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Abstract

:

The serpinins are relatively novel peptides generated by proteolytic processing of chromogranin A and they are comprised of free serpinin, serpinin-RRG and pGlu-serpinin. In this study, the presence and source of these peptides were studied in the skin. By Western blot analysis, a 40 kDa and a 50 kDa protein containing the sequence of serpinin were detected in the trigeminal ganglion and dorsal root ganglia in rats but none in the skin. RP-HPLC followed by EIA revealed that the three serpinins are present in similar, moderate amounts in rat dorsal root ganglia, whereas in the rat skin, free serpinin represents the predominant molecular form. There were abundant serpinin-positive cells in rat dorsal root ganglia and colocalization with substance P was evident. However, much more widespread distribution of the serpinins was found in dorsal root ganglia when compared with substance P. In the skin, serpinin immunoreactivity was found in sensory nerves and showed colocalization with substance P; as well, some was present in autonomic nerves. Thus, although not exclusively, there is evidence that serpinin is a constituent of the sensory innervation of the skin. The serpinins are biologically highly active and might therefore be of functional significance in the skin.
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1. Introduction


The serpinins are relatively novel neuropeptides that are generated by proteolytic processing of chromogranin (Cg) A [1,2]. CgA belongs to the family of granins, which are the acidic proteins of secretory granules in a variety of endocrine and neuroendocrine cells as well as cells of the central and peripheral nervous system, where they are stored in large dense core vesicles. They additionally comprise CgB and secretogranin (Sg) II [3,4]. There are several consecutive pairs of basic residues present in the primary amino acid sequence of the granins and these sites are targets of prohormone convertases (PCs). There exist three main PCs, namely PC1, PC2 and furin, and these PCs are enzymes which cleave the granins in a tissue specific manner [5]. Several fragments are generated by proteolytic processing of the granins, such as catestatin, pancreastatin, vasostatin, serpinin or GE-25 by proteolytic processing of CgA, secretolytin or PE-11 by proteolytic processing of CgB and secretoneurin by proteolytic processing of SgII (review, see [6]). A conceptional schematic drawing of the cleavage sites of the chromogranins and the resultant peptides has been shown by the authors previously (see [6] again).



There are just a few studies about serpinin found in the literature. In particular, serpinin secreted from corticotroph cells has initially been shown to up-regulate the expression of protease nexin-1 (PN-1), a protease inhibitor which then acts to increase CgA levels in the Golgi apparatus, thereby promoting granule biogenesis [1,7]. Thereafter, two further forms have been identified, in particular pyroglutaminated (pGlu)-serpinin and the C-terminal extended form serpinin-RRG [1,8]. Especially pGlu-serpinin is now well known to have neuroprotective activity since it prevented cell death induced by oxidative stress in pituitary AtT-20 cells and cultured rat cerebral cortical neurons [2]. Serpinin-RRG is present in higher amounts than pGlu-serpinin in the rat heart [9] and, furthermore, both serpinin and pGlu-serpinin exert positive inotropic and lusitropic effects via a ß1-adrenergic receptor/adenylate cyclase/cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) pathway [9]. Previously, pGlu-serpinin has been shown to protect the normotensive and hypertensive heart from ischemic injury during reperfusion by reducing myocardial infarct size [10] as well as depressing myocardial performance in lower vertebrates such as fish and frogs [11].



Serpinin has recently been found to be a constituent of the sensory innervation of the eye [12] and dental pulp [13]. In the present study we aimed to investigate the distribution of the serpinins in another tissue, particularly the skin, including the demonstration of its presence in sensory nerves there as well.




2. Materials and Methods


2.1. Animals


Male Sprague–Dawley and male Wistar rats weighing approximately 200 to 250 g each were used for Western blots, RP-HPLC and immunofluorescence studies in dorsal root ganglia (DRG). The animals were purchased from Charles River (Sulzfeld, Germany) and the Sprague-Dawley rats were housed in stainless steel cages. They were fed standard rat chow and tap water ad libitum and were held in a room on a 12-h light-dark cycle with an ambient temperature of 22 °C ± 1 °C and treated according to the standards of Innsbruck’s Medical University. The Wistar rats were housed and treated in accordance with the rules approved by the local Ethics Commission in Olsztyn (affiliated to the National Ethics Commission for Animal Experimentation, Polish Ministry of Science and Higher Education).




2.2. Western Blot


Western blots were performed as described by us previously [14]. Briefly, the tissue was dissolved in 200 µL ice-cold PBS with a protease inhibitor cocktail (P8340, Sigma, Hamburg, Germany), homogenized by using an ultrasonic device (Branson sonifier 250, Danburry) and centrifuged at 16,000× g at 4 °C for 10 min. Protein was determined by the Bradford assay. The non-denatured supernatants (25 µg) were loaded onto a 10% Bis-Tris polyacrylamide gel (Invitrogen, Waltham, MA, USA) and were electrophoresed for 25 min at 200 V. Samples were electrotransferred to nylon PVDF (Immobilon-PSQ membranes (Millipore, Burlington, MA, USA) for 90 min at 30 V with 20% methanol blotting buffer (Invitrogen). Blots were blocked for 30 min with blocking buffer, then incubated overnight at 4 °C with the primary serpinin antibody (1:1000; gift from Peng Loh, National Institutes of Health, Bethesda, MD, USA; polyclonal antibody, raised in rabbits) or overnight at 4 °C with a rabbit anti-actin antibody (1:1000, Sigma-Aldrich, St. Louis, MO, USA). Blots were washed and incubated with alkaline phosphatase-conjugated anti-rabbit antibodies for 30 min at room temperature. After washing, blots were incubated (free-floating) in CDP-Star chemiluminescent substrate solution (Invitrogen) for 10 min and the signal was visualized (exposure time 1200 s) with a cooled CCD camera (SearchLight, Thermoscience).




2.3. RP-HPLC with EIA


Extraction from pooled thoracic DRGs and skin was performed by sonication in distilled water for 10 s and then by boiling for 10 min. After centrifugation (20 min at 12,000× g), the supernatant was dried by vacuum centrifugation. The heat extracted tissues were dissolved in 100 µL of 0.25% acetic acid and were processed for 2 min using silica beads. The samples were then boiled at 95 °C for 10 min and centrifuged for 15 min at 17,000× g. Supernatants were saved in a fresh tube and the pellet was re-extracted with 100 µL of 0.25% acetic acid and combined with the first extraction. The supernatants were then passed through the 10 kDa filter device (Micron YM-10, Millipore, Billericia, MA, USA) and lyophilized. The dried eluates were reconstituted with 200 µL 0.1% TFA and separated by HPLC on a 4.6 × 250 mm 5 µm reverse phase Jupiter C18 column (Phenomenex, Torrance, CA, USA). Buffer A was 0.1% TFA and buffer B was 80% acetonitrile/0.1% TFA and the gradient was 20% to 100% B in 35 min. One ml fractions were collected and lyophilized. Thereafter the serpinin peptides were detected in the HPLC purified samples by a direct enzyme-linked immunoassay (EIA).




2.4. Double Immunofluorescence for Serpinin/Substance P (SP) in Rat DRG


The study was carried out on four sexually mature rats of the Wistar breed weighing approximately 250 g each. The animals were deeply anaesthetized with thiopental sodium intraperitoneal injection (30 mg/kg of body weight), sacrificed and transcardially perfused with 0.2–0.3 L of 4% ice-cold buffered paraformaldehyde (pH 7.4). Subsequently, bilateral DRG from cervical (C), thoracic (TH) and lumbar (L) spinal regions were collected and postfixed by immersion in the same fixative for 30 min, rinsed with phosphate buffer (pH 7.4) and transferred to and stored in 30% buffered sucrose solution (pH 7.4) until further processing. Transversal 8-µm-thick cryostat serial sections of each collected ganglion were cut and mounted on chrome alum-gelatine-coated slides, air dried and finally processed for the double immunofluorescence method. The sections were washed 3 × 10 min in PBS and blocked (60 min, room temperature (RT)) with a blocking solution containing 10% of normal goat serum (NGS, Cappel, Warsaw, Poland) and 0.25% of Triton X-100 (Sigma, USA) dissolved in PBS and then incubated overnight in RT with antibodies diluted in blocking solution (serpinin antibody, gift from Peng Loh, dilution: 1:500) (SP antibody, mouse, Acris, Cat. No. MO15094, USA, dilution: 1:5000). After incubation with primary antibodies, the sections were washed 3 × 10 min in PBS and were further incubated with corresponding secondary antibodies for 1 h in RT (Alex Fluor 555 goat anti-mouse IgG1, Invitrogen Molecular Probes, Eugene, Oregon, USA, Cat. No. A21127, dilution: 1:100) (Alexa Fluor 488 goat anti-rabbit IgG, Invitrogen Molecular probes, Eugene, Oregon, USA, Cat no. A11008, dilution. 1:1000). After the incubation, the sections were washed 3 × 10 min in PBS, cover slipped with buffered glycerol and studied and photographed under a confocal microscope (Zeiss LSM 710).




2.5. Double Immunofluorescence for Serpinin/Protein Gene Product (PGP) 9.5 and Serpinin/SP in the Human Skin


Three mm punch biopsies from four healthy subjects (two male, two female; age 58.7 ± 17.2 years) were obtained from hairy skin (thigh and distal leg) and glabrous skin (fingertip) under local anesthesia after signing the informed consent forms of IRB authorization (“Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Pascale” Ethical Commmittee ref. 04/2018). Skin samples were cut at 50 µm using a sliding freezing microtome (Leica 2000R) and sections were processed for indirect immunofluorescence using previously described techniques [15]. Skin sections were incubated with rabbit polyclonal anti-serpinin antibody (a gift from Peng Loh, dilution 1:5000) and double marked with either mouse anti PGP 9.5 (Amsbio, Abingdon, UK; dilution 1:400) as pan neuronal marker or mouse anti SP (Neuromics antibodies, Edina, MN US; dilution 1:200) as a marker for sensory fibers. Skin sections were then incubated with species specific secondary antibodies coupled with Cy3 and Cy2 fluorophores (Jackson Immunoresearch at dilution 1:200). Digital images were acquired using a non-laser confocal system (Apoptome Zeiss, Jena, Germany) equipped with 20× and 40× Plan Apochromat objectives.





3. Results


3.1. Western Blot Analysis of Immunoreactive Forms of Serpinin in Trigeminal Ganglia (TG), DRG and Skin


Western blots were performed to evaluate the molecular forms of serpinin in various tissues using a highly sensitive serpinin antibody. The tissues analyzed were the TG, DRG and skin, and the characterization of the immunoreactivities was performed in duplicate. The result is illustrated in Figure 1. In the TG, there were two bands present, in particular one at approximately 40 kDa and the other one at approximately 50 kDa representing larger molecular forms containing the sequence of serpinin. In the DRG, the results were completely identical to the TG, in particular two bands at approximately 40 kDa and 50 kDa. By contrast in the skin there was no unequivocal specific band present.




3.2. Analysis of Serpinin Peptides in Rat Thoracic DRG and Skin


The molecular forms of serpinin peptides in rat thoracic DRGs and skin were characterized by RP-HPLC followed by EIA and the results are illustrated in Figure 2. With respect to DRGs, there were two peaks present, in fraction 29 and fraction 33, representing serpinin-RRG and free serpinin, respectively, and a shoulder in fraction 34 representing pGlu-serpinin. In the skin, the immunoreactivities in fraction 29 and 34 were about equal, similar to DRGs, but the peak in fraction 33 representing free serpinin was much higher than in DRGs.




3.3. Immunofluorescence Studies of Serpinin and SP in Rat Thoracic DRG


The presence and distribution of serpinin-like immunoreactivity (LI) was studied by immunofluorescence histochemistry in rat thoracic DRG and, furthermore, colocalization studies with SP-IR were performed in this tissue. The results are illustrated in Figure 3. Numerous serpinin-like immunoreactive cells were stained in these ganglia, particularly shown as green fluorescence within the cytoplasm of the cells as seen in images A, B, C, D and F of the figure. The cells were small- and medium-sized featuring a diameter of 20–30 µm and were arranged mainly as clusters whereas non-neuronal cells or tissues were not stained. Double-immunofluorescence studies revealed colocalization of serpinin-LI (Figure 3D) with SP-IR (Figure 3E) (indicated by arrows in Figure 3D,E, arrows in superimposed image in Figure 3F), but most serpinin-like immunoreactive cells were devoid of SP-IR, indicating a more widespread expression of serpinin-LI when compared with SP in thoracic DRG.




3.4. Immunofluorescence Studies of Serpinin in Human Skin


The results of the immunofluorescence studies in human skin are illustrated in Figure 4. Serpinin immunoreactivity (IR) has been found in the somatic component of cutaneous fibers, featuring colocalization with SP (Figure 4A) and PGP 9.5 (Figure 4B) in the subepidermal neural plexus and in the reticular dermis. Furthermore, serpinin IR has also been observed in autonomic sympathetic fibers innervating arrector pili muscle (Figure 4C) and, more sparsely, in sweat glands (Figure 4D).





4. Discussion


The most important finding of this study is that serpinin is a constituent of the sensory innervation of the skin as are the CgB-derived peptides PE-11 and secretolytin [16]. Furthermore, certain granin-derived peptides have been demonstrated to be a constituent of the sensory innervation of the eye, in particular the SgII-derived neuropeptide secretoneurin [17], the CgB-derived peptide PE-11 [18] and the CgA-derived peptides GE-25 [19], catestatin [14] and serpinin [12]. Moreover, secretoneurin and PE-11 [20], as well as serpinin [13], have been shown to be constituents of the sensory innervation of the dental pulp. All of these findings indicate that the CgA-derived peptide serpinin and presumably also other granin-derived peptides are not only constituents of the sensory innervation of the eye and dental pulp, but also of the skin. Interestingly, serpinin IR was observed in autonomic nerves as well, furnishing structures such as arrector pili muscle and sweat glands, which indicates that serpinin is not exclusively a constituent of sensory nerves.



It must be emphasized that there were differences in the band profile in Western blots between TG and DRG, especially for PE-11, indicating that the processing of CgB might be different in sensory ganglia [16]. This seems not to be the case for CgA since the band profile was completely identical in TG and DRG in this study, demonstrating that the processing of CgA leads to generation of identical fragments containing the sequence of serpinin in these ganglia. By contrast, in DRGs there are both free serpinin and serpinin-RRG and less pGlu present, whereas in the rat TG, only free serpinin was detected [12], demonstrating that the processing of CgA to the serpinins is different in sensory ganglia. However, in the skin free serpinin represents the predominant molecular form which is equal to the human dental pulp [13] indicating that mainly this serpinin is present in sensory innervated target tissues.



Previously, it has been implicated that CgA might become proteolytically processed either already in respective sensory ganglia [12,13,14] or by contrast during anterograde axoplasmatic transport [19]; the former observation has been fully confirmed in this study. It can be concluded that there is now unequivocal evidence that CgA becomes proteolytically processed already in sensory ganglia. However, the presence of signals in TG and DRG but the absence of a signal in the skin in Western blots indicates that at least these fragments are yet proteolytically processed during anterograde axonal transport. It must be emphasized that there might be some faint bands in the skin in the Western blot. Because of this reason the authors repeated the Western blot just for the skin which revealed absence of specific bands (not shown). Therefore, it was concluded that there are no specific bands present in the skin. Finally, the serpinin-positive nerve fibers in the skin must be predominantly unmyelinated C-fibers and/or myelinated Aδ-fibers since these fibers originate from small to medium-sized ganglion cells in sensory ganglia [21]. The expression of serpinin-LI in small- to medium-sized ganglion cells has been demonstrated and confirmed now in our study.



There were no functional experiments performed in this study but the serpinins are biologically highly active (see Section 1) and therefore a brief discussion of their potential functional significance in the skin must be included. There are three main functional topics where serpinin might be involved, in particular in granulogenesis, neuroprotection and in ß-adrenergic agonism. Firstly, serpinin might promote granulogenesis in sensory nerves innervating the skin since free serpinin particularly is present in such nerves. With respect to neuroprotection, there are only two further neuropeptides that exert such a strong neuroprotective potency; in particular pituitary adenylate cyclase-activating polypeptide (PACAP) and vasoactive intestinal polypeptide (VIP). Although to our knowledge no direct neuroprotective effects have been reported from these neuropeptides in the skin, they regulate immunity which might be associated with protective and neuroprotective effects [22]. Furthermore, PACAP is involved in the development of inflammatory pathology such as psoriasis and also has anti-allergic effects in a model of contact-dermatitis [23]. Thus, serpinin might be involved in similar physiological and pathological conditions. Finally, the serpinins are ß-adrenoreceptor agonists (see above in the Section 1) and may act on the ß2-adrenoreceptor as well. Beta2-adrenoreceptor is known to be the main mediator of vasodilation as a result of vascular smooth muscle cell relaxation [24,25,26]. Hence serpinin might be involved in physiological ß2-adrenergic-associated vasodilation in the skin as well as in pathophysiological vasodilation, in particular in neurogenic inflammation.



In conclusion, this peptide is a constituent of the sensory innervation of the skin and thus seems to be involved in sensory transmission. Since serpinin is biologically highly active, it might be of functional significance in this tissue, which must be explored in the future.







Author Contributions


Conceptualization, J.T., C.F., J.H. and G.B.; Methodology, C.H., V.K.S., P.L., Z.P., V.P., M.N.; Formal Analysis, C.H., V.K.S., P.L., Z.P., V.P., M.N.; Writing—Original Draft Preparation, J.H., C.F. and J.T.; Writing—review & Editing, P.L., M.N., G.B. and J.T.; Supervision, J.T.; Project Administration, J.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was in part supported by the intramural program of the Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, MD, 20892, USA.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and received IRB authorization (“IRCCS Pascale” Ethical Committee ref. 04/2018).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Koshimizu, H.; Cawley, N.X.; Kim, T.; Yergey, A.L.; Loh, Y.P. Serpinin: A Novel Chromogranin A-Derived, Secreted Peptide Up-Regulates Protease Nexin-1 Expression and Granule Biogenesis in Endocrine Cells. Mol. Endocrinol. 2011, 25, 732–744. [Google Scholar] [CrossRef]

	



Koshimizu, H.; Cawley, N.X.; Yergey, A.L.; Loh, Y.P. Role of pGlu-Serpinin, a Novel Chromogranin A-Derived Peptide in Inhibition of Cell Death. J. Mol. Neurosci. 2011, 45, 294–303. [Google Scholar] [CrossRef] [PubMed]

	



Winkler, H.; Fischer-Colbrie, R. The Chromogranins A and B: The First 25 Years and Future Perspectives. Neuroscience 1992, 49, 497–528. [Google Scholar] [CrossRef]

	



Fischer-Colbrie, R.; Laslop, A.; Kirchmair, R. Secretogranin II: Molecular Properties, Regulation of Biosynthesis and Processing to the Neuropeptide Secretoneurin. Prog. Neurobiol. 1995, 46, 49–70. [Google Scholar] [CrossRef]

	



Laslop, A.; Doblinger, A.; Weiss, U. Proteolytic Processing of Chromogranins. Adv. Exp. Med. Biol. 2000, 482, 155–166. [Google Scholar] [PubMed]

	



Troger, J.; Theurl, M.; Kirchmair, R.; Pasqua, T.; Tota, B.; Angelone, T.; Cerra, M.C.; Nowosielski, Y.; Mätzler, R.; Troger, J.; et al. Granin-Derived Peptides. Prog. Neurobiol. 2017, 154, 37–61. [Google Scholar] [CrossRef] [PubMed]

	



Koshimizu, H.; Kim, T.; Cawley, N.X.; Loh, Y.P. Chromogranin A: A New Proposal for Trafficking, Processing and Induction of Granule Biogenesis. Regul. Pept. 2010, 160, 153–159. [Google Scholar] [CrossRef] [PubMed]

	



Loh, Y.P.; Koshimizu, H.; Cawley, N.X.; Tota, B. Serpinins: Role in Granule Biogenesis, Inhibition of Cell Death and Cardiac Function. Curr. Med. Chem. 2012, 19, 4086–4092. [Google Scholar] [CrossRef]

	



Tota, B.; Gentile, S.; Pasqua, T.; Bassino, E.; Koshimizu, H.; Cawley, N.X.; Cerra, M.C.; Loh, Y.P.; Angelone, T. The Novel Chromogranin A-Derived Serpinin and Pyroglutamated Serpinin Peptides Are Positive Cardiac ß-Adrenergic-Like Inotropes. FASEB J. 2012, 26, 2888–2898. [Google Scholar] [CrossRef]

	



Pasqua, T.; Tota, B.; Penna, C.; Corti, A.; Cerra, M.C.; Loh, Y.P.; Angelone, T. pGlu-Serpinin Protects the Normotensive and Hypertensive Heart from Ischemic Injury. J. Endocrinol. 2015, 227, 167–178. [Google Scholar] [CrossRef]

	



Imbrogno, S.; Mazza, R.; Pugliese, C.; Filice, M.; Angelone, T.; Loh, Y.P.; Tota, B.; Cerra, M.C. The Chromogranin A-derived sympathomimetic serpinin depresses myocardial performance in teleost and amphibian hearts. Gen. Comp. Endocrinol. 2017, 240, 1–9. [Google Scholar] [CrossRef]

	



Mätzler, R.; Humpel, C.; Leierer, J.; Staudinger, P.; Gramlich, O.; Cawley, N.; Loh, P.; Nowosielski, Y.; Teuchner, B.; Troger, J.; et al. Serpinin Immunoreactivity in the Rat Eye. Exp. Eye Res. 2022, in press. [Google Scholar]

	



Steiner, R.; Humpel, C.; Bletsa, A.; Laimer, J.; Rauchegger, T.; Psomiadi, A.; Troger, J. Serpinin Immunoreactivity in the Dental Pulp. J. Dent. Res. 2022, in press. [Google Scholar]

	



Gramlich, O.W.; Lorenz, K.; Grus, F.H.; Kriechbaum, M.; Ehrlich, D.; Humpel, C.; Fischer-Colbrie, R.; Bechrakis, N.E.; Troger, J. Catestatin-Like Immunoreactivity in the Rat Eye. Neuropeptides 2014, 48, 7–13. [Google Scholar] [CrossRef]

	



Kennedy, W.R.; Wendelschafer-Crabb, G. The Innervation of Human Epidermis. J. Neurol. Sci. 1993, 115, 184–190. [Google Scholar] [CrossRef]

	



Troger, J.; Humpel, C.; Fischer-Colbrie, R.; Nolano, M.; Provitera, V.; Sharma, V.K.; Loh, Y.P.; Pidsudko, Z.; Steiner, R.; Rauchegger, T.; et al. Chromogranin B-Derived Peptides in the Skin. J. Dermatol. Sci. 2022; in press. [Google Scholar]

	



Troger, J.; Doblinger, A.; Leierer, J.; Laslop, A.; Schmid, E.; Teuchner, B.; Opatril, M.; Philipp, W.; Klimaschewski, L.; Pfaller, K.; et al. Secretoneurin in the Peripheral Ocular Innervation. Investig. Ophthalmol. Vis. Sci. 2005, 46, 647–654. [Google Scholar] [CrossRef]

	



Lorenz, K.; Troger, J.; Gramlich, O.; Grus, F.; Hattmannstorfer, R.; Fischer-Colbrie, R.; Joachim, S.; Schmid, E.; Teuchner, B.; Haas, G.; et al. PE-11, a Peptide Derived from Chromogranin B, in the Rat Eye. Peptides 2011, 32, 1201–1206. [Google Scholar] [CrossRef] [PubMed]

	



Lorenz, K.; Gramlich, O.; Grus, F.; Ehrlich, D.; Humpel, C.; Nogalo, M.; Fischer-Colbrie, R.; Bechrakis, N.; Hattmannstorfer, R.; Troger, J. GE-25-Like Immunoreactivity in the Rat Eye. Peptides 2012, 36, 286–291. [Google Scholar] [CrossRef] [PubMed]

	



Steiner, R.; Fischer-Colbrie, R.; Bletsa, A.; Laimer, J.; Troger, J. Secretoneurin and PE-11 Immunoreactivity in the Human Dental Pulp. Arch. Oral. Biol. 2018, 86, 13–17. [Google Scholar] [CrossRef]

	



Holzer, P. Local Effector Functions of Capsaicin-Sensitive Sensory Nerve Endings: Involvement of Tachykinins, Calcitonin Gene-Related Peptide and Other Neuropeptides. Neuroscience 1988, 24, 739–768. [Google Scholar] [CrossRef]

	



Ding, W.; Manni, M.; Stohl, L.L.; Zhou, X.K.; Wagner, J.A.; Granstein, R.D. Pituitary Adenylate Cyclase-Activating Peptide and Vasoactive Intestinal Polypeptide Bias Langerhans Cell Ag Presentation toward Th17 Cells. Eur. J. Immunol. 2012, 42, 901–911. [Google Scholar] [CrossRef] [PubMed]

	



Toth, D.; Szabo, E.; Tamas, A.; Juhasz, T.; Horvath, G.; Fabian, E.; Opper, B.; Szabo, D.; Maugeri, G.; D´Amico, A.G.; et al. Protective Effects of PACAP in Peripheral Organs. Front. Endocrinol. 2020, 11, 377. [Google Scholar] [CrossRef] [PubMed]

	



Lands, A.M.; Arnold, A.; McAnliff, J.P.; Induena, F.P.; Brown, R.J.J. Differentiation of Receptor Systems Activated by Sympathomimetic Amines. Nature 1967, 214, 597–598. [Google Scholar] [CrossRef]

	



Ahlquist, R.P. Present State of α- and ß-Adrenergic Drugs I. The Adrenergic Receptor. Am. Heart J. 1976, 92, 661–664. [Google Scholar]

	



Chruscinski, A.J.; Rohrer, D.K.; Schauble, E.; Desai, K.H.; Bernstein, D.; Kobilka, B.K. Targeted Disruption of the ß2 Adrenergic Receptor Gene. J. Biol. Chem. 1999, 274, 16694–16700. [Google Scholar] [CrossRef]








[image: Biomedicines 10 00183 g001 550] 





Figure 1. Western blot analysis of serpinin immunoreactivities in rat TG, rat DRG and rat skin. Note the presence of two strong bands at 40 kDa and 50 kDa in both TG and DRG representing two larger molecular forms containing the sequence of serpinin, whereas no bands were observed in the skin. Actin represents an internal standard at 42 kDa as a control. 
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Figure 2. RP-HPLC and EIA for serpinin-like immunoreactivity from extracts of rat DRG and skin. In DRGs (brown line), there were two peaks present, in fraction 29 and 33 and a shoulder in fraction 34 representing serpinin-RRG (“RRG”), free serpinin (“Serp”) and pGlu-serpinin (“pGlu”), respectively. In the skin (blue line), the immunoreactivities in fraction 29 and 34 were approximately equal to that in DRGs, but the immunoreactive peak in fraction 33 was much higher than in DRGs. The elution positions of these three serpinins are indicated by arrows. 
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Figure 3. Serpinin-LI in rat thoracic DRG showing double-immunofluorescence of serpinin/SP. Many serpinin immuno-positive cells were observed in these ganglia (green), the cells featured a diameter of 20–30 µm and were arranged mainly in clusters (A–C). Furthermore, double-immunofluorescent studies of serpinin ((D), green) with SP-IR ((E), red) revealed colocalization (indicated by arrows in (D,E), arrows in the superimposed image (F), orange) but most serpinin positive cells were devoid of SP-IR. Scale bars represent 50 µm. 
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Figure 4. Confocal images demonstrating the presence of serpinin IR within nerve fibers in human skin from control subjects. On the left, the merged images (A–D) show colocalization of serpinin with neural markers. On the right, the unmerged images (A1,A2,B1,B2,C1,C2,D1,D2) allow to better appreciate the different stainings. (A): serpinin (green) colocalization with SP (red) in a sensory fiber within a dermal papilla. (B): serpinin (green) colocalization with the pan neuronal marker PGP 9.5 (red) in the fibers included in a nerve bundle in the reticular dermis. (C): serpinin (green) colocalization with PGP 9.5 (red) in pilomotor sympathetic nerves from an arrector pili muscle. (D): serpinin (green) colocalization with PGP 9.5 (red) in sudomotor sympathetic nerves around sweat tubules. Scale bar is 30 µm in (A) and 50 µm in (B–D). SP = substance P; PGP 9.5 = Pan neuronal marker protein gene product 9.5; ULEX = Ulex europaeus agglutinin 1. 
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