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Abstract

Background: Major depression (MD) is the most prevalent psychiatric disease in the population and is considered a
prodromal stage of the Alzheimer’s disease (AD). Despite both diseases having a robust genetic component, the
common transcriptomic signature remains unknown.

Methods: We investigated the cognitive and emotional behavioural responses in 3- and 6-month-old APP/PSEN1-
Tg mice, before β-amyloid plaques were detected. We studied the genetic and pathway deregulation in the
prefrontal cortex, striatum, hippocampus and amygdala of mice at both ages, using transcriptomic and functional
data analysis.

Results: We found that depressive-like and anxiety-like behaviours, as well as memory impairments, are already
present at 3-month-old APP/PSEN1-Tg mutant mice together with the deregulation of several genes, such as Ciart,
Grin3b, Nr1d1 and Mc4r, and other genes including components of the circadian rhythms, electron transport chain
and neurotransmission in all brain areas. Extending these results to human data performing GSEA analysis using
DisGeNET database, it provides translational support for common deregulated gene sets related to MD and AD.

Conclusions: The present study sheds light on the shared genetic bases between MD and AD, based on a
comprehensive characterization from the behavioural to transcriptomic level. These findings suggest that late MD
could be an early manifestation of AD.
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Background
Depressive disorder affects over 4.4% of the population
[1], and it is characterized not only by low mood but
also by anhedonia, changes in appetite and sleep, feelings
of worthlessness and guilt which may lead to attempts of
suicide [1]. Major depression (MD) manifests through-
out the life course including in older people when it is
often associated with poor cognition that may not return
to normality with effective treatment of the mood dis-
order [2, 3]. Recently, a genome-wide meta-analysis of
depression reports 102 variants involving cell adhesion,
dopaminergic and monoaminergic transmission, but also
important gene–drug interactions that reveal the im-
portance of antidepressant drug treating depression in
prefrontal cortical regions of the brain [4]. Moreover, a
genome-wide association study has identified 44 inde-
pendent loci that define the genetic basis of MD in hu-
man patients, including synaptic genes, regulation of
immune response and genes implicated in neuronal pro-
jection and neuron differentiation [5]. In addition to the
cognitive phenotype of MD in older people, a substantial
body of data strongly suggests the onset of MD in later
life is associated with increased risk of Alzheimer’s dis-
ease (AD), the commonest form of dementia [6–8].
AD includes forgetfulness, memory disturbances and

difficulty recognizing relatives and places [9]. AD is a
neurodegenerative disease with a robust genetic compo-
nent. Whereas late-onset AD shows a heritability of 58–
79, early onset of AD shows over 90% [10]. Despite near
50 risk loci have been implicated in AD, such as amyloid
precursor protein (App) and interleukin 34 (Il-34),
among others [10], a wide body of literature provides
compelling evidence of genetic pleiotropy for AD, having
a quasi ‘monogenetic role’ of apolipoprotein E (ApoE)
[11] because it confers a strong genetic risk for AD, car-
diovascular and neurogenerative diseases [12, 13]. Al-
though there is a controversy about if late-onset AD is
generally considered a polygenetic disease [11], the
early-onset AD pathology has a robust genetic compo-
nent. Indeed, there is a close association between muta-
tions and the number of APOE alleles, App and
presenilin (Psen) genes with early-onset AD [14, 15], as
observed in subjects with Down syndrome who carry
three copies of APP and develop early-onset AD path-
ology, due to the trisomy of chromosome 21 [16]. More-
over, it has recently been described the implication of
triggering receptor expressed on myeloid cells (TREM)-
APOE pathway related with microglial β-amyloid plaque
clearance [17] and neuroinflammatory responses in neu-
rodegenerative diseases, such as AD [12], with a dysreg-
ulation of Clec7 and Itgax transcripts related to
inflammation and apoptotic processes, crucial compo-
nents in the early-onset AD [18]. Furthermore, although
cognitive and functional impairments are the

predominant symptoms of AD, other behavioural and
psychological symptoms of dementia (BPSD) that in-
clude depression, sleep and activity disturbances are
common manifestations of the disease [19, 20]. These
observations have led to the suggestion that MD may in
some cases be a prodromal phase of AD. Indeed, both
MD and AD have a considerable heritable component
and changes in these systems have been shown in both
disorders, including neuroinflammation [21, 22], oxida-
tive stress [23] and certain dysregulations in cellular sig-
nalling [24] and neurotransmission [25, 26] among
others. Indeed, recent studies have sought to uncover a
common molecular signature between both AD and MD
including from genome-wide association studies
(GWAS) that have identified shared vulnerability genes
for both disorders [27, 28].
Despite these advances, the aetiology of the comorbid-

ity between AD and MD remains unknown although the
observation that multiple behaviours that are reminis-
cent of BPSD are also observed in rodent models of dis-
ease [29], suggesting that there might have common
molecular processes. Hereby, we study for the first time,
using behavioural, transcriptomic and bioinformatic ap-
proaches, depressive-like symptoms in an AD mouse
model (APP/PSEN1-Tg mice) at ages before the neuro-
pathological features are manifest and when cognitive
impairment is not yet evident [30]. To that end, we have
performed RNA sequencing analyses to study changes
that occur in brain areas related to the control of behav-
ioural and cognitive behaviours, including the prefrontal
cortex (PFC), striatum, hippocampus and amygdala, in
mice at 3 and 6months old. In order to study the mech-
anisms involved in the AD-MD comorbidity, a pre-
ranked Gene Set Enrichment Analysis (GSEA) has been
carried out. Using the transcriptomic results, we evalu-
ated the enrichment in gene sets obtained from public
resources containing functional and disease information.

Material and methods
Animals and rearing conditions
We used 30 hemizygous double transgenic male mice
(B6C3-Tg (APPswe, PSEN1dD9)85Dbo/MmJax) model
of AD (APP/PSEN1-Tg) and 30 male non-transgenic
control mice (004462, The Jackson Laboratory, USA).
Transgenic mice express a chimeric mouse/human APP
(Mo/HuAPP695swe) and a mutant human presenilin-1
(PS1-dD9), each controlled by independent mouse prion
protein promoter elements [31]. We employed APP/
PSEN1-Tg and non-transgenic mice (n = 16 per group)
at 3 months old and APP/PSEN1-Tg and non-transgenic
mice (n = 14 per group) at 6 months old, before develop-
ing the β-amyloid plaques and right at onset [31]. All
procedures were conducted in accordance with national
and EU (Directive 2010-63EU) guidelines regulating
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animal research and were approved by the local ethics
committee (CEEA-PRBB).

Behavioural evaluation
Elevated plus maze (EPM)
Elevated plus maze (EPM) (Panlab s.l.u, Barcelona,
Spain) was performed using a black maze elevated 30 cm
above the ground [32]. The software SMART (Panlab
s.l.u., Spain) automatically recorded the number of en-
tries and the time spent in the arms.

Novel object recognition (NOR)
Single trial NOR was performed in an open black arena
(32 × 28 cm) using 3 object types at opposite corners of
the open field (OF), 50 mm from the walls, similar to
those previously described [33]. The recognition index
was defined as [tNovel/(tNovel + tFamilial)] × 100 for animals
exploring novel objects in the acquisition trial.

Left–right discrimination learning
This test was performed using a T-maze apparatus, as
previously described [34]. This T-maze was filled with
water (23 ± 1 °C). During the first two trials, two identi-
cal platforms were submerged on the end of both arms
to test possible side preferences. A mouse was consid-
ered to have achieved the criterion after 5 consecutive
errorless trials. The reversal-learning phase was then
conducted 48 h later, applying the same protocol except
that mice were trained to reach the escape platform of
the opposite arm. Escape latencies and number of trials
to reach the criterion were manually recorded.

Tail suspension test (TST)
Each mouse was suspended individually 50 cm above a
bench top for 6 min [32]. Mice were individually video-
recorded and an observer, blind to the experimental
conditions, evaluated the percentage of time the animal
was immobile during the test.

Exposure to stress
The stressful procedure consisted in the exposition to
two mild stressful situations each day during four con-
secutive days: animals were placed for 10 min in the OF
apparatus, and then they were placed in glass cylinders
filled with water during 6min. Animals were subse-
quently evaluated for TST.

Habituation–dishabituation test
The test was performed as described [35]. After habitu-
ation to the cage, six consecutive 1-min presentations of
a cotton swab with distilled water were followed by one
presentation of limonene (Sigma-Aldrich) solution 1:
1000 in distilled water. Tests were video-recorded, and a

blinded observer measured the time that mice spent
sniffing the cotton tip rearing on their hind limbs.

Animal sacrifice and sample preparation for RNA
extraction
Animals were sacrificed by cervical dislocation and
brains were immediately removed from the skull. Brain
samples were dissected at both ages: 3 and 6months old
from non-transgenic and APP/PSEN1-Tg mice (n = 6
per group). PFC, striatum, amygdala and hippocampus
were dissected following an anatomical atlas [36], and
they were immediately stored at − 80 °C until the RNA
extraction. Then, each tissue sample was homogenized
in 1ml of QIAzol Lysis Reagent using a rotor–stator
homogenizer (Polytron PT 2500 E; Kinematica AG,
Switzerland) during 20–40 s. After homogenization, the
RNA was extracted using RNeasy Lipid Tissue Mini Kit
(Qiagen) [37].

Library preparation and RNA sequencing
RNA samples (50–100 ng) with RIN scores from 7.6 to 9
(Agilent 4200 TapeStation) were reverse transcribed to
cDNA. Poly-A tail selection was done using Total Dual
RNASeq PolyA. cDNA was sequenced (HiSeq3000/
4000) at the Oxford Wellcome Trust facility obtaining
75 bp per read. On average, 33M reads were obtained
per sample and a mapping rate of ~ 85%.

RNAseq DE analysis
Raw sequencing reads in the 1710 paired fastq files were
mapped with STAR version 2.5.3a [38] to the GEN-
CODE release 17 based on the GRCm38.p6 reference
genome and using the corresponding GTF file. The 885
bam files corresponding to 9 different lanes were merged
for each sample using Samtools 1.5, ending up with 95
bam files. The table of read counts was obtained with
featureCounts tool in subread package, version 1.5.1.
Further analyses were performed in R, version 3.4.3.

Genes having less than 10 counts in at least 10 samples
were excluded from the analysis. Raw library size differ-
ences between samples were treated with the weighted
‘trimmed mean method’ TMM [39] implemented in the
edgeR package [40]. These normalized counts were used
in order to make the unsupervised analysis, heatmaps
and clusters. For the differential expression (DE) ana-
lysis, read counts were converted to log2-counts-per-
million (logCPM), the mean–variance relationship was
modelled with precision weights using the voom ap-
proach and linear models were subsequently applied
with limma package, version 3.30.13 [41]. p-values (p)
were adjusted for multiple comparisons using the Benja-
mini–Hochberg false discovery rate (FDR) approach.
Genes were considered to be differentially expressed if
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|logFC| > 0.585 and adjusted p < 0.05, where FC indicates
fold change.

qPCR validation
Data were obtained from the qPCR platform using Taq-
man low density array (TLDA; qPCR 7900HT, Life
Technologies), where thirteen genes of interest were
studied together with the following endogenous controls:
Gapdh, Tbp and 18S. To select the endogenous genes,
we used the RNAseq data to study the stability across
tissues and conditions of some genes obtained from Rojo
and collaborators [42] and the TaqMan® Endogenous
Control Assays. This stability was assessed in terms of
mean and standard deviations. From the initial list of 7
potential endogenous genes (Gapdh, Hsp90ab1, Tbp,
Hprt, Gusb, Actb, B2m), we selected the most stable
ones, which are Gapdh and Tbp, and performed a geo-
metric mean [43]. The gene 18S was used to check over-
all expression whereas Gapdh and Tbp were geometric
averaged and included in posterior analyses as the Ct

(endogenous). For each gene, DCt was computed, com-
paring these values between conditions: DCt = Ct (gene)
− Ct (endogenous). Comparisons between studied condi-
tions were performed using a Student's t-test. Results
were adjusted for multiple comparisons using the FDR.
The comparisons performed in each area are APP/
PSEN1-Tg and non-transgenic at both ages (validated
genes in Supplementary Table 1).

Functional and disease analysis
Pre-ranked GSEA was used in order to retrieve enriched
gene sets corresponding to functional pathways [44].
The list of genes was ranked using the -log(p.val)*signFC
value for each gene from the statistics obtained in the
DE analysis with limma, as previously described. For the
gene set collection, we used a database described previ-
ously [45] and available in http://ge-lab.org/gs. The gene
sets in this database are harvested from different path-
way data sources and published studies all related to
mice. MGI gene IDs were converted to mouse symbol
ID using the annotation files in www.informatics.jax.org.
As there were a high number of redundant gene sets in
the collection, a filtering strategy was applied to select
the most representative ones (see Supplementary mater-
ial). In brief, we performed a filtering step where (i) pair-
wise Jaccard coefficients were computed between the
gene sets from the following data sources: published ar-
ticles, MPO, HPO, Reactome, MsigDB, GO_BP, KEGG,
PID, WikiPathways, INOH, PANTHER, NetPath, Bio-
carta, EHMN, MouseCyc and HumanCyc; (ii) for gene
sets with Jaccard = 1 (gene sets constituted by the same
genes), only one was considered; and (iii) from gene sets
with Jaccard > 0.8, the gene sets with the highest number

of genes was considered and other gene sets were ex-
cluded from the gene set collection.

DisGeNET database analysis
To evaluate the translation of our results in humans, we
performed a GSEA to retrieve enriched gene sets associ-
ated with human diseases. The gene sets associated with
human diseases, symptoms and traits were retrieved
from the DisGeNET database [46] (https://www.
disgenet.org/, v7). DisGeNET integrates gene–disease as-
sociations collected from curated repositories, from
genome-wide association studies (GWAS) catalogues,
from animal models, and data obtained from the scien-
tific literature using text mining approaches [46]. For
this analysis, we used only the curated gene sets in Dis-
GeNET, which include information from repositories
such as UniProt, PsyGeNET, Clingen and the Genomics
England Panel app. The mouse genes were converted to
human gene IDs using the annotation files in http://
www.informatics.jax.org/. We ranked the genes using
the -log(p.val)*signFC value from the DE analysis.
See Supplementary material and methods for add-

itional details.

Statistical analysis
For animal model experiments, analysis was performed
using software SPSS 23.0 (SPSS Inc., USA). Statistical
differences were investigated by Student’s t-test and
ANOVA with repeated measurement analysis. Post hoc
analysis was calculated with Bonferroni’s correction
when applicable. Since habituation–dishabituation data
were not normally distributed, Wilcoxon matched-pairs
rank test and Kruskal–Wallis test were calculated. Fish-
er’s exact test was used to evaluate differences in the
percentage of animals that made an error in the Y-maze.
For the GSEA, we only included those gene sets with a
FDR q value < 0.05 and |normalized enrichment score|
> 1.4 (NES).

Results
The transgenic mice expressing human APP/PSEN1-
Tg carrying familial AD mutations used in these stud-
ies (B6C3-Tg) have an onset of plaque pathology at
around 6 months [47], which is followed by cognitive
impairments with both increasing by 12–18 months of
age [48]. To explore behavioural alterations in these
mice, we used a range of well-established experimen-
tal paradigms at 3 months (before the onset of path-
ology) and 6 months (at onset). Then, we evaluated
the differentially expressed genes and pathways in the
prefrontal cortex (PFC), striatum, hippocampus and
amygdala at both ages.
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Anxiety-related behaviour in APP/PSEN1-Tg mice
To evaluate if APP/PSEN1-Tg animals experience
anxiety-like behaviour, 3- and 6-month-old APP/PSEN1-
Tg were subjected to EPM. The APP/PSEN1-Tg trans-
genic mice spent lower percentage of time in open arms
than non-transgenic at both 3 (t30 = 2.30, p = 0.0286;
Fig. 1a) and 6months old (t26 = 2.419, p = 0.0229; Fig.
1d), whereas no differences were found in the total num-
ber of arm entries (t30 = 0.65, p = 0.520, Fig. 1b and t26 =
1.21, p = 0.236, Fig. 1e), indicating that APP/PSEN1-Tg
animals displayed higher level of anxiety-like behaviours
without locomotor impairments.

Early onset of despair-like behaviour in APP/PSEN1-Tg
mutant mice
Stress-induced immobility is a despair responsive pheno-
type often used as a proxy for mood state in rodent

models. To evaluate this response, we performed the
TST in APP/PSEN1-Tg transgenic and control mice. At
3 months old, the analysis of the TST results using an
ANOVA for repeated measurements revealed stress
(F1,30 = 20.77, p < 0.001), genotype (F1,30 = 5.27, p = 0.029)
and stress × genotype (F1,30 = 8.61, p = 0.006; Fig. 1c) ef-
fects. After Bonferroni’s correction, results showed that
transgenic mice presented higher stress-induced immobil-
ity (p < 0.001) in comparison with the pre-stress condition.
Stress only increased the percentage of the immobility in
APP/PSEN1-Tg mutants in comparison with non-
transgenic animals (p = 0.005). At 6 months, the ANOVA
for repeated measurements showed stress (F1,24 = 31.33,
p < 0.001) and genotype (F1,24 = 4.62, p = 0.042; Fig. 1f) ef-
fects. These results indicate that transgenic mice spent a
higher percentage of immobility time after repeated stress,
but also this behaviour increases in both groups of mice.

Fig. 1 APP/PSEN1-Tg animals show early anxiety-like and despair-like behaviours induced by stress. Panels a, b, d and e represent the EPM results, and
panels c and f correspond to the TST results. Grey (non-transgenic) and yellow (APP/PSEN1-Tg) bars represent the percentage of time spent in open
arms (a, d) and total number of entries (b, e) at 3 (n = 16 per group) and 6months (n = 14 per group) (*p < 0.05, Student’s t-test non-transgenic vs
APP/PSEN1-Tg). Grey (non-transgenic) and yellow (APP/PSEN1-Tg) bars represent the percentage of time that animals are immobile in TST at 3 (n = 16
per group) (c) and 6 months old (non-transgenic n = 12, APP/PSEN1-Tg n = 14) (f) in pre-stress and post-stress conditions. Data are presented as
mean ± SEM. ***p < 0.001 pre-stress vs post-stress condition; +++p < 0.001 comparison of APP/PSEN1-Tg pre-stress vs post-stress; **p < 0.01 comparison
of APP/PSEN1-Tg vs non-transgenic post-stress condition (two-way ANOVA)
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Early-adulthood long-term memory impairments in APP/
PSEN1-Tg mice
Loss of memory is affected early during the time course
of the AD, being one of the most recognizable symptoms
of the disease [49]. We assessed the short- and long-
term recognition memory in 3- and 6-month-old APP/
PSEN1-Tg mice using the NOR test. At 3 months old, a
two-way ANOVA showed a genotype (F1,29 = 8.30, p =
0.007) and object effect (F1,29 = 36.93, p = 0.001; Fig. 2a).
The genotype effect indicates that control animals had
greater discrimination index than APP/PSEN1-Tg group.
At 6 months, a two-way ANOVA revealed a main effect
of genotype (F1,24 = 22.44, p < 0.001), an object effect
(F1,24 = 6.51, p = 0.018) and object × genotype interaction
(F1,24 = 14.64, p = 0.001; Fig. 2d). The genotype effect
shows that control animals had greater discrimination
index than transgenic mice. The post hoc Bonferroni’s
analysis showed that non-transgenic mice could discrim-
inate both the novel object 1 and 2 in the same manner
(p = 0.394), whereas APP/PSEN1-Tg animals could only
discriminate novel object 1, having a greater discrimin-
ation index for the novel object 1 than novel object 2 (p <
0.001). Non-transgenic animals had a higher discrimin-
ation index than APP/PSEN1 when they are exposed to
novel object 2 (p < 0.001). In fact, APP/PSEN1-Tg animals
could not discriminate between familial and novel object
2, indicating important memory impairments.

Early poor left–right discrimination learning of APP/
PSEN1-Tg mice
In order to evaluate working memory and attention
deficits present in AD [50], we performed a left–right
discrimination learning paradigm in 3- and 6-month
APP/PSEN1-Tg transgenic and non-transgenic mice
using the T-maze. The two-way ANOVA showed a trial
effect (F9,270 = 2.152, p = 0.026) and trial × genotype
(F9,270 = 2.023 p = 0.037; Fig. 2b) at 3 months old. The
post hoc analysis revealed that APP/PSEN1-Tg animals
took more time to reach the platform than control ani-
mals on trial 1 (p = 0.044) and trial 5 (p = 0.027) during
the acquisition learning. However, control mice spent
more time to reach the platform during trial 2 of the
reversal-learning phase (p = 0.02) than transgenic mice.
The pairwise comparison showed that APP/PSEN1-Tg
reduced the time to escape on acquisition trial 2 (p =
0.037) and trial 2 of the reversal learning (p = 0.017) in
comparison with trial 1 of the acquisition. We found
that APP/PSEN1-Tg animals spent more trials than
non-transgenic animals (t30 = 2.35, p = 0.026; Fig. 2c) to
reach the acquisition criterion. Nevertheless, both
groups spent a similar number of trials to reach the cri-
teria during reversal learning (p = 0.443). At 6 months
old, the ANOVA revealed a trial (F9,216 = 3.84, p <
0.001) and genotype (F1,24 = 6.53, p = 0.017, Fig. 2e)

effects, suggesting that APP/PSEN1-Tg mutant mice
showed longer latencies to reach the platform than
control animals during acquisition and reversal-
learning phases. The mean latency to get the acquisi-
tion criteria showed a trend to be statistically different
in the number of trials that APP/PSEN1-Tg in com-
parison with control mice (t24 = 1.91; p = 0.068; Fig. 2f).

Hyposmia in APP/PSEN1-Tg mice at 6months old
Since olfactory impairment is present in up to 90% of
AD patients [51], we assessed the olfactory function in
transgenic and control mice (Fig. 3a, c). At 3 months
old, both experimental groups could discriminate be-
tween the first water presentation and limonene odour
(Wilcoxon test, non-transgenic group, p = 0.05 and APP/
PSEN1-Tg, p = 0.01; Fig. 3a). At 6 months, both APP/
PSEN1-Tg transgenic mice and control mice could dis-
criminate between the first water presentation and lim-
onene (Wilcoxon test, non-transgenic, p = 0.006, and
APP/PSEN1-Tg, p = 0.008; Fig. 3c). Additionally, APP/
PSEN1-Tg mutant mice showed a higher investigation
time during the fifth water presentation than the control
group (Kruskal–Wallis test, χ2 = 3.84, p = 0.05; Fig. 3c).
Whereas both experimental groups spent the same time
investigating the cotton swab at 3 months old (t22 = 0.66,
p = 0.52; Fig. 3b), APP/PSEN1-Tg increased the investi-
gation time than non-transgenic control animals, show-
ing an indiscriminate investigation at 6 months old
(t21 = 2.52, p = 0.02; Fig. 3d), independently of the type of
odour presented.

DE analysis in the PFC, striatum, hippocampus and
amygdala from mice at 3 and 6months old
We performed gene expression analysis in regions of the
brain known to be loci for these functions. We com-
pared the transcriptome signature of APP/PSEN1-Tg
and control mice at 3 and 6months old, to determine
the significant differentially expressed (DE) genes with a
cut-off |logFC | < 0.585, adjusted p < 0.05, deregulated in
the brain areas of interest (Fig. 4; Supplementary Ta-
bles 2, 3, 4 and 5).
Among the dysregulated genes in PFC of younger

APP/PSEN1-Tg mice, we found 5 corresponding to the
so-called canonical clock genes: Ciart, Dbp, Bhleh41 and
Nr1d1 were downregulated, and Nfil3 was upregulated,
together with other genes, such as App, Prpn, Inhba and
Fosl2 (Fig. 4a; Supplementary Table 2). At 6-month-old
mice, Dbp and Nr1d1 remained downregulated in this
area, whereas App and Prnp were also upregulated to-
gether with Itgax and Maml3 (Fig. 4b; Supplementary
Table 2).
In the striatum of 3-month-old mice, we only found

the downregulation of Ciart, and the overexpression of
App, Prpn and Edn1 (Fig. 4c; Supplementary Table 3).

Martín-Sánchez et al. Alzheimer's Research & Therapy           (2021) 13:73 Page 6 of 19



By contrast, the deregulation of older mice in the stri-
atum was restricted to only one downregulated tran-
script, RP23-152P11.2, while App and Prpn remained
upregulated (Fig. 4d; Supplementary Table 3).

In the hippocampus of 3-month-old APP/PSEN1-Tg
mice, 8 genes were downregulated, including Ptx4 and
Mc4r and Zap70. Among the upregulated genes, we
found Plch1, Cdh23, Itga10, App, Prnp and Inhba

Fig. 2 The onset of memory impairments in APP/PSEN1-Tg occurs at 3months old. Novel object recognition (NOR) test: grey (non-transgenic) and
yellow (APP/PSEN1-Tg) bars represent the novel object 1 and 2 discrimination index (%) at 3 (a) (non-transgenic n = 15, APP/PSEN1-Tg n = 16) and 6
months old (d) (non-transgenic n = 12, APP/PSEN1-Tg n = 14). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 (two-way ANOVA). T-maze left–
right discrimination learning: b, e solid (non-transgenic) and dotted lines (APP/PSEN1-Tg) represent the escape latencies of both groups at two
different ages (ANOVA of repeated measurements *p < 0.05; +p < 0.05 comparison of APP/PSEN1-Tg vs the 1st trial; *p < 0.05 comparison of APP/
PSEN1-Tg vs non-transgenic). c, f Grey (non-transgenic) and yellow (APP/PSEN1-Tg) bars represent the mean ± SEM trials to criterion during acquisition
and reversal phase latencies at 3 (n = 16 per group) and 6months old (non-transgenic, n = 12, APP/PSEN1-Tg n = 14). f At 6months old, transgenic
mice tend to reach the criterion later than control groups during acquisition (Student’s t-test, non-transgenic vs APP/PSEN1-Tg, *p < 0.05; #p = 0.068)
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(Fig. 4e; Supplementary Table 4). At 6 months, the ana-
lysis revealed that only App and Prnp remained upregu-
lated (Fig. 4f; Supplementary Table 4).
Interestingly, the amygdala of young transgenic mice

was the most affected structure. More than 100 genes
were upregulated in the amygdala of the 3-month-old
AD mice (Fig. 5a; Supplementary Table 5), including
Tnfαip8l3, Sstr1, Sstr4, Chrm5 and Aldh1a3 (Figs. 4g; 5a,
c). Among the almost 100 downregulated genes in the
amygdala at 3 months old (Fig. 4g; Supplementary
Table 5), we found Grin3b, Chrna10 and Ciart. How-
ever, when we analysed the number of deregulated genes

at 6 months old, both the upregulated and downregu-
lated genes dramatically decreased in all brain areas
(Figs. 4h, 5b). In the amygdala, the upregulation of genes
diminished to three genes, App, Prnp and Clec7a (Figs.
4h, 5b, d) while the downregulated genes were restricted
to Dbp and Ciart (Figs. 4h; 5c, h).
When we compared those genes that were consistently

deregulated at both ages per area, we observed that the
upregulation of App and Prnp were extended throughout
PFC, hippocampus and amygdala (Figs. 4a, e, g; 5e).
Moreover, this upregulation at 6 months old was affect-
ing all brain regions (Figs. 4b, d, f, h; 5e). By contrast,

Fig. 3 APP/PSEN1-Tg mice show olfaction disruptions at 6months old. Graphs show the time (centiseconds, cs) that APP/PSEN1-Tg and non-transgenic
animals spent investigating a cotton swab through consecutive 1-min presentations (mean± SEM) of distilled water (presentations 1–6 and 8–12) and
limonene (presentation 7) at 3 (a) and 6months (c). The exploration time during the first presentation of the cotton swab with water [1] was compared with
that of the first presentation of limonene [7] in each group (Wilcoxon test, **p<0.01 comparison of APP/PSEN1-Tg water vs limonene presentations; ++p<0.01
comparison of non-transgenic water vs limonene presentations; Kruskal–Wallis test $p<0.05 comparison of APP/PSEN1-Tg vs Non-Transgenic). Grey (non-
transgenic) and yellow (APP/PSEN1-Tg) bars represent the total investigation time at 3 (b) (n=12 per group) and 6 (d) months old (non-transgenic n= 11, APP/
PSEN1-Tg n=12) (Student’s t-test *p<0.05). Data are presented as mean± SEM
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Fig. 4 Differentially expressed genes in the PFC, striatum, hippocampus and amygdala from APP/PSEN1-Tg mice at 3 and 6months old.
Heatmaps representing the degree of change for the differentially expressed genes at 3 (a, c, e, g) and 6 (b, d, f, h) months between control and
APP/PSEN1-Tg (5–6 independent brain samples per area). g The heatmap from the amygdala at 3 months old is a reduced representation from >
100 up- and downregulated genes (p < 0.05;|logFC| > 0.59). Legend (bottom) indicates the colour-coded fold-change scale (− 5 < FC < 5) where
negative values represent downregulation in blue, and positive upregulation in red
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Fig. 5 Distribution pattern of differentially expressed genes from the APP/PSEN1-Tg mouse model. Total number of up- (red bars) and downregulated (blue
bars) genes within the amygdala, hippocampus, striatum and PFC at a 3months and b 6months. Venn diagrams show the number of differentially expressed
genes among areas, in an upregulated (c, d) and downregulated (f, g) way. Venn diagrams show the number of upregulated (e) and downregulated (h)
shared genes between 3 and 6months old of age APP/PSEN1-Tg (n= 6 per group) vs non-transgenic mice (n=6 per group)
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Ciart was downregulated in the PFC, striatum and
amygdala of APP/PSEN1-Tg mice at 3 months old. Only
Nr1d1 and Dbp in PFC and Dbp and Ciart in the amyg-
dala were downregulated in the older transgenic mice
(Figs. 4b, h; 5h).

Enriched gene sets at 3 and 6months old
We then performed a GSEA to gain insight on the func-
tion of the genes differentially expressed in transgenic
mice in the pre-disease and early pathology periods (3
months and 6months), using information from pathway
and disease databases. This functional analysis showed
that enriched gene sets related to depressive disorders
appear at 3 months old within the PFC, hippocampus
and amygdala, areas that are intimately involved in cog-
nitive function and mood regulation (Fig. 6a, b, d, e;
Supplementary Table 6). In the striatum, we identified
two positively enriched gene sets—those of circadian
rhythms and Alzheimer’s disease (Fig. 6c)—that also ap-
pear in the PFC, hippocampus and amygdala at early
stages. In 6-month-old animals, however, the number of
gene sets that were significantly enriched in APP/
PSEN1-Tg transgenic mice was higher. We identified
additional enriched pathways linked to the electron
transport chain, found in the PFC, striatum and hippo-
campus (Fig. 6f, g, h; Supplementary Table 7) and path-
ways implicated in AD and neuroinflammation. In
parallel, the positively enriched gene sets related to de-
pression were observed in all the brain structures ana-
lysed (Fig. 6f–i) at this later age. Additionally, the
neurotransmission-related pathways were notably
enriched in 6-month-old transgenic mice, suggesting
that neurodegeneration increased the number of affected
gene sets. Moreover, the impairments in circadian
rhythms appeared in the preclinical phase in the amyg-
dala (Fig. 6b–e), persisting when pathology becomes ap-
parent (Fig. 6i).

DisGeNET GSEA supports early-cognitive disabilities in 3-
month-old animals
To investigate if the genes that were found to be per-
turbed in the animal model have been also associated
with human diseases, and thus, to assess the transla-
tional potential of our results, we then performed a
GSEA analysis using DisGeNET (version v7.0; http://
www.disgenet.org/) gene sets (Additional file 1: Sup-
plementary Figure S3; Supplementary Tables 8 and 9).
This GSEA, which is specific for diseases and disease-
related phenotypes, showed positively enriched gene
sets corresponding to several subtypes of AD and de-
mentias in the PFC and hippocampus of 3-month-old
animals. We found positively enriched gene sets asso-
ciated with memory impairment phenotypes, anxiety
disorders, traits and symptoms related to motor

impairment, and to neurodegenerative diseases (Add-
itional file 1: Supplementary Figure S3) in the hippo-
campus of younger animals. These results are
consistent with the deregulated pathways shown in
Fig. 6 and with the behavioural results. In 6-month-
old animals, the DisGeNET GSEA showed that posi-
tively enriched gene sets of several AD subtypes and
dementias, and those related to memory impairment
were extended to all brain areas. This dysregulation
to memory-related impairment in old animals is con-
sistent with working memory deficits and learning im-
pairments that displayed 6-month-old animals
performed in the behavioural experiments. Moreover,
positively enriched gene sets related to cerebrovascu-
lar diseases, which have been related to MD [52],
were observed in the hippocampus and striatum of 6-
month-old animals. Most of these disorders are medi-
ated by inflammation in MD [53], which is consistent
with the dysregulation of neuroinflammation pathways
found in the hippocampus of young and old animals
(Fig. 6a, d, h).

Discussion
This study provides the first evidence of early, pre- and
peri-pathological depression-like and anxiety-like symp-
toms, cognitive impairments and the underpinning tran-
scriptomic changes specifically in the PFC, striatum,
hippocampus and amygdala in a rodent AD model
(B6C3-Tg (APPswe, PSEN1dD9)85Dbo/MmJax). In this
mouse model, the anxiety-related behaviours and
despair-like behaviours after stressful conditions, hyper-
locomotion (Additional file 1: Supplementary Figure
S1A and D) and diminishing discrimination begin at 3
months of age, before the onset of AD pathology. More-
over, the hyposmia traits, working memory deficits and
reversal-learning impairments appear later at 6 months
old, at the time when amyloid plaque pathology begins
to become apparent. Most of these alterations observed
in APP/PSEN1-Tg mice have a global correspondence in
humans before clinical manifestations of AD. In fact,
current research of this pathophysiology is critical to de-
tect incipient symptomatology of AD patients (Table 1),
playing a crucial role to identify preclinical individuals.
Notably, patients in prodromal phases of AD show
memory impairments [59, 62], depression [6, 54, 55],
anxiety [55] and reduction of olfaction function [61], as
we observed in APP/PSEN1-Tg mice at 3 and 6months
of age. Although we could not forget the presence of
other biomarkers that are more frequently observed in
early onset of AD in humans, such as irritability [55, 56]
and apathy/indifference [56], they are not easily measur-
able in rodent models.
The behavioural experiments indicate that APP/

PSEN1-Tg mice showed early anxiety-like (Fig. 1a, d;
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Additional file 1: Figure S2) and depressive-like traits
(Fig. 1c, f), symptoms which would be expected to be as-
sociated with dysfunction of the amygdaloid, hippocam-
pal and PFC circuitries. Supporting these observations,

the genes Nr1d1 and Bhlhe41, which have been associ-
ated with the control of circadian rhythm function and
depression [63, 64], were downregulated in the PFC of
transgenic mice. Moreover, Plch1 is upregulated at 3

Fig. 6 Comparison of differentially expressed gene sets in APP/PSEN1-Tg mice in the PFC, striatum, hippocampus and amygdala. a The heatmap
represents some selected up- and downregulated gene sets at 3 and 6months old included in different biological processes: Alzheimer disease,
depressive disorders, memory impairment, prion disease, motor impairment (Motor imp.), neurodegeneration, neuroinflammation, neuroplasticity,
neurotransmission (Neurotrans.), cell adhesion, circadian rhythm and electron transport chain (ETC) (FDR q value < 0.05; |normalized enrichment
score| > 1.4.). List of the total number of differentially expressed gene sets ordered by biological processes found in the PFC (b, f), striatum (c, g),
hippocampus (d, g) and amygdala (e, j) at 3 and 6months old, respectively. Red bars (positive) represent the upregulated expressed gene
sets and the blue bars (negative) show downregulated gene sets in each area. For the GSEA, we only included those gene sets with FDR q value
< 0.05 and |NES| > 1.4
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months old in the transgenic mice. The product of this
gene is part of the pathway generating second messen-
gers, such as inositol 1,4,5-triphosphate and diacylglyc-
erol, a pathway which is intimately linked to the
depressive-like phenotype [65, 66]. At 3 but not at 6
months old, we found the upregulation of Inhba in the
PFC and hippocampus, which could represent a com-
pensatory change to mitigate the depressive-like behav-
iour. In fact, the activin signalling pathway plays a key
role in the response to antidepressant treatment in
humans [67]. Nr1d1 remains downregulated at 6 months
old, without changes in Inhba signalling, due to possible
deeper detrimental effects at older ages, e.g. deficits in
working memory. Additionally, Mc4r is downregulated
in the hippocampus at 3 months old and facilitates anx-
iety- and depression-like behaviours pursuant to chronic
stress [68]. Indeed, a general overexpression of Prnp and
App in 3- and 6-month-old APP/PSEN1-Tg mutant
mice could also contribute to cognitive decline, since
previous studies found alterations of these proteins in

cortical areas and peripheral blood of MD [69, 70]. Add-
itionally, the overexpression of Prnp is also associated
with increased anxiety levels in mice [71]. Noteworthy,
this mouse overexpresses APP695 containing the double
Swedish mutation, so the general upregulation of App
found in all brain areas of interest is directly induced by
the model. Moreover, Prnp may modulate depressive-
like behaviour in mice via interactions with monoamin-
ergic neurotransmission [72].
In accordance, we observed an increasing number of

enriched pathways linked to mood disorders (including
depression, apathy and anxiety, among others) and
disease-associated gene sets at 3 and 6months old, sup-
ported by DisGeNET GSEA (Additional file 1: Figure
S3), before the period of formation of β-amyloid plaques
in this model [31]. It should be noted that apathy, de-
pression and anxiety are neuropsychiatric symptoms re-
lated to increased risk factors for dementia and mild
cognitive impairment that could represent early mani-
festation of AD [73]. DisGeNET GSEA showed some

Table 1 Behavioural results in APP/PSEN1-Tg model recapitulates most of the symptomatology in prodromal stages of human AD.
In every square, we observe some of the alterations (blue) in human subjects before the AD diagnosis, and the respective
behavioural results in APP/PSEN1-Tg mouse model (white) before the massive amyloid deposition obtained in the present study. ↑
increased; ↓ decreased; = unaltered

Alterations Mouse in the present study Human

3months old 6months old Previous to AD

Anxiety ↑ [54–56]

Elevated plus maze ↑ Anxiety-related behaviours ↑ Anxiety-related
behaviours

Open field ↑ Anxiety-related behaviours ↑ Anxiety-related
behaviours

Working memory ↓ Working memory
↓ Attention
in patients with mild cognitive impairment before the AD
diagnosis [57]

Spontaneous alternations
in Y-maze

= ↓

Recognition memory ↓ Recognition discriminability as a prodromal AD [58]

Short-term memory (NOR) = =

Long-term memory (NOR) ↓ ↓

Spatial memory ↓ Spatial navigation in preclinical AD cases [59]

Left–right discrimination
learning

↓ ↓

Depression ↑ [54, 55]

Tail suspension test ↑ Despair-like behaviour only
after stress

↑ Despair-like
behaviour

Locomotion ↓ Walking speed in APOE4 carrier participants with mild
cognitive impairment [60]

Locomotor activity ↑ ↑

Olfactory discrimination ↓ Olfactory function before clinical manifestations of AD [61]

Habituation–dishabituation
test

= ↓ (hyposmia)
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anxiety traits as disease-associated gene sets at 3-month-
old mice, whereas depressive and anxiety disorder gene
sets were revealed at 6 months old, supporting behav-
ioural results. Thus, the emotional alterations observed
in this rodent model could be an early manifestation of
the symptomatology-like of AD, as hypothesized for hu-
man disease. Samples from two studies of ageing such as
the Religious order Study and Memory and Aging Pro-
ject (ROSMAP) [74] would be helpful since it recruits
individuals without dementia and provides information
about not only histological post-mortem information but
also transcriptional [75] data, neuroimaging and
characterization of the subjects previous to death. Al-
though the comparison between transcriptomic informa-
tion of these prospective studies and our animal model
results would result in an interesting point of view, it
should be taken with caution because these human sam-
ples correspond to older individuals, when AD was diag-
nosed. In this sense, there are few studies that could
provide comparable information with our transcriptomic
results. BIOCARD team studies are aimed at identifying
biomarkers of early cognitive impairment and dementia,
with a particular focus on AD, by collecting data on cog-
nitive testing, magnetic resonance imaging and blood
specimens [76, 77] using younger subjects. Recently, the
authors have recently described that low-severity depres-
sive symptomatology is related to an increased risk of
progression to clinical AD in patients diagnosed with
mild cognitive impairment [78].
Overall, the APP/PSEN1-Tg mutant mice had a gen-

eral decline in memory with ageing [29, 34] but this
phenomenon appeared before the onset of pathology in
our mouse model. Despite a subtle imbalance of mem-
ory impairment pathways at 3 months old, transgenic
mice showed higher latencies to acquire the criterion in
the left–right discrimination test. However, working
memory analysed in the Y-maze test remained unaltered
at 3 months old (Additional file 1: Figure S1B). The
memory deficits could be promoted by the observed dys-
regulation of Cdh23, Ptx4 and Mc4r genes in the hippo-
campus, as they are known to participate in the
endocytosis of glutamatergic ionotropic AMPA recep-
tors, hippocampal synaptic plasticity and mood-like dis-
orders in mice [79–82]. At 6 months old, APP/PSEN1-
Tg mice show deeper deficits in memory in all the evalu-
ated tasks. Transgenic animals showed a poor left–right
discrimination, long-term memory deficits in NOR test
and lower percentage of alternations evaluated in the Y-
maze test. Moreover, a higher percentage of animals per-
formed some error during working memory task, indi-
cating a progressive working memory decline with age
(Additional file 1: Figure S1E and F). These memory im-
pairments run in parallel with an increasing number
enriched pathways in the PFC and hippocampus

(abnormal long-term spatial reference and spatial mem-
ories, among others), involved in working [83, 84] and
spatial learning [85, 86], respectively, and with dysregu-
lation of gene sets related to memory impairment and
learning disabilities as DisGeNET GSEA support (Add-
itional file 1: Figure S3).
Our results show that the APP/PSEN1-Tg, at 3

months old, mice spent the same time as the control
mice investigating the limonene impregnated cotton
swabs. However, at 6 months old, the exploration of
both odours was increased in transgenic mice compared
to the control group, independently whether water and
limonene were presented. Overall, APP/PSEN1-Tg ani-
mals seem not to present a complete anosmia, although
it seems that they display a loss of discrimination be-
tween odours, so this possible hyposmia together with
working memory (Additional file 1: Figure S1E and F)
[83, 84] impairments could explain the indiscriminate
investigation that transgenic mice display. These olfac-
tory alterations could be due to pathology in the olfac-
tory bulb at 6 months old [87], which might be
promoting changes in the sense of smell of APP/PSEN1-
Tg mice. Thus, our mouse model could reflect the pro-
gressive anosmia that AD patients show at early stages
of the disease [51]. Indeed, a recent study shows that
late-depression patients show similar olfactory impair-
ments than those in AD [88]. Thus, early olfactory defi-
cits could lead to the identification of depression
patients with high risk of developing AD [88], as also oc-
curs in our APP/PSEN1-Tg animals by showing early
depression-like behaviour with later hyposmia traits.
MD and AD are both associated with neuroinflamma-

tion and oxidative stress [23], and evidence for the acti-
vation of both processes was observed in the differential
expression analysis. This shows a dysregulation of
inflammatory-related response genes, such as Maml3,
Zap70, Itgax and App [12, 89–92] at both ages in APP/
PSEN1-Tg mice. However, it should be noticed that
there are important immunological differences between
the human and mouse immune systems, making the dir-
ect comparison more difficult. These discrepancies
should be taken into account when using mice as pre-
clinical models of human disease. Despite most of the
genes showing similar expression of individual pairs of
orthologous genes between human and mouse [93],
there are important differences in the innate and adapta-
tive responses between both species [94]. It has been
identified at least 169 divergent orthologous genes re-
lated to cell surface markers and cytokines that differ be-
tween human and mouse that were not previously
reported [93]. In addition, gene sets related to electron
transport chain are, in general, downregulated in APP/
PSEN1-Tg animals at 6 months in the PFC, striatum and
hippocampus, reflecting a possible abnormal function of
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mitochondrial metabolism, as previously observed in AD
[95] and MD [96].
One striking observation is that the majority of the

negatively enriched gene sets are associated with control
of circadian rhythms, and these are observed in all brain
areas of interest (Fig. 6b). In this sense, our results sup-
port previous research studies that examined the pres-
ence of circadian dysfunction in AD [97, 98] and MD
[99, 100]. We observe the downregulation of Ciart and
Dbp in the amygdala, striatum and PFC at 3 and 6
months old (Fig. 5 for more details). The expression of
both genes in the anterior cingulate cortex modulates
the circadian rhythms and mood [64, 99], through the
MERK/ERK signalling pathway. Although disturbances
in the circadian rhythms are associated with MD and
AD [101], this is the first study in which both circadian
transcripts are linked to AD. A close relationship has
been found between Dbp and AD, given that TGF-β2,
present in the cerebrospinal fluid of AD patients, inhibits
the expression of some clock genes, including Dbp, in
in vitro assays. We also note that the predominant tau-
kinase, reported to be downstream of β-amyloid produc-
tion [102–104], GSK3β, is a regulator of Per2 phosphor-
ylation and hence a master-regulator of the mammalian
clock [105]. Our results suggest that there is a decline in
the functional control of circadian rhythms in APP/
PSEN1-Tg mice that should be further studied in detail.

Strengths and limitations
The strengths of this study include a well-characterization
of cognitive and emotional deficits at peri-pathological
stages in a murine AD model, a wide transcriptomic ana-
lysis comparing four different brain areas at two different
ages, and a translational support for common deregulated
gene sets related using DisGeNET which further improves
the validity of the mouse-derived results.
However, we acknowledge some potential limitations

in our study. First, our preclinical data are obtained
using a murine model of AD that could not replicate en-
tirely the neuropathological events observed in humans.
Most behavioural differences between APP/PSEN1-Tg
transgenic and non-transgenic mice were found at 6
months old around the onset of plaque pathology. One
of our concerns is that we have carried out the behav-
ioural experiments only in male mice, so further studies
are required to investigate whether the emotional and
cognitive alterations show similar time-course in fe-
males. We employed male mice in this specific APP/
PSEN1-Tg mouse model because female mice develop
higher β-amyloid plaque deposition than males [106],
and it could interfere and shorten the time window to
evaluate the behavioural experiments.
By contrast, the transcriptomic analysis revealed that

most of the deregulated genes were observed at 3months

old when behavioural features were mildly altered. This
will be investigated in ongoing follow-up studies. Second,
despite we are using a widely used mouse model of AD
(B6C3-Tg (APPswe, PSEN1dD9)85Dbo/MmJax), there are
more murine models that could develop either the same
or other phenotypic features of the AD. In fact, the
present mouse model for AD recapitulates the early-onset
form of the disease, which is generally related to genetic
factors [11, 14], instead of late-onset AD cases that repre-
sent the most part of AD manifestations, that involved
both genetic and environmental factors [10]. Finally, we
would like to mention some of the methodological limita-
tions of the GSEA analysis. GSEA is a method that ac-
counts for the gene–gene correlation structure but does
not really correct for overlapping gene sets. This is why
we have used the Jaccard index to remove the most over-
lapping gene sets. Also, neither the topology of the gene
sets nor the weights of the belonging genes are not con-
sidered. And finally, the assessment of the statistical sig-
nificance and correction of the method has also been
questioned [107].

Conclusions
We suggest that a progressive cognitive decline could
be a putative indicator of the early onset of AD, in-
cluding not only depression but also anxiety, spatial
and working memory impairments and odour dys-
function, among others. The APP/PSEN1-Tg model of
AD recapitulates the early-depressive, early-anxiety
and other early-cognitive impairment manifestations
before developing AD, as a prodromal stage of the
neurodegenerative disease. Moreover, this cognitive
decline seems to be intimately linked to transcrip-
tomic and progressive changes in the brain. This is
for the first time in our knowledge that four different
brain areas are analysed obtaining transcriptomic dys-
regulation, which captures dynamic changes in the
gene regulation before the onset of AD in a mouse
model. In fact, this model provides App, Prnp, Ciart
and Dbp as possible shared biomarkers of AD and
MD in all four brain analysed regions, despite the im-
plications of App and Prnp in MD remaining unclear
[70, 108, 109]. However, there are some dysregulated
genes in a region-specific manner that could also be
referred as biomarker, including Cdh23, Ptx4 and
Mc4r genes in the hippocampus and the clock genes
Nr1d1 and Bhlhe41, Maml3, Zap70, Itgax and App in
PFC of transgenic mice.
Furthermore, studies combining post-mortem human

tissues of PFC, striatum, hippocampus and amygdala
from AD patients with and without an early history of
depression, and transcriptomic analysis could help to
provide additional evidence on the combined biological
signature of both diseases. In order to evaluate if the
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results found in this animal model recapitulate the rela-
tionship between AD and MD in the clinical setting, it
would be interesting to perform an analysis in human
subjects, using information contained in resources such
as BIOCARD.
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