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Abstract

:

Neuropathic pain is a well-documented phenomenon in experimental and clinical diabetes; however, current treatment is unsatisfactory. Serotoninergic-containing neurons are key components of the descending autoinhibitory pathway, and a decrease in their activity may contribute at least in part to diabetic neuropathic pain (DNP). A streptozotocin (STZ)-treated rat was used as a model for type 1 diabetes mellitus (T1DM). Pain transmission was evaluated using well-established nociceptive-based techniques, including the Hargreaves apparatus, cold plate and dynamic plantar aesthesiometer. Using qRT-PCR, Western blotting, immunohistochemistry, and HPLC-based techniques, we also measured in the central nervous system and peripheral nervous system of diabetic animals the expression and localization of 5-HT1A receptors (5-HT1AR), levels of key enzymes involved in the synthesis and degradation of tryptophan and 5-HT, including tryptophan hydroxylase-2 (Tph-2), tryptophan 2,3-dioxygenase (Tdo), indoleamine 2,3-dioxygenase 1 (Ido1) and Ido2. Moreover, spinal concentrations of 5-HT, 5-hydroxyindoleacetic acid (5-HIAA, a metabolite of 5-HT) and quinolinic acid (QA, a metabolite of tryptophan) were also quantified. Diabetic rats developed thermal hyperalgesia and cold/mechanical allodynia, and these behavioral abnormalities appear to be associated with the upregulation in the levels of expression of critical molecules related to the serotoninergic nervous system, including presynaptic 5-HT1AR and the enzymes Tph-2, Tdo, Ido1 and Ido2. Interestingly, the level of postsynaptic 5-HT1AR remains unaltered in STZ-induced T1DM. Chronic treatment of diabetic animals with 8-hydroxy-2-(dipropylamino)tetralin (8-OH-DPAT), a selective 5-HT1AR agonist, downregulated the upregulation of neuronal presynaptic 5-HT1AR, increased spinal release of 5-HT (↑ 5-HIAA/5-HT) and reduced the concentration of QA, decreased mRNA expression of Tdo, Ido1 and Ido2, arrested neuronal degeneration and ameliorated pain-related behavior as exemplified by thermal hyperalgesia and cold/mechanical allodynia. These data show that 8-OH-DPAT alleviates DNP and other components of the serotoninergic system, including the ratio of 5-HIAA/5-HT and 5-HT1AR, and could be a useful therapeutic agent for managing DNP.
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1. Introduction


Diabetic neuropathy is a highly prevalent condition affecting between 6 and 51% of patients with diabetes mellitus [1]. Painful diabetic neuropathy symptoms range from mild pins-and-needles sensations to burning, stabbing pain, or even unpleasant electric shock sensations and it is usually associated with hyperalgesia and/or allodynia [2]. Pharmacological treatment is the mainstay for managing painful diabetic neuropathy but is limited because of moderate efficacy and adverse effects of the drugs [3]. Therefore, understanding the complexity and likely multifactorial pathophysiological mechanisms behind painful diabetic neuropathy is thus needed for early diagnosis and appropriate personalized treatment.



The monoaminergic neurotransmitter serotonin (5-hydroxytryptamine; 5-HT) and its receptors are well known to be associated with descending pain modulation [4,5,6,7]. Serotonin exerts contrasting effects depending on the receptor subtype activated [8,9,10]. The 5-HT1A receptor (5-HT1AR) subtype, a G-protein-coupled receptor, is classically involved in modulating the transmission of nociceptive signals [11]. This receptor subtype is present on presynaptic and postsynaptic neurons and acts as both auto- and hetero-receptor. Furthermore, 5-HT1AR subtypes are expressed in the dorsal raphe nucleus [12,13], several brain regions [14] and on afferent nociceptive fibers in the dorsal horn of the spinal cord [1,15]. As an autoreceptor, 5-HTIAR also exists on the cellular soma and dendritic spines of the serotonergic circuit [16]. The main source for descending serotonergic inputs is the nucleus raphe magnus in the rostral ventromedial medulla (RVM). Activation of the RVM from higher brain centers leads to the release of 5-HT in the spinal cord dorsal horn (SCDH), which then acts on postsynaptic neurons and inhibits pain transmission [17,18].



Dietary tryptophan is metabolized via the methoxyindole and kynurenine (KYN) pathways; the earlier pathway metabolizes approximately 5% of the amino acid [19]. In the methoxyindole pathway, tryptophan hydroxylase (TPH) metabolizes tryptophan to 5-hydroxytryptophan (5-HTP). Then, 5-HTP is decarboxylated to 5-HT, which is metabolized by monoamine oxidase to 5-hydroxyindole acetic acid (5-HIAA). Therefore, synthesis of 5-HT depends on the availability of tryptophan and TPH activity [20]. Tryptophan hydroxylase comprises of two isoforms; isoform 1 is primarily expressed in the peripheral tissues, whilst the isoform 2 is present mainly in the neurons of the enteric and central nervous system, such as raphe nuclei of the brain stem [21,22]. In the KYN pathway, KYN is produced from tryptophan by the rate-limiting enzymes, indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) [19,23]. Kynurenine is metabolized to kynurenic acid, a primary neuroprotective metabolite [24,25] and quinolinic acid (QA), a key neurotoxic metabolite [23].



Although 5-HT1AR and α2-AR may be regarded as targets for therapeutic drugs, there is a lack of potential clinical candidates that have a high degree of selectivity towards either presynaptic and postsynaptic α2-AR or 5-HT1AR. Guanfacine, a selective α2A-AR agonist, and 8-hydroxy-2-(dipropylamino)tetralin (8-OH-DPAT), a selective 5-HT1AR agonist, have demonstrated therapeutic efficacy in models of pain [26,27]. Among 5-HT receptors, 5-HT1AR is characterized as antinociceptive [28]. Administration of 8-OH-DPAT, a selective 5-HT1AR agonist, decreased both nocifensive behaviors, including paw elevation and licking, in rats injected with formalin [26]. Furthermore, 8-OH-DPAT produced significant changes in sensorimotor functioning in a rat behavioral model for obsessive compulsive disorder (OCD). In the OCD study, 8-OH-DPAT elevated the response threshold to noxious thermal stimulus in the radiant heat test and decreased sensorimotor performance in the open-field test [29]. Another experimental study investigated the effect of antinociceptive and/or antidepressant drugs, including 8-OH-DPAT, duloxetine and fluoxetine, in a depression-like behavior model. In this study, treatment with 8-OH-DPAT improved depression-like behavior in rats with chronic constriction injury of the sciatic nerve. Both 8-OH-DPAT and duloxetine ameliorated mechanical hypersensitivity [30].



In view of these findings, we initiated the current study to examine the premise that diabetic neuropathic pain (DNP) stems at least in part from altered tryptophan/5-HT metabolism and that these diabetes-related abnormalities can be reversed by chronic administration of 8-OH-DPAT.




2. Results


2.1. Time– and Dose–Response Curves of the Antinociceptive Effects of 8-Hydroxy-2-(dipropylamino)tetralin (8-OH-DPAT) in Control and Type 1 Diabetes Mellitus (T1DM) Rats


Type 1 diabetes mellitus was induced with a single intraperitoneal (i.p.) injection of streptozotocin (STZ, 55 mg/kg). We have recently shown that diabetic rats developed hyperglycemia, exhibited decreased body weight, increased feed/water consumption and lowered nociceptive sensitivity in response to thermal (heat/cold) and mechanical stimuli when compared to those of control rats [27].



In order to study the acute effects and time/dose–response curves of 8-OH-DPAT, rats were treated with single separate doses of 8-OH-DPAT (0.25, 0.5 and 1 mg/kg, i.p.) at the same time. Nociceptive behavior in response to thermal (heat/cold) and mechanical stimuli were measured at different time points, for example, at 0, 15, 30, 60, 90 and 120 min after 8-OH-DPAT administration.



The administration of separate single i.p. doses of 8-OH-DPAT (0.25, 0.5 and 1 mg/kg) did not change the nociceptive threshold to the thermal (heat/cold) or mechanical stimuli (Figure 1A–C) in control rats. In contrast, treatment with 8-OH-DPAT induced antinociceptive responses to the tested stimuli in T1DM rats. One week following the STZ injection, 8-OH-DPAT was administered to T1DM rats. In these animals, administration of 8-OH-DPAT produced significant antinociceptive effects at 30 min, which persisted for up to 120 min following drug administration (Figure 1D–F, Hargreaves test: F: 35.1, p < 0.0001; cold-plate test: F: 12.5, p < 0.0001; dynamic plantar aesthesiometer: F: 24.9, p < 0.0001). The 0.25 mg/kg dose was ineffective, while 0.5 and 1 mg/kg doses demonstrated the same antinociceptive effect. Moreover, increasing concentrations of 8-OH-DPAT showed no changes in control rats to various aforementioned nociceptive stimuli 30 min after drug administration (Figure 1G–I). In contrast, antinociceptive responses were recorded in T1DM rats and the effective dose (ED50) for 8-OH-DPAT was 0.35 mg/kg in the Hargreaves and cold-plate test (Figure 1J,K) and 0.33 mg/kg in the mechanical (dynamic plantar aesthesiometer) test at 30 min following 8-OH-DPAT administration in T1DM rats (Figure 1L).



We further studied the effects of WAY100635, a 5-HT1AR antagonist, in T1DM rats. Treatment with only WAY100635 (1 mg/kg) did not change the reaction latencies and responses to withdrawal thresholds to thermal (heat/cold) and mechanical stimuli in comparison to baseline and control values (Figure 1M–O). However, WAY100635 (1 mg/kg) treatment was adequate to inhibit 8-OH-DPAT’s (0.5 mg/kg) anti-hyperalgesic and anti-allodynic effects. Treatment of T1DM rats with 8-OH-DPAT followed by WAY100635 significantly reduced (40–50%) the animals’ responses to the nociceptive stimuli in comparison to only 8-OH-DPAT, which, on the other hand, showed a significant increase in the rats’ responses to the various tested stimuli (Figure 1M–O, Hargreaves test: F: 12.3, p < 0.0001; cold-plate test: F: 10.5, p < 0.0001; dynamic plantar aesthesiometer: F: 13.8, p < 0.0001).




2.2. Persistent 8-OH-DPAT Antinociceptive Effects following Two Weeks of Withdrawal


Following eight weeks of STZ injection, 8-OH-DPAT (0.5 mg/kg, i.p.) was administered chronically for a period of two weeks, and nociceptive behavior, as described previously, was assessed every week. Control animals did not show any change in responses to thermal or mechanical stimuli after chronic treatment with 8-OH-DPAT. On the other hand, chronic treatment of T1DM rats with 8-OH-DPAT elevated nociceptive (thermal heat) threshold by 2.4- and 2.7-fold in comparison to baseline and untreated values, respectively, following drug withdrawal (Figure 2A, Hargreaves test: F: 6.62, p < 0.0001). Likewise, treatment with 8-OH-DPAT elevated the nociceptive (thermal cold and responses to withdrawal thresholds) threshold specifically by 1.6- to 2-fold in T1DM rats, respectively (Figure 2B,C, cold-plate test: F: 5.43, p < 0.0001; dynamic plantar aesthesiometer: F: 4.64, p < 0.0001)).




2.3. Chronically Administered 8-OH-DPAT Arrests T1DM-Induced Neuronal Degeneration


Hematoxylin and Eosin (H&E) staining protocols were used to determine the effects of treatment with 8-OH-DPAT (0.5 mg/kg, i.p.) in STZ-induced T1DMin the lumbar segment of the spinal cord (LSSC, segment L1-L4) and dorsal root ganglia (DRG) of the spinal nerves tissue sections. Similar to what we observed before [27], the T1DM LSSC tissue sections revealed Nissl body loss and pyknosis, eosinophilic cytoplasm, ischemic neuronal cells, and glial cells with cellular edema (Figure 3B), which were not observed in those of control rats (Figure 3A). Furthermore, 8-OH-DPAT treatment improved the LSSC cellular structure but did not completely reverse it to the control LSSC histology (Figure 3C).



Similar to what we observed before [27], the H&E staining of the T1DM DRG tissue sections showed notable neuronophagia with basophilic, vacuolar-like defects and pigmentary inclusions, and satellitosis (Figure 3E) that was absent in the control DRG tissue section (Figure 3D). Moreover, treatment of T1DM rats with 8-OH-DPAT resulted in an improvement in the DRG tissue structure (Figure 3F).




2.4. Chronically Administered 8-OH-DPAT Reverses T1DM-Induced Upregulation of 5-HT1AR in the RVM, LSSC and DRG


A statistically significant increase in Htr1a transcripts in RVM, LSSC and DRG tissues was observed in T1DM rats when compared to control rats (Figure 4A). Remarkably, treatment with 8-OH-DPAT (0.5 mg/Kg, i.p.) normalized the levels of Htr1a mRNA in all the studied neuronal tissues of T1DM rats similar to those of control rats (Figure 4A, RVM: F: 13.3, p = 0.0062; LSSC: F: 6.96, p = 0.0273; DRG: F: 46.2, p = 0.0002). Similarly, Western blot results showed upregulation in the expression of 5-HT1AR in RVM, LSSC and DRG of T1DM rats in comparison to control rats (Figure 4B), which decreased significantly post 8-OH-DPAT treatment (Figure 4B, RVM: F: 25.7, p = 0.013; LSSC: F: 46.6, p = 0.0055; DRG: F: 7.8, p = 0.0048).



We further evaluated 5-HT1AR protein levels using an immunohistochemical staining technique. Immunoreactivity of 5-HT1AR proteins was more intense in LSSC cells of T1DM tissue sections than those of control tissue sections, whilst staining was decreased following treatment with 8-OH-DPAT (Figure 4C). A similar trend of 5-HT1AR protein immunostaining was also observed in the DRG tissue sections.




2.5. Expression of 5-HT1AR in the Presynaptic and Postsynaptic Fractions of the Spinal Cord Lumbar Region


Western blot analysis showed that the protein expression of 5-HT1AR was increased significantly in LSSC presynaptic fractions of T1DM rats (Figure 5A) but remained unchanged in the postsynaptic fractions (Figure 5B). T1DM lasted for a period of 12 weeks.



We recently showed that SNAP-25 is a biochemical marker for presynaptic LSSC tissues, while PSD-95 is for postsynaptic LSSC tissues [27]. Double-immunofluorescent staining with 5-HT1AR and SNAP-25 (Figure 5C) specific antibodies demonstrated expression and co-localization of these proteins in the LSSC presynaptic tissues. Quantitation of 5-HT1AR/SNAP-25 protein expression revealed a significant elevation STZ-induced T1DM (Figure 5C, p = 0.0491, t = 4.35). Chronic i.p. administration of 8-OH-DPAT (0.5 mg/kg) for a period of two weeks alleviated upregulation of presynaptic 5-HT1AR in LSSC (Figure 5D, F: 9.11, p = 0.0152) of STZ-induced T1DM.




2.6. Chronically Administered 8-OH-DPAT Reversed T1DM-Induced Dysregulation of Neuronal Spinal 5-HT1AR Signaling


5-HT1AR is a Gαi related receptor. In the LSSC tissue, the expression of Gαi protein was significantly increased STZ-induced T1DM. Whereas treatment with 8-OH-DPAT (0.5 mg/kg, i.p.) significantly reduced the expression of Gαi protein by 49.7% (Figure 6, F: 165.9, p = 0.0008).




2.7. Chronically Administered 8-OH-DPAT Normalizes the Upregulated Kynurenine Pathway, but Not the Methoxyindole Pathway


In order to expand our knowledge of the role of the serotoninergic system in nociceptive behavioral responses, we evaluated the gene expression of the rate-limiting enzymes encompassing the methoxyindole and kynurenine pathways. As shown in Figure 7A, the gene transcripts of Tph-2, the rate-limiting enzyme in methoxyindole pathway, were significantly elevated in the RVM, LSSC and DRG tissues of T1DM rats in comparison to those of control (RVM: F: 11.02, p = 0.0098; LSSC: F: 7.27, p = 0.0249; DRG: F: 10.7, p = 0.0106). Treatment with 8-OH-DPAT (0.5 mg/kg, i.p.) did not alter the T1DM-induced elevation of Tph-2 transcripts in the neuronal tissues (Figure 7A).



The gene expression levels of the kynurenine pathway enzymes Ido1, Ido2, and Tdo in the LSSC tissues were significantly upregulated in the T1DM rats in comparison to those of control rats (Figure 7B). Remarkably, treatment with 8-OH-DPAT significantly downregulated the expression of these enzymes in LSSC tissues, not only threefold relative to that in tissues from T1DM animals but also to levels below that observed in control animals (50–60% less, Figure 7B, Ido1: F: 32.6, p = 0.0006; Ido2: F: 19.6, p = 0.0023; Tdo: F: 29.9, p = 0.0008).




2.8. Effects of Chronic 8-OH-DPAT Administration on the Rate of Release of Serotonin (5-Hydroxytryptamine, 5-HT) as Reflected by the 5-Hydroxyindole Acetic Acid (5-HIAA)/5-HT Ratio and on the Levels of Quinolinic Acid (QA) in the Spinal Cord Lumbar Region STZ-Induced T1DM


We evaluated the effects of T1DM and chronic 8-OH-DPAT administration on the neurotransmitter, 5-HT, and its metabolite, 5-HIAA and QA. Figure 8 shows chromatographs of the standard solution, 5-HT and 5-HIAA, QA and internal standard, 3,4-dihroxybenzylamine. The retention time for 5-HT was 3.384 min, 5-HIAA was 6.924 min, and QA was 0.915 min.



Relative to control non-diabetic rats, 5-HT concentration in T1DM animals was elevated by 29.8% in the LSSC (F: 12.3, p = 0.0012, Table 1). On the other hand, the inactive metabolite 5-HIAA concentration was reduced by 11.7% (F: 4.76, p = 0.0301) STZ-induced T1DM.



The functionality of the serotonergic system, assessed 5-HIAA/5-HT ratio (5-HT turnover rate), was significantly suppressed in STZ-induced T1DM. As shown in Table 1, the 5-HIAA/5-HT ratio was reduced by 32.3% in the LSSC tissue isolated from T1DM animals relative to that of the control animals. Meanwhile, T1DM rats treated with 8-OH-DPAT showed a significant increase in the ratio (5-HIAA/5-HT) (F: 18.4, p = 0.0002).



Relative to control non-diabetic rats, the QA concentration in T1DM animals was elevated in the LSSC (Table 2). The concentration of QA was increased in T1DM rats when compared to their corresponding controls (Table 2), and treatment with 8-OH-DPAT reduced the concentration of QA by 76.3% in comparison to vehicle-treated T1DM rats (F: 66.1, p < 0.0001; Table 2).



A summary of all the results has been provided in Table 3.





3. Discussion


The results of this study demonstrate that chronic administration of 8-OH-DPAT (0.5 mg/kg, i.p.), a selective 5-HT1AR agonist, has antinociceptive (anti-hyperalgesic and anti-allodynic) activities in a T1DM-neuropathic pain rat model that were antagonized by WAY100635, a 5-HT1AR antagonist. In diabetic rats, 5-HT1AR transcript and protein levels were elevated in the RVM, LSSC, and DRG. Furthermore, colocalization of 5-HT1AR with SNAP-25 and PSD-95 indicated the presence of 5-HT1AR in pre- and postsynaptic LSSC tissue fractions. Chronic administration of 8-OH-DPAT downregulated the expression of 5-HT1AR in spinal presynaptic but not postsynaptic fractions. The gene expression levels of the methoxyindole pathway Tph-2 and kynurenine pathway enzymes Ido1, Ido2 and Tdo were significantly upregulated in the diabetic rats in comparison to those of control rats. Although treatment with 8-OH-DPAT did not alter the gene expression of Tph-2, it downregulated the expression of Ido1, Ido2 and Tdo STZ-induced T1DM. Furthermore, the spinal release of 5-HT represented by the 5-HIAA/5-HT ratio was decreased, while QA concentration increased in the spinal cord as a function of T1DM. Treatment with 8-OH-DPAT increased the spinal release of 5-HT (↑ 5-HIAA/5-HT) but decreased the concentration of QA STZ-induced T1DM.



Dysregulation of the serotoninergic system appears to be associated with several physiological and pathological states, including aging [31], postmenopausal syndrome [32], Parkinson’s disease [33], Alzheimer’s disease [34], depression [35], and more recently diabetes mellitus [36]. In this context, our study showed that the ratio of 5-HIAA/5-HT, an indicator of 5-HT release, was significantly decreased in STZ-treated diabetic rats. These changes are not unique to the diabetic state since similar results have been reported in aging [37,38,39,40,41,42,43,44,45] and in male and female rats with low levels of testosterone and estrogen, respectively [46,47,48,49,50]. This indicates that the aforementioned abnormalities appear not to be gender dependent.



We found that i.p. administration of 8-OH-DPAT elevated the nociceptive (thermal heat/cold and mechanical) threshold in STZ-induced T1DM rats. Consistent with our findings, some preclinical studies have shown that 8-OH-DPAT administration in the dorsal horn of the spinal cord reduced the activity of afferent sensory neurons, resulting in decreased NMDA receptor-dependent glutamate response and transmission of nociceptive signals [51,52]. Another study demonstrated that subcutaneous, intrathecal or intracerebroventricular administration of 8-OH-DPAT reduced pain sensitivity in the hot-plate test but had no effect on tail-flick latencies when administered via the same routes, indicating the involvement of 5-HT1AR both spinally and supraspinally [53]. In T1DM-neuropathic pain, decreased serotonergic neuronal firing and reduced availability of 5-HT in the dorsal horn of the spinal cord may reduce the inhibition of transmission of nociceptive signals and provoke increased perception of pain [11,54]. Recently, treatment with 8-OH-DPAT reversed both mechanical hypersensitivity and depression-like behavior in chronic constriction injury of the sciatic nerve in rats [30]. Furthermore, 8-OH-DPAT demonstrated an analgesic effect in the formalin model of tonic nociceptive pain [26]. No study, to the best of our knowledge, has yet evaluated the effects of 8-OH-DPAT in T1DM-associated thermal hyperalgesia, cold allodynia, and mechanical allodynia. The marked effects of 8-OH-DPAT in STZ-induced T1DM rats indicate that the serotonergic system, especially 5-HT1AR, is involved in T1DM-neuropathic pain that was further supported by the antagonization of 8-OH-DPAT’s antinociceptive activities by WAY100635. In the present study, acute (one week after STZ injection, i.p., 0.5 mg/kg) and chronic administration of 8-OH-DPAT (eight weeks after STZ injection, i.p., 0.5 mg/kg) produced similar antinociceptive effects and chronic administration of 8-OH-DPAT downregulated the expression of 5-HT1AR. We have recently demonstrated that chronic treatment with the alpha-2A adrenoceptor (α2A-AR) agonist, guanfacine, downregulates the expression of α2A-AR in STZ-induced T1DM rats [27].



Presumably, the time frame for antinociceptive effects after acute administration was too early for significant changes in the expression of 5-HT1AR. The activation of 5-HT1AR autoreceptors reduces the release of 5-HT; in this context, acute and chronic activation of these autoreceptors may have a different antinociceptive effect [55,56,57]. Activation of these receptors acutely would decrease 5-HT release, while chronic activation of these receptors may result in receptor desensitization and an increase in 5-HT release. In our findings, we showed that acute administration of 8-OH-DPAT to naïve rats did not demonstrate antinociceptive activity, whereas acute treatment with 8-OH-DPAT in diabetic rats reported antinociceptive activity. A possible explanation may be associated with its role in modulating peripheral expression of transient receptor protein vanilloid 1 (TRPV1) and/or transient receptor potential cation channel, subfamily A, member 1 (TRPA1), hyperalgesic nociceptors. Furthermore, preliminary results generated from our laboratory demonstrate that acute administration of 8-OH-DPAT (0.5 mg/kg) after one week of single i.p. STZ injection reverses mRNA upregulation of TRPV1 and TRPA1 in the DRG in comparison to STZ-induced T1DM rats.



Furthermore, changes in the expression of 5-HT1AR mRNA or protein levels in STZ-induced T1DM indicate malfunction/aberrant signaling of the serotonergic descending pathway. Nevertheless, it is well known that diabetes, if left uncontrolled, causes neuronal degeneration and atrophy in rodent models [58,59,60]. In our findings, we reported similar neuronal changes in both diabetic LSSC and DRG tissues; on the other hand, treatment with 8-OH-DPAT chronically improved the tissue morphology of diabetic rats to levels comparable to that observed in corresponding control rats. In the present study, 5-HT turnover rates were decreased in STZ-induced T1DM, similar to what has been described previously [61,62]. Therefore, it is possible that T1DM affects the activity of 5-HT neurons, although the underlying cellular mechanism responsible for this development is not yet established. In contrast to present observations, 5-HT turnover rates have been reported to be increased in a diabetic mouse brain [63]. This discrepancy may be due to species differences, regional distribution, and duration of the diabetic condition.



In the present study, the transcripts of key enzymes, Ido1, Ido2 and Tdo, involved in the kynurenic acid pathway were upregulated in STZ-induced T1DM, and this was reversed by treatment with 8-OH-DPAT. It has been found that IDO is activated under stress conditions, which consequently promotes abnormal tryptophan metabolism [64]. Tryptophan, kynurenine, and 3-hydroxykynurenine cross the blood–brain barrier (BBB) and kynurenic acid and QA are produced in astrocytes and microglia, respectively [65,66]. Kynurenic acid exerted neuroprotective and anti-inflammatory effects and maintained synaptic plasticity [67], whilst QA had neurotoxic effects by inhibiting glutamate reuptake, enhancing reactive oxygen species, BBB destruction and homeostasis imbalance [68]. Enhanced levels of kynurenine and its metabolites may induce neuroinflammation [69]. Therefore, a plausible explanation may be that neuroinflammation may develop in STZ-induced T1DM and lead to dysregulation of the serotonergic neuronal circuits. Furthermore, treatment with 8-OH-DPAT downregulated the expression of the enzymes involved in the kynurenine pathway, thus reducing the production of QA, which in turn is neurotoxic. This was confirmed with the HPLC results, where treatment with 8-OH-DPAT lowered the concentration of QA in STZ-induced T1DM. Therefore, a potential explanation may be that the neuroinflammatory mediators are involved in neuropathic pain progression. Indeed, the preliminary data from our laboratory demonstrated that chronic administration of 8-OH-DPAT suppresses the increase in pro-inflammatory mediators, tumor necrosis factor-alpha, interleukin-6, inducible-nitric oxide synthase and interleukin-1-beta in STZ-induced T1DM. Furthermore, the preliminary data from our laboratory show that in STZ-induced T1DM, 8-OH-DPAT reverses the decrease in anti-inflammatory mediators, CD206, tumor growth factor-beta and interleukin-10, and antioxidant markers, nuclear factor erythroid 2-related factor 2, heme oxygenase-1 and superoxide dismutase-2. The 5-HT1A autoreceptors are present in the serotonergic neurons. They inhibit neuronal firing and the release of 5-HT via the negative feedback mechanism [70,71,72]. In this context, a study has demonstrated that chronic administration of selective serotonin reuptake inhibitors causes internalization of the 5-HT1A autoreceptors of the raphe neurons, thereby increasing 5-HT levels in the synaptic cleft that bind to postsynaptic 5-HT1AR and modulate pain transmission [73]. In the present study, increased expression of presynaptic 5-HT1AR and 5-HT1AR coupled-Gαi signaling in diabetic rats may have inhibited the release of 5-HT. The repeated administration of 8-OH-DPAT may have downregulated 5-HT1AR-coupled-Gαi signaling in diabetic rats. Thus, it may have desensitized the presynaptic 5-HT1AR and diminished the autoinhibitory negative feedback mechanism.




4. Materials and Methods


4.1. Animals


Male Wistar rats (two–three months old; 300–400 g) were used in this study and were supplied by the Animal Resources Center at the Health Sciences Center (HSC), Kuwait University. The rats were kept in temperature-controlled rooms (24 ± 1 °C) with continuous access to food and water [74]. Experiments on animals were approved by the Ethical Committee for the use of Laboratory Animals in Teaching and in Research, HSC, Kuwait University (Ref: 23/VDR/EC/, Date 27 June 2021) in accordance with the guidelines of Directive 2010/63/EU of the European Parliament and of the Council on the protection of animals. All animal experiments were performed during the same period of the day (8:00 AM to 16:00 PM) to avoid any circadian changes in pharmacological effects.




4.2. Diabetes Induction


Type 1 diabetes mellitus was induced as previously described [27]. Briefly, rats were treated with streptozotocin (STZ, 55 mg/kg, intraperitoneally) or its vehicle (sodium citrate buffer, 50 mM, pH 4.5), and blood glucose concentrations in the tail-vein blood samples were measured using ACCU-CHEK test strips (Roche Diagnostics, Basel, Switzerland) three days after STZ injection. Rats with blood glucose concentrations greater than 250 mg/dL were included in the study. For the acute study, 8-OH-DPAT (0.25, 0.5 and 1.0 mg/kg, i.p.) was administered one week after STZ injection, whereas, for the chronic study, 8-OH-DPAT (0.5 mg/kg, i.p.) was administered eight weeks after STZ injection.




4.3. Drugs Administration


The 5-HT1AR agonist, 8-hydroxy-2-(propylamine) tetralin hydrobromide (8-OH-DPAT, Tocris, Bristol, UK), was administered intraperitoneally at doses of 0.25, 0.5, or 1.0 mg/kg. 8-OH-DPAT (0.5 mg/kg) was chosen as previously described [30,75], and 0.25 and 1.0 mg/kg were added for the dose–response curve. Freshly prepared 8-OH-DPAT was dissolved in normal saline and immediately used for each treatment in a volume of 1 mL/kg.



Diabetic rats were allocated on a random basis into four groups: I: T1DM+vehicle; II: T1DM+8-OH-DPAT-0.25; III: T1DM+8-OH-DPAT-0.5, and IV: T1DM+8-OH-DPAT-1. Similarly, control rats were distributed into groups of four: I: NC+vehicle; II: NC+8-OH-DPAT-0.25; III: NC+8-OH-DPAT-0.5, and IV: NC+8-OH-DPAT-1. The nociceptive threshold was recorded at different time points, for example, 0, 15, 30, 60, 90 and 120 min after drug administration. Furthermore, to assess the effects of the 5-HT1AR antagonist, WAY100635 (1 mg/kg; Tocris, Bristol, UK), diabetic rats were assigned randomly into four groups I: T1DM+vehicle; II: T1DM+WAY100635-1, III: T1DM+8-OH-DPAT-0.5, and IV: T1DM+WAY100635-1+8-OH-DPAT-0.5. WAY100635 was administered 15 min before 8-OH-DPAT injection for the thermal (heat/cold) and mechanical behavioral tests.



8-OH-DPAT was injected every day for a period of 14 days (chronically) following nociceptive behavior development to evaluate the antinociceptive effects of 8-OH-DPAT. The rats were randomly allocated into four groups: I: NC; II: NC+8-OH-DPAT-0.5; III: T1DM; and IV: T1DM+8-OH-DPAT-0.5. The nociceptive behavior was measured weekly at weeks 8, 9, 10, 11 and 12. However, on weeks 11 and 12, the drug was not administered to the rats. 8-OH-DPAT (0.5 mg/kg, i.p.) was administered at the same time each day for a period of two weeks (weeks 9 and 10). However, nociceptive behavior in response to thermal (heat/cold) and mechanical stimuli was recorded on a weekly basis.




4.4. Nociceptive Testing


The nociceptive behavior (thermal hyperalgesia and cold/mechanical allodynia) was evaluated using the Hargreaves test, cold plate and dynamic plantar aesthesiometer [27,76,77]. Briefly, in the Hargreaves test, a portable infrared (IR) heat source (IR intensity: 50 units) was applied vertically to the hind paw plantar surface. The time it took for the rat to withdraw its paw from the heat source was recorded as previously described [76]. To measure the thermal (cold) nociceptive threshold, the rat was placed on the cold plate (4 ± 0.1 °C). When the animal displayed a nociceptive response, such as jumping or licking, the reaction time was recorded [27]. Mechanical allodynia was assessed as previously described [77]. In this test, a linearly increasing force of 2.5 g/s, which is the mechanical stimulus, was applied to the hind paw using an aesthesiometer (Ugo Basil, Varese, Italy). The response to the withdrawal threshold was recorded at a cut-off force of 50 g or when the rat withdrew its paw.




4.5. Tissue Isolation


Rats were anesthetized using a mix of xylazine (Interchemie Werken, Holland, The Netherlands) and ketamine (Dutch Farm International, Holland, The Netherlands) and were sacrificed 12 weeks after STZ injection, as described previously [74]. The RVM tissue, located at the brain stem region, the LSSC (segment L1–L4) and DRG of the spinal nerves were dissected from the rats, immediately placed in liquid nitrogen to freeze the isolated tissues, and then powdered using a motor and pestle, and finally kept at −80 °C.




4.6. Analysis of Gene Expression by qRT-PCR


Expression of Htr1a mRNA and key enzymes of the serotonergic pathway were quantified relative to the expression of the housekeeping gene (Actb: β-actin) using real-time qRT-PCR. Total RNA was extracted from fresh powdered neuronal tissues using the acid guanidinium isothiocyanate–phenol–chloroform method [78], reverse-transcribed into cDNA and then real-time qRT-PCR was performed using QuantStudio™ 7 Flex Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) as described previously [79]. The sequences of the primers used were: for Actb are forward, 5′-CCGCGAGTACAACCTTCTTG-3′ and reverse, 5′-GCAGCGATATCGTCAATCCAT-3′; for Htr1a are forward, 5′-CAGAGGAAGGTGCTCTTTGG-3′ and reverse, 5′-AAGAAGAGCCTGAACGGACA-3′, for Tph-2 are forward, 5′-CTCCAAGCTTCGCATCACAG-3′ and reverse, 5′-AGCACTTCAGGAAGCGTACC-3′, for Tdo are forward, 5′-TGGGAACTAGATTCTGTTCG-3′ and reverse, 5′-TCGCTGCTGAAGTAAGAGCT-3′, for Ido1 are forward, 5′-AGAAGTGGGCTTTGCTCTGC-3′ and reverse, 5′-TGGCAAGACCTTACGGACATCTC-3′, for Ido2 are forward, 5′-AAGCTTATGGAGCCTCAAAGTCAGAGC-3′ and reverse, 5′-CTCGAGCTAAGCACCAGGACACAGG-3′. The comparative Ct method was used to calculate the relative gene expression to control [80]. Results were normalized to the housekeeping gene (Actb), and averages ± SEM are shown expressed relative to controls [81].




4.7. Western Blot Analysis and Immunohistochemistry- and Immunofluorescence-Staining of Tissue Sections


Analysis of Western blot was achieved as described previously [82]. Total protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and 37.5 µg of protein was loaded onto 12 and 8% polyacrylamide gels. The polyvinylidene fluoride membranes (EMD Millipore Corporation, Billerica, MA, USA) were used to transfer proteins from the gel onto the membrane and immunoblotted with the corresponding primary and then with horseradish peroxidase-linked secondary antibodies (Table 4). The protein bands were developed using the Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences, Chicago, IL, USA) as previously described [83].



For immunohistochemistry experiments, immunohistochemistry was performed as described previously [84,85]. Briefly, fixed tissue sections were treated with primary antibody overnight, followed by secondary antibody horseradish peroxidase anti-rabbit IgG incubation at room temperature for one hour. Finally, the tissue sections were treated with 3,3′-diaminobenzidine for chromogen reactions. On the other hand, for immunofluorescence staining, the tissue sections were incubated with the appropriate primary antibodies overnight and then with fluorescence-labeled secondary antibodies (Table 4). Pictures were captured and analyzed using the Zeiss Axiovert 200 fluorescence microscope equipped with a CCD camera (Carl Zeiss Microscopy GmbH, Jena, Germany) and an IBAS 2000 image analyzer [83].




4.8. Extraction of Synaptosome and Pre-Synaptic and Post-Synaptic Fractions Isolation from Spinal Lumbar Region


A discontinuous sucrose gradient method was used to extract the synaptosomes from the spinal lumbar region as previously described [86]. Briefly, pre- and postsynaptic fractions were obtained following a sequence of differential centrifugation. The amount of protein was determined in each fraction and characterized using Western blot using appropriate primary and secondary antibodies (Table 4) as described in Section 4.7.




4.9. Levels of Spinal 5-HT and Its Metabolite, 5-HIAA, and QA Acid Using High-Performance Liquid Chromatography (HPLC) with Photodiode Array Detection (PDA)


The method described by Gu et al. (2016) [87] was used to detect the levels of 5-HT, 5-HIAA and QA in the LSSC of control, diabetic, and diabetic + 8-OH-DPAT-treated rats. Briefly, on the day of the experiment, stock solutions (10 µg/mL) of 5-HT, 5-HIAA and QA were prepared in 0.2 M perchloric acid solution and stored on ice in the dark. The neuronal tissues dissected from rats were weighed and homogenized in ice-cold 0.2 M perchloric acid solution (10 µL/mg tissue). After centrifugation at 12,000× g at 4 °C for 20 min, supernatants were collected for chromatographic separation. HPLC Equipment Waters 2535 Quaternary Gradient Module with a 15 uL fixed injection loop was used. The PDA detector used was a Waters 2998 Photodiode array controlled by Empower Software 3 for data acquisition and analysis. Chromatographic separation was performed using XBridge C18 5 um, 4.6 × 100 mm column (Waters XBridge, Wexford, Ireland). An amount of 5 mM perchloric acid solution containing 5% acetonitrile was used as a mobile phase, and the separation temperature was set at 12 °C with a flow rate adjusted to 2 mL/min [87].




4.10. Statistical Analyses


The D’Agostino–Pearson normality test was used to test for data normality, and parametric tests were used if the data passed the normality test; however, non-parametric tests were used if they failed the normality test. Statistical analyses were performed using unpaired Student’s t-test, Mann–Whitney test, one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison post-tests, Kruskal–Wallis test followed by Dunn’s multiple comparisons test, or two-way repeated-measures ANOVA followed by Bonferroni’s multiple comparison post-tests using GraphPad Prism software (version 7.0) [88]. There were significant differences at p ≤ 0.05. The results obtained are expressed as the means ± SEM.





5. Conclusions


Overall, the present findings demonstrate alterations in the 5-HT1AR expression, and chronic administration of 8-OH-DPAT ameliorated this abnormality in STZ-induced T1DM. Moreover, treatment with 8-OH-DPAT alleviated T1DM-associated nociceptive behavior. These effects of 8-OH-DPAT at both the behavioral and biochemical levels elucidated in the context of T1DM were presented schematically in Figure 9. Furthermore, chronic administration of 8-OH-DPAT may have downregulated 5-HT1AR-coupled-Gαi signaling in diabetic rats and diminished the autoinhibitory negative feedback mechanism. Overall, taking into consideration the present data, future studies are warranted to examine whether 8-OH-DPAT is able to ameliorate DNP clinically.




6. Limitations of the Study


The H&E and immunohistochemical staining data outlined in our manuscript are simply qualitative in nature and no solid conclusive information can be drawn out of them.
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Figure 1. Time- and dose-response curves of administered 8-OH-DPAT in NC and T1DM rats. 8-hydroxy-2-(dipropylamino)tetralin showed no effect in naïve (A–C) rats but elevated nociceptive threshold dose-dependently in diabetic (D–F) rats. 8-hydroxy-2-(dipropylamino)tetralin elevated nociceptive threshold in diabetic in a dose-dependent manner (J–L) but not in control (G–I) rats at 30 min time-point post-administration. WAY100635 antagonizes 8-OH-DPAT’s antinociceptive effects (M–O). Each bar represents means ± SEM of values obtained from five animals/group. * 8-OH-DPAT-treated diabetic animals were significantly different from corresponding diabetic animals at p ≤ 0.05. ** Drug-treated diabetic animals were significantly different from corresponding 8-OH-DPAT-treated animals alone at p ≤ 0.05. Two-way ANOVA was followed by Bonferroni’s post-test, and one-way ANOVA followed by Dunnett’s post-test. Abbreviations: NC—normal control, T1DM—type 1 diabetes mellitus and 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin. 
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Figure 2. Persistent 8-OH-DPAT antinociceptive effects following two weeks of withdrawal. 8-hydroxy-2-(dipropylamino)tetralin (0.5 mg/kg) was injected i.p. on a daily basis for 14 days. Changes in nociceptive behavior to (A) thermal (heat), (B) thermal (cold), and (C) mechanical stimuli were assessed every week for 14 days in the presence and absence of 8-OH-DPAT. Each bar represents the means ± SEM of values obtained from five animals/group. * Diabetic animals were significantly different from corresponding control animals at p ≤ 0.05. ** 8-OH-DPAT-treated diabetic animals were significantly different from corresponding diabetic animals at p ≤ 0.05. Two-way ANOVA followed by Bonferroni’s post-test. Abbreviations: NC—normal control, T1DM—type 1 diabetes mellitus and 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin. 
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Figure 3. Chronically administered 8-OH-DPAT halts T1DM-induced neuronal degeneration. 8-hydroxy-2-(dipropylamino)tetralin (0.5 mg/kg) was administered i.p. on a daily basis for 14 days. Hematoxylin and Eosin staining of LSSC (A–C) and DRG (D–F), respectively (magnification: 40× and scale bar: 20 µm). Abbreviations: NC—normal control, T1DM—type 1 diabetes mellitus, LSSC—lumbar segment of the spinal cord, DRG—dorsal root ganglia and 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin. 
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Figure 4. Chronically administered 8-OH-DPAT reverses T1DM-induced upregulation of 5-HT1AR in the RVM, LSSC and DRG. mRNA and protein expression of 5-HT1AR were assessed using qRT-PCR, Western blotting, and immunohistochemistry-based techniques, respectively. 8-hydroxy-2-(dipropylamino)tetralin (0.5 mg/Kg) was injected i.p. for 14 days. Relative mRNA expression of Htr1a (A). ImageLab 4.1 software was used to analyze protein bands of 5-HT1AR obtained with the ChemiDoc MP (B). Brown (immunohistochemical) staining pictures for 5-HT1AR expression in the LSSC (C) and DRG (D) tissue sections (magnification: 40× and scale bar: 10 µm). Each bar represents the mean ± SEM of values obtained from five animals/groups. * Diabetic animals were significantly different from corresponding control animals at p ≤ 0.05. ** 8-OH-DPAT-treated animals were significantly different from corresponding diabetic animals at p ≤ 0.05. One-way ANOVA was followed by Dunnett’s post-test. Abbreviations: NC—normal control, T1DM—type 1 diabetes mellitus, 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin, 5-HT1AR—5-HT1A receptors, RVM—rostral ventromedial medulla, LSSC—lumbar segment of the spinal cord and DRG—dorsal root ganglia. 
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Figure 5. Expression of 5-HT1AR in the presynaptic and postsynaptic fractions of the spinal cord lumbar region. Type 1 diabetes mellitus upregulates presynaptic (A) but not postsynaptic (B) spinal 5-HT1AR proteins. Immunofluorescence localization of presynaptic (C) 5-HT1AR in control, diabetic and diabetic administered with 8-OH-DPAT for 14 days. Quantitation of fluorescence intensity of 5-HT1AR relative to SNAP-25 (D). ImageLab 4.1 software was used to analyze protein bands of 5-HT1AR obtained with the ChemiDoc MP. Data are expressed as the mean ± SEM of values obtained from five animals/group. * Diabetic animals were significantly different from corresponding control values at p ≤ 0.05. ** 8-OH-DPAT-treated diabetic animals were significantly different from corresponding diabetic animals at p ≤ 0.05. Student’s t-test: one-way ANOVA followed by Dunnett’s post-test. Representative confocal images at magnification: 40X and scale bar: 20 µm. Abbreviations: NC—normal control, T1DM—type 1 diabetes mellitus, LSSC—lumbar segment of the spinal cord, SNAP-25—synaptosomal-associated protein-25, PSD-95—postsynaptic density-95, 5-HT1AR—5-HT1A receptors and 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin. 
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Figure 6. Chronically administered 8-OH-DPAT reversed T1DM-induced dysregulation of neuronal spinal 5-HT1AR signaling. G-αi in the spinal cord lumbar region. 8-hydroxy-2-(dipropylamino)tetralin (0.5 mg/kg) was injected i.p. for 14 days. ImageLab 4.1 software was used to analyze protein bands of Gαi obtained with the ChemiDoc MP. Each bar represents the means ± SEM of values obtained from five animals/groups. * Diabetic animals were significantly different from corresponding control values at p ≤ 0.05. ** 8-OH-DPAT-treated diabetic animals were significantly different from corresponding diabetic animals at p ≤ 0.05. One-way ANOVA followed by Dunnett’s post-test. Abbreviations: NC—normal control, T1DM—type 1 diabetes mellitus, G-αi—G-protein coupled receptor G-alpha i and 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin. 
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Figure 7. Chronically administered 8-OH-DPAT reverses T1DM-induced upregulation of Ido1, Ido2 and Tdo but not Tph-2, in the spinal cord lumbar region. Expression of Tph-2 (A), Ido1, Ido2 and Tdo (B) were quantified at mRNA levels using qRT-PCR. 8-hydroxy-2-(dipropylamino)tetralin (0.5 mg/kg) was injected i.p. daily for 14 days. Each bar represents the mean ± SEM of values obtained from five animals/group. * Diabetic animals were significantly different from corresponding control values at p ≤ 0.05. ** 8-OH-DPAT-treated diabetic animals were significantly different from corresponding diabetic animals at p ≤ 0.05. One-way ANOVA followed by Dunnett’s post-test. Abbreviations: NC—normal control, T1DM—type 1 diabetes mellitus, RVM—rostral ventromedial medulla, LSSC—lumbar segment of the spinal cord, DRG—dorsal root ganglia, Tph-2—tryptophan hydroxylase-2, IDO—indoleamine 2,3-dioxygenase, TDO—tryptophan 2,3-dioxygenase and 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin. 
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Figure 8. Chromatographs of a standard solution of 5-HT, 5-HIAA and QA. Abbreviations: 5-HT—5-hydroxytryptamine or serotonin, 5-HIAA—5-hydroxyindole acetic acid, QA—quinolinic acid, IS—internal standard and AU—arbitrary units. 
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Figure 9. Schematic representation of presynaptic 5-HT1AR in STZ-induced T1DM, neuropathic pain and 8-OH-DPAT administration. When compared to the control status (A), diabetes enhances neuronal presynaptic expression of 5-HT1AR in the RVM, LSSC and DRG (B). 8-OH-DPAT administered chronically for 14 days reversed increased neuronal expression of presynaptic 5-HT1AR in this disease state (C). The upward arrow indicates the ascending pain transmission pathway, while the downward arrow indicates the descending pain transmission pathway. Pain in the red bubble indicates pain aggravation, and pain in the green bubble indicates pain alleviation. The thick and thin arrows in (B) represent hyperactive ascending pathways and hypoactive descending pathways. Abbreviations: 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin, 5-HT1AR—5-HT1A receptors, RVM—rostral ventromedial medulla, LSSC—lumbar segment of the spinal cord and DRG—dorsal root ganglia. 
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Table 1. 8-hydroxy-2-(dipropylamino)tetralin dependent changes in LSSC 5-HT metabolism STZ-induced T1DM.
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	Treatment
	5-HIAA (ng/mL)
	5-HT (ng/mL)
	5-HIAA/5-HT (ng/mL)





	NC
	12.0 ± 0.302
	14.1 ± 0.364
	0.854 ± 0.03



	T1DM
	10.6 ± 0.484 *
	18.3 ± 0.510 *
	0.578 ± 0.03 *



	T1DM + 8-OH-DPAT
	11.5 ± 0.06
	16.7 ± 0.843
	0.689 ± 0.03 **







Each bar represents the mean ± SEM of values obtained from five animals/group. * Diabetic animals were significantly different from corresponding control values at p ≤ 0.05. ** 8-OH-DPAT-treated diabetic animals were significantly different from corresponding diabetic animals at p ≤ 0.05. One-way ANOVA followed by Dunnett’s post-test. Abbreviations: 5-HT—5-hydroxytryptamine or serotonin, 5-HIAA—5-hydroxyindole acetic acid, NC—normal control, T1DM—type 1 diabetes mellitus, LSSC—lumbar segment of the spinal cord and 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin.













 





Table 2. 8-hydroxy-2-(dipropylamino)tetralin dependent changes in LSSC QA concentration STZ-induced T1DM.
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	Treatment
	QA (ng/mL)





	NC
	147.4 ± 7.52



	T1DM
	373.9 ± 30.2 *



	T1DM + 8-OH-DPAT
	88.5 ± 7.85 **







Each bar represents the mean ± SEM of values obtained from five animals/group. * Diabetic animals were significantly different from corresponding control values at p ≤ 0.05. ** 8-OH-DPAT-treated diabetic animals were significantly different from corresponding diabetic animals at p ≤ 0.05. One-way ANOVA followed by Dunnett’s post-test. Abbreviations: 5-HT—5-hydroxytryptamine or serotonin, 5-HIAA—5-hydroxyindole acetic acid, NC—normal control, T1DM—type 1 diabetes mellitus, LSSC—lumbar segment of the spinal cord, QA—quinolinic acid and 8-OH-DPAT—8-hydroxy-2-(dipropylamino)tetralin.













 





Table 3. Summary of results.
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	T1DM
	Effects of Chronic 8-OH-DPAT (0.5 mg/kg, i.p.) Administration





	↓ Pain threshold
	↑ Pain threshold



	Neuronal degeneration (LSSC and DRG)
	Improved neuronal degeneration (LSSC and DRG)



	↓ 5-HT1AR mRNA and protein expression (RVM, LSSC and DRG)
	↑ 5-HT1AR mRNA and protein expression (RVM, LSSC and DRG)



	↑ Presynaptic 5-HT1AR
	↓ Presynaptic 5-HT1AR



	↑ Gαi
	↓ Gαi



	↑ Tph-2 mRNA (RVM, LSSC and DRG)
	No change in Tph-2 mRNA (RVM, LSSC and DRG)



	↑ Tdo/Ido-1/2 mRNA (LSSC)
	↓ Tdo/Ido-1/2 mRNA (LSSC)



	↓ 5-HIAA/5-HT (LSSC)
	↑ 5-HIAA/5-HT (LSSC)



	↑ QA (LSSC)
	↓ QA (LSSC)







↑ means increased, while ↓ means decreased.













 





Table 4. Antibodies used in the study.
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	Antibody (Vendor)
	Dilution





	5-HT1A receptor (5-HT1AR) (Abcam, Cambridge, MA, USA)
	1:500, 1:100



	SNAP-25 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
	1:1000, 1:100



	PSD-95 (Novus Biologicals, Centennial CO, USA)
	1:2000, 1:100



	Secondary antibody, horseradish peroxidase (HRP) anti-rabbit IgG (Cell Signaling Technology, Danvers, MA, USA)
	1:3000



	Secondary antibody, HRP-linked anti-mouse IgG (Cell Signaling Technology, Inc., Danvers, MA, USA)
	1:3000



	AlexaFluor-488-labeled goat anti-mouse IgG antibody (Invitrogen, Carlsbad, CA, USA)
	1:100



	AlexaFluor-546 labeled goat anti-rabbit IgG antibody (Invitrogen, Carlsbad, CA, USA)
	1:100
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