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Neuropeptide Phe-Met-Arg-Phe-NH2 (FMRFamide), specifically existing in invertebrates, plays pivotal roles in various physiological processes. The involvement in neuroendocrine-immune regulation was explored in recent years, and it could modulate nitric oxide (NO) production under immune stress. However, detailed knowledge is still little known. In this study, we identified FMRFamide as an inhibitory factor on NO production in the immune reaction of Sepiella japonica. Firstly, Vibrio harveyi incubation caused significantly upregulated expression of FMRFamide precursor and NO synthase (NOS) in just hatched cuttlefish with quantitative Real-time PCR (qRT-PCR), which indicated that both were likely to be involved in the immune defense. The whole-mount in situ hybridization (ISH) detected FMRFamide precursor and NOS-positive signals appeared colocalization, suggesting that at histological and anatomical levels FMRFamide might interact with NOS. Next, NOS mRNA was highly significantly upregulated at 72 h when FMRFamide precursor mRNA was knocked down effectively with the RNA interference (RNAi) method; the results hinted that FMRFamide was likely to regulate NO production. Continuously, the inflammatory model was constructed in RAW 264.7 cells induced by lipopolysaccharide (LPS), FMRFamide administration resulted in a highly significant reduction of the NO level in dose- and time-response manners. Although the addition of the selected inducible NOS (iNOS) inhibitor had inhibited the NO production induced by LPS, the additional FMRFamide could still furtherly sharpen the process. Collectively, it was concluded that neuropeptide FMRFamide could indeed inhibit NO production to serve as feedback regulation at the late stage of immune response to protect hosts from excessive immune cytotoxicity. The inhibitory effect on NO production could not only be mediated by the NOS pathway but also be implemented through other pathways that needed to be furtherly explored. The results will provide data for comparing the structure and immune function of neuroendocrine-immune system (NEIS) between “advanced” cephalopods and other invertebrates and will provide new information for understanding the NEIS of cephalopods.
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1 Introduction

Phe-Met-Arg-Phe-NH2 (FMRFamide), specifically existing in invertebrates (1, 2), was firstly discovered from ganglion of Macrocallista nimbosa in 1977 (3). The common model of FMRFamide precursor contains a unique furin-processing site (RXK/RR) that typically separates the precursor into N- and C-terminal regions; N-terminus encodes a signal peptide, FL/IRFamide peptides, and a decapeptide; C-terminus harboring FMRFamides can be processed into mature peptides by proteases and then released to function in various physical processes (4). The studies of FMRFamide in cephalopods were started in 1987, Martin and Voigt (5) firstly identified FMRFamide in the venous serum of Octopus vulgaris central nervous system (CNS). In 1994, a report indicated that FMRFamide abundantly existed in the optic lobe of Loligo chinensis (6). Cosmo and Cristo (7) found that FMRFamide-positive signals existed in the CNS and peripheral nervous system (PNS) of O. vulgaris. In subsequent studies, it was found that invertebrate hemocytes also expressed and synthesize FMRFamide (7, 8) and some of its receptors (9). Therefore, the nervous system and some immune cells are the main sites to synthesize FMRFamide.

All the identified invertebrate nitric oxide synthases (NOSs) belong to one isoform sharing higher similarities to vertebrate neuronal NOS (nNOS), but it had resembled broad involvements in myriad physiological roles (10). An early study showed FMRFamide-positive nerve fibers connected to target cells through a non-synaptic form (11). Röszer et al. (12) observed that NOS-positive cerebral ganglia cells were stained by FMRFamide antibody; NOS-stained neurons also received FMRFamide immunoreactive terminals on soma and axonal processes in Helix lucorum, speculating that FMRFamide is likely to control nitric oxide (NO) generation at the histological and anatomical levels. Continuously, in vitro assay of the central ganglia showed FMRFamide administration caused a significant improvement in NO production, while NO content was reduced using FMRFamide-reactive IgGs to remove FMRFamide, and a similar result was obtained by inhibitor Nω-nitro-l-arginine (NOARG), or sodium channel inhibitor amiloride hydrochloride (AH) administration (13, 14). These data furtherly provided proof that in the nervous system of H. lucorum, FMRFamide could really regulate NO production through NOS, and the mediating effect was reached by activating its corresponding receptor to transduce the signals into cells.

As a key gaseous signal molecule, NO not only plays an important regulatory role in neuroscience but also mediates the immune response (15–17). NO can react indirectly with reactive oxygen species (ROS) to generate a much more powerful oxidant peroxynitrite (ONOO−) (18). NO has been considered to alter the redox status of hemolymph and increase oxidative toxicity by stimulation with cytokines, microbes, or bacterial products (10). In mollusks, the hemocyte phagocytosis was reported to be activated before NO-involved humoral defense (19). Norepinephrine (NE) could lower NO levels in the hemolymph of Chlamys farreri through activating its α receptor at the early immune response to lipopolysaccharide (LPS), and NO might regulate NE synthesis by a negative feedback pathway (20). NO content in the hemolymph of Crassostrea gigas continued to decline within 12 h post-injection FMRFamide (8). So No is not only involved in immune response directly but also plays crucial neuroendocrine-immune regulatory roles. FMRFamide could also regulate NOS activity, and intact neurons or sustained neural activity was not necessary for NO production mediated by FMRFamide (13). Hemocytes could synthesize FMRFamide and its receptors, so FMRFamide might also regulate NO production in the immune system.

Sepiella japonica has high edible, medicinal, and ecological values and used to be one of the four major kinds of seafood in the East China Sea. Artificial breeding has been carried out to recover its resources, but the mantle skin injuries in the aquaculture facilities are an advantage for the consequent development of infections during the artificial culture process, especially the skin canker disease caused by Vibrio harveyi (21). The neuroendocrine-immune regulatory study of FMRFamide in S. japonica will contribute to understanding its immune regulatory roles in cephalopods under stress. In the paper, based on mediating effect of FMRFamide on NO production, our aims were to 1) detect the induction expression of FMRFamide precursor and NOS postinfection by V. harveyi, 2) examine the colocalization of FMRFamide precursor with NOS in S. japonica, 3) perform RNA interference (RNAi) of FMRFamide precursor and analyze NOS expression change, and 4) explore NO-derived nitrite formation induced by FMRFamide in LPS-induced RAW 264.7 cells. The results will enrich the knowledge of mollusk neuroendocrine-immune system (NEIS) and provide data for comparing the structure and immune function of NEIS between “advanced” cephalopods and other invertebrates.



2 Materials and Methods


2.1 Animals

Healthy S. japonica adults were bought from a local cuttlefish breeding base (Xixuan Island, Zhoushan, Zhejiang Province) and temporarily reared in tanks containing aerated seawater. The cuttlefishes were fed twice with shrimp each day.

The juvenile cuttlefishes hatched about 30 days were anesthetized on ice. Optic lobes were dissected and fixed in 4% paraformaldehyde (PFA) immediately at 4°C overnight. The next day, optic lobes were dehydrated in gradient methanol in PTW (0.1% Tween 20 in 1× phosphate-buffered saline (PBS)) and then stored in methanol at −20°C for in situ hybridization (ISH) within 2 weeks.

Some ready-to-hatch eggs were transported to the lab and continued to be cultured in aerated seawater at 23°C ± 0.5°C. After 3–5 days, the cuttlefish larvae hatched and fed with Brachiopoda rotifers.



2.2 Challenge Experiment

In the challenge experiment, 40 cuttlefish larvae hatched within 3 days were incubated in 200 ml of aerated fresh seawater containing 2 × 107 V. harveyi cells in the logarithmic growth phase. Nine individuals were randomly selected; every three were sampled together at 0, 3, 6, 12, 24, 48, and 72 h posttreatment and stored in Trizol at −80°C for RNA isolation.



2.3 Quantitative Real-Time PCR


2.3.1 RNA Isolation and cDNA Synthesis

The challenged cuttlefish larvae at various times were ground, and total RNAs were isolated with TransZol Up (TransGen, Beijing, China). RNAs were transcribed to be cDNAs using PrimerScript™ RT reagent kit with gDNA Eraser (TaKaRa, Maebashi, Japan) according to the manufacturer’s instruction.



2.3.2 Quantitative Real-Time PCR

According to the cDNA sequence of NOS obtained in the previous study (unpublished), a pair of primers was designed (Table 1). qRT-PCR using TB Green™ Premix Ex Taq™ II (Tli RNaseH Plus) kit on a Bio-Rad CFX connect system was run to explore the expression of FMRFamide precursor (22) and NOS postinfection by V. harveyi. Melting curve analysis after qRT-PCR confirmed the specificity of the primers. Both β-actin (23) and EF-1γ (24) were used as double internal controls. Three biological replicates were conducted, and each was carried out in triplicates. The relative expression level was calculated with the formula 2−ΔΔCT (25). All data were given in terms of relative mRNA expression as mean ± SD (n = 3). The average fold-change in the mRNA level was calculated relative to the blank group. The statistical analysis was performed with a t-test or two-way ANOVA by IBM SPSS Statistics 21: the analysis yields three distinct p-values: i) whether the certain treatment had an effect, ii) whether the time had an effect, and iii) whether the effect of treatment changed with time.


Table 1 | Primers used in the study.






2.4 Colocalization Detection of FMRFamide Precursor and Nitric Oxide Synthase With Whole-Mount In Situ Hybridization


2.4.1 Two Types of RNA Probes Preparation

According to the cDNA sequence of NOS, a pair of primers was designed (Table 1); the primers of FMRFamide precursor were employed in the previous study (22). The gel-purified PCR products were ligated into pGEM-T easy vectors (Invitrogen, Carlsbad, CA, USA), and the ligated products were subcloned into Escherichia coli DH5α. Positive clones were sequenced to ensure fragment correctness.

Next, the probes were synthesized with NTP-labeled uridine triphosphate (UTP) incorporated into the antisense RNA probe. The NTP labeling mix contains either DIG-11-UTPs (Roche, Basel, Switzerland) for the synthesis of DIG-labeled NOS probes or fluorescein-12-UTPs (Roche) for the synthesis of fluorescein-labeled FMRFamide probes. The fragments were amplified with sequenced plasmids as templates. The gel-purified products were employed to perform in vitro transcription in a 20-μl volume including 5× Transcription Buffer 2.0 μl, 10× Dig/Fluorescein RNA labeling Mix 2.0 μl, PCR products 1.0 μg, RNase Inhibitor (40 U/μl) 1.0 μl, T7 RNA polymerase 2 μl, and diethyl pyrocarbonate (DEPC) H2O up to 20 μl. The reactions were kept at 37°C for 2.5 h; then 2.0 μl of DNase I was added to keep another 30 min. The concentration and integrity of purified RNA probers were checked by spectrophotometer (A260/A280) and 1.2% agarose gel electrophoresis, respectively. They were stored at −80°C until use.



2.4.2 Sample Processing and Probe Hybridization

All procedures in the report of Jezzini et al. (26) were employed with some modifications. All were performed at room temperature except as otherwise noted.

On the first day, dehydrated optic lobes were rinsed, digested in protease K for about 2 h at 37°C, and post-fixed in 4% PFA. Glycine buffer (2 mg/ml in PTW) was used to stop the above reactions. After being serially bathed in TEA–HCl (0.1 M of triethanolamine hydrochloride, pH 8.0) and TEA and acetic anhydride mixture, samples were treated in pre-hybridization buffer (50% formamide, 5 mM of ethylenediaminetetraacetic acid (EDTA), 5× SSC, 1× Denhardt’s solution, 0.1% Tween-20, and 0.5 mg/ml of yeast tRNA) at 50°C for 6–8 h, and then fresh pre-hybridization buffer containing about 3 ng/μl of RNA probes (denatured at 80°C for 5 min) was prepared to perform hybridization for 12–14 h at 50°C.

On the second day, after serial rinsing, samples were blocked in polybutylene terephthalate (PBT) (0.1% Triton-X 100, 2 mg/ml of bovine serum albumin in PBS, pH 7.4) for 3 × 20 min/time and PBT containing 10% goat serum for 90 min at 4°C. Then samples were incubated with anti-fluorescein-AP Fab antibody in PBT containing 1% goat serum (1:1,000) for 12–14 h at 4°C.

On the third day, all samples were rinsed in filtered Fast Red detection buffer (FRDB: 0.1% Tween 20, 100 mM of Tris–HCl; pH 8.2) for 3 × 5 min/time at 4°C and transferred to FRDB containing substrate Fast Red (Fast Red TR/naphthol AS-MX, Sigma, St. Louis, MO, USA). Colorimetry development (red) was monitored closely and terminated in PBT, and images were taken. Next, the residual alkaline phosphatase activity was inactivated in 0.1 M of glycine hydrochloride for 10 min. Anti-Dig-AP Fab antibody in PBT containing 1% goat serum (1:1,500) was added to incubate for another 12–14 h at 4°C.

On the fourth day, the chromogenic procedures with NBT/BCIP (purple) were performed as in a previous report (27). The signals were imaged under a stereomicroscope (Leica, Wetzlar, Germany).




2.5 RNA Interference

The siRNA-FMRFamide or its control siRNA (siRNA-NC) was designed and synthesized (GenePharma, Shanghai, China); the corresponding primers are shown in Table 1. The synthesized siRNAs were dissolved in 20 μM of sterile 0.9% NaCl right before they were used.

In the experiment, healthy cuttlefishes (weight 61.9 ± 13.8 g, mantle length 8.2 ± 0.7 cm) were divided into four groups. The first was a blank group with no treatment; the second is a saline group that received an injection with 50 μl 0.9% of NaCl; the third is an RNAi group that received 50 μl of a solution containing 30 μl 0.9% of NaCl, 10 μl of Lipo6000™, and 10 μl of siRNA-FMRFamide (20 μM); and the fourth group comprised cuttlefishes injected with the same concentration of siRNA-NC. Cuttlefishes were anesthetized in MgCl2 (17 g/L) for about 30 s before injection, and the injection site was in the main vein (28). The hemolymph was collected with a sterile syringe containing marine anticoagulation (18) from the main vein at 0, 24, 48, and 72 h postinfection and centrifuged at 800 g for 10 min at 4°C to obtain hemocytes for total RNA isolation and cDNA synthesis.



2.6 Colorimetric Detection Effect of FMRFamide on Nitric Oxide in Lipopolysaccharide-Induced RAW 264.7 Cells


2.6.1 FMRFamide Administration in Lipopolysaccharide-Induced RAW 264.7 Cells

RAW 264.7 cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in a 5% CO2 atmosphere at 37°C. The cells were passaged onto a 96-well cell culture plate and adherently cultured for 24 h. Next, 10−3–10 μM (final concentration) of chemically synthesized FMRFamide (Sangon Biotech, Shanghai, China) was added into wells to pretreat for 15 min; 20 μl of LPS was added to a final concentration of 1 μg/ml and cultured for another 24 h. Or RAW 264.7 cells were incubated with 0.01 μM of FMRFamide and LPS for 3, 6, 12, 24, 48, and 72 h. Wells with no FMRFamide were used as controls. Each group was set at three repeats. The cell supernatant was collected into a sterile 1.5-ml centrifuge tube, and NO was detected using NO assay kit (Nanjing Jiancheng, Nanjing, China) by the Griess reaction to form a light-red azo compound.

In addition, 10 μM of NOS inhibitors of S-methylisothiourea sulfate (SMT; selective inhibitor of inducible NOS (iNOS); Beyotime, Shanghai, China) was used to preincubate cells for 30 min; then LPS and FMRFamide were added to perform as described above. Three independent trials were conducted, and data were analyzed with one- or two-way ANOVA, followed by Dunnett’s multiple-comparisons test. The NO level was shown as mean ± SEM (n ≥ 3).





3 Results


3.1 The Induction Expression of FMRFamide Precursor and Nitric Oxide Synthase by Vibrio harveyi

After being incubated with V. harveyi, the induced expression of FMRFamide precursor and NOS in cuttlefish larvae was analyzed; the results are shown in Figure 1. Compared to the blank group (0 h), after being stimulated by V. harveyi, the expression level of FMRFamide precursor was significantly upregulated to 1.32-fold (p < 0.05) till 72 h; NOS was upregulated at 12 and 24 h to 1.55-fold (p < 0.05) and 1.53-fold (p < 0.05), respectively, and returned to the initial level at 48 h. Collectively, the data showed that both FMRFamide precursor and NOS could be involved in the defense response against pathogen infection in hatched cuttlefish larvae.




Figure 1 | Induction expression of FMRFamide precursor and NOS in cuttlefish larvae induced by Vibrio harveyi. Data were analyzed by a t-test that compared the treatment group at any given time to the blank group. One asterisk indicates a significant difference (p < 0.05). NOS, nitric oxide synthase.





3.2 Whole-Mount Colocalization of FMRFamide Precursor and Nitric Oxide Synthase

The colocalization of FMRFamide precursor (red) and NOS (purple) was detected with whole-mount ISH. Obviously, Figure 2–A shows the optic lobe had a lot of red positive signals stained with Fast Red indicating FMRFamide precursor, and the signals are mainly distributed in the medulla (A). Surprisingly, after chromogenic reaction with NBT/BCIP again, many purple signals indicating NOS emerged on red signals, suggesting that the two colors overlapped (Figure 2–B–1/2/3). The colocalization result implied that the FMRFamide is likely to interact with NOS.




Figure 2 | Colocalization result of FMRFamide precursor and NOS in the optic lobe. (A) FMRFamide precursor localization on the optic lobe. (B) Colocalization of FMRFamide precursor (red) and NOS (purple) on the optic lobe. (A, B-1) The ventral area of the optic lobe connecting to the brain. (B-2/3) The dorsal area of the optic lobe connecting to the retina. The black arrows show some representative FMRFamide precursor positive signals; the white arrows indicate some representative colocalization sites of FMRFamide precursor and NOS. NOS, nitric oxide synthase.





3.3 FMRFamide Precursor Expression Post-RNA Interference

RNAi experiment was carried out by injection siRNA-FMRFamide to knock down the FMRFamide precursor; the result is shown in Figure 3. Compared to control groups, 4 μM of siRNA-FMRFamide treatment resulted in significant downregulation of FMRFamide precursor at 72 h in hemocytes. Therefore, the data indicate that we have performed RNAi experiments successfully in this study, and the knockdown efficiency of FMRFamide precursor mRNA could be reached about 84%.




Figure 3 | FMRFamide precursor expression change in hemocytes after RNAi precursor. Data were analyzed by two-way ANOVA followed by Dunnett’s post-hoc test. The same letter indicates no significant difference (p > 0.05); different letters indicate a significant difference (p < 0.05). RNAi, RNA interference.





3.4 Nitric Oxide Synthase Expression Post-RNA Interference FMRFamide Precursor

Figure 4 shows the expression change of NOS after successfully knocking down FMRFamide precursor mRNA in vivo; surprisingly, the NOS expression level was highly significantly upregulated at 72 h when FMRFamide precursor mRNAs were knocked down effectively, which illustrated that FMRFamide precursor could inhibit NOS expression in S. japonica.




Figure 4 | NOS expression after knocking down FMRFamide precursor mRNA. Data were analyzed by two-way ANOVA followed by Dunnett’s post-hoc test. The capital letter indicates a highly significant difference (p < 0.01); the same small letter indicates no significant difference (p > 0.05). NOS, nitric oxide synthase.





3.5 Inhibitory Effect of FMRFamide on Nitric Oxide Production in Inflammatory RAW 264.7 Cells


3.5.1 Concentration-Dependent Inhibitory Effect

The inflammatory model of RAW 264.7 cells induced by LPS was constructed successfully in this study to detect the effect of FMRFamide on NO production in vitro. Firstly, the treatment results of 10−3–10 μM of FMRFamide on the NO level are shown in Figure 5. Compared to the blank group, the NO level was highly significantly elevated post-LPS incubation alone, indicating that the inflammatory induction was effective. In turn, compared to the LPS groups, the NO level was highly significantly reduced after adding FMRFamide except in the 10 μM groups where it appeared to have a declining trend. The data clarified that FMRFamide could inhibit NO production under immune stress, and the inhibitory effect appeared to have a dose-dependent response within a certain range. The optimal induction concentration was 0.01 μM.




Figure 5 | The effect of FMRFamide on NO production in inflammatory RAW 264.7 cells. The graph displays the mean ± SEM (n ≥ 3), and data were analyzed by one-way ANOVA followed by Dunnett’s post-hoc test. The different capital letters indicate highly significant difference (p < 0.01); different small letters indicate significant difference (p < 0.05); the same letter indicates no significant difference (p > 0.05). NO, nitric oxide.





3.5.2 Time-Dependent Inhibitory Effect

As mentioned above, inflammatory RAW 264.7 cells were treated with 0.01 μM of FMRFamide at different times in this experiment. As seen in Figure 6, the LPS groups induced highly significant NO content elevation with increased time duration, whereas the addition of 0.01 μM of FMRFamide significantly cut down NO production within 48 h, which implied that the inhibitory effect of FMRFamide on NO production under immune stress was also time-dependent.




Figure 6 | NO level induced by 0.01 μM of FMRFamide for different times in inflammatory RAW 264.7 cells. The graphs display the mean ± SEM (n ≥ 3). Data were analyzed by two-way ANOVA followed by Dunnett’s post-hoc test. The different capital letters indicate a highly significant difference (p < 0.01); different small letters indicate a significant difference (p < 0.05); the same letter indicates no significant difference (p > 0.05). NO, nitric oxide.






3.6 Co-Stimulation Effect of S-Methylisothiourea Sulfate and FMRFamide on Nitric Oxide Level

As we all know, iNOS can be induced by stress stimulation to synthesize NO. SMT selectively inhibiting iNOS was employed in this study; the co-stimulation result with FMRFamide is shown in Figure 7. Compared to the LPS group with a high level of NO, the addition of SMT highly significantly reduced NO production, which was expected. Compared to the LPS+SMT group of significantly reduced NO production, the addition of FMRFamide furtherly reduced NO production significantly in the range of 0.01–1 μM. The data clearly illustrated that FMRFamide could inhibit NO production through NOS-dependent and other unknown pathways.




Figure 7 | Effect of co-stimulation of SMT and FMRFamide on NO under immune stress. The graphs display the mean ± SEM (n ≥ 3), and data were analyzed by one-way ANOVA followed by Dunnett’s post-hoc test. The different capital letters indicate a highly significant difference (p < 0.01); different small letters indicate a significant difference (p < 0.05); the same letter indicates no significant difference (p > 0.05). SMT, S-methylisothiourea sulfate; NO, nitric oxide.






4 Discussion

At present, the authentic FMRFamide has been identified in Annelida (29) and Arthropoda (30) and mostly in Mollusca (31). Reports indicate that FMRFamide has multiple regulatory functions, such as heartbeat (32), reproduction (7), feeding (33), muscle contraction (8), and glucose decrease (34). In recent years, researchers found that FMRFamide is also an important immunoregulatory factor in the NEIS to sustain homeostasis during pathogen invasion or stress response (8). FMRFamide was upregulated post Schistosoma parasitization in Biomphalaria (35). C. gigas FMRFamide mRNA was significantly upregulated at 12 h and then dropped back to the initial level at 24 h after LPS stimulation (8). In the present study, V. harveyi stimulation caused upregulation of FMRFamide precursor mRNA in just hatched cuttlefish larvae, furtherly providing proof that FMRFamide indeed participates in invertebrate immune responses. FMRFamide injection caused NO reduction in the hemolymph of C. gigas, suggesting that FMRFamide could also regulate NO production in the immune system (8). Our aims were to demonstrate the anatomical and physical relationships of FMRFamide with NO production under stress in cephalopod.

To visualize the possible effect of FMRFamide on NO production, double-labeling ISH was firstly applied and observed that there was an anatomical overlap of FMRFamide precursor and NOS in the CNS of S. japonica, the data hint that the innervation of NO production by FMRFamide containing neurons is also likely to exist in cephalopod. H. lucorum NOS-positive cell bodies and initial axon segments of neurons in the procerebra, medial mesocerebra, pedal, and visceral ganglia also have FMRFamide-immunolabeled fibers (12). It is speculated that the colocalization of FMRFamide with NOS might commonly exist in mollusk. These histological observations suggest FMRFamide is likely to have direct regulatory effects on NO production in multiple physiological processes.

Next, RNAi was carried out to knock down FMRFamide precursor mRNA, and the NOS expression level was highly significantly upregulated at 72 h postinfection when the FMRFamide precursor was knocked down effectively in hemocytes. Namely, FMRFamide could indeed innervate NOS expression and might furtherly control NO production. FMRFamide administration of H. lucorum central ganglia induced significant elevation of NO production, whereas this was dramatically inhibited by NOS inhibitor NOARG (13). Therefore, FMRFamide has direct control effects on NO production not only in the nervous system but also in the immune system.

NO generation is a feature of genuine immune-system cells and other cells involved in immune reactions; stress stimulus could evoke NO production in immune cells. NO in physiological or water conditions could react with oxygen and H2O to form nitrate and nitrite, both nitrate and nitrite can form light-red azo compounds, and NO content can be calculated with the photocolorimetric method (16). The NO level in O. vulgaris hemocytes decreased with the increase of Aggregata octopiana infection (36). The NO concentration and NOS activity in the hemolymph of C. farreri increased significantly after LPS stimulation (10). FMRFamide could enhance NO release in the nervous system of H. lucorum (11) and inhibit C. gigas hemocyte NO production (8); these reports suggest that FMRFamide has myriad regulation roles on NO in the NEIS. In the related studies, inflammatory RAW 264.7 cells were an appropriate model to assay NO production in vitro. From our results, the addition of FMRFamide significantly cut down NO production induced by LPS in RAW 264.7 cells; the effect was significant at low concentrations in dose- and time-dependent modes, while the effect attenuated at relatively high concentration. The inhibitory effect of FMRFamide on NO in vitro was consistent with in vivo FMRFamide injection of C. gigas, causing a continuous downregulation of NO content in hemolymph; the suppression effect of FMRFamide on NO production might mainly be due to the inhibition of NOS activity (37). The reduction of NO might contribute to hemocyte apoptosis (8, 10). Among the behaviors of immunocytes, apoptosis occupies a prime role in the adequate clearance of infected, damaged, and exhausted cells, especially when the hosts suffer from infection and dissemination (38). Secondly, the studies of symbiotic relationships showed that NO and NOS appeared to be attenuated in the symbiotic light organ of Euprymna scolopes as early as 6 h after Vibrio fischeri colonization to limit the aggregation of V. fischeri population (39, 40). NO has been considered to alter the redox status of hemolymph and influence hemocyte apoptosis in mollusks (8, 41, 42). FMRFamide-like peptide (FLP) family member neuropeptide FF can also inhibit NO release to exert contractile activity in the mouse distal colon (43).

nNOS and endothelial NOS (eNOS) produce constitutive NO at low levels (nM range), while iNOS can be induced by stress stimulations to synthesize NO at a higher level (μM range). Only one form of NOS has been identified in invertebrates (10, 44). iNOS inhibitor SMT could completely inhibit NO evoke induced by LPS in RAW 264.7 cells in our study; above all, the inhibitory effect of adding FMRFamide on NO was aggravated, illustrating that the inhibitory effect of FMRFamide on NO production during immune response not only could be reached by NOS dependent pathway but also have a similar effect in a NOS-independent manner. In brief, the data demonstrate that FMRFamide is an endogenous inhibitor with a stronger inhibition effect on NO production than chemical SMT in NEIS to sustain homeostasis.

Once infected, the organism can quickly initiate an immune response to defend against infection. One strategy is pathogen-specific, and NO is one of the key oxidative molecules that could elevate the oxidative level and cytotoxicity to destruct intruding pathogens. The other is to prevent pathogens from colonization. NO attenuation can prevent colonization from pathogen bacteria (45, 46). Therefore, the inhibitory effects of FMRFamide on NO production during the immune process can not only supervise the immune response at an appropriate level to protect autogenous normal cells from being damaged, but also help to prevent the colonization of infected pathogens to sustain homeostasis. Therefore, the inhibitory role of FMRFamide under infection needs to be initiated at the late stage of the immune response. Our above-described results including upregulation of FMRFamide precursor at 72 h postinfection by V. harveyi and inhibition of NO production under immune stimuli all confirmed this speculation.
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    Front. Immunol. Frontiers in Immunology Front. Immunol. 1664-3224  Frontiers Media S.A.  10.3389/fimmu.2022.825634   Immunology  Original Research  Inhibitory Effect of FMRFamide on NO Production During Immune Defense in  Sepiella japonica    Zheng Libing    Cao Huimin    Qiu Jiayin    Chi Changfeng  *  National and Provincial Joint Laboratory of Exploration and Utilization of Marine Aquatic Genetic Resources, School of Marine Science and Technology, Zhejiang Ocean University,  Zhoushan,  China   Edited by: Uday Kishore, Brunel University London, United Kingdom  Reviewed by: Jaime Eugenio Figueroa, Austral University of Chile, Chile; Zedong Jiang, Jimei University, China; Raymond S. Norton, Monash University, Australia  *Correspondence: Changfeng Chi,  chicf@zjou.edu.cn   This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology  28 04 2022  2022 13 825634   30 11 2021  29 03 2022  Copyright © 2022 Zheng, Cao, Qiu and Chi 2022 Zheng, Cao, Qiu and Chi  This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.  Neuropeptide Phe-Met-Arg-Phe-NH 2 (FMRFamide), specifically existing in invertebrates, plays pivotal roles in various physiological processes. The involvement in neuroendocrine-immune regulation was explored in recent years, and it could modulate nitric oxide (NO) production under immune stress. However, detailed knowledge is still little known. In this study, we identified FMRFamide as an inhibitory factor on NO production in the immune reaction of  Sepiella japonica. Firstly,  Vibrio harveyi incubation caused significantly upregulated expression of FMRFamide precursor and NO synthase (NOS) in just hatched cuttlefish with quantitative Real-time PCR (qRT-PCR), which indicated that both were likely to be involved in the immune defense. The whole-mount  in situ hybridization (ISH) detected FMRFamide precursor and NOS-positive signals appeared colocalization, suggesting that at histological and anatomical levels FMRFamide might interact with NOS. Next, NOS mRNA was highly significantly upregulated at 72 h when FMRFamide precursor mRNA was knocked down effectively with the RNA interference (RNAi) method; the results hinted that FMRFamide was likely to regulate NO production. Continuously, the inflammatory model was constructed in RAW 264.7 cells induced by lipopolysaccharide (LPS), FMRFamide administration resulted in a highly significant reduction of the NO level in dose- and time-response manners. Although the addition of the selected inducible NOS (iNOS) inhibitor had inhibited the NO production induced by LPS, the additional FMRFamide could still furtherly sharpen the process. Collectively, it was concluded that neuropeptide FMRFamide could indeed inhibit NO production to serve as feedback regulation at the late stage of immune response to protect hosts from excessive immune cytotoxicity. The inhibitory effect on NO production could not only be mediated by the NOS pathway but also be implemented through other pathways that needed to be furtherly explored. The results will provide data for comparing the structure and immune function of neuroendocrine-immune system (NEIS) between “advanced” cephalopods and other invertebrates and will provide new information for understanding the NEIS of cephalopods.   Sepiella japonica FMRFamide nitric oxide inhibitory effect immune response National Natural Science Foundation of China 10.13039/501100001809 Natural Science Foundation of Zhejiang Province 10.13039/501100004731          1 Introduction Phe-Met-Arg-Phe-NH 2 (FMRFamide), specifically existing in invertebrates ( 1,  2), was firstly discovered from ganglion of  Macrocallista nimbosa in 1977 ( 3). The common model of FMRFamide precursor contains a unique furin-processing site (RXK/RR) that typically separates the precursor into N- and C-terminal regions; N-terminus encodes a signal peptide, FL/IRFamide peptides, and a decapeptide; C-terminus harboring FMRFamides can be processed into mature peptides by proteases and then released to function in various physical processes ( 4). The studies of FMRFamide in cephalopods were started in 1987, Martin and Voigt ( 5) firstly identified FMRFamide in the venous serum of  Octopus vulgaris central nervous system (CNS). In 1994, a report indicated that FMRFamide abundantly existed in the optic lobe of  Loligo chinensis ( 6). Cosmo and Cristo ( 7) found that FMRFamide-positive signals existed in the CNS and peripheral nervous system (PNS) of  O. vulgaris. In subsequent studies, it was found that invertebrate hemocytes also expressed and synthesize FMRFamide ( 7,  8) and some of its receptors ( 9). Therefore, the nervous system and some immune cells are the main sites to synthesize FMRFamide. All the identified invertebrate nitric oxide synthases (NOSs) belong to one isoform sharing higher similarities to vertebrate neuronal NOS (nNOS), but it had resembled broad involvements in myriad physiological roles ( 10). An early study showed FMRFamide-positive nerve fibers connected to target cells through a non-synaptic form ( 11). Röszer et al. ( 12) observed that NOS-positive cerebral ganglia cells were stained by FMRFamide antibody; NOS-stained neurons also received FMRFamide immunoreactive terminals on soma and axonal processes in  Helix lucorum, speculating that FMRFamide is likely to control nitric oxide (NO) generation at the histological and anatomical levels. Continuously,  in vitro assay of the central ganglia showed FMRFamide administration caused a significant improvement in NO production, while NO content was reduced using FMRFamide-reactive IgGs to remove FMRFamide, and a similar result was obtained by inhibitor  N ω-nitro- l-arginine (NOARG), or sodium channel inhibitor amiloride hydrochloride (AH) administration ( 13,  14). These data furtherly provided proof that in the nervous system of  H. lucorum, FMRFamide could really regulate NO production through NOS, and the mediating effect was reached by activating its corresponding receptor to transduce the signals into cells. As a key gaseous signal molecule, NO not only plays an important regulatory role in neuroscience but also mediates the immune response ( 15– 17). NO can react indirectly with reactive oxygen species (ROS) to generate a much more powerful oxidant peroxynitrite (ONOO −) ( 18). NO has been considered to alter the redox status of hemolymph and increase oxidative toxicity by stimulation with cytokines, microbes, or bacterial products ( 10). In mollusks, the hemocyte phagocytosis was reported to be activated before NO-involved humoral defense ( 19). Norepinephrine (NE) could lower NO levels in the hemolymph of  Chlamys farreri through activating its α receptor at the early immune response to lipopolysaccharide (LPS), and NO might regulate NE synthesis by a negative feedback pathway ( 20). NO content in the hemolymph of  Crassostrea gigas continued to decline within 12 h post-injection FMRFamide ( 8). So No is not only involved in immune response directly but also plays crucial neuroendocrine-immune regulatory roles. FMRFamide could also regulate NOS activity, and intact neurons or sustained neural activity was not necessary for NO production mediated by FMRFamide ( 13). Hemocytes could synthesize FMRFamide and its receptors, so FMRFamide might also regulate NO production in the immune system.  Sepiella japonica has high edible, medicinal, and ecological values and used to be one of the four major kinds of seafood in the East China Sea. Artificial breeding has been carried out to recover its resources, but the mantle skin injuries in the aquaculture facilities are an advantage for the consequent development of infections during the artificial culture process, especially the skin canker disease caused by  Vibrio harveyi ( 21). The neuroendocrine-immune regulatory study of FMRFamide in  S. japonica will contribute to understanding its immune regulatory roles in cephalopods under stress. In the paper, based on mediating effect of FMRFamide on NO production, our aims were to 1) detect the induction expression of FMRFamide precursor and NOS postinfection by  V. harveyi, 2) examine the colocalization of FMRFamide precursor with NOS in  S. japonica, 3) perform RNA interference (RNAi) of FMRFamide precursor and analyze NOS expression change, and 4) explore NO-derived nitrite formation induced by FMRFamide in LPS-induced RAW 264.7 cells. The results will enrich the knowledge of mollusk neuroendocrine-immune system (NEIS) and provide data for comparing the structure and immune function of NEIS between “advanced” cephalopods and other invertebrates.  2 Materials and Methods  2.1 Animals Healthy  S. japonica adults were bought from a local cuttlefish breeding base (Xixuan Island, Zhoushan, Zhejiang Province) and temporarily reared in tanks containing aerated seawater. The cuttlefishes were fed twice with shrimp each day. The juvenile cuttlefishes hatched about 30 days were anesthetized on ice. Optic lobes were dissected and fixed in 4% paraformaldehyde (PFA) immediately at 4°C overnight. The next day, optic lobes were dehydrated in gradient methanol in PTW (0.1% Tween 20 in 1× phosphate-buffered saline (PBS)) and then stored in methanol at −20°C for  in situ hybridization (ISH) within 2 weeks. Some ready-to-hatch eggs were transported to the lab and continued to be cultured in aerated seawater at 23°C ± 0.5°C. After 3–5 days, the cuttlefish larvae hatched and fed with  Brachiopoda rotifers.  2.2 Challenge Experiment In the challenge experiment, 40 cuttlefish larvae hatched within 3 days were incubated in 200 ml of aerated fresh seawater containing 2 × 10 7  V. harveyi cells in the logarithmic growth phase. Nine individuals were randomly selected; every three were sampled together at 0, 3, 6, 12, 24, 48, and 72 h posttreatment and stored in Trizol at −80°C for RNA isolation.  2.3 Quantitative Real-Time PCR  2.3.1 RNA Isolation and cDNA Synthesis The challenged cuttlefish larvae at various times were ground, and total RNAs were isolated with TransZol Up (TransGen, Beijing, China). RNAs were transcribed to be cDNAs using PrimerScript™ RT reagent kit with gDNA Eraser (TaKaRa, Maebashi, Japan) according to the manufacturer’s instruction.  2.3.2 Quantitative Real-Time PCR According to the cDNA sequence of NOS obtained in the previous study (unpublished), a pair of primers was designed (  Table 1). qRT-PCR using TB Green™ Premix Ex Taq™ II (Tli RNaseH Plus) kit on a Bio-Rad CFX connect system was run to explore the expression of FMRFamide precursor ( 22) and NOS postinfection by  V. harveyi. Melting curve analysis after qRT-PCR confirmed the specificity of the primers. Both  β-actin ( 23) and  EF-1γ ( 24) were used as double internal controls. Three biological replicates were conducted, and each was carried out in triplicates. The relative expression level was calculated with the formula 2 −ΔΔCT ( 25). All data were given in terms of relative mRNA expression as mean ± SD (n = 3). The average fold-change in the mRNA level was calculated relative to the blank group. The statistical analysis was performed with a t-test or two-way ANOVA by IBM SPSS Statistics 21: the analysis yields three distinct  p-values: i) whether the certain treatment had an effect, ii) whether the time had an effect, and iii) whether the effect of treatment changed with time.  Table 1  Primers used in the study.    Primers Sequences (5′–3′)    RT-PCR    qSj-FMRF-F CGTCATCGCCATCTACTGTC   qSj-FMRF-R CGCTTGCTTCTCAGTCCATC   qSj-NOS-F GATAGTGCCACCAATCAGCG   qSj-NOS-R CCTTGCCCATCAGTTTAGCC   Sj-β-actin-F GCCAGTTGCTCGTTACAG   Sj-β-actin-R GCCAACAATAGATGGGAAT   Sj-EF-γ-F GCAAAAACCCCACCAAAGCCGA   Sj-EF-γ-R AAGTGTTCCCAAAAGTACGGCA   ISH    ISj-FMRF-F CCCAAGCGTGATGCGTTGTTGGAGT   ISj-FMRF-R CCGGAAGCGCTTGCTTCTCAGTCCATC   ISj-NOS-F CAAGAAGCAACAGGAGC   ISj-NOS-R AGGTAACGGGTGAAGGC   RNAi   SiRNA-NC AUUCGUUAGCUCGUGCACGTT  CGUGCACGAGCUAACGAAUTT  SiRNA-FMRFamide GCGAAGAGAAGAGGUUUAUTT  AUAAACCUCUUCUCUUCGCTT   ISH, in situ hybridization; RNAi, RNA interference.  2.4 Colocalization Detection of FMRFamide Precursor and Nitric Oxide Synthase With Whole-Mount  In Situ Hybridization  2.4.1 Two Types of RNA Probes Preparation According to the cDNA sequence of NOS, a pair of primers was designed (  Table 1); the primers of FMRFamide precursor were employed in the previous study ( 22). The gel-purified PCR products were ligated into pGEM-T easy vectors (Invitrogen, Carlsbad, CA, USA), and the ligated products were subcloned into  Escherichia coli DH5α. Positive clones were sequenced to ensure fragment correctness. Next, the probes were synthesized with NTP-labeled uridine triphosphate (UTP) incorporated into the antisense RNA probe. The NTP labeling mix contains either DIG-11-UTPs (Roche, Basel, Switzerland) for the synthesis of DIG-labeled NOS probes or fluorescein-12-UTPs (Roche) for the synthesis of fluorescein-labeled FMRFamide probes. The fragments were amplified with sequenced plasmids as templates. The gel-purified products were employed to perform  in vitro transcription in a 20-μl volume including 5× Transcription Buffer 2.0 μl, 10× Dig/Fluorescein RNA labeling Mix 2.0 μl, PCR products 1.0 μg, RNase Inhibitor (40 U/μl) 1.0 μl, T7 RNA polymerase 2 μl, and diethyl pyrocarbonate (DEPC) H 2O up to 20 μl. The reactions were kept at 37°C for 2.5 h; then 2.0 μl of DNase I was added to keep another 30 min. The concentration and integrity of purified RNA probers were checked by spectrophotometer (A260/A280) and 1.2% agarose gel electrophoresis, respectively. They were stored at −80°C until use.  2.4.2 Sample Processing and Probe Hybridization All procedures in the report of Jezzini et al. ( 26) were employed with some modifications. All were performed at room temperature except as otherwise noted. On the first day, dehydrated optic lobes were rinsed, digested in protease K for about 2 h at 37°C, and post-fixed in 4% PFA. Glycine buffer (2 mg/ml in PTW) was used to stop the above reactions. After being serially bathed in TEA–HCl (0.1 M of triethanolamine hydrochloride, pH 8.0) and TEA and acetic anhydride mixture, samples were treated in pre-hybridization buffer (50% formamide, 5 mM of ethylenediaminetetraacetic acid (EDTA), 5× SSC, 1× Denhardt’s solution, 0.1% Tween-20, and 0.5 mg/ml of yeast tRNA) at 50°C for 6–8 h, and then fresh pre-hybridization buffer containing about 3 ng/μl of RNA probes (denatured at 80°C for 5 min) was prepared to perform hybridization for 12–14 h at 50°C. On the second day, after serial rinsing, samples were blocked in polybutylene terephthalate (PBT) (0.1% Triton-X 100, 2 mg/ml of bovine serum albumin in PBS, pH 7.4) for 3 × 20 min/time and PBT containing 10% goat serum for 90 min at 4°C. Then samples were incubated with anti-fluorescein-AP Fab antibody in PBT containing 1% goat serum (1:1,000) for 12–14 h at 4°C. On the third day, all samples were rinsed in filtered Fast Red detection buffer (FRDB: 0.1% Tween 20, 100 mM of Tris–HCl; pH 8.2) for 3 × 5 min/time at 4°C and transferred to FRDB containing substrate Fast Red (Fast Red TR/naphthol AS-MX, Sigma, St. Louis, MO, USA). Colorimetry development (red) was monitored closely and terminated in PBT, and images were taken. Next, the residual alkaline phosphatase activity was inactivated in 0.1 M of glycine hydrochloride for 10 min. Anti-Dig-AP Fab antibody in PBT containing 1% goat serum (1:1,500) was added to incubate for another 12–14 h at 4°C. On the fourth day, the chromogenic procedures with NBT/BCIP (purple) were performed as in a previous report ( 27). The signals were imaged under a stereomicroscope (Leica, Wetzlar, Germany).  2.5 RNA Interference The siRNA-FMRFamide or its control siRNA (siRNA-NC) was designed and synthesized (GenePharma, Shanghai, China); the corresponding primers are shown in   Table 1. The synthesized siRNAs were dissolved in 20 μM of sterile 0.9% NaCl right before they were used. In the experiment, healthy cuttlefishes (weight 61.9 ± 13.8 g, mantle length 8.2 ± 0.7 cm) were divided into four groups. The first was a blank group with no treatment; the second is a saline group that received an injection with 50 μl 0.9% of NaCl; the third is an RNAi group that received 50 μl of a solution containing 30 μl 0.9% of NaCl, 10 μl of Lipo6000™, and 10 μl of siRNA-FMRFamide (20 μM); and the fourth group comprised cuttlefishes injected with the same concentration of siRNA-NC. Cuttlefishes were anesthetized in MgCl 2 (17 g/L) for about 30 s before injection, and the injection site was in the main vein ( 28). The hemolymph was collected with a sterile syringe containing marine anticoagulation ( 18) from the main vein at 0, 24, 48, and 72 h postinfection and centrifuged at 800 g for 10 min at 4°C to obtain hemocytes for total RNA isolation and cDNA synthesis.  2.6 Colorimetric Detection Effect of FMRFamide on Nitric Oxide in Lipopolysaccharide-Induced RAW 264.7 Cells  2.6.1 FMRFamide Administration in Lipopolysaccharide-Induced RAW 264.7 Cells RAW 264.7 cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in a 5% CO 2 atmosphere at 37°C. The cells were passaged onto a 96-well cell culture plate and adherently cultured for 24 h. Next, 10 −3–10 μM (final concentration) of chemically synthesized FMRFamide (Sangon Biotech, Shanghai, China) was added into wells to pretreat for 15 min; 20 μl of LPS was added to a final concentration of 1 μg/ml and cultured for another 24 h. Or RAW 264.7 cells were incubated with 0.01 μM of FMRFamide and LPS for 3, 6, 12, 24, 48, and 72 h. Wells with no FMRFamide were used as controls. Each group was set at three repeats. The cell supernatant was collected into a sterile 1.5-ml centrifuge tube, and NO was detected using NO assay kit (Nanjing Jiancheng, Nanjing, China) by the Griess reaction to form a light-red azo compound. In addition, 10 μM of NOS inhibitors of  S-methylisothiourea sulfate (SMT; selective inhibitor of inducible NOS (iNOS); Beyotime, Shanghai, China) was used to preincubate cells for 30 min; then LPS and FMRFamide were added to perform as described above. Three independent trials were conducted, and data were analyzed with one- or two-way ANOVA, followed by Dunnett’s multiple-comparisons test. The NO level was shown as mean ± SEM (n ≥ 3).  3 Results  3.1 The Induction Expression of FMRFamide Precursor and Nitric Oxide Synthase by  Vibrio harveyi After being incubated with  V. harveyi, the induced expression of FMRFamide precursor and NOS in cuttlefish larvae was analyzed; the results are shown in   Figure 1. Compared to the blank group (0 h), after being stimulated by  V. harveyi, the expression level of FMRFamide precursor was significantly upregulated to 1.32-fold ( p < 0.05) till 72 h; NOS was upregulated at 12 and 24 h to 1.55-fold ( p < 0.05) and 1.53-fold ( p < 0.05), respectively, and returned to the initial level at 48 h. Collectively, the data showed that both FMRFamide precursor and NOS could be involved in the defense response against pathogen infection in hatched cuttlefish larvae.  Figure 1  Induction expression of FMRFamide precursor and NOS in cuttlefish larvae induced by  Vibrio harveyi. Data were analyzed by a t-test that compared the treatment group at any given time to the blank group. One asterisk indicates a significant difference ( p < 0.05). NOS, nitric oxide synthase.   3.2 Whole-Mount Colocalization of FMRFamide Precursor and Nitric Oxide Synthase The colocalization of FMRFamide precursor (red) and NOS (purple) was detected with whole-mount ISH. Obviously,   Figure 2–A shows the optic lobe had a lot of red positive signals stained with Fast Red indicating FMRFamide precursor, and the signals are mainly distributed in the medulla (A). Surprisingly, after chromogenic reaction with NBT/BCIP again, many purple signals indicating NOS emerged on red signals, suggesting that the two colors overlapped (  Figure 2–B–1/2/3). The colocalization result implied that the FMRFamide is likely to interact with NOS.  Figure 2  Colocalization result of FMRFamide precursor and NOS in the optic lobe.  (A) FMRFamide precursor localization on the optic lobe.  (B) Colocalization of FMRFamide precursor (red) and NOS (purple) on the optic lobe.  (A, B-1) The ventral area of the optic lobe connecting to the brain.  (B-2/3) The dorsal area of the optic lobe connecting to the retina. The black arrows show some representative FMRFamide precursor positive signals; the white arrows indicate some representative colocalization sites of FMRFamide precursor and NOS. NOS, nitric oxide synthase.   3.3 FMRFamide Precursor Expression Post-RNA Interference RNAi experiment was carried out by injection siRNA-FMRFamide to knock down the FMRFamide precursor; the result is shown in   Figure 3. Compared to control groups, 4 μM of siRNA-FMRFamide treatment resulted in significant downregulation of FMRFamide precursor at 72 h in hemocytes. Therefore, the data indicate that we have performed RNAi experiments successfully in this study, and the knockdown efficiency of FMRFamide precursor mRNA could be reached about 84%.  Figure 3  FMRFamide precursor expression change in hemocytes after RNAi precursor. Data were analyzed by two-way ANOVA followed by Dunnett’s  post-hoc test. The same letter indicates no significant difference ( p > 0.05); different letters indicate a significant difference ( p < 0.05). RNAi, RNA interference.   3.4 Nitric Oxide Synthase Expression Post-RNA Interference FMRFamide Precursor   Figure 4 shows the expression change of NOS after successfully knocking down FMRFamide precursor mRNA  in vivo; surprisingly, the NOS expression level was highly significantly upregulated at 72 h when FMRFamide precursor mRNAs were knocked down effectively, which illustrated that FMRFamide precursor could inhibit NOS expression in  S. japonica.  Figure 4  NOS expression after knocking down FMRFamide precursor mRNA. Data were analyzed by two-way ANOVA followed by Dunnett’s  post-hoc test. The capital letter indicates a highly significant difference ( p < 0.01); the same small letter indicates no significant difference ( p > 0.05). NOS, nitric oxide synthase.   3.5 Inhibitory Effect of FMRFamide on Nitric Oxide Production in Inflammatory RAW 264.7 Cells  3.5.1 Concentration-Dependent Inhibitory Effect The inflammatory model of RAW 264.7 cells induced by LPS was constructed successfully in this study to detect the effect of FMRFamide on NO production  in vitro. Firstly, the treatment results of 10 −3–10 μM of FMRFamide on the NO level are shown in   Figure 5. Compared to the blank group, the NO level was highly significantly elevated post-LPS incubation alone, indicating that the inflammatory induction was effective. In turn, compared to the LPS groups, the NO level was highly significantly reduced after adding FMRFamide except in the 10 μM groups where it appeared to have a declining trend. The data clarified that FMRFamide could inhibit NO production under immune stress, and the inhibitory effect appeared to have a dose-dependent response within a certain range. The optimal induction concentration was 0.01 μM.  Figure 5  The effect of FMRFamide on NO production in inflammatory RAW 264.7 cells. The graph displays the mean ± SEM (n ≥ 3), and data were analyzed by one-way ANOVA followed by Dunnett’s  post-hoc test. The different capital letters indicate highly significant difference ( p < 0.01); different small letters indicate significant difference ( p < 0.05); the same letter indicates no significant difference ( p > 0.05). NO, nitric oxide.   3.5.2 Time-Dependent Inhibitory Effect As mentioned above, inflammatory RAW 264.7 cells were treated with 0.01 μM of FMRFamide at different times in this experiment. As seen in   Figure 6, the LPS groups induced highly significant NO content elevation with increased time duration, whereas the addition of 0.01 μM of FMRFamide significantly cut down NO production within 48 h, which implied that the inhibitory effect of FMRFamide on NO production under immune stress was also time-dependent.  Figure 6  NO level induced by 0.01 μM of FMRFamide for different times in inflammatory RAW 264.7 cells. The graphs display the mean ± SEM (n ≥ 3). Data were analyzed by two-way ANOVA followed by Dunnett’s  post-hoc test. The different capital letters indicate a highly significant difference ( p < 0.01); different small letters indicate a significant difference ( p < 0.05); the same letter indicates no significant difference ( p > 0.05). NO, nitric oxide.   3.6 Co-Stimulation Effect of  S-Methylisothiourea Sulfate and FMRFamide on Nitric Oxide Level As we all know, iNOS can be induced by stress stimulation to synthesize NO. SMT selectively inhibiting iNOS was employed in this study; the co-stimulation result with FMRFamide is shown in   Figure 7. Compared to the LPS group with a high level of NO, the addition of SMT highly significantly reduced NO production, which was expected. Compared to the LPS+SMT group of significantly reduced NO production, the addition of FMRFamide furtherly reduced NO production significantly in the range of 0.01–1 μM. The data clearly illustrated that FMRFamide could inhibit NO production through NOS-dependent and other unknown pathways.  Figure 7  Effect of co-stimulation of SMT and FMRFamide on NO under immune stress. The graphs display the mean ± SEM (n ≥ 3), and data were analyzed by one-way ANOVA followed by Dunnett’s  post-hoc test. The different capital letters indicate a highly significant difference ( p < 0.01); different small letters indicate a significant difference ( p < 0.05); the same letter indicates no significant difference ( p > 0.05). SMT,  S-methylisothiourea sulfate; NO, nitric oxide.   4 Discussion At present, the authentic FMRFamide has been identified in Annelida ( 29) and Arthropoda ( 30) and mostly in Mollusca ( 31). Reports indicate that FMRFamide has multiple regulatory functions, such as heartbeat ( 32), reproduction ( 7), feeding ( 33), muscle contraction ( 8), and glucose decrease ( 34). In recent years, researchers found that FMRFamide is also an important immunoregulatory factor in the NEIS to sustain homeostasis during pathogen invasion or stress response ( 8). FMRFamide was upregulated post  Schistosoma parasitization in  Biomphalaria ( 35).  C. gigas FMRFamide mRNA was significantly upregulated at 12 h and then dropped back to the initial level at 24 h after LPS stimulation ( 8). In the present study,  V. harveyi stimulation caused upregulation of FMRFamide precursor mRNA in just hatched cuttlefish larvae, furtherly providing proof that FMRFamide indeed participates in invertebrate immune responses. FMRFamide injection caused NO reduction in the hemolymph of  C. gigas, suggesting that FMRFamide could also regulate NO production in the immune system ( 8). Our aims were to demonstrate the anatomical and physical relationships of FMRFamide with NO production under stress in cephalopod. To visualize the possible effect of FMRFamide on NO production, double-labeling ISH was firstly applied and observed that there was an anatomical overlap of FMRFamide precursor and NOS in the CNS of  S. japonica, the data hint that the innervation of NO production by FMRFamide containing neurons is also likely to exist in cephalopod.  H. lucorum NOS-positive cell bodies and initial axon segments of neurons in the procerebra, medial mesocerebra, pedal, and visceral ganglia also have FMRFamide-immunolabeled fibers ( 12). It is speculated that the colocalization of FMRFamide with NOS might commonly exist in mollusk. These histological observations suggest FMRFamide is likely to have direct regulatory effects on NO production in multiple physiological processes. Next, RNAi was carried out to knock down FMRFamide precursor mRNA, and the NOS expression level was highly significantly upregulated at 72 h postinfection when the FMRFamide precursor was knocked down effectively in hemocytes. Namely, FMRFamide could indeed innervate NOS expression and might furtherly control NO production. FMRFamide administration of  H. lucorum central ganglia induced significant elevation of NO production, whereas this was dramatically inhibited by NOS inhibitor NOARG ( 13). Therefore, FMRFamide has direct control effects on NO production not only in the nervous system but also in the immune system. NO generation is a feature of genuine immune-system cells and other cells involved in immune reactions; stress stimulus could evoke NO production in immune cells. NO in physiological or water conditions could react with oxygen and H 2O to form nitrate and nitrite, both nitrate and nitrite can form light-red azo compounds, and NO content can be calculated with the photocolorimetric method ( 16). The NO level in  O. vulgaris hemocytes decreased with the increase of  Aggregata octopiana infection ( 36). The NO concentration and NOS activity in the hemolymph of  C. farreri increased significantly after LPS stimulation ( 10). FMRFamide could enhance NO release in the nervous system of  H. lucorum ( 11) and inhibit  C. gigas hemocyte NO production ( 8); these reports suggest that FMRFamide has myriad regulation roles on NO in the NEIS. In the related studies, inflammatory RAW 264.7 cells were an appropriate model to assay NO production  in vitro. From our results, the addition of FMRFamide significantly cut down NO production induced by LPS in RAW 264.7 cells; the effect was significant at low concentrations in dose- and time-dependent modes, while the effect attenuated at relatively high concentration. The inhibitory effect of FMRFamide on NO  in vitro was consistent with  in vivo FMRFamide injection of  C. gigas, causing a continuous downregulation of NO content in hemolymph; the suppression effect of FMRFamide on NO production might mainly be due to the inhibition of NOS activity ( 37). The reduction of NO might contribute to hemocyte apoptosis ( 8,  10). Among the behaviors of immunocytes, apoptosis occupies a prime role in the adequate clearance of infected, damaged, and exhausted cells, especially when the hosts suffer from infection and dissemination ( 38). Secondly, the studies of symbiotic relationships showed that NO and NOS appeared to be attenuated in the symbiotic light organ of  Euprymna scolopes as early as 6 h after  Vibrio fischeri colonization to limit the aggregation of  V. fischeri population ( 39,  40). NO has been considered to alter the redox status of hemolymph and influence hemocyte apoptosis in mollusks ( 8,  41,  42). FMRFamide-like peptide (FLP) family member neuropeptide FF can also inhibit NO release to exert contractile activity in the mouse distal colon ( 43). nNOS and endothelial NOS (eNOS) produce constitutive NO at low levels (nM range), while iNOS can be induced by stress stimulations to synthesize NO at a higher level (μM range). Only one form of NOS has been identified in invertebrates ( 10,  44). iNOS inhibitor SMT could completely inhibit NO evoke induced by LPS in RAW 264.7 cells in our study; above all, the inhibitory effect of adding FMRFamide on NO was aggravated, illustrating that the inhibitory effect of FMRFamide on NO production during immune response not only could be reached by NOS dependent pathway but also have a similar effect in a NOS-independent manner. In brief, the data demonstrate that FMRFamide is an endogenous inhibitor with a stronger inhibition effect on NO production than chemical SMT in NEIS to sustain homeostasis. Once infected, the organism can quickly initiate an immune response to defend against infection. One strategy is pathogen-specific, and NO is one of the key oxidative molecules that could elevate the oxidative level and cytotoxicity to destruct intruding pathogens. The other is to prevent pathogens from colonization. NO attenuation can prevent colonization from pathogen bacteria ( 45,  46). Therefore, the inhibitory effects of FMRFamide on NO production during the immune process can not only supervise the immune response at an appropriate level to protect autogenous normal cells from being damaged, but also help to prevent the colonization of infected pathogens to sustain homeostasis. Therefore, the inhibitory role of FMRFamide under infection needs to be initiated at the late stage of the immune response. Our above-described results including upregulation of FMRFamide precursor at 72 h postinfection by  V. harveyi and inhibition of NO production under immune stimuli all confirmed this speculation.  Data Availability Statement The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.  Ethics Statement The animal study was reviewed and approved by the ethics committee of Zhejiang Ocean University and the Academy of Experimental Animal Center of Zhejiang Ocean University.  Author Contributions LZ conceived and designed the study. LZ, JQ, and HC performed the investigation and analyzed the data. LZ led the writing—original draft. CC and LZ reviewed, revised, and edited the paper. CC contributed the reagents and materials. All authors contributed critically to the article and approved the submitted version.  Funding This work was supported by the National Natural Science Foundation of China (NSFC; No. 31872547) and the Natural Science Foundation of Zhejiang Province, China (LY20C190007).  Conflict of Interest The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.  Publisher’s Note All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.   References  1    Schneider  LE  Taghert  PH.  Isolation and Characterization of a  Drosophila Gene That Encodes Multiple Neuropeptides Related to Phe-Met-Arg-Phe-NH 2 (FMRFamide).  PNAS ( 1992)  89( 6): 2326–30. doi:  10.1073/pnas.85.6.1993  2    Burbach  JPH  Grant  P  Hellemons  AJCGM  DeGiorgis  A  Li  KW  Pant  HC.  Differential Expression of the FMRF Gene in Adult and Hatchling Stellate Ganglia of the Squid  Loligo Pealei.  Biol Open ( 2013)  3( 1): 50–8. doi:  10.1242/bio.20136890  3    Price  DA  Greenberg  MJ.  Purification and Characterization of a Cardioexcitatory Neuropeptide From the Central Ganglia of a Bivalve Mollusc.  Prep Biochem ( 1977)  7( 3-4): 261–81. doi:  10.1080/00327487708061643  4    Zatylny-Gaudin  C  Favrel  P.  Diversity of the RFamide Peptide Family in Mollusks.  Front Neuroendocrinol ( 2014)  5: 178. doi:  10.3389/fendo.2014.00178  5    Martin  R  Voigt  KH.  The Neurosecretory System of the  Octopus Vena Cava: A Neurohemal Organ.  Experientia ( 1987)  43( 5): 537–43. doi:  10.1007/bf02143582  6    Chin  GJ  Pazya  K  Price  DA  Greenberg  MJ.  Characterization and Solubilization of the FMRFamide Receptor of Squid.  Biol Bull ( 1994)  187( 2): 185–99. doi:  10.2307/1542241  7    Cosmo  AD  Cristo  CD.  Neuropeptidergic Control of the Optic Gland of  Octopus Vulgaris: FMRFamide and GnRH Immunoreactivity.  J Comp Neurol ( 1998)  398( 1): 1– 12. doi:  10.1002/(SICI)1096-9861(19980817)398:1<1::AID-CNE1>3.0.CO;2-5  8    Li  MJ  Wang  M  Wang  WL  Wang  LL  Liu  ZQ  Sun  JJ .  The Immunomodulatory Function of Invertebrate Specific Neuropeptide FMRFamide in Oyster  Crassostrea Gigas.  Fish Shellfish Immun ( 2019)  88: 480–8. doi:  10.1016/j.fsi.2019.03.023  9    Zhang  GF  Fang  XD  Guo  XM  Li  L  Luo  RB  Xu  F .  The Oyster Genome Reveals Stress Adaptation and Complexity of Shell Formation.  Nature ( 2012)  490: 49– 54. doi:  10.1038/nature11413  10    Jiang  QF  Zhou  Z  Wang  LL  Wang  LL  Yue  F  Wang  JJ .  A Scallop Nitric Oxide Synthase (NOS) With Structure Similar to Neuronal NOS and its Involvement in the Immune Defense.  PLoS One ( 2013)  8( 7): e69158. doi:  10.1371/journal.pone.0069158  11    Elekes  K  Ude  J.  Peripheral Connections of FMRFamide-Like Immunoreactive Neurons in the Snail,  Helix Pomatia: An Immunogold Electron Microscopic Study.  J Neurocytol ( 1994)  23: 758–69. doi:  10.1007/bf01268088  12    Röszer  T  Jenei  Z  Gáll  T  Nagy  O  Czimmerer  Z  Serfözö  Z .  A Possible Stimulatory Effect of FMRFamide on Neural Nitric Oxide Production in the Central Nervous System of  Helix Lucorum L.  Brain Behav Evolut ( 2004)  63: 23– 33. doi:  10.1159/000073757  13    Röszer  T  Kiss-Tóth  É  Petkó  M  Szentmiklósi  AJ  Bánfalvi  G.  Phe-Met-Arg-Phe (FMRF)-Amide Is a Substrate Source of NO Synthase in the Gastropod Nervous System.  Cell Tissue Res ( 2006)  325( 3): 567–75. doi:  10.1007/s00441-006-0185-5  14    Rőszer  T  Czimmerer  Z  Szentmiklósi  AJ  Bánfalvi  G.  Nitric Oxide Synthesis is Blocked in the Enteral Nervous System During Dormant Periods of the Snail,  Helix Lucorum.  Cell Tissue Res ( 2004)  316: 255–62. doi:  10.1007/s00441-004-0870-1  15    Straub  VA  Grant  J  O’Shea  M  Benjamin  PR.  Modulation of Serotonergic Neurotransmission by Nitric Oxide.  J Neurophysiol ( 2007)  97: 1088–99. doi:  10.1152/jn.01048.2006  16    Bogdan  C.  Nitric Oxide and the Immune Response.  Nat Immunol ( 2001)  2: 907–16. doi:  10.1038/ni1001-907  17    Sharma  D  Sandur  SK  Rashmi  R  Maurya  DK  Suryavanshi  S  Checker  R .  Differential Activation of NF-κB and Nitric Oxide in Lymphocytes Regulates  in Vitro and  in Vivo Radiosensitivity.  MRGTEM ( 2010)  703: 149–57. doi:  10.1016/j.mrgentox.2010.08.010  18    Thomas  DD  Ridnour  LA  Isenberg  JS  Flores-Santana  W  Switzer  CH  Donzelli  S .  The Chemical Biology of Nitric Oxide: Implications in Cellular Signaling.  Free Radical Bio Med ( 2008)  45: 18– 31. doi:  10.1016/j.freeradbiomed.2008.03  19    Franchini  A  Fontanili  P  Ottaviani  E.  Invertebrate Immunocytes: Relationship Between Phagocytosis and Nitric Oxide Production.  CBPB ( 1995)  110: 403–7. doi:  10.1016/0305-0491(94)00163-o  20    Jiang  QF  Zhou  Z  Wang  LL  Yang  CY  Wang  JJ  Wu  TT .  Mutual Modulation Between Norepinephrine and Nitric Oxide in Hemocytes During the Mollusc Immune Response.  Sci Rep ( 2014)  10: 6963. doi:  10.1038/srep06963  21    Shi  H  Xu  WJ  Xie  JJ  Cha  ZH  Xu  HX  Shi  HD.  Isolation and Identification of the Pathogenic Strain (Vibrio Harveyi) Associated With Skin Ulceration of Sepiella Maindroni.  Abstracts Book of the Annual Conference of Chinese Fisheries Association in 2010.  22    Li  Y  Cao  ZH  Li  HF  Liu  HH  Lv  ZM  Chi  CF.  Identification, Characterization, and Expression Analysis of a FMRFamide-Like Peptide Gene in the Common Chinese Cuttlefish ( Sepiella Japonica).  Molecules ( 2018)  23: 742. doi:  10.3390/molecules23040742  23    Lv  ZM  Liu  W  Liu  LQ  Wang  TM  Shi  HL  Ping  HL .  Cloning, Characterization, and Expression Profile of Estrogen Receptor in Common Chinese Cuttlefish,  Sepiella Japonica.  J Exp Zool ( 2016)  325A: 181–1. doi:  10.1002/jez.2011  24    Lv  ZM  Liu  W  Liu  LQ  Shi  HL  Ping  HL  Wang  TM .   De Novo Assembly and Comparison of the Ovarian Transcriptomes of the Common Chinese Cuttlefish ( Sepiella Japonica) With Different Gonadal Development.  Genomics Data ( 2016)  6: 155–8. doi:  10.1016/j.gdata.2015.12.011  25    Livak  KJ  Schmittgen  T.  Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2 –ΔΔCT Method.  Methods ( 2001)  25( 4): 402–8. doi:  10.1006/meth.2001.1262  26    Jezzini  SH  Bodnarova  M  Moroz  LL.  Two-Color  in Situ Hybridization in the CNS of  Aplysia Californica.  J Neurosci Meth ( 2005)  149: 15– 25. doi:  10.1016/j.jneumeth.2005.05.007  27    Zheng  LB  Qiu  JY  Chen  J  Chen  J  Zheng  WQ  Pan  Y.  Histopathological Changes and Piscidin 5-Like Localization in Infected  Larimichthys Crocea With Parasite  Cryptocaryon Irritans.  Fish Shellfish Immunol ( 2020)  99: 52–8. doi:  10.1016/j.fsi.2020.01.017  28    Zhang  Y.  Preliminary Study on the Regulating Mechanism of Insulin-Like Peptide and Its Receptor on Ovarian Development of Sepiella Japonica.  Zhoushan:  Zhejiang Ocean University ( 2020).  29    Starunov  VV  Voronezhskaya  EE  Nezlin  LP.  Development of the Nervous System in  Platynereis Dumerilii (Nereididae, Annelida).  Front Zool ( 2017)  14: 27. doi:  10.1186/s12983-017-0211-3  30    Schneider  LE  Taghert  PH.  Isolation and Characterization of a  Drosophila Gene That Encodes Multiple Neuropeptides Related to Phe-Met-Arg-Phe-NH 2 (FMRFamide).  PNAS ( 1988)  85( 6): 1993–7. doi:  10.1073/pnas.85.6.1993  31    Cummins  SF  Tollenaere  A  Degnan  BM  Croll  RP.  Molecular Analysis of Two FMRFamide-Encoding Transcripts Expressed During the Development of the Tropical Abalone  Haliotis Asinine.  J Comp Neurol ( 2011)  519( 10): 2043–59. doi:  10.1002/cne.22621  32    Salzet  M  Bulet  P  Wattez  C  Malecha  J.  FMRFamide-Related Peptides in the Sex Segmental Ganglia of the Pharyngobdellid Leech  Erpobdella Octoculata: Identification and Involvement in the Control of Hydric Balance.  EurJ Biochem ( 1994)  221( 1): 269–75. doi:  10.1111/j.1432-1033.1994.tb18738.x  33    Dockray  GJ.  The Expanding Family of RFamide Peptides and Their Effects on Feeding Behaviour.  Exp Physiol ( 2004)  89( 3): 229–35. doi:  10.1113/expphysiol.2004.027169  34    Rőszer  T  Kiss-Tóth  ED.  FMRF-Amide is a Glucose-Lowering Hormone in the Snail  Helix Aspersa.  Cell Tissue Res ( 2014)  358: 371–83. doi:  10.1007/s00441-014-1966-x  35    Wang  TF  Zhao  M  Liang  D  Bose  U  McManus  DP  Cummins  SF.  Changes in the Neuropeptide Content of  Biomphalaria Ganglia Nervous System Following  Schistosoma Infection.  Parasit Vectors ( 2017)  10( 1): 275. doi:  10.1186/s13071-017-2218-1  36    Castellanos-Martinez  S  Gestal  C.  Immune Parameters in the Common Octopus ( Octopus Vulgaris Cuvier, 1797) Naturally Infected by the Gastrointestinal Protozoan Parasite  Aggregata Octopiana.  Aquaculture ( 2018)  497: 487–93. doi:  10.1016/j.aquaculture.2018.08.022  37    Gifondorwa  DJ  Leise  EM.  Programmed Cell Death in the Apical Ganglion During Larval Metamorphosis of the Marine Mollusc  Ilyanassa obsolete.  Biol Bull ( 2006)  210: 109–20. doi:  10.2307/4134600  38    Terahara  K  Takahashi  KG.  Mechanisms and Immunological Roles of Apoptosis in Molluscs.  Curr Pharm Design ( 2008)  14: 131–7. doi:  10.2174/138161208783378725  39    Davidson  SK  Koropatnick  TA  Kossmehl  R  Sycuro  L  McFall-Ngai  MJ.  NO Means ‘Yes’ in the Squid-Vibrio Symbiosis: Nitric Oxide (NO) During the Initial Stages of a Beneficial Association.  Cell Microbiol ( 2004)  6: 1139–51. doi:  10.1111/j.1462-5822.2004.00429.x  40    McFall-Ngai  MJ  Nyholm  SV  Castillo  MG.  The Role of the Immune System in the Initiation and Persistence of the  Euprymna Scolopes– Vibrio Fischeri Symbiosis.  Semin Immunol ( 2010)  22: 48– 53. doi:  10.1016/j.smim.2009.11.003  41    Brüne  B  Knethen  AV  Sandau  KB.  Nitric Oxide and its Role in Apoptosis.  Eur J Pharmacol ( 1998)  351( 3): 261–72. doi:  10.1016/s0014-2999(98)00274-x  42    Torreilles  J  Romestand  B.   In Vitro Production of Peroxynitrite by Haemocytes From Marine Bivalves: C-ELISA Determination of 3-Nitrotyrosine Level in Plasma Proteins From  Mytilus Galloprovincialis and Crassostrea Gigas.  BMC Immunol ( 2001)  2: 1. doi:  10.1186/1471-2172-2-1  43    Fang  Q  Guo  J  Chang  M  Chen  LX  Chen  Q  Wang  R.  Neuropeptide FF Receptors Exert Contractile Activity  via Inhibition of Nitric Oxide Release in the Mouse Distal Colon.  Peptides ( 2005)  26( 5): 791–7. doi:  10.1016/j.peptides.2004.12.009  44    Regulski  M  Tully  T.  Molecular and Biochemical Characterization of dNOS: A  Drosophila Ca 2+/calmodulin-Dependent Nitric Oxide Synthase.  PNAS ( 1995)  92: 9072–6. doi:  10.1073/pnas.92.20.9072  45    Altura  MA  Stabb  E  Goldman  W  Apicella  M  McFall-Ngai  JM.  Attenuation of Host NO Production by MAMPs Potentiates Development of the Host in the Squid Vibrio Symbiosis.  Cell Microbiol ( 2011)  13: 527–37. doi:  10.1111/j.1462-5822.2010.01552.x  46    Nyholm  SV  McFall-Ngai  MJ.  The Winnowing: Establishing the Squid-Vibrio Symbiosis.  Nat Rev Microbiol ( 2004)  2: 632–42. doi:  10.1038/nrmicro957
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Primers

RT-PCR
qSj-FMRF-F
qSj-FMRF-R
qSj-NOS-F
gSj-NOS-R
Sj-B-actin-F
Sj-B-actin-R

IS-FMIRF-F
IS/-FMRF-R
IS/-NOS-F
IS/-NOS-R
RNAi
SIRNA-NC

SIRNA-FMRFamide

Sequences (5'-3')

CGTCATCGCCATCTACTGTC
CGCTTGCTTCTCAGTCCATC
GATAGTGCCACCAATCAGCG
CCTTGCCCATCAGTTTAGCC
GCCAGTTGCTCGTTACAG
GCCAACAATAGATGGGAAT
GCAAAAACCCCACCAAAGCCGA
AAGTGTTCCCAAAAGTACGGCA

CCCAAGCGTGATGCGTTGTTGGAGT
CCGGAAGCGCTTGCTTCTCAGTCCATC
CAAGAAGCAACAGGAGC
AGGTAACGGGTGAAGGC

AUUCGUUAGCUCGUGCACGTT
CGUGCACGAGCUAACGAAUTT
GCGAAGAGAAGAGGUUUAUTT
AUAAACCUCUUCUCUUCGCTT

ISH, in situ hybridization; RNAi, RNA interference.





