule associated protein 2 (1: 2000; # ab92434, RRI-
D:AB_2138147; Abcam). Slices were then rinsed 3� 10 minutes
with PBS and incubated for 2 hours at RT with the appropriate
secondary antibodies diluted in PBS supplemented with Hoechst
33342 (0.2 mg/mL; # H1399; Thermofisher Scientific, Waltham,
MA): Alexa Fluor 633 donkey antigoat immunoglobulin G (IgG) (#
A21082, RRID:AB_10562400), Alexa Fluor 568 donkey antigoat IgG
(# A11057, RRID:AB_2534104), Alexa Fluor 594 donkey antirabbit
IgG (# A21207, RRID:AB_141637), Alexa Fluor 488 donkey anti-
mouse IgG (# A21202, RRID:AB_141607), Alexa Fluor 488 donkey
antirabbit IgG (#A-21206, RRID:AB_2535792), or Alexa Fluor 647
goat antichicken immunoglobulin Y (#A-21449, RRID:AB_2535866;
all used at a dilution of 1:1000 and from Thermo Fisher Scientific).
Sections were rinsed 3� 10 minutes with PBS and mounted with
antifading medium (Fluoroshield Mounting Medium, # ab104135;
Abcam).

2.4. Quantification of cell number and volume

The number of proliferating cells was estimated by counting
Ki67-positive cells in the SGZ, and proliferating neuroblasts by
identifying double-stained Ki67þ and DCXþ cells. All visible Ki67þ
or Ki67þ and DCXþ cells were counted in slices separated by 240
mm, representing the entire DG (from bregma �4.04 mm to
bregma �0.94 mm; Paxinos and Franklin, 1997), using a widefield
fluorescence microscope (Axio Observer Z1; Zeiss), under a 40� oil
immersion objective (NA 1.3). The total number of Ki67þ or Ki67þ
and DCXþ cells was estimated by applying the Abercrombie for-
mula (Petreanu and Alvarez-Buylla, 2002). Granular cell layer (GCL)
area (from bregma�4.04 mm to bregma�0.94 mm) was measured
based on the Hoechst 33342 staining in the DG by analyzing images
obtained with a widefield fluorescence microscope (Axio Observer
Z1, Zeiss; 20� magnification objective, NA 0.8), using the Fiji soft-
ware (ImageJ 1.48v). The volumewas estimated considering (1) that
the irregular area of the DG in each tissue section may be reinter-
preted as the area of a circle and thus (2) the volume of the DG
between 2 consecutive measured sections is approximately
equivalent to the volume of a truncated cone whose base and top
areas are equal to the areas of the 2 consecutively measured DG
areas and the distance between them equals the height of the
truncated cone. Therefore, we calculated the total volume of the DG
as the sum of the volumes of the conical sections limited by each
consecutive pair of measured sections. For this purpose, the areas of
the sections were ordered from rostral to caudal and the volume
calculated applying the mathematical formula V ¼ p � h � (R2 þ
r2þ R� r)/3, where V is the volume, h the height of the cone formed
by the 2 sections (distance between the 2 slices), r the radius
associated to the area of the DG of the first slice (r ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
DGarea

p

q
), and

R the radius associated to the area of the DG of the second slice.
Since slices were obtained in consecutive sections and only one of
the 6 series was used, the volume of the rostral end of the GCL was
calculated by estimating the radius of the most rostral section
assuming the linear distribution of the area of the last 4 rostral
sections.

DCXþ cells were counted using a widefield fluorescence mi-
croscope (Axio Observer Z1; Zeiss), under a 40� oil immersion
objective (NA 1.3) in the GCL. The total number of cells was esti-
mated as described above. Moreover, DCXþ cells were separated
into 3 different groups based on dendritic morphology, as previ-
ously described (Plumpe et al., 2006). Briefly, DCXþ cells were
separated into AB (cells with no processes or short ones), CD (cells
with a medium process that may reach the molecular layer), and EF
(cells with dendrites branching into themolecular layer or dendritic
tree branching within the GCL) subgroups.

Average nuclear diameters of proliferating cells (Ki67þ), prolif-
erating DCX cells (Ki67þ and DCXþ), neuroblasts (AB-DCX cells),
differentiating neuroblasts (CD-DCX cells), and immature neurons
(EF-DCX cells) were estimated by analyzing Hoechst 33342 staining
in images captured with a widefield fluorescence microscope (Axio
Observer Z1, Zeiss; 40� oil immersion objective [NA 1.3];
0.4838 � 0.4838 � 1 mm [0.234 mm3] voxel size) using Fiji software.

2.5. Analysis of dendritic morphology

Three-dimensional (3D) reconstruction of dendritic trees from
immature neurons was performed using confocal images obtained
with an inverted Zeiss LSM 710 confocal microscope, equipped with
a Plan-ApoChromat 40�/1.4 NA oil-immersion objective and a 0.7�
digital zoom. Due to the sparse number of immature neurons in
3xTg-AD mice, images from all visible immature neurons were
obtained in the DG, from bregma �4.04 mm to bregma �0.94 mm.
Images from NonTg neurons were obtained by covering the same
extension of the DG area used for 3xTg-AD analysis. 3D recon-
struction was performed using the Simple neurite tracer plugin
(Longair et al., 2011). A total of 110 (from 8 NonTgmice), 127 (from 8
sucrose-treated NonTg mice), 40 (from 7 3xTg-AD mice), and 22
(from 4 sucrose-treated 3xTg-AD mice) cells were reconstructed.
Immature neurons were separated into short (cells that do not
reach the outer and medial molecular layer [O/MML]) or long (cells
that reach the O/MML) EF-DCX cells. Cell type classification was
obtained using the average DG IML and O/MML thickness per ani-
mal. IML and O/MML average thicknesses were obtained based on
PSD95 staining (more intense in the IML) in all DG slices/animal
using a widefield fluorescence microscope (Axio Imager Z2 system;
Zeiss) and the Stereo Investigator software. Dendritic morphology
was analyzed using the 3D Sholl analysis Fiji plugin (http://fiji.sc/
Sholl_Analysis) by quantifying the number of intersections be-
tween dendrites and the surface of spheres with a radius increment
of 10 mm. Complexity and length of dendrites were further analyzed
with the ImageJ plugins Skeletonize3D (https://imagej.net/
Skeletonize3D) and AnalyzeSkeleton (https://imagej.net/
AnalyzeSkeleton).

http://fiji.sc/Sholl_Analysis
http://fiji.sc/Sholl_Analysis
https://imagej.net/Skeletonize3D
https://imagej.net/Skeletonize3D
https://imagej.net/AnalyzeSkeleton
https://imagej.net/AnalyzeSkeleton
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2.6. Quantification of PSD95 puncta

The number of PSD95-positive puncta, corresponding to puta-
tive sites of synaptic contact, were analyzed in confocal image
stacks taken with an inverted Zeiss LSM 710 confocal microscope,
equipped with a Plan-ApoChromat 63�/1.4 NA oil-immersion
objective and a 5� digital zoom (QUASAR detection unit; ZEN
Black software). Three-plane confocal images (0.053 � 0.053 � 0.7
mm [0.00197 mm3] voxel size for an image size of 26.99� 26.99� 0.9
mm [665.61 mm3]) of regions with homogenous punctuate PSD95
signal were acquired in the DG suprapyramidal IML or O/MML (n ¼
35/38, 43/44, 31/30, and 19/25 IML/O/MML images for NonTg [8
mice], sucrose-treated NonTg [8 mice], 3xTg-AD [7 mice], and
sucrose-treated 3xTg-AD groups [4 mice], respectively, acquired
from bregma�3.4 mm to bregma �1.34 mm). Before PSD95 puncta
quantification confocal images were deconvolved using Huygens
Essential software (Scientific Volume Imaging, Hilversum, The
Netherlands) and a theoretical point spread function. A custom-
made macro for the Fiji software (ImageJ 1.48v) was programmed
to process the confocal images and automatically quantify
PSD95 puncta. This macro allowed the sequential use of several
image filters namely background normalization (subtract
background, http://imagejdocu.tudor.lu/doku.php?id¼gui:process:
subtract_background), puncta segmentation (“FindFoci” plugin;
Herbert et al., 2014), and stereological selection of puncta (Vamp3D
plugin; Dumitriu et al., 2012). For puncta quantification in DCXþ
dendrites, regions of interests delimiting portions of DCX-positive
apical dendrites were drawn (n ¼ 274/277, 223/177, 203/196, 102/
100 dendrites segments in the IML/O/MML for NonTg, sucrose-
treated NonTg, 3xTg-AD, and sucrose-treated 3xTg-AD groups,
respectively) and the number of puncta per dendritic length
(puncta/mm) calculated. The total number of PSD95 puncta in EF-
DCX cells was then estimated using the total length of DCX den-
drites obtained during the analysis of dendritic morphology. Only
puncta with more than 50% colocalization with dendrites were
included in the quantification. Quantification of the number of
PSD95 puncta/mm3 (puncta density) in the IML and O/MML was
performed in confocal image stacks. Estimation of the total puncta
number (Supplementary Fig. 5) was performed using PSD95 puncta
density, and IML and O/MML volumes previously quantified
(Supplementary Fig. 6). The custom-made macro also allowed the
quantification of average puncta size.

2.7. Quantification of b-catenin levels

b-Catenin levels were quantified in single-plane confocal images
obtained using an inverted Zeiss LSM 710 confocal microscope,
equipped with a Plan-ApoChromat 40�/1.4 NA oil-immersion
objective (105 [n ¼ 11e16/animal; 8 mice], 104 [n ¼ 10e15/ani-
mal; 8 mice], 72 [n ¼ 9e17/animal; 7 mice], and 82 [n ¼ 5e15/
animal; 7 mice] images for untreated/sucrose-treated NonTg and
untreated/sucrose-treated 3xTg-AD groups, respectively,
from �3.52 mm to bregma �1.34 mm). Confocal images were
analyzed using the Fiji software (ImageJ 1.51f). An ImageJ macro
was designed to create selections of the nuclei and somata of
neuroblasts and immature neurons of the DG GCL, as well as the
nuclei of mature neurons of DG GCL. A second macro was then
developed to subtract the nucleus selection from the soma selection
to obtain a selection corresponding to the cytoplasm of neuroblasts
and immature neurons. Mature neurons are abundant in the DG
GCL and located in close proximity, thereby making it impossible to
delineate their somata as done in the neuroblasts and immature
neurons. To circumvent this problem, another macro was used to
create a 6-pixel-wide cytoplasm band selection around the nucleus.
A final macro was designed to quantify the single-cell mean
integrated density of b-catenin signals, determined at all possible
thresholds, and divided by the respective area (published in Matos
et al., 2016, with some modifications). Results are presented as the
area under the curve of the first 5 thresholds (corresponding to the
maximum intensity of b-catenin signal) of 54/60 or 89/81 cells in
untreated/sucrose-treated 3xTg-AD or NonTg neuroblasts, respec-
tively; 31/22 or 98/117 cells in untreated/sucrose-treated 3xTg-AD
or NonTg immature neurons, respectively; and 256 cells per group
for mature neurons.

2.8. Electrophysiology

Twelve (6 untreated and 6 sucrose-treated) NonTg and 9 (4
untreated and 5 sucrose-treated) 3xTg-AD mice were used. The
mice were deeply anesthetized with sodium pentobarbital (70 mg/
kg i.p.) and transcardially perfused with oxygenated (95% O2, 5%
CO2), ice-cold artificial cerebrospinal fluid (ACSF) composed of (in
mM): 119 NaCl, 2.3 KCl, 1.3 MgSO4, 2.5 CaCl2, 26.2 NaCHO3, 1
NaH2PO4, and 11 glucose. The brains were rapidly removed and 300
mm sagittal slices from the left hemisphere were cut using a
vibratome (Leica VT1200S). The slices were transferred to a recov-
ery chamber containing oxygenated ACSF at 32 �C for 30 minutes
and then stored at RT for a minimum of 1 hour before starting the
recording. Slices were then placed in a recording chamber and
perfused with oxygenated ACSF at 32 �C and a flow rate of ~2 mL/
min. Evoked field potentials were recorded in the outer molecular
layer of the DG, close to the hippocampal fissure, using glass mi-
croelectrodes filled with 4M NaCl (1e2 MU of tip resistance). The
lateral perforant pathway (LPP) was stimulated using an isolated
stimulation unit (Digitimer) and a concentric bipolar electrode
(FHC). Only recordings displaying paired-pulse facilitation (50 ms
interpulse interval) were accepted. Input-output curves were ob-
tained after 10 minutes of stable recordings and, due to the small
size of field excitatory postsynaptic potentials (fEPSPs), a stimula-
tion intensity producing 50%e60% of the maximal response was
used for both test pulses and tetanus. Test pulses were delivered
every 20 seconds for 15 minutes for obtaining a baseline recording
and long-term potentiation (LTP) was induced using 1 second
100 Hz trains of stimulation, repeated 4 times with a 15 seconds
interval. Subsequently, responses were registered every 20 seconds
for up to 50 minutes following the high-frequency stimulation
(HFS). The signals were acquired using an HEKA EPC10 double
amplifier and the Patchmaster software, filtered at 2.9 kHz and
sampled at 10e20 kHz. Amplitude measurements were used for
input-output curves and normalized fEPSP slopes were used to
calculate changes in synaptic efficacy following HFS. The change in
synaptic efficacy was evaluated between 30 and 40 minutes after
HFS.

2.9. Principal component analysis

Principal component analysis (PCA) was performed using the
software Past4.0. As variables were measured in different units, we
used the correlation option that normalizes all variables by dividing
them by their standard deviations. Iterative computation was used
to handle missing values (Ilin and Raiko, 2010). PCA data (eigen-
values, % of variance, scores, and loadings) are provided in the
Supplementary data file “Suppl PCA data.xlsx.”

2.10. Statistical analysis

The number of animals used is mentioned in the Materials and
methods section and each figure caption. Statistical tests used are
also mentioned in each figure caption. Data are expressed as
mean � standard error of the mean, with points indicating

http://imagejdocu.tudor.lu/doku.php?id=gui:process:subtract_background
http://imagejdocu.tudor.lu/doku.php?id=gui:process:subtract_background
http://imagejdocu.tudor.lu/doku.php?id=gui:process:subtract_background
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individual values when the Nwas inferior to 8. For N> 8, individual
values were not included for clarity purposes. Statistical signifi-
cance was determined using 2-way analysis of variance (ANOVA)
followed by Bonferroni post hoc test performed using GraphPad
Prism v7 (San Diego, CA). Repeated measures ANOVA or factorial
ANOVA (for multiple factors), followed by Bonferroni post hoc test,
were performed using SPSS v23 forWindows (SPSS Inc, Chicago, IL).
p-values <0.05 were considered statistically significant. For corre-
lations, normality of the data was first evaluated using the D’Ag-
ostino & Pearson omnibus normality test performed using
GraphPad Prism v7. For data without normal distribution, a
nonparametric Spearman correlation was used. For those that
passed normality tests, Pearson correlation coefficients were
applied instead.

The computer code and data produced in this study can be ob-
tained from the corresponding author, upon reasonable request.

3. Results

3.1. Spatial memory is compromised in hyperglycemic

3.1.1. 3xTg-AD mice
To study whether hyperglycemia may affect the neurogenic

reserve and accelerate the appearance of AD-related symptoms, we
analyzed the effect of chronic hyperglycemia on hippocampal
neurogenesis and memory in 8-month-old 3xTg-AD mice. We
induced hyperglycemia in 3xTg-AD and NonTg mice by treating
them for 6 months with 20% sucrose in the drinking water
(Supplementary Table 1 and Supplementary Fig. 1). Sucrose-treated
mice displayed glucose intolerance, as shown by the oral GTT
(Supplementary Fig. 1 and Supplementary Table 1), indicating the
development of a hyperglycemic phenotype.

Cognitive function in hyperglycemic 3xTg-AD mice was evalu-
ated at the end of the 6 months of sucrose treatment by analyzing
spatial learning and memory with the MWM test (Fig. 1). As ex-
pected, untreated 8-month-old NonTg mice learned the MWM task
(Fig. 1A) and formed long-term memory of the position of the
submerged platform (Fig. 1BeF). Hyperglycemic NonTg mice
showed no difference in learning and memory capacity when
compared to their age-matched controls (Fig. 1). During the
acquisition phase, 3xTg-AD mice revealed a less efficient learning
pattern compared to NonTg controls (Fig. 1A), indicating a defective
learning capacity. Nonetheless, the probe test data revealed that
3xTg-AD mice had some capacity to retain the localization of the
hidden platform (Fig. 1BeD). However, hyperglycemia totally im-
pairs spatial memory as indicated by the number of platform
crossings, the time spent in the target quadrant, and the average
distance to the platform (Fig. 1BeD). In agreement with these data,
a significant increase in the cumulative search error (which ac-
counts for the efficiency of the search strategy), was observed in
hyperglycemic 3xTg-AD mice (Fig. 1E). During the probe test, the
increase in the average distance traveled to reach the platform
(path length) positively correlated with the level of glucose intol-
erance in 3xTg-AD mice, but not in NonTg mice (Fig. 1G). Neither
3xTg-AD genotype nor chronic hyperglycemia affected mouse
swimming ability (Supplementary Fig. 2). These results show that
chronic hyperglycemia induces cognitive deficits specifically in
3xTg-AD mice.

3.2. Chronic hyperglycemia decreases the complexity of immature
DCXþ neurons in 3xTg-AD mice

Adult neurogenesis is a specific form of brain plasticity, with
functional relevance for pattern separation and spatial learning
(Garthe and Kempermann, 2013; Kempermann, 2008). Given that
hyperglycemia induced spatial memory impairment in 3xTg-AD
mice, we hypothesized that adult neurogenesis could be also
affected in these mice. Hence, we evaluated both the proliferation
and the number of neuronal precursors and maturating neurons
in the GCL of the DG. The extent of proliferation was determined
by counting the number of cells expressing the proliferation
marker Ki67, which is found in all phases of the active cell cycle
of proliferating cells (G1, S, G2, and M) (Bologna-Molina et al.,
2013) (Fig. 2). Chronic hyperglycemia significantly increased (by
~1.7-fold) the number of proliferating cells (Ki67þ cells) in the
GCL of both NonTg and 3xTg-AD mice, when compared to their
age-matched controls (Fig. 2B), demonstrating that hyperglycemia
promotes cell proliferation. During adult neurogenesis, the pro-
liferation of transit amplifying progenitor cells and neuroblasts
strongly contributes to the final number of newly generated
neurons (Kempermann et al., 2004). Since DCX, a cytoskeletal-
related molecule, is only expressed in early neuroblasts and up
to 28 days in rodent neurons (Encinas et al., 2011; Plumpe et al.,
2006), neuroblast proliferation was evaluated by counting the
number of cells co-expressing DCX and Ki67 (Fig. 2C). Sucrose
treatment induced a significant increase in the total number of
Ki67þ and DCXþ cells in the GCL. Although post hoc analysis
showed no significant differences, a tendency for increased
number of Ki67þ and DCXþ cells was evident in sucrose-treated
NonTg and 3xTg-AD mice, when compared to their respective
controls (Fig 2C).

We next quantified the different cell types that constitute the
DCX-positive cell population, namely neuroblasts, differentiating
neuroblasts and immature neurons (AB-, CD-, and EF-DCXþ cells,
respectively), based on their different morphologies (Plumpe et al.,
2006). The number of the 3 different DCXþ cell types was signifi-
cantly reduced in the GCL of 3xTg-AD when compared to NonTg
mice. This confirms our previous data indicating reduced incorpo-
ration of newborn neurons in the hippocampus of 3xTg-AD mice
(Valero et al., 2014). However, and despite the increase in DCXþ cell
proliferation induced by our sucrose treatment (Fig. 2B and C),
hyperglycemic 3xTg-AD mice did not show any significant increase
in DCXþ neuroblasts (AB cells), while hyperglycemic NonTg mice
showed a moderate increase (Fig. 2E).

The degree of morphological complexity of the dendritic trees of
immature neurons is essential since it relates to the probability of
the cell to adequately integrate into the hippocampal circuitry,
through the establishment of contacts with perforant path fibers
coming from the entorhinal cortex (EC), allowing the information to
be conveyed to cornu ammonis area 3 (Piatti et al., 2013). EF-DCX
cells were 3D-reconstructed and the Sholl analysis used to eval-
uate the complexity of their dendritic trees. EF-DCX cells from
3xTg-AD mice that reached the O/MML showed increased dendritic
complexity specifically in the O/MML (radius 140e170 mm) (Fig. 3B).
This was also reflected by a significant increase in the number of
dendritic branches and branch junctions in EF-DCX cells from 3xTg-
ADmice, when compared to NonTg mice (Fig. 3D). Interestingly, the
dendrites of newly generated neurons from sucrose-treated 3xTg-
AD mice presented a totally different morphological pattern, with
increased complexity in the GCL, highly reduced ramifications in
the ML (radius 80e150 mm), and decreased number of dendritic
branches and junctions (Fig. 3B and D) when compared to un-
treated 3xTg-AD mice. Nevertheless, no overall alterations were
found in total dendritic length and volume in immature neurons
from hyperglycemic 3xTg-AD mice (Fig. 3C). Importantly, a strong
negative correlation between the number of dendritic branches
located in the O/MML and the degree of glucose intolerance was
found exclusively in newly generated neurons from 3xTg-AD mice
(Fig. 3E). Interestingly, the dendritic complexity of EF-DCXþ cells
that did not reach the O/MML decreased specifically in the ML in



Fig. 1. Learning is impaired in 3xTg-AD mice and memory is compromised in hyperglycemic 3xTg-AD mice. (A) Time spent to reach the platform during the 4 days of learning trials
(latency). Untreated and sucrose-treated NonTg mice display a progressive reduction in latencies indicating learning of the task. Latency times are higher in untreated and sucrose-
treated 3xTg-mice. The number of platform crossings (B), time spent to reach the platform (C), the average distance to reach the platform (D), and cumulative search error (E) during
the probe test show that untreated 3xTg-AD mice, at this age, still retain the capacity to memorize the platform position and that sucrose-treated 3xTg-AD mice search for the
platform randomly suggesting no memory retention of its position, which demonstrates a deleterious effect on the memory of 3xTg-AD mice. (F) Representative projections of the
path followed by the mice during the probe test. (G) Correlations between the path length and area under the 2-hour blood glucose response curve (AUC; during the oral glucose
tolerance test, GTT) in NonTg (left) and 3xTg-AD mice (right). The strong correlation between increasing glucose intolerance and path length found in 3xTg-AD animals further
supports that hyperglycemia is strongly related to memory deficits in 3xTg-AD mice. Data are expressed as mean (�SEM) for 4-8 mice per group (points are individual values); þp <

0.05, þþp < 0.01, þþþp < 0.001 target (TQ) versus opposite quadrant (OQ); *p < 0.05 versus NonTg; $p < 0.05, $$p < 0.01, $$$p < 0.001 versus NonTgSuc; #p < 0.05 versus 3xTg-AD.
Details of statistical tests and main factor effects are given in Supplementary Table 2. Abbreviations: 3xTg-AD, triple transgenic mouse model of Alzheimer’s disease; AUC, area
under the curve; NonTg, non-transgenic; SEM, standard error of the mean; Suc, sucrose.
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3xTg-AD mice, independently of sucrose treatment, which only
exerted a specific decrease in total dendritic length and volume
(Supplementary Fig. 4).
The transcriptional activator b-catenin is a key effector molecule
of the Wnt signaling pathway, which modulates neuronal differ-
entiation and is altered in AD (Bayod et al., 2015; He and Shen,



Fig. 2. Hyperglycemia promotes cell proliferation and the number of neuroblasts, while immature neurons are decreased in both control and hyperglycemic 3xTg-AD mice. (A)
Confocal microscope images showing Ki67 and doublecortin (DCX) positive cells in the subgranular zone of the hippocampal dentate gyrus. Scale bar, 10 mm. (B) Quantification of
Ki67þ cells and (C) quantification of Ki67þ and DCXþ cells. Sucrose treatment promotes cell proliferation, both in general (B) and in DCX cells (C). (D) Confocal microscope images
showing DCX positive cells in the hippocampal dentate gyrus. Scale bar, 20 mm. (E) Quantification of the 3 DCXþ cell types: neuroblasts (AB-DCX cells), differentiating neuroblasts
(CD-DCX cells), and immature neurons (EF-DCX cells). The number of neuroblasts (AB DCXþ cells) is increased in NonTg mice exposed to sucrose treatment, while the 3 different
types of DCXþ cells are reduced in 3xTg-AD mice. Data are expressed as mean (�SEM) for 4-8 mice per group (points indicate individual values); *p < 0.05, ***p < 0.001 versus
NonTg; $$p < 0.01, $$$p < 0.001 versus NonTgSuc; #p < 0.05 versus 3xTg-AD. Details of statistical tests and main factor effects are given in Supplementary Table 3. Abbreviations:
3xTg-AD, triple transgenic mouse model of Alzheimer’s disease; NonTg, non-transgenic; SEM, standard error of the mean; Suc, sucrose.
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2009; Varela-Nallar and Inestrosa, 2013; Yu and Malenka, 2003). In
an attempt to uncover the defective molecular pathway responsible
for the decreased complexity of newly generated neurons in hy-
perglycemic 3xTg-AD mice, we analyzed the levels of b-catenin in
the nucleus and cytoplasm of neuroblasts and both immature and
mature neurons (Fig. 4). b-Catenin levels were significantly
increased in the nucleus and cytoplasm of neuroblasts of 3xTg-
mice, when compared to NonTg mice (Fig. 4B). Hyperglycemia
abolished the increase in b-catenin levels in the nucleus of 3xTg-AD
neuroblasts, while increasing its levels in the cytoplasm of NonTg
neuroblasts. Nuclear levels of b-catenin were also increased in
immature neurons of 3xTg-ADmice (Fig. 3D). Again, hyperglycemia
had a negative effect on b-catenin levels in immature neurons from
3xTg-AD mice, since it decreased nuclear and cytoplasm b-catenin
levels, when compared to untreated mice. Finally, the absence of
sucrose-related alterations in mature neurons (Fig. 4B) further
demonstrates the specific effect of disrupted glucose metabolism
on immature neurons from 3xTg-AD mice. Thus, our data suggest



Fig. 3. Loss of dendritic arborization in immature neurons reaching the outer molecular layer in hyperglycemic 3xTg-AD mice. (A) Three-dimensional reconstructions of repre-
sentative immature neurons reaching the outer and medial molecular layer (O/MML). Red line represents the separation between the GCL and the inner molecular layer (IML) and
the green line represents the separation between IML and O/MML. Scale bar, 20 mm. (B) 3D Sholl analysis shows an increased number of dendritic intersections with Sholl spheres in
radius 10e50 and a decreased number of dendritic intersections in radius 80e150 in sucrose-treated 3xTg-AD mice when compared to untreated and sucrose-treated NonTg mice.
Untreated 3xTg-AD mice display increased dendritic intersections with Sholl spheres in radius 140e170, when compared to untreated NonTg mice, which reflects increased
arborization in the O/MML. In radius 100, hyperglycemic NonTg mice show decreased dendritic intersections, when compared to NonTg mice. (C) No significant alterations were
observed in the total length and volume of dendrites in untreated and sucrose-treated NonTg or 3xTg-AD mice. (D) Number of dendritic branches (left) and dendritic junctions
(right) in the O/MML. In accordance with the Sholl analysis, sucrose-treated 3xTg-mice have decreased the number of dendritic branches and junctions in the O/MML, when
compared to untreated 3xTg-AD mice. 3xTg-AD mice display an increased number of dendritic branches and branch junctions in this area when compared to sucrose-treated and
untreated NonTg mice. (E) Correlation between the number of dendritic branches in the O/MML and area under the 2-hour blood glucose response curve (AUC; during the oral
glucose tolerance test, GTT) in NonTg (left) and 3xTg-AD mice (right) (points indicate individual mouse average value). A strong correlation between increasing glucose intolerance
and the number of dendritic branches in the O/MML is found in 3xTg-AD animals, showing that impairment in the dendritic complexity of immature neurons is strongly related to
hyperglycemia in 3xTg-AD mice. Data are expressed as mean (�SEM) for 10e65 cells (53/65 or 17/10 cells from 8/8 or 7/4 untreated/sucrose-treated NonTg or 3xTg-AD mice,
respectively); *p < 0.05, **p < 0.01, ***p < 0.001 versus NonTg; $p < 0.05, $$p < 0.01, $$$p < 0.001 versus NonTgSuc; #p < 0.05, ##p < 0.01 versus 3xTg-AD. Details of statistical tests
and main factor effects are given in Supplementary Table 4. Abbreviations: 3xTg-AD, triple transgenic mouse model of Alzheimer’s disease; 3D, three-dimensional; AUC, area under
the curve; NonTg, non-transgenic; SEM, standard error of the mean. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 4. Chronic hyperglycemia reduces b-catenin levels in the nucleus and cytoplasm of immature 3xTg-AD neurons. (A) Confocal microscope image showing b-catenin positive (in
green) and doublecortin (DCX)-positive or microtubule-associated protein 2 staining (in red) in the hippocampal dentate gyrus (nuclei stained with Hoechst 33342). Scale bar, 10
mm. (B) Area under the curve (AUC) of single cell b-catenin integrated density per area (from threshold 1e5) in the nucleus and cytosol of neuroblasts, immature and mature
neurons from the dentate gyrus of 8-month-old untreated and sucrose treated NonTg/3xTg-AD mice. A significant and cell-specific reduction in b-catenin levels is found in both the
nucleus and cytoplasm of immature neurons from hyperglycemic 3xTg-AD mice when compared to the respective control. In contrast, an increase in these levels is found in
immature neurons nucleus from control 3xTg-AD mice, when compared to untreated NonTg mice. Data are expressed as mean (�SEM) for 54/60 to 89/81 cells in untreated and
sucrose-treated 3xTg-AD or NonTg neuroblasts, respectively; 31/22 to 98/117 cells in untreated and sucrose-treated 3xTg-AD or NonTg immature neurons, respectively; and 256 cells
per group for mature neurons; *p < 0.01, **p < 0.01, ***p < 0.001 versus NonTg; $p < 0.05, $$p < 0.01 versus NonTgSuc; ##p < 0.01, ###p < 0.001 versus 3xTg-AD. Details of statistical
tests and main factor effects are given in Supplementary Table 5. Abbreviations: 3xTg-AD, triple transgenic mouse model of Alzheimer’s disease; NonTg, non-transgenic; SEM,
standard error of the mean. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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an impairment in the Wnt/b-catenin pathway as a mechanism
behind the detrimental effects of hyperglycemia on the dendritic
maturation of newborn hippocampal neurons in 3xTg-AD mice.

3.3. Chronic hyperglycemia reduces O/MML dendritic synaptic
puncta in immature 3xTg-AD neurons

To further evaluate the potential of newborn neurons to integrate
into hippocampal circuitry, putative synaptic contacts were esti-
matedbyquantifying thenumberof PSD95puncta in thedendrites of
immature neurons located inDG IML andO/MML (Fig. 5). Differences
were exclusively observed in the O/MML; untreated 3xTg-AD
showed a 2.5-fold increase in the total number of synaptic puncta of
immature neurons when compared to controlled NonTg mice. This
was not due to an increase in the density of puncta (Fig. 5Cv) but to a
specific increase in the length of the dendrites occupying this region
(Fig. 5Civ). Importantly, in hyperglycemic3xTg-AD mice, and in
agreement with the decreased complexity of immature neuron
dendrites in the O/MML (Fig. 3), a significant reduction in the total
number of PSD95 puncta was observed when compared to age-



Fig. 5. 3xTg-AD mice show increased total number of dendritic PSD95 puncta in immature neurons reaching the O/MML, which is impaired by chronic hyperglycemia. (A) Confocal
microscope image showing post-synaptic density-95 (PSD95) positive and doublecortin (DCX)-positive staining in the hippocampal dentate gyrus. Scale bar, 20 mm (granular cell
layer, GCL; inner molecular layer, IML; outer/medial molecular layer, O/MML). (B) Confocal microscope image showing PSD95-positive synaptic puncta colocalizing with a dou-
blecortin (DCX)-positive dendrite. Scale bar, 2 mm. (C) Total dendritic length, number of puncta per DCX dendrite length, and number of PSD95 puncta per cell in the IML (i, ii, iii,
respectively) and O/MML (iv, v, vi, respectively). IML total dendrites length (Ci), number of puncta per DCX dendrite length (Cii), and number of PSD95-positive puncta (Ciii) of
immature neurons are unaffected by either treatment or genotype. Importantly, hyperglycemic treatment reduces both total dendrite length (Civ) and the number of PSD95 puncta
(Cvi) in DCX cells in the O/MML of 3xTg-AD mice, when compared to untreated mice. Moreover, in the O/MML, untreated 3xTg-AD mice showed an increase in dendritic length and
number of PSD95 puncta in dendrites of immature neurons (Civ and Cvi), when compared to untreated NonTg mice. Data are expressed as mean (�SEM) for 53/65 or 17/10 cells
from 8/8 or 7/4 untreated/sucrose-treated NonTg or 3xTg-AD mice, respectively; *p < 0.05, **p < 0.01, ***p < 0.001 versus NonTg; $p < 0.05 versus NonTgSuc; #p < 0.05, ##p < 0.01
versus 3xTg-AD. Details of statistical tests and main factor effects are given in Supplementary Table 6. Abbreviations: 3xTg-AD, triple transgenic mouse model of Alzheimer’s
disease; NonTg, non-transgenic; SEM, standard error of the mean.
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matched controls (Fig. 5Cvi). Globally, the DG of 3xTg-AD mice
showed a decrease in the total number of PSD95 puncta in the IML
and O/MML (Supplementary Fig. 5) that was associated with a
decrease in IML and O/MML volumes (Supplementary Fig. 6). These
data suggest that, in 3xTg-ADmice, the increase in the number of O/
MML synaptic puncta occurs specifically in immature neurons.
Altogether, our data indicate that, in 3xTg-AD mice, hyperglycemia
has a negative impact on thematurationof newlygeneratedneurons,
reducing their probability of establishing contacts, at the O/MML,
with perforant path fibers coming from the EC.
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3.4. Chronic hyperglycemia affects long-term synaptic plasticity in
the DG of 3xTg-AD mice

The integration of newly generated neurons into hippocampal
circuits plays a key role in both synaptic transmission and long-
term synaptic plasticity in the DG, which in turn may be
involved in the formation of new memories (Massa et al., 2011).
Since chronic hyperglycemia affects the maturity of the dendrites
of newly generated neurons in 3xTg-AD mice, we hypothesized
that synaptic plasticity at the LPP-DG synapses could also be
affected. To tackle this hypothesis, we recorded fEPSPs to assess
LTP, by stimulating the LPP and recording the evoked potentials in
the DG O/MML (Fig. 6A). Experiments were performed in the
absence of GABA antagonists considering that young granule
Fig. 6. Long-term synaptic plasticity in the DG is affected in hyperglycemic 3xTg-AD mice. (
EPSPs (fEPSPs) from LPP synapses. (B) Time course of LTP experiments showing the norm
stimulation every 20 s, an HFS protocol (arrow; 1 second, 100 Hz trains of stimulation, re
potentiation at LPP synapses onto DG granule cells. Data are expressed as mean (�SEM) fo
Dotted line, baseline; solid line, 30e40 minutes after HFS. Scale: 0.1 mV � 4 ms. (D) Summ
older mice in the presence of intact inhibitory synaptic transmission, no change in synaptic e
3xTg-AD that showed a trend for depression of synaptic transmission compared to untreate
indicate individual values); #p < 0.05 versus 3xTg-AD. (E) Correlations between normaliz
response curve (AUC; during the oral glucose tolerance test, GTT) in NonTg (left) and 3xT
normalized fEPSP is found in 3xTg-AD animals, showing that changes in synaptic efficacy ar
factor effects are given in Supplementary Table 7. Abbreviations: 3xTg-AD, triple transgenic m
excitatory postsynaptic potential; HFS, high-frequency stimulation; LTP, long-term potentia
neurons are less inhibited than mature neurons, and thus more
sensitive to LTP induction in the presence of GABAergic signal
(Saxe et al., 2006). As expected for old animals (Froc et al., 2003),
we did not observe any significant LTP in the DG after the appli-
cation of HFS to the LPP, in conditions of intact inhibition
(Fig. 6BeD). However, a nonsignificant trend for late synaptic
facilitation was found in recordings from 8-month-old untreated
3xTg-AD mice, when compared to NonTg mice (Fig. 6D).
Conversely, a tendency for depression of synaptic transmission
upon HFS was found in recordings from hyperglycemic 3xTg-AD
mice. Interestingly, the combination of these 2 opposite trends
translated into a significant decrease in the synaptic efficacy in the
DG of sucrose treated 3xTg-AD mice (Fig. 6D). Strikingly, in 3xTg-
AD mice there was a significant correlation between changes in
A) Placement of the stimulation and recording electrodes in the DG for recording field
alized initial fEPSP slope over time. Following a 10-minute baseline recording with

peated 4 times with a 15 seconds interval) was used to attempt to induce long-term
r 9e14 slices per group. (C) Sample averaged fEPSPs for each experimental condition.
ary graph of changes in synaptic efficacy at 30e40 minutes after HFS. As expected for
fficacy was observed for any of the experimental groups, except for the hyperglycemic
d 3xTg-AD mice. Data are expressed as mean (�SEM) for 9e14 slices per group (points
ed fEPSP values (averaged values/animals) and area under the 2-hour blood glucose
g-AD mice (right). A strong correlation between increasing glucose intolerance and
e associated with hyperglycemia in 3xTg-AD mice. Details of statistical tests and main
ouse model of Alzheimer’s disease; AUC, area under the curve; DE, dentate gyrus; EPSP,
tion; NonTg, non-transgenic; SEM, standard error of the mean.
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synaptic efficacy and blood glucose levels that was not observed in
NonTg mice (Fig. 6E). This further demonstrates that chronic hy-
perglycemia significantly impacts synaptic plasticity at LPP-DG
synapses in the context of an AD-like challenge, which may be
attributed to the reduced complexity of newly generated neurons
in the DG O/MML.

3.5. Multivariate analysis of hyperglycemia, behavior, and
neurogenesis data

We have shown different analyses indicating that blood glucose
levels (GTT) correlate with behavioral parameters (Fig. 1G), the
morphology of newborn cells (Fig. 3E), and the electrophysiological
activity in the DG (Fig. 6E). To better explore possible associations
between different variables, we have also performed a correlation
matrix analysis. Our data revealed that GTT significantly correlated
with behavioral parameters and the number of newborn neurons at
different maturational stages. Additionally, we observed significant
correlations between several neurogenesis and behavior features
(Supplementary Fig. 7). However, data from transgenic mice clus-
tered together and may act as outliers, which may induce some
inflation of our correlation coefficients and lead to the detection of
spurious correlations (Makin and De Xivry, 2019). Therefore,
although we performed correlational analysis using the Spearman’s
rank test, which is not much affected by outliers (de Winter et al.,
2016), we decided to analyze data from NonTg (Supplementary
Fig. 8) and 3xTg-AD (Supplementary Fig. 9) mice separately. In
NonTg mice, glucose tolerance (GTT) negatively correlated with one
spatial negative memory parameter, the path length in the target
quadrant until reaching the platform, making it difficult to infer
whether memory scores associate with hyperglycemia. However, in
3xTg-AD mice, GTT correlated with several behavioral parameters,
suggesting that glucose intolerance associated with poor memory.
3xTg-AD GTT also correlated with 2 parameters related to the
morphology of newborn neurons (the number of dendritic
branches and junctions in the OMML). Curiously, in both NonTg and
3xTg-AD mice, the number of proliferating cells correlated with
several behavioral parameters, although in opposite directions
(Supplementary Figs. 8 and 9). Thus, in general terms, in NonTg
mice, the number of proliferating cells (Ki67þ cells) associated with
better memory performance, while in 3xTg-AD mice it associated
with worse MWM scores. Interestingly, in 3xTg-AD mice, CSE (an
Fig. 7. Principal component analysis reveals differences induced by sucrose treatment specifi
(squares for NonTg mice, circles for 3xTgAD mice, open dots for mice without sucrose treat
show 3 segregated regions corresponding to NonTg mice (with or without sucrose treatme
plemental data file “Suppl PCA data.xlsx.” Abbreviations: 3xTg-AD, triple transgenic mou
analysis.
index of erratic search strategies) correlated negatively with the
number of young newborn neurons (EF cells) and the volume of
their dendrites (Supplementary Fig. 9). In summary, these analyses
suggest that hyperglycemia, neurogenesis, and memory scores are
consistently associated.

Our results indicate that hyperglycemia exerts a negative effect
specifically on 3xTg-AD mice, affecting behavior and neurogenesis-
related parameters. We have performed an in-depth analysis of our
data using PCA to further evaluate the differences induced by hy-
perglycemia. In our PCA, the first 6 principal components explained
78.90% of the variance of our data (PC1: 23.09%, PC2 20.19%, PC3
13.38%, PC4 9.00%, PC5 7.17%, and PC6 6.07%). Importantly, using
only components 1 and 2 we were able to differentiate 3
nonoverlapping groups: NonTg (independently of their treatment
with sucrose), untreated 3xTg-AD mice, and 3xTg-AD mice treated
with sucrose (Fig. 7). Thus, PCA corroborated that sucrose treatment
exerted a specific effect on 3xTg-AD mice.

Summarizing, our in-depth data analysis corroborated that
blood glucose levels affect both neurogenesis andmemory function
and that hyperglycemia has a specific detrimental effect in 3xTg-AD
mice.

4. Discussion

One of the emerging concepts associated with age-related
neurocognitive diseases is the multimorbidity that arises from
common risk factors and mechanisms, possibly resulting in early
disease onset (Figueira et al., 2016). This concept is changing the
paradigm used to treat these diseases to a more integrative
approach. Moreover, increasing evidence shows that AD and T2D, 2
age-associated chronic diseases, share common features and are
intrinsically associated. Here, we demonstrate that chronic hyper-
glycemia affects the hippocampal neurogenic reserve of 3xTg-AD
mice, considered as the capacity of the hippocampus to produce
new neurons, which adequately integrate into hippocampal
memory circuits. Hyperglycemia reduces the possibility of proper
integration of newly generated neurons in the hippocampus of
3xTg-AD mice (reduced dendritic complexity and number of
synaptic puncta in the region of contact with the axons projecting
from the EC), resulting in subtle alterations in synaptic plasticity
and defective spatial memory. We also show that immature
neurons in 8-month-old 3xTg-AD mice display an increase in
cally in 3xTg-AD mice. PCA scores for each mouse are represented in the graph as dots
ment, and filled dots for mice treated with sucrose). Convex hull areas for each group
nt), 3xTg-AD mice, and sucrose-treated 3xTg-AD mice. Data are available in the sup-
se model of Alzheimer’s disease; NonTg, non-transgenic; PCA, Principal component
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dendritic arborization and the number of DG O/MML synaptic
contacts. These may be interpreted as a compensatory mecha-
nism that allows the animals to maintain a certain degree of
adaptation to the cognitive demands. Importantly, this apparent
compensatory mechanism is severely compromised by the
perturbation in glucose metabolism.

The existence of adult neurogenesis has been described in
numerous species, including rodents and primates (Patzke et al.,
2015). Adult hippocampal neurogenesis and the production of
several hundreds of new neurons per day were previously
described in humans (Eriksson et al., 1998; Spalding et al., 2013).
Recent studies relaunched the discussion by reporting that neuro-
genesis does not occur in adulthood (Sorrells et al., 2018), or either
persists along with aging (Boldrini et al., 2018). However, a very
recent and meticulous work by Moreno-Jiménez et al. (2019)
demonstrated that thousands of (DCXþ) DG immature neurons
can be found in healthy aged human subjects, strongly supporting
the existence of adult hippocampal neurogenesis in humans and its
persistence into late age. Quite importantly, these authors also re-
ported that the number and maturation of these cells decrease in
AD patients with the progression of Braak stages, that is, with the
degree of AD pathology (Moreno-Jiménez et al., 2019).

Results concerning adult neurogenesis in AD models may seem
contradictory, but differences between studies may be attributed to
the use of different disease models, the age of the animals, and the
methods used to analyze neurogenesis. Some authors even sug-
gested that adult neurogenesis is enhanced in AD after analyzing
proliferation markers. Indeed, increased general cell proliferation
was described at different ages (3 and 12 months) in PDGF-
APPSw,Ind mice (Jin et al., 2004; López-Toledano and Shelanski,
2007). Furthermore, 9- to 12-month-old Tg9291 mice presented
an increased number of proliferating neuronal progenitors (Kolecki
et al., 2008), while 3-month-old PDGF-APPSw,Ind mice showed
more neuroblasts/young neurons (identified by the expression of
the polysialylated-neural cell adhesion molecule PSA-NCAM) when
compared to control mice (López-Toledano and Shelanski, 2007).
Although these studies reported increased neurogenesis in various
ADmousemodels, quantification of proliferating cells is not enough
for such conclusion as the survival of neuronal progenitors or young
neurons should be also evaluated. Importantly, a vast number of
studies performed in AD mouse models identified decreased adult
neurogenesis as a contributor for AD symptoms (Haughey et al.,
2002; Verret et al., 2007; Wang et al., 2004; reviewed in Chuang,
2010; Sung et al., 2020). Herein, we observed normal cell prolifer-
ation in 8-month-old 3xTg-AD male mice, both in general and
DCXþ cells. However, similar to what was described in Valero et al.
(2014) for 6-month-old female 3xTg-AD mice, we detected a
decrease in the number of neuroblasts, differentiating neuroblasts
and immature neurons. Our data also suggest that the decrease in
the number of neurogenic cells is not enough to affect cognitive
capacity, in our conditions and at this age (see below), which, we
hypothesize, may be related to the capacity of the remaining
immature neurons to increase their complexity and establish more
contacts with EC projection fibers. Taking into account the data
obtained by Moreno-Jiménez et al. (2019) in humans, indicating
that the number of DCXþ cells decreases with the development of
the disease, it would have been interesting to further analyze the
morphology of these cells (i.e., dendrites complexity), and evaluate
whether it is related to Braak stages.

The hippocampal neurogenic reserve may be considered as a
component of the cognitive reserve (Valero et al., 2016). In AD, the
development of a metabolic syndrome such as T2D can be framed
as a lifestyle shaping factor that, continuously and over a long
period, may strongly affect brain’s cognitive reserve, promoting the
early appearance of symptoms. Although the cognitive reserve
cannot be measured per se, several parameters have been proposed
to reflect the brain’s functional potential, namely brain volume,
synapse density, neuronal number, and dendritic complexity
(Valero et al., 2016). Given that the hippocampus is one of the brain
regions affected in AD (Gallagher and Koh, 2011), the evaluation of
these parameters may be translated into a reliable measure of the
functional status of the brain. Due to both the reduced volume of
the DG and the number of synaptic puncta in 8-month-old 3xTg-AD
mice, these animals are expected to present a poor cognitive
reserve, whichwould be reflected as a perturbed cognitive function.
At first sight, our data suggest that this was not the case since 3xTg-
AD mice displayed similar spatial memory scores to their age-
matched controls. However, specific characteristics in our experi-
mental design may explain this apparent contradiction and should
be taken into account when interpreting the results that: first, our
mice were housed with mild environmental enrichment condi-
tions, in the presence of a malleable paper bag that was changed
twice a week, and environmental enrichment is known to recover
memory function in mouse models of AD (Llorens-Martín, 2018;
Polito et al., 2014; Valero et al., 2011; Verret et al., 2013); second,
we used a facilitatedMWMparadigm to improve the learning of the
task (Valero et al., 2014); and finally, 50% of our 3xTg-AD mice did
not learn the task and showed thigmotaxia (i.e., constant searching
in the walls of the maze associated to anxiety; Treit and Fundytus,
1988), and were excluded from this analysis. Concomitantly, our
observations suggest that at least 50% of our aged 3xTg-AD animals
retain some level of cognitive reserve that allows them to use
alternative strategies to face a cognitive and stressful challenge.
However, the cognitive reserve of these 3xTg-AD mice is also
tremendously fragile, as the additional challenge of chronic hy-
perglycemia leads to a total disruption of memory function. We can
thus hypothesize that, at this age (8 months), the cognitive reserve
threshold of 3xTg-AD mice was not yet reached and that, with
further aging and ensuing the reduction of neurogenesis, cognitive
deficits will manifest. Importantly, the hippocampal neurogenic
niche in 3xTg-AD mice maintained some capacity of producing
newborn neurons. Even more, newborn neurons in 3xTg-AD mice
showed increased complexity and number of PSD95 puncta in the
dendrites that reach the O/MML, where they establish synaptic
contacts with the fibers arriving from the EC. This may act as a
compensatory effect mediated by the lack of pre-existing mature
synaptic contacts. Furthermore, maturing newborn neurons
compete with already mature neurons to establish synaptic con-
tacts, and may displace and contribute to the elimination of pre-
existing synapses (Toni et al., 2007). Thus, we may speculate that,
due to the general decrease in the number of synaptic puncta seen
in 3xTg-AD mice, the few newborn neurons that develop enough to
reach the O/MML may arborize more profusely because of the
reduced competition with pre-existing neurons and the higher
availability of potential sites for synaptic contacts. Importantly, our
results suggest that hyperglycemia affects this compensatory
mechanism. However, further studies will be required to
adequately test this hypothesis.

The possible compensatory effects observed in newly generated
neurons of 3xTg-AD mice may require the activation of specific
molecular pathways that promote the dendritic arborization of
immature neurons, such as the Wnt/b-catenin signaling pathway.
This pathway has been shown to enhance dendritic complexity in
hippocampal neurons (Yu and Malenka, 2003), to be reduced in AD
brains (Zhang et al., 1998) and dysfunctional in hippocampal neu-
rons after exposure to Ab (Krieghoff et al., 2006), potentially
affecting neuronal differentiation. However, we observed a specific
increase in b-catenin levels in 3xTg-AD mice, both in the nucleus
and cytoplasm of hippocampal neurogenic cells, namely DCX-
labeled neuroblasts and immature neurons. Such an increase in b-



Fig. 8. Schematic representation of the detrimental effect of chronic hyperglycemia and AD-related impairments on the hippocampal neurogenic reserve and memory. Abbre-
viations: AD, Alzheimer’s disease; DG, dentate gyrus; GCL, granular cell layer; IML inner molecular layer; LTP, long-term potentiation; O/MML, outer and medial molecular layer.
Hippocampal immature neurons are represented in brown. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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catenin levels may promote the increase in the dendritic
complexity observed in 3xTg-AD newborn neurons. b-Catenin is a
versatile protein that integrates a myriad of functions in different
cellular locations, including the nucleus, cytosol, and cellular
membranes (Valenta et al., 2012) and, for this reason, its regulation
is dependent on multiple interplaying factors. b-Catenin activity is
mainly regulated by constitutive proteasomal degradation, which is
promoted through phosphorylation by glycogen synthase kinase-
3b (Hur and Zhou, 2010), an enzyme activated in AD (Maqbool et al.,
2016). Thus, glycogen synthase kinase-3b activation may increase
b-catenin degradation, impairing cellular processes dependent on
its normal function. In 3xTg-AD mice, hyperglycemia significantly
reduced nuclear and cytoplasmic b-catenin levels in newly gener-
ated hippocampal cells, which may account for the decreased
maturation and dendritic atrophy found in these cells. Neverthe-
less, further experiments are required to fully understand the mo-
lecular mechanisms behind the changes induced by
hyperglycemia in b-catenin levels and their consequences for
newly generated neurons in the context of AD. It would be
interesting to both overexpress and knockdown beta-catenin in
immature neurons to evaluate if these conditions recapitulate the
changes in maturation observed in our experiments. This would
also allow evaluating the possible therapeutic potential of b-cat-
enin overexpression as a promoter of maturation and functional
integration of immature neurons into the hippocampal
neurogenic reserve, thus protecting against the deleterious effects
of hyperglycemia in AD.

Following the rationale of the hippocampal neurogenic reserve,
hyperglycemic 3xTg-AD mice combine several indicators of
reduced cognitive reserve: decreased DG volume, reduced number
of synaptic puncta, and low number of newly generated neurons
presenting atrophic dendritic complexity. This reduction in
neurogenic capacity might express itself through the altered syn-
aptic plasticity observed in response to LPP stimulation in the
presence of intact inhibitory synaptic transmission. Altogether, our
data indicate that chronic hyperglycemia may further compromise
the already deteriorated cognitive reserve in the context of AD,
ultimately resulting in the incapacity to respond to cognitive
challenge(s), as manifested by the impairment in memory observed
in our mouse model of AD (Fig. 8).

5. Conclusion

Overall, we clearly demonstrate that chronic hyperglycemia af-
fects the adult hippocampal neurogenic reserve in the 3xTg-AD
transgenic mouse model, inducing defective learning and memory
loss, and accelerating AD-like impairments. Disturbance of Wnt/b-
catenin signaling by chronic hyperglycemia may be responsible for
the deficient morphological maturation of newly generated neu-
rons, contributing to the depletion of the hippocampal neurogenic
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reserve and triggering cognitive deficits. Defining the molecular
mechanisms that influence the maturation and incorporation of
newly generated neurons into memory circuits under conditions
of perturbed glucose metabolism will allow the development of
therapeutic strategies aimed at promoting the hippocampal adult
neurogenic reserve. This may likely shield against age-related
neuronal degeneration/loss in a brain region required for process-
ing of learning and memory, thereby delaying AD symptoms.
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