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Abstract: The Negr1 gene has been significantly associated with major depression in genetic studies.
Negr1 encodes for a cell adhesion molecule cleaved by the protease Adam10, thus activating Fgfr2
and promoting neuronal spine plasticity. We investigated whether antidepressants modulate the
expression of genes belonging to Negr1-Fgfr2 pathway in Flinders sensitive line (FSL) rats, in a
corticosterone-treated mouse model of depression, and in mouse primary neurons. Negr1 and Adam10
were the genes mostly affected by antidepressant treatment, and in opposite directions. Negr1 was
down-regulated by escitalopram in the hypothalamus of FSL rats, by fluoxetine in the hippocampal
dentate gyrus of corticosterone-treated mice, and by nortriptyline in hippocampal primary neurons.
Adam10 mRNA was increased by nortriptyline administration in the hypothalamus, by escitalopram
in the hippocampus of FSL rats, and by fluoxetine in mouse dorsal dentate gyrus. Similarly,
nortriptyline increased Adam10 expression in hippocampal cultures. Fgfr2 expression was increased
by nortriptyline in the hypothalamus of FSL rats and in hippocampal neurons. Lsamp, another
IgLON family protein, increased in mouse dentate gyrus after fluoxetine treatment. These findings
suggest that Negr1-Fgfr2 pathway plays a role in the modulation of synaptic plasticity induced by
antidepressant treatment to promote therapeutic efficacy by rearranging connectivity in corticolimbic
circuits impaired in depression.

Keywords: major depressive disorder; antidepressants; cell adhesion molecules; rodent models;
Flinders sensitive line

1. Introduction

Recent genome-wide association studies (GWAS) have identified Negr1 (neuronal growth regulator
1) as one of the most significant risk genes for major depressive disorder (MDD) [1,2], and by integrating
GWAS with gene expression information across multiple human tissues, including brain, the association
has been confirmed [3]. The regulatory mechanisms by which polymorphism in Negr1 may confer
MDD risk have been recently investigated in silico [4] and in vitro [5] pointing to the identification of
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putative causal variants for MDD. The involvement of Negr1 in the molecular neurobiology of MDD is
also suggested by reports showing changes in protein expression patterns in cerebrospinal fluid of
depressed patients [6], and in response to antidepressant treatments [7]. In addition, a contribution
to Alzheimer’s disease risk has also been reported, supporting the relevant role of Negr1 in neuronal
health and disease [8,9].

Intriguingly, different polymorphisms in the Negr1 locus are also known to be associated with
risk for body mass index and obesity [10,11]. The biological mechanism is unknown, but available
data suggest that Negr1 effects on energy balance are mediated at least in part by genes in the rodent
hypothalamus, particularly in the periventricular hypothalamic areas [12,13].

Efforts aimed at elucidating the molecular mechanisms responsible for the genetic associations
examined the effect of gene modulation on behaviour in animal models. Available evidence
suggests that Negr1 gene deficiency impairs sociability and social dominance, and is able to induce
learning deficits [14,15]. At the molecular level, Negr1 is a cell adhesion molecule belonging to the
immunoglobulin superfamily. Within this family, IgLON sub-family members include Negr1 (also
known as Kilon), Lsamp, OPCML, and neurotrimin; these highly glycosylated proteins display three
immunoglobulin domains and are anchored to the cell membrane by a glycosylphosphatidylinositol
motif inserted in their C termini [16]. Lsamp direct interaction with Negr1 has been previously observed
in protein microarray experiments [17] and recently confirmed in mouse brain [18]. Lsamp function
in serotonergic signalling has been suggested by the findings that Lsamp–/– mice showed lower
5-HT levels and higher 5-HT turnover, which have been called to explain their low anxiety and
aggression [19,20]. In addition, Lsamp genetic polymorphisms showed significant associations with
MDD and schizophrenia [21,22], thus providing further support to the hypothesis that IgLON members
are involved in the neurobiological basis of neuropsychiatric disorders.

Negr1 is widely expressed in the adult central nervous system, with high levels in the hippocampus,
frontal cortex, and hypothalamus [13–15,23], where it is implicated in white matter integrity [23].
Moreover, Negr1 promotes neurite growth, controlling the development of neurite arborisation and
supporting axon connections [14,24], thus playing a critical role in neuronal development. Consistently,
its deficiency during development results in brain abnormalities including ventricle enlargement and
decreased brain volume [15].

Our previous studies clarified the biological role of a pathway involving Adam10, Negr1, and Fgfr2
in neurite tree outgrowth and maturation, suggesting a key role in neuronal structural development [25].
Intriguingly, decreased expression of Fgfr2 in the dorsolateral prefrontal cortex (DLPFC) and in the
anterior cingulate cortex were found in post-mortem brains in MDD patients [26].

Mood disorders are the major cause of “Years of life lived with disability” and “Years of life lost
because of premature death” due to illness itself, somatic comorbidity, and suicide [27,28]. The problem
is growing due to the increased life-span and higher MDD frequency with increasing age [29].
In spite of the wealth of data on the monoaminergic system and the hypothalamus-pituitary-adrenal
axis, understanding of the disease pathophysiology remains limited [30]. Efficacious therapies are
mainly based on the pharmacological treatment with antidepressants belonging to different classes,
the high majority of which share the common feature of addressing the monoaminergic circuits [31].
Among them, the older tricyclic antidepressants mainly target the noradrenaline and serotonin
transporters, whereas agents belonging to the serotonin-selective reuptake inhibitors specifically
address serotonergic reuptake. Using currently available drugs in the clinic, 30–40% of depressed
patients fail to respond adequately [32]. Consequently, there exists a major unmet need to develop
more efficient treatments based on novel mechanisms of action.

The discovery of new targets for therapeutic intervention is facilitated by studying animal models
displaying depressive-like behaviours and neurobiological abnormalities that resemble those observed
in MDD patients. Among the animal species, the Flinders sensitive line rats (FSL) are a selected
strain that phenotypically displays many depression symptoms, including increased immobility in
the forced swim test, reduced activity in novel open-field behaviours, decreased appetite and weight
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loss, sleep disturbances, and neurochemical abnormalities, in particular decreased expression of
neuropeptide Y, similar to those found in humans [33,34]. Since the exposure to early-life adversities
is a major precipitating factor for MDD in predisposed individuals [35], the experience of post-natal
maternal separation (MS) represents a widely used animal model of MDD in rodents which we have
already characterised in FSL rats [36–42]. In mice, it has been demonstrated that long-term exposure
to glucocorticoids induces anxiety and depressive-like states, which are amenable to be reversed by
antidepressant treatments [43].

The aim of this study was to assess if different antidepressant treatments affected the expression
of Negr1 and other genes belonging to the same pathway in rodent depression models. Different
antidepressants were investigated with the object of discovering whether a common response could be
detected. Chronic treatments were administered to investigate long-term neurobiological adaptations
which are supposed to mediate therapeutic efficacy [44]. The focus was on brain regions in which
abnormality of corticolimbic connectivity may underlie MDD [45] and on the hypothalamus, since it
regulates eating behaviour and neuro-vegetative symptoms of MDD. Further experiments were carried
out on mouse neuronal primary neurons to examine whether molecular alterations were directly
induced on cells by antidepressants.

2. Materials and Methods

2.1. Animals

The FSL rats derived from the colonies maintained at the Karolinska Institutet. Animal handling
and experimental procedures were performed in accordance with the European Community Council
Directive 86/609/EEC and were approved by Karolinska Institutet Animal Ethical Committee (Ethical
approval N 408/10). All efforts were made to minimise animal distress and to reduce the numbers
of animals used. FSL rats were housed in plastic cages at a temperature of 22 ◦C ± 1 ◦C and 45–55%
humidity in a light and dark schedule of 12 h with lights on at 07:00 am and with food and water
freely available.

2.2. Behavioural Procedures

MS was performed as previously reported [36]. The separation procedures were performed from
post-natal day 2 to 14. At 09:00 am, pups belonging to the MS group were removed from the dam to a
different cage in a separate room for 180 min, without dividing the litter. Rats belonging to the control
group (n-MS) were left undisturbed except for routine cleaning of the cages. Pups were weaned on
post-natal day 23, separated by sex, and 3 to 5 animals were housed per cage. Only male rats were
included in the study.

2.3. Antidepressant Treatment in FSL Rats

Six-week old rats belonging to MS and n-MS groups were randomly split into three groups
receiving escitalopram (ES), a serotonin-selective reuptake inhibitor, nortriptyline (NT), predominantly a
noradrenaline reuptake inhibitor, or vehicle for one month. The antidepressant was administered in food
chow (0.34 g/kg chow for 3 weeks, 0.41 g/kg chow during the rest of the experiment; the antidepressants
were provided by H. Lundbeck A/S, Nykøbing Sjælland, Denmark). The antidepressant dose
corresponded approximately to 25 mg/kg body weight/d, in agreement with previous results [40–42,46].
Experimental groups consisted of 6 rats. Antidepressant treatments were performed both in MS and
in n-MS rats and the results were compared with FSL rats that were not treated and not separated
from mothers.

2.4. Neuronal Cultures

Hippocampal and cortical cultures were obtained from embryonic day 16.5 mice as previously
described [47]. Procedures were approved by the Body for the Protection of Animals at the University
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of Trento and National Agency (793/2016-PR). Briefly, brains were collected in dissection media (HBSS
1X, 6 mM MgSO4, 10 mM HEPES pH 7.4, 10 mg/mL gentamycin). Primary cultures were cultivated at
a density of 750–1000 cells/mm2 in neuronal complete medium (Neurobasal 1X, B27 supplement 1X,
0.5 mM l-glutamine, 10 mg/mL gentamycin). All culture reagents were purchased from ThermoFischer
Scientific, Rodano, Italy. Cells were treated every second day starting on day in vitro (DIV) 5 until
DIV14 either with ES at 5 µM dissolved in DMSO or NT at 1 µM dissolved in water; control groups
received the respective vehicle. Antidepressants were purchased from Sigma Aldrich (Merck Life
Science S.r.l., Milano, Italy).

2.5. RNA Extraction and cDNA Synthesis

For the in vivo study, rats were sacrificed by decapitation and brain regions were rapidly dissected,
treated with RNAlater (Invitrogen, Thermofisher Scientific, Waltham, MA, USA) and stored at –80 ◦C.
Total RNA was extracted with the Aurum total RNA fatty and fibrous tissue kit (Bio-Rad, Hercules, CA,
USA) and quantified by absorbance in a NanoDrop 2000c UV-Vis spectrophotometer (ThermoFisher
Scientific). cDNA was synthesised with the iScript Advanced cDNA synthesis Kit (Bio-Rad) following
manufacturer’s instructions. In the in vitro experiments, total RNA was extracted with the Total RNA
Purification kit (NORGEN Biotek, Thorold, ON, Canada) and quantified by absorbance in a NanoDrop
2000c UV-Vis spectrophotometer (ThermoFisher Scientific). cDNA was synthesised with the All-in-One
Cdna Synthesis SuperMix (Bimake, Houston, TX, USA) following manufacturer’s instructions.

2.6. qPCR

Gene expression in rat hypothalamic samples was quantified by qPCR in real-time PCR reactions
with Sybr Green technology in a 7900HT Fast Real-Time PCR System (Applied Biosystems, Thermofisher
Scientific). Thirty nanograms cDNA were used in Sso Advanced Universal SYBR Green Supermix
(Bio-Rad) at the following conditions: stage 1: 95 ◦C, 20 s; stage 2: 40× (95 ◦C, 3 s; 60 ◦C, 30 s).
The primers were as follows: Adam10 fw 5′ GTTAACCCGTGAGGAGGCGG 3′; Adam10 rev 5′

GGCACGCTGGTGTTTTTGGT 3′; Negr1 fw 5′ CCTGGACGCAGTGGACTGAT 3′; Negr1 rev 5′

TGCTCCTGTGTCACGTTGGT 3′; Lsamp fw 5′ CACCAGGGAACAGTCAGGCA 3′; Lsamp rev
5′ TTGTCGTCCTGTGGTGGCTT 3′; Fgfr2 fw 5′ CCGGCCCTCCTTCAGTTTAG 3′; Fgfr2 rev 5′

TTCAACATGCAGCGCAACTC 3′; Gapdh fw 5′ AGACAGCCGCATCTTCTTGT 3′; Gapdh rev
5′ CTTGCCGTGGGTAGAGTCAT 3′. Primers were purchased from Eurofins, Vimodrone, Italy.
The quantification was carried out by the Delta-Delta Ct method [48] by normalising to the reference
gene Gapdh. A dissociation curve was built in the 60–95 ◦C range to confirm the specificity of the
amplification product.

Gene expression in primary cultures was quantified by qPCR in real-time PCR reactions with
Sybr Green technology in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Five nanograms
cDNA were used in iTaq Universal SYBR Green Supermix (Bio-Rad) at the following conditions:
stage 1: 95 ◦C, 5 min; stage 2: 39× (95 ◦C, 15 s; 60 ◦C, 30 s). The primers were as follows:
mNegr1 fw: GCGCTTGTTGCTCGAACCAG; mNegr1 rev: GATGCTCCATCTTCCAAGTAACAC;
mLsamp fw: GGACCCTCGGGTTGAGCTG; mLsamp rev: CACAGTGACATCCGAGGAGATG;
mAdam10 fw: GCAATTACATCATGTATGCAAGAG; mAdam10 rev: CTTCCCCTTGTTCCACCATC;
mFgfr2 fw: CGCCTGTGAGAGAGAAGGAG; mFgfr2 rev: CTTCCCCTTGTTCCACCATC; mACTB1
fw: CAACGGCTCCGGCATGTG; mACTB1 rev: CTCTTGCTCTGGGCCTCG; mGAPDH fw:
GAGAGTGTTTCCTCGTCCCG; mGAPDH rev: ACTGTGCCGTTGAATTTGCC. Primers were
purchased from Metabion International AG. The quantification of the genes’ relative expressions
was carried out by the Delta-Delta Ct method [48] by normalising to the reference genes Gapdh
and B-Actin. A dissociation curve was built in the 60–95 ◦C range to confirm the specificity of the
amplification product.
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2.7. Transcriptional Analysis

Large-scale gene expression data on the cortex and the hippocampus were obtained from a
dataset generated in our previous experiments carried out on FSL rats treated with antidepressants,
which followed the same experimental design [38]. Briefly, the standard Affymetrix One-Cycle
Eukaryotic Target Labelling Assay protocol was used to generate cRNA probes that were subsequently
hybridised to Affymetrix Rat Genome 230 2.0 GeneChips (http://media.affymetrix.com/support/
technical/datasheets/rat230_2_datasheet.pdf), following manufacturer’s guidelines (Affymetrix, Santa
Clara, CA, USA) [38].

Additional data were extracted from the GEO dataset GSE43261 [49]. This dataset consisted of
gene expression data on C57BL/6Ntac male mice treated for 3 weeks with 18 mg/kg/day fluoxetine
(n = 11) or vehicle (n = 8) after 4 weeks of corticosterone (35 µg/mL/day) [43,49]. The processed version
of the dataset was downloaded from GEO and used without further modifications. We extracted the
values for the probes corresponding to Adam10, Fgfr2, Lsamp, and Negr1; since multiple probes were
available for some of the genes of interest, for each sample we took the maximum value across the
probes corresponding to the same gene as representative expression value for that gene.

2.8. Statistical Analysis

Relative gene expression was calculated by the Delta-Delta Ct method [48]; the mRNA level
of each sample was expressed as a function of the average Delta Ct of the n-MS FSL group or the
vehicle-treated group. Gene expression data were analysed using either 1-way or 2-way ANOVA
approaches with stress (nMS and MS) and treatment (vehicle and antidepressant) as the factors of
interest. When needed, an additional blocking factor plate was also included in the model to account
for any plate-to plate variability as samples were analysed in different plates using a complete block
design [50]. In all cases, the ANOVA analysis was followed by planned comparisons of the predicted
means to compare the mean of the vehicle treated group to the mean of the antidepressant group.

The analyses were performed using InVivoStat software [51]. Data were log-transformed where
appropriate to stabilise the variance and satisfy the parametric assumptions. A value of p < 0.05 was
considered to be statistically significant.

3. Results

3.1. Antidepressant Treatments Alter Negr1-Fgfr2 Pathway Expression in Hypothalamus of FSL Rats

We aimed to investigate whether antidepressant treatment affected the expression of Negr1 and
other genes belonging to the same pathway in the hypothalamus, a brain region involved both in the
regulation of feeding behaviour and in neuro-vegetative symptoms of MDD. We adopted a gene x
environment MDD model to gauge if these factors provided different contributions, as we successfully
accomplished in previous studies [41,42]. We used the Flinders strain because this model is able to
reproduce behavioural, neurobiological, and molecular alterations observed in human depressed
patients [34]. In addition, we subjected rats belonging to the FSL strain to the experience of maternal
separation to model the early-life stress exposure experience that is deemed to be a causative factor
for triggering MDD. Therefore, we aimed to compare the effect of antidepressant treatments in the
susceptible strain subjected to early life stress to non-treated, non-separated animals. To reach this
objective, chronic treatments with the serotonin-selective reuptake inhibitor escitalopram (ES) or the
tricyclic antidepressant nortriptyline (NT) were carried out in parallel groups of both FSL rats exposed
to post-natal maternal separation (MS) and in FSL controls that remained in close contact with their
mothers (n-MS).

In qPCR experiments, Negr1 analysis showed a significant effect of treatment (F2,20 = 5.66,
p = 0.011): In n-MS rats, Negr1 expression was significantly reduced by 45% after chronic ES treatment
(p = 0.0067; Figure 1A), whereas NT did not induce any change (Figure 1A).

http://media.affymetrix.com/support/technical/datasheets/rat230_2_datasheet.pdf
http://media.affymetrix.com/support/technical/datasheets/rat230_2_datasheet.pdf
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Figure 1. mRNA levels of genes belonging to the Negr1-Fgfr2 pathway in the hypothalamus after ES or
NT or vehicle administration. FSL rats were either left undisturbed in their home cage (n-MS, A,C,E,G)
or exposed to MS (B,D,F,H) as described in the Methods section. (A,B) Negr1 expression; (C,D) Adam10
expression; (E,F) Fgfr2 expression; and (G,H) Lsamp expression. * p < 0.05, ** p < 0.01 in the planned
comparison vs. vehicle; n = 6/group.

In MS FSL no alterations were observed after antidepressant treatments (Figure 1B).
Similarly a treatment effect was detected in Adam10 (F2,25 = 5.04, p = 0.014); in nMS rats Adam10

expression showed a trend towards reduction in ES treated rats, although it did not reach statistical
significance (p = 0.057, Figure 1C), while NT did not affect its mRNA levels. In contrast, NT treatment
significantly increased Adam10 by 70% (p = 0.030, Figure 1D) in MS rats, with no effect exerted by ES
(Figure 1D).

Moreover, data showed that Fgfr2 levels were also altered by the treatment (F2,25 = 9.45, p = 0.0009).
Fgfr2 was specifically increased by NT, whereas ES did not alter its expression (Figure 1E,F). Indeed,
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after NT administration Fgfr2 expression was higher both in MS rats (p = 0.014, Figure 1E) and in n-MS
animals (p = 0.063, Figure 1F). ES did not modify Fgfr2.

Lsamp RNA levels were not affected by antidepressant treatments in any condition (Figure 1G,H).

3.2. Antidepressant Treatments Induce Selective Alterations in Corticolimbic Regions of FSL Rats

FSL rats subjected, or not, to MS were treated with ES or NT and a global transcriptomic analysis
was carried out in the hippocampus and prefrontal cortex. The experimental design was the same,
with FSL rats subjected to MS and receiving chronic antidepressant treatment. Parallel groups of n-MS
FLS rats which were not treated with antidepressants formed the control groups. We extracted the
expression results from probes specific for genes belonging to the Negr1-Fgfr2 pathway and compared
them in all experimental groups.

In the hippocampus, a stress x treatment effect was detected (F2,67 = 4.58, p = 0.014).
Adam10 expression decreased after NT administration in n-MS rats (p = 0.071, Figure 2C), whereas ES
treatment augmented it in the MS group (p = 0.017, Figure 2D).
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Figure 2. mRNA levels of genes belonging to the Negr1-Fgfr2 pathway in the hippocampus after ES or
NT or vehicle administration. FSL rats were either left undisturbed in their home cage (n-MS, A,C,E,G)
or exposed to MS (B,D,F,H) as described in the Methods section. (A,B) Negr1 expression; (C,D) Adam10
expression; (E,F) Fgfr2 expression; and (G,H) Lsamp expression. * p < 0.05 in the planned comparison
vs. vehicle; n = 8–10.

The other tested genes were not modified by antidepressant treatments in any condition
(Figure 2A,B,E,H).
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In the pre-frontal cortex, no gene belonging to the Negr1-Fgfr2 pathway showed any
treatment-induced alterations (Figure 3).
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Figure 3. mRNA levels of genes belonging to the Negr1-Fgfr2 pathway in the pre-frontal cortex after
ES or NT or vehicle administration. FSL rats were either left undisturbed in their home cage (n-MS,
A,C,E,G) or exposed to MS (B,D,F,H) as described in the Methods section. (A,B) Negr1 expression;
(C,D) Adam10 expression; (E,F) Fgfr2 expression; and (G,H) Lsamp expression. n = 8–10.

3.3. Negr1-Fgfr2 Pathway Expression in the Behavioural Response to Fluoxetine in the Chronic Corticosterone
Mice Model

Subsequently, we addressed the question of whether the response we observed to antidepressant
treatments in the Negr1 pathway was associated with behavioural antidepressant response. Available
evidence showed that a mouse model in which depressive-like behaviours were induced by chronic
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corticosterone treatment corresponded to the requirements [49]. In this model, long-term exposure to
low doses (35 µg/day for four weeks) of corticosterone induces an anxiety and depressive-like state
which is amenable to being reversed by chronic antidepressant treatment [43]. In particular, three-week
treatment with the serotonin-selective reuptake inhibitor fluoxetine reversed depressive-like behaviour
in the forced swim test in most mice, whereas a sub-set displayed resistance [49]. We therefore aimed to
compare the expression of Negr1-related genes between vehicle and fluoxetine-treated mice, including
a comparison between fluoxetine-sensitive and resistant mice. To reach this objective, we extracted and
analysed the data regarding the expression of Negr1, Adam10, Fgfr2, and Lsamp from an open-access
dataset which was generated by performing a large-scale transcriptomic analysis on this model,
including both fluoxetine-sensitive and fluoxetine-resistant mice brains [49].

In the dorsal dentate gyrus, fluoxetine treatment induced a dramatic decrease in Negr1 mRNA
(F2,16 = 35.12, p < 0.0001) in both sensitive and resistant mice (p < 0.0001 and p = 0.0002, respectively),
but the amount appeared larger in the sensitive group (Figure 4A).
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Figure 4. mRNA levels of genes belonging to the Negr1-Fgfr2 pathway in the dorsal dentate
gyrus (A,C,E,G) or ventral dentate gyrus (B,D,F,H) of the hippocampus after fluoxetine or vehicle
administration. Groups showing fluoxetine behavioural sensitivity or resistance are shown as black or
grey columns, respectively. (A,B) Negr1 expression; (C,D) Adam10 expression; (E,F) Fgfr2 expression;
and (G,H) Lsamp expression. * p < 0.05, ** p < 0.01, *** p < 0.001 in the planned comparison vs. vehicle.
FLX: fluoxetine. n = 4–8.
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We also discovered that Adam10 expression was increased (F2,16 = 5.23, p = 0.018) in both
fluoxetine-sensitive and resistant mice, but the signal appeared stronger in sensitive mice (p = 0.0067
and p = 0.057, respectively, Figure 4B). In contrast, Lsamp levels (F2,16 = 4.39, p = 0.030) were specifically
augmented only in the antidepressant-sensitive group (p = 0.011, Figure 4G).

In the ventral dentate gyrus, like in the dorsal region, Negr1 expression was significantly reduced
(F2,16 = 22.51, p < 0.0001) in both antidepressant-treated groups, with both confidence and amount
larger in sensitive animals (p < 0.0001 in sensitive mice, p = 0.0065 in resistant mice, Figure 4B). Again,
similarly to dorsal dentate gyrus, Lsamp levels (F1,16 = 2.84, p = 0.087) showed a trend towards increase
in both fluoxetine-sensitive and resistant mice (p = 0.068 and p = 0.060, respectively; Figure 4H).

3.4. Alterations of the Negr1-Fgfr2 Pathway in Primary Neuronal Cultures Treated with Antidepressants

The data obtained in two different rodent models of MDD showed that chronic antidepressant
treatment alters gene expression in the Negr1-Fgfr2 pathway. Next, we aimed to investigate whether
the alterations in the Negr1-Fgfr2 pathway that we detected in rodent MDD models were directly
cell-autonomous or network-based. Several findings show that anti-depressant treatment induces
cell-specific molecular alterations. Thus, we analysed the impact of chronic treatment with ES or NT in
two well-established in vitro neuronal models, namely primary cortical and hippocampal cultures.
We treated cells every second day starting at DIV5 either with ES (5 µM) and vehicle (DMSO) or NT
(1 µM) and vehicle (water). At DIV14, we extracted the mRNA and analysed by qPCR the relative
expression of Negr1, Lsamp, Adam10, and Fgfr2. Neither ES nor NT treatments had an overt effect on
Negr1 and its related pathway in the cortical cultures (Figure 5). Instead, chronic treatment with NT
induced a significant decrease of Negr1 and increase of Adam10 and Fgfr2 expression in the hippocampal
cultures (Negr1 p < 0.05; Adam10 p < 0.01; Fgfr2 p < 0.01; Figure 5B,D,F).
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Figure 5. mRNA levels of genes belonging to the Negr1-Fgfr2 pathway in cortical and hippocampal
cultures after ES or NT or vehicle administration. Cultures were treated every second day from DIV5
to DIV14 either with escitalopram (ES, 5 µM) and vehicle (DMSO) or nortriptyline (NT, 1 µM) and
vehicle (water). (A,B) Negr1 expression in hippocampal or cortical neurons; (C,D) Adam10 expression;
(E,F) Fgfr2 expression; and (G,H) Lsamp expression. Data are expressed as mean ± S.E. * p < 0.05,
** p < 0.01 Student’s T-test, n = 9–10.



Cells 2020, 9, 1818 11 of 18

4. Discussion

The aim of this study was to investigate if the Negr1-Fgfr2 pathway was modulated by
antidepressant treatment, since this gene has been genetically associated to both MDD and obesity,
two co-occurring conditions believed to share common neurobiological alterations [52]. We discovered
that members of this pathway were influenced by antidepressant treatment in animal models of disease
and in primary neurons.

We found that Negr1, a cell adhesion molecule expressed in neurons, was significantly altered
by chronic antidepressant treatment in animal models of MDD. In the hypothalamus, ES treatment
reduced Negr1 expression in FSL MS rats; similarly, fluoxetine administration decreased Negr1 levels
in hippocampal dentate gyrus, and more significantly in fluoxetine sensitive animals (Table 1).

Table 1. Overview of the direction of gene expression modulation exerted by chronic antidepressant
treatments for genes belonging to the Negr1-Fgfr2 pathway. Cort: corticosterone; Flx: fluoxetine; sens:
fluoxetine-sensitive; res: fluoxetine resistant; Hip DG: hippocampal dentate gyrus.

Genes

Flinders Sensitive Rats (ES, NT) Cort-Treated Mice (FLX) Primary Neurons (ES, NT)

Hippocampus Hypothalamus Cortex Hip DG
(dorsal)

Hip DG
(ventral) Hippocampus Cortex

Negr1 - ↓↓ nMS ES - ↓↓↓sens
↓↓↓res

↓↓↓sens
↓↓res ↓ NT -

Adam10 ↑MS ES ↑MS NT - ↑↑ sens - ↑↑ NT -

Fgfr2 - ↑MS NT - - - ↑↑ NT -

Lsamp - - - ↑ sens - - -

NT did not significantly modulate Negr1 in treated animals, but it decreased Negr1 levels
in hippocampal primary neurons (Table 1). Adam10, a metallopeptidase which cleaves Negr1,
thus releasing its soluble portion [25], was increased by NT administration in the hypothalamus and by
ES in the hippocampus of MS FSL rats, as well by fluoxetine in the dorsal dentate gyrus of fluoxetine
sensitive mice (Table 1). In parallel, NT increased Adam10 expression in hippocampal cultures (Table 1).
Fgfr2 can be an effector of Negr1 soluble portion to influence neurite outgrowth [25]. We discovered
that its expression was increased by NT treatment in the hypothalamus of FSL rats, as well as in
hippocampal neurons (Table 1), while no changes were detected with other antidepressants or in other
brain regions. Lsamp, another member of the immunoglobulin-related cell-adhesion molecules, was not
significantly affected by ES or NT treatment in FSL rats or in cultures. However, it was found to be
increased in the dentate gyrus after fluoxetine treatment in the mice model of depression (Table 1).
This finding is in agreement with data collected in Lsamp–/– mice, which showed that this adhesion
molecule displayed a modulatory role in 5-HT signalling [20].

Evidence from cognitive neuroscience indicates that MDD originates from dysfunctional neuronal
connectivity in various brain regions that begins in adolescence before the brain approaches its
adult anatomical state [53]. Brain MR imaging studies in MDD based on different approaches found
evidence of altered volume or aberrant activation in frontal regions, in the hippocampus, and in the
thalamic regions [45,54,55]. However, the plethora of brain regions displaying aberrant neural activity
along with the inconsistency of these findings across studies has led researchers to move beyond a
single-brain-region model of illness for MDD, and to hypothesise that MDD could originate from
altered connectivity between brain regions [56]. The first evidence from Mayberg and colleagues [57]
who described a relationship between the metabolic alteration in the prefrontal cortex and in the limbic
regions resulted in the hypothesis that a corticolimbic connectivity abnormality may underlie MDD.
These hypotheses have been corroborated by studies showing abnormalities of coupling between brain
region activations in response to emotional stimuli, decreased anterior cingulate connectivity with
the amygdala, thalamus, and striatum, and altered connectivity of the corticolimbic or intracortical
connectivity [58]. Moreover, an interplay between brain connectivity and pharmacological treatment
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has been demonstrated for several psychiatric illnesses, including MDD, where associations between
response to antidepressant medications and increased frontolimbic functional connectivity have
been reported [59]. In summary, connectivity abnormalities in corticolimbic networks offer a more
comprehensive, robust, and integrated model for MDD.

In line with evidence supporting the notion that the development of MDD is induced by alterations
of functional neural circuits underlying mood regulation [60], chronic antidepressant administration
increases synaptic plasticity at numerous levels and this ability is considered central for therapeutic
efficacy [61–63]. Indeed, the rapid response induced by faster-acting antidepressants is believed to rely
on their ability to induce changes in synaptic function and plasticity [60,64].

Notwithstanding the difference in specific brain areas, overall the present findings show that
antidepressant treatments were able to influence the Negr1-Fgfr2 pathway and support the hypothesis
that Negr1-mediated modulation of neuronal plasticity is activated by antidepressant treatment. We and
others have demonstrated that Negr1 and Lsamp modulate neurite arborisation and the formation of
neuronal circuits by stimulating specific intracellular signalling after metalloproteinase-dependent
shedding [14,24,25,65–67]. Our findings are in keeping with the hypothesis that chronic treatment with
monoaminergic-modulating antidepressants is able to influence synaptic plasticity in brain regions
involved in the regulation of mood and affect and that IgLON protein pathways play a role in the
process. At the cellular level, post-mortem studies have described a robust reduction in synapse
number in the PFC of MDD patients [68]. These findings have been complemented and expanded by
observations in several preclinical models [69,70].

The Adam10-Negr1-Fgfr2 pathway is known to influence spine plasticity. Adam10 regulates
dendritic spine morphology and glutamate receptor composition through substrate cleavage.
Our previous studies demonstrated that Negr1 is a membrane-bound protein that can be released
into the extracellular environment upon Adam10 shedding [25]. Membrane-bound Negr1 promotes
the intracellular trafficking of Fgfr2 thus regulating the formation of the upper layers in the cortical
areas [71]. Soluble Negr1 regulates through Fgfr2 synapse formation of hippocampal neurons, neurite
outgrowth, and dendritic spine plasticity [24,25].

Interestingly, antidepressants influence the Adam10-Negr1-Fgfr2 pathway. Preliminary evidence
suggests that serotoninergic antidepressants can affect the expression of Adam10 in platelets [72] and
Negr1 in rat brains [73]. Taken together, these lines of evidence indicate that Adam10-Negr1-Fgfr2
pathway biology is tightly linked to the molecular events underlying MDD therapeutic interventions.

We discovered that different responses were elicited in MS with respect to n-MS FSL rats.
Our previous studies investigated the neurochemical, behavioural, and molecular responses of this
rodent model of MDD to antidepressant treatments [39–42,74–77]. Our previous findings suggested an
association between MS FSL animal behaviours and treatment-resistant MDD [38]. Following this
hypothesis, we can speculate that molecular alterations specifically observed in n-MS groups can
be more confidently associated with the neurobiological changes involved in antidepressant efficacy.
In agreement with this notion, the results observed in fluoxetine-sensitive rats show that in several
instances the direction of change is similar, whereas the amount is greater in fluoxetine-sensitive
groups. This fact suggests that an adequate stimulus needs to be present to allow efficient activation of
neuronal plasticity.

Previous studies oriented at identifying genetic variants able to differentially predict outcome
of treatment with antidepressants in depressed patients showed that no association reached the
genome-wide level of significance [78]. Although not significant after correction for multiple testing,
one of the most interesting results showed that a single nucleotide polymorphism (SNP) in the Negr1 gene
was associated with the differential response to serotonergic and noradrenergic antidepressants [78].
This finding provides further support to the present data which revealed antidepressant-induced
Negr1 modulation and allows speculating that this expression change is requested to trigger a neuronal
plasticity response necessary for therapeutic efficacy.
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In addition to the activity exerted by modulation of monoaminergic circuits, our data showed that
tricyclic anti-depressants directly tune Adam10-Negr1-Fgfr2 mRNA expression levels. We found that
NT significantly reduced Negr1 and increased Adam10 and Fgfr2 expression in hippocampal cultures
but not in cortical cultures. This outcome may reflect the different battery of serotonin (5HT) and
norepinephrine receptors expressed in the different neuronal population. Alpha and beta adrenergic
receptors are expressed at both pre- and postsynaptic sites in the hippocampus [79] and in the cortex [80]
where they participate in LTP and LTD phenomena. Cortical neurons express different 5HT receptors,
with 5HTA2 and 5HT1A receptors expressed at the highest levels [81]. Instead almost all pre- and
postsynaptic serotonin receptors have been identified in the hippocampus [82].

Both serotonergic and adrenergic receptors impinge on MAPK/ERK activation and thus control
gene expression. Therefore, antidepressant treatment might influence Negr1, Adam10, and Fgfr2 gene
expression in parallel via ERK. However, it has been demonstrated that antidepressants activate the
Fgfr signalling cascade [83]. Thus, it is tempting to speculate that Fgfr2 activation is the first event
along the molecular cascade underlying antidepressant therapeutic effect. Our previous data suggest
that Negr1 plays a major role within this cascade.

The question now is to understand how altered levels of Negr1 may correlate with MDD pathology
and therapy. Given that Negr1 acts as an Fgfr2 agonist and that Fgfr2 signalling is pivotal within
antidepressant therapeutic effect, the most convenient model would imagine that low Negr1 levels are
pathological. Instead, genetic and experimental data suggest just the opposite. One hypothesis is that
the chronic increase of Negr1 level may down-regulate Fgfr2 signalling while antidepressants succeed
in restoring its physiological activity.

Author Contributions: Conceptualization, L.C., G.P., and E.D.; data curation, L.C., F.P., and M.L.; funding
acquisition, G.P., M.P., and A.A.M.; investigation, L.C., F.P., L.M., and A.A.M.; methodology, M.P.; supervision,
E.D.; writing—original draft, L.C. and G.P.; writing—review and editing, L.M., A.A.M., and E.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Alma Mater Studiorum Università di Bologna grant number RFO2014-15
to L.C. and by the European Union grant GENDEP, contract number LSHB-CT-2003-503428. G.P. is supported
by Fondazione Telethon (grant TDPG00514TA), MIUR (PRIN-2017ENN4FY), and Fondazione Cariplo (project
2019-3415). F.P. received support from Fondazione Caritro (project 2019.0230). Swedish Research Council grant
10414 to A.A.M.

Acknowledgments: The authors thank Laura Caberlotto for helpful discussion.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Wray, N.R.; Ripke, S.; Mattheisen, M.; Trzaskowski, M.; Byrne, E.M.; Abdellaoui, A.; Adams, M.J.; Agerbo, E.;
Air, T.M.; Andlauer, T.M.F.; et al. Genome-wide association analyses identify 44 risk variants and refine the
genetic architecture of major depression. Nat. Genet. 2018, 50, 668–681. [CrossRef] [PubMed]

2. Hyde, C.L.; Nagle, M.W.; Tian, C.; Chen, X.; Paciga, S.A.; Wendland, J.R.; Tung, J.Y.; Hinds, D.A.; Perlis, R.H.;
Winslow, A.R. Identification of 15 genetic loci associated with risk of major depression in individuals of
European descent. Nat. Genet. 2016, 48, 1031–1036. [CrossRef] [PubMed]

3. Gerring, Z.F.; Gamazon, E.R.; Derks, E.M. Major Depressive Disorder Working Group of the Psychiatric
Genomics Consortium A gene co-expression network-based analysis of multiple brain tissues reveals novel
genes and molecular pathways underlying major depression. PLoS Genet. 2019, 15, e1008245. [CrossRef]
[PubMed]

4. Wang, X.; Cheng, W.; Zhu, J.; Yin, H.; Chang, S.; Yue, W.; Yu, H. Integrating genome-wide association study
and expression quantitative trait loci data identifies NEGR1 as a causal risk gene of major depression disorder.
J. Affect. Disord. 2020, 265, 679–686. [CrossRef] [PubMed]

5. Li, S.; Li, Y.; Li, X.; Liu, J.; Huo, Y.; Wang, J.; Liu, Z.; Li, M.; Luo, X.-J. Regulatory mechanisms of major
depressive disorder risk variants. Mol. Psychiatry 2020. [CrossRef]

http://dx.doi.org/10.1038/s41588-018-0090-3
http://www.ncbi.nlm.nih.gov/pubmed/29700475
http://dx.doi.org/10.1038/ng.3623
http://www.ncbi.nlm.nih.gov/pubmed/27479909
http://dx.doi.org/10.1371/journal.pgen.1008245
http://www.ncbi.nlm.nih.gov/pubmed/31306407
http://dx.doi.org/10.1016/j.jad.2019.11.116
http://www.ncbi.nlm.nih.gov/pubmed/32090785
http://dx.doi.org/10.1038/s41380-020-0715-7


Cells 2020, 9, 1818 14 of 18

6. Maccarrone, G.; Ditzen, C.; Yassouridis, A.; Rewerts, C.; Uhr, M.; Uhlen, M.; Holsboer, F.; Turck, C.W.
Psychiatric patient stratification using biosignatures based on cerebrospinal fluid protein expression clusters.
J. Psychiatr. Res. 2013, 47, 1572–1580. [CrossRef] [PubMed]

7. Amare, A.T.; Schubert, K.O.; Tekola-Ayele, F.; Hsu, Y.H.; Sangkuhl, K.; Jenkins, G.; Whaley, R.M.; Barman, P.;
Batzler, A.; Altman, R.B.; et al. The association of obesity and coronary artery disease genes with response to
SSRIs treatment in major depression. J. Neural Transm. 2019, 126, 35–45. [CrossRef]

8. Raghavan, N.S.; Vardarajan, B.; Mayeux, R. Genomic variation in educational attainment modifies Alzheimer
disease risk. Neurol. Genet. 2019, 5. [CrossRef]

9. Ni, H.; Xu, M.; Zhan, G.-L.; Fan, Y.; Zhou, H.; Jiang, H.-Y.; Lu, W.-H.; Tan, L.; Zhang, D.-F.; Yao, Y.-G.; et al.
The GWAS Risk Genes for Depression May Be Actively Involved in Alzheimer’s Disease. J. Alzheimer’s Dis.
2018, 64, 1149–1161. [CrossRef]

10. Willer, C.; Speliotes, E.; Loos, R.; Li, S.; Lindgren, C.; Heid, I.; Berndt, S.; Elliott, A.; Jackson, A.; Lamina, C.;
et al. Six new loci associated with body mass index highlight a neuronal influence on body weight regulation.
Nat. Genet. 2009, 41, 25–34.

11. Jarick, I.; Vogel, C.I.G.; Scherag, S.; Schäfer, H.; Hebebrand, J.; Hinney, A.; Scherag, A. Novel common
copy number variation for early onset extreme obesity on chromosome 11q11 identified by a genome-wide
analysis. Hum. Mol. Genet. 2011, 20, 840–852. [CrossRef] [PubMed]

12. Lee, A.W.S.; Hengstler, H.; Schwald, K.; Berriel-Diaz, M.; Loreth, D.; Kirsch, M.; Kretz, O.; Haas, C.A.;
de Angelis, M.H.; Herzig, S.; et al. Functional inactivation of the genome-wide association study obesity gene
neuronal growth regulator 1 in mice causes a body mass phenotype. PLoS ONE 2012, 7, e41537. [CrossRef]
[PubMed]

13. Boender, A.J.; van Gestel, M.A.; Garnerv, K.M.; Luijendijk, M.C.M.; Adan, R.A.H. The Obesity-Associated
gene NEGR1 regulates aspects of energy balance in rat hypothalamic areas. Physiol. Rep. 2014, 2, e12083.
[CrossRef] [PubMed]

14. Singh, K.; Loreth, D.; Pöttker, B.; Hefti, K.; Innos, J.; Schwald, K.; Hengstler, H.; Menzel, L.; Sommer, C.J.;
Radyushkin, K.; et al. Neuronal growth and behavioral alterations in mice deficient for the psychiatric
disease-associated negr1 gene. Front. Mol. Neurosci. 2018, 11, 30. [CrossRef]

15. Singh, K.; Jayaram, M.; Kaare, M.; Leidmaa, E.; Jagomäe, T.; Heinla, I.; Hickey, M.A.; Kaasik, A.; Schäfer, M.K.;
Innos, J.; et al. Neural cell adhesion molecule Negr1 deficiency in mouse results in structural brain
endophenotypes and behavioral deviations related to psychiatric disorders. Sci. Rep. 2019, 9, 1–15.
[CrossRef]

16. Funatsu, N.; Miyata, S.; Kumanogoh, H.; Shigeta, M.; Hamada, K.; Endo, Y.; Sokawa, Y.; Maekawa, S.
Characterization of a novel rat brain glycosylphosphatidylinositol- anchored protein (Kilon), a member of
the IgLON cell adhesion molecule family. J. Biol. Chem. 1999, 274, 8224–8230. [CrossRef]

17. Ramani, S.R.; Tom, I.; Lewin-Koh, N.; Wranik, B.; Depalatis, L.; Zhang, J.; Eaton, D.; Gonzalez, L.C. A secreted
protein microarray platform for extracellular protein interaction discovery. Anal. Biochem. 2012, 420, 127–138.
[CrossRef]

18. Pourhaghighi, R.; Ash, P.E.A.; Phanse, S.; Goebels, F.; Hu, L.Z.M.; Chen, S.; Zhang, Y.; Wierbowski, S.D.;
Boudeau, S.; Moutaoufik, M.T.; et al. BraInMap Elucidates the Macromolecular Connectivity Landscape of
Mammalian Brain. Cell Syst. 2020, 10, 333–350. [CrossRef]

19. Innos, J.; Philips, M.A.; Leidmaa, E.; Heinla, I.; Raud, S.; Reemann, P.; Plaas, M.; Nurk, K.; Kurrikoff, K.;
Matto, V.; et al. Lower anxiety and a decrease in agonistic behaviour in Lsamp-deficient mice. Behav. Brain
Res. 2011, 217, 21–31. [CrossRef]

20. Innos, J.; Leidmaa, E.; Philips, M.A.; Sütt, S.; Alttoa, A.; Harro, J.; Kõks, S.; Vasar, E. Lsamp-/- mice display
lower sensitivity to amphetamine and have elevated 5-HT turnover. Biochem. Biophys. Res. Commun. 2013,
430, 413–418. [CrossRef]

21. Koido, K.; Janno, S.; Traks, T.; Parksepp, M.; Ljubajev, Ü.; Veiksaar, P.; Must, A.; Shlik, J.; Vasar, V.; Vasar, E.
Associations between polymorphisms of LSAMP gene and schizophrenia. Psychiatry Res. 2014, 215, 797–798.
[CrossRef] [PubMed]

22. Koido, K.; Traks, T.; Balõtšev, R.; Eller, T.; Must, A.; Koks, S.; Maron, E.; Tõru, I.; Shlik, J.; Vasar, V.; et al.
Associations between LSAMP gene polymorphisms and major depressive disorder and panic disorder.
Transl. Psychiatry 2012, 2, e152. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jpsychires.2013.07.021
http://www.ncbi.nlm.nih.gov/pubmed/23962679
http://dx.doi.org/10.1007/s00702-018-01966-x
http://dx.doi.org/10.1212/NXG.0000000000000310
http://dx.doi.org/10.3233/JAD-180276
http://dx.doi.org/10.1093/hmg/ddq518
http://www.ncbi.nlm.nih.gov/pubmed/21131291
http://dx.doi.org/10.1371/journal.pone.0041537
http://www.ncbi.nlm.nih.gov/pubmed/22844493
http://dx.doi.org/10.14814/phy2.12083
http://www.ncbi.nlm.nih.gov/pubmed/25077509
http://dx.doi.org/10.3389/fnmol.2018.00030
http://dx.doi.org/10.1038/s41598-019-41991-8
http://dx.doi.org/10.1074/jbc.274.12.8224
http://dx.doi.org/10.1016/j.ab.2011.09.017
http://dx.doi.org/10.1016/j.cels.2020.03.003
http://dx.doi.org/10.1016/j.bbr.2010.09.019
http://dx.doi.org/10.1016/j.bbrc.2012.11.077
http://dx.doi.org/10.1016/j.psychres.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24491686
http://dx.doi.org/10.1038/tp.2012.74
http://www.ncbi.nlm.nih.gov/pubmed/22892717


Cells 2020, 9, 1818 15 of 18

23. Dennis, E.L.; Jahanshad, N.; Braskie, M.N.; Warstadt, N.M.; Hibar, D.P.; Kohannim, O.; Nir, T.M.;
McMahon, K.L.; de Zubicaray, G.I.; Montgomery, G.W.; et al. Obesity gene NEGR1 associated with
white matter integrity in healthy young adults. Neuroimage 2014, 102, 548–557. [CrossRef] [PubMed]

24. Pischedda, F.; Szczurkowska, J.; Cirnaru, M.D.; Giesert, F.; Vezzoli, E.; Ueffing, M.; Sala, C.; Francolini, M.;
Hauck, S.M.; Cancedda, L.; et al. A cell surface biotinylation assay to reveal membrane-associated neuronal
cues: Negr1 regulates dendritic arborization. Mol. Cell. Proteom. 2014, 13, 733–748. [CrossRef] [PubMed]

25. Pischedda, F.; Piccoli, G. The IgLON Family Member Negr1 Promotes Neuronal Arborization Acting as
Soluble Factor via FGFR2. Front. Mol. Neurosci. 2016, 8, 89. [CrossRef] [PubMed]

26. Evans, S.J.; Choudary, P.V.; Neal, C.R.; Li, J.Z.; Vawter, M.P.; Tomita, H.; Lopez, J.F.; Thompson, R.C.; Meng, F.;
Stead, J.D.; et al. Dysregulation of the fibroblast growth factor system in major depression. Proc. Natl. Acad.
Sci. USA 2004, 101, 15506–15511. [CrossRef]

27. Wittchen, H.U.; Jacobi, F.; Rehm, J.; Gustavsson, A.; Svensson, M.; Jönsson, B.; Olesen, J.; Allgulander, C.;
Alonso, J.; Faravelli, C.; et al. The size and burden of mental disorders and other disorders of the brain in
Europe 2010. Eur. Neuropsychopharmacol. 2011, 21, 655–679. [CrossRef]

28. Rehm, J.; Shield, K.D. Global Burden of Disease and the Impact of Mental and Addictive Disorders. Curr.
Psychiatry Rep. 2019, 21, 10. [CrossRef]

29. Catalá-López, F.; Gènova-Maleras, R.; Vieta, E.; Tabarés-Seisdedos, R. The increasing burden of mental and
neurological disorders. Eur. Neuropsychopharmacol. 2013, 23, 1337–1339. [CrossRef]

30. Otte, C.; Gold, S.M.; Penninx, B.W.; Pariante, C.M.; Etkin, A.; Fava, M.; Mohr, D.C.; Schatzberg, A.F.
Major depressive disorder. Nat. Rev. Dis. Prim. 2016, 2, 16065. [CrossRef]

31. Park, L.T.; Zarate, C.A. Depression in the Primary Care Setting. N. Engl. J. Med. 2019, 380, 559–568. [CrossRef]
[PubMed]

32. Tundo, A.; de Filippis, R.; Proietti, L. Pharmacologic approaches to treatment resistant depression: Evidences
and personal experience. Worldj. Psychiatry 2015, 5, 330–341. [CrossRef] [PubMed]

33. Overstreet, D.H.; Friedman, E.; Mathé, A.A.; Yadid, G. The Flinders Sensitive Line rat: A selectively bred
putative animal model of depression. Neurosci. Biobehav. Rev. 2005, 29, 739–759. [CrossRef] [PubMed]

34. Overstreet, D.H.; Wegener, G. The flinders sensitive line rat model of depression–25 years and still producing.
Pharmacol. Rev. 2013, 65, 143–155. [CrossRef]

35. Nelson, J.; Klumparendt, A.; Doebler, P.; Ehring, T. Childhood maltreatment and characteristics of adult
depression: Meta-analysis. Br. J. Psychiatry 2017, 210, 96–104. [CrossRef]

36. Piubelli, C.; Carboni, L.; Becchi, S.; Mathé, A.A.; Domenici, E. Regulation of cytoskeleton machinery,
neurogenesis and energy metabolism pathways in a rat gene-environment model of depression revealed by
proteomic analysis. Neuroscience 2011, 176, 349–380. [CrossRef]

37. El Khoury, A.; Gruber, S.H.M.; Mørk, A.; Mathé, A.A. Adult life behavioral consequences of early maternal
separation are alleviated by escitalopram treatment in a rat model of depression. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 2006, 30, 535–540. [CrossRef]

38. Marchetti, L.; Lauria, M.; Caberlotto, L.; Musazzi, L.; Popoli, M.; Mathé, A.A.; Domenici, E.; Carboni, L.
Gene expression signature of antidepressant treatment response/non-response in Flinders Sensitive Line rats
subjected to maternal separation. Eur. Neuropsychopharmacol. 2020, 31, 69–85. [CrossRef]

39. Musazzi, L.; Mallei, A.; Tardito, D.; Gruber, S.H.M.; El Khoury, A.; Racagni, G.; Mathé, A.A.;
Popoli, M. Early-life stress and antidepressant treatment involve synaptic signaling and Erk kinases
in a gene-environment model of depression. J. Psychiatr. Res. 2010, 44, 511–520. [CrossRef]

40. Piubelli, C.; Gruber, S.; El Khoury, A.; Mathé, A.A.; Domenici, E.; Carboni, L. Nortriptyline influences protein
pathways involved in carbohydrate metabolism and actin-related processes in a rat gene–environment model
of depression. Eur. Neuropsychopharmacol. 2011, 21, 545–562. [CrossRef]

41. Piubelli, C.; Vighini, M.; Mathé, A.A.; Domenici, E.; Carboni, L. Escitalopram affects cytoskeleton and
synaptic plasticity pathways in a rat gene–environment interaction model of depression as revealed by
proteomics. Part II: Environmental challenge. Int. J. Neuropsychopharmacol. 2011, 14, 834–855. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.neuroimage.2014.07.041
http://www.ncbi.nlm.nih.gov/pubmed/25072390
http://dx.doi.org/10.1074/mcp.M113.031716
http://www.ncbi.nlm.nih.gov/pubmed/24382801
http://dx.doi.org/10.3389/fnmol.2015.00089
http://www.ncbi.nlm.nih.gov/pubmed/26793057
http://dx.doi.org/10.1073/pnas.0406788101
http://dx.doi.org/10.1016/j.euroneuro.2011.07.018
http://dx.doi.org/10.1007/s11920-019-0997-0
http://dx.doi.org/10.1016/j.euroneuro.2013.04.001
http://dx.doi.org/10.1038/nrdp.2016.65
http://dx.doi.org/10.1056/NEJMcp1712493
http://www.ncbi.nlm.nih.gov/pubmed/30726688
http://dx.doi.org/10.5498/wjp.v5.i3.330
http://www.ncbi.nlm.nih.gov/pubmed/26425446
http://dx.doi.org/10.1016/j.neubiorev.2005.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15925699
http://dx.doi.org/10.1124/pr.111.005397
http://dx.doi.org/10.1192/bjp.bp.115.180752
http://dx.doi.org/10.1016/j.neuroscience.2010.12.043
http://dx.doi.org/10.1016/j.pnpbp.2005.11.011
http://dx.doi.org/10.1016/j.euroneuro.2019.11.004
http://dx.doi.org/10.1016/j.jpsychires.2009.11.008
http://dx.doi.org/10.1016/j.euroneuro.2010.11.003
http://dx.doi.org/10.1017/S1461145710001306
http://www.ncbi.nlm.nih.gov/pubmed/21054913


Cells 2020, 9, 1818 16 of 18

42. Piubelli, C.; Vighini, M.; Mathé, A.A.; Domenici, E.; Carboni, L. Escitalopram modulates neuron-remodelling
proteins in a rat gene–environment interaction model of depression as revealed by proteomics. Part I: Genetic
background. Int. J. Neuropsychopharmacol. 2011, 14, 796–833. [CrossRef] [PubMed]

43. David, D.J.; Samuels, B.A.; Rainer, Q.; Wang, J.; Marsteller, D.; Mendez, I.; Drew, M.; Craig, D.A.; Guiard, B.P.;
Guilloux, J.; et al. Neurogenesis-dependent and -independent effects of fluoxetine in an animal model of
anxiety/depression. Neuron 2009, 62, 479–493. [CrossRef] [PubMed]

44. Berton, O.; Nestler, E.J. New approaches to antidepressant drug discovery: Beyond monoamines. Nat. Rev.
Neurosci. 2006, 7, 137–151. [CrossRef] [PubMed]

45. Disner, S.G.; Beevers, C.G.; Haigh, E.A.P.; Beck, A.T. Neural mechanisms of the cognitive model of depression.
Nat. Rev. Neurosci. 2011, 12, 467–477. [CrossRef]

46. Mallei, A.; Giambelli, R.; Gass, P.; Racagni, G.; Math??, A.A.; Vollmayr, B.; Popoli, M. Synaptoproteomics
of learned helpless rats involve energy metabolism and cellular remodeling pathways in depressive-like
behavior and antidepressant response. Neuropharmacology 2011, 60, 1243–1253. [CrossRef]

47. Pischedda, F.; Montani, C.; Obergasteiger, J.; Frapporti, G.; Corti, C.; Rosato Siri, M.; Volta, M.; Piccoli, G.
Cryopreservation of Primary Mouse Neurons: The Benefit of Neurostore Cryoprotective Medium. Front.
Cell. Neurosci. 2018, 12, 81. [CrossRef]

48. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

49. Samuels, B.A.; Leonardo, E.D.; Dranovsky, A.; Williams, A.; Wong, E.; Nesbitt, A.M.I.; McCurdy, R.D.; Hen, R.;
Alter, M. Global state measures of the dentate gyrus gene expression system predict antidepressant-sensitive
behaviors. PLoS ONE 2014, 9, e85136. [CrossRef]

50. Bate, S.T.; Clark, R.A. The Design and Statistical Analysis of Animal Experiments; Cambridge University Press:
Cambridge, UK, 2014; ISBN 978-1-107-69094-3.

51. Clark, R.A.; Shoaib, M.; Hewitt, K.N.; Stanford, S.C.; Bate, S.T. A comparison of InVivoStat with other
statistical software packages for analysis of data generated from animal experiments. J. Psychopharmacol.
2012, 26, 1136–1142. [CrossRef]

52. Milaneschi, Y.; Simmons, W.K.; van Rossum, E.F.C.; Penninx, B.W. Depression and obesity: Evidence of
shared biological mechanisms. Mol. Psychiatry 2019, 24, 18–33. [CrossRef] [PubMed]

53. Brown, E.C.; Clark, D.L.; Hassel, S.; MacQueen, G.; Ramasubbu, R. Thalamocortical connectivity in major
depressive disorder. J. Affect. Disord. 2017, 217, 125–131. [CrossRef] [PubMed]

54. Mulders, P.C.; van Eijndhoven, P.F.; Schene, A.H.; Beckmann, C.F.; Tendolkar, I. Resting-state functional
connectivity in major depressive disorder: A review. Neurosci. Biobehav. Rev. 2015, 56, 330–344. [CrossRef]
[PubMed]

55. Zhang, K.; Zhu, Y.; Zhu, Y.; Wu, S.; Liu, H.; Zhang, W.; Xu, C.; Zhang, H.; Hayashi, T.; Tian, M. Molecular,
Functional, and Structural Imaging of Major Depressive Disorder. Neurosci. Bull. 2016, 32, 273–285.
[CrossRef]

56. Helm, K.; Viol, K.; Weiger, T.M.; Tass, P.A.; Grefkes, C.; Del Monte, D.; Schiepek, G. Neuronal connectivity in
major depressive disorder: A systematic review. Neuropsychiatr. Dis. Treat. 2018, 14, 2715–2737. [CrossRef]
[PubMed]

57. Mayberg, H.S.; Liotti, M.; Brannan, S.K.; McGinnis, S.; Mahurin, R.K.; Jerabek, P.A.; Silva, J.A.; Tekell, J.L.;
Martin, C.C.; Lancaster, J.L.; et al. Reciprocal limbic-cortical function and negative mood: Converging PET
findings in depression and normal sadness. Am. J. Psychiatry 1999, 156, 675–682.

58. Brakowski, J.; Spinelli, S.; Dörig, N.; Bosch, O.G.; Manoliu, A.; Holtforth, M.G.; Seifritz, E. Resting state brain
network function in major depression–Depression symptomatology, antidepressant treatment effects, future
research. J. Psychiatr. Res. 2017, 92, 147–159. [CrossRef]

59. Dichter, G.S.; Gibbs, D.; Smoski, M.J. A systematic review of relations between resting-state functional-MRI
and treatment response in major depressive disorder. J. Affect. Disord. 2015, 172, 8–17. [CrossRef]

60. Duman, R.S.; Aghajanian, G.K.; Sanacora, G.; Krystal, J.H. Synaptic plasticity and depression: New insights
from stress and rapid-acting antidepressants. Nat. Med. 2016, 22, 238–249. [CrossRef]

http://dx.doi.org/10.1017/S1461145710001318
http://www.ncbi.nlm.nih.gov/pubmed/21054914
http://dx.doi.org/10.1016/j.neuron.2009.04.017
http://www.ncbi.nlm.nih.gov/pubmed/19477151
http://dx.doi.org/10.1038/nrn1846
http://www.ncbi.nlm.nih.gov/pubmed/16429123
http://dx.doi.org/10.1038/nrn3027
http://dx.doi.org/10.1016/j.neuropharm.2010.12.012
http://dx.doi.org/10.3389/fncel.2018.00081
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1371/journal.pone.0085136
http://dx.doi.org/10.1177/0269881111420313
http://dx.doi.org/10.1038/s41380-018-0017-5
http://www.ncbi.nlm.nih.gov/pubmed/29453413
http://dx.doi.org/10.1016/j.jad.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28407555
http://dx.doi.org/10.1016/j.neubiorev.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26234819
http://dx.doi.org/10.1007/s12264-016-0030-0
http://dx.doi.org/10.2147/NDT.S170989
http://www.ncbi.nlm.nih.gov/pubmed/30425491
http://dx.doi.org/10.1016/j.jpsychires.2017.04.007
http://dx.doi.org/10.1016/j.jad.2014.09.028
http://dx.doi.org/10.1038/nm.4050


Cells 2020, 9, 1818 17 of 18

61. Wohleb, E.S.; Franklin, T.; Iwata, M.; Duman, R.S. Integrating neuroimmune systems in the neurobiology of
depression. Nat. Rev. Neurosci. 2016, 17, 497–511. [CrossRef]

62. Harmer, C.J.; Duman, R.S.; Cowen, P.J. How do antidepressants work? New perspectives for refining future
treatment approaches. Lancet. Psychiatry 2017, 4, 409–418. [CrossRef]

63. Castrén, E.; Hen, R. Neuronal plasticity and antidepressant actions. Trends Neurosci. 2013, 36, 259–267.
[CrossRef] [PubMed]

64. Kavalali, E.T.; Monteggia, L.M. Targeting Homeostatic Synaptic Plasticity for Treatment of Mood Disorders.
Neuron 2020, 106, 715–726. [CrossRef] [PubMed]

65. Sanz, R.; Ferraro, G.B.; Fournier, A.E. IgLON Cell Adhesion Molecules Are Shed from the Cell Surface of
Cortical Neurons to Promote Neuronal Growth. J. Biol. Chem. 2015, 290, 4330–4342. [CrossRef] [PubMed]

66. Sanz, R.L.; Ferraro, G.B.; Girouard, M.P.; Fournier, A.E. Ectodomain shedding of Limbic System-Associated
Membrane Protein (LSAMP) by ADAM Metallopeptidases promotes neurite outgrowth in DRG neurons.
Sci. Rep. 2017, 7, 1–11. [CrossRef]

67. Hashimoto, T.; Maekawa, S.; Miyata, S. IgLON cell adhesion molecules regulate synaptogenesis in
hippocampal neurons. Cell Biochem. Funct. 2009, 27, 496–498. [CrossRef]

68. Kang, H.J.; Voleti, B.; Hajszan, T.; Rajkowska, G.; Stockmeier, C.A.; Licznerski, P.; Lepack, A.; Majik, M.S.;
Jeong, L.S.; Banasr, M.; et al. Decreased expression of synapse-related genes and loss of synapses in major
depressive disorder. Nat. Med. 2012, 18, 1413–1417. [CrossRef]

69. Duman, R.S.; Aghajanian, G.K. Synaptic dysfunction in depression: Potential therapeutic targets. Science
2012, 338, 68–72. [CrossRef]

70. Popoli, M.; Yan, Z.; McEwen, B.S.; Sanacora, G. The stressed synapse: The impact of stress and glucocorticoids
on glutamate transmission. Nat. Rev. Neurosci. 2012, 13, 22–37. [CrossRef]

71. Szczurkowska, J.; Pischedda, F.; Pinto, B.; Managò, F.; Haas, C.A.; Summa, M.; Bertorelli, R.; Papaleo, F.;
Schäfer, M.K.; Piccoli, G.; et al. NEGR1 and FGFR2 cooperatively regulate cortical development and core
behaviours related to autism disorders in mice. Brain 2018, 141, 2772–2794. [CrossRef]

72. Bianco, O.A.F.M.; Manzine, P.R.; Nascimento, C.M.C.; Vale, F.A.C.; Pavarini, S.C.I.; Cominetti, M.R.
Serotoninergic antidepressants positively affect platelet ADAM10 expression in patients with Alzheimer’s
disease. Int. Psychogeriatr. 2016, 28, 939–944. [CrossRef] [PubMed]

73. Tamási, V.; Petschner, P.; Adori, C.; Kirilly, E.; Ando, R.D.; Tothfalusi, L.; Juhasz, G.; Bagdy, G. Transcriptional
evidence for the role of chronic venlafaxine treatment in neurotrophic signaling and neuroplasticity including
also glutatmatergic- and insulin-mediated neuronal processes. PLoS ONE 2014, 9, e113662. [CrossRef]

74. Carboni, L.; Becchi, S.; Piubelli, C.; Mallei, A.; Giambelli, R.; Razzoli, M.; Mathé, A.A.; Popoli, M.; Domenici, E.
Early-life stress and antidepressants modulate peripheral biomarkers in a gene-environment rat model of
depression. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2010, 34, 1037–1048. [CrossRef] [PubMed]

75. Ellenbroek, B.A.; Angelucci, F.; Husum, H.; Mathé, A.A. Gene-environment interactions in a rat model of
depression. Maternal separation affects neurotensin in selected brain regions. Neuropeptides 2016, 59, 83–88.
[CrossRef] [PubMed]

76. Angelucci, F.; Ellenbroek, B.A.; El Khoury, A.; Mathé, A.A. CGRP in a gene–environment interaction model
for depression: Effects of antidepressant treatment. Acta Neuropsychiatr. 2019, 31, 93–99. [CrossRef] [PubMed]

77. Shrestha, S.S.; Pine, D.S.; Luckenbaugh, D.A.; Varnäs, K.; Henter, I.D.; Innis, R.B.; Mathé, A.A.; Svenningsson, P.
Antidepressant effects on serotonin 1A/1B receptors in the rat brain using a gene x environment model.
Neurosci. Lett. 2014, 559, 163–168. [CrossRef] [PubMed]

78. Tansey, K.E.; Guipponi, M.; Perroud, N.; Bondolfi, G.; Domenici, E.; Evans, D.; Hall, S.K.; Hauser, J.;
Henigsberg, N.; Hu, X.; et al. Genetic Predictors of Response to Serotonergic and Noradrenergic
Antidepressants in Major Depressive Disorder: A Genome-Wide Analysis of Individual-Level Data and a
Meta-Analysis. PLoS Med. 2012, 9, e1001326. [CrossRef]

79. Hagena, H.; Hansen, N.; Manahan-Vaughan, D. β-Adrenergic Control of Hippocampal Function: Subserving
the Choreography of Synaptic Information Storage and Memory. Cereb. Cortex 2016, 26, 1349–1364. [CrossRef]

80. Ramos, B.P.; Arnsten, A.F.T. Adrenergic pharmacology and cognition: Focus on the prefrontal cortex.
Pharmacol. Ther. 2007, 113, 523–536. [CrossRef]

81. Celada, P.; Puig, M.V.; Artigas, F. Serotonin modulation of cortical neurons and networks. Front. Integr.
Neurosci. 2013, 7, 25. [CrossRef]

http://dx.doi.org/10.1038/nrn.2016.69
http://dx.doi.org/10.1016/S2215-0366(17)30015-9
http://dx.doi.org/10.1016/j.tins.2012.12.010
http://www.ncbi.nlm.nih.gov/pubmed/23380665
http://dx.doi.org/10.1016/j.neuron.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32497508
http://dx.doi.org/10.1074/jbc.M114.628438
http://www.ncbi.nlm.nih.gov/pubmed/25538237
http://dx.doi.org/10.1038/s41598-017-08315-0
http://dx.doi.org/10.1002/cbf.1600
http://dx.doi.org/10.1038/nm.2886
http://dx.doi.org/10.1126/science.1222939
http://dx.doi.org/10.1038/nrn3138
http://dx.doi.org/10.1093/brain/awy190
http://dx.doi.org/10.1017/S1041610215001842
http://www.ncbi.nlm.nih.gov/pubmed/26555131
http://dx.doi.org/10.1371/journal.pone.0113662
http://dx.doi.org/10.1016/j.pnpbp.2010.05.019
http://www.ncbi.nlm.nih.gov/pubmed/20580919
http://dx.doi.org/10.1016/j.npep.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27372546
http://dx.doi.org/10.1017/neu.2018.31
http://www.ncbi.nlm.nih.gov/pubmed/30509331
http://dx.doi.org/10.1016/j.neulet.2013.11.034
http://www.ncbi.nlm.nih.gov/pubmed/24287374
http://dx.doi.org/10.1371/journal.pmed.1001326
http://dx.doi.org/10.1093/cercor/bhv330
http://dx.doi.org/10.1016/j.pharmthera.2006.11.006
http://dx.doi.org/10.3389/fnint.2013.00025


Cells 2020, 9, 1818 18 of 18

82. Berumen, L.C.; Rodríguez, A.; Miledi, R.; García-Alcocer, G. Serotonin Receptors in Hippocampus. Sci.
Worldj. 2012, 2012, 1–15. [CrossRef] [PubMed]

83. Hisaoka, K.; Tsuchioka, M.; Yano, R.; Maeda, N.; Kajitani, N.; Morioka, N.; Nakata, Y.; Takebayashi, M.
Tricyclic Antidepressant Amitriptyline Activates Fibroblast Growth Factor Receptor Signaling in Glial Cells.
J. Biol. Chem. 2011, 286, 21118–21128. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1100/2012/823493
http://www.ncbi.nlm.nih.gov/pubmed/22629209
http://dx.doi.org/10.1074/jbc.M111.224683
http://www.ncbi.nlm.nih.gov/pubmed/21515689
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Behavioural Procedures 
	Antidepressant Treatment in FSL Rats 
	Neuronal Cultures 
	RNA Extraction and cDNA Synthesis 
	qPCR 
	Transcriptional Analysis 
	Statistical Analysis 

	Results 
	Antidepressant Treatments Alter Negr1-Fgfr2 Pathway Expression in Hypothalamus of FSL Rats 
	Antidepressant Treatments Induce Selective Alterations in Corticolimbic Regions of FSL Rats 
	Negr1-Fgfr2 Pathway Expression in the Behavioural Response to Fluoxetine in the Chronic Corticosterone Mice Model 
	Alterations of the Negr1-Fgfr2 Pathway in Primary Neuronal Cultures Treated with Antidepressants 

	Discussion 
	References

