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Introduction
In the past 20 years there has been a surge of interest in the 
pineal gland and its postulated ability to produce N,N-
dimethyltryptamine (DMT). Since DMT is a potent psychedelic 
when significant dosages are exogenously administered, many 
people have searched for evidence that it is also produced 
endogenously in physiologically relevant amounts. This search 
was largely reinitiated as a result of a documentary and book 
written by Rick Strassman, titled “DMT. The spirit molecule.” 
This present review was prompted by a presentation this author 
gave at the 2017 Breaking Convention, in Greenwich, UK. 
After the presentation, several in the audience suggested that I 
write up my talk for publication.

Historical background
This review will essentially focus on whether or not DMT is pro-
duced in the human body. More specifically, is DMT produced in 
the human body, and especially by the pineal gland in physiologi-
cally relevant amounts? It seems clear that DMT can be produced 
in the body, as well as by the pineal gland, in extremely tiny 
amounts (Barker et  al., 2012, 2013), but the more important 
issue is whether those amounts are sufficient to affect human 
physiology.

The pineal gland has a long and mythical history. For exam-
ple, in pharaonic Egypt, the pineal was equated with the eye of 
Horus. René Descartes (1596–1650) regarded the pineal gland 
as the point of contact between the soul, body, and the place 
where our thoughts are formed. The central location and singu-
larity of the pineal as an unpaired organ, as well as its extensive 
vascularization, described by Andreas Vesalius (1514–1564), 
are likely the basis for Descartes’ (1596–1650) conceptualiza-
tion of the pineal as the "seat of the soul," or as the organ 

coordinating psychophysiological functions. Additionally, the 
“third eye” of Hindu spiritual enlightenment is described as 
originally being a third eyeball that atrophied into the pineal 
gland (cited by Shoja et  al., (2016)). As Graham St John notes, 
“Speculative science on the DMT gland has inspired writers of 
fiction, screenwriters and musicians who’ve appropriated the 
pineal-DMT meme as a device to advance narratives vested in 
diverse metaphysical perspectives on the human condition.” (St 
John, 2017: 154). 

Strassman has proposed that the pineal gland excretes large 
quantities of DMT during extremely stressful life episodes, nota-
bly in the event of birth and death. He conjectured that “pineal 
tissue in the dying or recently dead may produce DMT for a few 
hours, and perhaps longer, and could affect our lingering con-
sciousness” (Strassman, 2001). The “blinding light of pineal 
DMT” enables transit of the life-force from this life to the next 
(Strassman, 2001: 83).

To begin, one would certainly expect that the loss of the pin-
eal gland, were it to have the great importance suggested by these 
sources, should have profound implications for mammalian 
physiology. Yet, pinealectomized rats do not differ from sham-
operated rats in total sleep, rapid eye movement (REM) sleep, 
super-modal high-amplitude non-REM (NREM) sleep (HS2), a 
measure of NREM electroencephalographic (EEG) delta power, 
or circadian rhythm amplitude (Mendelson and Bergmann, 
2001). Pinealectomy in humans is very rare, but one case report 
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indicates that pinealectomy actually increased REM sleep 
(Kocher et  al., 2006). They report no other unusual behaviors 
after pinealectomy in this patient. In addition, Kunz et al. (1999) 
have studied pineal calcification and melatonin production. They 
conclude that the decrease of melatonin production with age is 
predominantly due to increasing pineal calcification. Yet, they 
note the lack of association between the degree of pineal calcifi-
cation and any pathologies.

The pineal gland is a small neuroendocrine organ and its 
main and most conserved function is the nighttime secretion of 
melatonin (Sapede and Cau, 2013). Average dimensions of the 
adult gland are 5–9 mm in length, 1–5 mm in width, and 3–5 
mm in thickness; the average adult pineal gland weight has 
been reported as 100–180 mg, with little apparent variation 
linked to age or gender (Duvernoy et  al., 2000; Macchi and 
Bruce, 2004). Measured daily secretion of melatonin was lower 
in women (21.6 µg) than in men (35.7 µg), with constant rates 
of secretion at night (4.6 µg/h in males, 2.8 µg/h in females) 
(Fourtillan et  al., 2001).

These very small amounts of melatonin are significant, how-
ever, because the affinity of melatonin at the human melatonin 2 
(MT2) receptor expressed in human embryonic kidney (HEK) 
cells has been measured as 0.515 nM (Mseeh et  al., 2002).

Indolethylamine-N-methyltransferase 
(INMT)

Proponents of the theory that DMT is produced endogenously in 
significant amounts point out that the key enzyme necessary for 
the biosynthesis of DMT, INMT (Figure 1), is present throughout 
the body, and has high expression in the lungs. INMT was first 
characterized by Axelrod in 1961 (Axelrod, 1961). The enzyme 
was identified by incubating [14C]-S-adenosylmethionine (SAM) 
with the soluble supernatant fraction of rabbit lung. He identified 
radioactive N-methylserotonin as the major product. Incubation 
of N-methylserotonin with radioactive SAM then afforded N,N-
dimethylserotonin (bufotenine) as the radioactive product. This 
enzyme was also found to N-methylate other phenethylamine 
derivatives such as phenethylamine, tyramine, mescaline, and 
dopamine. In a subsequent investigation, Axelrod reported that 
serotonin (5-HT) was the best substrate for the enzyme, with a Km 
of 9×10−4 M, but that it also N-methylated a variety of other ary-
lethylamines including tryptamine, tyramine, normetanephrine, 
metanephrine, 3-methoxytyramine, dopamine, and octopamine 
(Axelrod, 1962). Later, histamine also was found to be a sub-
strate for rabbit lung INMT (Herman et  al., 1985).

INMT is widely distributed in mammalian tissues, including 
the lungs, adrenal gland, thyroid, placenta, heart, pancreas, lymph 
nodes, retina, pineal gland, and spinal cord ventral horn motoneurons. 
Since INMT is predominantly present in peripheral tissues, its 
main physiological function was thought to be non-neural. 
However, when a dialyzed preparation of rat brain was incubated 
for two hours at 37°C with 5 mM tryptamine and 30 mM SAM, gas 
chromatography–mass spectrometry analysis was able to detect 
very low concentrations of N-methyltryptamine, amounting to less 
than 2 pmol of NMT/mg protein/h (Boarder et  al., 1976).

Northern blot analysis of the RNA from 35 human tissues per-
formed with the human INMT cDNA as a probe demonstrated 
mRNA expression in most tissues, but this was very low or absent 
in the adult brain (Thompson et  al., 1999). Whereas mRNA for 
INMT was not detected in human brain using northern blot 
 analysis, Cozzi et al. (2011) probed rhesus macaque spinal cord, 
pineal gland, and retina with rabbit polyclonal antibodies to 
human INMT protein and reported detectable expression of the 
enzyme in all three tissues.

Although INMT is present to varying extents in several human 
tissues, there had not been a definitive determination of whether 
DMT was actually synthesized in these tissues. Thus, Barker et al. 
(2013) carried out a qualitative analysis of rat pineal gland micro-
dialysates using liquid chromatography-tandem mass spectrome-
try (LC/MS/MS). They reported, for the first time, the presence of 
DMT in pineal gland microdialysate obtained from the rat.

Even though this enzyme was originally discovered as a 
result of interest in the possible generation of methylated 
metabolites of tryptamine and 5-HT that might be psychoactive, 
experimental observations make that possibility less likely. 
First of all, INMT mRNA is not highly expressed in the brain. 
Second, the apparent Km of INMT for tryptamine (270 µM) is 
relatively high, indicating that although tryptamine served as a 
useful “prototypic substrate,” it is less likely to be an important 
endogenous substrate for the enzyme. An enzyme with a high 
Km has a low affinity for its substrate, and requires a greater 
concentration of substrate to achieve Vmax (Thompson and 
Weinshilboum, 1998). For comparison, the Km of acetyl choline 
for acetylcholinesterase is reported as 14.8 µM (Wallace and 
Gillon, 1982), of dopamine at membrane bound catechol-
O-methyltransferase is 15 µM (Mannisto and Kaakkola, 1999), 
and of histamine for rabbit lung histamine N-methyltransferase 
is 11.0 µM (Herman et  al., 1985).

Furthermore, DMT is a known inhibitor of INMT, with an 
IC50 of 67 µM (Chu et  al., 2014; Thompson and Weinshilboum, 
1998), indicating that any high local concentration of DMT that 
was formed would actually inhibit the enzymatic production of 
more DMT.

Figure 1. Biosynthesis of N,N-dimethyltryptamine (DMT).
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How much DMT would be required for 
psychoactive effects?
The best data come from the 1994 study by Strassman and Qualls 
(1994). A subsequent analysis of plasma DMT levels from the 
Strassman experiment by Gallimore and Strassman (2016) indicated 
that breakthrough into the “DMT space” occurs when the effect site 
concentration reaches ~60 ng/mL, which is 318 nM of DMT base; 
the Ki of DMT at the human 5-HT2A receptor is reported as 65 nM 
(Blair et  al., 1999). Gallimore and Strassman (2016: 6) state:

We developed an infusion protocol that maintains an effect 
site concentration of 100 ng/mL in a 75 kg subject. An initial 
bolus of 25 mg infused over 30 s rapidly brings the effect site 
concentration to just over 100 ng/mL. Although the plasma 
concentration spikes at over 200 ng/mL, the desired effect site 
concentration is reached smoothly with very little overshoot. 
The infusion begins at 2 min at a rate of 4.2 mg/min.

These data give an indication of the approximate plasma levels of 
DMT that would have to be achieved in order to produce the 
extraordinary psychoactive effects of DMT. That is, if the pineal 
gland were producing DMT for an out of body experience, it 
would need very rapidly (over perhaps no more than a minute or 
two) to produce about 25 mg of DMT. Keep in mind that the 
mean daily output of melatonin from the pineal gland is approxi-
mately 30 µg, about 1/1000 of the weight of DMT needed to acti-
vate the “DMT space.” How would this gland suddenly gain the 
capacity to produce such a prodigious amount of a substance that 
is ordinarily detected there only in very trace amounts?

Human serum does contain sufficient L-tryptophan precursor 
to produce a relevant amount of DMT, with Comai et al. (2010) 
reporting a human serum concentration of 12.98 µg/mL (63.56 
µM). The question to be asked is where would the biochemical 
material come from to convert a significant portion of it into DMT?

Can DMT be concentrated in the 
brain?
The rational scientist will recognize that it is simply impossible 
for the pineal gland to accomplish such a heroic biochemical feat. 
To offer a partial explanation, some have suggested that perhaps 
DMT can be concentrated or accumulated in the brain. In an early 
review by Barker et al. (1981: 106), one finds the statement, 
“There is also evidence that DMT is taken up into synaptosomes 
and stored in vesicles by mechanisms identical to those described 
for known neurotransmitter substances”. There is no citation 
 provided to support that contention, and no study has been 
reported to date to support that conclusion.

Some reports have suggested that DMT may be actively taken 
up by the brain. For example, Cohen and Vogel (1972: 1214) 
report measuring a brain/plasma ratio for DMT of 5.4 after intra-
peritoneal (IP) injection of DMT in rats, and suggest that this 
brain/plasma ratio seems “to indicate that the compounds cross 
the blood-brain barrier easily and are perhaps accumulated by an 
active transport”. Despite that speculation, they also report that 
DMT “had disappeared from the brain, liver and plasma within 
30 min.”

A similar brain/plasma ratio of [11C]DMT after intravenous 
(IV) injection into rats was reported by Takahashi et al. (1985). 
These workers note that [11C]DMT was relatively highly accu-
mulated in the brain, and its accumulation was retained. Their 
evidence for accumulation was apparently a very slight increase 
in brain concentration in the first 10 min after drug was adminis-
tered, after which the brain concentration slowly declined over 
the next 50 min. Importantly, they did not pretreat their animals 
with a monoamine oxidase (MAO) inhibitor, and did not actually 
analyze tissue for unmetabolized DMT, but only measured radio-
activity. Thus, given the known rapid in vivo deamination of 
DMT, it must be questioned whether what was actually measured 
in their experiments was intact DMT.

Yanai et al. (1986: 144) examined the subcellular distribution 
of [11C]DMT in male Wistar rats. Rats were pretreated six hours 
before experiments with 5 mg/kg IP reserpine, and with 75 mg/kg 
of IP pargyline two hours before experiments. [11C]DMT was 
transported readily through the blood-brain barrier and they sug-
gest that the DMT accumulation had the properties of an active 
uptake mechanism in the experiments using rat brain cortical 
slices. Without experiments to test this conclusion, it must remain 
speculative. Importantly, reserpine, which inhibits re-uptake of 
neurotransmitters into the synaptic vesicles, had a negligible 
effect on the subcellular distribution, and the authors state that it 
“was not expected that [11C]DMT would accumulate in the 
 synaptic vesicles of nerve endings in vivo”.

It is worth pointing out that the brain/plasma ratio is not a 
specific proof of active transport into the brain. For example, 
the antipsychotic agent aripiprazole is not actively taken up into 
the brain, yet also has a brain/plasma ratio of about five 
(Shimokawa et  al., 2005).

To provide some perspective, it is known that the antihista-
mine diphenhydramine (DPHM; Benadryl) is actively taken up 
into the brain (Mahar Doan et  al., 2004). These investigators 
reported a brain-to-plasma ratio of 18.4, and a brain-to-unbound 
plasma ratio of 115, confirming a high distribution of DPHM to 
and within the brain. Active transport was later validated by an in 
vitro assay using TR-BBB13 cells (Sadiq et  al., 2011).

A report by Vitale et al. (2011) has also been cited as support 
for the active transport of DMT into the brain. That study, unfor-
tunately, is fatally flawed because all of their conclusions are 
based on their use of [131I]-2-iodo-DMT rather than DMT itself. 
The addition of the iodine atom at the 2 position of DMT will 
likely convert it into an antagonist at the 5-HT2A receptor, thus 
abolishing its psychoactive properties (Cerletti and Rothlin, 
1955). In addition, iodine is a lipophilic atom and will increase 
the cLog P of DMT from 1.8 to 2.51 for the 2-iodo analogue. The 
authors also note that they failed to identify any metabolites, sug-
gesting that 2-iodo-DMT is not a substrate for monoamine 
 oxidase. The authors indicate that up to 0.1% of the injected dose 
was still detected in the olfactory bulb seven days after injection 
and conclude that they have demonstrated that exogenous DMT 
can remain in the brain for at least seven days after injection. 
Unfortunately, in no respect can their conclusions regarding 
2-iodo-DMT apply to DMT itself.

The fact that only trace amounts of DMT have been detected 
in any mammalian tissue has led to the question of whether any 
process exists whereby endogenous DMT could somehow be 
concentrated to reach sufficiently high in vivo levels. In an 
attempt to address that possibility, Cozzi et al. (2009) proposed 
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that DMT could reach high local concentrations within neurons 
through a process involving uptake across the plasma membrane, 
followed by accumulation into synaptic vesicles. They reported 
that DMT inhibited [3H]5-HT transport with a Ki of 4 µM at the 
serotonin reuptake transporter (SERT) in human platelets. The Ki 
for inhibition of [3H]paroxetine binding to the platelet SERT was 
>47 µM. They cite earlier studies by others indicating that sub-
strate compounds are more potent at inhibiting 5-HT transport 
than they are as competitive inhibitors of SERT uptake blocker 
binding. High ratios are indicative that the compounds are sub-
strates of the SERT, and hence they infer that DMT is a substrate 
at the SERT, with a ratio of uptake to binding inhibition of >47:4, 
≥11. They use similar data and reasoning to conclude that DMT 
is also a substrate for the human vesicular monoamine trans-
porter (vMAT).

As a technical point, the vMAT used in that study was 
expressed in insect SF9 cells. It is not clear that vMAT expressed 
in these cells will recapitulate the exact functional properties of 
the mammalian vMAT within neuronal endings. Even it if does, 
however, this does not imply that DMT is necessarily accumu-
lated within neuron vesicles. There are many compounds that are 
substrates for the SERT and vMAT for which there is no evidence 
that they are accumulated in neuronal endings.

First of all, recall the earlier discussion here of the work by 
Yanai et al. (1986) where reserpine had a negligible effect on the 
subcellular distribution of [11C]DMT. Because reserpine is an 
inhibitor of the vMAT, the authors therefore state that it “was not 
expected that DMT would accumulate in the synaptic vesicles of 
nerve endings in vivo.”

A reversal of the transport direction of SERT (Cinquanta 
et  al., 1997; Crespi et  al., 1997; Wall et  al., 1995) constitutes the 
action of SERT substrates such as methylenedioxymethampheta-
mine (MDMA). The reversal of SERT operation to extrude 5-HT 
from the neuron following uptake of a SERT substrate has also 
been termed calcium-independent, carrier-mediated efflux or 
release (Hilber et  al., 2005). Models have been developed to 
explain the releasing action as a consequence of the translocation 
of the releasing agent by the plasmalemmal transporter into the 
cell, followed by a conformational change of the protein, 
 facilitating outward transport of the monoamine (Attwell et  al., 
1993; Levi and Raiteri, 1993).

The SERT (and the other monoamine carriers) can be induced 
to operate in the reverse direction by SERT substrates, including 
5-HT and tyramine, as well as amphetamine derivatives such as 
para-chloroamphetamine (pCA) and MDMA. These substrate 
compounds lead to a concentration-dependent increase of 
[3H]5-HT efflux rate from the neuron terminal. Calculated EC50 
values for [3H]5-HT efflux in response to pCA or MDMA were 
6.73 µM and 2.87 µM, respectively. An effective oral dose of 125 
mg of MDMA hydrochloride in humans is reported to lead to a 
plasma level of 236 µg/L, or 1.22 µM (de la Torre et  al., 2000). 
Based on data for MDMA-stimulated [3H]5-HT efflux from 
human SERT stably expressed in HEK cells, MDMA concentra-
tions >1.0 µM are effective at releasing [3H]5-HT in vitro (Hilber 
et  al., 2005).

Although Cozzi et al. (2009) did not determine whether DMT 
could release neuronal 5-HT, experiments by Berge et al. (1983) 
with the structurally-related 5-MeODMT found that it inhibited 
the uptake of [14C]5-HT in rat striatal (IC50 2.8 µM) as well as in 
hypothalamic (IC50 2.2 µM) synaptosomal preparations. For 

both structures, inhibition was observed for 5-MeODMT concen-
trations of 0.5 µM and higher. Concentrations of 5-MeODMT 
above 10 µM significantly increased the release of [14C]5-HT 
from preloaded rat striatal synaptosomes. These IC50 concentra-
tions are similar to the Ki of 4 µM for DMT inhibition of [3H]5-HT 
uptake found by Cozzi et al. (2009).

More recently, Blough et al. (2014) studied the ability of a 
large series of tryptamines to act either as reuptake inhibitors or 
as substrates at the dopamine transporter (DAT), norepinephrine 
transporter (NET), and SERT. They found that DMT was a SERT-
selective releaser, with an EC50 value of 114 nM.

The important point to be made here is that even if DMT is a 
substrate for the SERT or the vMAT, the more likely outcome is 
that DMT will induce the release of neuronal 5-HT, in a 
 mechanism similar to that of amphetamines such as MDMA. 
There is no evidence to suggest that amphetamines are actually 
stored in neuronal vesicles, or that they are released in relevant 
 concentrations in a calcium-dependent manner when the neuron 
generates an action potential. The same arguments would apply 
to DMT; being a substrate for the SERT is not evidence that it 
would accumulate within the neuron and be released in physio-
logically  relevant concentrations.

One key experiment that would resolve this issue definitively 
would involve incubation of radioactively-labeled DMT with 
synaptosomes from rats that had been treated with a MAO 
 inhibitor. Any potential accumulation could thus be studied 
directly in a clear-cut way. In addition, use of reserpine to block 
vesicular uptake of radiolabeled DMT also would address the 
question of storage in neuron vesicles.

DMT and the sigma-1 receptor (S1R)
It also has been suggested that DMT is an endogenous ligand for the 
S1R, although that finding would have doubtful relevance for a cen-
tral nervous system (CNS) effect. The KD for DMT at the S1R was 
reported as 14.75 µM (Fontanilla et  al., 2009). Yet, the work by 
Strassman and Qualls (1994) shows a peak plasma concentration of 
90 ng/mL after an IV dose of 0.4 mg/kg, corresponding to a plasma 
concentration of 0.478 µM. Thus, the KD of DMT at the S1R is 
approximately 30-fold higher than the highest concentrations 
obtained by intravenous administration in the Strassman and Qualls 
(1994) study. No effective mechanism has been proposed that 
would allow concentrations of endogenous DMT to accumulate 
that would be high enough to activate the S1R, and such proposals 
by Frecska et al. (2013) are addressed by this review.

Low levels of the S1R are found in all CNS regions, but are 
most abundant in the motoneurons (MNs) of the brainstem and 
the spinal cord. Mavlyutov et al. (2012) reported that INMT is 
also localized to postsynaptic sites of C-terminals in close prox-
imity to the S1R. This close association of INMT and S1Rs may 
suggest that DMT could be synthesized locally to activate S1Rs 
in MNs. That speculation remains unproven, however.

Fontanilla et al. (2009) indicate that DMT injection induces 
hypermotility in rodents concurrently treated with the MAO inhibitor 
pargyline (citing Jenner et al. (1980: 935), and state that “this action 
is not antagonized by blockers of dopamine or 5-HT receptors,”  
implying that this hypermotility may be due to S1R activation. In 
fact, Jenner et al. (1980: 69) state that “The hyperactivity component 
of the DMT-induced behavioral syndrome in pargyline-pretreated 
mice was… inhibited by cinanserin, haloperidol, pimozide, 
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methiothepin and propranolol”. Further, injection of an amount of 
exogenous DMT that is massive relative to amounts likely to be pro-
duced in vivo seems an irrelevant experiment when discussing a role 
for endogenous DMT.

If not DMT, then what?
One explanation for out of body experiences, e.g. at near death, 
could be the production of dynorphin (DYN) and other endoge-
nous opioid peptides. Accumulating evidence suggests that DYN 
and its cognate kappa-opioid receptor (KOR) play an important 
role in regulating stress responsiveness, motivation, and emotion 
(Bruchas et  al., 2010; Donahue et  al., 2015; Knoll and Carlezon, 
2010; Van’t Veer and Carlezon, 2013).

DYN peptides fulfill the criteria for neurotransmitters 
(Chavkin, 2013). DYN 1-13 is an extremely potent agonist, with 
0.44 nM affinity at the kappa receptor in rhesus monkey brain 
(Emmerson et  al., 1994). Readers will appreciate that salvinorin 
A, the hallucinogenic component of Salvia divinorum, is a selec-
tive and potent agonist at the KOR that can produce hallucino-
genic and out of body experiences (Roth et  al., 2002). Other 
endogenous opioid peptides are produced during stress and 
would activate other classes of opioid receptors.

Jimo Borjigin’s laboratory has published some rather remark-
able results relevant to cardiac arrest. They have reported that 
cardiac arrest in rats stimulates a marked surge of global coher-
ence of EEG signals. In addition to an increase of gamma power, 
a large increase of mean coherence for gamma oscillations was 
detected at near-death. That is, mammalian brain activity 
becomes transiently and highly synchronized at near-death 
(Borjigin et  al., 2013).

Their data suggest that the mammalian brain has the potential 
for high levels of internal information processing during clinical 
death. The levels of connectivity for all rats at near-death were 
nearly as high as waking for all frequency bands (except for 
delta) and significantly higher than under anesthesia. The return 
of these neural correlates of conscious brain activity after cardiac 
arrest at levels exceeding the waking state provides strong evi-
dence for the potential of heightened cognitive processing at 
near-death. They point out that the evidence of highly organized 
brain activity and neurophysiologic features consistent with con-
scious processing at near-death provides a scientific framework 
to begin to explain the highly lucid mental experiences reported 
by near-death survivors.

In another publication from the same laboratory, Li et al. 
(2015) emphasize that asphyxia generates a “brainstorm.” An 
immediate and sustained surge of a large set of core neurotrans-
mitters within the cortex occurs in response to asphyxia. In both 
frontal and occipital cortices, a dramatic and significant surge of 
neurotransmitter secretion was detected for as long as 20 min of 
asphyxia for all neurotransmitters tested. These include:

1. Cortical norepinephrine exhibited more than 30-fold 
elevation within the first minute of asphyxia. In addition 
to its central effect on arousal and alertness, it also acti-
vates adrenergic receptors that are co-expressed on api-
cal dendrites of cortical pyramidal cells, the same 
anatomic location where 5-HT2A receptors are expressed 
(Santana et  al., 2013).

2. 5-HT surged more than 20-fold within the first two min-
utes of asphyxia. Activation of 5-HT2A receptors is the 
mechanism whereby hallucinogenic drugs induce visual 
hallucinations and mystical experiences in humans.

3. Cortical dopamine surged more than 12-fold within the 
first minute of asphyxia, and plays important roles in 
arousal, attention, cognition, and affective emotion.

4. In addition, hypoxic⁄ischemic injury in adult brain 
induces excessive release of the excitatory amino acid, 
glutamate (Hilton et  al., 2006). Increased brain 
 glutamate concentrations also can lead to out of body 
and  hallucinogenic experiences (Browne and Lucki, 
2013; Gouzoulis-Mayfrank et  al., 2005).

Conclusion
Based on the studies reviewed above, a number of conclusions 
seem to merit consideration.

1. DMT is not produced in concentrations significant to 
activate CNS 5-HT2A receptors, and is rapidly broken 
down by MAO if it is produced.

2. There is no evidence to suggest that DMT can accumu-
late within the brain or within neurons at physiologically 
relevant concentrations; such inferences are either not 
supported by direct experimental evidence or are based 
on flawed experiments.

3. Endorphins, especially DYN, are released during stress, 
and DYN has very high affinity for the KOR, which can 
mediate hallucinations and out of body experiences. 
Other endorphins can mediate euphoria and analgesia 
through activation of mu or delta opioid receptors.

4. Asphyxiation or cardiac arrest paradoxically lead to brain 
activation and result in marked increases of brain neuro-
transmitters such as dopamine, norepinephrine, and 5-HT, 
the latter of which can stimulate 5-HT2A receptors.

5. Asphyxia induces excessive release of the excitatory 
amino acid, glutamate. Drugs such as ketamine, which 
also raise cortical glutamate, can produce out of body 
experiences.

6. Although the romantic notion that DMT is released from 
the pineal gland to produce altered states of conscious-
ness at various times of stress is appealing to some, more 
well-studied systems provide more sound explanations 
for out of body experiences.

Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with respect to 
the research, authorship, and/or publication of this article.

Funding
The author(s) received no financial support for the research, authorship, 
and/or publication of this article.

References
Attwell D, Barbour B and Szatkowski M (1993) Nonvesicular release of 

neurotransmitter. Neuron 11: 401–407.



Nichols 35

Axelrod J (1961) Enzymatic formation of psychotomimetic metabolites 
from normally occurring compounds. Science 134: 343.

Axelrod J (1962) The enzymatic N-methylation of serotonin and other 
amines. J Pharmacol Exp Ther 138: 28–33.

Barker SA, Borjigin J, Lomnicka I, et al. (2013) LC/MS/MS analysis of 
the endogenous dimethyltryptamine hallucinogens, their precursors, 
and major metabolites in rat pineal gland microdialysate. Biomed 
Chromatogr 27: 1690–1700.

Barker SA, McIlhenny EH and Strassman R (2012) A critical review 
of reports of endogenous psychedelic N, N-dimethyltryptamines in 
humans: 1955–2010. Drug Test Anal 4: 617–635.

Barker SA, Monti JA and Christian ST (1981) N, N-dimethyltryptamine: 
An endogenous hallucinogen. Int Rev Neurobiol 22: 83–110.

Berge OG, Chacho D and Hole K (1983) Inhibitory effect of 5-methoxy-
N,N-dimethyltryptamine on the synaptosomal uptake of 5-hydroxy-
tryptamine. Eur J Pharmacol 90: 293–296.

Blair JB, Marona-Lewicka D, Kanthasamy A, et al. (1999) Thieno[3,2-
b]- and thieno[2,3-b]pyrrole bioisosteric analogues of the hallucino-
gen and serotonin agonist N,N-dimethyltryptamine. J Med Chem 42: 
1106–1111.

Blough BE, Landavazo A, Decker AM, et al. (2014) Interaction of psy-
choactive tryptamines with biogenic amine transporters and serotonin 
receptor subtypes. Psychopharmacology (Berl) 231: 4135–4144.

Boarder MR, Oon MC and Rodnight R (1976) Mass spectrometric 
identification of N-monomethyltryptamine following incubation 
of tryptamine with brain protein and S-adenosylmethionine or 
5-methytetrahydrofolic acid. Biochem Pharmacol 25: 2109–2112.

Borjigin J, Lee U, Liu T, et al. (2013) Surge of neurophysiological coher-
ence and connectivity in the dying brain. Proc Natl Acad Sci U S A 
110: 14432–14437.

Browne CA and Lucki I (2013) Antidepressant effects of ketamine: 
Mechanisms underlying fast-acting novel antidepressants. Front 
Pharmacol 4: 161.

Bruchas MR, Land BB and Chavkin C (2010) The dynorphin/kappa opi-
oid system as a modulator of stress-induced and pro-addictive behav-
iors. Brain Res 1314: 44–55.

Cerletti A and Rothlin E (1955) Role of 5-hydroxytryptamine in mental 
diseases and its antagonism to lysergic acid derivatives. Nature 176: 
785–786.

Chavkin C (2013) Dynorphin–still an extraordinarily potent opioid pep-
tide. Mol Pharmacol 83: 729–736.

Chu UB, Vorperian SK, Satyshur K, et al. (2014) Noncompetitive inhibi-
tion of indolethylamine-N-methyltransferase by N,N-dimethyltrypt-
amine and N,N-dimethylaminopropyltryptamine. Biochemistry 53: 
2956–2965.

Cinquanta M, Ratovitski T, Crespi D, et al. (1997) Carrier-mediated 
serotonin release induced by d-fenfluramine: Studies with human 
neuroblastoma cells transfected with a rat serotonin transporter. 
Neuropharmacology 36: 803–809.

Cohen I and Vogel WH (1972) Determination and physiological disposi-
tion of dimethyltryptamine and diethyltryptamine in rat brain, liver 
and plasma. Biochem Pharmacol 21: 1214–1216.

Comai S, Bertazzo A, Carretti N, et al. (2010) Serum levels of trypto-
phan, 5-hydroxytryptophan and serotonin in patients affected with 
different forms of amenorrhea. Int J Tryptophan Res 3: 69–75.

Cozzi NV, Gopalakrishnan A, Anderson LL, et al. (2009) Dimethyltrypt-
amine and other hallucinogenic tryptamines exhibit substrate behav-
ior at the serotonin uptake transporter and the vesicle monoamine 
transporter. J Neural Transm (Vienna) 116: 1591–1599.

Cozzi NV, Mavlyutov T, Thompson MA, et al. (2011) Indolethylamine 
N-methyltransferase expression in primate nervous tissue. Soc 
Neurosci Abstr 37: 840.819.

Crespi D, Mennini T and Gobbi G (1997) Carrier-dependent and Ca2+-
dependent 5-HT and dopamine release induced by (+)-amphetamine, 
3,4-methylenedioxymethamphetamine, p-chloroamphetamine and 
(+)-fenfluramine. Br J Pharmacol 121: 1735–1743.

de la Torre R, Farre M, Roset PN, et al. (2000) Pharmacology of MDMA 
in humans. Ann N Y Acad Sci 914: 225–237.

Donahue RJ, Landino SM, Golden SA, et al. (2015) Effects of acute and 
chronic social defeat stress are differentially mediated by the dynor-
phin/kappa-opioid receptor system. Behav Pharmacol 26: 654–663.

Duvernoy HM, Parratte B, Tatu L, et al. (2000) The human pineal gland: 
Relationships with surrounding structures and blood supply. Neurol 
Res 22: 747–790.

Emmerson PJ, Liu MR, Woods JH, et al. (1994) Binding affinity and 
selectivity of opioids at mu, delta and kappa receptors in monkey 
brain membranes. J Pharmacol Exp Ther 271: 1630–1637.

Fontanilla D, Johannessen M, Hajipour AR, et al. (2009) The halluci-
nogen N,N-dimethyltryptamine (DMT) is an endogenous sigma-1 
receptor regulator. Science 323: 934–937.

Fourtillan JB, Brisson AM, Fourtillan M, et al. (2001) Melatonin secre-
tion occurs at a constant rate in both young and older men and 
women. Am J Physiol Endocrinol Metab 280: E11–E22.

Frecska E, Szabo A, Winkelman MJ, et al. (2013) A possibly sigma-1 
receptor mediated role of dimethyltryptamine in tissue protec-
tion, regeneration, and immunity. J Neural Transm (Vienna) 120: 
1295–1303.

Gallimore AR and Strassman RJ (2016) A model for the application of 
target-controlled intravenous infusion for a prolonged immersive 
DMT psychedelic experience. Front Pharmacol 7: 211.

Gouzoulis-Mayfrank E, Heekeren K, Neukirch A, et al. (2005) Psy-
chological effects of (S)-ketamine and N,N-dimethyltryptamine 
(DMT): A double-blind, cross-over study in healthy volunteers. 
Pharmacopsychiatry 38: 301–311.

Herman KS, Bowsher RR and Henry DP (1985) Synthesis of N pi-
methylhistamine and N alpha-methylhistamine by purified rab-
bit lung indolethylamine N-methyltransferase. J Biol Chem 260: 
12336–12340.

Hilber B, Scholze P, Dorostkar MM, et al. (2005) Serotonin-transporter 
mediated efflux: A pharmacological analysis of amphetamines and 
non-amphetamines. Neuropharmacology 49: 811–819.

Hilton GD, Nunez JL, Bambrick L, et al. (2006) Glutamate-mediated 
excitotoxicity in neonatal hippocampal neurons is mediated by 
mGluR-induced release of Ca++ from intracellular stores and is pre-
vented by estradiol. Eur J Neurosci 24: 3008–3016.

Jenner P, Marsden CD and Thanki CM (1980) Behavioural changes 
induced by N,N-dimethyl-tryptamine in rodents. Br J Pharmacol 69: 
69–80.

Knoll AT and Carlezon WA Jr (2010) Dynorphin, stress, and depression. 
Brain Res 1314: 56–73.

Kocher L, Brun J, Borson-Chazot F, et al. (2006) Increased REM sleep 
associated with melatonin deficiency after pinealectomy: A case 
study. Chronobiol Int 23: 889–901.

Kunz D, Schmitz S, Mahlberg R, et al. (1999) A new concept for melato-
nin deficit: On pineal calcification and melatonin excretion. Neuro-
psychopharmacology 21: 765–772.

Levi G and Raiteri M (1993) Carrier-mediated release of neurotransmit-
ters. Trends Neurosci 16: 415–419.

Li D, Mabrouk OS, Liu T, et al. (2015) Asphyxia-activated corticocar-
diac signaling accelerates onset of cardiac arrest. Proc Natl Acad Sci 
U S A 112: E2073–E2082.

Macchi MM and Bruce JN (2004) Human pineal physiology and 
functional significance of melatonin. Front Neuroendocrinol 25: 
177–195.

Mahar Doan KM, Wring SA, Shampine LJ, et al. (2004) Steady-state 
brain concentrations of antihistamines in rats: Interplay of membrane 
permeability, P-glycoprotein efflux and plasma protein binding. 
Pharmacology 72: 92–98.

Mannisto PT and Kaakkola S (1999) Catechol-O-methyltransferase 
(COMT): Biochemistry, molecular biology, pharmacology, and 
clinical efficacy of the new selective COMT inhibitors. Pharmacol 
Rev 51: 593–628.



36 Journal of Psychopharmacology 32(1)

Mavlyutov TA, Epstein ML, Liu P, et al. (2012) Development of the 
sigma-1 receptor in C-terminals of motoneurons and colocaliza-
tion with the N,N’-dimethyltryptamine forming enzyme, indole-N-
methyl transferase. Neuroscience 206: 60–68.

Mendelson WB and Bergmann BM (2001) Effects of pinealectomy on 
baseline sleep and response to sleep deprivation. Sleep 24: 369–373.

Mseeh F, Gerdin MJ and Dubocovich MI (2002) Identification of cyste-
ines involved in ligand binding to the human melatonin MT(2) recep-
tor. Eur J Pharmacol 449: 29–38.

Roth BL, Baner K, Westkaemper R, et al. (2002) Salvinorin A: A potent 
naturally occurring nonnitrogenous kappa opioid selective agonist. 
Proc Natl Acad Sci U S A 99: 11934–11939.

Sadiq MW, Borgs A, Okura T, et al. (2011) Diphenhydramine active 
uptake at the blood-brain barrier and its interaction with oxycodone 
in vitro and in vivo. J Pharm Sci 100: 3912–3923.

Santana N, Mengod G and Artigas F (2013) Expression of alpha(1)-
adrenergic receptors in rat prefrontal cortex: Cellular co-localiza-
tion with 5-HT(2A) receptors. Int J Neuropsychopharmacol 16: 
1139–1151.

Sapede D and Cau E (2013) The pineal gland from development to func-
tion. Curr Top Dev Biol 106: 171–215.

Shimokawa Y, Akiyama H, Kashiyama E, et al. (2005) High performance 
liquid chromatographic methods for the determination of aripipra-
zole with ultraviolet detection in rat plasma and brain: application to 
the pharmacokinetic study. J Chromatogr B Analyt Technol Biomed 
Life Sci 821: 8–14.

Shoja MM, Hoepfner LD, Agutter PS, et al. (2016) History of the pineal 
gland. Childs Nerv Syst 32: 583–586.

St John G (2017) The DMT gland: The pineal, the spirit molecule, and 
popular culture. Int J study of new religions 7: 153–174.

Strassman R (2001) DMT the Spirit Molecule. Rochester, VT: Park Street 
Press. 

Strassman RJ and Qualls CR (1994) Dose-response study of N,N-dimeth-
yltryptamine in humans. I. Neuroendocrine, autonomic, and cardio-
vascular effects. Arch Gen Psychiatry 51: 85–97.

Takahashi T, Takahashi K, Ido T, et al. (1985) 11C-labeling of indoleal-
kylamine alkaloids and the comparative study of their tissue distribu-
tions. Int J Appl Radiat Isot 36: 965–969.

Thompson MA, Moon E, Kim UJ, et al. (1999) Human indolethylamine 
N-methyltransferase: cDNA cloning and expression, gene cloning, 
and chromosomal localization. Genomics 61: 285–297.

Thompson MA and Weinshilboum RM (1998) Rabbit lung indolethyl-
amine N-methyltransferase. cDNA and gene cloning and character-
ization. J Biol Chem 273: 34502–34510.

Van’t Veer A and Carlezon WA Jr (2013) Role of kappa-opioid receptors 
in stress and anxiety-related behavior. Psychopharmacology (Berl) 
229: 435–452.

Vitale AA, Pomilio AB, Canellas CO, et al. (2011) In vivo long-term 
kinetics of radiolabeled n,n-dimethyltryptamine and tryptamine. 
J Nucl Med 52: 970–977.

Wall SC, Gu H and Rudnick G (1995) Biogenic amine flux mediated by 
cloned transporters stably expressed in cultured cell lines: Amphet-
amine specificity for inhibition and efflux. Mol Pharmacol 47:  
544–550.

Wallace BG and Gillon JW (1982) Characterization of acetylcholinesterase 
in individual neurons in the leech central nervous system. J Neurosci 
2: 1108–1118.

Yanai K, Ido T, Ishiwata K, et al. (1986) In vivo kinetics and displace-
ment study of a carbon-11-labeled hallucinogen, N,N-[11C]dimeth-
yltryptamine. Eur J Nucl Med 12: 141–146.


