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ABSTRACT
BACKGROUND: Monoamine oxidase inhibitors (MAOIs) exert therapeutic actions by elevating extracellular levels of
monoamines in the brain. Irreversible MAOIs cause serious hypertensive crises owing to peripheral accumulation of
tyramine, but the role of tyramine in the central effects of MAOIs remains elusive, an issue addressed herein. To
achieve robust inhibition of MAOA/B, the clinically used antidepressant tranylcypromine (TCP) was employed.
METHODS: Behavioral, histological, mass spectrometry imaging, and biosensor-mediated measures of glutamate
were conducted with MAOIs in wild-type and TAAR1-knockout (KO) mice.
RESULTS: Both antidepressant and locomotion responses to TCP were enhanced in TAAR1-KO mice. A recently
developed fluoromethylpyridinium-based mass spectrometry imaging method revealed robust accumulation of
striatal tyramine on TCP administration. Furthermore, tyramine accumulation was higher in TAAR1-KO versus wild-
type mice, suggesting a negative feedback mechanism for TAAR1 in sensing tyramine levels. Combined
histoenzymological and immunohistological studies revealed hitherto unknown TAAR1 localization in brain areas
projecting to the substantia nigra/ventral tegmental area. Using an enzyme-based biosensor technology, we found
that both TCP and tyramine reduced glutamate release in the substantia nigra in wild-type but not in TAAR1-KO
mice. Moreover, glutamate measures in freely moving animals treated with TCP demonstrated that TAAR1
prevents glutamate accumulation in the substantia nigra during hyperlocomotive states.
CONCLUSIONS: These observations suggest that tyramine, in interaction with glutamate, is involved in centrally
mediated behavioral, transcriptional, and neurochemical effects of MAOIs.

https://doi.org/10.1016/j.biopsych.2020.12.008
Monoamine oxidase (MAO) is a mitochondrial enzyme that
plays a pivotal role in the intracellular inactivation of
monoaminergic neurotransmitters. MAO inhibitors (MAOIs)
have long been used for the treatment of Parkinson’s dis-
ease, major depressive disorder, and anxiety (1,2). In
addition, polymorphisms in MAO genes have been associ-
ated with schizophrenia and personality disorders (3–5).
There are two MAO enzyme isoforms, MAOA and MAOB,
which differ in their substrate specificity: serotonin (5-HT)
and norepinephrine (NE) are primarily broken down by
MAOA, while dopamine (DA) is degraded by both MAOA
and MAOB (2). MAO inhibition results in the accumulation
of 5-HT, NE, and DA along with trace amines (TAs), such
as tyramine (2).

TAs have low concentration in biological fluids compared with
classical monoamines. Parkinson’s disease is associated with
high tyramine plasma levels, while major depressive disorder
displays low urine levels of the same TA (6–9). Tyramine is known
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to induce monoamine release in an amphetamine-like manner
through an interaction with VMAT2 (7,10–12). Tyramine is gener-
ated by the AADC (aromatic L-amino acid decarboxylase)–
mediated decarboxylation of tyrosine and is mainly colocalized
with DA in nigrostriatal neurons (6,7,12). Tyramine can be
degraded by both MAO isoforms, but MAOB predominates in
dopaminergic pathways. The literature focuses on the fact that
MAOI-induced elevations of tyramine mediate severe peripheral
side effects (13). The so-called tyramine syndrome in MAOI-
treated patients is characterized by a life-threatening elevation of
blood pressure after the ingestion of tyramine-rich foods (13).
Specifically, the monoamine-releasing properties of tyramine
cause an NE efflux from the postganglionic sympathetic nerve
terminals (13). There is comparatively sparse knowledge on the
regulation and role of tyramine in modulating effects of MAOIs in
the brain.

TAARs are GPCRs (G protein–coupled receptors) that
belong to the rhodopsin subclass A of the GPCR superfamily
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(14,15). There is evidence that TAARs display Gs, Gq, and G13

coupling; interestingly, this can occur with the TA localized
intracellularly rather than on the surface membrane (16–19). In
addition to binding TAs, such as tyramine, TAAR1 is activated
by several classes of psychoactive agents employed for both
therapeutic and recreational purposes, notably amphetamine,
methamphetamine, and MDMA (methylenedioxymethamphet-
amine) (6,20–22). TAAR1 is expressed in the stomach,
pancreas, and, along with TAAR5, in limbic and periventricular
areas of the brain (7,14,23). TAAR1 is enriched in mono-
aminergic perikarya, such as the ventral tegmental area (VTA),
substantia nigra pars compacta (SNc), dorsal raphe nucleus,
and the nucleus of the solitary tract; it is also present in the
prefrontal cortex, entorhinal cortex, hypothalamus, and
amygdala (24,25). VTA and dorsal raphe neurons show a
robust increase of spontaneous firing after application of the
TAAR1 selective antagonist EPPTB and in TAAR1-knockout
(KO) mice compared with wild-type (WT) mice, suggesting
that TAAR1 exerts an inhibitory tone on the activity of dopa-
minergic and serotonergic neurons (26–28). Accordingly,
TAAR1-KO mice display behavioral hypersensitivity and more
pronounced increases in extracellular levels of monoamines
in projection regions such as the nucleus accumbens, stria-
tum, and cortex on exposure to psychostimulants (24,27,29).
Conversely, agonist stimulation of TAAR1 blunts actions of
psychostimulants (27). The above observations underpin in-
terest in TAAR1 as a potential target for novel classes of
medication treating depression (antagonists) or psychotic
disorders (agonists). Many compounds, both selective and
multitarget, have been generated to this end (30), and
encouraging observations have been acquired in experi-
mental and clinical studies (31). Most recently, the combined
TAAR1/5-HT1A receptor agonist SEP-363856 showed anti-
psychotic activity in patients with schizophrenia (31,32).
Should these observations be corroborated in larger trials,
SEP-363856 would become the first non–dopamine D2 re-
ceptor antagonist available for the treatment of schizophrenia
(31,32).

Despite the abovementioned observations supporting
the physiological, etiological, and therapeutic significance
of tyramine and TAAR1s, knowledge remains limited.
Previous studies have examined the role of TAAR1 under
conditions in which the synthesis and metabolism of
tyramine have not been directly perturbed. Here, we
decided to examine effects of tyramine and TAAR1 under
conditions in which the levels of tyramine are elevated by
means of MAO inhibition. Taking advantage of a recently
developed fluoromethylpyridinium-based matrix assisted
laser desorption/ionization (MALDI) imaging method (33),
we visualized and quantified tyramine, along with other
monoamines and metabolites, in the striatum of both WT
and TAAR1-KO mice, following MAO inhibition. Mice were
treated with the nonselective and irreversible MAOI tra-
nylcypromine (TCP), which is not only a tool for MAO in-
hibition but also clinically used for the management of
resistant and atypical depression with motor retardation
(34,35). Using multiple methodological approaches, we
explored the roles of tyramine and TAAR1 in mediating
therapeutically relevant behavioral, transcriptional, and
neurochemical actions of TCP.
Biolo
METHODS AND MATERIALS

Animals

Adult male and female WT and TAAR1-KO animals (29) were
housed in temperature- and humidity-controlled rooms (20�C,
53% humidity) with a 12-hour light/dark cycle and access to
food pellets and water ad libitum.

Behavioral Tests

Adult male and female mice were randomized according to
genotype and treatment and tested by videotracking in the
open field test and forced swim test. All behavioral tests were
performed during the light cycle by experimenters blinded to
the genotype and treatment. The equipment and detailed
protocols are described in the Supplement.

Drugs

TCP, clorgiline, and rasagiline mesylate were dissolved in saline
solution. Desipramine and pargyline were dissolved in 10%
dimethyl sulfoxide solution. These chemicals were purchased
from Sigma-Aldrich (St. Louis, MO). Drugs were administered
intraperitoneally (i.p.). EPPTB and tyramine (Sigma-Aldrich) were
administered locally during fast analytical sensing technology
(FAST) recordings of glutamate neurotransmission.

Intrastriatal 6-Hydroxydopamine Lesioning

To selectively denervate nigrostriatal DA neurons, but to pro-
tect NE neurons, mice were pretreated with 25 mg/kg desi-
pramine (i.p.; Sigma-Aldrich) and 5 mg/kg pargyline (i.p.;
Sigma-Aldrich), anesthetized, placed in a stereotaxic frame,
and injected with 1 mL of 6-hydroxydopamine (6-OHDA) solu-
tion into the striatum of the right hemisphere. The detailed
procedure is described in the Supplement.

MAO Activity Assay

Fresh-frozen forebrain tissue was homogenized and used for
isolation of crude mitochondrial fraction. The isolated mito-
chondrial fraction was used for MAOA and MAOB activity
quantification using an Amplex Red Monoamine Oxidase
Assay Kit (Thermo Fisher Scientific, Waltham, MA), as detailed
in the Supplement.

MALDI–Mass Spectrometry Imaging of
Neurotransmitters and Metabolites

Fresh-frozen brain tissue sections collected for MALDI–mass
spectrometry imaging (MSI) were thaw-mounted on indium tin
oxide–coated glass slides (Bruker Daltonics GmbH, Bremen,
Germany). ForMALDI-MSI of neurotransmitters andmetabolites,
on-tissue derivatization was performed according to a previously
published protocol (33). For details, see the Supplement.

[125I]-RTI55 Autoradiography to Detect DA
Transporter

Fresh-frozenbrain sectionswereprocessed for autoradiographic
detection of DA transporter by [125I]-RTI55 as previously
described (36).
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In Situ Hybridization Experiments

Fresh-frozen, postfixed brain sections were hybridized with
35S-radiolabeled riboprobes targeting Arc, Pdyn, Penk, or
Ppp1r1b genes or RNAscope (Advanced Cell Diagnostics,
Newark, CA) ZZ-probes targeting Arc or Pdyn. A detailed
description is provided in the Supplement.

X-gal Staining and Immunofluorescence to Detect
TAAR1

Perfused, postfixed brain sections were stained for X-gal ac-
cording to the manufacturer’s instructions (Sigma-Aldrich).
After the staining, they were immediately subjected to immu-
nofluorescence protocol as described in the Supplement.

In Vivo FAST Recordings of Glutamate

A ceramic-based microelectrode array (Quanteon, Nicholas-
ville, KY) was connected to a microinjector and stereotactically
guided to the region of interest as previously described
(37–39). The detailed protocol and analysis of the recordings in
both anesthetized and freely moving animals is described in
the Supplement.

Statistical Analysis

Statistical analysis was carried out by two-/three-way analysis
of variance (ANOVA) or two-/three-way repeated-measures
(RM) ANOVA followed by Tukey’s honestly significant differ-
ence post-test. Statistical software for ANOVA, principal
component analysis, and partial least squares and plotting
graphs are detailed in the Supplement. Supplemental statisti-
cal (including F statistic, p values) tables for each graph are
presented in the Supplement.

RESULTS

TAAR1-KO Animals Display Increased
Antidepressant and Locomotive Responses to
Irreversible MAOA/B Inhibitors

Nonselective MAOIs have an antidepressant effect in the
forced swim test (40). The effective antidepressant (i.p.) dose
of TCP in WT mice starts from 4 mg/kg (40). To be able to
detect any enhanced response in TAAR1-KO mice, we used
the subeffective dose of 3 mg/kg. Two-way ANOVA showed
that administration of TCP had a significant effect in forced
swim test immobility time (Figure 1A, B and Table S1). Post
hoc analysis revealed a significant treatment effect only in
TAAR1-KO mice. Furthermore, we measured the difference in
immobility time of each genotype and found that TAAR1-KO
mice showed a significantly larger difference than the WT
mice (Figure 1C). Irreversible inhibition of both MAO iso-
enzymes with either TCP or a combination of MAOA and
MAOB inhibitors causes an increase in locomotive activity in
mice (35,41,42). We therefore studied the locomotive response
of WT and TAAR1-KO mice on TCP administration. To inves-
tigate whether the effects of TCP depend on MAO inhibition or
could relate to TCP’s amphetamine-like structure, we also
examined the irreversible selective MAOIs clorgiline (MAOA)
and rasagiline (MAOB). A two-way ANOVA showed a signifi-
cant interaction between genotype and treatment factor
(Figure 1D–G and Table S1). Post hoc test showed a significant
18 Biological Psychiatry July 1, 2021; 90:16–27 www.sobp.org/journa
locomotor increase in both TAAR1-KO and WT mice after the
administration of 10 mg/kg of TCP or the combination of 10
mg/kg clorgiline with 3 mg/kg rasagiline (Figure 1D–G). How-
ever, neither WT nor TAAR1-KO mice showed any significant
effect after treatment with rasagiline or clorgiline alone or after
a lower dose of TCP (3 mg/kg) (Figure 1D–G). In conclusion,
TAAR1-KO mice show increased behavioral responsivity to
nonselective inhibition of MAO.

Striatum Shows Strongly Enhanced Tyramine
Levels on Chronic Nonselective MAOA/B
Irreversible Treatment With TCP, Particularly in
TAAR1-KO Mice

We did not find any significant genotype difference in MAO
activity from brain lysates (Figure S1). We therefore explored
whether the behavioral genotype difference was dependent on
alterations in the levels of tyramine, monoamines, and/or their
metabolites. We used a recently developed MALDI-MSI
method to quantify tyramine, monoamines, and their metabo-
lites after TCP in WT and TAAR1-KO mice (33). To avoid
possible fluctuations of monoamine metabolites after MAO
inhibition, we administered TCP chronically (Figure 2A). To
ensure that TCP was pharmacologically active, we measured
locomotor responses after 2 weeks (Figure 2A). Moreover, to
address the role of the nigrostriatal system in regulating TCP-
induced changes in monoamines, particularly tyramine, we
intrastriatally injected 6-OHDA on the 15th day of the experi-
ment (Figure 2A). Two-way ANOVA indicated significant effects
of genotype and treatment factors during the first hour of
recording in the open field test after 2 weeks of daily TCP
treatment (Figure 2B and Table S2). Post hoc analysis indi-
cated that TAAR1-KO mice were sensitized to a higher degree
than their WT counterparts (Figure 2B). Regarding the lesion
efficacy, three-way RM ANOVA showed that there was a sig-
nificant decrease of striatal DA transporter binding in the
lesioned side of all studied groups (Figure S2 and Table S3).
The same analysis did not show any significant effect of the
treatment or the genotype, demonstrating that TCP is not
affecting the neurotoxic effect of 6-OHDA in either genotype
(Figure S2 and Table S3). Regarding the MSI data, we identi-
fied all the previously characterized metabolites (33). We were
able to pinpoint the peak of TCP itself, which did not differ
significantly between the two genotypes (Figure S3 and
Table S4). A small difference between the intact and lesion side
may stem from the loss of DA terminals containing the brain-
enriched xenobiotic degrading enzyme CYP2D6 (43). Metab-
olites positioned upstream or downstream of the MAOA/B
degrading step were substantially increased or decreased,
respectively, while the rest of the metabolites remained un-
changed (Figure 2D and Figure S4). We applied an unsuper-
vised data analysis method to acquire a comprehensive view
of the data. Briefly, we performed principal component anal-
ysis using the root-mean-square fold change of each sample
to the average of WT saline intact hemispheres for 26 well-
identified peaks in striatal regions of interest. We used this
analysis method to identify possible metabolites that
contribute to the differentiation of the samples regarding ge-
notype, treatment, and hemisphere factor (Figure 2E, F and
Tables S5 and S6). Three-way RM ANOVA using the t-score
l
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Figure 1. Monoamine oxidase inhibition produces
stronger antidepressant and locomotive responses
in TAAR1-KO than WT mice. (A) Line showing the
immobility time in forced swim test in 1-minute
time-bins over a period of 7 minutes after the
administration of tranylcypromine (3 mg/kg). The
intraperitoneal injection was administered 120
minutes before the test. (B) Bar graph depicting the
immobility time of the different groups during the last
5 minutes of the test. S vs. T, #p , .05, Tukey’s
honestly significant difference. (C) Bar graph
showing the difference (D) between the immobility
time of each tranylcypromine-treated animal and the
respective genotype mean immobility time of the
saline group.*p , .05, Student’s t test. (D, E) Line
graphs showing the distance traveled in 5-minute
time-bins over a 210-minute period after the
administration of (D) tranylcypromine (10 mg/kg) and
(E) a combination of clorgiline and rasagiline (10 and
3 mg/kg, respectively). The intraperitoneal injection
was administered at time 0 of the graphs. (F)
Representative path tracings of (D) and (E) obtained
from 120th to 140th minute of recording. (G) Bar
graphs showing the total distance traveled from the
90th to the 210th minute of recording. WT vs.
TAAR1-KO, *p , .01; saline vs. drug, #p , .01,
Tukey’s honestly significant difference. Data are
expressed as mean 6 SEM. The number of the
samples for each group is indicated on each of the
bars. C, clorgiline; KO, knockout; ns, nonsignificant;
R, rasagiline; S, saline; T, tranylcypromine; WT, wild-
type.
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values unveiled that the first component significantly separated
the TCP-treated striata of the two genotypes in both intact and
lesioned states (Figure 2E, Figure S6, and Table S6). In
contrast, we did not observe any significant separation in the
saline counterparts (Figure 2E, Figure S6, and Table S6). The
Biolo
second component significantly divided the samples accord-
ing to the 6-OHDA lesion factor in both genotypes and treat-
ments (Figure 2E, Figure S5, and Table S6). With the aim of
showing the strength of each metabolite to influence each
component of the t-score plot (Figure 2E), we performed a
gical Psychiatry July 1, 2021; 90:16–27 www.sobp.org/journal 19
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loading plot of each peak (Figure 2F). The metabolites posi-
tioned before and after the MAO degradation step were
robustly represented in the opposite limits along with the first
component, while diamines were substantially characterized
by the second component (Figure 2F). At the same time, amino
acids and non-monoamine-related compounds were not well
represented (Figure 2F). With the intention to categorize these
different groups of metabolites, we performed hierarchical
clustering and identified three different clusters (Figure 2G).
Looking carefully at the different identified peaks, tyramine
showed robust treatment and genotype-related changes
(Figure 2H). We confirmed the authenticity of the tyramine peak
by using tandem MSI (Figure S6). Three-way RM ANOVA
showed that the tyramine peak was significantly affected by
both genotype and treatment factors (Figure 2H and Table S2).
Post hoc test revealed that tyramine was significantly higher in
both hemispheres from TCP-treated TAAR1-KO mice than WT
mice (Figure 2H). However, tyramine was significantly affected
by the lesion (Figure 2H and Table S7), indicating that the
metabolite is mainly derived by DA terminals. In contrast to the
highly significant differences in tyramine between WT and
TAAR1-KO animals, we did not observe any significant differ-
ences regarding the major monoamine neurotransmitters (DA,
5-HT, and NE) and diamines (Figure 2I, Figures S4 and S7, and
Tables S7–S9). However, we identified that TAAR1-KO mice
exhibited altered levels of histamine, 6-hydroxymelatonin, and
taurine after TCP administration when compared with their WT
counterparts (Figures S4 and S7 and Tables S8 and S9). In
summary, TCP strongly increased tyramine levels in both intact
and lesioned hemispheres. The stimulatory effect of TCP on
tyramine levels was further enhanced in TAAR1-KO mice.

TCP Cause Enhanced Striatonigral Arc Gene
Expression, Particularly in TAAR1-KO Mice

Both psychostimulants and antidepressants can increase
striatal immediate early genes’ messenger RNA levels (44,45).
We examined striatal Arc after TCP administration to the
unilaterally 6-OHDA lesioned mice (Figure 2A). Three-way RM
ANOVA showed a significant upregulation of striatal Arc by
TCP, which was more prominent in TAAR1-KO mice than WT
mice (Figure 3A and Table S10). WT mice displayed significant
=

Figure 2. TCP increases tyramine particularly in TAAR1-KO mice. (A) Sch
showing the total distance traveled from the 1st to the 60th minute of recording. W
difference. (C) Representative pictures showing the striatal area used for quantific
and metabolites among the different groups. The lesioned side is located on the
each peak among the different groups (left upper: WT1S group; right upper: WT1
accompanied by its chemical structure. The arrows denote the metabolic pathway
chemical reaction. (E) Scores plot of the first (t[1]) and second (t[2]) principal comp
principal component analysis with all samples (WT/TAAR1-KO, S/T, I/L) and me
values are indicated; WT vs. TAAR1-KO: *p, .01, Tukey’s honestly significant diff
loadings plot (p[1] vs. p[2]) showing how the variables (i.e., metabolites) correlate w
to grouping performed by hierarchical clustering analysis. (G) z Score matrix of the
matrix is the hierarchical clustering dendrogram. (H, I) Bar graph showing the quan
vs. T, #p , .01; I vs. L, §p , .001, Tukey’s honestly significant difference. The n
methoxytyramine; 4-HPAL, 4-hydroxyphenylacetaldehyde; 5-HIAA, 5-hydroxyi
6-OHDA, 6-hydroxydopamine; 6-OHM, 6-hydroxymelatonin; ALA, alanine; ARG,
droxyphenylacetic acid; DOPAL, dihydroxyphenylacetaldehyde; DOPEG, dihydr
change; GABA, gamma-aminobutyric acid; GLY, glycine; HIS, histamine; HVA, hom
MAO, monoamine oxidase; MHPG, methoxyhydroxyphenylglycol; NE, norepine
spermidine; T, tranylcypromine; TAU, taurine; TCP, tranylcypromine; TYRA, tyram
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Arc upregulation, which was significantly lower in the 6-OHDA
lesioned side (Figure 3A and Table S10). There are two main
subtypes of striatal projection neurons, D1 medium spiny
neurons, which express Pdyn, and D2 medium spiny neurons,
which express Penk. There was significant upregulation of
striatal Pdyn messenger RNA with TCP treatment (Figure 3B
and Table S10). Post hoc test revealed that Pdyn was signifi-
cantly upregulated in TAAR1-KO mice but not in WT mice
(Figure 3B). Regarding Penk and Ppp1r1b, there was no sig-
nificant effect of treatment, genotype, or 6-OHDA (Figure S8
and Table S11). Because of the significant drug effect on
Pdyn in TAAR1-KO mice, we performed double fluorescence in
situ hybridization (RNAscope) in the intact striatum by
combining Arc and Pdyn probes (Figure 3C, D). We found a
significant increase of double-positive Arc/Pdyn neurons in
both genotypes, which was more prominent in the TAAR1-KO
mice (Figure 3E, F and Table S10). There was no significant
change in the number of Arc-positive/Pdyn-negative cells in
both genotypes (Figure 3F). To unveil a possible role of tyra-
mine in activating striatonigral neurons, we used a supervised
dimensionality reduction method. For this reason, we per-
formed partial least squares analysis including both the MALDI
and Arc data of the TCP-treated mice (Figure 3G). We first
performed the loading plot to show which metabolite(s) were
mostly related to Arc changes (Figure 3G and Table S12).
Through the correlation matrix, we observed that Arc levels in
both intact and lesioned striata show the highest correlation
with tyramine change (Figure 3H and Table S13). Taken
together, the observed increase of Arc on TCP treatment ap-
pears to be largely attributed to increased striatal tyramine
content, particularly in TAAR1-KO mice.

MAO Inhibition Regulates Presynaptic Glutamate
Release on DA Neurons Through TAAR1

The TAAR1-KO mouse line has a b-galactosidase reporter (29).
We decided to use X-gal staining to identify the cells that
exhibit an active TAAR1 promoter combined with immunoflu-
orescent techniques. To validate the specificity of b-galacto-
sidase for TAAR1, we used murine pancreatic tissue and
observed an enrichment of X-gal precipitates in pancreatic
islets (46,47) (Figure S9). We next confirmed that TAAR1 is
ematic depiction of the chronic TCP treatment timeline. (B) Bar graphs
T vs. TAAR1-KO, *p , .05; S vs. T, #p , .001, Tukey’s honestly significant

ation and the distribution of the three primary monoamine neurotransmitters
right-hand side of each image (black circle). (D) Representative images for
T group; left lower: TAAR1-KO1S; right lower: TAAR1-KO1T). Each peak is
s between each metabolite. The magenta arrows denote a MAO-dependent
onents, based on the 95% confidence interval hoteling ellipse, derived from
asured metabolites being included. Significant differences according to t[1]
erence. Objects are colored according to different groups. (F) Corresponding
ith each other and contribute to the model. Variables are colored according
FCs of the metabolites (columns) in each individual (rows). Shown above the
tification of the (H) tyramine and (I) DA peaks. WT vs. TAAR1-KO, *p, .05; S
umber of samples for each group is indicated on each of the bars. 3-MT, 3-
ndoleacetic acid; 5-HIAL, 5-hydroxyindoleacetaldehyde; 5-HT, serotonin;
arginine; CAD, cadaverine; CRE, creatinine; DA, dopamine; DOPAC, dihy-

oxyphenylethylene glycol; EP/NMN, epinephrine/normetanephrine; FC, fold
ovanillic acid; I, intact; i.s., intrastriatal; KO, knockout; L, lesion; LYS, lysine;

phrine; OFT, open field test; PUT, putrescine; S, saline; SAL, saline; SPE,
ine; VAL, valine; WT, wild-type.
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Figure 3. TAAR1-KO display enhanced mono-
amine oxidase inhibitor–induced gene upregulation in
striatum, which are correlatedwith tyramine. (A, B)Bar
graphs showing the striatal mRNA levels of (A)Arc and
(B)Pdyn, quantifiedby radioactive in situ hybridization.
n = 3; WT vs. TAAR1-KO, *p, .001; S vs. T, #p, .05;
I vs. L, §p , .01, Tukey’s honestly significant differ-
ence. (C, D) Representative images of RNAscope in
the intact striata of (C)WT and (D) TAAR1-KO–treated
animals showing the increase in number of Pdyn1/
Arc1 cells. Scale bars = 30 mm. (E) Pie charts showing
the percentage of Pdyn1/Arc1 cells increased in
TAAR1-KO–treated animals compared with the WT
animals. (F) Bar graphs depicting the increased num-
ber of Pdyn1/Arc1 cells in TAAR1-KO
tranylcypromine-treated striata. n = 3, WT vs.
TAAR1-KO, *p , .01; S vs. T, #p , .05; Pdyn1 vs.
Pdyn2, §p , .01, Tukey’s honestly significant differ-
ence. (G) Loadings plot of p[1] and p[2], derived from
partial least squares analysis of mRNA FC data, for
tranylcypromine-treated I/L samples. Variables are
colored according to grouping performed by hierar-
chical clustering analysis. (H) Corresponding correla-
tion matrix based on Pearson’s correlation coefficient
for all metabolites included in the partial least squares
model. Data are expressed as mean 6 SEM. The
number of the samples for each group is indicated on
eachof thebars. 3-MT, 3-methoxytyramine; 5-HIAL, 5-
hydroxyindoleacetaldehyde; 5-HT, serotonin; 6-OHM,
6-hydroxymelatonin; ALA, alanine; ARG, arginine;
CAD, cadaverine; CRE, creatinine; DA, dopamine;
DOPAC, dihydroxyphenylacetic acid; DOPAL, dihy-
droxyphenylacetaldehyde; DOPEG, dihydroxyphenyl-
ethylene glycol; EP/NMN, epinephrine/
normetanephrine; FC, fold change; GABA, gamma-
aminobutyric acid; GLY, glycine; HIS, histamine;
HVA, homovanillic acid; I, intact; KO, knockout; L,
lesion; MHPG, methoxyhydroxyphenylglycol; mRNA,
messenger RNA; NE, norepinephrine; p[1], first prin-
cipal component; p[2], second principal component;
PUT, putrescine; S, saline; SPE, spermidine; T, tra-
nylcypromine; TAU, taurine; TYRA, tyramine; VAL,
valine; WT, wild-type.
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located in tyrosine hydroxylase (TH) neurons of both SNc and
VTA (Figure 4A, B). In addition, we described for the first time
that TAAR1 is expressed in non-DA cells such as the medial
bed nucleus of the stria terminalis (BSTM), lateral hypothalamic
area, zona incerta, and dorsolateral parabrachial nucleus
22 Biological Psychiatry July 1, 2021; 90:16–27 www.sobp.org/journa
(LPBD) (Figure 4A, B). These regions send strong projections
to DA neurons of SNc and VTA (48–54). Consequently, we
hypothesized that TAAR1 may regulate the presynaptic glu-
tamatergic drive of DA cells and performed FAST recordings in
SNc after the local application of TCP, tyramine, and EPPTB in
l
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Figure 4. TAAR1 is expressed outside of dopa-
mine neurons and regulates glutamate release in the
ventral midbrain. (A) Histoenzymological detection
of TAAR1 with X-gal staining in SNC/VTA, BSTM, ZI/
LHA, and LPBD. SNC/VTA scale bar = 250 mm,
BSTM scale bar = 100 mm, ZI/LHA scale bar = 250
mm, LPBD scale bar = 100 mm. (B) Combined X-gal
and immunofluorescence stainings, showing the
expression of TAAR1 in SNC/VTA, BSTM, ZI/LHA,
and LPBD. Regarding the immunofluorescence
pictures, cyan represents NeuN (neuronal marker)
and magenta depicts Th. Notably, triple X-gal1/Th1/
NeuN1 cells are found in SNC/VTA, while in BSTM,
ZI/LHA, and LPBD, there are only X-gal1/NeuN1/
Th2. SNC/VTA: left scale bar = 100 mm, right scale
bar = 10 mm; BSTM, ZI/LHA, and LPBD: left scale
bar = 100 mm, right scale bar = 20 mm. (C) Schematic
depiction of the experimental procedure of FAST in
anesthetized animals. First, KCl (vehicle) recordings
were carried out on the right hemisphere. Afterward,
the electrode was placed to the left hemisphere
where the recordings combined with local drug
application took place. (D–F) Bar graph with repre-
sentative traces of the recordings showing the
evoked glutamate release (in mM) after the local
application of (D) TCP, (E) TCP/EPPTB, and (F)
tyramine. Saline vs. TCP, #p , .05, Tukey’s honestly
significant difference. Vertical scale bar = 1 mM,
horizontal scale bar = 20 ms. Data are expressed as
mean 6 SEM. The number of the samples for each
group is indicated on each of the bars. aca, anterior
part of anterior commissure; BSTM, medial bed
nucleus of the stria terminalis; cp, cerebral peduncle;
CPu, caudoputamen; E, EPPTB; f, fornix; FAST, fast
analytical sensing technology; KCl, potassium
chloride; KO, knockout; LPBD, dorsolateral para-
brachial nucleus; LHA, lateral hypothalamic area;
mfb, medial forebrain bundle; ml, medial lemniscus;
ns, nonsignificant; scp, superior cerebellar
peduncle; SNC, substantia nigra pars compacta;
SNR, substantia nigra pars reticulata; TCP, tra-
nylcypromine; Th, tyrosine hydroxylase; TYRA,
tyramine; vsc, ventral spinocerebellar tract; VTA,
ventral tegmental area; WT, wild-type; ZI, zona
incerta.
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WT and TAAR1-KO mice (Figure 4C). Two-way RM ANOVA on
FAST data showed a significant effect of TCP (100 mM)
application and interaction of genotype with drug factor
(Figure 4D and Table S14). Post hoc analysis showed signifi-
cant downregulation of glutamate release by TCP in WT but
not in TAAR1-KO mice. Two-way RM ANOVA showed that the
co-application of the TAAR1 antagonist EPPTB abolishes the
effect of TCP in WT mice (Figure 4E and Table S14). Subse-
quently, we performed FAST recordings with local tyramine
(100 mM) application. Tyramine significantly reduced glutamate
release in WT but not in TAAR1-KO mice (Figure 4F and
Table S14). To investigate whether TAAR1 blocks glutamate
release after stimulatory doses of TCP, we performed
Biolo
simultaneous ventral midbrain glutamate recordings and open
field activity after acute systemic administration of 10 mg/kg
TCP in freely moving mice (Figure 5A–D). Two-way RM ANOVA
showed a significant interaction of genotype and treatment
factor in 90 and 140 minutes in both open field activity and
glutamate release (Figure 5E–I and Tables S15 and S16). Post
hoc test showed a significant increase in both glutamate
release and locomotor activity after TCP in TAAR1-KO mice
but not in WT mice (Figure 5E–I). In summary, in addition to the
direct action of tyramine/TAAR1 on DA neurons (27), we pro-
vide evidence that TAAR1 participates in a tyramine-mediated
negative feedback mechanism of glutamatergic facilitation in
DA neurons after MAO inhibition.
gical Psychiatry July 1, 2021; 90:16–27 www.sobp.org/journal 23
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Figure 5. TAAR1 blocks glutamate release facili-
tation in ventral midbrain after monoamine oxidase
inhibition in freely moving mice. (A, B) Schematic
representation of the experimental setup in the freely
moving FAST recordings. (C) Validation of the MEA
positioning within the Th1 (magenta) area of ventral
midbrain. The track of the MEA is shown with white
arrows (scale bar = 1 mm). (D) Schematic depiction
of freely moving FAST recording time plan. (E)
Representative recording traces of freely moving
FAST for each time point and group. Vertical scale
bar = 1 mM, horizontal scale bar = 20 ms. (F) Line
graph showing the activity recordings in 10-minute
time-bins over a 180-minute period. (G) Bar graph
showing the 10-minute activity after the 40th, 90th,
and 140th minute of S/TCP delivery. WT vs. TAAR1-
KO, *p , .05; S vs. T, #p , .05, Tukey’s honestly
significant difference. (H) Line graph showing the
evoked glutamate release concentration (recording
duration: 10 min) over the total experimental pro-
cedure. (I) Bar graph depicting the evoked glutamate
release concentration after the 40th, 90th, and 140th
minute of saline/TCP delivery: ns; S vs. T, #p , .05,
Tukey’s honestly significant difference. Data are
expressed as mean 6 SEM. The number of the
samples for each group is indicated on each of the
bars. FAST, fast analytical sensing technology; FC,
fold change; GLU, glutamate; i.p., intraperitoneal;
KCl, potassium chloride; KO, knockout; MEA,
microelectrode array; ns, nonsignificant; R, refer-
ence; Rec., recording; S, saline; Sal, saline; T, tra-
nylcypromine; TCP, tranylcypromine; Th, tyrosine
hydroxylase; VMb, ventral midbrain; WT, wild-type.
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DISCUSSION

TAAR1 Prevents the Aberrant Accumulation of
Tyramine Following MAOI Administration

The finding acquired using MSI that TCP strongly increases
tyramine in the striatum of TAAR1-KO mice suggests that
TAAR1 negatively regulates central tyramine levels in a
feedback manner. The MSI data also showed that the tyra-
mine signal is reduced by striatal 6-OHDA lesioning, indi-
cating that the accumulation of tyramine may principally
occur in DA neurons. Previous work has shown that striatal
tyramine levels are directly determined by TH enzymatic ac-
tivity (55). Reduced TH-mediated conversion of tyrosine to
dihydroxyphenylalanine leads to a secondary increase in
24 Biological Psychiatry July 1, 2021; 90:16–27 www.sobp.org/journa
decarboxylation to tyramine through AADC. We propose that
TAAR1 is strategically positioned intracellularly to sense in-
creases in tyramine concentration and suppress the further
and potentially disruptive accumulation of this TA. Further
supporting this hypothesis, we have previously found that
TAAR1 increases TH activity through phosphorylation of
serines 19 and 40 (16). In the literature, a heightened firing
rate of DA neurons in TAAR1-KO mice is reported (24,26–28),
which is consistent with the accumulation of tyramine on
MAO inhibition found in this study. DA neuronal activity is
negatively regulated by dopamine D2 autoreceptors (56–58).
Accordingly, a TAAR1-D2 autoreceptor heteromeric complex
may enhance D2-mediated autoinhibition so as to alleviate
the tyramine overload (59,60).
l
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TCP-Induced Tyramine, Arc, and Locomotor
Responses Are Increased in TAAR1-KO Mice

The observed excess of striatal tyramine in TAAR1-KO mice
correlated with increased Arc in striatonigral neurons. Though
messenger RNA is a poor predictor of levels of the protein itself, it
has been repeatedly shown that activation of Arc is related to an
increase in synaptic activity (61–64). Upregulation of Arc is found
after cocaine or amphetamine treatment (65–67), and heightened
striatonigral cell activity contributes to the increased locomotor
response (68). Tyraminehasamphetamine-like properties, and its
DA-releasing actions may be amplified in the striatum of TAAR1-
KOmice (11). Moreover, additional mechanisms, such as MAOI-
mediated elevations of DA in the striatum and SNc, may also
contribute to increased Arc and locomotion.
TAAR1 Counteracts the Glutamate Release in SNc
After MAOI Treatment

TAAR1 suppresses neuronal activity and the frequency of
excitatory postsynaptic currents in DA neurons, indicating a
role for TAAR1-mediated actions on glutamate afferents (28).
However, TAAR1 has been reported to have no or only low
expression in glutamatergic neurons of the subthalamic nu-
cleus, prefrontal cortex, and pedunculopontine nucleus
(24,29), which innervate DA neurons (69). We reveal here that
TAAR1 is expressed in nondopaminergic neurons of BSTM,
lateral hypothalamic area/zona incerta, and LPBD, which also
send glutamatergic projections to SNc/VTA DA neurons
(49–54). It has been shown that BSTM controls the cocaine-
induced locomotor response through activation of VTA DA
neurons (54). Moreover, optogenetic stimulation of gluta-
matergic neurons in LPBD projecting to SNc induces striatal
DA release in mice (49). Consequently, TAAR1 might regulate
the excitability of these areas and accordingly ameliorate the
TCP-induced locomotor response. By using an enzyme-based
biosensor technology, we found that TCP and tyramine
reduced glutamate release in SNc in WT but not in TAAR1-KO
mice. Our data indicate that TAAR1 located in BSTM, lateral
hypothalamic area/zona incerta, and LPBD is activated by
tyramine and reduces glutamate release from these regions in
the ventral midbrain. Albeit, inasmuch as both TCP and tyra-
mine show similar effects on glutamate release, TCP’s effect
might also involve other mechanisms such as elevation of DA,
which exhibits weak agonist properties to TAAR1 (20,70,71).

It is also possible that the influence of tyramine and TCP on
glutamate levels involves the recently reported TAAR1-
mediated regulation of trafficking of EAAT3 in DA cells (17). It
is also noteworthy that EAAT1 and EAAT2, along with TAAR1,
are expressed in astrocytes (72–74). Although the data from
both local administration of TCP in anesthetized mice and
systemic administration in freely moving animals indicate a
suppressive role of TAAR1 on glutamate levels, the nature of the
responses differs. These differences might originate from the
fact that systemic TCP administration stimulates multiple
monoaminergic systems and circuitries that cannot be activated
by local drug application. As a result, systemic TCP may cause
a generalized hyperactivity of glutamatergic SNc afferents that
is normalized by an action of TAAR1. Another obvious aspect of
the differences between anesthetized and freely moving animals
Biolo
is the alertness. In agreement with our data, it has been shown
that isoflurane reduces glutamate release (75).

TAAR1 Limits the Changes of Several Amines but
Not Diamines

In addition to tyramine, we identified alterations in the levels of
histamine, the melatonin metabolite 6-hydroxymelatonin, and
taurine after TCP. Histamine and 6-hydroxymelatonin dis-
played an enhanced accumulation in TAAR1-KO versus WT
mice, while taurine showed an opposite trend after TCP
treatment. Histamine, melatonin, and taurine are well-known
amines associated with sleep induction (76–79). Both genetic
and pharmacological manipulation of TAAR1 alters wakeful-
ness and sleep states (80,81). Even though our data are
restricted to the caudoputamen and nucleus accumbens, there
is evidence that striatal areas are involved in sleep-wake cycle
regulation (82). We also observed that 6-OHDA injection
caused a significant increase of diamines such as cadaverine,
putrescine, and spermidine. Although TAAR1 does not affect
the accumulation of these TAs, other TAARs expressed in
periventricular zones might be involved in this effect (22,83).

Conclusions

Using the clinically applied antidepressant MAOI TCP as a tool
to elevate central levels of tyramine, our data suggest an
important role for tyramine in behavioral, transcriptional, and
neurochemical actions of MAO inhibition. These effects of
tyramine are enhanced in TAAR1-KO mice via several TAAR1-
independent and TAAR1-dependent mechanisms, which
warrants further exploration. Our data strongly indicate that
tyramine is not only mediating side effects of MAOIs but may
play a critical role in therapeutic responses of these commonly
used pharmaceutical agents.
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