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Mitragyna speciosa (“kratom”), employed as a traditional medicine to improve mood and relieve pain, has shown increased use in Europe and North America. Here, the dose-dependent effects of a purified alkaloid kratom extract on neuronal oscillatory systems function, analgesia, and antidepressant-like behaviour were evaluated and kratom-induced changes in ΔFosB expression determined. Male rats were administered a low or high dose of kratom (containing 0.5 or 1 mg/kg of mitragynine, respectively) for seven days. Acute or repeated low dose kratom suppressed ventral tegmental area (VTA) theta oscillatory power whereas acute or repeated high dose kratom increased delta power, and reduced theta power, in the nucleus accumbens (NAc), prefrontal cortex (PFC), cingulate cortex (Cg) and VTA. The repeated administration of low dose kratom additionally elevated delta power in PFC, decreased theta power in NAc and PFC, and suppressed beta and low gamma power in Cg. Suppressed high gamma power in NAc and PFC was seen selectively following repeated high dose kratom. Both doses of kratom elevated NAc-PFC, VTA-NAc, and VTA-Cg coherence. Low dose kratom had antidepressant-like properties whereas both doses produced analgesia. No kratom-induced changes in ΔFosB expression were evident. These results support a role for kratom as having both antidepressant and analgesic properties that are accompanied by specific changes in neuronal circuit function. However, the absence of drug-induced changes in ΔFosB expression suggest that the drug may circumvent this cellular signaling pathway, a pathway known for its significant role in addiction.
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INTRODUCTION
Mitragyna speciosa, commonly referred to as kratom, is a tree species that is native to Southeast Asia and it has been used by individuals for centuries both recreationally and medicinally to improve mood and manage acute and chronic pain (Singh et al., 2016; Ismail et al., 2019). However, the increase of kratom sales across Europe and North America have resulted in growing concerns over its safety, with several European countries and states within the United States banning the plant or instituting age restrictions in its use (Cinosi et al., 2015). Despite these restrictions, it is estimated there are several million users of kratom (Henningfield et al., 2018). Consumption of kratom leaves has been reported to have dose-dependent effects, in that lower doses have been found to induce mild stimulant-like effects and higher doses have been found to induce opioid like analgesic effects (Kruegel and Grundmann, 2018). These outcomes of ingesting the plant material have historically been attributed to only two alkaloids that are typically present within the kratom leaf material, namely mitragynine and its derivative 7-hydroxymitragynine (7-HMG), however it is well established that there are at least 40 other alkaloids that accumulate within the plant, albeit in various amounts (Prozialeck et al., 2012; Eastlack et al., 2020). Strikingly, almost nothing is known about the biological properties of these other alkaloids, or of the combined biological effects of the plant as a whole.
The alkaloid profile observed within kratom is dominated by the class of compounds known as the monoterpenoid indole alkaloids, of which mitragynine and 7-HMG are the most studied examples. Both alkaloids have been found to activate the mu-opioid receptor (MOR), however unlike many other MOR agonists, they are ß-arrestin sparing (Kruegel et al., 2016; Ismail et al., 2019). For this reason these alkaloids have been termed “atypical opioids” (Adkins et al., 2011; Kruegel et al., 2019), and as ß-arrestin signaling has been shown to mediate opioid-induced tolerance and side effects such as respiratory depression, it is believed that kratom may offer an analgesic alternative (Takayama et al., 2002; Kruegel et al., 2016; Ismail et al., 2019).
Behaviours are highly coupled to neuronal oscillations (Buzsáki and Draguhn, 2004; Buzsáki et al., 2013), rhythmic neuronal population activity that is critical to regional communication (Fries, 2005; Barardi et al., 2014). These oscillations have been linked to neuropsychiatric disorders such as addiction and depression (Fitzgerald and Watson, 2018; Theriault and Perreault, 2019; Zhu et al., 2019; Thériault et al., 2021), as well as drug responses (Reakkamnuan et al., 2017; Manduca et al., 2020), and thus may serve as useful biomarkers of disease states or establishing the therapeutic efficacy of novel drugs. Although there is less known about the role of neuronal oscillations in the context of analgesia, high frequency cortical oscillations are thought to be involved in the perception of pain (Whittington et al., 1998; Croft et al., 2002). For instance, morphine-induced frequency-specific alterations in oscillatory activity in brain regions such as the NAc and VTA are well known (Reakkamnuan et al., 2017; Ahmadi Soleimani et al., 2018), as well as in the cortex (Liu et al., 2005; Zuo et al., 2007). It is therefore intriguing that although there is some evidence for analgesic and antidepressant properties of kratom alkaloids (Matsumoto et al., 2004; Takayama, 2004; Kumarnsit et al., 2007a; Kumarnsit et al., 2007b; Sabetghadam et al., 2010; Idayu et al., 2011; Grundmann, 2017), the impact of these alkaloids on the neuronal oscillatory activity in the brain is lacking. Two studies examining the neurophysiological effects of mitragynine in rats did, however, demonstrate frequency-specific changes in cortical oscillatory power (Yusoff et al., 2016; Thériault et al., 2020) with no effects in other regions including the VTA, NAc, thalamus, amygdala, or hippocampus (Thériault et al., 2020).
These findings suggest that kratom-induced behavioural changes will be accompanied by region-specific alterations in neurophysiological circuit function. Therefore, to better understand this link, this study evaluated the dose-dependent effects of a purified alkaloid isolate from kratom on neuronal oscillatory activity in various brain regions in rats following acute and 7 days of administration. The antidepressant and analgesic effects of the extract were also determined at both time points, as well as the ability of the isolate to induce ΔFosB expression, a putative molecular switch for addiction.
MATERIALS AND METHODS
Animals
Adult male Wistar rats (Charles River, QC) weighing approximately 300–350 g at the start of the experiment were used. Animals were housed in a temperature-controlled colony room, maintained on a 12-h reverse light/dark cycle (0700 h lights off; 1900 h lights on) with unrestricted access to food and water available ad libitum. Animals were handled daily for a minimum of 7 consecutive days prior to the beginning of the experiment. Electrophysiological and behavioural testing was always conducted during the dark phase of the day/night cycle. An extra cohort of animals were added to increase sample size for the behavioural studies. All animals underwent identical behavioural procedures. No group differences in animals that underwent the same treatments was evident between the two cohorts and so animals were pooled. All procedures were approved by the Animal Care Committee of the University of Guelph and followed the guidelines of the Canadian Council on Animal Care.
Plant Material and Growth Conditions
Mitragyna speciosa (Korth.) Havil were obtained from Dad’s Greenhouse, Ohio, United States, and imported to the University of Guelph as 6–18″ saplings. Trees were maintained in growth chambers with a 16-h photoperiod (175 µmol m−2s−1; mixed cool white and incandescent bulbs) and a day/night temperature regime of 28°C/26°C, with a constant relative humidity of 80%. Plants were grown for a minimum of 4 months in a 2:1:1 (v/v) mixture of coco coir (Millennium soils Coir):perlite (Therm-o-rock East Inc.):turface (Turface Athletics) before harvesting material. The plant material was identified and authenticated by Dr. Carole Ann Lacroix and a voucher specimen (No. 102033) was deposited at the Ontario Agricultural College Herbarium in Guelph, Ontario, Canada.
Alkaloid Extraction and Preparation
Mature leaf tissue from Mitragyna speciosa plants were dried at 50°C for 48 h and 100 g of this material was extracted with 2 L of an acetic acid solution (0.5 M) at 80°C for 30 min. The crude extract was filtered (0.22 µm PTFE) and then passed through a 60 ml column containing polyvinylpyrrolidone (PVPP, 110 µm particle size, Sigma-Aldrich) to remove any polyphenolic compounds. The crude Kratom extract was sequentially chromatographed over 50 ml of Diaion HP-20 resin (Supelco) equilibrated with distilled water and the reversed-phase column was then washed with 20% (v/v) methanol before elution with 100% methanol followed by methanol/ethyl acetate (50:50 v/v). The recovered alkaloid fractions were pooled and reduced to a volume of 200 ml on a Rotary Evaporator (RE-200AA) at 70°C. The isolate was then loaded onto an ion exchange resin (AmberChrom 50WX2, 200–400, Sigma Aldrich) and washed with 500 ml of acetic acid in ethanol (0.025 M), followed by 250 ml of 100% ethanol. Alkaloids were eluted with 340 ml of 2.8 M ammonium hydroxide in ethanol and then brought to final volume of 150 ml. This purified alkaloid extract was subjected to phase separation with chloroform (300 ml). The organic layer was extracted and reduced to dryness, in vacuo, and resuspended in 10 ml of hydrochloric acid (0.2 M). After complete resuspension of the alkaloid extract, the pH was brought to 5.0 with NaOH and adjusted to 1.0 mg/ml of mitragyine equivalents, accordingly.
Instrumentation and Alkaloid Analysis
Ajmalicine (Sigma) and mitragynine, 7-hydroxymitragynine, paynantheine, speciogynine, mitraphylline, speciociliatine (Cayman Chemicals) were used as external standards for quantification on the basis of peak area revealed by HPLC analysis as described below. Alkaloids fractions were analyzed using an Agilent 1,260 Infinity liquid chromatography system equipped with a reversed-phase Kinetex EVO C18 100Å column (150 × 4.6 mm, 5 µm). Chromatographic separation of kratom alkaloids were achieved using a binary gradient with ammonium bicarbonate buffer (5 mM pH 9.5; A) and acetonitrile (B), starting with 70% solvent A transitioning to 70% solvent B over the course of 17 min at a flow rate of 1.5 ml/min. Alkaloids were quantified at 226 nm. The alkaloids fractions 3 (3-isoajmalicine) and 10 (corynantheidine) eluted at 8.12 and 14.67 min, respectively, and were subsequently collected. Approximately 0.3 mg of each compound were evaporated to dryness, resuspended in deuterated chloroform, and analyzed using 1H NMR. NMR spectra were collected on a Bruker AVANCE III 600 MHz spectrometer equipped with a 5 mm TCI cryoprobe. The sample temperature was regulated at 298 ± 1 K.
Drugs
Rats were intraperitoneally (i.p.) injected daily with the kratom isolate at a dose of 0.5 or 1.0 mg/kg of mitragynine equivalents (low and high dose, respectively) or with a saline for a period of seven days. As kratom is normally ingested orally, we used the i.p. route since it also has an important first pass effect but is not as stressful as oral gavage which would likely alter brain wave patterns. Moreover, since the metabolites of kratom alkaloids have been shown to have biological effects, the i.p. route would ensure that they are metabolized in a manner similar to oral intake in humans.
These doses were selected based on preliminary dose response studies and were 5 and 10 times less than calculated LD50 of tested animals (a mitragynine equivalent of 5 mg/kg). At the doses employed in the present study, animals showed no adverse effects with acute or repeated administration. We have previously characterized isolated mitragynine effects (10 mg/kg i.p., a standard dose used in the literature (Foss et al., 2020; Japarin et al., 2021; Suhaimi et al., 2021)) on neuronal oscillatory activity where we showed moderate frequency-specific changes in cortical regions only (Thériault et al., 2020). Further, our preliminary behavioural findings showed no effects of the same 10 mg/kg dose of mitragynine on behavioural responses in the tail-flick test (Supplementary Figure S1). As the 10 mg/kg dose is 10–20 times higher than the doses used in the present study, we therefore chose not to include a mitragynine group as neurophysiological and behavioural effects would likely be minimal or absent.
Electrode Implantation Surgery
Electrode implantation surgeries were performed as previously described (Foute Nelong et al., 2019). Custom electrode microarrays were built using prefabricated Delrin templates and polyimide-insulated stainless-steel wires (A-M Systems: 791600, 0.008″) that were inserted through polyimide cannula. All arrays used had an electrode impedance of less than 2 MΩ. Isoflurane was used to anesthetize the rats at 5% induction and 2.5% maintenance and body temperature maintained at 37°C using a thermostat-regulated heating pad. Animals were injected subcutaneously with 0.9% saline (3 ml) to ensure adequate hydration during surgeries, and 5 mg/ml carprofen (0.4 ml, s.c.) as well as a lidocaine/bupivacaine injection at the incision site. Electrodes were implanted bilaterally into the medial PFC (AP: +3.24 mm, ML: ± 0.6 mm, DV: −3.8 mm), Cg (AP: +1.9 mm, ML: ± 0.5 mm, DV: −2.8 mm), NAc (AP: +1.92, ML: ± 1.2 mm, DV: −6.6 mm) and the VTA (AP: −4.8 mm, ML: ± 0.7, DV: −8.5 mm). A ground/reference screw was secured in the skull behind lambda and additional anchor screws were attached to the skull.
Local Field Potential Recordings
Animals were habituated to the recording boxes (18″ × 18″ × 18″) for 15 min/day for 2 days. Local field potential (LFP) recordings (Wireless 2100-system, Multichannel Systems) were performed in awake and freely moving animals on days 1 and 7 with a sampling frequency of 1 kHz. On each day of testing baseline LFP recordings were collected for 15 min prior to animals receiving their assigned kratom dose (0, 0.5, 1.0 mg/kg i.p.). Rats were then placed back into the boxes and recordings were collected for an additional 30 min. Routines from the Chronux software package for MATLAB (MathWorks) were used to analyze LFP spectral power and coherence between brain regions. Recordings were segmented, detrended, de-noised and low-pass filtered to remove frequencies greater than 100 Hz. Continuous multitaper spectral power for the normalized data (to total spectral power) and coherence was calculated for delta (1–4 Hz), theta (>4–12 Hz), beta (>12–30 Hz), low gamma (30–60 Hz), and high gamma (>60–100 Hz).
Forced Swim Test
The forced swim test (FST) is a test used to evaluate behavioural despair and to determine the antidepressant properties of drugs, and was performed as previously described (Thériault et al., 2021) immediately following LFP recordings. The pre-test was carried out twenty-four hours prior to drug administration in which animals were placed in a plexiglass cylinder with water (24 ± 1°C) filled to a height of 30 cm for 15 min. Animals were then dried with a towel and put back into their home cage. Twenty-four hours later, following LFP recordings, animals were once again placed in the water-filled cylinder for a testing period of 5 min. For subsequent testing on day 7, the pre-test was not conducted. The following behavioural parameters were assessed at 5-s intervals: immobility (floating without active movements, other than those that are needed to keep nose above water), climbing (attempting to escape the cylinder with front paws breaking the surface of the water) and swimming (paddling of limbs across the surface of the water).
Tail-Flick Test
To assess the acute and chronic analgesic properties of kratom, the tail-flick test was performed as previously described (Tu et al., 2016) at 40 min post-drug administration. This test evaluates pain responses in animals and is used to measure the effectiveness of analgesics through heat exposure to the animals’ tails. Animals were gently restrained using a towel and the middle third of the tail was placed in the groove on the automated tail-flick apparatus (Columbus Instruments, Columbus, OH). Radiant heat from a light was applied to the underside of the tail and the time it took (in seconds) for rats to withdraw their tail from the heat source was measured as their tail-flick latency. The intensity of the radiant heat was pre-set at 15 (approximately 60°C) throughout the experiment. An average of two baseline tail-flick latencies in all animals were recorded prior to drug administration. To prevent tissue damage, a cut-off time of 10°s was used.
ΔFosB Immunohistochemistry
Following behavioural testing on the final day animals were perfused with 4% paraformaldehyde (PFA). Brains were extracted, flash frozen and stored at −80°C. Fluorescence immunohistochemistry was performed as previously described (Perreault et al., 2012) on PFA-fixed floating coronal brain sections (30 μm). Free-floating sections from the PFC, Cg, NAc and VTA were washed in TBS (60.5 mM Tris, 87.6 mM NaCl pH 7.6), then blocked (10% goat serum, 1% BSA, 0.2% Triton-X, 1X TBS), and incubated with primary ΔFosB antibody (Cell Signalling, Catalogue #14695, 1:200) in buffer (2% goat serum, 0.01% Triton-X and 1X TBS) for 60 h at 4°C. Following incubation, the brain sections were washed in TBS, blocked (5% goat serum, 0.5% BSA, 0.01% Triton-X, 1X TBS) and incubated for 2 h at room temperature with a secondary anti-rabbit Alexa Fluor 488. After three washes in TBS, brain sections were mounted on slides with Prolong Gold (Thermo Fisher Scientific). Images were acquired by fluorescence microscopy (Etaluma Lumascope) with a 20X objective lens, and cell counting was performed to quantify the mean number of ΔFosB positive cells in two sections of each brain region.
Statistical Analysis
LFP power analysis was performed on 30 s epochs and is reported as means ± sem. taken every 5 min. For the coherence 30s epochs were analyzed at 30 min post-injection. Quantification of the data at each frequency measure and time point is reported as mean ± sem with spectral power curves presented as normalized data (to total power) with jackknife estimates of sem. For the power time courses a repeated measures ANOVA was performed for each frequency with Time as the within subject variable and Treatment as the between-subjects variable. In case of significant interactions or main effects, group comparisons at each time point were performed using a one-way ANOVA with Treatment as the between subjects variable and was followed by Tukey’s post-hoc test. The Games-Howell post-hoc test was used to determine group mean differences if the data did not pass Levene’s test for homogeneity of variance. Data were removed only if the signal quality was poor. No data were removed as a result of electrode misplacement. For the FST, the data are expressed as percent change from controls whereas the tail-flick data are expressed as percent change from baseline measures taken on each day (averaged between two readings). Data on each day were analyzed using a one-way ANOVA with Treatment as the between subjects factor followed by Tukey’s post-hoc test for group comparisons. Paired t-tests were used to compare means on day 1 and day 7. For the ΔFosB data, group comparisons were performed using Student’s t-test. Prior to all analyses, normality was assessed using the Shapiro-Wilk test.
RESULTS
To elucidate the dose-dependent antidepressant and analgesic effects of kratom, an alkaloid isolate was first prepared from mature kratom leaf material. The final Kratom alkaloid preparation (Figure 1) contained at least nine main annotated alkaloid species, of which seven were identified by comparison to commercially available standards: 1, mitraphylline; 2, 7-hydroxymitragynine; 4, ajmalicine; 5, speciociliatine; 6, paynantheine; 7, speciogynine, 8, mitragynine (Figure 1, Supplementary Figure S2). Alkaloids 3 and 10 eluted at 8.12 and 14.67 min, respectively, and were subsequently determined by 1H NMR. The 1H NMR spectra obtained for fractions 3 and 10 matched with those reported previously in the literature which were identified as 3-isoajmalicine and corynantheidine, respectively (Figure 1, Supplementary Figure S3,S4). This alkaloid isolate, in toto, was administered to rats and LFP recordings were taken to evaluate associated impacts on neural systems function, followed by assessments in the FST and tail-flick tests. These measures were evaluated following an acute injection of kratom and again following the repeated administration of the kratom isolate for 7 days. The experimental timeline is shown in Figure 2A.
[image: Figure 1]FIGURE 1 | Constituent alkaloids in whole kratom extract. (A) Compound structures and (B) HPLC chromatogram of the alkaloid profile of the kratom leaves extract at 226 nm. The peaks represent respectively: 1, mitraphylline; 2, 7-hydroxymitragynine; 3, 3-isoajmalicine; 4, ajmalicine; 5, speciociliatine; 6, paynantheine; 7, speciogynine, 8, mitragynine, and 9, corynantheidine.
[image: Figure 2]FIGURE 2 | Time course of dose-dependent effects of kratom on NAc spectral power. (A) Experimental timeline is shown. (B,C) Representative power spectra showing dose-dependent (0, 0.5, 1.0 mg/kg) effects of kratom 30 min post-injection on day 1 and day 7. (D) High dose (1.0 mg/kg) kratom increased delta power across 30 min on both day 1 and day 7 with lasting changes observed prior to the final injection of high dose kratom. (E) Only high dose kratom decreased theta power on day 1 whereas both doses of kratom reduced theta power on day 7. Prior to the final injection a baseline suppression in theta power was evident in response to the high dose of kratom. (F,G) No effects of kratom administration on beta or low gamma power were observed on day 1 or day 7. (H) On day 1, no kratom-induced changes in high gamma power were observed. On day 7, high dose kratom decreased baseline high gamma power. This decrease in response to high dose kratom persisted following the day 7 injection. N = 7–10 rats per group, with 2 electrodes/rat. Curves are represented as means with jackknife estimates of sem depicted by the shaded areas. Bars represent mean ± sem. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline control rats. #p < 0.05, ##p < 0.01, ###p < 0.01 compared to low dose kratom treated rats.
Spectral Power
Nucleus Accumbens
Brain rhythms, or neuronal oscillations, are highly conserved across species, are coupled to specific behavioural states, and are a key indicator of the communication status between neurons (Buzsaki and Draguhn, 2004; Buzsáki et al., 2013). The low frequency bands, delta (0.5–4 Hz), theta (>4–8 Hz), and alpha (>8–12 Hz), are slow waves and are critical in long-distance or between region communication, whereas the high frequency bands, beta (>12–30 Hz) and gamma (>30 Hz), are fast waves that play a role in short-distance or within region communication (Buzsáki and Draguhn, 2004). Power spectra depicting changes in NAc oscillatory power 30 min post-injection on day 1 and day 7 are shown (Figures 2B,C) with quantification of the spectra at 5 min time points also depicted (Figures 2D–H). There were no baseline group differences in spectral power at any frequencies (Figures 2D–H, left panels). Administration of low dose (0.5 mg/kg) kratom had no effect on delta power on day 1 or day 7. However, acute administration of high dose (1 mg/kg) kratom induced a significant increase in delta power, compared to both the low dose group (p < 0.001) and saline controls (p < 0.001), across the 30 min time period (Figure 2D, left panel) [Time: F(5,100) = 2.9, p = 0.016; Treatment × Time: F(10,100) = 2.4, p = 0.012; Treatment: F(2,20) = 29.4, p < 0.001]. On day 7, prior to the last kratom injection baseline delta power was elevated in those rats that received high dose kratom (p = 0.013) indicating potentially lingering drug effects from the day 6 injection. Following the final administration of high dose kratom this increase was maintained across the recording period (Figure 2D, right panel) [Time: F(5,150) = 4.1, p = 0.001; Treatment × Time: F(10,150) = 2.2, p = 0.020; Treatment: F(2,30) = 4.7, p = 0.016].
Opposite to that observed with delta power, on day 1 only high dose kratom significantly decreased theta power across the 30-min testing period when compared to low dose kratom or saline controls (p < 0.001, Figure 2E, left panel). On day 7, a baseline suppression in theta power was evident in the high dose kratom group compared to both the low dose kratom (p = 0.038) and control group (p = 0.013), an effect strengthened after the final injection of high dose kratom that was maintained (p = 0.003 versus controls, Figure 2E, right panel). Reduced theta power was also evident in the low dose group, however this effect was short-lived, only evident at 5 min post-injection (p = 0.001, compared to saline controls) [Time: F(5,105) = 3.6, p = 0.005; Time × Treatment: F(10,105) = 3.8, p < 0.001; Treatment: F(2,21) = 10.4, p = 0.001]. In the NAc on day 1 and day 7, there were no significant effects of treatment in the beta and low gamma frequency bands in response to either dose of kratom (Figures 2F,G). Similarly, there were no observed effects in the high gamma frequency band on day 1 (Figure 2H, left panel). However, on day 7, baseline recordings showed that animals that had received repeated administration of high dose kratom had lower baseline high gamma power compared to the low dose group (p = 0.006) or saline controls (p = 0.002) (Figure 2H, right panel). Post-injection, this decrease in high gamma power was maintained throughout the recording period such that high dose kratom reduced high gamma power compared to both the lower dose (p = 0.03) of kratom and saline controls (p = 0.006) [Treatment: F(2,22) = 6.4, p = 0.007]. Together these findings indicate significant effects of acute and chronic high dose kratom on NAc low frequency power, with an additional suppression of high gamma power selectively with repeated administration.
Prefrontal Cortex
In the PFC, representative power spectra showing the effects of kratom 30 min post-injection on day 1 and day 7 are shown (Figures 3A,B). In this region, the repeated measures ANOVA revealed a significant effect of Treatment on delta power on both day 1 and day 7 (Figure 3C) [Day 1: Treatment: F(2,26) = 10.0, p = 0.001; Day 7: Treatment: F(2,20) = 8.0, p = 0.003]. Overall, only the high dose kratom increased delta power on day 1, relative to the low dose kratom (p = 0.001) and saline controls (p = 0.012) (Figure 3C, left panel). However, on day 7, both low and high dose kratom were found to significantly increase delta power across 30 min (p = 0.019 and p = 0.003, respectively) (Figure 3C, right panel). Opposite to the observed delta power changes, a significant decrease overall in theta power was induced by high dose kratom on day 1 in the PFC compared to low dose kratom (p < 0.001) and controls (p = 0.014), with no effects of low dose kratom (Figure 3D, left panel) [Time × Treatment: F(10,140) = 2.0, p = 0.036; Treatment: F(2,28) = 12.6, p < 0.001]. On day 7, however, both low (p < 0.001) and high (p = 0.002) dose kratom suppressed theta power across the recording period (Figure 3D, right panel) [Treatment: F(2,23) = 11.4, p < 0.001]. There were no effects of kratom administration on spectral power in the beta frequency band on either day (Figure 3E). Similarly, no observed drug effects in low or high gamma power were evident on day 1 (Figures 3F,G, left panels). However, baseline data taken prior to the day 7 injection showed that animals had received prior treatment with high dose kratom had suppressed low gamma power (p = 0.029) compared to saline controls (Figure 3F, right panel). Following the day 7 injection, high dose kratom suppressed high gamma power compared to both low dose kratom and control groups (p < 0.01) (Figure 3G, right panel) [Treatment: F(2,25) = 7.3, p = 0.003]. Overall, similar to that observed in NAc, these findings demonstrate prominent effects of kratom in the low frequency range in the PFC, with additional effects to suppress high gamma power.
[image: Figure 3]FIGURE 3 | Time course of dose-dependent effects of kratom on PFC spectral power. (A,B) Representative power spectra showing dose-dependent (0, 0.5, 1.0 mg/kg) effects of kratom 30 min post-injection on day 1 and day 7. (C) High dose kratom increased delta power on day 1 and day 7 whereas low dose kratom increased delta power on day 7. (D) Reduced theta power in response to only high dose kratom on day 1. On day 7, decreased theta power was shown in response to both doses of kratom. (E,F) No drug-induced changes were observed in beta or low gamma power on day 1 or day 7. (G) On day 1, kratom had no effects on high gamma power. Reduced high gamma power was, however, evident on day 7 in response to high dose kratom. N = 7–10 rats per group, with 2 electrodes/rat. Curves are represented as means with jackknife estimates of sem depicted by the shaded areas. Bars represent mean ± sem. *p < 0.05, **p < 0.01 compared to saline control rats. ##p < 0.01 compared to low dose kratom treated rats.
Cingulate Cortex
Kratom-induced changes in neural oscillatory power in the Cg were next evaluated (Figure 4), with representative power spectra at 30 min displayed in Figures 4A,B. On the first day of testing, a repeated measures ANOVA revealed a significant interaction between Time and Treatment in delta power within the Cg [delta: F(10,115) = 2.2, p = 0.022]. Overall, no significant group differences were found on either day (Figure 4C). For the theta frequency band, high dose kratom induced a significant decrease in oscillatory power on day 1, compared to both low (p = 0.007) dose kratom and saline controls (p = 0.011) [Treatment: F(2,23) = 6.5, p = 0.006], but not on day 7 (Figure 4D, right panel). When beta power was examined, significant effects of Treatment were observed on both days [beta day 1: Treatment: F(2,23) = 5.2, p = 0.014; beta day 7: Treatment: F(2,20) = 10.9, p < 0.001]. On day 1, high dose kratom significantly increased beta power compared to low dose kratom (p = 0.012) and controls (p = 0.028) (Figure 4E, left panel). On day 7, baseline differences in beta power were observed, such that animals that received low dose kratom repeatedly prior to the final day of testing had a significantly reduced baseline beta power (p = 0.019). Following the final injection, this decrease in beta power persisted across the 30 min testing period (p = 0.017) (Figure 4E, right panel). As well, in the Cg, following an acute injection of high dose kratom, a significant increase in low gamma power was observed (Figure 4F, left panel), relative to low dose kratom (p = 0.001) and saline control (p = 0.004) groups [Treatment: F(2,21) = 10.6, p = 0.001]. On day 7, low dose kratom decreased low gamma power baseline measures (p = 0.008) and, following the final injection, this effect was maintained (p < 0.001) (Figure 4F, right panel) [Treatment: F(2,20) = 11.6, p < 0.001]. Overall, in the high gamma frequency band no significant group differences were found on day 1 or day 7 (Figure 4G [Time × Treatment: F(10,115) = 3.3, p = 0.001]. These findings indicate that, unlike NAc and PFC, the effects of kratom in the Cg appear restricted to the theta and low gamma frequency bands.
[image: Figure 4]FIGURE 4 | Time course of dose-dependent effects of kratom on Cg spectral power. (A,B) Representative power spectra showing dose-dependent (0, 0.5, 1.0 mg/kg) effects of kratom 30 min post-injection on day 1 and day 7. (C) No kratom-induced changes in delta power were evident on day 1 or day 7 in the Cg. (D) High dose kratom supressed theta power in on day 1 with no changes evident on day 7. (E) High dose kratom increased beta power on day 1. On day 7, reduced baseline beta power was observed in response to low dose kratom, and this change persisted following the final injection. (F) High dose kratom elevated low gamma power on day 1. Low dose kratom decreased baseline low gamma power on day 7 and this effect was maintained after the last injection. (G) No effects of kratom treatment were observed in the high gamma frequency band. N = 7–10 rats per group, with 2 electrodes/rat. Curves are represented as means with jackknife estimates of sem depicted by the shaded areas. Bars represent mean ± sem. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline control rats. ##p < 0.01, ###p < 0.01 compared to low dose kratom treated rats.
Ventral Tegmental Area
Alterations in VTA spectral power 30 min following acute or repeated kratom injections are depicted in Figures 5A,B. Only an acute injection of high dose kratom resulted in elevated delta power compared to low dose kratom (p = 0.015) and control (p = 0.001) groups (Figure 2, Figure5C, left panel) [Time x Treatment: F(10,115) = 1.9, p = 0.045; Treatment: F(2,23) = 9.9, p = 0.001]. On the final day of testing both high (p = 0.018) and low (p = 0.041) dose kratom elevated delta power (Figure 5C, right panel) [Time: F(5,100) = 3.5, p = 0.006; Time x Treatment: F(10,100) = 2.0, p = 0.038; Treatment: F(2,20) = 5.0, p = 0.018]. Similar to the observed effects of acute high dose kratom on theta power in the NAc, PFC and Cg, a significant decrease in VTA theta power was shown (p < 0.001) (Figure 5D, left panel). A similar, albeit less robust, effect was observed in response to low dose kratom a (p = 0.006) [Treatment: F(2,26) = 16.4, p < 0.001]. On day 7, these dose-dependent effects were maintained (Figure 5D, right panel) [Time: F(5,105) = 5.2, p < 0.001; Treatment: F(2,21) = 5.2, p = 0.014]. There were no observed changes in beta power in response to kratom administration on either day of testing (Figure 5E). Repeated measures ANOVA revealed time-dependent changes in low gamma power in response to high dose kratom whereby there was a transient decrease in low gamma power that normalized by the end of the 30 min (Figure 5F, left panel) [Time: F(5,115) = 3.7, p = 0.004; Time x Treatment: F(10,115) = 4.4, p < 0.001]. There were no group differences in low gamma power on day 7. For high gamma power, no drug effects were evident on day 1 or 7, although a Treatment effect was evident (Figure 5G, right panel) [Treatment: F(2,21) = 5.7, p = 0.011]. Thus, the effects of kratom in the VTA were restricted to the low frequency bands delta and theta.
[image: Figure 5]FIGURE 5 | Time course of dose-dependent effects of kratom on VTA spectral power. (A,B) Representative power spectra showing dose-dependent (0, 0.5, 1.0 mg/kg) effects of kratom 30 min post-injection on day 1 and day 7. (C) On day 1, high dose kratom increased delta power whereas on day 7, an elevation in power was induced by both doses of kratom. (D) On both day 1 and day 7, both doses of kratom resulted in a reduction in theta power. (E) No drug-induced changes in beta power were evident. (F) A transient decrease in the low gamma power in response to only high dose kratom on day 1 with no effects on day 7 (G) No effects of kratom treatment on high gamma power on day 1 or day 7. N = 7–10 rats per group, with 2 electrodes/rat. Curves are represented as means with jackknife estimates of sem depicted by the shaded areas. Bars represent mean ± sem. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline control rats. #p < 0.05 compared to low dose kratom treated rats.
Coherence
To evaluate the effect of both acute and repeated kratom administration on inter-regional communication, coherence was assessed on the first and final day of testing, just prior to behavioural testing (Figures 6, 7). On the first day of testing, a Main Effect of Treatment in the NAc-PFC was evident in all frequencies (Figure 6A) [delta: F(2,41) = 13.2, p < 0.001; theta: F(2,40) = 4.3, p = 0.02; beta: F(2,43) = 4.1, p = 0.02; low gamma: F(2,42) = 5.6, p = 0.007; high gamma: F(2,44) = 15.0, p < 0.001]. In the delta and high gamma bands, both low (p = 0.005) and high (p < 0.001) doses of kratom resulted in elevated coherence in comparison to the control animals. In the theta frequency, only low dose kratom (p = 0.015) increased coherence relative to controls. On day 7, this elevated NAc-PFC coherence was evident only in the delta and high gamma frequencies (Figure 6B) [delta: F(2,32) = 6.0, p = 0.006; high gamma: F(2,37) = 4.3, p = 0.02]. However, while both low (p = 0.015) and high (p = 0.03) doses of kratom increased coherence in the delta band, only the high dose increased high gamma coherence (p = 0.04).
[image: Figure 6]FIGURE 6 | Dose-dependent effects of acute and repeated kratom administration on NAc-PFC, NAc-Cg, and PFC-Cg coherence. Coherence across frequencies and quantification showing the effect of acute and repeated low (0.5 mg/kg) or high (1 mg/kg) dose kratom 30 min post-injection. Data shown were taken from 30 s epochs. (A) On day 1, both doses of kratom increased NAc-PFC delta and high gamma coherence. Low dose kratom increased theta coherence and high dose kratom increased beta and low gamma coherence. (B) On day 7, both doses of kratom increased delta coherence whereas only high dose kratom induced an increase in high gamma coherence. (C) On day 1, high dose kratom increased low gamma NAc-Cg coherence whereas low dose kratom increased high gamma coherence. (D) NAc-Cg coherence was increased in the high gamma frequency band only in response to low dose kratom on day 7. (E) Low dose kratom increased low frequency and low gamma coherence between the PFC-Cg. High dose kratom also increased coherence in the low gamma frequency band on day 1. (F) On day 7, only low dose kratom elevated PFC-Cg low and high gamma coherence. N = 7–10 rats per group, with 2 electrodes/rat. Curves are represented as means with jackknife estimates of sem depicted by the shaded areas. Quantification of coherence are represented as boxplots with min/max values. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline control rats. #p < 0.05 compared to low dose kratom treated rats.
[image: Figure 7]FIGURE 7 | Dose-dependent effects of acute and repeated kratom administration on VTA-NAc, VTA-PFC, and VTA-Cg coherence. Coherence across frequencies and quantification showing the effect of acute and repeated low (0.5 mg/kg) or high (1 mg/kg) dose kratom 30 min post-injection. Data shown were taken from 30 s epochs. (A) High dose kratom increased VTA-NAc beta coherence whereas theta, low gamma and high gamma coherence was increased by both doses of kratom. (B) On day 7, only high dose kratom increased low and high gamma coherence between VTA-NAc. (C) VTA-PFC coherence was increased in the high frequency bands in response to both doses of kratom. In the theta band, only high dose kratom increased coherence on day 1. (D) On day 7, repeated injections of low dose kratom increased VTA-PFC low frequency coherence. (E) An acute injection of low dose kratom elevated VTA-Cg low and high gamma coherence. (F) Repeated injections of both doses of kratom increased high gamma coherence between VTA-Cg. N = 7–10 rats per group, with 2 electrodes/rat. Curves are represented as means with jackknife estimates of sem depicted by the shaded areas. Quantification of coherence are represented as boxplots with min/max values. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline control rats. #p < 0.05, ##p < 0.01 compared to low dose kratom treated rats.
Upon examination of NAc-Cg coherence, a significant Treatment Effect of kratom was found in the low frequencies and in the gamma frequencies on the first day of testing (Figure 6C). [delta: F(2,39) = 4.9, p = 0.013; theta: F(2,43) = 3.4, p = 0.04; low gamma: F(2,39) = 4.0, p = 0.027; high gamma: F(2,41) = 3.4, p = 0.04). On day 1, low dose (p = 0.014) and high dose (p = 0.014) kratom increased coherence in high and low gamma bands, respectively compared to controls. This increased coherence in the high gamma band following administration of low dose kratom was maintained on day 7 (p = 0.02) (Figure 6D) [Treatment Effect in high gamma on day 7; F(2,39) = 3.5,p = 0.038]. When PFC-Cg coherence was examined, a significant kratom Treatment effect on day 1 was found in the delta and theta bands, as well as the low gamma frequency (Figure 6E) [delta: F(2,42) = 4.8, p = 0.014; theta: F(2,45) = 3.5, p = 0.04; low gamma: F(2,40) = 4.7, p = 0.015]. In the low gamma frequency, both low (p = 0.007) and high (p = 0.016) doses of kratom increased coherence. On day 7, the increase in low gamma coherence as a result of kratom treatment persisted, but only for the low dose (p = 0.014) (Figure 6F) [Treatment Effect in low gamma on day 7: F(2,38) = 3.8, p = 0.03].
A significant effect of Treatment in both VTA-NAc coherence and VTA-PFC coherence on day 1 was found in the theta, beta, low gamma and high gamma frequencies [VTA-NAc: theta: F(2,41) = 10.2, p < 0.001; beta: F(2,35) = 18.6, p < 0.001; low gamma: F(2,38) = 11.3, p < 0.001; high gamma: F(2,40) = 10.2, p < 0.001][VTA-PFC: theta: F(2,40) = 4.0, p = 0.025; beta: F(2,42) = 6.1, p = 0.005; low gamma: F(2,39) = 28.6, p < 0.001; high gamma: F(2,38) = 15.9, p < 0.001]. Examining VTA-NAc coherence (Figure 7A) on day 1, both low (p < 0.001) and high (p = 0.017) doses of kratom increased theta coherence. In the beta band, there was a significant increase in coherence in response to the high dose kratom, relative to the low dose group (p = 0.001) and controls (p < 0.001). When low gamma coherence was assessed, both low and high dose kratom (p = 0.002, p < 0.001 respectively) increased coherence. Similarly, an increase in high gamma coherence was observed in response to both doses of kratom (p = 0.009 for low dose and p < 0.001 for high dose kratom). An effect of Treatment in VTA-NAc coherence persisted at day 7 in the gamma frequency bands (Figure 7B) [low gamma: F(2,36) = 7.0, p = 0.003; high gamma: F(2,360) = 3.9, p = 0.028]. Finally, when assessing VTA-PFC coherence (Figure 7C) on day 1 in the beta frequency, there was an increase in beta coherence in response to the low (p = 0.002) and high (p = 0.039) doses of kratom. In the low gamma band, both kratom doses increased coherence (p < 0.001 and p < 0.001 respectively). Similarly, a significant increase in high gamma coherence was observed in response to both doses of kratom (p < 0.001 for both doses). The kratom Treatment effects that were apparent on day 1 in VTA-PFC coherence were not maintained following the repeated administration of kratom (Figure 7D).
A Treatment effect in VTA-Cg coherence was evident in the low and high gamma frequency bands following an acute injection of kratom (Figure 7E) [low gamma: F(2,42) = 3.6, p = 0.036; high gamma: F(2,39) = 5.5, p = 0.008]. In the high gamma band specifically, only the low dose of kratom increased coherence (p < 0.001). On day 7, there was again an effect of Treatment in the high gamma band [F(2,39) = 4.4, p = 0.019] with increased coherence following administration of low dose kratom (p = 0.012) (Figure 7F).
Behaviour
To investigate the potential antidepressant-like and analgesic effects of kratom, dose-dependent drug effects were evaluated first in the FST, followed by the tail-flick test, immediately after the LFP recordings (Figure 8A). Following a single injection of kratom, we found that low dose kratom significantly reduced immobility in the FST compared with saline controls (88.8 ± 25.5 versus 176.8 ± 40.1, p < 0.001) (F(2,30) = 16.3, p < 0.001). This selective decrease in immobility was again apparent following daily administration of low dose kratom for 7 days (165.4 ± 31.3 versus 239.1 ± 35.6, p < 0.001) (F(2,28) = 22.0, p < 0.001). There were no effects of high dose kratom on immobility time in the FST. However, it should be noted that the variability of the high dose group on day 1 was much greater than that observed on day 7. Further, between day 1 and day 7, there was an overall increase in FST immobility across all groups (approximately 52%) that was likely representative of learned behaviour. However, the direction and magnitude of group differences were maintained between both days of testing. Next, we evaluated the analgesic efficacy of both doses of kratom using the tail-flick test at 40 min post-injection (Figure 8B). On both days of testing, animals treated with either dose of kratom showed increased tail-flick latencies, when compared with baseline values. On day 1, significant analgesic effects were observed for both low dose (p < 0.001) and high dose (p = 0.003) kratom (F(2,30) = 10.5, p < 0.001). Following repeated administration, both doses again displayed significant analgesic effects (p = 0.011 for low dose kratom, p < 0.001 for high dose kratom) (F(2,28) = 10.5, p < 0.001).
[image: Figure 8]FIGURE 8 | Effects of kratom on behaviour and ΔFosB expression in rats. (A) Low (0.5 mg/kg) dose, but not high (1 mg/kg) dose kratom significantly reduced immobility time in the FST 30 min post-injection on both day 1 and day 7. (B) Both doses of kratom significantly increased tail-flick latencies compared to pre-drug baseline latencies 40 min post-acute and repeated injections. N = 10–13 rats per group. (C,D) Representative images and quantification depicting no change in ΔFosB expression in response to high dose kratom in any brain region. N = 7-8 rats per group. Bars represent mean ± sem. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline control rats. ##p < 0.01, ###p < 0.001 compared to low dose kratom treated rats.
ΔFosB Expression
There has been some evidence to suggest that 7-HMG, one of the compounds found in kratom, has addictive properties (Hemby et al., 2019). As the transcription factor ΔFosB has been suggested as a molecular switch for addiction (Nestler et al., 2001), the impact of repeated treatment with high dose kratom on expression of ΔFosB was next evaluated (Figures 8C,D). The high dose was chosen as the mean analgesic response was slightly higher in this group, with some animals showing the strongest analgesic responses (up to 600% increase in tail-flick latency from baseline). The ANOVA revealed a significant Main Effect of Treatment [F(3,48) = 9.6, p = 0.003]. Within each region there were no significant drug effects although trends towards reduced ΔFosB expression were evident that were strongest in the PFC (p = 0.057, Figure 8D).
DISCUSSION
In the present study, we sought to evaluate the dose-dependent analgesic and antidepressant-like effects induced by the kratom alkaloid extract in rats, and to elucidate changes in neural oscillatory patterns following acute and repeated drug administration. We found that only the low dose of kratom resulted in antidepressant-like effects, reducing the immobility time in the FST after both acute and repeated administration. In addition, both doses of kratom demonstrated analgesic properties in the tail-flick test upon initial administration as well as following repeated dosing. These behavioural effects were accompanied by a dose-and region-specific elevation in delta power and the suppression of theta and high gamma power. Further, enhanced coherence between all brain regions in response to both doses of kratom were shown on the first and final day of testing, with the most robust effects observed in the NAc-PFC, VTA-NAc, and VTA-Cg pathways. No significant changes in the expression of the addiction marker ΔFosB were evident in any of the brain regions following repeated administration of the high dose of kratom.
Taken together, the analgesic activity and antidepressant potential of kratom alkaloids that were observed in this study support anecdotal evidence surrounding the use of the plant among mainstream kratom enthusiasts—indeed, the consumption of kratom as a self-treatment strategy for the relief of acute and chronic pain are on the rise, especially in the United States (Kruegel and Grundmann, 2018; Veltri and Grundmann, 2019; Palamar, 2021). Our findings also underscore two additional important points, the first being that the alkaloid composition in kratom can vary depending on the growth conditions. For example, although mitragynine is often reported to be the most abundant alkaloid in kratom, our evidence shows that this is not always the case. Indeed, we showed that the alkaloids 3-isoajmalicine and speciogynine were twice as abundant than mitragynine in our samples. The second point is that the biological effects of kratom as a whole may be different then that of its innate chemical constituents, a noteworthy consideration as the pharmacology of kratom has traditionally focused on the individual alkaloids that typically accumulate within the plant. Accordingly, and with mixed results, these studies have often not considered how the suite of kratom alkaloids behave in a biological system. This latter point is especially relevant considering that dried kratom leaves or a decoction of the alkaloids therein is the primary mode of consumption among end users.
Oscillatory Changes Accompanying the Analgesic Effects of Kratom
To date, a limited number of experiments conducted thus far have demonstrated the analgesic efficacy of the entire kratom extract, with all of its alkaloids present. Therefore, we evaluated the analgesic effects of two doses of kratom in the tail-flick test, a behavioural test used to assess heat-evoked pain in animals. We found that both the low and high doses of kratom increased tail-flick latencies on the first and final day of injections, suggesting analgesic effects. These findings are consistent with studies that also have investigated the effect of kratom extracts on the behavioural output in the tail-flick test (Sabetghadam et al., 2010), as well as in the hot plate test, another behavioural measure of analgesia in rodents (Reanmongkol et al., 2007). It is important to note however, that one study reported analgesic effects in the hot plate test but not the tail-flick test in response to kratom (Reanmongkol et al., 2007). This may be due to differences in extract preparation and origin of the kratom leaf (Sabetghadam et al., 2010). Further, some authors have postulated that a reason for this difference could be due to the different components involved in both the hot plate and tail-flick test whereby supraspinal pathways and spinal pathways are involved, respectively (Matsumoto et al., 2004; Reanmongkol et al., 2007).
The present findings demonstrated oscillatory changes within the VTA and NAc in response to both doses of kratom, two regions of the mesolimbic dopamine system, a pathway that has been found to be activated in response to acute pain as well as pain relief (Borsook et al., 2016), and regions that play important roles in mediating the rewarding and analgesic effects of opioids (Wise, 1989; Harris and Peng, 2020). These regions in particular are suggested to be involved in pain processing, as the offset of pain has been found to be rewarding (Borsook et al., 2016; Harris and Peng, 2020). This idea is supported through clinical neuroimaging studies conducted in individuals suffering from chronic pain (Wood et al., 2007) as well as in individuals presented with noxious stimuli (Becerra et al., 2001; Becerra and Borsook, 2008) where activation of the mesolimbic network is observed. Therefore, this pathway is considered an essential target for the treatment of pain as its activation is believed to induce analgesic effects and may modulate the effectiveness of analgesic medications (Mitsi and Zachariou, 2016; Taylor et al., 2016; Kami et al., 2018).
Overall, in the NAc and VTA kratom administration induced an increase in delta power that was concomitant with a reduction in theta power. Interestingly, these findings are similar to another preclinical study using rats that found reduced theta power in the NAc and increased delta power in the VTA following morphine administration (Ahmadi Soleimani et al., 2018). Morphine is an established analgesic that is similar to the kratom alkaloids mitragynine and 7-HMG, in that it binds to the MOR to exert its effects (Ream and Michael, 2011; Kruegel et al., 2016). Therefore, it is possible that the similarities in the drug-induced electrophysiological patterns may play a role in the reported analgesic properties of these compounds. Our observed changes in NAc, however, were not in agreement with a study conducted by Cheaha et al. (2015) that showed an absence of oscillatory changes in NAc of mice when administered 80 mg/kg of an alkaloid enriched kratom extract. Aside from the species used in the studies, this discrepancy likely results from differences in the extract used. Specifically, whereas the extract from Cheaha et al. (2015) was enriched with mitragynine, the extract used herein showed significant levels of other alkaloids, two of which that were in greater abundance than mitragynine. Indeed, we have previously shown that synthetic mitragynine has no effects on NAc oscillations (Thériault et al., 2020). Differences in the composition of the extract are also exemplified by the dose used, with their dose as much as 160 times higher than the one used in the present study. Together these findings do highlight, however, that differences in plant composition potentially produce discrete and significant differences on brain function.
Although we did see changes in delta and theta oscillations within the mesolimbic pathway, our observed effects were not always found with both doses on each assessment day, despite analgesia being evident upon acute and at the end of repeated administration of kratom. This suggests that while these oscillatory changes could reflect alterations in the activity of the mesolimbic pathway, it may be that analgesia is not specifically coupled to these region and frequency-specific oscillations. We also noted that there were long lasting drug-induced changes found in specific frequencies prior to the final injection that occurred in the NAc, Cg and PFC, but not in the VTA, reflecting region-dependent differences in response duration that lasted at least 24 h. Such long lasting functional changes are notable as, to our knowledge, such prolonged effects are not seen with morphine, which has a half-life of approximately 2 h in rodents (Emery et al., 2017). Of critical importance, there is conflicting evidence as to whether mitragynine has agonist activity at murine or rat MORs (Kruegel et al., 2016; Obeng et al., 2021) suggesting that the observed kratom-induced effects may be mediated by other receptors, by other alkaloids in the extract, or via mitragynine metabolites. Indeed, 7-HMG does have agonist properties at rodent MORs (Kruegel et al., 2016; Obeng et al., 2021). Furthermore, the extract used in the present study contained substantial quantities of speciogynine and 3-isoajmalicine. Although little is known about the pharmacological and physiological impacts of these compounds in brain, pharmacological activity may be MOR-independent as they do not appear to have pharmacological activity at MORs (Kruegel et al., 2016). Added to this speciogynine, as well as other alkaloids in the extract such as corynantheidine, speciocilliatine, and paynantheine, have been demonstrated to have moderate or potent inhibitory effects on CYP enzymes (Kamble et al., 2020), which may contribute to increased duration of effects due to reduced metabolism. With respect to VTA-NAc coherence, elevated activity was observed in the high frequency bands following an acute injection of either dose of kratom, with the effects also present after 7 days selectively with the high dose. This action appears similar to that of morphine, with a previous study in mice showing a morphine-induced increase in VTA-NAc gamma coherence (Reakkamnuan et al., 2017). Clinical electroencephalogram (EEG) studies have previously reported that the perception of pain may be associated with gamma rhythms, and that the disruption of these rhythms may contribute to analgesic effects (Whittington et al., 1998; Croft et al., 2002).
Perhaps one of the most interesting findings was the observation of increased delta coherence between the NAc-PFC in response to both doses of kratom following acute and repeated injections. The projection from the PFC to the NAc has been reported to be implicated in the regulation of pain (Baliki et al., 2010). Preclinical studies have also demonstrated the involvement of this pathway in the modulation of pain through the inactivation or activation of NAc-PFC connections (Lee et al., 2015; Martinez et al., 2017; Zhou et al., 2018). Specifically, one of these studies demonstrated that activation of NAc-PFC projections through optogenetics resulted in pain relief when animals were subjected to acute thermal stimulation in a behavioural test that is used to measure acute pain (Martinez et al., 2017). Together, these studies provide evidence that the NAc-PFC may be an important pathway to target for the relief of acute pain. Therefore, our findings may suggest that increased NAc-PFC coherence, a proxy measure of functional connectivity, induced by both doses of kratom possibly underlie the analgesic effects that we observed in the tail-flick test. It is important to note that while we observed changes in coherence with both doses, whether or not these underly the analgesic responses observed in the tail-flick test is unknown. Limited research has been conducted to link analgesic responses to neurophysiological changes. Nonetheless, these brain wave patterns provide a good measure for drug responses and may give insight into the addictive properties of novel compounds. Oscillations have been shown to be coupled to addictive states (Dejean et al., 2013; Zhu et al., 2019). Specifically, in a clinical study, opiate dependent patients exhibited significant reorganization of brain oscillations in all EEG oscillatory channels (Fingelkurts et al., 2006). These oscillatory adaptations are further evident in rodents upon administration of opioids (Reakkamnuan et al., 2017; Zhu et al., 2019). In particular, a recent study where rats were repeatedly administered the opioid heroin, enhanced theta band power and decreased gamma band power in the medial PFC were shown (Zhu et al., 2019).
Oscillatory Changes Accompanying the Antidepressant-like Effects of Kratom
It was demonstrated that only the low dose of kratom had antidepressant-like properties emphasizing the important relationship between kratom dose and behavioural outcome. To our knowledge, there are no other examples of antidepressants losing effectiveness at high doses, although the effective dose of typical antidepressants is highly dependent on the individual. It is quite possible that the higher dose of kratom had additional biological effects not captured in the present study that offset the antidepressant-like properties of the drug. Ketamine, for example, while a highly effective antidepressant at low doses, induces a psychosis-like state at higher doses (Anticevic et al., 2015; Hoflich et al., 2015; Rivolta et al., 2015), and distinct dose- and time-dependent changes in neuronal oscillatory activity, particularly in the high freqency range, have been documented for this drug in both humans and animals (Rivolta et al., 2015; Manduca et al., 2020).
These findings are in line with a previous report that found that a single injection of a kratom alkaloid extract was sufficient to significantly reduce FST immobility time in mice (Kumarnsit et al., 2007b). The antidepressant-like activity of kratom was further demonstrated in a separate study conducted by Kumarnsit et al. (2007a), where intragastric administration of kratom reduced the amount of time rodents spent immobile in the tail suspension test (TST), another test commonly used to measure behavioural despair. Furthermore, a preclinical study looking solely at isolated mitragynine found that the alkaloid had dose-dependent antidepressant effects, with the higher dose (30 mg/kg) being of almost equal efficacy to that of a standard preclinical dose of fluoxetine or amitriptyline, two established antidepressants (Idayu et al., 2011). Specifically, mitragynine when administered to mice was found to significantly reduce immobility time in the FST and the TST, reductions that were comparable to mice who were administered the antidepressants (Idayu et al., 2011). These antidepressant-like effects were accompanied with a marked reduction in corticosterone concentrations signifying a role for the hypothalamic-pituitary-adrenal axis in mediating the observed effects (Idayu et al., 2011). Overall, these findings may suggest that a mechanism of action of commonly used antidepressants may be similar to that of mitragynine (Idayu et al., 2011).
Administration of high dose kratom suppressed theta power in PFC and Cg, a finding in line with another study reporting reduced theta power in cortical regions as measured by EEG (Cheaha et al., 2015). This study additionally compared those findings to that of the antidepressant fluoxetine and found the same reduction in cortical theta power (Cheaha et al., 2015). Here, we observed a reduction in theta power in response to only the high dose of kratom, and only the low dose exhibiting antidepressant properties. A reduction in Cg beta and low gamma power was also evident following repeated low dose kratom, yet the antidepressant effect was evident upon acute kratom administration, as well as following repeated dosing. Given that we were unable to demonstrate low dose-specific changes in oscillations that were present at both time points, it is possible that we simply did not capture the region-specific oscillatory changes coupled to the antidepressant effect of the drug. The hippocampus, for example, is a brain region involved in learning and memory and plays an important role in the pathophysiology of depression (Campbell and MacQueen, 2004). A recent study conducted by our group (Thériault et al., 2021) found that temporal changes in oscillations in response to chronic mild stress occurred first in the dorsal hippocampus with subsequent oscillatory changes in other brain regions that eventually culminated in the manifestation of depression-like behaviour. Other limbic brain regions implicated in the pathophysiology of depression include the amygdala and thalamus whereby functional and structural changes in these regions have been observed in depressed individuals (Pandya et al., 2012). As such, it is important to evaluate multiple different brain regions to capture relevant changes within the putative depression network.
Notably, elevated high gamma coherence between the NAc-Cg following acute and repeated injections of low dose kratom was evident. Thériault et al. (2021) similarly found an increase in NAc-Cg high gamma coherence that was evident in animals who were found to be resilient to stress and thus did not develop a depression-like phenotype following chronic daily stressors. In line with this, a low dose of ketamine administered to rats was also found to increase high gamma coherence in the NAc-Cg and these changes were postulated to be associated with a reduction of immobility time in the FST (Manduca et al., 2020). Further, alterations in the gamma frequency band have been reported to arise following pharmacological treatments that are successful in reversing symptoms of depression (Fitzgerald and Watson, 2018). Thus, it is possible that the enhancement in NAc-Cg gamma coherence observed in our study following acute and repeated low dose kratom may play a role, at least in part, in the observed antidepressant-like effects.
Effects of Kratom on ΔFosB Expression
The repeated administration of drugs of abuse, including analgesics such as morphine, have been found to induce accumulation of ΔFosB in several brain regions (Marttila et al., 2006; Núñez et al., 2010; Li et al., 2012; Perreault et al., 2016), a process suggested to represent a molecular switch for addiction (Nestler et al., 2001). Further, it has been previously shown that overexpression of ΔFosB in the NAc of mice results in behavioural changes similar to those induced by chronic morphine administration such as rapid analgesic tolerance and enhanced drug sensitivity (Zachariou et al., 2006). Thus, these findings provide evidence that ΔFosB likely plays an important role in mediating the effects of opiates on the brain (Zachariou et al., 2006). However, although there has been controversy as to the addictive potential of kratom (Harun et al., 2015; Yusoff et al., 2016; Yusoff et al., 2017; Negus and Freeman, 2018; Hemby et al., 2019), to our knowledge there have been no studies that have evaluated kratom- or alkaloid specific-induced changes in the expression of this marker. We found no effects of the high dose of kratom on ΔFosB accumulation in any of the regions examined, a finding suggesting a lack of addictive potential for the dose and extract used. However, in the current study addictive behaviours were not explicitly evaluated, and thus such a conclusion is premature. Preclinical rodent studies have demonstrated the addiction potential of mitragynine as it was found to induce locomotor sensitization (Ismail et al., 2017) and elicit conditioned place preference thereby demonstrating that the drug has rewarding effects (Yusoff et al., 2017). However, no studies to date have evaluated the addictive properties of the extract as a whole.
In addition, in the present study overall tolerance to the effects of kratom were not evident throughout our 7-day regimen, an effect commonly seen with repeated administration of opioid analgesics, including in such tests as the tail-flick test used herein (Listos et al., 2019). The mechanism of action of opioids such as morphine is well documented in the literature, whereby morphine binds to and activates the MOR, a G protein-coupled receptor (Ream and Michael, 2011). Upon binding to the MOR, one of the induced intracellular signalling pathways results in the phosphorylation of the receptor and subsequent recruitment of the regulatory protein ß-arrestin 2 (Ream and Michael, 2011). The activation of ß-arrestin 2 has been found to contribute to morphine tolerance and mediates side effects such as respiratory depression (Caron et al., 2000; Váradi et al., 2017). Tolerance commonly arises following the repeated administration of drugs such as opioids whereby the original dose used to achieve analgesia is no longer found to be effective, therefore a larger dose must be administered to achieve the same pharmacological effects (Hurlé, 2001). Unfortunately, the exact mechanism of action of the whole kratom extract in the brain is unclear. However, the alkaloids mitragynine and 7-HMG have been identified as agonists at the MOR where they demonstrate biased activation and thus do not recruit ß-arrestin 2 (Takayama et al., 2002; Kruegel et al., 2016; Ismail et al., 2017). As such, it has been postulated that kratom may demonstrate analgesic efficacy, without bringing forth the typical life-threatening and adverse side effects of commonly prescribed opioids (Takayama et al., 2002; Kruegel et al., 2016; Ismail et al., 2017). In the present study it appears as though kratom has analgesic effects without inducing significant tolerance or ΔFosB expression, suggesting that the kratom extract may have therapeutic potential in the absence of unwanted side effects. However, further reward and addiction studies, such as those evaluating conditioned place preference or self-administration, are necessary to determine more conclusively the impact of kratom on these behaviours.
In conclusion, we showed that kratom exerted dose-dependent antidepressant-like and analgesic effects that were accompanied by frequency specific changes in neuronal oscillatory activity. In addition, the repeated administration of high dose kratom did not result in the accumulation of ΔFosB in any of the regions studied. Whereas this latter finding may indicate a lack of addictive potential, caution is warranted as only a single dose of one specific extract was evaluated. This study provides a promising direction to explore the untapped potential of kratom-based alkaloids for the management of mood and pain related disorders.
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 University of Guelph Animal Care Committee.
AUTHOR CONTRIBUTIONS
SB, JK, TA, and MP planned and designed the experiments. SB, ES, SF, DR, JM, MSA-A-W, and JF performed the research. SB, ES, TA, MP analyzed the data and prepared figures. SB, ES, TA, JK, MP wrote and/or edited the manuscript.
FUNDING
The authors declare that this study was supported by generous funding from Jason Martin and Susan Bedford of Mitradyne Corporation (Toronto, ON, Canada) to TA. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication. SB was supported by scholarships from the Natural Sciences and Engineering Research Council of Canada and the Ontario Graduate Scholarship Program.
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.
ACKNOWLEDGMENTS
We wish to thank Michael Mucci and Emily Moeller (Phytotron Facility, University of Guelph) for help with plant cultivation and maintenance. We also thank Drs. Dyanne Brewer and Armen Charchoglyan (Mass Spectrometry Facility, University of Guelph) for their assistance with alkaloid analysis. We would like to especially acknowledge the land in Ontario, Canada on which this research was performed, the ancestral lands of the Attawandaron people and the treaty lands and territory of the Mississaugas of the Credit First Nation, and to offer our respect to the Indigenous people that reside here.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.696461/full#supplementary-material
REFERENCES
 Adkins, J. E., Boyer, E. W., and McCurdy, C. R. (2011). Mitragyna Speciosa, a Psychoactive Tree from Southeast Asia with Opioid Activity. Curr. Top Med. Chem. 11 (9), 1165–1175. doi:10.2174/156802611795371305 
 Ahmadi Soleimani, S. M., Mohamadi M.A.H, M. H., Raoufy, M. R., Azizi, H., Nasehi, M., and Zarrindast, M. R. (2018). Acute Morphine Administration Alters the Power of Local Field Potentials in Mesolimbic Pathway of Freely Moving Rats: Involvement of Dopamine Receptors. Neurosci. Lett. 686 (September), 168–174. doi:10.1016/j.neulet.2018.09.016 
 Anticevic, A., Corlett, P. R., Cole, M. W., Savic, A., Gancsos, M., Tang, Y., et al. (2015). N-methyl-D-aspartate Receptor Antagonist Effects on Prefrontal Cortical Connectivity Better Model Early Than Chronic Schizophrenia. Biol. Psychiatry 77 (6), 569–580. doi:10.1016/j.biopsych.2014.07.022 
 Baliki, M. N., Geha, P. Y., Fields, H. L., and Apkarian, A. V. (2010). Predicting Value of Pain and Analgesia: Nucleus Accumbens Response to Noxious Stimuli Changes in the Presence of Chronic Pain. Neuron 66 (1), 149–160. doi:10.1016/j.neuron.2010.03.002 
 Barardi, A., Sancristóbal, B., and Garcia-Ojalvo, J. (2014). Phase-coherence Transitions and Communication in the Gamma Range between Delay-Coupled Neuronal Populations. Plos Comput. Biol. 10 (7), e1003723–1003723. doi:10.1371/journal.pcbi.1003723 
 Becerra, L., and Borsook, D. (2008). Signal Valence in the Nucleus Accumbens to Pain Onset and Offset. Eur. J. Pain 12 (7), 866–869. doi:10.1016/j.ejpain.2007.12.007 
 Becerra, L., Breiter, H. C., Wise, R., Gonzalez, R. G., and Borsook, D. (2001). Reward Circuitry Activation by Noxious thermal Stimuli. Neuron 32 (5), 927–946. doi:10.1016/S0896-6273(01)00533-5 
 Bohn, L. M., Gainetdinov, R. R., Lin, F. T., Lefkowitz, R. J., and Caron, M. G. (2000). Mu-opioid Receptor Desensitization by Beta-Arrestin-2 Determines Morphine Tolerance but Not Dependence. Nature 408 (6813), 720–723. doi:10.1038/35047086 
 Borsook, D., Linnman, C., Faria, V., Strassman, A. M., Becerra, L., and Elman, I. (2016). Reward Deficiency and Anti-reward in Pain Chronification. Neurosci. Biobehavioral Rev. 68, 282–297. doi:10.1016/j.neubiorev.2016.05.033
 Buzsaki, G., and Draguhn, A. (2004). Neuronal Oscillations in Cortical Networks. Science 304 (5679), 1926–1929. doi:10.1126/science.1099745 
 Buzsáki, G., and Draguhn, A. (2004). Neuronal Oscillations in Cortical Networks. Science 304 (5679), 1926–1929. doi:10.1126/science.1099745 
 Buzsáki, G., Logothetis, N., and Singer, W. (2013). Scaling Brain Size, Keeping Timing: Evolutionary Preservation of Brain Rhythms. Neuron 80 (3), 751–764. doi:10.1016/j.neuron.2013.10.002 
 Campbell, S., and MacQueen, G. (2004). The Role of the hippocampus in the Pathophysiology of Major Depression. J. Psychiatry Neurosci. 29 (6), 417–426.
 Cheaha, D., Keawpradub, N., Sawangjaroen, K., Phukpattaranont, P., and Kumarnsit, E. (2015). Effects of an Alkaloid-Rich Extract from Mitragyna Speciosa Leaves and Fluoxetine on Sleep Profiles, EEG Spectral Frequency and Ethanol Withdrawal Symptoms in Rats. Phytomedicine 22 (11), 1000–1008. doi:10.1016/j.phymed.2015.07.008 
 Cinosi, E., Martinotti, G., Simonato, P., Singh, D., Demetrovics, Z., Roman-Urrestarazu, A., et al. (2015). Following "the Roots" of Kratom (Mitragyna Speciosa): The Evolution of an Enhancer from a Traditional Use to Increase Work and Productivity in Southeast Asia to a Recreational Psychoactive Drug in Western Countries. Biomed. Res. Int. 2015, 1–11. doi:10.1155/2015/968786 
 Croft, R. J., Williams, J. D., Haenschel, C., and Gruzelier, J. H. (2002). Pain Perception, Hypnosis and 40 Hz Oscillations. Int. J. Psychophysiology 46 (2), 101–108. doi:10.1016/S0167-8760(02)00118-6 
 Dejean, C., Boraud, T., and Le Moine, C. (2013). Opiate Dependence Induces Network State Shifts in the Limbic System. Neurobiol. Dis. 59, 220–229. doi:10.1016/j.nbd.2013.07.012 
 Eastlack, S. C., Cornett, E. M., and Kaye, A. D. (2020). Kratom-Pharmacology, Clinical Implications, and Outlook: A Comprehensive Review. Pain Ther. 9 (1), 55–69. doi:10.1007/s40122-020-00151-x 
 Emery, M. A., Shawn Bates, M. L., Wellman, P. J., and Eitan, S. (2017). Hydrocodone Is More Effective Than Morphine or Oxycodone in Suppressing the Development of Burn-Induced Mechanical Allodynia. Pain Med. 18 (11), 2170–2180. doi:10.1093/pm/pnx050 
 Fingelkurts, A. A., Fingelkurts, A. A., Kivisaari, R., Autti, T., Borisov, S., Puuskari, V., et al. (2006). Reorganization of the Composition of Brain Oscillations and Their Temporal Characteristics in Opioid Dependent Patients. Prog. Neuro-Psychopharmacology Biol. Psychiatry 30 (8), 1453–1465. doi:10.1016/j.pnpbp.2006.06.005
 Fitzgerald, P. J., and Watson, B. O. (2018). Gamma Oscillations as a Biomarker for Major Depression: an Emerging Topic. Transl Psychiatry 8 (1), 177. doi:10.1038/s41398-018-0239-y 
 Foss, J. D., Nayak, S. U., Tallarida, C. S., Farkas, D. J., Ward, S. J., and Rawls, S. M. (2020). Mitragynine, Bioactive Alkaloid of Kratom, Reduces Chemotherapy-Induced Neuropathic Pain in Rats through α-adrenoceptor Mechanism. Drug and Alcohol Dependence 209, 107946. doi:10.1016/j.drugalcdep.2020.107946 
 Foute Nelong, T., Manduca, J. D., Zonneveld, P. M., and Perreault, M. L. (2019). Asenapine Maleate Normalizes Low Frequency Oscillatory Deficits in a Neurodevelopmental Model of Schizophrenia. Neurosci. Lett. 711, 134404. doi:10.1016/j.neulet.2019.134404 
 Fries, P. (2005). A Mechanism for Cognitive Dynamics: Neuronal Communication through Neuronal Coherence. Trends Cogn. Sci. 9 (10), 474–480. doi:10.1016/j.tics.2005.08.011 
 Grundmann, O. (2017). Patterns of Kratom Use and Health Impact in the US-Results from an Online Survey. Drug and Alcohol Dependence 176, 63–70. doi:10.1016/j.drugalcdep.2017.03.007 
 Harris, H., and Peng, Y. (2020). Evidence and Explanation for the Involvement of the Nucleus Accumbens in Pain Processing. Neural Regen. Res. 15 (4), 597–605. doi:10.4103/1673-5374.266909 
 Harun, N., Hassan, Z., Navaratnam, V., Mansor, S. M., and Shoaib, M. (2015). Discriminative Stimulus Properties of Mitragynine (Kratom) in Rats. Psychopharmacology 232 (13), 2227–2238. doi:10.1007/s00213-015-3866-5 
 Hemby, S. E., McIntosh, S., Leon, F., Cutler, S. J., and McCurdy, C. R. (2019). Abuse Liability and Therapeutic Potential of the Mitragyna Speciosa (Kratom) Alkaloids Mitragynine and 7-hydroxymitragynine. Addict. Biol. 24 (5), 874–885. doi:10.1111/adb.12639 
 Henningfield, J. E., Fant, R. V., and Wang, D. W. (2018). The Abuse Potential of Kratom According the 8 Factors of the Controlled Substances Act: Implications for Regulation and Research. Psychopharmacology 235 (2), 573–589. doi:10.1007/s00213-017-4813-4 
 Höflich, A., Hahn, A., Küblböck, M., Kranz, G. S., Vanicek, T., Windischberger, C., et al. (2015). Ketamine-Induced Modulation of the Thalamo-Cortical Network in Healthy Volunteers as a Model for Schizophrenia. Ijnppy 18 (9), pyv040. doi:10.1093/ijnp/pyv040
 Hurlé, M. A. (2001). Changes in the Expression of G Protein-Coupled Receptor Kinases and β-arrestin 2 in Rat Brain during Opioid Tolerance and Supersensitivity. J. Neurochem. 77 (2), 486–492. doi:10.1046/j.1471-4159.2001.00268.x 
 Idayu, N. F., Hidayat, M. T., Moklas, M. A., Sharida, F., Raudzah, A. R., Shamima, A. R., et al. (2011). Antidepressant-like Effect of Mitragynine Isolated from Mitragyna Speciosa Korth in Mice Model of Depression. Phytomedicine 18 (5), 402–407. doi:10.1016/j.phymed.2010.08.011 
 Ismail, I., Wahab, S., Sidi, H., Das, S., Lin, L. J., and Razali, R. (2018). Kratom and Future Treatment for the Opioid Addiction and Chronic Pain: Periculo Beneficium?Cdt 20 (2), 166–172. doi:10.2174/1389450118666170425154120 
 Ismail, N. I. W., Jayabalan, N., Mansor, S. M., Müller, C. P., and Muzaimi, M. (2017). Chronic Mitragynine (Kratom) Enhances Punishment Resistance in Natural Reward Seeking and Impairs Place Learning in Mice. Addict. Biol. 22 (4), 967–976. doi:10.1111/adb.12385 
 Japarin, R. A., Yusoff, N. H., Hassan, Z., Müller, C. P., and Harun, N. (2021). Cross-reinstatement of Mitragynine and Morphine Place Preference in Rats. Behav. Brain Res. 399, 113021. doi:10.1016/j.bbr.2020.113021 
 Kamble, S. H., Sharma, A., King, T. I., Berthold, E. C., León, F., Meyer, P. K. L., et al. (2020). Exploration of Cytochrome P450 Inhibition Mediated Drug-Drug Interaction Potential of Kratom Alkaloids. Toxicol. Lett. 319, 148–154. doi:10.1016/j.toxlet.2019.11.005 
 Kami, K., Tajima, F., and Senba, E. (2018). Activation of Mesolimbic Reward System via Laterodorsal Tegmental Nucleus and Hypothalamus in Exercise-Induced Hypoalgesia. Sci. Rep. 8 (1), 11540. doi:10.1038/s41598-018-29915-4 
 Kruegel, A. C., Gassaway, M. M., Kapoor, A., Váradi, A., Majumdar, S., Filizola, M., et al. (2016). Synthetic and Receptor Signaling Explorations of theMitragynaAlkaloids: Mitragynine as an Atypical Molecular Framework for Opioid Receptor Modulators. J. Am. Chem. Soc. 138 (21), 6754–6764. doi:10.1021/jacs.6b00360 
 Kruegel, A. C., and Grundmann, O. (2018). The Medicinal Chemistry and Neuropharmacology of Kratom: A Preliminary Discussion of a Promising Medicinal Plant and Analysis of its Potential for Abuse. Neuropharmacology 134, 108–120. doi:10.1016/j.neuropharm.2017.08.026 
 Kruegel, A. C., Uprety, R., Grinnell, S. G., Langreck, C., Pekarskaya, E. A., Le Rouzic, V., et al. (2019). 7-Hydroxymitragynine Is an Active Metabolite of Mitragynine and a Key Mediator of its Analgesic Effects. ACS Cent. Sci. 5, 992–1001. doi:10.1021/acscentsci.9b00141 
 Kumarnsit, E., Keawpradub, N., and Nuankaew, W. (2007a). Effect of Mitragyna Speciosa Aqueous Extract on Ethanol Withdrawal Symptoms in Mice. Fitoterapia 78 (3), 182–185. doi:10.1016/j.fitote.2006.11.012 
 Kumarnsit, E., Vongvatcharanon, U., Keawpradub, N., and Intasaro, P. (2007b). Fos-like Immunoreactivity in Rat Dorsal Raphe Nuclei Induced by Alkaloid Extract of Mitragyna Speciosa. Neurosci. Lett. 416 (2), 128–132. doi:10.1016/j.neulet.2007.01.061 
 Lee, M., Manders, T. R., Eberle, S. E., Su, C., D'amour, J., Yang, R., et al. (2015). Activation of Corticostriatal Circuitry Relieves Chronic Neuropathic Pain. J. Neurosci. 35 (13), 5247–5259. doi:10.1523/JNEUROSCI.3494-14.2015 
 Li, J., Sun, Y., and Ye, J.-H. (2012). Electroacupuncture Decreases Excessive Alcohol Consumption Involving Reduction of FosB/ΔFosB Levels in Reward-Related Brain Regions. PLoS ONE 7 (7), e40347. doi:10.1371/journal.pone.0040347 
 Listos, J., Łupina, M., Talarek, S., Mazur, A., Orzelska-Górka, J., and Kotlińska, J. (2019). The Mechanisms Involved in Morphine Addiction: An Overview. Ijms 20 (17), 4302. doi:10.3390/ijms20174302 
 Liu, N., Liu, Y., Fan, Y., Yu, H., Wilson, F. A. W., Ma, Y., et al. (2005). EEG Activities in the Orbitofrontal Cortex and Dorsolateral Prefrontal Cortex during the Development of Morphine Dependence, Tolerance and Withdrawal in Rhesus Monkeys. Brain Res. 1053 (1-2), 137–145. doi:10.1016/j.brainres.2005.06.037 
 Manduca, J. D., Thériault, R.-K., Williams, O. O. F., Rasmussen, D. J., and Perreault, M. L. (2020). Transient Dose-dependent Effects of Ketamine on Neural Oscillatory Activity in Wistar-Kyoto Rats. Neuroscience 441, 161–175. doi:10.1016/j.neuroscience.2020.05.012 
 Martinez, E., Lin, H. H., Zhou, H., Dale, J., Liu, K., and Wang, J. (2017). Corticostriatal Regulation of Acute Pain. Front. Cell. Neurosci. 11. doi:10.3389/fncel.2017.00146 
 Marttila, K., Raattamaa, H., and Ahtee, L. (2006). Effects of Chronic Nicotine Administration and its Withdrawal on Striatal FosB/ΔFosB and C-Fos Expression in Rats and Mice. Neuropharmacology 51 (1), 44–51. doi:10.1016/j.neuropharm.2006.02.014 
 Matsumoto, K., Horie, S., Ishikawa, H., Takayama, H., Aimi, N., Ponglux, D., et al. (2004). Antinociceptive Effect of 7-hydroxymitragynine in Mice: Discovery of an Orally Active Opioid Analgesic from the Thai Medicinal Herb Mitragyna Speciosa. Life Sci. 74 (17), 2143–2155. doi:10.1016/j.lfs.2003.09.054 
 Mitsi, V., and Zachariou, V. (2016). Modulation of Pain, Nociception, and Analgesia by the Brain Reward center. Neuroscience 338, 81–92. doi:10.1016/j.neuroscience.2016.05.017 
 Negus, S. S., and Freeman, K. B. (2018). Abuse Potential of Biased Mu Opioid Receptor Agonists. Trends Pharmacol. Sci. 39 (11), 916–919. doi:10.1016/j.tips.2018.08.007 
 Nestler, E. J., Barrot, M., and Self, D. W. (2001). FosB: A Sustained Molecular Switch for Addiction. Proc. Natl. Acad. Sci. 98 (20), 11042–11046. doi:10.1073/pnas.191352698 
 Núñez, C., Martín, F., Földes, A., Luisa Laorden, M., Kovács, K. J., and Victoria Milanés, M. (2010). Induction of FosB/ΔFosB in the Brain Stress System-Related Structures during Morphine Dependence and Withdrawal. J. Neurochem. 114 (2), 475–487. doi:10.1111/j.1471-4159.2010.06765.x 
 Obeng, S., Kamble, S. H., Reeves, M. E., Restrepo, L. F., Patel, A., Behnke, M., et al. (2020). Investigation of the Adrenergic and Opioid Binding Affinities, Metabolic Stability, Plasma Protein Binding Properties, and Functional Effects of Selected Indole-Based Kratom Alkaloids. J. Med. Chem. 63 (1), 433–439. doi:10.1021/acs.jmedchem.9b01465 
 Palamar, J. J. (2021). Past-Year Kratom Use in the U.S.: Estimates from a Nationally Representative Sample. Am. J. Prev. Med. 61, 240–245. doi:10.1016/j.amepre.2021.02.004
 Pandya, M., Altinay, M., Malone, D. A., and Anand, A. (2012). Where in the Brain Is Depression?. Curr. Psychiatry Rep. 14 (6), 634–642. doi:10.1007/s11920-012-0322-7 
 Perreault, M. L., Hasbi, A., Alijaniaram, M., O’Dowd, B. F., and George, S. R. (2012). Reduced Striatal Dopamine D1-D2 Receptor Heteromer Expression and Behavioural Subsensitivity in Juvenile Rats. Neuroscience 225, 130–139. doi:10.1016/j.neuroscience.2012.08.042 
 Perreault, M. L., Hasbi, A., Shen, M. Y. F., Fan, T., Navarro, G., Fletcher, P. J., et al. (2016). Disruption of a Dopamine Receptor Complex Amplifies the Actions of Cocaine. Eur. Neuropsychopharmacol. 26 (9), 1366–1377. doi:10.1016/j.euroneuro.2016.07.008 
 Prozialeck, W. C., Jivan, J. K., and Andurkar, S. V. (2012). Pharmacology of Kratom: An Emerging Botanical Agent with Stimulant, Analgesic and Opioid-like Effects. J. Am. Osteopath Assoc. 112 (12), 792–799. doi:10.7556/jaoa.2012.112.12.792 
 Reakkamnuan, C., Cheaha, D., and Kumarnsit, E. (2017). Nucleus Accumbens Local Field Potential Power Spectrums, Phase-Amplitude Couplings and Coherences Following Morphine Treatment. Acta Neurobiologiae Experimentalis 77 (3), 214–224. doi:10.21307/ane-2017-055 
 Ream, A.-H., and Michael, B. (2011). Molecular Mechanisms of Opioid Receptor-dependent Signaling and Behavior. Anesthesiology 115 (6), 1363–1381.
 Reanmongkol, W., Keawpradub, N., and Sawangjaroen, K. (2007). Effects of the Extracts from Mitragyna Speciosa Korth. Leaves on Analgesic and Behavioral Activities in Experimental Animals. Songklanakarin J. Sci. Technology 29 (Suppl. 1), 39–48. 
 Rivolta, D., Heidegger, T., Scheller, B., Sauer, A., Schaum, M., Birkner, K., et al. (2015). Ketamine Dysregulates the Amplitude and Connectivity of High-Frequency Oscillations in Cortical-Subcortical Networks in Humans: Evidence from Resting-State Magnetoencephalography-Recordings. Schbul 41 (5), 1105–1114. doi:10.1093/schbul/sbv051 
 Sabetghadam, A., Ramanathan, S., and Mansor, S. M. (2010). The Evaluation of Antinociceptive Activity of Alkaloid, Methanolic, and Aqueous Extracts of Malaysian Mitragyna Speciosa Korth Leaves in Rats. Pharmacognosy Res. 2 (3), 181–185. doi:10.4103/0974-8490.65514 
 Singh, D., Narayanan, S., and Vicknasingam, B. (2016). Traditional and Non-traditional Uses of Mitragynine (Kratom): A Survey of the Literature. Brain Res. Bull. 126, 41–46. doi:10.1016/j.brainresbull.2016.05.004 
 Suhaimi, F. W., Hassan, Z., Mansor, S. M., and Müller, C. P. (2021). The Effects of Chronic Mitragynine (Kratom) Exposure on the EEG in Rats. Neurosci. Lett. 745, 135632. doi:10.1016/j.neulet.2021.135632 
 Takayama, H. (2004). Chemistry and Pharmacology of Analgesic Indole Alkaloids from the Rubiaceous Plant, Mitragyna Speciosa. Chem. Pharm. Bull. 52 (8), 916–928. doi:10.1248/cpb.52.916 
 Takayama, H., Ishikawa, H., Kurihara, M., Kitajima, M., Aimi, N., Ponglux, D., et al. (2002). Studies on the Synthesis and Opioid Agonistic Activities of Mitragynine-Related Indole Alkaloids: Discovery of Opioid Agonists Structurally Different from Other Opioid Ligands. J. Med. Chem. 45 (9), 1949–1956. doi:10.1021/jm010576e 
 Taylor, A. M. W., Becker, S., Schweinhardt, P., and Cahill, C. (2016). Mesolimbic Dopamine Signaling in Acute and Chronic Pain. Pain 157 (6), 1194–1198. doi:10.1097/j.pain.0000000000000494 
 Thériault, R.-K., Manduca, J. D., Blight, C. R., Khokhar, J. Y., Akhtar, T. A., and Perreault, M. L. (2020). Acute Mitragynine Administration Suppresses Cortical Oscillatory Power and Systems Theta Coherence in Rats. J. Psychopharmacol. 34 (7), 759–770. doi:10.1177/0269881120914223 
 Thériault, R.-K., Manduca, J. D., and Perreault, M. L. (2021). Sex Differences in Innate and Adaptive Neural Oscillatory Patterns Link Resilience and Susceptibility to Chronic Stress in Rats. Jpn 46 (2), E258–E270. doi:10.1503/jpn.200117 
 Thériault, R.-K., and Perreault, M. L. (2019). Hormonal Regulation of Circuit Function: Sex, Systems and Depression. Biol. Sex Differ 10 (1), 12. doi:10.1186/s13293-019-0226-x 
 Tu, H. J., Kang, K. H., Ho, S. Y., Liou, H. C., Liou, H. H., Lin, C. P., et al. (2016). Leukemia Inhibitory Factor (LIF) Potentiates Antinociception Activity and Inhibits Tolerance Induction of Opioids. Br. J. Anaesth. 117 (4), 512–520. doi:10.1093/bja/aew247 
 Váradi, A., Marrone, G. F., Palmer, T. C., Narayan, A., Szabó, M. R., Le Rouzic, V., et al. (2017). Mitragynine/Corynantheidine Pseudoindoxyls as Opioid Analgesics with Mu Agonism and Delta Antagonism, Which Do Not Recruit β-Arrestin-2. J. Med. Chem. 59 (18), 8381–8397. doi:10.1021/acs.jmedchem.6b00748
 Veltri, C., and Grundmann, O. (2019). Current Perspectives on the Impact of Kratom Use. Sar Vol. 10, 23–31. doi:10.2147/SAR.S164261 
 Whittington, M. A., Traub, R. D., Faulkner, H. J., Jefferys, J. G. R., and Chettiar, K. (1998). Morphine Disrupts Long-Range Synchrony of Gamma Oscillations in Hippocampal Slices. Proc. Natl. Acad. Sci. 95 (10), 5807–5811. doi:10.1073/pnas.95.10.5807 
 Wise, R. A. (1989). Opiate Reward: Sites and Substrates. Neurosci. Biobehavioral Rev. 13 (2-3), 129–133. doi:10.1016/S0149-7634(89)80021-1
 Wood, P. B., Schweinhardt, P., Jaeger, E., Dagher, A., Hakyemez, H., Rabiner, E. A., et al. (2007). Fibromyalgia Patients Show an Abnormal Dopamine Response to Pain. Eur. J. Neurosci. 25 (12), 3576–3582. doi:10.1111/j.1460-9568.2007.05623.x 
 Yusoff, N. H. M., Mansor, S. M., Müller, C. P., and Hassan, Z. (2017). Opioid Receptors Mediate the Acquisition, but Not the Expression of Mitragynine-Induced Conditioned Place Preference in Rats. Behav. Brain Res. 332 (March), 1–6. doi:10.1016/j.bbr.2017.05.059 
 Yusoff, N. H. M., Suhaimi, F. W., Vadivelu, R. K., Hassan, Z., Rümler, A., Rotter, A., et al. (2016). Abuse Potential and Adverse Cognitive Effects of Mitragynine (Kratom). Addict. Biol. 21 (21), 98–110. doi:10.1111/adb.12185 
 Zachariou, V., Bolanos, C. A., Selley, D. E., Theobald, D., Cassidy, M. P., Kelz, M. B., et al. (2006). An Essential Role for ΔFosB in the Nucleus Accumbens in Morphine Action. Nat. Neurosci. 9 (2), 205–211. doi:10.1038/nn1636 
 Zhou, H., Martinez, E., Lin, H. H., Yang, R., Dale, J. A., Liu, K., et al. (2018). Inhibition of the Prefrontal Projection to the Nucleus Accumbens Enhances Pain Sensitivity and Affect. Front. Cell. Neurosci. 12. doi:10.3389/fncel.2018.00240 
 Zhu, Z., Ye, Z., Wang, H., Hua, T., Wen, Q., and Zhang, C. (2019). Theta-gamma Coupling in the Prelimbic Area Is Associated with Heroin Addiction. Neurosci. Lett. 701, 26–31. doi:10.1016/j.neulet.2019.02.020 
 Zuo, Y.-F., Wang, J.-Y., Chen, J.-H., Qiao, Z.-M., Han, J.-S., Cui, C.-L., et al. (2007). A Comparison between Spontaneous Electroencephalographic Activities Induced by Morphine and Morphine-Related Environment in Rats. Brain Res. 1136 (1), 88–101. doi:10.1016/j.brainres.2006.11.099 
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.
Copyright © 2021 Buckhalter, Soubeyrand, Ferrone, Rasmussen, Manduca, Al-Abdul-Wahid, Frie, Khokhar, Akhtar and Perreault. 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.
OPS/images/fphar-12-696461-g005.gif
Froquancy 1






OPS/images/fphar-12-696461-g006.gif





OPS/images/fphar-12-696461-g003.gif





OPS/images/fphar-12-696461-g004.gif
sml






OPS/images/fphar-12-696461-g007.gif
Jv“ul.n‘mv{ sh
L

B, viameow7 D viaprcow7

|
! s»l‘ Gl gyL'i L
gl " 774






OPS/images/fphar-12-696461-g008.gif
g3
i

=
=2

il

o

Kratom






OPS/xhtml/nav.xhtml
Contents

		Cover

		The Antidepressant-Like and Analgesic Effects of Kratom Alkaloids are accompanied by Changes in Low Frequency Oscillations but not ΔFosB Accumulation		Introduction

		Materials and Methods		Animals

		Plant Material and Growth Conditions

		Alkaloid Extraction and Preparation

		Instrumentation and Alkaloid Analysis

		Drugs

		Electrode Implantation Surgery

		Local Field Potential Recordings

		Forced Swim Test

		Tail-Flick Test

		ΔFosB Immunohistochemistry

		Statistical Analysis





		Results		Spectral Power

		Prefrontal Cortex

		Cingulate Cortex

		Ventral Tegmental Area

		Coherence

		Behaviour

		ΔFosB Expression





		Discussion		Oscillatory Changes Accompanying the Analgesic Effects of Kratom

		Oscillatory Changes Accompanying the Antidepressant-like Effects of Kratom

		Effects of Kratom on ΔFosB Expression





		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

The Antidepressant-Like and
Analgesic Effects of Kratom
Alkaloids are accompanied by
Changes in Low Frequency
Oscillations but not AFosB
Accumulation





OPS/images/fphar-12-696461-g001.gif
Ll

i

L.





OPS/images/fphar-12-696461-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





