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Sigma-1 Receptor Ligand Pharmacophore and Binding Affinities. 
(a) A sigma-1 receptor ligand pharmacophore variant of Glennon et al. (6) was derived by
removal of the red bonds from the sigma-1 receptor ligands, fenpropimorph, haloperidol, 
and cocaine.
(b)  Competitive binding curves of tryptamine, N-methyltryptamine, and DMT, against the 
radioactive sigma-1 receptor ligand [3H]-(+)-pentazocine.  Curves are shown as percent 
specific binding determined with addition of 5 M haloperidol.  
(c)  K

d
 values of trace amines and their N-methylated and N,N-dimethylated derivatives are

listed for sigma-1 and sigma-2 receptors.  Included are ±SEM values (n=3) as well as R2

values for “goodness of fit” for a non-linear regression curve.  Solid arrows denote the 
direction of increasing affinity.

Tryptamine, N-methyltryptamine, and DMT inhibition of photolabeling.
Rat liver membranes (100 g/lane) were suspended in the presence or absence of the 
protecting  drugs.  Samples were photolyzed with (a) 1nM carrier-free [125I]-IACoc or
(b) 1 nM carrier-free [125I]-IAF.  Ten M (+)-pentazocine (P) protected sigma-1 receptor 
photolabeling while 10 M haloperidol (H) protected both sigma-1 and sigma-2 
receptors.  Percent band intensities are shown as compared to controls performed 
in the absence of protecting ligand (-).

Sodium Channel Inhibition by DMT.
(a)  In the presence or absence of 10 M haloperidol, wild type (WT) or sigma-1 receptor
knockout (KO) mouse liver homogenates (200 g/lane) were photolabeled with the 
radioactive photoprobe [125I]IAF.  Photolabeling of the liver homogenate confirmed the 
absence of the sigma-1receptor protein from the KO mice. (b)  Examples of I

Na
 evoked 

by steps from -80 mV to -10 mV in HEK293 or COS-7 cells expressing hNav1.5 channel 
in the absence (control, black), presence (drug, red), and after wash out (recovery, blue) 
of 100 M DMT.  Average inhibition by DMT was determined by measuring peak I

Na
.  Bars 

represent mean ± SEM (n = 3).  I
Na

 inhibition in HEK293 cells (62 ± 3%) was significantly 
different from that in COS-7 cells (22 ± 4%, *p < 0.03).  (c) Examples of I

Na
 evoked as 

described in (b) in neonatal cardiac myocytes from WT and KO mice in the absence 
(control, black), presence (drug, red), and after wash out (recovery, blue) of 100 M DMT.  
Current inhibtion in WT (29 ± 3%) was significantly different from that in the 
KO (7 ± 2%, *p < 0.002, n = 7).

DMT induced hypermobility abrogated  
in the Sigma-1 KO Mouse. 
(a) Distances traveled by wildtype (WT)  
and sigma-1 receptor knockout  (KO) mice 
were measured in an open-field assay in  
5 min increments.  
Pargyline (75 mg/kg, i.p.) was injected two 
hours prior to DMT (2 mg/kg) or  
vehicle (Veh) i.p. injection.  Bars represent  
mean ± SEM (n = 8-14).  WT mice  
(7025 ± 524.1 cm, n = 12) showed a  
significant (***p < 0.0001) increase in  
mobility in response to DMT compared to 
KO mice (2328 ± 322.9 cm, n = 12).  (b) The  
total distance traveled over 30 mins  
following DMT, vehicle (Veh), or 
methamphetamine
(Meth, 3 mg/kg, i.p., n = 6) injection in  
WT and KO mice.  (c) Methamphetamine  
serves as a positive control for  
hypermobility in KO mice. 

 The sigma-1 receptor binds a broad range of synthetic compounds (1).   
It has long been suspected that the sigma-1 receptor is targeted by  
endogenous ligands and several candidates have been previously  
proposed (2, 3).  Although progesterone and other neuroactive steroids,  
for example, are known to bind and regulate some sigma-1 receptor  
functions (1,4), they do not show agonist properties on ion channels in  
electrophysiological experiments (5).   
 Our search for sigma receptor endogenous ligand(s) was based on  
a variant of the canonical sigma-1 receptor ligand pharmacophore (6),  
but is more basic in structure.  Otherwise dissimilar sigma-1 receptor  
ligands possess a common N-substituted pharmacophore: an N,N-dialkyl 
or N-alkyl-N-aralkyl product, most easily recognized in the high affinity  
sigma-1 receptor ligand, fenpropimorph (7).  Similar chemical backbones  
can be derived from other sigma-1 receptor ligands such as haloperidol  
and cocaine.  N-substitued trace amines harbor this sigma-1 receptor 
ligand pharmacophore, but their interactions with sigma receptors have 
not been determined.  Of particular interest is the only known  
endogenous mammalian N,N-dimethylated trace amine,  
N,N-dimethyltryptamine (DMT) (8-10). In addition to being one of the  
active compounds in psychoactive snuffs (yopo, epena) and sacramental  
teas (ayahuasca, yage) used in native shamanic rituals in South America,  
DMT can be produced by enzymes in mammalian lung (11) and in  
rodent brain (12).  DMT has been found in human urine, blood, and  
cerebrospinal fluid (9, 13).  While there are no conclusive quantitative  
studies measuring the abundance of endogenous DMT due to its rapid  
metabolism (14), DMT concentrations can be localized and elevated in  
certain instances.  Evidence suggests that DMT can be localized by active 
transport into brain vesicles and that DMT production increases in  
rodent brain under environmental stresses (8).  Although a family of  
G protein-coupled receptors (GPCRs) known as the trace amine  
receptors (TAR) has been discovered in 2001 (15), only two members of 
this family respond to trace amines and have been renamed to trace  
amine-associated receptors (TAARs) (16).  Because other binding targets 
for trace amines and DMT are likely (8), we first examined the sigma-1  
receptor binding affinities of the trace amines and their N-methylated  
and N,N-dimethylated counterparts. 

The binding, biochemical, physiological, and behavioral studies reported  
here all support the hypothesis that DMT acts as  a ligand for the sigma-1  
receptor.  Based on our binding results and the sigma-1 receptor  
pharmacophore, endogenous trace amines and their N-methyl and  
N,N-dimethyl derivatives are likely to serve as endogenous sigma  
receptor regulators.  These studies suggest that this natural hallucinogen  
could exert it’s action by binding to sigma-1 receptors, which are  
abundant in the brain (1, 17). 

Some behavioral actions of DMT depend on the sigma-1 receptor, which  
may provide an alternative research area for psychiatric disorders  
unexplained by dopamine, serotonin, or glutamatergic systems.  

DMT, the only known mammalian N,N-dimethylated trace amine, can  
activate the sigma-1 receptor to modulate Na+ channels.  

The recent discovery that the sigma-1 receptor functions as a molecular  
chaperone (18) may be relevant as sigma-1 receptors may serve as a  
molecular chaperone for ion channels.  Furthermore, the behavioral effect 
of DMT may be due to activation or inhibiton of sigma-1 receptor  
chaperone activity instead of, or in addition to, DMT inhibition of ion 
 channels via the sigma-1 receptor.   

This discovery may also extend to N,N-dimethylated neurotransmitters  
such as the psychoactive serotonin derivative, N,N-dimethylserotonin  
(bufotenine), which has been found at elevated levels in the urine of  
schizophrenic patients (10).  

The finding that DMT and sigma-1 receptors act as a ligand-receptor pair 
provides a possible connection that will enable researchers to  
elucidate the biological functions of both of  these molecules.  

Supported by the MCP training grant from NIH #T32 GM08688 and by the NIH NRSA  
Award (#F31 DA022932) from NIDA to D.F.  This work was funded by NIH Grants RO1  
MH065503 to A.E.R and NS30016 to M.B.J. 
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 The sigma-1 receptor is widely distributed in the central nervous  
system and periphery.  Originally mischaracterized as an opioid  
receptor, the sigma-1 receptor binds to a vast number of synthetic 
compounds but does not bind opioid peptides; it is currently  
considered an orphan receptor.  The sigma-1 receptor 
pharmacophore includes an aralkylamine core, also found in the  
endogenous compound N,N-dimethyltryptamine (DMT).  DMT acts 
as a hallucinogen, but its receptor targets have remained unclear.   
DMT bound to sigma-1 receptors and inhibited voltage-gated Na+

channels in both native cardiac myocytes and heterologous cells  
that express sigma-1 receptors.  DMT induced hypermobility in  
wildtype mice but not in sigma-1 receptor knockout mice.  These 
biochemical, physiological, and behavioral experiments indicate  
DMT as an endogenous agonist for the sigma-1 receptor. 
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