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Abstract

5-Methoxy-N,N-dimethyltryptamine (5-MeO-DMT) and harmaline are serotonin (5-HT) analogs 

often abused together, which alters thermoregulation that may indicate the severity of serotonin 

toxicity. Our recent studies have revealed that co-administration of monoamine oxidase inhibitor 

harmaline leads to greater and prolonged exposure to 5-HT agonist 5-MeO-DMT that might be 

influenced by cytochrome P450 2D6 (CYP2D6) status. This study was to define the effects of 

harmaline and 5-MeO-DMT on thermoregulation in wild-type and CYP2D6-humanized (Tg-

CYP2D6) mice, as well as the involvement of 5-HT receptors. Animal core body temperatures 

were monitored noninvasively in the home cages after implantation of telemetry transmitters and 

administration of drugs. Harmaline (5 and 15 mg/kg, i.p.) alone was shown to induce hypothermia 

that was significantly affected by CYP2D6 status. In contrast, higher doses of 5-MeO-DMT (10 

and 20 mg/kg) alone caused hyperthermia. Co-administration of harmaline (2, 5 or 15 mg/kg) 

remarkably potentiated the hyperthermia elicited by 5-MeO-DMT (2 or 10 mg/kg), which might 

be influenced by CYP2D6 status at certain dose combination. Interestingly, harmaline-induced 

hypothermia was only attenuated by 5-HT1A receptor antagonist WAY-100635, whereas 5-MeO-

DMT- and harmaline-5-MeO-DMT-induced hyperthermia could be suppressed by either 

WAY-100635 or 5-HT2A receptor antagonists (MDL-100907 and ketanserin). Moreover, stress-

induced hyperthermia under home cage conditions was not affected by WAY-100635 but 

surprisingly attenuated by MDL-100907 and ketanserin. Our results indicate that co-

administration of monoamine oxidase inhibitor largely potentiates 5-MeO-DMT-induced 

hyperthermia that involves the activation of both 5-HT1A and 5-HT2A receptors. These findings 

shall provide insights into development of anxiolytic drugs and new strategies to relieve the lethal 

hyperthermia in serotonin toxicity.
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1. Introduction

Indolealkylamine (IAA) drugs are derivatives of 5-hydroxytryptamine (5-HT or serotonin), a 

neurotransmitter that modulates attention, behavior and body temperature. Many IAAs are 

“natural” products, the psychoactive ingredients of a variety of plant, fungus and animal 

preparations used in medicine, religion and recreation (Bruno et al., 2012; Halberstadt and 

Geyer, 2011; McIlhenny et al., 2011; McKenna, 2004; Winstock et al., 2014). Acting on the 

serotonergic system, IAAs are noted as a major class of substances of abuse. Among them, 

t-HT agonists 5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT or by the street name “5-

MEO”) and 5-methoxy-N,N-diisopropyltryptamine (5-MeO-DiPT or “Foxy” and “Foxy 

methoxy”) are relatively newer designer drugs, and they were placed into Schedule I under 

the Controlled Substances Act in the United States in 2011 and 2004, respectively (DEA, 

2010; Drug Enforcement Administration (DEA), 2004). Although the trafficking, 

distribution and abuse of 5-MeO-DMT are likely underreported because it was not a 

controlled drug, the System to Retrieve Information from Drug Evidence revealed 23 cases 

involving 35 drug exhibits identified as 5-MeO-DMT from 1999 to 2009, and the National 

Forensic Laboratory Information System documented 27 State and local drug cases 

involving 32 drug exhibits identified as 5-MeO-DMT from 2004 to 2009 (DEA, 2010). With 

the epidemic of abuse, IAA intoxications have been frequently reported in hospitals in 

recent years, including a number of confirmed deaths caused by the abuse of 5-MeO-DMT 

or 5-MeO-DiPT (Bjornstad et al., 2009; Brush et al., 2004; Fuse-Nagase and Nishikawa, 

2013; Hill and Thomas, 2011; Long et al., 2003; Muller, 2004; Sklerov et al., 2005; 

Smolinske et al., 2005; Tanaka et al., 2006).

5-MeO-DMT is mainly inactivated through monoamine oxidase A (MAO-A) mediated 

deamination. Thus it is often co-abused with MAO-A inhibitor (MAOI) such as harmaline 

towards an enhanced hallucinogenic effect (Ott, 2001). Recent studies using 5-MeO-DMT 

and MAOI harmaline as model drugs have demonstrated IAA drug-drug interactions (DDI) 

as well as metabolic pharmacogenetics (Shen et al., 2010a). Actually, both harmaline and 5-

MeO-DMT can be metabolized by cytochrome P450 2D6 (CYP2D6), one of the most 

important polymorphic phase I drug-metabolizing enzymes (Yu et al., 2003a; Yu et al., 

2003b). Harmaline pharmacokinetics is revealed to be determine by CYP2D6 status (Wu et 

al., 2009), and co-administration of MAOI harmaline results in a sharply increased and 

prolonged systemic and cerebral exposure to 5-MeO-DMT and the active metabolite 

bufotenine (Jiang et al., 2013; Shen et al., 2009; Shen et al., 2010b). In addition, harmaline 

largely elevates the 5-HT levels in vivo (Cheng et al., 2013). Therefore, co-administration of 

MAOI harmaline leads to a significant alternation in 5-MeO-DMT-induced psychedelic 

effects (Halberstadt et al., 2008; Halberstadt et al., 2012; Winter et al., 2011).

5-MeO-DMT is a non-selective 5-hydroxytryptamine (5-HT) receptor agonist that acts on 5-

HT1A, 5-HT2A and 5-HT2C receptors with moderate to high affinities (Halberstadt and 

Geyer, 2011; Halberstadt et al., 2011; Riga et al., 2014; Roth et al., 1997; van den Buuse et 

al., 2011; Winter et al., 2000). Co-administration of 5-HT agonist 5-MeO-DMT and MAOI 

harmaline causes an excessive activation of serotonergic system, which may cause 

hyperserotonergic tone or serotonin toxicity/syndrome. Indeed the serotonin syndrome has 

become more prevalent as a result of increasing use or abuse of serotonergic drugs (Boyer 

Jiang et al. Page 2

Neuropharmacology. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and Shannon, 2005; Haberzettl et al., 2013; Kant and Liebelt, 2012). Serotonin syndrome 

exhibits a spectrum of characteristic features in patients and animal models, including 

neuromuscular excitation (e.g., shivering and tremor), autonomic stimulation (e.g., 

hyperthermia and tachycardia), and change in mental/behavioral status (e.g., confusion and 

anxiety). Among these symptoms, increase of body temperature is recognized as a critical 

complication of severe serotonin toxicity that may cause fatality without any intervention. 

Indeed, a case of harmaline-5-MeO-DMT-induced life threatening serotonin toxicity 

including hyperthermia (105.2 °F or 40.7 °C), tachycardia and hyperactivity has been 

reported (Brush et al., 2004).

In this study, we aimed to delineate the impact of harmaline on the thermomodulatory 

effects of 5-MeO-DMT in mouse models. Wild-type and CYP2D6-humanized (Tg-CYP2D6) 

mice were used to evaluate possible influence of CYP2D6 status. In addition, 5-HT1A 

receptor antagonist WAY-100635 and 5-HT2A receptor antagonists MDL-100907 and 

ketanserin were utilized to define the serotonergic mechanisms underlying 

thermomodulatory actions of harmaline and 5-MeO-DMT. The results shall improve the 

understanding of the risks of IAA drug abuse, and offer insights into developing active 

means to treat drug-induced, severe or lethal hyperthermia.

2. Material and Methods

2.1. Chemicals and materials

5-MeO-DMT oxalate, harmaline hydrochloride dihydrate and WAY-100635 were purchased 

from Sigma-Aldrich (St. Louis, MO). Ketanserin was bought from Tocris Bioscience 

(Ellisville, MO). MDL-100907 was generously provided by Sanofi-Aventis (Bridgewater, 

NJ). Drugs were dissolved in saline and administered according to their free base molecular 

weights.

2.2. Animals

Age-matched male wild-type FVB/N and Tg-CYP2D6 mice (Corchero et al., 2001) 

weighing 25–35 g were used in the study. Mice were housed in an animal care facility 

maintained at 20 ± 2.0°C on a 12-h light/dark cycle, with lights on at 6:00 and off at 18:00. 

Food and water were provided ad libitum. All animal procedures were approved by the 

Institutional Animal Care and Use Committee at University at Buffalo, The State University 

of New York.

2.3. Surgical preparations

Mice were anaesthetized with isoflurane in oxygen (4%, reduced as necessary). A sterile 

telemetric transmitter (Physiotel implant TA10TA-F20 system; Data Sciences International, 

St. Paul, MN) was implanted into the peritoneal cavity through a midline incision, and then 

the abdominal wall and skin were sutured. All surgery procedures were performed under 

aseptic conditions. After surgery, animals were singly housed and given subcutaneous (s.c.) 

or oral (p.o.) doses of 5 mg/kg carprofen once daily for 3 days and were allowed to recover 

for 2 weeks before body temperature measurement.
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2.4. Dosage settings

To investigate the thermoregulatory effects of individual drugs, mice were given an 

intraperitoneal (i.p.) dose of harmaline (0, 2, 5 or 15 mg/kg) or 5-MeO-DMT (0, 2, 10 or 20 

mg/kg). To investigate the impact of harmaline on the thermoregulatory effects of 5-MeO-

DMT, mice were administered i.p. with 0, 2, 5 or 15 mg/kg of harmaline (at 0 min) before 

the treatment with 2 or 10 mg/kg of 5-MeO-DMT (15 min) which is consistent with the 

dosing regimen in our previous pharmacokinetic studies (Jiang et al., 2013; Shen et al., 

2010b).

To define the mechanistic roles of 5-HT1A and 5-HT2A receptors in the thermoregulation by 

IAA drugs, mice were treated subcutaneously (s.c.) with 5-HT receptor antagonists (1 mg/kg 

of WAY-100635, MDL-100907, ketanserin or vehicle control) before i.p. administration of 

IAA drugs (15 mg/kg of harmaline, 20 mg/kg of 5-MeO-DMT, 2 mg/kg of harmaline plus 2 

mg/kg of 5-MeO-DMT, or corresponding vehicle control). For the investigations of 

harmaline induced hypothermia, antagonists were injected at 15 min before harmaline 

treatment. For the examination of 5-MeO-DMT or harmaline-5-MeO-DMT interaction 

induced hyperthermia, antagonists were injected at 15 min before 5-MeO-DMT treatment. 

The dosage of each 5-HT antagonist was selected according to the effective regimen 

reported previously (Krebs-Thomson et al., 1998; Krebs-Thomson et al., 2006) and our 

preliminary data to minimize the influence of handling/injection-induced stress on body 

temperature change.

2.5. Measurement of core body temperature

All experiments were carried out in an isolated and quiet room between 10:30 A.M. and 

3:30 P.M. Ambient temperature was maintained at 20 ± 2.0°C throughout the experiment. 

Animal in its home cage was placed on a configured receiver (Data Sciences International, 

St. Paul, MN) and the telemetry transmitter was activated at least 12 hr before experiment 

for overnight stabilization. Before testing, baseline was recorded for 60 min. After drug 

administrations, core body temperatures were continuously measured every 6 sec, and the 

values that averaged from every 5 min time interval were used for data analyses.

2.6. Data analyses

Changes in core body temperature (ΔCBT) were calculated as the differences from the 

baseline level (mean value of the 60 min baseline recordings) and all values are mean ± SD. 

The maximum change in core body temperature (ΔCBTmax) was defined as the maximal 

change of core body temperature compared to the baseline CBT. Area under the effect curve 

(AUEC) values were calculated by trapezoidal rule based on the duration of drug effect and 

was used for statistical analysis, which was conducted with GraphPad Prism 5 (GraphPad, 

San Diego, CA). Depending on the number of groups and variances, data were compared 

using Student’s t-test, one-way ANOVA with Dunnett’s post-hoc comparisons, or two-way 

ANOVA with Bonferroni’s post-hoc comparisons. Difference was considered statistically 

significant when P < 0.05.
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3. Results

3.1. Harmaline induced a more severe hypothermia in wild-type mice than Tg-CYP2D6 mice

To delineate the impact of harmaline on 5-MeO-DMT-induced thermoregulatory effects, the 

body temperatures of wild-type and Tg-CYP2D6 mice treated with harmaline alone (0, 2, 5 

or 15 mg/kg, i.p.) were studied first. Following vehicle treatment, a transient increase in 

CBT was observed in both wild-type and Tg-CYP2D6 mice. In contrast, administration of 

harmaline led to a dose dependent decrease of CBT (Figure 1, Table 1), and the hypothermia 

was more severe in the wild-type mice. Compared to vehicle control, 2 mg/kg harmaline had 

no significant influence on the ΔCBTmax in Tg-CYP2D6 mice whereas significantly 

decreased the ΔCBTmax in wild-type mice. Furthermore, 15 mg/kg harmaline resulted in 

ΔCBTmax values of −3.19 ± 0.99 °C in wild-type mice and −2.31 ± 0.84 °C in Tg-CYP2D6 

mice. The AUEC values after 15 mg/kg harmaline treatment, which were −207 ± 88 °C×min 

in wild-type mice and −101 ± 74 °C×min in Tg-CYP2D6 mice, also confirmed the more 

severe hypothermia in wild-type mice.

3.2. Higher doses of 5-MeO-DMT elicited a hyperthermia in both Tg-CYP2D6 and wild-type 
mice

To evaluate the thermomodulatory effects of 5-MeO-DMT in mice and possible influence of 

CYP2D6 status, ΔCBT was determined following the administration of 5-MeO-DMT (0, 2, 

10 or 20 mg/kg, i.p.) in wild-type and Tg-CYP2D6 mice. Handling and vehicle treatment 

induced an increase of ΔCBT at the early time points (0–45 min), to the same levels in the 

wild-type (AUEC45-150min, 43.7 ± 20.3 °C×min) and Tg-CYP2D6 (52.6 ± 23.3 °C×min) 

mice. 5-MeO-DMT-induced effects were readily indicated by the increase of ΔCBT at late 

time points (45–150 min) (Figure 2 and Table 1). Low dose of 5-MeO-DMT (2 mg/kg) 

showed no significant effect on thermoregulation. In contract, higher doses of 5-MeO-DMT 

(10 and 20 mg/kg) led to a remarkable increase of CBT (Table 2 and Figure 2). The 

ΔCBTmax values in wild-type mice after 10 and 20 mg/kg doses were 1.93 ± 0.45 and 2.20 ± 

0.28 °C, respectively, and the AUEC45-150min values were 105 ± 45 and 135 ± 39 °C×min, 

respectively, which all demonstrated the induction of significant hyperthermia by 5-MeO-

DMT. Nevertheless, CYP2D6 did not exhibit any significant influence on 5-MeO-DMT-

induced hyperthermia (Table 2 and Figure 2).

3.3. Harmaline significantly enhanced 5-MeO-DMT-induced hyperthermia that might differ 
between Tg-CYP2D6 and wild-type mice

To assess the impact of harmaline on 5-MeO-DMT-induced hyperthermia, different doses of 

harmaline (0, 2, 5 or 15 mg/kg, i.p.) was administered 15 min prior to the treatment with 5-

MeO-DMT (2 or 10 mg/kg, i.p.). The data showed that co-administration of harmaline 

sharply elevated 5-MeO-DMT-induced late-phase (after 45 min) hyperthermia in a dose 

dependent manner (Table 3 and Figure 3). For instance, compared to 2 mg/kg 5-MeO-DMT 

alone, pretreatment with 5 mg/kg harmaline led to a ΔCBTmax about 1.0 °C and 

AUEC45-240 min around 200 °C×min in both wild-type and Tg-CYP2D6 mice (Figure 3 and 

Table 3). Furthermore, harmaline-induced early-stage hypothermia retained in mice treated 

with lower dose (2 mg/kg) of 5-MeO-DMT, which resulted in an overall biphasic effect 

(Figure 3A–3D). Enhancement of 5-MeO-DMT-induced hyperthermia by harmaline was 
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also observed for a higher dose (10 mg/kg) of 5-MeO-DMT (data not shown). In addition, at 

certain dose combination such as 15 mg/kg harmaline plus 2 mg/kg 5-MeO-DMT, the 

ΔCBTmax values were significantly different between wild-type (1.50 ± 0.45 °C) and Tg-

CYP2D6 (1.98 ± 0.40 °C) mice (Table 3), suggesting that CYP2D6 status might have a 

significant influence on the severity of hyperthermia induced by co-administration of 

harmaline and 5-MeO-DMT.

3.4. Harmaline-induced hypothermia was mediated by 5-HT1A receptor

To define the role of 5-HT receptors in harmaline-elicited hypothermia, the effects of 5-HT 

receptor antagonists were investigated. As shown in Figure 4A and 4B, pretreatment with 5-

HT1A receptor antagonist WAY-100635 completely attenuated the hypothermia induced by 

15 mg/kg harmaline in both Tg-CYP2D6 and wild-type mice. This was manifested by the 

AUEC0–120 min values for mice with (−78.5 and −64.1 °C×min in wild-type and Tg-

CYP2D6, respectively) and without (31.9 and 69.5°C×min in wild-type and Tg-CYP2D6, 

respectively) WAY-100635 treatment (Figure 4C). On the contrary, harmaline-induced 

hypothermia was significantly augmented by 5-HT2A receptor antagonist MDL-100907 

(Figure 4D, 4E and 4F) and ketanserin (Figure 4G, 4H and 4I). It is noteworthy that 

administration of ketanserin or MDL-100907 itself induced hypothermic effects in all mice 

(Figure 4D–4I). Together, the data support a role for 5-HT1A receptor in harmaline-induced 

hypothermia.

3.5. Both 5-HT1A and 5-HT2A receptors are involved in 5-MeO-DMT-induced hyperthermia

5-HT receptor antagonists were also employed to examine the roles of 5-HT1A and 5-HT2A 

receptors in 5-MeO-DMT-induced hyperthermia. WAY-100635 was revealed to completely 

attenuated the late-phase hyperthermia (45–150 min) in both wild-type (Figure 5A–C) and 

Tg-CYP2D6 (data not shown) mice induced by 5-MeO-DMT. For instance, the ΔCBTmax 

value decreased from 2.2 °C to 1.0 °C and AUEC45–150 min decreased from 160 °C×min to 

45 °C×min after the mice were treated with WAY-100635. Interestingly, 5-MeO-DMT-

induced late-phase hyperthermia was changed to a mild hypothermia when the mice were 

treated with MDL-100907, as shown by the ΔCBT profiles and the AUEC values (around 

−1.2°C and −15°C×min, respectively, Figure 5D–5F). In addition, ketanserin partially 

suppressed the late-phase hyperthermia induced by 5-MeO-DMT and completely attenuated 

the early-phase hyperthermia associated with animal handling and injection (Figure 5G–I). 

Our results indicate that both 5-HT1A and 5-HT2A receptors contribute to the induction of 

hyperthermia by 5-MeO-DMT.

3.6. 5-HT1A receptor antagonist completely attenuated harmaline-5-MeO-DMT-induced 
hyperthermia, whereas 5-HT2A receptor antagonist converted it into hypothermia

Given the clear late-phase hyperthermic effects induced by 2 mg/kg of harmaline plus 2 

mg/kg of 5-MeO-DMT, as manifested by the ΔCBTmax and AUEC45-120 min values in both 

Tg-CYP2D6 and wild-type mice (Table 3, Figure 3 and Figure 6), this dose combination was 

used to investigate the involvement of 5-HT1A and 5-HT2A receptors in harmaline-5-MeO-

DMT-induced hyperthermia. Our data showed that WAY-100635 completely attenuated the 

late-phase hyperthermia induced by the drugs while it had no effect on the early-phase 

Jiang et al. Page 6

Neuropharmacology. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



hyperthermia caused by animal handling/injection (Figure 6A–D). In contrast, ketanserin 

completely blocked the late-phase hyperthermia, following the conversion of early-phase 

hyperthermia into hypothermia (Figure 6I–L). Furthermore, MDL-100907 strikingly turned 

both the early- and late-phase hyperthermia to significant hypothermia (Figure 6E–H).

4. Discussion and Conclusion

In the present study, we demonstrated that co-administration of MAOI harmaline 

significantly potentiated 5-MeO-DMT-induced hyperthermia. The severity of hyperthermia 

might be influenced by CYP2D6 status at particular dose combination, due to the impact of 

CYP2D6 on harmaline pharmacokinetics (Jiang et al., 2013; Wu et al., 2009). Most 

importantly, we showed that the thermomodulatory effects of harmaline and 5-MeO-DMT 

were attributed to the activation of both 5-HT1A and 5-HT2A receptors.

Our recent pharmacokinetic studies have revealed that elimination of harmaline is 

significantly faster in Tg-CYP2D6 mice with additional CYP2D6 activity compared to wild-

type mice (Jiang et al., 2013; Wu et al., 2009). Consistently, results from the present study 

showed that harmaline pharmacodynamics, as indicated by the hypothermic effect, was 

significantly affected by CYP2D6 status (Figure 1 and Table 1). However, the present study 

did not distinguish the thermoregulatory effect of low dose 5-MeO-DMT (2 mg/kg) from 

handling/injection in mice (Figure 2 and Table 2), which is different from the findings in 

rats (Gudelsky et al., 1986). In addition to the difference in animal models, the CBT profiles 

in the present study were acquired noninvasively from animals kept in their home cages. 

Higher doses of 5-MeO-DMT (10 and 20 mg/kg) indeed elicited a clear hyperthermia 

(Figure 2 and Table 2), which agrees with previous observation (Gudelsky et al., 1986). The 

severity of such late-phase hyperthermia was similar between wild-type and Tg-CYP2D6 

mice, which is in accordance with our recent findings on a similar non-linear 

pharmacokinetic property for 5-MeO-DMT in wild-type and Tg-CYP2D6 mice (Shen et al., 

2011; Shen et al., 2010b). Nevertheless, because of the significant impact of CYP2D6 on 

harmaline pharmacokinetics (Jiang et al., 2013), CYP2D6 status might affect the severity of 

hyperthermia induced by harmaline-5-MeO-DMT at a particular dose combination (Figure 3 

and Table 3).

Co-administration of harmaline (2, 5 or 15 mg/kg) with 5-MeO-DMT (2 mg/kg) caused a 

dose-dependent increase in CBT in both wild-type and Tg-CYP2D6 mice at late stage 

(Figure 3A–3D and Table 3), despite that lower dose of 5-MeO-DMT (2 mg/kg) showed no 

significant influence on thermoregulation (Figure 2 and Table 2). The initial hypothermic 

effects in mice treated with harmaline plus 2 mg/kg 5-MeO-DMT was mostly due to 

harmaline administered at 15 min before 5-MeO-DMT treatment (Figure 3 and Figure 1). 

Since our results (Figure 1 and Table 1) and previous studies (Abdel-Fattah et al., 1997; Wu 

et al., 2009) consistently demonstrated that harmaline alone induced only hypothermia in 

rodents, the enhanced hyperthermia under the DDI condition indicates a significant 

potentiation of 5-MeO-DMT-induced hyperthermia by harmaline. Indeed, harmaline also 

enhanced the late-phase hyperthermia induced by 10 mg/kg 5-MeO-DMT, whereas the 

early-phase hypothermia induced by co-administered harmaline was interestingly overtaken 

by 10 mg/kg 5-MeO-DMT (data not shown). It is also noticeable that the hyperthermic 
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effects were prolonged to a greater degree with the increase of harmaline dose (Figure 3), 

which may be explained by the prolonged 5-MeO-DMT exposure (Jiang et al., 2013). In 

addition, high dose combinations of harmaline (5 or 15 mg/kg) and 5-MeO-DMT (10 

mg/kg) obviously induced serotonin toxicity (CBT > 39 °C) in mouse models (Isbister and 

Buckley, 2005). Harmaline not only increases 5-HT levels through inhibition of MAO-A 

activity (Cheng et al., 2013; Kim et al., 1997) but also binds to multiple neurotransmitter 

receptors such as 5-HT, norepinephrine, dopamine D2/D3 and N-methyl-D-aspartate 

(NMDA) glutamate receptors (Airaksinen et al., 1987; Iseri et al., 2011; Miralles et al., 

2005; Ossowska et al., 2014; Paterson et al., 2009) that may all affect thermoregulation. 

Therefore, the potentiation of hyperthermia and induction of serotonin toxicity by co-

administration of harmaline with 5-MeO-DMT could be mechanistically due to the 

alteration of 5-MeO-DMT pharmacokinetics (Jiang et al., 2013), inhibition of MAO-A and 

binding of various neurotransmitter receptors. Rather, the DDI between harmaline and 5-

MeO-DMT occurring at both pharmacokinetic/toxicokinetic and pharmacodynamic/

toxicodynamic levels warrants further investigation using other indicators and mathematical 

models.

The highly selective 5-HT2A receptor antagonist MDL-100907 completely attenuated the 5-

MeO-DMT-induced hyperthermia (AUEC45–150min) in all genotyped mice, suggesting that 

activation of 5-HT2A receptor was essential for 5-MeO-DMT-induced hyperthermia (Figure 

5F). Another 5-HT2A receptor antagonist ketanserin partially attenuated the hyperthermia 

induced by the same dose of 5-MeO-DMT (Figure 5I), suggesting that ketanserin might be 

less effective than MDL-100907 in antagonizing 5-HT2A receptor-mediated 

pharmacological and toxicological effects. The difference in attenuation of 5-MeO-DMT-

induced hyperthermia between MDL-100907 and ketanserin might be attributed to their 

differing pharmacodynamic profiles because ketanserin also binds to some other targets such 

as noradrenaline and histamine receptors and vesicular monoamine transporter-2 

(Gopalakrishnan et al., 2007; Larrauri and Levin, 2010; Marin et al., 1990). In addition, both 

MDL-100907 and ketanserin attenuated harmaline-5-MeO-DMT-induced hyperthermia, and 

converted it to significant hypothermia (Figure 6), indicating 5-HT2A receptor played a 

predominant role in harmaline-5-MeO-DMT-induced hyperthermic effect.

It has been reported that activations of 5-HT1A and 5-HT2A receptors lead to opposite 

effects on thermoregulation (Capuano et al., 2010; Salmi and Ahlenius, 1998). Thus 5-HT1A 

receptor antagonist WAY-100635 was expected to enhance the hyperthermia elicited by 5-

MeO-DMT. However, our data showed that pretreatment with WAY-100635 actually 

attenuated the late-phase hyperthermia induced by 5-MeO-DMT alone or harmaline-5-MeO-

DMT combination (Figure 5 and Figure 6). It is possible that WAY-100635 interacts with 

other neurotransmitter receptors (Chemel et al., 2006) and then modulates serotonergic 

system to influence the body temperature. Thermoregulation is indeed a complex process. 

Activation of 5-HT2A receptor in hypothalamus induces a series of signal transduction 

events from brain to spinal cord and eventually causes non-shivering thermogenesis in the 

peripheral brown adipose tissue (Morrison et al., 2008). Indeed there is a renaissance for the 

role of brown adipose in energy homeostasis and thermogenesis in adult humans (Lee et al., 

2013; van Marken Lichtenbelt et al., 2009). Interestingly, 5-HT1A and 5-HT7 receptors in 
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spinal cord may stimulate thermogenesis, which is opposite to their role in provoking heat 

loss in brain (Morrison et al., 2008; Naumenko et al., 2011). Spinal microinjection of 5-HT 

or 8-hydroxy-N,N-dipropyl-2-aminotetralin (a 5-HT1A receptor full agonist) increased 

thermogenesis in brown adipose and sympathetic nerve activity, which was totally 

attenuated by WAY-100635 (Madden and Morrison, 2006, 2008; Morrison et al., 2008). 

Nevertheless, our findings suggest that, besides the use of 5-HT2A receptor antagonists 

which is a standard therapeutic strategy for the treatment of serotonin syndrome (Cooper and 

Sejnowski, 2013; Haberzettl et al., 2013; Iqbal et al., 2012), antagonism of 5-HT1A receptor 

may also help to relieve harmaline-5-MeO-DMT-caused hyperthermia and serotonin 

toxicity.

Finally, the early-phase hyperthermia that occurred in all animals (Figure 1–6) was mainly 

due to handling/injection-induced stress. Stress-induced hyperthermia (SIH) is obvious in 

animals and may complicate data interpretation when ignored. SIH animal models have been 

developed for the evaluation of anxiolytic drugs (O’Connor et al., 2013; Sweeney et al., 

2014; Vinkers et al., 2010). In our studies, SIH was more transient and the onset of SIH was 

much faster than 5-MeO-DMT-induced hyperthermia, as indicated by the ΔCBT profiles 

(Figure 2 and Figure 3). Unlike 5-MeO-DMT-induced, late-phase hyperthermia that was 

completely suppressed by both 5-HT1A (WAY-100635) and 5-HT2A (ketanserin and 

MDL-100907) antagonists (Figure 5 and 6), the SIH was not affected by 5-HT1A antagonist 

WAY-100635 but selectively attenuated by 5-HT2A antagonists (Figure 4–6). Our findings 

suggested that the SIH caused by the handling/injection of drug vehicle in the present study 

might be attributed to a mechanism that is dependent on 5-HT2A receptor rather than 5-

HT1A receptor. This finding was different from previous observations (Vinkers et al., 2010; 

Wieronska et al., 2012), and might be due to the differences in the methods used for 

developing SIH animal models and measuring animal core body temperatures.

In summary, our data demonstrated that harmaline alone induced hypothermia through 

activation of 5-HT1A receptor, and the severity of hypothermia was influenced by the status 

of CYP2D6 that determines harmaline pharmacokinetics. 5-MeO-DMT alone provoked 

hyperthermia that involved the activations of both 5-HT1A and 5-HT2A receptors. Co-

administration of harmaline largely enhanced 5-MeO-DMT-induced hyperthermic effects, 

which might be different in subjects with distinct CYP2D6 activities at a given dose 

combination. Thermomodulation by co-administered harmaline and 5-MeO-DMT involved 

the actions of both 5-HT1A and 5-HT2A receptors. These findings indicated that severe 

hyperthermia caused by indolealkylamine drugs might be rescued by appropriate treatments 

with 5-HT1A and 5-HT2A receptor antagonists.
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Highlights

• MAOI harmaline induces hypothermia that is mediated by 5-HT1A receptor.

• CYP2D6 status has a significant influence on harmaline-induced hypothermia.

• 5-MeO-DMT-induced hyperthermia is potentiated by MAOI harmaline.

• 5-MeO-DMT-induced hyperthermia is relieved by 5-HT1A and 5-HT2A 

antagonists.

• Stress-induced hyperthermia is dependent on 5-HT2A receptor.
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Figure 1. 
Harmaline (HAR) induced a hypothermic effect, which was more severe and prolonged in 

wild-type (A) mice than Tg-CYP2D6 (B) mice. The severity of hypothermia was also 

manifested by the AUEC0–120min values (C). Values are mean ± SD (N = 14 in each group). 

Baseline represents the core body temperature without any interference. Harmaline or 

vehicle was injected i.p. at 0 min. * P < 0.05, compared to vehicle control within the same 

genotype of mice; $P < 0.05, compared to wild-type mice under the same treatment.
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Figure 2. 
Higher doses of 5-MeO-DMT (10 or 20 mg/kg) induced a hyperthermia in both wild-type 

(A) and Tg-CYP2D6 (B) mice. Drug-induced hyperthermia was obvious at late phase 

(AUEC45–150 min) (C), which is different from injection stress-caused hyperthermia at early 

time points (0–45 min). Values are mean ± SD (N = 14 in each group). Baseline represents 

the core body temperature without any treatment. 5-MeO-DMT or drug vehicle was injected 

i.p. at 0 min. *P < 0.05, compared to vehicle control within the same genotype of mice.
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Figure 3. 
Co-administration of harmaline with a low dose of 5-MeO-DMT (2 mg/kg) (A, B, C and D) 

induced biphasic effects in wild-type (N = 11) (A) and Tg-CYP2D6 (N = 12) (B) mice, a 

hypothermia (0–45 min) (C) followed by hyperthermia (45–240 min) (D). Values are mean 

± SD. Baseline represents the core body temperature without any interference. Harmaline or 

vehicle was injected i.p. at 0 min, and 5-MeO-DMT was injected i.p. at 15 min. *P < 0.05, 

compared to corresponding vehicle-5-MeO-DMT treatment within the same genotype of 

mice.
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Figure 4. 
WAY-100635 (WAY, a selective 5-HT1A receptor antagonist) attenuated harmaline (HAR)-

induced hypothermia (A, B and C) that was more significant in Tg-CYP2D6 mice than that 

in wild-type mice. In contrast, harmaline-induced hypothermia was enhanced by 5-HT2A 

receptor antagonists, MDL-100907 (MDL) (D, E and F) and ketanserin (Ket) (G, H and I). 

Values are mean ± SD (wild-type N = 7; Tg-CYP2D6 N = 8). Baseline represents the core 

body temperature without any interference. WAY, MDL or Ket (1 mg/kg) or vehicle (0 

mg/kg) was injected s.c. at 0 min, and harmaline (15 mg/kg) or vehicle (0 mg/kg) was 

injected i.p. at 15 min. *P < 0.05, compared to vehicle only treatment within the same 

genotype of mice; #P < 0.05, compared to vehicle plus harmaline treatment within the same 

genotype of mice; $P < 0.05, compared to wild-type mice under the same treatment.
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Figure 5. 
5-HT1A receptor antagonist WAY-100635 (WAY) (A, B and C) completely attenuated 5-

MeO-DMT-induced late-phase hyperthermia (45–150 min), while partially repressed stress-

induced early-phase hyperthermia (0–45 min). 5-HT2A receptor antagonist MDL-100907 

(MDL) (D, E and F) not only reduced early-phase hyperthermia but also turned the later-

phase hyperthermia into hypothermia. Ketanserin (Ket) (G, H and I) reduced both early-

phase and later-phase hyperthermia. Shown are the data from wild-type mice (N = 7). 

Similar data were obtained from Tg-CYP2D6 (N = 8). Values are mean ± SD. Baseline 

represents the core body temperature without any interference. WAY, MDL or Ket (1 

mg/kg) or vehicle (0 mg/kg) was injected s.c. at 0 min, and 5-MeO-DMT (20 mg/kg) or 

vehicle (0 mg/kg) was injected i.p. at 15 min. *P < 0.05, compared to vehicle only treatment 

within the same genotype of mice; #P < 0.05, compared to vehicle plus 5-MeO-DMT 

treatment within the same genotype of mice.
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Figure 6. 
WAY-100635 (WAY) lessened the late-phase hyperthermia (45–120 min) induced by 

harmaline-5-MeO-DMT interactions (DDI) (A, B, C and D). In contrast, MDL-100907 

(MDL) (E, F, G and H) or ketanserin (Ket) (I, J, K and L) sharply suppressed the late-phase 

hyperthermia or even turned it into a significant hypothermia, in addition to the conversion 

of early-phase hyperthermia into hypothermia. Values are mean ± SD (wild-type N = 7; Tg-

CYP2D6 N = 8). Baseline represents the core body temperature without any treatment. 

WAY, MDL or Ket (1 mg/kg) or vehicle was injected s.c. at 0 min. Harmaline (2 mg/kg) 

and 5-MeO-DMT (2 mg/kg) or drug vehicle were injected i.p. at 0 and 15 min, 
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respectively. *P < 0.05, compared to vehicle only treatment within the same genotype of 

mice; #P < 0.05, compared to vehicle plus harmaline-5-MeO-DMT treatment within the 

same genotype of mice.
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Table 1

Harmaline induced hypothermia in a dose-dependent manner, which was more severe in wild-type mice than 

Tg-CYP2D6 mice. The maximum change of core body temperature (ΔCBTmax) was defined by comparing the 

maximum change of core body temperature in the animals from 0 to 120 min after harmaline administration to 

their baseline core body temperature before the treatment. Values represent mean ± SD (N = 14 in each 

group).

Dosage regimen (mg/kg, i.p.) ΔCBTmax (°C)

Harmaline Wild-type Tg-CYP2D6

0 1.72 ± 0.51 1.44 ± 0.41

2 1.39 ± 0.38* 1.42 ± 0.39

5 −1.72 ± 1.55* −0.61 ± 0.88*, $

15 −3.19 ± 0.99* −2.31 ± 0.84*, $

*
P < 0.05, compared to the same genotype mice that were treated with drug vehicle (harmaline 0 mg/kg).

$
P < 0.05, compared to wild-type mice with the same treatment.
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Table 2

5-MeO-DMT induced a hyperthermia dose-dependently, which was similar in wild-type and Tg-CYP2D6 

mice. The maximum change of core body temperature (ΔCBTmax) was defined by comparing the maximum 

change of core body temperature in the animals from 45 to 150 min after 5-MeO-DMT administration to their 

baseline core body temperature before the treatment. Values represent mean ± SD (N = 14 per group).

Dosage regimen (mg/kg, i.p.) ΔCBTmax (°C)

5-MeO-DMT Wild-type Tg-CYP2D6

0 0.85 ± 0.37 1.11 ± 0.56

2 1.08 ± 0.48 1.14 ± 0.51

10 1.93 ± 0.45* 1.98 ± 0.46*

20 2.20 ± 0.28* 2.45 ± 0.45*

*
P < 0.05, compared to mice of the same genotype that were treated with drug vehicle (5-MeO-DMT 0 mg/kg).
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Table 3

Harmaline potentiated 5-MeO-DMT-induced hyperthermia. In addition, harmaline-5-MeO-DMT-induced 

hyperthermia could be affected by CYP2D6 status at specific dose combinations. The maximum change of 

core body temperature (ΔCBTmax) was defined by comparing the maximum change of core body temperature 

in the animals from 45 to 240 min after harmaline administration to their baseline core body temperature 

before the treatment. Harmaline and 5-MeO-DMT were dosed at 0 and 15 min, respectively. Values represent 

mean ± SD (N = 11 for wild-type mice; N = 12 for Tg-CYP2D6 mice).

Dosage regimen (mg/kg, i.p.) ΔCBTmax (°C)

Harmaline 5-MeO-DMT Wild-type Tg-CYP2D6

0 0 0.92 ± 0.62 0.90 ± 0.40

0

2

1.05 ± 0.46 1.20 ± 0.43

2 1.95 ± 0.44*, # 2.18 ± 0.44*, #

5 2.12 ± 0.36*, # 2.10 ± 0.40*, #

15 1.50 ± 0.45*, # 1.98 ± 0.40*, , #, , $

*
P < 0.05, compared to mice treated with vehicle only (harmaline 0 mg/kg + 5-MeO-DMT 0 mg/kg).

#
P < 0.05, compared to the same genotype mice that were treated with vehicle (harmaline 0 mg/kg) plus the same dose of 5-MeO-DMT.

$
P < 0.05, compared to wild-type mice with the same treatment.
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