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Abstract

:

Background: Neuropeptide S (NPS) is a multifunctional regulatory factor that exhibits a potent anxiolytic activity in animal models. However, there are no reports dealing with the potential molecular interactions between the activity of selective serotonin reuptake inhibitors (SSRIs) and NPS signaling, especially in the context of adult neurogenesis and the expression of noncanonical stress-related neuropeptides such as neuromedin U (NMU). The present work therefore focused on immunoexpression of neuromedin U receptor 2 (NMUR2) and doublecortin (DCX) in the rat hippocampus after acute treatment with escitalopram and in combination with selective neuropeptide S receptor (NPSR) blockade. Methods: Studies were carried out on adult, male Sprague-Dawley rats that were divided into five groups: animals injected with saline (control) and experimental individuals treated with escitalopram (at single dose 10 mg/kg daily), escitalopram + SHA-68, a selective NPSR antagonist (at single dose 40 mg/kg), SHA-68 alone, and corresponding vehicle control. All animals were sacrificed under halothane anaesthesia. The whole hippocampi were quickly excised, fixed, and finally sliced for general qualitative immunohistochemical assessment of the NPSR and NMUR2 expression. The number of immature neurons was enumerated using immunofluorescent detection of doublecortin (DCX) expression within the subgranular zone (SGZ). Results: Acute escitalopram administration affects the number of DCX and NMUR2-expressing cells in the adult rat hippocampus. A decreased number of DCX-expressing neuroblasts after treatment with escitalopram was augmented by SHA-68 coadministration. Conclusions: Early pharmacological effects of escitalopram may be at least partly connected with local NPSR-related alterations of neuroblast maturation in the rat hippocampus. Escitalopram may affect neuropeptide and DCX-expression starting even from the first dose. Adult neurogenesis may be regulated via paracrine neuropeptide S and NMU-related signaling.
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1. Introduction


Pharmacology of antidepressant drugs is an important area of contemporary neuroscience and clinical psychiatry. Dynamic approaches of neurochemical studies have resulted in several reports that suggest a distinct involvement of several neuropeptides in the origin of the anxiety responses [1,2,3]. Hence, a hypothesis assuming that pharmacological effects of some antidepressants may be triggered alternatively via modulation of peptidergic signaling seems to be reasonable. An experimental model designed to verify this assumption may also help to understand endogenous mechanisms of depression and to outline potential perspectives in the field of novel therapeutic strategies aimed at modulation of neuropeptide action in the brain.



Adult neurogenesis is considered to be important in the processes of memory, learning, and neural plasticity. In the adult mammalian brain, neural stem cell niches are located in the subgranular zone (SGZ) of the hippocampal dentate gyrus, the subventricular zone (SVZ) of the lateral ventricles, and in some subependymal regions of the hypothalamus. Adult neurogenesis remains an intriguing topic in contemporary neuroscience; however, there is a lack of convincing evidence that would confirm the presence of stable and physiologically relevant long-term neural proliferation in the adult human brain [4,5,6].



Neuropeptides such as neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), and galanin have emerged as important mediators for signalling local and extrinsic interneuronal activity to subgranular zone precursors [7].



A number of recently formulated hypotheses suggest that impaired adult neurogenesis is related to the pathogenesis of mental disorders, e.g., depression, and schizophrenia. Neurogenesis, neuroprotection, and cell death are therefore related to the mechanism of action of antidepressants [8,9,10]. Moreover, several studies also confirm the possibility of antipsychotics-stimulated neurogenesis, mediated via multiple molecular mechanisms [11,12]. The mechanisms involved in neurogenesis caused by second generation antipsychotics are not fully understood, and getting to know them may help in developing more effective strategies for schizophrenia treatment.



Escitalopram is an S-enantiomer of citalopram, a selective serotonin reuptake inhibitor (SSRI) with beneficial pharmacological properties and a satisfactory tolerance profile. Escitalopram has a minimal affinity to serotonin, dopamine, and cholinergic receptors, which highly reduce the range of its potential side effects. SSRI-related changes in energy homeostasis and weight gain are often clinically observed [13,14]; however, little is known about stress-related peptidergic neuronal pathways, which could be additional targets for these medications. Although SSRIs often exhibit anxiolytic and sedative properties, their potential direct or indirect effects on stress-related neuropeptides signalling are hitherto completely unknown.



Recently, several novel stress and anxiety-related neuropeptides have been discovered in the brain. Almost all of them exposed both the unique properties and multidirectional activities at the level of numerous neural pathways. Against this background, newly identified modulators of stress responses neuromedin U (NMU) and neuropeptide S (NPS) seem to be specifically worth investigating. Neuropeptide S (NPS), as a product of 89-amino acid propeptide conversion, is a ligand of the G-coupled receptor (NPSR) formerly known as GPR 154 [15]. NPSR stimulation causes calcium release to the neuroplasm, increases cAMP levels, and probably phosphorylates protein kinase MAPK resulting in the activation of neurons [16,17]. In rodents, a limited population of NPS-expressing glutamatergic neurons is located mainly in the brainstem, hypothalamus, and amygdala [18,19]. The NPS receptor is in turn widely distributed in the rat brain, especially in the hypothalamus, amygdala, hippocampus, olfactory bulb, as well as in some thalamic and cortical regions [20]. NPS is a neuromodulator with a wide spectrum of regulatory activity in the brain; it exposes anxiolytic action, stabilizes wakefulness, regulates food intake, and plays a role in the mechanisms of addiction [15,21,22]. From a neuropsychiatric viewpoint, an anchoring of NPS in the fear-related neural pathways seem to be particularly important. Central NPS administration causes a potent anxiolytic effect in rats connected with elevated dopamine release in the prefrontal cortex but not with modulation of serotoninergic transmission [23,24]. Interestingly, several polymorphisms in the human NPSR gene may potentially increase a risk of panic anxiety episodes [25]. NPS secretion within particular brain structures is probably triggered by exposition to stress [26]. To date, very little is known about the neurochemistry of NPS signalling in the human brain, with a population of NPS mRNA-expressing neurons so far only being found in the pontine gray matter [27].



Neuromedin U (NMU) is an anorexigenic 25-amino acid peptide involved in the regulation of numerous neurophysiological processes [28,29]. In the rat brain, the highest, albeit dispersed, level of NMU immunoreactivity is found in the nucleus accumbens (NAc), hypothalamus, septum, amygdala, globus pallidus, and brainstem [30]. In the human brain, NMU precursor protein was identified in the hypothalamus, NAc, thalamus, locus coeruleus (LC), cingulate, and medial frontal gyri [31]. In comparison, NMU mRNA expression was detected in the rat hypothalamus as well as in the brainstem nuclei [32]. Two types of metabotropic NMU receptors are currently known: NMUR1 and NMUR2, coupled with Gq and Gi/0 proteins, respectively [28]. NMUR1 is present almost exclusively in the peripheral tissues, while in contrast, NMUR2 is expressed predominantly in the CNS, especially in the hypothalamus, thalamus, hippocampus, substantia nigra, and brainstem [33].



The present study aims to shed light on this area by determining if and how acute treatment with escitalopram influences the expression of NMUR receptor 2 (NMUR2) and number of DCX-positive neuroblasts in the adult rat hippocampus. We hypothesize that the potential effect of escitalopram on newborn neurons’ maturation in the SGZ may possibly be related to local modulation of neuropeptide S signalling. The second purpose of the study was also to investigate the possible effect of NPS transmission blockade with SHA-68, a selective NPSR antagonist, on SSRI-related changes in NMUR2 in the context of adult neurogenesis.




2. Results


The number of DCX-expressing cells (Figure 1 and Figure 2) was significantly lower in the groups of animals exposed to escitalopram, escitalopram + SHA-68, and SHA-68 compared to the control (saline) group (F4,20 = 31.7; p < 0.001). Furthermore, the number of immunopositive neuroblasts was noticeably decreased in the escitalopram + SHA68 group compared to the escitalopram group (F4,20 = 31.7; p = 0.015). We also found that the number of DCX-positive cells in animals exposed to SHA-68 solvent (vehiculum) was also reduced (F4,20 = 31.7; p = 0.035). Upon qualitative and descriptive morphological assessment of the whole hippocampus of all examined animals, a dense network of NMUR2-expressing fibres was mainly found in the CA1 area (Figure 3). Dendritic trees penetrating stratum radiatum exhibited an abundant NMUR2 immunoreactivity in all experimental groups (Figure 3a,d,g,j). A decreased density of NMUR2-expressing fibres in the SGZ was recorded in both escitalopram and escitalopram + SHA68 groups compared to controls and vehiculum (Figure 3d–i). Noteworthy, an aggregation of intensively NMUR2 positive round or oval cells was also observed in the retrosplenial cortex (Figure 3c,f,i,j). In rats treated with escitalopram + SHA-68, a distinct number of perikarya with their proximal processes seemed to manifest less dense NMUR2 immunostaining (Figure 3h) when compared to controls (Figure 3i). Numerous NPSR-expressing cells were widely distributed in whole CA1, CA3, and dentate gyrus, where most of them exposed high fluorescence intensity (Figure 4). Nevertheless, any significant drug treatment-related quantitative changes in both neuropeptide immunoexpression (e.g., number of positive cells) were not found.




3. Discussion


Neuropsychiatric medications may distinctly affect canonical adult neurogenesis in animal models [9,34,35]. Most of them can cross the blood-brain barrier and modulate some signalling pathways within neural stem cell niches. Several studies reported that SSRI may exhibit differing, age- and sex-related effects on adult neurogenesis in animal models [36,37,38]. Antidepressants from diverse pharmacological groups, e.g., fluoxetine (selective serotonin reuptake inhibitor, SSRI), venlafaxine (selective noradrenaline reuptake inhibitor, NSRI), and tranylcypromine (monoaminooxidase inhibitors, IMAO) act as relatively potent stimulators of adult hippocampal neurogenesis [8,9,10,39,40]. The stimulatory effect of aforementioned antidepressants on NSCs proliferation and subsequent activation of DCX-expressing neuroblasts is the aftermath of neuronal MAPK/ERK i Wnt/GSK-3 pathways modulation [41,42,43]. Nevertheless, our results seem to surprisingly be in line with a contradictory study showing that extended treatment with other SSRI antidepressant fluoxetine decreased the number of immature DCX-expressing neurons in the baboon hippocampus [44]. In contrast to this work, however, we used a single dose of escitalopram instead of chronic treatment, and the experiment was carried out on rat brains where differentiation of newborn neurons is significantly faster than in primates [45]. It should not be excluded that even a single dose of escitalopram as well as other SSRIs such as fluoxetine may accelerate the maturation of neuroblasts as has been observed in mice hippocampus [8,46]. Such an accelerated maturation might result in a more rapid loss of DCX expression and thus lower numbers of DCX-positive cells. As these more mature neurons no longer express DCX, increased maturation may not have been reflected in our analysis of DCX-positive cells. The mechanism of this effect is not known. It should be noted that some SSRIs including fluoxetine may modulate several aspects of brain neurochemistry in a serotonin-independent manner, e.g., via inhibition of cellular Wnt signalling [47] and voltage-gated potassium channels closing [48]. Interestingly, only acute but not chronic fluoxetine administration affects inhibitory synapse formation [49] while extended SSRI treatment has been shown to upregulate adult neurogenesis and neuroplasticity through increased brain-derived neurotrophic factor (BDNF) signalling [50]. It seems to stay in accordance with a hypothesis suggesting that antidepressants may also act starting at the first dose, and some observable neurochemical changes may appear within hours of administering a single dose. A differential psychopharmacological or molecular effect can possibly be present following acute rather than long-term SSRI administration before detectable behavioural changes occur [51,52]. Moreover, escitalopram + SHA-68 coadministration as well as injection of only SHA-68 caused a further significant reduction in the number of DCX-immunopositive cells (Figure 2), suggesting that NPS signalling may play an unknown role in the process of neural precursors differentiation/maturation in the rat hippocampus. A distinct number of NPSR expressing cells in the dentate gyrus (Figure 4) may support this hypothesis; however, a possible coexpression of NPSR with DCX and other neurogenic markers such as Sox-2, TUC-4, and Musashi1 in the SVZ should definitely be examined. On the other hand, DCX protein seems to be particularly sensitive to stress in some mammals, e.g., its hippocampal expression drops rapidly upon 30 min after capture in wild-caught microchiropteran bats [53]. An acute i.p. administration of escitalopram, SHA-68, or even DMSO-containing solvent medium can possibly be considered a stressogenic stimulus that affects neural progenitor differentiation; however, saline injection does not reduce the number of DCX-expressing cells. SHA-68 is a polycyclic, fluorinated compound insoluble in aqueous solutions. A mixture of organic solvents based on Cremophor and dimethylsulfoxide (DMSO) must therefore be used to prepare a stable and homogenous SHA-68 solution [54]. It should be taken into account that DMSO itself is not a physiologically inert agent; its administration may increase functional expression of several receptors, e.g., NMUR or bradykinin in cell cultures [55,56,57]. DMSO is considered to affect motor activity and to modulate the sleep architecture in rats; however its effect on adult neurogenesis is not yet known [58]. Moreover, several reports indicate that DMSO may modulate synaptic transmission at the level of hippocampal circuits [59]. DMSO was also considered a proapoptotic agent that distinctly stimulate cell death in an in vitro rat hippocampal culture preparation [60]. On the other hand, low concentrations (1%) of DMSO reduced oligodedrogenesis but stimulate astrogenesis in neural stem and progenitor cells cultures (NSPC) from the adult hippocampus [61]. Noteworthy, even very low concentrations (0.05%) of DMSO decreased the input resistance of hippocampal neurons with concomitantly reduced excitability [62]. Given all aforementioned considerations, it should be highlighted that the effect of SHA-68 cannot be precisely evaluated because it is not possible to determine the extent to which the DMSO contributed to this effect. An additional control group with the SHA-68 solvent (vehiculum; VC) was therefore established in our study. Nevertheless, some new physiologically inert but DMSO-free SHA-68 solvents have to be urgently designed. Despite all imperfections, our initial finding touched upon some structural issues that may potentially be interesting from the neuropharmacological viewpoint and so far have not been investigated. It should be perceived as a starting point to a broader examination of novel mechanisms of antidepressant action.



The hippocampus has been known to be an important part of the neuromedin U signaling system, which receives its NMU projections from the lateral hypothalamus mainly. Indeed, upon examining the hippocampal area, a distinct number of neurons and glial cells exhibited NMUR2 immunoreactivity. We have also shown a distinct expression of NMUR2 in the dentate gyrus of control rats, particularly abundant in the subgranular zone (Figure 3). These may cautiously suggest a so far understudied relationship between neuropeptide S and neuromedin U signaling and hippocampal adult neurogenesis. However, further studies are definitely required to support this possible regulatory interaction. Noteworthy pretreatment with NMU administration prevented the LPS-related glial cells death in vitro; however, NMU exposed no effect on hippocampal neuronal degeneration induced directly by interleukin-1beta administration. On the other hand, NMU increased the BDNF level in rat hippocampus that may support neuronal viability in this region [63]. Stimulation of brain NMUR2 has been found to modulate anxiety-like behaviour and trigger stress-related molecular events by CRH exocytosis [64,65]. NMU-23 has been shown to have antidepressant-like behavioural effects in mice [64]. On the other hand, local NMU signaling circuits in nucleus accumbens acting via NMUR2 may also reduce reward responses induced by several psychoactive substances and ethanol [66,67]. Interestingly, numerous neurons in the retrosplenial cortex (RSC) exhibited a distinct NMUR2 immunoexpression. The RSC is reciprocally connected with the hippocampus, suggesting that its functionally plastic neuron region not only regulates sensory input to the hippocampal circuit, but may also be considered a crucial site of information storage. Recent evidence reports that RSC acting as an important part of the so-called “where/when” cortical pathway may be essential for consolidating both spatial and contextual memories [68]. It should not be excluded that NMUR2-related signalling may play a known role in the aforementioned process. The mechanism of neuropeptides action at the level of stem cell niches is in general still not clear, e.g., short exposure to neuropeptide Y (NPY), a potent stimulator of subventricular neurogenesis increased the nuclear level of phosphorylated form of extracellular signal-regulated kinase 1/2, starting cell proliferation. More extended 6 h-long NPY administration amplified the phosphorylated form of c-Jun-NH(2)-terminal kinase signal in growing axons, consistent with axonogenesis [69]. In the mouse hippocampus, the proliferative effect of NPY is mediated by the Y1 but not the Y2 receptor. NPY-induced neural proliferation in SGZ is abolished by Y1 antagonist administration. The same effect was observed in Y1(-/-) mice [70]. In the present study we have shown for the first time that early pharmacological effects of escitalopram may be at least partly connected with local NPSR-related alterations of NMUR2 signalling and neuroblast maturation in the rat hippocampus.



Nevertheless, we have to point out several limitations of the study, which have to be taken into account. Firstly, quantitative analysis of immunohistochemical reactions for NPSR and NMUR2 was not carried out and gene expressions were not measured. Secondly, there was also relatively small number of rats; however, we have applied a set of appropriate statistical methods. Behavioural tests were not performed, but this will be provided in our ongoing research project. To conclude, it is definitely worth considering expanding the experiment to complement our initial report, e.g., it should be supplemented by the analysis of NMUR2 and NPSR coexpression with some markers of adult neurogenesis.




4. Materials and Methods


4.1. Animals


The studies were carried out on adult (2–3 months old, 180–210 g) male Sprague-Dawley rats from Medical University of Silesia Experimental Centre housed at 220 °C with a regular 12/12 light-darkness cycle with access to standard Murigran chow and water ad libitum. All experimental procedures were approved by the local bioethics committee at the Medical University of Silesia (agreement no 36/2012, dated 18 April 2012).




4.2. Drug Administration


Five groups of rats (n = 10) have received, respectively, control vehicle (physiological salt, 0.25 mL), escitalopram (10 mg/kg), escitalopram (10 mg/kg) + SHA-68 (40 mg/kg), SHA-68 (40 mg/kg), and SHA-68 solvent (0.25 mL) by a single intraperitoneal injection. Escitalopram + SHA-68 have been administered in the form of two independent injections (drug and inhibitor). Above mentioned non-toxic doses of drugs were established on the basis of pharmacological standards developed in preclinical studies focused on the antidepressant actions on the neuropeptide at the level of peptidergic signalling. Escitalopram in the form of powder was dissolved in saline solution (NaCl 0.9%), crystalline SHA-68 (NPSR receptor antagonist) in the PBS containing 10% Cremophor EL, and 10% DMSO and injected i.p.




4.3. Brain Tissue Collection


Twenty-four hours after the last drug administration, animals were anaesthetized and perfused with 4% paraformaldehyde PBS (pH 7.2–7.4). The hippocampi with an ipsilateral retrosplenial cortex were quickly excised, postfixed, dehydrated, embedded in paraffin, and finally sectioned on the microtome (Leica Microsystems, Wetzlar, Germany) in the coronal plane (−2.00 to −2.80 mm from bregma) at 7 μm thick slices, according to Paxinos & Watson’s The Rat Brain in Stereotaxic Coordinates (2007) [71].




4.4. Immunohistochemistry and Immunofluorescence


For immunohistochemical assay of neuroblast distribution in the SGZ, after blocking with 0.1% Triton X-100 (Sigma, T-7878, Darmstadt, Germany) and 10% serum, sections were incubated overnight at 40 C with the goat anti-rat DCX monoclonal antibody (Santa Cruz Pharmaceuticals, Dallas, TX, USA, 1:200). Brain sections were also incubated with polyclonal rabbit antibodies against the following rat antigens: neuropeptide S receptor (1:500, Bioss Antibodies, bs-11430R, Woburn, MA, USA) and NMUR2 (1:500, Novus Biologicals, Cambridge, UK, NBP1-02351). Primary antibodies against DCX and NPSR were followed by fluorochrome-conjugated secondary antibody: goat anti-rabbit FITC (1:200, Abcam, Cambridge, UK) for 1 h at 40 C. Overnight incubation with primary antibodies against NMUR2 were followed by administration of biotynylated anti-goat/anti-rabbit secondary antibody (1:200), and then an avidin-biotin-horseradish peroxidase complex (Vectastain ABC kit, Vector Labs, San Francisco, CA, USA). 3,3′-diaminobenzidine (DAB) was used to complete the reaction and visualize receptors expressing neurons. Sections incubated with rabbit/mouse IgG instead of primary antibody were used as negative controls in order to check specificity of primary antibodies. Finally, sections were mounted on glass slides with DAPI-containing medium or DPX and coverslipped. All images were captured and analyzed with Nikon Coolpix optic systems and processed using Image ProPlus software (Media Cybernetics, Rockville, MD, USA). The same planes of the brain were chosen from each set of slides. For the calculation of NMUR2 and DCX-expressing cells, 5 slices (every fifth one from the series) per rat for each hippocampal slice were used. Anatomically comparable sections were analyzed and immunopositive cells were counted using ImageJ 1.43 u software. We counted the total number of DCX-expressing cells in the subgranular zone for each rat (which was the sum of cells from 10 slices) and then divided the results per length of the analyzed dentate gyri (SGZ) to obtain number of immunopositive cells per one millimeter of length. All green fluorescent or brown stained multipolar/polygonal cells with the diameter not smaller than 20 μm and visible nuclei were counted. Exclusion criteria were as follows: cells located outside of the SGZ, perikarya with invisible nuclei, cell size less than 20 μm, yellow or too intense (white) fluorescence, regular round shape without dendrites, or protrusions. The immunopositive processes without their perikarya were also omitted.




4.5. Statistical Analysis


Statistical analysis was performed using data analysis software system Statistica (TIBCO Software Inc. 2017, version 13). Data is presented as mean ± SEM. Mean differences between groups were analyzed using ANOVA followed by Tukey’s post hoc test. Differences were considered statistically significant at p < 0.05 with two confidence levels (0.01 ≤ p < 0.05 and p < 0.01).





5. Conclusions


Pharmacological effects of escitalopram may be at least partly connected with local neuropeptide S-related alterations of neuroblast maturation in the rat hippocampus. A single injection of escitalopram and NPSR receptor antagonist SHA-68 decrease the number of DCX-expressing immature neurons in the SGZ. Neuromedin U receptor 2 (NMUR2) expression in the SGZ seems to be also reduced; however, further fully quantitative studies are required to confirm this preliminary observation. Escitalopram may act starting even at the first dose and several changes in the DCX-expression may appear within hours of administering an acute dose of the antidepressant. This can indirectly support a recently suggested possibility that adult neurogenesis may be regulated via paracrine neuropeptide S and NMU-related signaling. The preliminary results may cautiously suggest that SSRIs neurochemical activity at the level of hippocampus is not limited to their interactions with serotonin signalling, but also affects some peptidergic pathways. However, further molecular studies are urgently required to confirm this potential regulatory interplay.







Author Contributions


Conceptualization, A.P.-N. and A.P.; methodology, A.S.-Ś. and A.P.-N.; formal analysis, A.P.; investigation, A.P.-N., A.S.-Ś., I.B. and K.B.; resources, A.P.-N. and B.Ł.-S.; data curation, A.P., A.S.-Ś. and A.P.-N.; writing—original draft preparation, A.P. and A.P.-N.; writing—review and editing, A.P., J.J.W. and M.K.; visualization, A.P.; supervision, A.P.; project administration, A.P.; funding acquisition, A.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Medical University of Silesia, grant for Department of Histology, number PCN-1-011/K/0/O.




Institutional Review Board Statement


The animal study protocol was approved by the Ethics Committee of Medical University of Silesia (no. 21/2019, dated 3 January 2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would particularly like to acknowledge the contribution of Aniela Grajoszek to the experimental procedures.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rana, T.; Behl, T.; Sehgal, A.; Singh, S.; Sharma, N.; Abdeen, A.; Ibrahim, S.F.; Mani, V.; Iqbal, M.S.; Bhatia, S.; et al. Exploring the role of neuropeptides in depression and anxiety. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2022, 114, 110478. [Google Scholar] [CrossRef] [PubMed]

	



Pałasz, A.; Janas-Kozik, M.; Borrow, A.; Arias-Carrión, O.; Worthington, J.J. The potential role of the novel hypothalamic neuropeptides nesfatin-1, phoenixin, spexin and kisspeptin in the pathogenesis of anxiety and anorexia nervosa. Neurochem. Int. 2018, 113, 120–136. [Google Scholar] [CrossRef] [PubMed]

	



Kormos, V.; Gaszner, B. Role of neuropeptides in anxiety, stress, and depression: From animals to humans. Neuropeptides 2013, 47, 401–419. [Google Scholar] [CrossRef] [PubMed]

	



Moreno-Jiménez, E.P.; Terreros-Roncal, J.; Flor-García, M.; Rábano, A.; Llorens-Martín, M.J. Evidences for Adult Hippocampal Neurogenesis in Humans. Neuroscience 2021, 41, 2541–2553. [Google Scholar] [CrossRef] [PubMed]

	



Duque, A.; Spector, R. A balanced evaluation of the evidence for adult neurogenesis in humans: Implication for neuropsychiatric disorders. Brain Struct. Funct. 2019, 224, 2281–2295. [Google Scholar] [CrossRef]

	



Kempermann, G.; Gage, F.H.; Aigner, L.; Song, H.; Curtis, M.A.; Thuret, S.; Kuhn, H.G.; Jessberger, S.; Frankland, P.W.; Cameron, H.A.; et al. Human Adult Neurogenesis: Evidence and Remaining Questions. Cell Stem Cell 2018, 23, 25–30. [Google Scholar] [CrossRef]

	



Zaben, M.J.; Gray, W.P. Neuropeptides and hippocampal neurogenesis. Neuropeptides 2013, 47, 431–438. [Google Scholar] [CrossRef]

	



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

	



Pascual-Brazo, J.; Baekelandt, V.; Encinas, J.M. Neurogenesis as a new target for the development of antidepressant drugs. Curr. Pharm. Des. 2014, 20, 3763–3775. [Google Scholar] [CrossRef]

	



Belovicova, K.; Bogi, E.; Koprdova, R.; Ujhazy, E.; Mach, M.; Dubovicky, M. Effects of venlafaxine and chronic unpredictable stress on behavior and hippocampal neurogenesis of rat dams. Neuroendocrinol. Lett. 2017, 38, 19–26. [Google Scholar]

	



Chen, A.T.; Nasrallah, H.A. Neuroprotective effects of the second generation antipsychotics. Schizophr. Res. 2019, 208, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Krzystanek, M.; Krzystanek, E.; Skałacka, K.; Pałasz, A. Enhancement in Phospholipase D Activity as a New Proposed Molecular Mechanism of Haloperidol-Induced Neurotoxicity. Int. J. Mol. Sci. 2020, 21, 9265. [Google Scholar] [CrossRef] [PubMed]

	



Ranjbar, S.; Pai, N.B.; Deng, C. The Association of Antidepressant Medication and Body Weight Gain. Online J. Health Allied Sci. 2013, 12, 1–9. [Google Scholar]

	



Owens, M.J.; Knight, D.L.; Nemeroff, C.B. Second-generation SSRIs: Human monoamine transporter binding profile of escitalopram and R-fluoxetine. Biol. Psychiatry 2001, 50, 345–350. [Google Scholar] [CrossRef]

	



Reinscheid, R.K.; Ruzza, C. Pharmacology, Physiology and Genetics of the Neuropeptide S System. Pharmaceuticals 2021, 14, 401. [Google Scholar] [CrossRef]

	



Pape, H.C.; Jüngling, K.; Seidenbecher, T.; Lesting, J.; Reinscheid, R.K. Neuropeptide S: A transmitter system in the brain regulating fear and anxiety. Neuropharmacology 2010, 58, 29–34. [Google Scholar] [CrossRef]

	



Reinscheid, R.K.; Xu, Y.L. Neuropeptide S and its receptor: A newly deorphanized G protein-coupled receptor system. Neuroscientist 2005, 11, 532–538. [Google Scholar] [CrossRef]

	



Clark, S.D.; Duangdao, D.M.; Schulz, S.; Zhang, L.; Liu, X.; Xu, Y.L.; Reinscheid, R.K. Anatomical characterization of the neuropeptide S system in the mouse brain by in situ hybridization and immunohistochemistry. J. Comp. Neurol. 2011, 519, 1867–1893. [Google Scholar] [CrossRef]

	



Xu, Y.L.; Reinscheid, R.K.; Huitron-Resendiz, S.; Clark, S.D.; Wang, Z.; Lin, S.J.; Brucher, F.A.; Zeng, J.; Ly, N.K.; Henriksen, S.J.; et al. Neuropeptide S: A neuropeptide promoting arousal and anxiolytic-like effects. Neuron 2004, 43, 487–497. [Google Scholar] [CrossRef]

	



Xu, Y.L.; Gall, C.M.; Jackson, V.R.; Civelli, O.; Reinscheid, R.K. Distribution of neuropeptide S receptor mRNA and neurochemical characteristics of neuropeptide S-expressing neurons in the rat brain. J. Comp. Neurol. 2007, 500, 84–102. [Google Scholar] [CrossRef]

	



Tobinski, A.M.; Rappeneau, V. Role of the Neuropeptide S System in Emotionality, Stress Responsiveness and Addiction-Like Behaviours in Rodents: Relevance to Stress-Related Disorders. Pharmaceuticals 2021, 14, 780. [Google Scholar] [CrossRef] [PubMed]

	



Cannella, N.; Economidou, D.; Kallupi, M.; Stopponi, S.; Heiling, M.; Massi, M.; Ciccocioppo, R. Persistent Increase of Alcohol-Seeking Evoked by Neuropeptide S: An Effect Mediated by the Hypothalamic Hypocretin System. Neuropsychopharmacology 2009, 34, 2125–2134. [Google Scholar] [CrossRef] [PubMed]

	



Bengoetxea, X.; Goedecke, L.; Remmes, J.; Blaesse, P.; Grosch, T.; Lesting, J.; Pape, H.P.; Jüngling, K. Human-Specific Neuropeptide S Receptor Variants Regulate Fear Extinction in the Basal Amygdala of Male and Female Mice Depending on Threat Salience. Biol. Psychiatry 2021, 90, 145–155. [Google Scholar] [CrossRef]

	



Grund, T.; Neumann, I.D. Neuropeptide S Induces Acute Anxiolysis by Phospholipase C-Dependent Signaling within the Medial Amygdala. Neuropsychopharmacology 2018, 43, 1156–1163. [Google Scholar] [CrossRef] [PubMed]

	



Domschke, K.; Reif, A.; Weber, H.; Richter, J.; Hohoff, C.; Ohrmann, P.; Pedersen, A.; Bauer, J.; Suslow, T.; Kugel, H.; et al. Neuropeptide S receptor gene - converging evidence for a role in panic disorder. Mol. Psychiatry 2011, 16, 938–948. [Google Scholar] [CrossRef] [PubMed]

	



Ebner, K.; Rjabokon, A.; Pape, H.C.; Singewald, N. Increased in vivo release of neuropeptide S in the amygdala of freely moving rats after local depolarisation and emotional stress. Amino Acids 2011, 41, 991–996. [Google Scholar] [CrossRef]

	



Adori, C.; Barde, S.; Bogdanovic, N.; Uhlén, M.; Reinscheid, R.R.; Kovacs, G.G.; Hökfelt, T. Neuropeptide S- and Neuropeptide S receptor-expressing neuron populations in the human pons. Front. Neuroanat. 2015, 9, 126. [Google Scholar] [CrossRef]

	



Teranishi, H.; Hanada, R. Neuromedin U, a Key Molecule in Metabolic Disorders. Int. J. Mol. Sci. 2021, 22, 4238. [Google Scholar] [CrossRef]

	



Malendowicz, L.K.; Rucinski, M. Neuromedins NMU and NMS: An Updated Overview of Their Functions. Front. Endocrinol. 2021, 12, 713961. [Google Scholar] [CrossRef]

	



Brighton, P.J.; Wise, A.; Dass, N.B.; Willars, G.B. Paradoxical behavior of neuromedin U in isolated smooth muscle cells and intact tissue. J. Pharmacol. Exp. Ther. 2008, 325, 154–164. [Google Scholar] [CrossRef]

	



Szekeres, P.G.; Muir, A.I.; Spinage, L.D.; Miller, J.E.; Butler, S.I.; Smith, A.; Rennie, G.I.; Murdock, P.R.; Fitzgerald, L.R.; Wu, H.L.; et al. Neuromedin U is a potent agonist at the orphan G protein-coupled receptor FM3. J. Biol. Chem. 2000, 275, 20247–20250. [Google Scholar] [CrossRef] [PubMed]

	



Howard, A.D.; Wang, R.; Pong, S.S.; Mellin, T.N.; Strack, A.; Guan, X.M.; Zeng, Z.; Williams, D.L., Jr.; Feighner, S.D.; Nunes, C.N.; et al. Identification of receptors for neuromedin U and its role in feeding. Nature 2000, 406, 70–74. [Google Scholar] [CrossRef] [PubMed]

	



Shan, L.; Qiao, X.; Crona, J.H.; Behan, J.; Wang, S.; Laz, T.; Bayne, M.; Gustafson, E.L.; Monsma, F.J., Jr.; Hedrick, J.A. Identification of a Novel Neuromedin U Receptor Subtype Expressed in the Central Nervous System. J. Biol. Chem. 2000, 275, 39482–39486. [Google Scholar] [CrossRef] [PubMed]

	



Bortolasci, C.C.; Spolding, B.; Kidnapillai, S.; Connor, T.; Truong, T.T.T.; Liu, Z.S.J.; Panizzutti, B.; Richardson, M.F.; Gray, L.; Berk, M.; et al. Transcriptional Effects of Psychoactive Drugs on Genes Involved in Neurogenesis. Int. J. Mol. Sci. 2020, 21, 8333. [Google Scholar] [CrossRef]

	



Taupin, P. Adult neurogenesis and neural stem cells as a model for the discovery and development of novel drugs. Expert Opin. Drug Discov. 2010, 5, 921–925. [Google Scholar] [CrossRef] [PubMed]

	



Couillard-Despres, S.; Wuertinger, C.; Kandasamy, M.; Caioni, M.; Stadler, K.; Aigner, R.; Bogdahn, U.; Aigner, L. Ageing abolishes the effects of fluoxetine on neurogenesis. Mol. Psychiatry 2009, 14, 856–864. [Google Scholar] [CrossRef] [PubMed]

	



Hodes, G.E.; Hill-Smith, T.E.; Suckow, R.F.; Cooper, T.B.; Lucki, I. Sex-specific effects of chronic fluoxetine treatment on neuroplasticity and pharmacokinetics in mice. J. Pharmacol. Exp. Ther. 2010, 332, 266–273. [Google Scholar] [CrossRef]

	



Lucassen, P.J.; Stumpel, M.W.; Wang, Q.; Aronica, E. Decreased numbers of progenitor cells but no response to antidepressant drugs in the hippocampus of elderly depressed patients. Neuropharmacology 2010, 58, 940–949. [Google Scholar] [CrossRef]

	



Micheli, L.; Ceccarelli, M.; D’Andrea, G.; Tirone, F. Depression and adult neurogenesis: Positive effects of the antidepressant fluoxetine and of physical exercise. Brain Res. Bull. 2018, 143, 181–193. [Google Scholar] [CrossRef]

	



Malberg, J.E.; Eisch, A.J.; Nestler, E.J.; Duman, R.S. Chronic antidepressant treatment increases neurogenesis in adult rat hippocampus. J. Neurosci. 2000, 20, 9104–9110. [Google Scholar] [CrossRef]

	



Hunsberger, J.; Austin, D.R.; Hanter, I.D. The neurotrophic and neuroprotective effects of psychotropic agents. Dialogues Clin. Neurosci. 2009, 11, 333–348. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Chen, Z.; He, J.; Haimanot, S.; Li, X.; Dyck, L.; Li, X.M. Synergetic effects of quetiapine and venlafaxine in preventing the chronic restraint stressinduced decrease in cell proliferation and BDNF expression in rat hippocampus. Hippocampus 2006, 16, 551–559. [Google Scholar] [CrossRef] [PubMed]

	



Encinas, J.M.; Vaahtokari, A.; Enikolopov, G. Fluoxetine targets early progenitor cells in the adult brain. Proc. Natl. Acad. Sci. USA 2006, 103, 8233–8238. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.V.; Shamy, J.L.; Bedi, G.; Choi, C.W.; Wall, M.M.; Arango, V.; Boldrini, M.; Foltin, R.W.; Hen, R. Impact of social status and antidepressant treatment on neurogenesis in the baboon hippocampus. Neuropsychopharmacology 2014, 39, 1861–1871. [Google Scholar] [CrossRef]

	



Kohler, S.J.; Williams, N.I.; Stanton, G.B.; Cameron, J.L.; Greenough, W.T. Maturation time of new granule cells in the dentate gyrus of adult macaque monkeys exceeds six months. Proc. Natl. Acad. Sci. USA 2011, 108, 10326–10331. [Google Scholar] [CrossRef]

	



Li, W.L.; Cai, H.H.; Wang, B.; Chen, L.; Zhou, Q.G.; Luo, C.X.; Liu, N.; Ding, X.S.; Zhu, D.Y. Chronic fluoxetine treatment improves ischemia-induced spatial cognitive deficits through increasing hippocampal neurogenesis after stroke. J. Neurosci. Res. 2009, 87, 112–122. [Google Scholar] [CrossRef]

	



Warkus, E.L.L.; Marikawa, Y. Fluoxetine Inhibits Canonical Wnt Signaling to Impair Embryoid Body Morphogenesis: Potential Teratogenic Mechanisms of a Commonly Used Antidepressant. Toxicol. Sci. 2018, 165, 372–388. [Google Scholar] [CrossRef]

	



Wang, W.; Yin, H.; Feng, N.; Wang, L.; Wang, X. Inhibitory effects of antidepressant fluoxetine on cloned Kv2.1 potassium channel expressed in HEK293 cells. Eur. J. Pharmacol. 2020, 878, 173097. [Google Scholar] [CrossRef]

	



Tate, K.; Kirk, B.; Tseng, A.; Ulffers, A.; Litwa, K. Effects of the Selective Serotonin Reuptake Inhibitor Fluoxetine on Developing Neural Circuits in a Model of the Human Fetal Cortex. Int. J. Mol. Sci. 2021, 22, 10457. [Google Scholar] [CrossRef]

	



Molteni, R.; Calabrese, F.; Bedogni, F.; Tongiorgi, E.; Fumagalli, F.; Racagni, G.; Andrea Riva, M. Chronic treatment with fluoxetine up-regulates cellular BDNF mRNA expression in rat dopaminergic regions. Int. J. Neuropsychopharmacol. 2006, 9, 307–317. [Google Scholar] [CrossRef]

	



Outhred, T.; Das, P.; Felmingham, K.L.; Bryant, R.A.; Nathan, P.J.; Malhi, G.S.; Kemp, A.H. Impact of acute administration of escitalopram on the processing of emotional and neutral images: A randomized crossover fMRI study of healthy women. J. Psychiatry Neurosci. 2014, 39, 267–275. [Google Scholar] [CrossRef] [PubMed]

	



Pringle, A.; Browning, M.; Cowen, P.J.; Harmer, C.J. A cognitive neuropsychological model of antidepressant drug action. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2011, 35, 1586–1592. [Google Scholar] [CrossRef] [PubMed]

	



Chawana, R.; Alagaili, A.; Patzke, N.; Spocter, M.A.; Mohammed, O.B.; Kaswera, C.; Gilissen, E.; Bennett, N.C.; Ihunwo, A.O.; Manger, P.R. Microbats appear to have adult hippocampal neurogenesis, but post-capture stress causes a rapid decline in the number of neurons expressing doublecortin. Neuroscience 2014, 277, 724–733. [Google Scholar] [CrossRef] [PubMed]

	



Okamura, N.; Habay, S.A.; Zeng, J.; Chamberlin, A.R.; Reinscheid, R.K. Synthesis and pharmacological in vitro and in vivo profile of 3-oxo-1,1-diphenyl-tetrahydro-oxazolo[3,4-a]pyrazine-7-carboxylic acid 4-fluoro-benzylamide (SHA68), a selective antagonist of the neuropeptide S receptor. J. Pharmacol. Exp. Ther. 2008, 325, 893–901. [Google Scholar] [CrossRef] [PubMed]

	



Xia, H.; Liu, L.; Reinhart, C.; Michel, H. Heterologous expression of human neuromedin U receptor 1 and its subsequent solubilization and purification. Biochim. Biophys. Acta (BBA)-Biomembr. 2008, 1778, 2203–2209. [Google Scholar] [CrossRef]

	



Shukla, A.K.; Reinhart, C.; Michel, H. Dimethylsulphoxide as a tool to increase functional expression of heterologously produced GPCRs in mammalian cells. FEBS Lett. 2006, 580, 4261–4265. [Google Scholar] [CrossRef]

	



Cavaletti, G.; Oggioni, N.; Sala, F.; Pezzoni, G.; Cavalletti, E.; Marmiroli, P.; Petruccioli, M.G.; Frattola, L.; Tredici, G. Effect on the peripheral nervous system of systemically administered dimethylsulfoxide in the rat: A neurophysiological and pathological study. Toxicol. Lett. 2000, 118, 103–107. [Google Scholar] [CrossRef]

	



Cavas, M.; Beltrán, D.; Navarro, J.F. Behavioural effects of dimethyl sulfoxide (DMSO): Changes in sleep architecture in rats. Toxicol. Lett. 2005, 157, 221–232. [Google Scholar] [CrossRef]

	



Tamagnini, F.; Scullion, S.; Brown, J.T.; Randall, A.D. Low concentrations of the solvent dimethyl sulphoxide alter intrinsic excitability properties of cortical and hippocampal pyramidal cells. PLoS ONE 2014, 9, e92557. [Google Scholar] [CrossRef]

	



Hanslick, J.L.; Lau, K.; Noguchi, K.K.; Olney, J.W.; Zorumski, C.F.; Mennerick, S.; Farber, N.B. Dimethyl sulfoxide (DMSO) produces widespread apoptosis in the developing central nervous system. Neurobiol. Dis. 2009, 34, 1–10. [Google Scholar] [CrossRef]

	



O’Sullivan, A.; Lange, S.; Rotheneichner, P.; Bieler, L.; Aigner, L.; Rivera, F.J.; Couillard-Despres, S. Dimethylsulfoxide Inhibits Oligodendrocyte Fate Choice of Adult Neural Stem and Progenitor Cells. Front. Neurosci. 2019, 26, 1242. [Google Scholar] [CrossRef] [PubMed]

	



Authier, N.; Dupuis, E.; Kwasiborski, A.; Eschalier, A.; Coudoré, F. Behavioural assessment of dimethylsulfoxide neurotoxicity in rats. Toxicol. Lett. 2002, 32, 117–121. [Google Scholar] [CrossRef]

	



Iwai, T.; Iinuma, Y.; Kodani, R.; Oka, J. Neuromedin U inhibits inflammation-mediated memory impairment and neuronal cell-death in rodents. Neurosci. Res. 2008, 61, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, M.; Telegdy, G. Neurotransmissions of antidepressant-like effects of neuromedin U-23 in mice. Behav. Brain Res. 2014, 259, 196–199. [Google Scholar] [CrossRef] [PubMed]

	



Telegdy, G.; Adamik, A. Anxiolytic action of neuromedin-U and neurotransmitters involved in mice. Regul. Pept. 2013, 186, 137–140. [Google Scholar] [CrossRef] [PubMed]

	



Vallöf, D.; Kalafateli, A.L.; Jerlhag, E. Brain region-specific neuromedin U signalling regulates alcohol-related behaviours and food intake in rodents. Addict. Biol. 2020, 25, e12764. [Google Scholar] [CrossRef]

	



Zeng, H.; Gragerov, A.; Hohmann, J.G.; Pavlova, M.N.; Schimpf, B.A.; Xu, H.; Wu, L.J.; Toyoda, H.; Zhao, M.G.; Rohde, A.D.; et al. Neuromedin U receptor 2-deficient mice display differential responses in sensory perception, stress, and feeding. Mol. Cell. Biol. 2006, 26, 9352–9363. [Google Scholar] [CrossRef]

	



Todd, T.P.; Bucci, D.J. Retrosplenial Cortex and Long-Term Memory: Molecules to Behavior. Neural Plast. 2015, 2015, 414173. [Google Scholar] [CrossRef]

	



Agasse, F.; Bernardino, L.; Kristiansen, H.; Christiansen, S.H.; Ferreira, R.; Silva, B.; Grade, S.; Woldbye, D.P.; Malva, J.O. Neuropeptide Y promotes neurogenesis in murine subventricular zone. Stem Cells 2008, 26, 1636–1645. [Google Scholar] [CrossRef]

	



Decressac, M.; Wright, B.; David, B.; Tyers, P.; Jaber, M.; Barker, R.A.; Gaillard, A. Exogenous neuropeptide Y promotes in vivo hippocampal neurogenesis. Hippocampus 2011, 21, 233–238. [Google Scholar] [CrossRef]

	



Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates; Academic Press: London, UK, 2007. [Google Scholar]








[image: Pharmaceuticals 15 00631 g001 550] 





Figure 1. The number of DCX immunopositive cells in the subgranular zone (SGZ). Animals received: 0.25 mL saline—Control, escitalopram (10 mg/kg)—Esc, escitalopram (10 mg/kg) with SHA-68 (NPSR antagonist, 40 mg/kg)—Esc + SHA-68, only SHA-68 (40 mg/kg), SHA-68 solvent (0.25 mL)—Vehicle, by a single intraperitoneal injection. Boxes show mean SEM and SD, n = 5. Differences between groups were statistically analyzed using ANOVA followed by Tukey’s post hoc test, and they were considered significant at p < 0.05. 
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Figure 2. DCX-expressing immature neurons in the neurogenic subgranular zone (SGZ) of control rats (a,b) and animals after treatment with: escitalopram (e,f), escitalopram + SHA68 (g,h), SHA-68 (i,j) and vehiculum (SHA-68 solvent; (c,d)). Scale bars: 50 μm (b,d,h,j), 100 μm (a,c,e–g,i). Fluorescence, secondary antibody coupled with FITC. Images captured with Nikon Eclipse Ti microscope. 
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Figure 3. Representative expression of NMUR2 in the hippocampus and retrosplenial cortex (RSC). Immunopositive neurons in the CA1 area, dentate gyrus, and RSC of rats after treatment with: escitalopram (d–f), escitalopram + SHA68 (g–i), SHA-68 (j–l) and vehiculum (SHA-68 solvent; (a–c)). Immunoperoxidase reaction with DAB staining. Numerous fibres in the hippocampus and perikarya of RSC neurons exhibit a distinct NMUR2 immunoreactivity. Scale bars: 50 μm (c,f,l), 100 μm (a,b,d,e,g,h,j,k) 200 μm (i). Images captured with Nikon Eclipse Ti microscope. 
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Figure 4. Neuropeptide S (NPSR) receptor-expressing neurons in the rat hippocampus. Immunopositive neurons in the dentate gyrus, CA1, and CA3 areas of control rats. Fluorescence, secondary antibody coupled with FITC (a–e). Immunoperoxidase reaction with DAB staining (f,g). Negative controls with omission of primary antibody against rat NPSR (h,i). Scale bars: 20 μm (a), 100 μm (g), 200 μm (b–f,h,i). Images captured with Nikon Eclipse Ti microscope. 
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