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Abstract: Dysregulation of hippocampal neurogenesis is linked to several neurodegenereative dis-
eases, where boosting hippocampal neurogenesis in these patients emerges as a potential therapeutic
approach. Accumulating evidence for a neuropeptide Y (NPY) and galanin (GAL) interaction was
shown in various limbic system regions at molecular-, cellular-, and behavioral-specific levels. The
purpose of the current work was to evaluate the role of the NPY and GAL interaction in the neurogenic
actions on the dorsal hippocampus. We studied the Y1R agonist and GAL effects on: hippocampal cell
proliferation through the proliferating cell nuclear antigen (PCNA), the expression of neuroprotective
and anti-apoptotic factors, and the survival of neurons and neurite outgrowth on hippocampal
neuronal cells. The functional outcome was evaluated in the object-in-place task. We demonstrated
that the Y1R agonist and GAL promote cell proliferation and the induction of neuroprotective factors.
These effects were mediated by the interaction of NPYY1 (Y1R) and GAL2 (GALR2) receptors, which
mediate the increased survival and neurites’ outgrowth observed on neuronal hippocampal cells.
These cellular effects are linked to the improved spatial-memory effects after the Y1R agonist and GAL
co-injection at 24 h in the object-in-place task. Our results suggest the development of heterobivalent
agonist pharmacophores, targeting Y1R–GALR2 heterocomplexes, therefore acting on the neuronal
precursor cells of the DG in the dorsal hippocampus for the novel therapy of neurodegenerative
cognitive-affecting diseases.

Keywords: neuropeptide Y1 receptor; galanin 2 receptor; receptor–receptor interaction; neurogenesis;
dorsal hippocampus; neuroprotection; BDNF; Bcl-2; neurodegenerative diseases; spatial memory

1. Introduction

Differing from the ancient notion that the number of neurons in the brain remains fixed
after prenatal and neonatal development, new neurons can be generated in the adult brain
via a process known as neurogenesis. Neurogenesis is one mechanism of neuronal plasticity,
the ability of the nervous system to reorganize its structure, function, and connections in
response to extrinsic or intrinsic stimuli [1]. Among the neurogenic areas mapped in the
human brain, hippocampal formation plays a significant role in brain function [2]. This
neurogenic niche is located in the hippocampus’ dentate gyrus (DG), and accumulating
evidence demonstrates its relevance in preserving many physiological functions during
adulthood. Moreover, the hippocampus shows a functional separation, where a more
anterior portion (ventral, in rodents) is related to stress and modulation of emotional
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behavior, and the posterior part (dorsal, in rodents) is linked to cognitive functions and
participates in declarative memory, spatial navigation, and contextual learning [3–5]. In
fact, adult human neurogenesis is preserved throughout human life, even until the ninth
decade of life, being necessary to distinguish physiological from pathological aging and
the associated cognitive impairment [6–8]. However, aging is a significant risk for the
development of cognitive decline and neurodegenerative disorders since the homeostasis
of the neurogenic niche is altered. Thus, dysregulation of hippocampal neurogenesis is
linked to several brain disorders, such as age-dependent cognitive decline, Alzheimer’s
disease (AD), amyotrophic lateral sclerosis, Huntington’s disease, Parkinson’s disease,
dementia with Lewy bodies, and frontotemporal dementia [6,8–10]. AD, the most frequent
among neurodegenerative diseases, accounts for about 70% of dementia cases worldwide,
that is, about 35 million people. Currently, no pharmacological treatment is available to cure
or even significantly slow down the course of neurodegenerative diseases. Accordingly,
boosting hippocampal neurogenesis in these patients emerges as a potential therapeutic
approach to counteract the progression of these disorders [11].

Cell proliferation, neuronal differentiation, and survival are critical components of
adult neurogenesis, tightly modulated by multiple intrinsic or extrinsic epigenetic factors
that could promote or suppress neurogenesis. These factors can actively upregulate or
downregulate the formation of new neurons during adulthood, conferring a pivotal role in
understanding the importance of adult neurogenesis on physiological and pathological con-
ditions [12]. However, physiologically occurring programmed cell death represents more
than half of the differentiating neurons in the adult brain, where a combination of factors can
serve to rescue or influence the neurogenic process. In this way, the neurogenic-promoting
effects of neurotransmitters/neuropeptides (i.e., neuropeptide Y) and neurotrophic factors
(i.e., BDNF) are ultimately mediated by interference with apoptosis-inducing signaling
pathways (i.e., Bcl-2 family members) [13].

Neuropeptides are emerging as crucial regulators of neurogenic niche activities in
health and disease. Among them, neuropeptide Y (NPY) is one of the most abundant neu-
ropeptides in the nervous system. NPY is a 36-amino acid polypeptide highly conserved
during phylogenesis and implicated in regulations of essential biological and pathophysi-
ological functions, such as blood pressure, neuroendocrine secretions, feeding behavior,
circadian rhythms, seizures, neuronal excitability, neuroplasticity, and memory [14]. Re-
garding hippocampal neurogenesis, a pro-neurogenic role of NPY on hippocampal stem
cells has been evidenced both in vitro and in vivo [15,16]. Interestingly, an upregulated
NPY mRNA expression level in the hippocampal dentate gyrus was shown after spatial
learning tasks in rats [17]. In contrast, in aged rats, the decreased NPY expression in the
hippocampus was followed by memory impairment and deterioration of neurogenesis [18].
Similarly, in AD patients, NPY receptor densities were reduced in hippocampal and cortical
regions [19] and NPY levels in cerebrospinal fluid and plasma samples [20]. In this respect,
the NPY Y1 receptors (Y1R) have been proposed as a critical target in enhancing dentate
neurogenesis and spatial learning [21].

Moreover, in the trimethyltin (TMT)-induced model of hippocampal neurodegen-
eration, the brain-derived neurotrophic factor (BDNF) was significantly increased 24 h
following treatment with NPY [22]. BDNF is a key molecule involved in neuroplasticity
changes related to learning and memory. Moreover, BDNF appears to be crucial or, in
some cases, even essential to mediate the neuroprotective effects of the above-mentioned
neurodegenerative diseases by regulating different neurogenic processes [11,23,24]. Inter-
estingly, BDNF can directly stimulate the expression of anti-apoptotic Bcl-2 protein, thereby
leading to an increase in neurogenesis [13].

Accumulating evidence for NPY and galanin (GAL) interactions was shown in various
limbic system regions at molecular-, cellular-, and behavioral-specific levels [25–27]. Like
NPY, GAL is widely distributed in the central nervous system, where it has a variety of
physiological effects [28]. Its effects on hippocampal neurogenesis were not elucidated
until the demonstration that the GAL 2/3 receptor agonist, GAL 2–11, was proliferative
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and trophic on progenitor cells in vitro [29]. Concerning memory, depending on the dose
or administration site, improvement in learning, lack of outcome, or even an inhibitory
effect were observed after GAL administration [30]. Furthermore, it has also been shown
that the GALR2 receptors mediate memory-improving and hippocampal toxicity-inhibiting
effects in a rat model of AD [31]. Recently, we have described a facilitatory interaction
between NPY and GAL through the formation of GALR2/Y1R heteroreceptor complexes.
Moreover, GALR2 enhanced Y1R agonist-mediated antidepressant-like activities in the
forced swimming test related to increased cell proliferation in the dentate gyrus of the
ventral hippocampus [32].

The purpose of the current work was to evaluate the role of the NPY and GAL interac-
tion in the neurogenic actions on the dorsal hippocampus. We studied the hippocampal
cell proliferation effects mediated by GAL and Y1R agonists through the proliferating
cell nuclear antigen (PCNA). To analyze the associated cellular mechanism, we assessed
the expression of neuroprotective factors, BDNF, or the anti-apoptotic factor Bcl-2 on the
dorsal hippocampal dentate gyrus (DG). Moreover, we studied the survival of neurons in a
viability assay and analyzed the neurite outgrowth on hippocampal neuronal cells. Finally,
the functional outcome of the NPY and GAL interaction on the dorsal hippocampus was
evaluated in the object-in-place task, specific for spatial hippocampal memory.

2. Materials and Methods
2.1. Animals

Male Sprague-Dawley rats were purchased from CRIFFA (Barcelona; 200–250 g,
6–8 weeks). Animals had free access to food and water and were maintained under the
usual 12 h dark/light cycle, with controlled temperature (22 ± 1 ◦C) and relative humidity
(57–60%). Procedures for preclinical experiments were followed according to EU Directive
2010/63/EU and Spanish Directive (Real Decretory 53/2013) consents. All methods involv-
ing experimental treatments, housing, and maintenance of the animals were authorized
by the Local Animal Ethics, Use, and Care Committee for the University of Málaga, Spain
(2018-0010, 8 May 2018).

2.2. Drugs Used

Diluted peptides were recently prepared in artificial cerebrospinal fluid (aCSF, com-
position is (in mM): 120 NaCl, 20 NaH2CO3, 2 KCl, 0.5 KH2PO4, 1.2 CaCl2, 1.8 MgCl2,
0.5 Na2SO4, and 5.8 D-glucose, pH 7.4). aCSF as a vehicle has been used for control
preparations. Galanin (GAL), the GALR2 agonist M1145, the Y1R receptor agonist [Leu31,
Pro34]NPY, and the GALR2 antagonist M871 were acquired from Tocris Bioscience (Bristol,
UK). A detailed report is accessible in the Supplementary Material on intracerebroventricu-
lar (icv) administration of peptides [25–27,32–34].

2.3. Evaluation of Hippocampal Cell Proliferation

Animals were distributed randomly into five experimental groups: (1) aCSF: con-
trol group, (2) GAL-treated group (3 nmol), (3) Y1R agonist-treated group receiving an
NPYY1R agonist [Leu31,Pro34]NPY (3 nmol), (4) GAL+Y1R: group administered with both
substances, and (5) GAL+Y1R+M871: group injected with GAL, [Leu31,Pro34]NPY, and the
GALR2 antagonist (M871, 3 nmol) (N = 4 in each group). The doses indicated above are
based on previously published protocols [25–27,32].

Twenty-four hours after the icv injection, rats were deeply anesthetized with pentobar-
bital (Mebumal, 100 mg/kg, i.p.) and transcardially perfused with 4% PFA (paraformalde-
hyde (wt./vol, Sigma Aldrich, St. Louis, MI, USA)). Through the dorsal hippocampus
(posterior in primates) (from −1.60 to −5.30 Bregma; Paxinos and Watson, 2006 [33]), the
brains were coronally sliced (30 µm-thick) using a Cryostat (HM550, Microm International,
Walldorf, Germany).

The brain slices were treated for antigenical retrieval at 65 ◦C during 90 min in saline
sodium citrate buffer (pH 6; 10 nM sodium citrate). After this procedure to remove endoge-
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nous peroxidases, the slices were treated 30 min in 0.6% H2O2. Then, slices were incubated
at 4 ◦C overnight with a primary antibody against PCNA (1:1500, Sigma) in 2.5% donkey
serum. After several washes with PBS, the slices were incubated with a secondary antibody
for 90 min (biotinylated anti-mouse IgG, 1/200, Vector Laboratories). Then, ExtrAvidin per-
oxidase (1:100, Sigma, St. Louis, MO, USA) was used to amplify the specific signal for one
hour at room temperature in darkness. Detection was performed with 0.05% diaminoben-
zidine (DAB; Sigma) and 0.03% H2O2 in PBS. After several washes, slices were mounted
on gelatin-coated slides, dehydrated in graded alcohols, and cover-slipped with DePeX
mounting medium (VWR, Radnor, PA, USA). PCNA-labeled cells were studied using the
optical fractionator method in unbiased stereological microscopy (Olympus BX51 Micro-
scope, Olympus, Denmark), as previously described [27] (see Supplementary Materials
for details).

2.4. Assessment of Neuroprotective Factors

To study brain-derived neurotrophic factor- (BDNF) or the anti-apoptotic factor Bcl-
2-immunoreactive (IR) cells, immunofluorescence was performed as follows). Rats were
randomly allocated in different groups: (1) aCSF: control group, (2) GAL group, in-
jected with galanin (3 nmol), (3) Y1R agonist group, administered with the Y1R agonist
[Leu31,Pro34]NPY (3 nmol), (4) GAL+Y1R group, co-injected with both substances, and
(5) GAL+Y1+M871 group, treated with GAL, the Y1R agonist, and the GALR2 antagonist
(M871, 3 nmol) (n = 4 in each group). Twenty-four hours after icv injections, animals were
perfused, and brain slices were processed as described above. An initial incubation with
blocking (5% goat serum) and permeabilization (0.3% triton X100 in PBS) solutions was
performed for 60 min each. Primary antibodies mouse anti-BDNF (Abcam, ab205067, 1:500)
or mouse anti-Bcl-2 (Santa Cruz Biotechnology INC, Dallas, TX, USA, sc-7382, 1:200) were
used to incubate the sections for 24 h, at 4 ◦C. Then, incubations were performed with
proper secondary antibodies: rabbit anti-mouse DyLight 549 (Jackson inmunoResearch
Laboratories, West Grove, PA, USA, 1:100) against anti-BDNF, or rabbit anti-mouse DyLight
488 (Jackson Laboratories InmunoResearch, 1:100) against anti-Bcl-2. Nuclei were detected
with 4′,6-diamidino-2-phenylindole (DAPI) (1 µg/mL). Sections were mounted on slides
with a fluorescent mounting medium (Dako). Quantitative analyses of the BDNF- and
Bcl-2-immunostained cells in the dentate gyrus of the dorsal hippocampus were performed
as described in [35].

2.5. Hippocampal Neuronal Cells’ Viability Analysis

The MTS assay determined cell viability using the CellTiter 96 Aqueous One Solution
Cell Proliferation Assay kit (G3580, Promega, Madison, WI, USA). This assay determines
the levels of cellular 3-[4,5-dimethylthiazol-2-yl-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium, inner salt] (MTS) reduction to formazan, a measure of mito-
chondrial function. Cultured hippocampal neurons (7 days in vitro) were collected, and
approximately 2 × 104 cells per well were plated into 96-well plates, which were treated
for 0, 8, 16, and 24 h, respectively, as described below, in B27-deprived medium, and then
20 µL of MTS solution was added to each well. Plates were incubated at 37 ◦C for 3 h.
The absorbance was determined with a POLARstar Optima plate reader (BMG Labtech) at
490 nm, directly proportional to the number of living cells in the culture. This protocol was
performed as described in [36]. Detailed descriptions are available in the Supplementary
Materials on cell hippocampal culture and reagents’ pharmacologic conditions.

2.6. Analysis of Neurite Outgrowth

A different set of cultured hippocampal neurons was grown and treated for 24 h
under specific pharmacologic conditions. Treated hippocampal cells were divided into
experimental groups: (1) Control group, (2) M1145-treated group (100 nM), (3) Y1R agonist-
treated group receiving an NPYY1R agonist [Leu31,Pro34]NPY (100 nM), (4) GAL+Y1R:
group administered with both substances, and (5) GAL+Y1+M871: group injected with



Biomedicines 2022, 10, 1297 5 of 17

GAL, [Leu31,Pro34]NPY, and the GALR2 antagonist (M871, 1 µM). Hippocampal neurons
were stained with Neuro-Chrom Pan Neuronal Marker (ABN2300, 1:100, Sigma-Aldrich;
Merck Life Science S.L.U., Darmstadt, Germany), and cell nuclei were counterstained with
DAPI (blue). Acquisition of microscopy images and morphometric quantifications was
performed as previously described in [37].

2.7. Assessment of Spatial Memory in Rats

To evaluate spatial hippocampal memory, the object-in-place task was developed based
on spontaneous object exploration behaviors [38]. Since rodents are more physiologically
adapted to dry land tasks, the object-in-place task may better reveal learning/navigation be-
haviors than the Morris water maze task. The Morris water maze task is more stressful than
the object-in-place task maze, which can disturb learning and memory performance [39].
Rats were exposed to the task to assess memory consolidation at 24 h using a plastic open
field, 100 × 100 × 60 cm (length × width × height), under dim light. Rats were single-
housed during the behavioral period. The task trials contain three phases: habituation,
training, and test [40,41] as follows:

Habituation: animals were handled for two days, then familiarized with the empty
arena for 10 min (1 trial, 10 min).

Training: Every animal was placed in the middle of the arena 24 h after the habituation.
The rats were allowed to explore four distinct objects which could not be displaced, during
3 min. The objects were placed in the corners of the arena 10 cm from the sidewall and
were different in color and shape, with a similar weight and size. The objects were cleaned
with 5% ethanol after the trial.

Test: Two objects were exchanged 24 h post-training and then the animals were re-
exposed to explore the objects (1 trial, 3 min). The time spent sniffing or touching the object
with the nose or forepaws was described as exploration. The time spent exploring the
objects in the exchanged location (C) compared with the time spent exploring the objects in
the same place (S) represented the discrimination ability. Then, the discrimination ratio
was calculated as DI = (C − S)/(C + S). Intact object-in-place memory occurs when the
animal spends more time examining the two objects in different locations than the same
ones. The animals’ behavior was scored and analyzed blind to the treatment, using an
overhead video camera and the Raton Time 1.0 software (Fixma S.L., Valencia, Spain).
The video-tracking software EthovisionXT (Noldus, Wageningen, Nederland) was used
to analyze the locomotor activity. Objects’ locations were counterbalanced between trials
and between rats. Furthermore, the arena and the objects were carefully cleaned with
5% ethanol between sessions. The treatments were injected 24 h before the test phase.
Moreover, the total exploration time (Supplementary Table S1) and the locomotor activity
(Supplementary Table S2) between the animal groups were analyzed to validate that the
treatments did not affect the exploration ability of the rats.

2.8. Statistical Analysis

The data obtained are showed as mean ± SEM, and sample number (n) is detailed in
figure legends. GraphPad PRISM 8.0 (GraphPad Software, La Jolla, CA, USA) was used to
analyze all data. One-way analysis of variance (ANOVA) followed by the Newman–Keuls
comparison post-test was performed when indicated in figure legends. For comparing
two experimental conditions, Student’s unpaired t-test statistical analysis was achieved
on the hippocampal survival analysis. Paired Student’s t-tests (two-tailed) were used to
study the discrimination ability between the objects of the animals in the object-in-place
task. Differences were considered significant at p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results
3.1. GAL and Y1R agonist Co-Administration Increased Cell Proliferation in the Dorsal Hippocampus

We assessed the impact of GAL and Y1R agonist co-injection on adult dorsal hip-
pocampal cell proliferation by using the proliferating cell nuclear antigen (PCNA).
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GAL and Y1R agonist co-injection significantly increased cell proliferation, as evi-
denced by the number of PCNA-IR profiles, specifically in the sub-granular zone (Sgz) of
the dentate gyrus compared with GAL, Y1R agonist, and the aCSF control groups (one-way
ANOVA, F4, 15 = 6.24, p < 0.01, Newman–Keuls post-hoc test: p < 0.01) (Figure 1a,b,d). The
addition of GALR2 antagonist M871 completely blocked the GAL and Y1R agonists’ action
in the dentate gyrus (Newman–Keuls post-hoc test: p < 0.01) (Figure 1b), indicating the par-
ticipation of GALR2 in the GAL/NPYY1R agonist interaction to stimulate cell proliferation
on the dorsal hippocampus.
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Figure 1. Co-administration of galanin and Y1R agonists increases cell proliferation in the dentate
gyrus of adult rats. Proliferating cell nuclear antigen immunolabeling (PCNA+) in the dentate
gyrus of the dorsal hippocampus, after the intracerebroventricular (icv) administration of galanin
(GAL) and Y1R receptor agonists, either alone or in combination with or without the GAL 2 receptor
antagonist (M871). (a,d) The majority of the PCNA-IR cells were located in the sub-granular zone
(Sgz) of the dentate gyrus at the border between the granular cell layer (Gcl) and the polymorphic
layer (P) of the dentate gyrus in the dorsal hippocampus. They appeared as groups of 3–4 cells
(Bregma: −3.6 mm, according to the Paxinos and Watson stereotaxic atlas [33]). (b) Quantification of
total PCNA-IR cells in the dorsal hippocampal dentate gyrus. Data represent mean ± SEM, showing
the differences between groups after the injections of aCSF, GAL, the Y1R agonist [Leu31,Pro34]NPY,
or the co-administration of both substances with or without M871. GAL and the Y1R agonist co-
administration augmented the number of PCNA+ cells in the dorsal hippocampus compared to
the lack of effects of the two peptides alone and the aCSF group. Additionally, this effect was
blocked by the GALR2 antagonist M871. ** p < 0.01 vs. the rest of the groups according to one-way
ANOVA followed by Newman–Keuls post-hoc test. N = 4 in each group. Statistical values are
presented in Supplementary Table S1. GAL and Y1R agonist co-injection (d) increased the PCNA-IR
cells in Sgz in the dentate gyrus compared with the control group (c). Arrows indicate examples of
clusters of PCNA+ nerve cells. Dashed lines outline the Gcl of the dentate gyrus. Abbreviations:
aCSF = Control (artificial cerebrospinal fluid), GAL = galanin (3 nmol), Y1R agonist = Y1R receptor
agonist [Leu31, Pro34]NPY (3 nmol), GAL + Y1R = co-administration of GAL and Y1R, GAL + Y1R +
M871 = co-administration of GAL, Y1R, and GALR2 antagonist M871 (3 nmol).
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However, the icv injection of the Y1R agonist induced no significant changes in the
number of PCNA-IR profiles in the Sgz of the dentate gyrus (Figure 1a,b) compared with
the control group. The administration of GAL alone lacked effects on the numbers of
PCNA-IR profiles (Figure 1b) compared with the control group (Figure 1a–c). Statistical
values are presented in Supplementary Table S1.

3.2. Enhanced Cell Proliferation Is Related to Increased Neuroprotective Factors upon GAL and
Y1R agonist Coactivation

To analyze the cellular mechanism related to the observed effects on cell prolifer-
ation, we study neuroprotection mediated by BDNF or Bcl-2 expression on the dorsal
hippocampal dentate gyrus (DG) after GAL and/or NPYY1R agonist administration.

BDNF-positive cells were found specifically in the sub-granular zone (Sgz) of the
dorsal hippocampus, and some scattered cells were observed in the polymorphic layer
(P) of the dorsal DG (Figure 2a). Quantification of BDNF cells demonstrated an increase
in the density of the BDNF-positive cells after the co-injection of GAL and YR1 agonists
compared to control (one-way ANOVA, F4, 15 = 6.59, p < 0.01, Newman–Keuls post-
hoc test: p < 0.01), GAL (Newman–Keuls post-hoc test: p < 0.01), or the YR1 agonist
alone (Newman–Keuls post-hoc test: p < 0.05) (Figure 2a–d). The injection of GAL or the
Y1 agonist alone lacked effects on the number of BDNF-positive cells in the dorsal DG.
Similar to the PCNA-IR profile’s response described above, the presence of the GALR2
antagonist M871 completely blocked this increase (Newman–Keuls post-hoc test: p < 0.05)
(Figure 2b), demonstrating the involvement of GALR2 in this interaction. Statistical values
are presented in Supplementary Table S1.
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Figure 2. Galanin and the Y1R agonist effects on hippocampal brain-derived neurotrophic factor-
immunoreactive (BDNF-IR) cells of the dentate gyrus (DG) hippocampal region. (a) BDNF-IR cells
were located mainly in the sub-granular zone (Sgz) of the dentate gyrus at the border of the granular
cell layer (Gcl), and some scattered cells were found in the polymorphic layer (P) of the dentate gyrus
in the dorsal hippocampus (Bregma: −3.6 mm, according to the Paxinos and Watson [33] stereotaxic



Biomedicines 2022, 10, 1297 8 of 17

atlas). (b) Quantitative morphometric analysis of BDNF-IR cells of the DG. GAL and Y1R agonist icv
co-administration significantly increased BDNF-IR cells in the dorsal DG. This effect was counteracted
in the presence of the GALR2 antagonist M871. * p < 0.05 vs. Y1R agonist and GAL + Y1R + M871;
** p < 0.01 vs. aCSF and GAL according to one-way ANOVA followed by Newman–Keuls post-hoc
test. The vertical lines from the horizontal line above the bars indicate the inter-group comparisons.
Data are expressed as mean ± SEM, n = 4. Statistical values are presented in Supplementary Table S1.
(c,d) Representative microphotographs of the significant increment in the BDNF-positive cells in the
DG after GAL and Y1R agonist co-injection (d) compared with the control group (c). The cells in red
are BDNF-positive using confocal laser microscopy. White arrows point to BDNF-IR cells. Dashed
lines outline the Gcl of the dentate gyrus. The nuclei are shown in blue by DAPI. Abbreviations:
aCSF = Control (artificial cerebrospinal fluid), GAL = galanin (3 nmol), Y1R agonist = Y1R receptor
agonist [Leu31, Pro34]NPY (3 nmol), GAL + Y1R = co-administration of GAL and Y1R, GAL + Y1R +
M871 = co-administration of GAL, Y1R, and GALR2 antagonist M871 (3 nmol).

Bcl-2-positive cells were explicitly found in the sgz of the dorsal DG (Figure 3a). Quan-
tification of Bcl-2 cells lacked effects after GAL or the Y1R agonist alone compared to the
control (Figure 3b). However, the co-injection of GAL and the YR1 agonist significantly
increased (one-way ANOVA, F4, 15 = 4.76, p < 0.05) the number of Bcl-2-positive cells
in the dorsal hippocampal DG (Figure 3b,d) compared to GAL, YR1 agonist, or aCSF
groups (Newman–Keuls post-hoc test: p < 0.05) (Figure 3a–d). Similar to the BDNF-IR
profile’s response described above, the presence of the GALR2 antagonist M871 completely
blocked this increase (Newman–Keuls post-hoc test: p < 0.05) (Figure 3b), demonstrat-
ing the involvement of GALR2 in this interaction. Statistical values are presented in
Supplementary Table S1.
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Figure 3. Dentate gyrus (DG) hippocampal anti-apoptotic Bcl-2-immunoreactive cells (Bcl-2-IR) after
galanin and the Y1R agonist co-administration. (a) Bcl-2-IR cells were located in the sub-granular zone
(Sgz) of the dentate gyrus at the border between the granular cell layer (Gcl) and the polymorphic layer
(P) of the dentate gyrus in the dorsal hippocampus (Bregma: −3.6 mm, according to the Paxinos and
Watson [33] stereotaxic atlas). (b) Quantitative morphometric analysis of Bcl-2-IR cells of the DG. GAL
and Y1R agonist icv co-administration significantly increased Bcl-2-IR cells in the dorsal DG. This effect
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was blocked by treatment with the GALR2 antagonist M871. * p < 0.05 vs. the rest of the groups
according to one-way ANOVA followed by Newman–Keuls post-hoc test. Data are expressed as
mean ± SEM, n = 4. Statistical values are presented in Supplementary Table S1. (c,d) Representative
microphotographs of the significant increase in the Bcl-2-positive cells in the DG after GAL and Y1R
agonist co-injection (d) compared with the control group (c). The cells in green are BDNF-positive
using confocal laser microscopy. White arrows point to Bcl-2-IR cells. Dashed lines outline the Gcl of
the dentate gyrus. The nuclei are shown in blue by DAPI. Abbreviations: aCSF = Control (artificial
cerebrospinal fluid), GAL = galanin (3 nmol), Y1R agonist = Y1R receptor agonist [Leu31-Pro34]NPY
(3 nmol), GAL + Y1R = co-administration of GAL and Y1R, GAL + Y1R + M871 = co-administration
of GAL, Y1R, and GALR2 antagonist M871 (3 nmol).

3.3. GALR2 Agonist and Y1R Agonist Interaction Enhanced Survival and Neurite Outgrowth on
Hippocampal Neuronal Cells

To detect overall neuronal viability modulating effects, the effects of the GALR2 ag-
onist M1145 and/or the Y1R agonist were monitored in an MTS cell proliferation assay
after incubating cells with each substance in a time-course manner. The results of these
experiments are summarized in Figure 4a. Upon incubation with M1145 and the Y1R
agonist, hippocampal neurons’ viability was stable and resulted in an increased rate of
survival at 24 h, as compared with the control (t = 2.535, df = 14; p < 0.05), M1145 (t = 2.765,
df = 14; p < 0.05), and Y1R agonist (t = 2.649, df = 14; p < 0.05) groups (Figure 4a). Moreover,
the specific GALR2 antagonist M871 abolished this effect (t = 2.755, df = 14; p < 0.05)
(Figure 4b), demonstrating that this effect was mediated through the coactivation of GALR2
and NPYY1R. Statistical values are presented in Supplementary Table S1. However, incuba-
tion with M1145 or the Y1 agonist alone revealed a minor influence on neuronal viability
compared to the control. These results indicate that the co-incubation of the GALR2 agonist
and the Y1R agonist in solution exerts a profound effect on the survival of neurons.
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Figure 4. Evaluation of survival and neurite outgrowth on hippocampal neuronal cells. (a) Cell
viability was determined by the MTS assay (CellTiter 96A Aqueous One Solution Cell Proliferation
Assay (Promega)) with hippocampal neurons after treatment with the galanin receptor 2 agonist
(M1145, 100 nM) and Y1R receptor agonist (100 nM), either alone or in combination with or without
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the GAL 2 receptor antagonist (M871, 1 µM). Cells (20,000 per well) were seeded, and after seven days,
the cells were incubated for 0, 8, 16, and 24 h in triplicates with the different groups. Blanks
(medium only plus CellTiter 96A Aqueous One Solution Reagent) were subtracted from the value
measured for each well incubated with the groups. M1145 and Y1R agonists’ incubation significantly
increased neuronal survival in the dorsal DG. This effect was blocked by treatment with the GALR2
antagonist M871. * p < 0.05, 24 h after M1145 and Y1R agonist co-stimulation compared with every
group according to Student’s unpaired t-test statistical analysis. Statistical values are presented
in Supplementary Table S1. (b–d) GALR2 and Y1R agonists’ modulation of neurites’ outgrowth.
Primary hippocampal neurons were treated for 24 h without (control) or with M1145 (100 nM)
and/or Y1R agonists (100 nM) with or without the GAL 2 receptor antagonist (M871, 1 µM). The
numbers of neurites per cell were determined after immunofluorescent labeling of neurons and
neuronal nuclei (Pan Neuronal Marker (ABN2300)/neuronal nuclei (DAPI)). Quantification is shown
in Figure 4b, where the data are presented as mean ± SEM. The combined group is significantly
different from the rest of the groups (** p < 0.01 vs. the rest of the groups according to one-way
ANOVA followed by Newman–Keuls post-hoc test). Statistical values are presented in Supplementary
Table S1. Representative microphotographs of the significant increase in the number of neurites
in the hippocampal cells after M1145 and Y1R agonist treatment (d) compared with the control
group (c). The cells in green are hippocampal neuron-positive using confocal laser microscopy. White
arrows point to neurite extensions. The nuclei are counterstained in blue by DAPI. Abbreviations:
Control = Culture medium, M1145 = galanin 2 receptor agonist (100 nM), Y1R agonist = Y1R receptor
agonist [Leu31-Pro34]NPY (100 nM), M1145 + Y1R = co-administration of M1145 and Y1R, M1145 +
Y1R + M871 = co-administration of M1145, Y1R, and GALR2 antagonist (1 µM).

In the second set of experiments, we determined morphologic details of the effects
of M1145 and the Y1R agonist by analyzing neurite density in primary hippocampal cul-
tures. The data show a significant synergistic increase of mean neurite number upon
coactivation of M145 and the Y1R agonist for 24 h (one-way ANOVA, F4, 20 = 6.81,
p < 0.01) compared to M1145, YR1 agonist, or control groups (Newman–Keuls post-hoc test:
p < 0.01) (Figure 4b–d). The GALR2 antagonist M871 entirely blocks the synergic effects
(Newman–Keuls post-hoc test: p < 0.01) (Figure 4b). Statistical values are presented in
Supplementary Table S1.

3.4. Enhancement of Spatial Memory Consolidation after GAL and Y1R Agonist Co-Administration

We performed the object-in-place task to achieve the functional outcome related to
the findings on the dorsal hippocampus after GAL and Y1R agonist co-administration.
Rats explore freely for ten minutes during the habituation phase without objects and for
three minutes in the training phase with four different objects. Twenty-four hours after
the intracerebroventricular (icv) injections, animals were exposed to the test phase for
three minutes with two objects with exchanged positions to assess drug effects on spatial
memory learning (Figure 5a).

GAL and Y1R co-administration after the acquisition phase improved object-in-place
memory consolidation after a 24 h period compared with aCSF (one-way ANOVA, F4,
25 = 7.98, p < 0.001; Newman–Keuls post-hoc test: p < 0.01; Figure 5b), GAL (Newman–Keuls
post-hoc test: p < 0.001; Figure 5b), and Y1R agonist (Newman–Keuls post-hoc test: p < 0.05;
Figure 5b) groups. GALR2 participation in this effect was achieved since the addition of
the GALR2 antagonist M871 neutralized the enhanced memory performance (Newman–
Keuls post-hoc test: p < 0.05; Figure 5b) induced by the co-administration of GAL and Y1R
agonists in the object-in-place task. However, galanin (GAL) administration alone or the
Y1R agonist alone lacked effects on the object-in-place memory task (Figure 5b) compared
with the control group. Statistical values are presented in Supplementary Table S1.
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after M1145 and NPYY1 co-administration following a 24 h delay. Besides, this effect is counteracted 
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Figure 5. Spatial memory assessment after GAL and the Y1R agonist alone and combined in the
object-in-place memory task. (a) Schematic representation of the trials completed in the object-in-
place task. The animals performed the task in three phases, divided 24 h from each other, where
they explored freely for ten minutes in the habituation phase without objects, three minutes in the
training phase with four different objects, and finally, three minutes in the test phase with two of
the objects with the exchanged position. To achieve memory consolidation, the pharmacological
treatments were administered intracerebroventricularly (icv) to the different groups of animals 24 h
before the testing phase. (b) Performance on the object-in-place task showing the ability of rats
to discriminate the exchanged objects at 24 h post-training after the icv administration of GAL
in combination with the Y1R agonist. An improvement in the object-in-place performance was
observed after GAL and the Y1 agonist co-administration following a 24 h delay. Besides, this effect
is counteracted by the GAL 2 receptor (GALR2) antagonist M871. Data are presented as the mean ±
SEM of the discrimination ratio on the test phase. n = 6 animals in each group. * p < 0.05 vs. Y1R
agonist and GAL + Y1R + M871; ** p < 0.01 vs. aCSF; *** p < 0.001 vs. GAL according to one-way
ANOVA (F4, 25 = 3.56) followed by Newman–Keuls post-hoc test. Statistical values are presented
in Supplementary Table S1. Abbreviations: aCSF = Control (artificial cerebrospinal fluid), GAL =
galanin (3 nmol), Y1R agonist = Y1R receptor agonist [Leu31-Pro34]NPY (3 nmol), GAL + Y1R =
co-administration of GAL and Y1R, GAL + Y1R + M871 = co-administration of GAL, Y1R, and GALR2
antagonist M871 (3 nmol).

Moreover, the total exploration time was analyzed during the training and test ses-
sions. We observed that the exploration capacity of the animals was not affected by the
treatments (Supplementary Table S2). Overall, the animals had a significant preference for
the objects that were exchanged compared with objects that remained at the same location,
as evidenced by within-group analyses: Control (t = 7.05; df = 5; p < 0.001), GAL (t = 5.77;
df = 5; p < 0.001), Y1R agonist (t = 14.70; df = 5; p < 0.001), GAL + Y1R (t = 10.79; df = 5;
p < 0.001), and GAL + Y1R + M871 (t = 14.89; df = 5; p < 0.001). Furthermore, the time
exploring the relocated objects was significantly higher in the GAL + Y1R group compared
with aCSF (one-way ANOVA, F4, 25 = 6.26, p < 0.01; Newman–Keuls post-hoc test: p < 0.01;
Supplementary Table S2), GAL (Newman–Keuls post-hoc test: p < 0.001; Supplementary
Table S2), Y1R agonist (Newman–Keuls post-hoc test: p < 0.05; Supplementary Table S2),
and GAL + Y1R + M871 (Newman–Keuls post-hoc test: p < 0.05; Supplementary Table S2)
groups. Spontaneous motor behavior showed no treatment effects (data of the locomotor
activity is shown in Supplementary Table S3).
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4. Discussion

We have demonstrated that GAL and Y1R agonist co-administration increased cell
proliferation in the dorsal dentate gyrus (DG) of the hippocampus by using the proliferating
cell nuclear antigen (PCNA). In agreement, we have recently observed the ability of the
co-agonist treatment to enhance the cell proliferation in the DG of the ventral hippocampus
throughout 5-Bromo-2′-deoxyuridine (BrdU) expression analysis at 24 h [32]. The Y1R
agonist alone increased cell proliferation in the ventral DG in this previous work. However,
we observed that the Y1R agonist lacks effects on cell proliferation in the dorsal DG. These
findings suggest a differential role for NPY in subregions of the hippocampal formation,
conferring functional differences between ventral and dorsal parts [1,3,42]. Accordingly,
our results agree with previous evidence showing no differences in the dorsal hippocampus
in the DG cell proliferation after NPY injection under physiological conditions in rats [22].
Further experiments using Y1R antagonists might uncover NPY’s tonic actions and its
neurotrophic potential through Y1R.

In addition, species-specific differences between rats and mice in neurogenesis have
been reported [43,44]. Thus, previous studies indicating that in physiological conditions
exogenous NPY promotes DG cell proliferation on the dorsal hippocampus were performed
on mice or in vitro [15,16]. Furthermore, we may speculate a different role exerted by NPY
in pathological conditions, in which neurogenesis is affected since NPY induced cell prolif-
eration on dorsal DG in the TMT-induced model of hippocampal neurodegeneration [22].
In this way, further research is required to study NPY and GAL interactions in pathological
models of neurodegeneration. Regarding the injection of GAL alone, we observed no effects
on dorsal hippocampal cell proliferation. Previously, it was reported that GalR2/3 medi-
ated the proliferative and trophic effects of GAL [29], indicating in subsequent studies a
role for GALR3 [45]. However, these experiments referred to in vitro conditions, exhibiting
significant differences in systems in vivo.

The cellular mechanisms related to the observed effects on cell proliferation after
GAL and NPYY1R agonist co-administration seem to be mediated by increased BDNF
expression on the dorsal hippocampal DG. BDNF belongs to a family of neurotrophins
that have a crucial role in increasing neurogenesis through changes in proliferation and
cell survival [23]. Recent evidence showed that physical exercise protects the brain from
Alzheimer’s disease (AD) memory impairment through increasing hippocampal neuro-
genesis in a necessary combination with BDNF [46]. Thus, agents that promote the close
correlation between dentate neurogenesis and BDNF, as seen under the GAL and Y1R
agonist combination, might be the key to preventing or curing AD. In this respect, our data
are consistent with previous results on the BDNF-related neuroprotective effect of NPY
in models of neurodegeneration [47,48]. As discussed above, we found neither effects on
BDNF nor Bcl-2 expression after the injection of the Y1R agonist alone. In agreement, NPY
administration lacked effects on BDNF or Bcl-2 expression on the dorsal hippocampus in
physiological conditions [47,49].

Interestingly, GAL and Y1R agonist co-administration is accompanied by an enhanced
expression of the anti-apoptotic protein Bcl-2 on the dorsal DG. Bcl-2 protects the mitochon-
drial membrane by forming heterodimers with proapoptotic proteins, thus preventing the
release of cytochrome c [50]. Transgenic overexpression of Bcl-2 in neuronal cells results in
increased hippocampal neurogenesis caused by reducing cell death of neuronal progenitor
cells and increasing their survival [13,51]. NPY was shown to stimulate cell proliferation via
activation of the mitogen-activated protein kinase (MAPK) pathway, leading to induction
of members of the Bcl-2 family and subsequent regulation of neurotrophic factors, such
as BDNF [52]. Accordingly, we observed that the GALR2–Y1R interaction could lead to
increased integration in the intracellular signaling, as in the MAPK pathway [32]. Conse-
quently, we can assume that GAL and Y1R agonists exert their neuroprotective actions by
modulating neurotrophins and anti-apoptotic pathways.

These cellular effects induced by GALR2 and the Y1R agonist were achieved in hip-
pocampal cells by studying survival in a B27-deprived medium. GALR2 and Y1R agonist
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co-incubation reversed the B27 deprivation-induced reduction in survival of hippocampal
cells. Growth medium B27 promotes the growth and survival of embryonic hippocampal
neurons. In a previous study, deprivation of B27 growth medium similarly caused reduced
hippocampal cell viability, as observed in [53]. Based on our previous data, enhanced
MAPK intracellular signaling may mediate the actions of GALR2 and Y1R in B27-deprived
hippocampal cells, as discussed above. Moreover, GALR2 and Y1R agonist co-incubation
promoted the neurites’ outgrowth at 24 h in hippocampal cells, where BDNF might be a
common mechanism in our in vivo and in vitro experiments. In agreement, it was shown
that BDNF exerted a promoting effect on hippocampal survival and dendritic outgrowth in
primary hippocampal cultures with B27 deprivation [54].

The functional outcome was validated by demonstrating the enhancement of spatial
learning after GAL and Y1R agonist co-administration on the object-in-place task at 24 h.
In humans, object-in-place memory is critical for everyday living, allowing the detection
of a last event within an environment during a single encounter. The hippocampus has a
manifest function in object recognition memory tasks with a spatial component, such as the
object-in-place task [38,55,56]. Moreover, patients with neurodegenerative diseases, such
as Alzheimer’s disease (AD), presented disturbed object-in-place associative recognition
memory [57]. Subsequently, electrophysiological data proved that the spatial location of
objects is detected by hippocampal neurons [58], and their lesion impairs object-in-place
tasks [59,60]. Within the hippocampus, the selective inactivation of the DG subregion was
shown to impair the encoding of object location memory [61]. Remarkably, the DG was the
only hippocampal subregion found to decrease NPY-IR fibers in a rat model of AD [62].
In agreement with our results, genetically increased neurogenesis on the dorsal DG of
the hippocampus improved spatial learning in aging rodents [63]. However, previous
evidence has shown that proliferating dentate granule cells achieve functional integration
into the hippocampal neuronal network as early as two weeks after birth [64,65]. We may
speculate that the molecular mechanisms underlying the memory-enhancing effects of
the Y1R agonist and GAL at 24 h could be mediated by enhancing the signaling of these
two protomers in the Y1R–GALR2 heterocomplexes in the neurogenic zone of the dorsal
hippocampus. Moreover, our in vivo and vitro findings, regarding a BDNF enhancement in
the dorsal dentate gyrus and on survival and neurites’ outgrowth on hippocampal neurons
after 24 h, might also support the contribution of BDNF in this mechanism. Interestingly,
running was shown to enhance neuronal proliferation and BDNF signaling on the dorsal
hippocampus related with augmented pattern separation during memory tasks at a 24 h
delay after training in rodents [66] and humans [67]. Thus, the increased signaling for both
Y1R–GALR2 heterocomplexes and BDNF could induce plasticity in the encoded hippocam-
pal networks to enhance the connections that will be reactivated during retrieval 24 h later.
Accordingly, immature granule cells of the hippocampus have been shown to be more
excitable and to have enhanced plasticity compared to mature neurons [68,69]. Besides,
the neuroprotective molecule P7C3 increased neuronal cell proliferation and the BDNF
signaling in the dorsal hippocampus associated with improved spatial memory learning
effects at 24 h in neurodegenerative rodent models [70,71]. In the formation of the long-term
spatial memory, it is proposed that it may be brought through the increased formation of
BDNF–TrkB signaling complexes and the anti-apoptotic factor Bcl-2 in the hippocampal
nerve cells, enriched in activated Y1R-GALR2. Through activation of TrkB and Bcl-2 com-
plexes, transcription factors can be modulated to produce adaptor proteins that bind to and
stabilize the short-term memory into a long-term memory through combined binding of
the adaptor proteins to two or more heteroreceptor complexes, and combined binding of
the cytoskeleton/postsynaptic proteins and the hetero/homo-receptor complexes [72,73].
To study the long-term effects of the Y1R agonist and GAL on spatial memory, related to
the survival and integration of proliferating cells in the dorsal hippocampal circuit, further
research is required.
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5. Conclusions

Taken together, the Y1R agonist and GAL may promote cell proliferation in the DG of
the dorsal hippocampus and the induction of neuroprotective factors, such as BDNF and
Bcl-2. These effects may be mediated by Y1R–GALR2 heteroreceptor complexes [25–27,32]
to mediate increased survival and neurites’ outgrowth observed on neuronal hippocampal
cells. Accordingly, these cellular effects may be linked to the improved spatial memory
effects observed. In this way, the short-term memory of the object-in-place task can be
achieved through a reorganization of the signaling in this Y1R–GALR2 heteroreceptor com-
plex, including the homo-receptor complex associated with altered hetero/homo-signaling
that represents the augmented spatial memory. Our data may suggest the development of
heterobivalent agonist pharmacophores, targeting Y1R–GALR2 heterocomplexes, therefore
acting on the neuronal precursor cells of the DG in the dorsal hippocampus for the novel
therapy of neurodegenerative cognitive-affecting diseases.

6. Patents

Patent P202030533 with WO 2021/245315 partially resulted from the work reported in
this manuscript.
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