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Abstract

Methamphetamine (MA) is a highly addictive and potent psychostimulant that induces
both rewarding and aversive effects that are likely to contribute to variation in voluntary MA
intake. Genetic predisposition can play a critical role in influencing individual sensitivity to these
effects, shaping patterns of MA consumption. To investigate the contribution of genetic factors on
these behaviors, the MA drinking lines (MADRSs) were developed from an F2 cross of C57BL/6J
and DBA/2]J inbred strain mice. The MADRSs consist of the MA high drinking (MAHDR) and the
MA low drinking (MALDR) lines. In addition to differences in MA intake, MAHDR mice exhibit
high sensitivity to the rewarding effects of MA and low sensitivity to the aversive effects of MA.
Conversely, MALDR mice exhibit low sensitivity to the rewarding effects of MA and high
sensitivity to the aversive effects of MA. A quantitative trait locus analysis identified a region on
mouse chromosome 10 that accounts for at least 60% of the genetic variance in MA intake
between the lines. Within this region is the trace amine-associated receptor 1 gene (7aarl) which
encodes the TAARI receptor at which MA acts as an agonist. MAHDR mice are homozygous for
the DBA/2J mutant Taar! allele, Taarl™", which encodes a non-functional TAAR1 receptor due
to a single nucleotide polymorphism. On the other hand, MALDR mice possess at least one copy
of the C57BL/6]J reference allele, Taarl", which encodes a functional TAAR1 receptor. To assess
the causal role of 7Taarl gene variants on MA intake and reward/aversion sensitivities, the
laboratory utilized CRISPR-Cas9-technology to replace the mutant Taar1™" allele with the
reference Tuarl" allele on the MAHDR background and create MAHDR-Taar!** knock-in (KI)
mice. This approach revealed that Tuarl gene variants directly influence multiple MA effects.
Thus, KI of the Taarl" allele significantly reduced voluntary MA intake to levels comparable to
MALDR mice, significantly reduced sensitivity to MA-conditioned reward, and increased
sensitivity to MA-conditioned aversion. This is in comparison to the MAHDR-Taar1™"""

control line.



The overall goal of this dissertation was to investigate how TAAR1 functionality
influences the activity of dorsal raphe serotonin (5-HT) neurons and their glutamatergic inputs,
both in the absence and presence of MA. Additionally, the impact of TAAR1 functionality on
binge-level MA intake was examined. The established role of dorsal raphe 5-HT neurons in
reward processing, combined with the impact of differential TAAR1 function on MA intake and
MA reward sensitivity exhibited by MADR and CRISPR-Cas9-generated lines provides a unique
opportunity to study the relationship between TAAR1 functionality, 5-HT neuron activity, and

MA intake/reward sensitivities.

The first aim of this project focused on characterizing the effect of MA on the activity of
dorsal raphe 5-HT neurons in mice with differential TAAR1 functionality and began to
investigate the TAAR1-dependent mechanisms underlying these effects. Additionally, I report the
impact of CRISPR-Cas9-mediated KI of functional TAAR1 on the MAHDR background on
binge-level MA intake. Electrophysiological recordings from the MADR lines demonstrated that
MA significantly hyperpolarized and decreased the activity of dorsal raphe 5-HT neurons from
MALDR mice, but not MAHDR mice. However, the activation of TAARI1 results in increased
extracellular monoamine levels which results in activation of 5-HT inhibitory autoreceptors.
Therefore, I also examined the effect of MA in the presence of 5-HT 4 and 5-HT s autoreceptor
antagonists to determine whether activation of these autoreceptors mediates the effects of MA. 1
found that the MA-induced hyperpolarization and inhibition of MALDR dorsal raphe 5-HT
neuron activity is dependent on the activation of 5-HTa and 5-HT)g autoreceptors. In contrast,
MA depolarized and increased firing of MAHDR dorsal raphe 5-HT neurons in the presence of
autoreceptor antagonists. To establish a causal link between the activity of dorsal raphe 5-HT
neurons in response to MA and TAAR1 functionality, I repeated the experiments on DR 5-HT
neurons of MAHDR-Taar1"* KI and MAHDR-Taar ™" control lines using the autoreceptor

antagonists. In the MAHDR-Taar1™"”"" controls which lack functional TAAR1, MA-induced



depolarization and potentiation of dorsal raphe 5-HT neuron activity persisted. However, KI of
functional TAAR1 on the MAHDR background abolished the MA-induced depolarization and
potentiation of dorsal raphe 5-HT neurons, indicating that the absence of TAAR1 function is
critical for MA-induced excitability of dorsal raphe 5-HT neurons. Furthermore, because MA is a
substrate of the 5-HT transporter, I assessed whether the MA-induced depolarization and
potentiation of dorsal raphe 5-HT neurons from mice lacking functional TAAR1 is dependent on
5-HT transporters. The 5-HT transporter antagonist fluoxetine blocked MA-induced
depolarization and potentiation of dorsal raphe 5-HT neurons from both MAHDR and MAHDR-
Taar1™”™ mice. Finally, I report that KI of functional TAAR1 on the MAHDR background
blocked binge-level MA intake. Overall, these findings highlight the complex relationship
between TAARI functionality, MA intake/MA reward sensitivity, and the activity of 5-HT

neurons in response to MA.

The second aim of this project focused on characterizing how TAARI1 functionality
influences glutamatergic synaptic transmission onto dorsal raphe 5-HT neurons, both at baseline
and in response to MA. Electrophysiological recordings from dorsal raphe 5-HT neurons of
MAHDR-Taar!""* KI mice demonstrated significantly higher mean spontaneous excitatory post

1M1 control

synaptic current (SEPSC) frequencies compared to recordings from MAHDR-Taar
mice. There was no observed difference in mean sEPSC amplitude between the lines. In response
to MA, sEPSC frequency onto dorsal raphe 5-HT neurons of MAHDR-Taar 1™ control mice
significantly increased. In contrast, SEPSC frequency onto dorsal raphe 5-HT neurons of
MAHDR-Taar1"" KI mice decreased in response to MA. I also measured and found no line
difference in the paired pulse ratio (PPR) of dorsal raphe 5-HT neurons. However, in response to
MA, the PPR of dorsal raphe 5-HT neurons of MAHDR-Taar1™”"" control mice was
significantly increased. Conversely, MA significantly decreased the PPR of dorsal raphe 5-HT

neurons of MAHDR-Taar!™* KI mice. Finally, I found that MA-induced depolarization and



potentiation of DR 5-HT neurons in mice lacking functional TAAR1 is dependent on NMDA

receptor activation.

Together, these data demonstrate that TAAR1 functionality influences the intrinsic
activity of dorsal raphe 5-HT neurons in response to MA, binge-level MA intake, and
glutamatergic synaptic transmission onto these neurons at baseline and in presence of MA. These
findings establish a critical link between dorsal raphe 5-HT neuron activity, glutamatergic
synaptic transmission, and the differences in MA-related behaviors observed in MADR and

CRISPR-Cas9-generated and control mice.



Chapter 1: General Introduction

History of Methamphetamine

Methamphetamine (MA) is a powerful and highly addictive central nervous system (CNS)
stimulant. MA was first synthesized by the Japanese chemist Nagai Nagayoshi while researching
ephedrine, an active alkaloid derived from the ephedra plant, which has been used for over five
thousand years in traditional Chinese medicine. Nagayoshi determined that the chemical structure
of amphetamine (AMPH), first synthesized in 1887 at the University of Berlin by chemist Lazar
Edelenau (Chiu & Schenk, 2012; Parsons, 2013), was like ephedrine and produced similar
physiological effects. He would go on to synthesize MA from ephedrine in 1893 (Anglin et al.,
2000; Chiu & Schenk, 2012; Meredith et al., 2005; Parsons, 2013). In 1919, Akira Ogata created
MA hydrochloride by reducing ephedrine using red phosphorus and iodine (Chiu & Schenk, 2012;

Khan et al., 2012).

MA has an additional methyl group compared to AMPH which enhances its lipophilicity.
This facilitates the ability of MA to more freely cross the blood brain barrier, contributing to its
heightened potency, relative to AMPH (Barr et al., 2006; Nordahl et al., 2003). Clinical use of MA
did not begin until the 1930’s, when MA was used as a bronchodilator and nasal decongestant. The
capacity of MA to increase alertness, suppress hunger, and alleviate fatigue rendered it highly
sought-after during World War II, when it was administered to soldiers by both Allied and Axis
powers (Anglin et al., 2000; Blakemore, 2017; Meredith et al., 2005). The same positive side effects
that led the military to distribute MA, along with other benefits, also led to MA being prescribed to
the public in the 1940’s, although AMPH tablets were available without prescription until 1951. At
its peak in 1967, 31 million AMPH prescriptions were written (Anglin et al., 2000). In 1968, after
months of investigation, the United States Senate reported that diet pills containing AMPH were

linked to at least 60 deaths and numerous adverse effects (Cohen et al., 2012). In the United States,



as pharmaceutical companies were forced to withdraw their AMPH-related drugs, illegal
manufacturing labs emerged (Anglin et al., 2000; Cohen et al., 2012; Meredith et al., 2005). The
use of AMPHs has only increased in recent decades. In the United States between 2015 and 2019,
persons reporting past year MA use increased 43%, the number of adults with MA use disorder
increased by 62%, and those reporting frequent MA use (>100d/year) increased by 66%. These
trends have resulted in an 180% increase in overdose deaths involving psychostimulants (Han et

al., 2021)

Pharmacokinetics of Methamphetamine

MA can be administered in several ways that shape the type of euphoria experienced,
bioavailability, time to reach peak plasma concentration, half-life, and time to peak effect. MA is
commonly administered by smoking or injection because it allows the drug to quickly enter the
bloodstream and brain, producing an immediate but short and intense “rush.” If MA is
administered via other routes, it produces a delayed, longer lasting, and less intense “high”

(Meredith et al., 2005).

Pharmacokinetics in Humans

Intravenous administration of 30 mg of MA yields 100% bioavailability, reaching peak
concentration at 6 + 11 minutes, a half-life ranging from 8-16 hours, and subjective effects
peaking within 15 minutes (Cruickshank & Dyer, 2009). MA can also be snorted or ingested
orally to produce a longer lasting “high.” Oral administration of 30 mg yields 67+3%
bioavailability, reaching peak concentrations anywhere from 180-300 minutes, a half-life of 3-17
hours, and subjectively reaching peak effects around 180 minutes after ingestion (Cruickshank &

Dyer, 2009).

Studies examining the plasma half-life of MA, the time it takes for the blood

concentration of a drug to decrease by 50%, describe variable timing due to inter-individual
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variability however most report mean values between 9-12 hours in humans (Cook et al., 1993;
Cook et al., 1992; Cruickshank & Dyer, 2009; Harris et al., 2003; Schep et al., 2010; Schepers et
al., 2003). Notably, the plasma half-life of MA appeared to be similar across routes of
administration (Cook et al., 1993; Cruickshank & Dyer, 2009; Harris et al., 2003; Schep et al.,

2010).

MA and its metabolites are predominately excreted in urine. Approximately 70% is
excreted within the first 24 hours and 90% within the first four days (Cook et al., 1993; Kim et
al., 2004; Schep et al., 2010). However, with repeated or chronic MA dosing, metabolites
(byproducts of the body breaking down MA) can be detected in human urine up to 8 days later
(Huestis & Cone, 2007; Kim et al., 2004; Oyler et al., 2002). Metabolites of MA include AMPH
and norepinephrine; however, none of the metabolites appear to significantly contribute to the

primary effects of MA in humans (Caldwell et al., 1972; Perez-Reyes et al., 1991).

Pharmacokinetics in Rodents

In mice, peak MA concentration occurred as early as 5 minutes in blood samples and 20
minutes in brain tissue following intraperitoneal injections and remained detectable up to 4 hours
post-injection in both blood samples and brain tissue (Shabani, McKinnon, et al., 2012; Tuv et al.,
2021). The plasma half-life of MA, defined as the time required for plasma concentrations to fall
by 50%, was approximately 35 minutes in blood samples and 45 min in brain tissue following
intravenous injection in mice (Tuv et al., 2021; Wagner et al., 2018). MA produces the same

metabolites in rodents as in humans (Caldwell et al., 1972).

Subjective and Physiological Effects of Methamphetamine

The subjective and physiological effects of MA in humans are influenced by a variety of
factors including, but not limited to, acute vs prolonged use, frequency of use, and dose. The

acute effects of MA span multiple modalities such as physiological and psychological.



Physiologically, there are the “desirable” effects such as loss of appetite for weight loss, increased
arousal, and increased energy. There are also “undesirable” physiological effects including
tachypnea, hyperthermia and tachycardia (Cruickshank & Dyer, 2009; Hart et al., 2008; Meredith
et al., 2005). Psychologically, the “desirable” effects may include euphoria, increased mental
focus, and sociability (Cruickshank & Dyer, 2009; Hart et al., 2008). Conversely, there are also
“undesirable” psychological side effects such as anxiety, paranoia, and aggression (Anglin et al.,

2000; May et al., 2020).

Propensity to continue or discontinue MA use is potentially influenced by the individual’s
experiences with the drug. An individual’s relative sensitivity to the rewarding or aversive effects
of MA may predict vulnerability to addiction (Chait, 1993; de Wit et al., 1986; Shabani et al.,
2011). Academic research has emphasized studying the rewarding effects associated with MA
addiction, often overlooking MA-induced aversion — a potential protective factor that may reduce
the likelihood of addiction by reducing a person’s desire to engage in repeated use. A stronger
aversive response may compel an individual to avoid MA rather than engage in drug seeking
behavior. This dissertation focuses on a mouse model with differential sensitivity to the rewarding
and aversive effects of MA, illustrating the impact of these contrasting responses on voluntary

MA intake. The model and its implications will be explored in greater detail later in this chapter.

Pharmacodynamics and Mechanism of Action of Methamphetamine

MA is a derivative of AMPH, distinct due to the presence of an additional methyl group.
This additional methyl group yields a more lipid soluble compound allowing MA to more
efficiently pass through the blood brain barrier compared to AMPH (Barr et al., 2006; Nordahl et
al., 2003). Importantly, MA and AMPH are structurally similar enough that they possess the same
molecular targets, membrane monoamine transporters, vesicular monoamine transporters, and the

trace amine-associated receptor 1 (TAARI).



Membrane Monoamine Transporters

MA shares structural similarities with other monoamines: serotonin (5-HT), dopamine
(DA), and norepinephrine (NE). When peripherally taken or administered, after crossing the
blood brain barrier, MA competes with these endogenous monoamines for transport through their

respective transporters (Cruickshank & Dyer, 2009; Fleckenstein et al., 2007).

However, MA demonstrates varying transporter affinities, meaning the preference for
which MA passes through each monoamine transporter varies. In Rothman et al. (2001),
transporter affinity was measured using Ki. Ki represents the inhibition constant and is used
below to describe the affinity of MA for binding sites on NE, DA, and 5-HT transporters, thereby
blocking the uptake of these neurotransmitters. A lower Ki indicates a higher binding affinity for
MA at a particular transporter, meaning that MA can occupy 50% of the binding sites on the
transporter even when present at a lower concentration. In synaptosomes, (+) MA demonstrated
the highest affinity for the NE transporter (NET) (Ki = 48.0 £ 5.1 nM), followed by the dopamine
transporter (DAT) (Ki =114 = 11 nM), and finally the serotonin transporter (SERT) (Ki = 2137 +
98 nM). Additionally, (+) MA was most potent at releasing NE (/Csp = 12.3 nM), followed by DA

release (/Cso = 24.5 nM) and 5-HT release (/Cso = 736 nM) (Rothman et al., 2001).

Competition for uptake by monoaminergic transporters and MA-induced changes in
transporter function disrupts the regulatory balance of these neurotransmitters, allowing for their
accumulation in the synapse (Haughey, Brown, et al., 2000; Haughey, Fleckenstein, et al., 2000;
Kahlig et al., 2005; Rothman & Baumann, 2003; Sitte et al., 1998). MA also interacts with
transporters through a mechanism involving TAARI, a process that will be discussed in greater

detail below.



Vesicular Monoamine Transporters

MA is also a substrate of and binds to the vesicular monoamine transporter 2 (VMAT?2)
(Fleckenstein et al., 2009; Fleckenstein et al., 2007; Peter et al., 1994; Sulzer et al., 2005).
VMAT?2 is highly expressed in vesicular membranes within monoaminergic neurons and is
responsible for transporting cytosolic monoamines into synaptic vesicles for future
neurotransmission (Edwards, 1992; Eiden et al., 2004; Peter et al., 1995; Weihe et al., 1994).
Upon being transported into the cell, MA further disrupts the regulatory balance of
neurotransmitters. In this case, MA competes with monoamines for vesicle uptake while also
triggering monoamine release from vesicles, resulting in increased cytosolic monoamine
concentrations (Panenka et al., 2013; Rothman et al., 2001; Sulzer et al., 2005). It is important to
note that studies on the effects of AMPHs on VMAT?2 function emphasize DA, though there is
evidence for effects on 5-HT (Torres & Ruoho, 2014), which is the focus of the work presented in
Chapters 2 and 3. At physiologically relevant concentrations, AMPHs bind to VMAT?2 and
competitively inhibit DA uptake (K. Schwartz et al., 2006). The mechanism by which MA
triggers vesicle release remains unclear. One hypothesis relies on the fact that MA is a weak base,
the “weak base hypothesis” (Sulzer & Rayport, 1990). Importantly, stereotypical VMAT2
function requires an acidic environment, therefore, when MA accumulates into vesicles it alters
the pH, altering the physiological activity of vesicles (Panenka et al., 2013). However, MA
concentrations would need to be quite high to significantly disrupt the pH gradient (Floor &

Meng, 1996; K. Schwartz et al., 2006).

Trace amine-associated receptor 1

Trace amines are endogenous molecules structurally related to classical biogenic amines
like DA and 5-HT, with which they share subcellular localization. However, trace amines are
present at lower concentrations, hence the name “trace.” Due to their similarity to biogenic

amines and their ability to displace these amines from storage vesicles, trace amines are
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sometimes referred to as “false transmitters.” However, trace amines also function independently
of classical amines, mediating a subset of events via trace amine-associated receptors (TAARS)
(Berry, 2004; Borowsky et al., 2001; Lindemann & Hoener, 2005). There are nine TAARs, all of
which are G protein-coupled receptors (GPCRs). TAARs are named for their ability to bind
endogenous amines at trace, nanomolar concentrations (Berry, 2004; Borowsky et al., 2001;
Bunzow et al., 2001; Rutigliano et al., 2017). TAARs are present in various organs including the

heart, stomach, and the brain (Borowsky et al., 2001; Chiellini et al., 2007).

The GPCR TAARI1 is of particular interest because MA acts as a potent agonist (Bunzow
et al., 2001). Immunofluorescence and in situ hybridization histochemistry revealed that TAARI
is expressed intracellularly, localized to the cytoplasm of neurons in the brain (Borowsky et al.,
2001; Bunzow et al., 2001). Importantly, TAARI is widely expressed within neurons of the dorsal
raphe (DR) (Borowsky et al., 2001; Lindemann et al., 2008; Rutigliano et al., 2017), which is the

brain region of interest in Chapters 2 and 3.

The following studies focus on AMPH and MDMA; however, given their structural and
functional similarities to MA, these findings are likely applicable to MA as well. Intracellular
TAARI couples to both Gas and Gos subunits (Underhill & Amara, 2020; Underhill et al., 2019).
AMPH-induced activation of TAARI receptors coupled to Gai3 subunits stimulates the small
GTPase Ras homolog family member A (RhoA), leading to the internalization of SERT, DAT,
NET, and the neuronal glutamate transporter 3 (EAAT3) in 5-HT, DA, and NE neurons. This
transporter internalization resulted in significantly decreased uptake of 5-HT, DA, NE, and
glutamate, thereby significantly increasing their extracellular concentrations (Underhill & Amara,
2020; Underhill et al., 2020; Underhill et al., 2019; Underhill et al., 2014; Wheeler et al., 2015).
In DA and NE neurons, AMPH-induced activation of TAAR1 coupled to Go, subunits stimulated
cyclic AMP (¢cAMP) production resulting in the phosphorylation of RhoA by protein kinase A

(PKA), which inactivated RhoA and terminated transporter internalization (Underhill et al., 2020;
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Underhill et al., 2019). Importantly, AMPH-mediated activation of RhoA and PKA,
internalization of EAAT3, and the subsequent reduction in glutamate uptake relies on the co-
expression of DAT and EAAT3 (Underhill et al., 2019; Underhill et al., 2014). While the
activation of PKA has not yet been confirmed in 5-HT neurons, it is presumed that a similar

mechanism may apply.

Interestingly, the Ga3-mediated signaling occurs in parallel with the Gos-mediated
signaling, but there was a delay between the peak activity of each pathway (Underhill et al.,
2019). Activity following AMPH-induced activation of the TAAR1 Ga.3 pathway peaked at 10
min and returned to baseline by 30 min. In contrast, activation of the TAAR1 Go, pathway
reached its peak at 30 min, but the time to return to baseline was not measured (Underhill et al.,
2019; Wheeler et al., 2015). This temporal separation is crucial as it first allows the Gau3 pathway

to modulate neuronal activity before the Go, pathway terminates its activity.

MA-induced TAARI1 activation also activates a protein kinase C (PKC) pathway,
promoting DA efflux through DAT (Xie & Miller, 2007); however, the relationship between the
PKC pathway and the Ga,s or Gas-coupled pathways remains unclear. PKC can facilitate RhoA

complex formation or act independently (Barandier et al., 2003).

A general model for the AMPH-activated TAAR1 signaling pathways in monoaminergic

neurons (Figure 1.1).
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Figure 1.1. Proposed TAARI signaling mechanism in monoamine neurons in response to
MA and other AMPHs. MA enters monoaminergic neurons (5-HT, DA, NE) through their
respective transporters (SERT, DAT, NET). MA activates Ga,s-coupled TAAR1, a PKC pathway,
and a delayed Gas-coupled TAAR1 pathway. Activation of Gais-coupled TAAR1 receptors
stimulates RhoA activation leading to endocytosis of monoaminergic transporters and EAAT3. A
TAARI1 mediated PKC pathway is activated either in formation with RhoA or independently and
induces monoamine transporter efflux. Activation of Gas-coupled TAAR1 receptors stimulates
PKA signaling leading to the phosphorylation of RhoA and the end of monoamine transporter
internalization. Notably, the AMPH-indued activation of RhoA and PKA, internalization of

EAAT?3, and the subsequent decrease in glutamate uptake is dependent on the co-expression of

DAT and EAAT3. Created in BioRender:
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TAARI: trace amine-associated receptor 1; MA: methamphetamine; AMPHs: amphetamines; 5-
HT: serotonin; DA: dopamine; NE: norepinephrine; SERT: serotonin transporter; DAT: dopamine
transporter; NET: norepinephrine transporter; PKC: protein kinase C; RhoA: Ras homolog family

member A; PKA: protein kinase A
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TAARI1 and Its Effect on the Activity of Monoaminergic Neurons

TAARI has been extensively investigated for its role in modulating dopaminergic
activity, with increasing attention now being given to its effects on serotonergic and noradrenergic
activity. TAAR1 activation by endogenous and exogenous agonists reduced the activity of
monoaminergic neurons. p-tyramine, the endogenous TAARI agonist, decreased the spike
frequency of ventral tegmental area (VTA) DA neurons of wildtype (WT) but not TAARI
knockout (KO) mice (Bradaia et al., 2009; Lindemann et al., 2008). In response to the TAAR1
agonist, RO5166017, VTA DA, DR 5-HT, and locus coeruleus NE neurons expressing TAAR1
exhibited a reduction in firing activity (Revel et al., 2011). In DA, 5-HT, and noradrenergic
neurons over-expressing TAAR1, RO5166017 reduced firing activity in all 3 populations. The
RO5166017-induced decrease in firing activity was absent in TAAR1 KO cells (Revel et al.,

2012).

As outlined previously, TAAR1 activation resulted in increased extracellular
monoaminergic concentrations, therefore it is hypothesized that subsequent decreases in neural
activity following TAARI activation are due to inhibitory autoreceptor activation. In support of
this hypothesis, the TAAR1-induced increase in intracellular cAMP levels (Borowsky et al.,
2001; Bunzow et al., 2001; Lindemann et al., 2005) were attenuated by antagonists for DA, 5-HT,
and NE inhibitory autoreceptors (Xie et al., 2008). D2 receptors (D2Rs) function as dopamine
inhibitory autoreceptors via activation of GIRKs (Beaulieu & Gainetdinov, 2011; Neve et al.,
2004) and in the VTA, TAARI activation altered DA firing frequency through activation of GIRK
channels (Bradaia et al., 2009). 5-HT 4 activation also results in activation of GIRKs (Polter & Li,
2010). In DR 5-HT neurons, activation of TAAR1 resulted in a significant increase in potency of
a serotonergic inhibitory autoreceptor 5-HT 4 partial agonist (Revel et al., 2011). Additionally,

SHT 4 agonists alone potently inhibit DR 5-HT neuron activity while 5-HTg agonists exhibit
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weak or irregular effects (Sprouse & Aghajanian, 1987). These findings suggest that TAAR1

regulates the activity of monoaminergic neurons via autoreceptor-mediated pathways.

No experiments have yet examined the effects of AMPHs on the firing rates of
monoaminergic neurons in relation to TAAR1. However, we do know that MDMA inhibited DR
neuron activity, an effect that was blocked by a SERT antagonist (Sprouse et al., 1989),
suggesting a role for SERT in mediating this response. Further evidence in support of inhibitory
autoreceptor activation and SERT mediating TAAR1-induced changes in neural activity can be

found in Chapter 2.

TAARI activation also modulates glutamatergic activity onto monoaminergic neurons.
As mentioned previously, TAAR1 activation also resulted in increased extracellular glutamate
concentrations. As a result, our laboratory previously observed AMPH-induced potentiation of
both AMPA-mediated (Underhill et al., 2014) and NMDA-mediated (Li et al., 2017; Underhill et
al., 2019; Underhill et al., 2014) glutamatergic synaptic transmission onto DA neurons.
Importantly, these experiments were done in the presence of D2R antagonists. Additionally, the
AMPH-induced potentiation of glutamatergic activity was found to be dependent on the
internalization of EAAT3 (Underhill et al., 2019; Underhill et al., 2014). These data further
support the hypothesis TAAR1’s modulation of monoaminergic and glutamatergic activity are
intricately linked to autoreceptor feedback mechanisms and transporter dynamics. In Chapter 3, |
discuss the preliminary work I have done to elucidate the effect of MA on glutamatergic synaptic

transmission onto DR 5-HT neurons.

Selective Breeding as a Tool to Study Addiction

Selectively breeding animals based on a chosen single phenotype is a powerful tool for
investigating the genetic basis of that trait. It is important to note that most addiction-related traits

are polygenic, meaning they are influenced by multiple genes with small or modest effect sizes
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(Crabbe, 2002; Uhl et al., 2008). If variation in a trait is linked to variation in specific genes, then
breeding based on a phenotype of interest increases the likelihood that offspring will inherit that
phenotype (e.g., a low or high expression of a trait). Then, with successive generations of
selective breeding, the frequencies of the alleles influencing the phenotype will increase (Crabbe,
1999; Falconer & Mackay, 1996). Selective breeding from an initial heterogeneous population for
a given trait can occur bidirectionally or unidirectionally. Bidirectional selection is when animals
with the highest and lowest scores for a given trait are selected for breeding, while unidirectional
selection involves selective breeding for only high or low scores. The mouse lines used herein
were created using a bidirectional short-term mass selection method. From an initial
heterogeneous population, the highest scoring mice were bred together to establish a high line,
and the lowest scoring mice were bred together to establish a low line. However, investigators
must be cautious of how often a given family contributes to breeders. The contribution of each
family to establishing a high or low line must be considered to prevent high rates of inbreeding
(Belknap et al., 1997; Crabbe, 1999). Additionally, the number of selection generations should be
limited to reduce the risk of genetic drift and random changes in the frequency of gene variants,
which may result in the loss of the relevant allele or the fixation of a gene unrelated to the trait of
interest. Selected lines should also be replicated using independent progenitor populations to
avoid genetic drift, the fixation of a gene or genes unrelated to the selection phenotype in a given
replicate (Crabbe, 1999; Falconer & Mackay, 1996; Palmer, 2002). After taking these factors into
account, the combination of selective breeding based on values of a phenotype and subsequent
quantitative trait locus (QTL) mapping can be used to pinpoint genetic loci that impact the

desired trait.

Selective breeding for high versus low ethanol intake has been a common tool used in
alcohol research (Belknap et al., 1997; Grahame et al., 1999). Lines have also been selectively

bred for binge-level ethanol intake and high blood ethanol concentrations (Barkley-Levenson &
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Crabbe, 2014; Crabbe et al., 2009). Selective breeding has also been used to produce lines for a
number of ethanol-related phenotypes including high and low sensitivity to ethanol-induced CTA
(Phillips et al., 2005) and susceptibility or resistance to the hypothermic effects of ethanol
(Crabbe et al., 1987; Feller & Crabbe, 1991). These examples represent only a subset of extensive

research utilizing selective breeding in alcohol studies.

Research utilizing selective breeding for MA-related traits is less abundant compared to
alcohol studies but has successfully been used to develop lines of mice with high and low
sensitivity to MA-induced locomotor sensitization (Scibelli et al., 2011), high and low MA-
induced locomotor activation (Kamens et al., 2005), and high and low sensitivity to MA-induced
stereotyped chewing (Atkins et al., 2001). The MA drinking lines are an example of mice
selectively bred for high and low MA intake and are the model used within this dissertation. They

will be described in detail below.

Quantitative Trait Locus Mapping

To investigate the genetic basis of a trait following selective breeding, quantitative trait
locus (QTL) mapping is used to identify regions of the genome that account for the genetic
variance of a heritable trait. As mentioned previously, addiction-related traits are typically
polygenic and can even be under the control of gene interactions (Crabbe, 2002; Palmer, 2002;
Uhl et al., 2008). QTL mapping involves measuring a phenotype within a genetically
heterogeneous population or multiple populations and correlating variation in the phenotype with
genetic markers to identify DNA regions that influence the trait. The potentially influential
gene(s) within an identified region can then be analyzed for specific polymorphisms (e.g.,
differences in DNA sequences between two phenotypically different groups or among
phenotypically different individuals) and examined for significance (Mackay, 2001; Palmer,

2002). The precision of QTL mapping improves with the identification of more markers, allowing
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for a more focused probe into genes potentially contributing to a heritable trait of interest

(Belknap et al., 2001; Palmer, 2002).

QTL analysis has previously been performed for MA-related traits; however, identified
QTLs accounted for small amounts of genetic variance impacting the MA-related traits. In fact,
potential QTLs were identified on all chromosomes except for mouse chromosomes 11, 13, and
18 (Grisel et al., 1997). This suggests that the various effects of MA involve different genetic

factors, highlighting the difficulty of studying genetic influences.

The MA drinking lines used within this dissertation are unique in that QTL mapping
identified a single nucleotide polymorphism (SNP) that is a major contributor to the difference in
MA intake between the lines. As described next, it was subsequently discovered that several other
MA-related behaviors are genetically correlated with MA intake and the same SNP impacts the
differences between the lines for these traits. Identification of this SNP within a known gene
provided a rare opportunity to explore how genetic variation in a gene with a major impact
directly influences MA-related phenotypes in a way that had not been achieved previously and is

discussed in more detail in the following section.

The Methamphetamine Drinking Lines

The MA drinking lines (MADRSs) were created by selective breeding for high and low
voluntary MA intake, measured during a two-bottle choice procedure when mice could freely
consume water from one bottle or MA diluted in water (20 and then 40 mg/L for 4 days each)
from another bottle (Wheeler et al., 2009). These lines serve as a model of high vs. low genetic
risk for MA use. The MADR lines were created from the F2 cross of DBA/2J x C57BL/6J inbred
strains and consist of the MA high drinking (MAHDR) and MA low drinking (MALDR) lines.
Five replicate sets of the MADR lines have been produced, at a 2-year interval, and have

demonstrated reliable outcomes for the selection response and other MA traits that will be
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discussed in more detail below (Hitzemann et al., 2019; Phillips & Shabani, 2015; Shabani et al.,
2011; Wheeler et al., 2009). Depending on MA concentration, MAHDR mice were found to
consume 4-28 times more MA than MALDR mice. As the concentration of MA available
increased, so did the dose of MA voluntarily consumed by MAHDR mice, reaching levels
consistent with binge-level MA intake. MALDR mice consumed low amounts of MA, regardless
of the MA concentration offered. Additionally, if the number of available bottles of MA increased
from 1 to 3, with only 1 bottle of water offered, MAHDR mice voluntarily consumed more MA

than when they were given only 1 bottle each of water and MA (Shabani et al., 2016).

Taarl

QTL analysis of DNA samples from the MA drinking (MADR) mice, revealed a region
on mouse chromosome 10 that explains 60% of their genetic variance in voluntary MA
consumption. This highly significant QTL in the chromosome 10 region was validated in a
replicate set of lines bred from an independent DBA/2J x C57BL/6J cross (Belknap et al., 2013;
Harkness et al., 2015). Numerous genes reside in the mapped interval, but few polymorphisms
between the DBA/2J and C57BL/6J progenitors. Subsequent studies focused on the trace amine-
associated receptor 1 gene (7aarl) because MA is a known agonist for the TAAR1 receptor
encoded by this gene (Bunzow et al., 2001) and because a database search identified a non-
synonymous SNP differentiating the progenitor strains. Studies from our laboratory found this
Taarl SNP to be the major contributor to voluntary MA intake differences between the MAHDR
and MALDR lines, as well as differences between the lines for other MA-related traits. The lab
also determined this SNP (rs33645709) arose spontaneously in the DBA/2J mice sourced from
Jackson Laboratories (Reed et al., 2018). At position 229 in the Taar! DNA sequence,
1533645709 encodes a proline to threonine mutation at amino-acid position 77 in DBA/2J mice,
compared to C57BL/6J mice (Shi et al., 2016) (Harkness et al., 2015). This SNP was not found in

DBA/2 mice sourced from 3 other vendors or in 28 other strains genotyped (Harkness et al.,
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2015; Reed et al., 2018). The mutant DBA/2]J allele results in the expression of a TAARI receptor
that failed to produce an accumulation of cAMP in response to MA or endogenous ligands. This
is in comparison to the TAAR1 receptor encoded by the wildtype C57BL/6J allele, which did
generate an accumulation of cAMP in response to MA and endogenous ligands (Harkness et al.,
2015; Shi et al., 2016). Therefore, the receptor encoded by the mutant allele will be referred to as
non-functional throughout this dissertation. After only 1-2 generations of selective breeding, the
laboratory found that MAHDR mice were homozygous for the mutated Taar! gene (Taarl™")
that encodes a non-functional TAAR1 receptor (Reed et al., 2018). MALDR mice were either
homozygous or heterozygous for the wild type allele (7aarl"), which encodes functional TAAR1
receptors, demonstrating the dominance of the wild type allele for low MA intake (Harkness et
al., 2015). Beyond voluntary MA consumption, the laboratory discovered that 7aaril genotype
reliably correlates with differences in sensitivity to the rewarding, aversive and thermal effects of
MA (Harkness et al., 2015; Reed et al., 2018; Shabani, Dobbs, et al., 2012; Shabani et al., 2016;
Shabani, McKinnon, et al., 2012; Shabani et al., 2011), which are discussed in greater detail

below.

To establish a causal link between TAAR1 function and voluntary MA consumption, the
Phillips laboratory utilized a gene-editing tool. Clustered regularly interspaced palindromic
repeats (CRISPR)-associated protein 9 (CRISPR-Cas9) technology has two components, a guide
RNA and the endonuclease, Cas9. The guide RNA transports Cas9 to the desired target where it
can then initiate a double-stranded DNA break. Once the break is introduced one allele can be
substituted for another. CRISPR-Cas9 was used to replace the mutant Taar1™" allele with the
reference Taarl ™ allele to create a homozygous knock-in (KI) on the MAHDR background,
denoted MAHDR-Taar1"". As a result, MAHDR-Taar! """ mice express functional TAAR1

mlJ/mlJ
] b

receptors. A control mouse line, MAHDR-Taar was also established using mice in which

the mutant Taar1™" allele was not excised and exchanged with the reference allele (Stafford et al.,
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2019). Studies confirmed that the replacement of the Taar1™" allele with the Taar! ™ variant
significantly reduced voluntary MA intake to amounts observed in the MALDR mice (Stafford et
al., 2019). Gene editing was also performed on the two progenitor strains, further establishing the
causal link between TAARI function and voluntary MA intake. CRISPR-Cas9 was used to
replace the mutant Taarl™" allele with the reference Taar!™ allele on the DBA/2J background,
DBA/2J-Taarl™". A control line was also established using mice in which the alleles were not
exchanged, DBA/2J-Taarl™™", Studies again confirmed that replacement of the mutant

1"" allele with the wildtype Taarl™ allele significantly reduced voluntary MA consumption.

Taar
Finally, CRISPR-Cas9 technology was used to replace the reference Taarl" allele with the mutant
Taar1™ allele on the C57BL/6J background, C57BL/6J -Taar1™”™"” along with a corresponding
control line, C57BL/6J -Taarl""*. Conversely, replacement of the wildtype Taar!™ allele with the

mutant Taar!™" allele significantly increased voluntary MA consumption (Phillips et al., 2021).

Here we propose a general model for MA-activated TAAR1 signaling pathways in
monoaminergic neurons which may partially explain MA-related behavioral differences, based on
the differences in Taarl genotype and corresponding TAART1 function between the MADR and

CRISPR-Cas9-generated lines, (Figure 1.2).

22



MALDR & MAHDR- Taar7**

Q Glutamate @

®
L
®
[} ® © g
Monoamine °
®e e Lo
®
MA .
Vi | | (
| | | | ) |
| | |
. Monoamine < g
+” Transporter » / k EAAT3
% Q
L) @4
®e

TAART Ga; . T

= TAR1 G

B) MAHDR & MAHDR- Taar7™"/™"/

®
@
Monoamine
.
MA
|
. Monoamine /1=
,+° Transporter »
X

\
\
[ ] ®

TAART Gas

= TAAR1 Ga
LG

N

~

23



Figure 1.2 Proposed effects of MA-induced activation of TAARI receptors in
monoaminergic neurons of MADR and the CRISPR-Cas9-generated mice. A) In
monoaminergic neurons (5-HT, DA, NE) of MALDR and MAHDR-7aar! """ KI mice MA enters
the neuron through their respective transporters (SERT, DAT, NET). MA activates Ga,3-coupled
TAARI1, a PKC pathway, and a delayed Gas-coupled TAAR1 pathway. Activation of Gas-
coupled TAARI receptors stimulates RhoA activation leading to endocytosis of monoaminergic
transporters and EAAT3. A TAAR1 mediated PKC pathway is activated either in formation with
RhoA or independently and induces monoamine transporter efflux. Activation of Gas-coupled
TAARI receptors stimulates PKA signaling leading to the phosphorylation of RhoA and the end
of monoamine transporter internalization. B) In monoaminergic neurons (5-HT, DA, NE) of
MAHDR and MAHDR-Taar1™"" control mice MA enters the neuron through their respective
transporters (SERT, DAT, NET). However, because TAAR1 is non-functional in these lines, MA
cannot activate the Gos- or Gos-coupled TAAR1 signaling pathways which keeps the monoamine
transporters and EAAT3 expressed on the cell membrane. This allows for monoamines and
glutamate to be continuously trafficked from the extracellular space and prevents their efflux

through transporters. Created in BioRender.

TAARI: trace amine-associated receptor 1; MA: methamphetamine; AMPHs: amphetamines; 5-
HT: serotonin; DA: dopamine; NE: norepinephrine; SERT: serotonin transporter; DAT: dopamine
transporter; NET: norepinephrine transporter; PKC: protein kinase C; RhoA: Ras homolog family

member A; PKA: protein kinase A
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Methamphetamine-Induced Reward and Aversion Sensitivity in the

Methamphetamine Drinking Mice

It was hypothesized that the MADR mice may demonstrate line differences in the balance
between sensitivity to the rewarding and aversive effects of MA (Shabani et al., 2011). In
humans, individual differences in this balance could potentially explain why not all who
experiment with MA escalate their use and develop a substance use disorder (Chait, 1993; de Wit
et al., 1986). To validate the MADR drinking lines differential sensitivity to the motivational
effects of MA, a battery of behavioral tests was performed in independent sets of mice. A typical
tactile cue association conditioned place preference (CPP) procedure in which mice were treated
with MA (0.5, 2, and 4 mg/kg) prior to conditioning trials found significant MA-induced CPP in
MAHDR but not MALDR mice that was strongest at the lowest dose, when the mice were tested
in the absence of MA treatment (Shabani et al., 2011; Wheeler et al., 2009). When assessed in the
MA-present state, MALDR mice exhibited profound aversion for all 3 MA doses, whereas
MAHDR continued to exhibit reward when treated with the lowest MA dose. A tactile cue
association conditioned place aversion (CPA) procedure in which mice were treated with MA
(0.5, 2, and 4 mg/kg) after exposure to the tactile cue found significant MA-induced CPA in
MALDR at half the dose required to induce CPA in MAHDR mice (Shabani, McKinnon, et al.,
2012). MALDR mice also exhibited CPA in response to the TAAR1 agonist RO5256390 (Shabani
et al., 2023). A novel taste cue association conditioned taste aversion (CTA) test found significant
MA-induced CTA in MALDR mice, wherecas MAHDR mice failed to demonstrate MA-induced
CTA at the same or higher doses of MA (Shabani, McKinnon, et al., 2012; Wheeler et al., 2009).
MALDR mice also exhibit CTA in response to the TAAR1 agonist RO5256390 (Shabani et al.,
2023). MA-induced hypothermia, proposed to be an unconditioned aversive physiological effect
of MA that discourages MA intake (Mootz et al., 2020; Phillips & Shabani, 2015), was also

examined. In response to acute administration of MA, MALDR mice exhibited hypothermia at
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early time points after MA administration, a response not observed in MAHDR mice. Both lines
exhibited MA-induced hyperthermia after treatment with some doses at some timepoints
(Harkness et al., 2015). MALDR mice also exhibited hypothermia in response to the TAAR1
agonist RO5256390 that was not observed in MAHDR mice (Shabani et al., 2023). In addition to
voluntarily consuming different amounts of MA, MADR mice have demonstrated reliable
outcomes for differential sensitivity to both MA-induced reward and aversion across multiple
replicate sets of lines, validating their strength as a model of differential genetic risk for
addiction-related traits (Harkness et al., 2015; Hitzemann et al., 2019; Phillips & Shabani, 2015;

Shabani et al., 2011; Wheeler et al., 2009).

To establish a causal link between TAARI1 function and sensitivity to the rewarding and
aversive properties of MA, the Phillips laboratory again took advantage of the CRISPR-Cas9-
generated mice. Studies confirmed that replacement of the Taari™"” allele with the Taarl™ variant
on the MAHDR background (MAHDR-Taarl ") significantly reduced sensitivity to MA-
conditioned reward, and increased sensitivity to MA-conditioned aversion (Phillips et al., 2021;
Shabani et al., 2023). In line with this finding, replacement of the Taari™" allele with the
reference Taarl " allele on the DBA/2J background resulted in increased sensitivity to MA-
conditioned aversion. Conversely, replacement of the wildtype TaarI ™" allele with the mutant
Taar1™ allele on the C57BL/6J background converted MA-induced hypothermia to

hyperthermia (Phillips et al., 2021).

Neurotransmitter Systems in the Methamphetamine Drinking Mice

The actions of glutamate play a central role in addiction, including drug sensitization,
craving, reinstatement, withdrawal, and relapse (Conrad et al., 2008; Gass & Olive, 2008; Kalivas
et al., 2009; Tzschentke & Schmidt, 2003). Consequently, glutamate systems in the MADR mice
have garnered significant interest. Based on microdialysis data, the MAHDR mice exhibited a

hyper-glutamatergic state within the nucleus accumbens (NAc), both preceding and as a
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consequence of MA exposure. Basal extracellular glutamate concentrations were more than two
times greater in the NAc of MAHDR mice compared to MALDR mice. There were no line
differences in glutamate clearance and reuptake; however, the MAHDR mice exhibited
significantly lower expression of EAAT3, which could contribute to the increased extracellular
glutamate concentrations. MAHDR mice also expressed greater levels of mGIuRS5 and the
scaffolding protein Homer2a/b compared to MALDR mice within the NAc. In response to an
acute dose of MA (2 mg/kg), MAHDR mice exhibited a robust increase in extracellular glutamate
levels within the NAc, while no effect was observed in MALDR mice (Szumlinski et al., 2017).
In the medial prefrontal cortex (mPFC), MAHDR mice also exhibited greater basal extracellular
glutamate concentrations, however unlike in the NAc, EAAT3 was expressed similarly between
the lines in the mPFC. MAHDR mice were also found to express lower levels of Homer2a/b and
mGIluR2 in the mPFC compared to MALDR mice, while there was no line difference in mGluR5
expression. Following an acute dose of MA (2 mg/kg), MAHDR mice exhibited a significant
reduction in extracellular glutamate concentrations. In contrast, MA tended to increase glutamate
concentrations in MALDR mice, though this effect was not significant. Notably, extracellular
glutamate concentrations were significantly higher in MALDR mice compared to MAHDR mice
140-180 minutes after injection of 2 mg/kg MA (Lominac et al., 2016). These findings highlight

region-specific differences in glutamate dynamics between the MADR lines.

DA and 5-HT are also well established contributors to addiction, driving behaviors such
as drug reinforcement, craving, relapse, impulsivity and withdrawal (Muller & Homberg, 2015;
Solinas et al., 2019); therefore, the laboratory has made efforts to examine these systems in the
MADR mice. In the NAc, basal DA levels were significantly higher in MALDR mice compared
to MAHDR mice when measured using microdialysis. In the NAc shell, MAHDR mice exhibited
lower D2R expression, but higher DAT expression compared to MALDR mice. In the NAc core,

MADR mice exhibit no difference in D2R expression, but MAHDR mice exhibited higher DAT
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expression compared to MALDR mice. With regard to 5-HT, microdialysis revealed that basal
levels within the NAc were significantly greater in the MAHDR mice compared to MALDR
mice. In the NAc shell, no line difference in 5-HT g receptor expression was observed, but
MAHDR mice expressed higher levels of SERT compared to MALDR mice. In the NAc core,
MAHDR mice expressed lower levels of 5-HT g receptors, but no line difference in SERT
expression was observed. In response to 2 mg/kg MA, the amount of DA and 5-HT measured by
microdialysis within the NAc was similar between the lines. In the mPFC, basal DA
concentrations were significantly greater in MALDR mice compared to MAHDR mice while no
difference in basal 5-HT concentrations were observed. No line difference in D2R was observed
and MAHDR mice exhibited higher 5-HT g receptor expression, but this difference was shy of
statistical significance. Finally, SERT expression was significantly lower in MAHDR mice
compared to MALDR mice. In response to 2 mg/kg MA, the amount of DA measured within the
mPFC was significantly higher in MAHDR mice compared to MALDR mice. Conversely, in the
mPFC, the amount of 5-HT measured in response to 2 mg/kg MA was significantly higher in the
MALDR mice compared to MAHDR mice (Lominac et al., 2014). These findings demonstrate
region-specific differences in basal and MA-induced concentrations of DA and 5-HT between the

MADR lines, as well as basal receptor and transporter expression.

Much remains unknown about the neurotransmitter systems that contribute to the
differences in MA intake and the reward/aversion sensitivities demonstrated by both the MADR
and CRISPR-Cas9-generated mice. My dissertation aims to further investigate the activity of DR
5-HT neurons in the MADR and MAHDR-Taar1™"" control and MAHDR-Taarl™* KI mice
using slice electrophysiology, with a particular emphasis on the role of TAAR1 in modulating 5-
HT signaling. I chose to focus on the DR, the largest serotonergic nucleus in the brain (Hornung,

2010), for several reasons that are described in the sections below.
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The Role of the Serotonergic System in Response to Rewarding Stimuli

Serotonin in the Dorsal Raphe

The DR is located within the brainstem at the midline, ventral to the midbrain aqueduct.
In mice, the DR is comprised of over 9000 5-HT neurons (Ishimura et al., 1988). Two-thirds of
the total neurons in the DR are serotonergic and provide ~70% of the serotonergic
neurotransmission to the forebrain. 5-HT neurons are predominantly located in the midline and
lateral wings of the DR, confirmed by labelling for the expression of the 5-HT markers
tryptophan hydroxylase 2 (TpH2) and 5-HT (Fu et al., 2010; Hioki et al., 2010). Importantly, DR
5-HT neurons are heterogeneous in their morphology, neurochemical markers, projection
preferences, functional topography and of relevance, their electrophysiological properties
(Abrams et al., 2004; Bang et al., 2012; Calizo et al., 2011; Shikanai et al., 2012). Inputs onto DR
5-HT neurons come from a broad range of forebrain and limbic regions, including regions

involved in reward processing (Ogawa et al., 2014; Pollak Dorocic et al., 2014).

Dorsal Raphe Serotonin and Reward

5-HT has long been studied for its role in mental health disorders. More recently, the
activity of DR 5-HT neurons has been implicated in reward processing. Fiber photometry
recordings of calcium signals from 5-HT neurons found increased activity during sucrose and
food intake (Li et al., 2016; Ren et al., 2018). DR 5-HT neuron activity also increased in response
to social rewards, such as male mice initiating mating behavior or male to male interactions.
Elevated 5-HT neuron activity was also observed upon unexpected sucrose delivery (Li et al.,
2016). In a Go/No-go task where mice were rewarded for correct trials with sucrose, DR 5-HT
neuron activity significantly increased in response to sucrose (Liu et al., 2014). Studies were also
conducted to determine the role of DR 5-HT in reinforcement learning, specifically by nose-

poking in an active port to self-stimulate DR Pet-1 neurons. Pet-1 is a transcription factor
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involved in the development and function of 5-HT neurons. It is exclusively expressed in
colocalization with TPH2+ neurons within raphe nuclei (Hendricks et al., 1999). Mice nose-
poked for self-stimulation of DR Pet-1 neurons significantly more when they expressed an
excitatory opsin and TpH2 compared to TpH2 KO mice (Liu et al., 2014) and when they
expressed an excitatory opsin in TpH2+ neurons compared to a control opsin (Nagai et al., 2020).
Additionally, the number of active nose-pokes positively correlated with the strength of the
optogenetic stimulation (Liu et al., 2014). Optogenetic activation of DR 5-HT neurons also
increased CPP scores, a measure of an animal’s preference for an environment associated with a
rewarding stimulus, indicating reinforcement of a positive association with that environment.
Conversely, optogenetic inhibition of DR 5-HT neurons resulted in decreased CPP scores (Nagai
et al., 2020). Single-unit recordings in primates found that the activity of DR putative 5-HT
neurons increased with anticipation of and after receipt of reward, with individual neurons
responding preferentially to expected reward size (Hayashi et al., 2015; Nakamura, 2013;

Nakamura et al., 2008).

Glutamate Neurons in the Dorsal Raphe

A small subset of glutamatergic neurons, identified by expression of the vesicular
glutamate transporter 3 (VGIuT3), are primarily located along the midline of the DR (Hioki et al.,
2010; Liu et al., 2014). However, VGIuT3 is also co-expressed in many 5-HT neurons (Fremeau
et al., 2002; Gras et al., 2002; Schafer et al., 2002), with an estimated co-expression in
approximately 2/3™ of DR 5-HT neurons (Hioki et al., 2010). Whole-cell patch-clamp recordings
have shown that DR neurons release glutamate in a VGluT3 dependent manner onto VTA DA
neurons (Liu et al., 2014; Qi et al., 2014; Wang et al., 2019). It is not clear whether DR neurons

release glutamate within the DR itself.

Importantly, DRN Pet-1 neurons rely on both 5-HT and glutamate to drive reward-

motivated behavior. Blocking either 5-HT synthesis or glutamate release led to distinct
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impairments in reward behaviors, with partial deficits observed in both a two-bottle choice
(sucrose and water) preference measure and a self-stimulation fixed ratio task. However, when
both 5-HT synthesis (via TpH2 inhibition) and vesicular transport of glutamate (via VGIuT3 KO)
were disrupted, the reinforcing effects of DRN Pet-1 neuron stimulation were completely
abolished (Liu et al., 2014). Additionally, VTA activation of DR SERT terminals expressing
VGIuT3 promoted CPP, elicited excitatory glutamatergic currents onto NAc DA neurons and
increased their firing frequency, and evoked DA release in the NAc. However, these effects were
completely blocked by antagonism of AMPA and 5-HT3 receptors within the VTA (Wang et al.,
2019). Together, these findings suggest that glutamate contributes to the reinforcing potential of

DR 5-HT neurons.

Serotonin and Psychostimulants

Psychostimulants interact with SERT to increase extracellular 5-HT levels (Han & Gu,
2006; Rothman et al., 2001; Schmidt et al., 1987; Underhill & Amara, 2020). While studies on the
effects of AMPHs in the DR specifically are limited, there are a few studies that provide valuable
insight. DR 5-HT concentrations significantly increased in response to intra-DR infusion of
AMPH (Ferre et al., 1994). In slice preparations, MDMA application also increased DR 5-HT
concentrations, which subsequently inhibited the firing of these neurons. Further supporting the
ability of psychostimulants to interact with SERT, the MDMA-induced inhibition of DR 5-HT
neuron activity was blocked by application of the SERT antagonist fluoxetine (Sprouse et al.,
1989). Behaviorally, SERT antagonists significantly reduced rates of AMPH self-administration
(Porrino et al., 1989; Yu et al., 1986), AMPH-induced locomotor activity, and behavioral
disinhibition (Olausson et al., 2000). Pre-treatment with SERT antagonists blocked MA-induced
CPP, abolished previously established CPP to MA, and reduced MA-induced locomotor
sensitization (Takamatsu et al., 2011; Takamatsu et al., 2006; Yamamoto et al., 2011). Beyond

AMPHs interactions with SERT and effects on 5-HT concentrations, AMPHS also interact with
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different 5-HT receptor subtypes. 5-HT receptor subtypes relevant to AMPH-induced behaviors

are discussed below.

SHTa receptors are highly expressed within the DR, acting as inhibitory autoreceptors
on the soma and dendrites of DR 5-HT neurons (Altieri et al., 2013; Gozlan et al., 1983;
Khawaja, 1995; Marcinkiewicz et al., 1984; Pompeiano et al., 1992; Riad et al., 2000; Verge et
al., 1986). 5-HT-induced activation of 5-HTa receptors results in activation of GIRKs
(Aghajanian & Lakoski, 1984; Penington et al., 1993; Polter & Li, 2010; Williams et al., 1988)
and the inhibition of voltage-dependent calcium channels (Penington & Kelly, 1990). Given
AMPHs ability to increase extracellular 5-HT concentrations by competing with 5-HT for uptake
at SERT and inducing local 5-HT release (Schmidt et al., 1987; Sprouse et al., 1989), it was
hypothesized that this increase facilitates activation of SHT 4 autoreceptors (Sprouse et al., 1989)
that regulate serotonergic tone via an inhibitory feedback mechanism (Altieri et al., 2013).
Activation of 5-HTa receptors regulates extracellular 5-HT levels by controlling the firing rates
of neurons. In support of this hypothesis, 5-HT14 agonists potently inhibited spontaneous DR 5-
HT neuron activity mimicking the effects of 5S-HT and MDMA (Sprouse & Aghajanian, 1986,
1987; Sprouse et al., 1989), an effect that was blocked by several 5-HT 4 antagonists (Martin et
al., 1999). Such autoreceptor activation may explain AMPH-induced behavioral effects. It is
important to note, SHT 4 receptors are also expressed post-synaptically in the hippocampus,
amygdala, and thalamus among other regions (Albert et al., 1990; Hall et al., 1985; Khawaja,
1995; Marcinkiewicz et al., 1984; Pompeiano et al., 1992; Verge et al., 1986), therefore any
observed effects in vivo cannot be confirmed as DR-specific. Several 5-HT 4 agonists blocked
AMPH-induced increases in locomotor activity (Ago et al., 2006; Maj et al., 1987; Millan et al.,
1998; Przegalinski & Filip, 1997) and the agonist buspirone reversed MDMA-induced anxiety in
an elevated plus maze test (Bhattacharya et al., 1998). Activation of 5-HT 4 also inhibited the

development and expression of AMPH-induced sensitization (Przegalinski et al., 2000). These
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findings suggest that 5-HTa receptor activation may attenuate the behavioral and neuroadaptive

effects of AMPHs.

5-HT g receptors are predominantly localized on 5-HT axon terminals, but they are also
expressed within the DR, where they act as inhibitory autoreceptors (McDevitt & Neumaier,
2011; Tiger et al., 2018). 5-HT 3 also regulates serotonergic tone, however it accomplishes this by
controlling 5-HT release within the DR. Within the DR, 5-HT g agonists decreased 5-HT release,
an effect that was blocked by a 5-HT s antagonist (Adell et al., 2001; Davidson & Stamford,
1995). Supporting this distinction, 5-HTs agonists displayed weak efficacy or inconsistent
actions on the firing activity of DR 5-HT neurons (Adell et al., 2001; Sprouse & Aghajanian,
1987). Instead, activation of 5-HT g receptors within the DR inhibited glutamatergic synaptic
activity by decreasing miniature excitatory post synaptic currents (mEPSC) frequency (Lemos et
al., 2006). Again, it is important to note 5-HT s receptors are expressed outside of the DR,
including the substantia nigra, striatum, and amygdala (Varnas et al., 2001), therefore any
observed effects in vivo cannot be confirmed as DR-specific. Stimulating 5-HT s receptors
attenuated AMPH self-administration, an effect that could be significantly reduced by 5-HTs
antagonists (Fletcher & Korth, 1999; Miszkiel et al., 2012). Antagonizing 5-HT)g receptors also
attenuated AMPH-primed and AMPH cue-induced reinstatement following extinguished AMPH-
seeking behavior (Miszkiel & Przegalinski, 2013). Stimulating 5-HT g also abolished AMPH-
induced increases in responding to a conditioned rewarding stimulus (Fletcher & Korth, 1999).
These studies would suggest that activation of 5-HTp receptors reduces the reinforcing effects of

AMPHs.

5-HT4 receptor mRNA are expressed on GABAergic neurons within the periaqueductal
gray (PAG) and their terminals onto DR 5-HT neurons (Liu et al., 2000; Wright et al., 1995). 5-
HT:a receptors on PAG GABAergic terminals respond to changes in 5-HT within the DR. Local

activation of these receptors activate a negative feedback loop that suppresses the firing of DR 5-
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HT neurons (Liu et al., 2000). In addition, AMPHs exhibit high affinity and agonist-like
properties at 5-HT»4 receptors (Battaglia & De Souza, 1989; Teitler et al., 1990). The 5-HT»
nonspecific antagonist cinanserin decreased rates of AMPH self-administration at high doses
(Porrino et al., 1989). The 5-HT»a antagonist MDL 100,907 blocks the stimulant effects of AMPH
(Moser et al., 1996). 5-HT»a antagonists also blocked AMPH- and MA-induced CPP (Madden et
al., 2020; Nomikos & Spyraki, 1988). However, the antagonist ritanserin showed inconsistent
effects on AMPH-induced hyperlocomotion, with one study reporting no effect at higher doses
and another demonstrating its ability to block hyperlocomotion at lower doses (Nomikos &

Spyraki, 1988; O'Neill et al., 1999).

5-HT;gp receptors are expressed in 5-HT neurons of the DR (Belmer, Quentin, et al., 2018;
Quentin et al., 2018). Opposite to 5-HT g receptors, the activation of 5-HTg receptors stimulates
the release of 5-HT (Doly et al., 2008). In ex-vivo electrophysiological recordings, the activation
of 5-HT>g receptors increased the firing rate of 5-HT Petl neurons. Firing rates were also
significantly higher in cells overexpressing 5-HT,g receptors compared to control cells when
injecting +200 pA of current. In fact, the activation of 5-HT2g receptors counteracts 5-HT
autoreceptor mediated reductions in firing rate. KO of 5-HTg receptors in Pet-1 positive 5-HT
neurons, resulted in DR 5-HT neurons with a significantly lower firing frequency compared to
controls (Belmer, Quentin, et al., 2018). 5-HT,z receptor expression is also observed outside of
the DR, including the cerebellum, medial amygdala, hypothalamus, and lateral septum (Hoyer,
2007) —therefore the following effects are not DR specific. Behaviorally, the antagonism of 5-
HT,g receptors blocked MDMA-induced increases in locomotor activity (Doly et al., 2008).
Antagonizing 5-HT>g receptors also blocked MDMA-induced locomotor sensitization, as well as
MDMA-induced reinstatement of CPP following extinction. KO of 5-HT2g receptors also blocked
MDMA-induced locomotor sensitization and CPP. (Doly et al., 2009). However, one study

specifically assessed the influence of 5-HT»p receptors within raphe nuclei on MDMA-induced
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behaviors by using Pet-1 driven KO of 5-HT2g receptors. KO of Pet-1 5-HT»g receptors blocked

MDMA-induced increases in locomotor activity and sensitization (Belmer, Quentin, et al., 2018).

Whole-Cell Patch-Clamp Electrophysiology

Whole-cell patch clamp electrophysiology is a technique used to measure the electrical
activity of neurons. This technique allows for detailed examination of ion currents and membrane
potentials by providing access to the cell interior. There are two configurations for recording
neuron activity, 1) current clamp mode to measure changes in membrane voltage and 2) voltage
clamp mode to measure changes in membrane current. This technique allows us to determine the
effect of MA on cell excitability, activity of ion channels, and the mechanisms behind those
effects. With the MADR and CRISPR-Cas9-generated mice with differential TAAR1 function,
this technique serves as an ideal tool for assessing whether TAARI1 functionality itself can dictate
DR 5-HT neuron activity and glutamatergic input. The technique does have several limitations:
Recordings are usually performed on one cell at a time making these experiments low throughput.
Additionally, we are constrained by the small size of the DR in mice. Slices prepared at a
thickness of 230-250 um yield only 2-3 slices with sizable DR subregions. Since the DR is
located on the midline, we cannot hemi-sect the slices to increase yield. Furthermore, the effects
of MA are irreversible; once MA is applied to the slice, it cannot be reused to make pre- and post-

MA comparisons.

Electrophysiology Methods to Characterize Properties of Dorsal Raphe Serotonin Neurons

Whole-cell patch-clamp electrophysiology can be performed on acute brain slices
encompassing the DR to assess whether there are baseline differences in intrinsic membrane
properties, action potential dynamics, and glutamatergic inputs onto DR 5-HT neurons. This in
vitro approach allows us to evaluate physiological properties such as spontaneous firing
frequency, response to hyperpolarizing or depolarizing current injections, resting membrane
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potential (RMP), firing pattern features, as well as AMPA and NMDA receptor mediated currents
of DR 5-HT neurons. We can then apply MA to DR-containing slices to determine whether there
are MA-induced changes in the properties mentioned above. By performing these experiments
with the MADR and CRISPR-Cas9-generated mouse lines, we can then determine whether the
basal characteristics and/or observed effects of MA on DR 5-HT neuron activity are influenced by

TAARI receptor functionality and the TAAR1-dependent processes.

Hypotheses and Experimental Aims

The overarching goal of this dissertation was to investigate how TAARI functionality
influences the intrinsic activity of DR 5-HT neurons in response to MA and glutamatergic
synaptic transmission onto these neurons in the absence and presence of MA. Importantly, any
observed differences in basal characteristics between the lines suggests an effect of selective
breeding and may relate to differential genetic risk for MA intake and reward/aversion sensitivity.
DR 5-HT neurons are involved in the perception of rewarding stimuli (Li et al., 2016; Nagai et
al., 2020; Ren et al., 2018; Wang et al., 2019) and TAARI is widely expressed within this region
(Borowsky et al., 2001; Lindemann et al., 2008; Rutigliano et al., 2017). Therefore, studying the
activity of DR 5-HT neurons from the MADR and CRISPR-Cas9-generated mice with
differential TAAR1 function, MA reward sensitivity, and voluntary MA intake enables us to

investigate these goals.

The first aim was designed to 1) characterize the effect of MA on DR 5-HT neuron
excitability, 2) determine the influence of 7aar! genotype and 3) investigate the TAAR1-
dependent mechanisms underlying these effects. TAAR1 agonists reduce excitability of DR 5-HT
neurons expressing or overexpressing TAAR1, an effect that is absent in TAAR1 KO DR 5-HT
neurons (Revel et al., 2012; Revel et al., 2011). However, AMPHs increase extracellular 5-HT

concentrations (Ferre et al., 1994; Rothman et al., 2001; Schmidt et al., 1987; Sprouse et al.,
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1989; Sulzer et al., 2005; Underhill & Amara, 2020), potentially inducing feedback inhibition of
DR 5-HT neurons through activation of 5-HT inhibitory autoreceptors (Aghajanian & Lakoski,
1984; Dedic et al., 2019; Sprouse et al., 1989). In fact, the activation of 5-HTa or 5-HTs
inhibitory autoreceptors has been shown to attenuate TAAR1-induced cAMP production (Xie et
al., 2008). I expanded on this by evaluating the effect of MA in the absence and presence of 5-
HT,aand 5-HT)g autoreceptor antagonists in the MADR mice. To determine whether the effect of
MA is dependent on the absence of TAARI function, I repeated experiments with the 5-HT
autoreceptor antagonists in the CRISPR-Cas9-generated mice. Additionally, MA is a substrate of
SERT (Han & Gu, 2006) and its expression at the membrane is modulated by TAAR1 (Underhill
& Amara, 2020). Therefore, I evaluated whether SERT is necessary for the observed effects of
MA. Finally, to determine whether the absence of TAARI function is critical for heightened MA
consumption and reward sensitivity | included an experiment that evaluated whether KI of

functional TAAR1 attenuated binge-level MA intake.

The second aim was designed to 1) characterize the influence of TAARI functionality on
baseline glutamatergic synaptic transmission onto DR 5-HT neurons and 2) how differences in
TAARI function influenced glutamatergic synaptic transmission onto these neurons in response
to MA. The MADR lines differ in their Taar! genotypes, which are linked to the observed
differences in voluntary MA intake and reward/aversion sensitivities (Hitzemann et al., 2019;
Phillips & Shabani, 2015; Shabani et al., 2011; Wheeler et al., 2009). These mice also exhibit
baseline region-specific differences in glutamate receptor, EAAT3, and scaffolding protein
expression (Lominac et al., 2016; Szumlinski et al., 2017). Therefore, I first wanted to explore
whether Taarl genotype and its associated TAAR1 function influenced baseline spontaneous
(sEPSCs) and the paired pulse ratio (PPR) of DR 5-HT neurons. However, for my studies, I used
the CRISPR-Cas9-generated mice, which serve as a causal model for a Taar! SNP effect on

voluntary MA intake and MA reward/aversion sensitivity (Phillips et al., 2021; Stafford et al.,
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2019). The MADR mice also exhibit region-specific changes in extracellular glutamate
concentrations following MA exposure (Lominac et al., 2016; Szumlinski et al., 2017). Therefore,
I also evaluated whether MA influenced glutamatergic synaptic transmission onto DR 5-HT
neurons by recording sSEPSCs and PPRs following administration of MA. Finally, ample evidence
demonstrates that TAARI activation potentiates NMDA receptor-mediated glutamatergic synaptic
activity onto DA neurons (Li et al., 2017; Underhill et al., 2019; Underhill et al., 2014). Thus, I
expanded on the work from Chapter 2, to determine whether MA-induced depolarization and
potentiation of DR 5-HT neurons in mice lacking functional TAAR1 is dependent on NMDA

receptors.

38



Chapter 2: Absence of TAARI1 function increases methamphetamine-
induced excitability of dorsal raphe serotonin neurons and drives binge-

level methamphetamine intake

Samantha M. Rios!, John R.K. Mootz!, Tamara J. Phillips"?, Susan L. Ingram?

"Department of Behavioral Neuroscience, Oregon Health & Science University, Portland, OR,

USA
*Veterans Affairs Portland Health Care System, Portland, OR, USA

3Department of Anesthesiology, University of Colorado, Aurora, CO, USA

Reproduced with permission from Springer Nature. This chapter is adapted from the following

publication:

Rios, S. M., Mootz, J. R. K., Phillips, T. J., & Ingram, S. L. (2025). Absence of TAAR1 function
increases methamphetamine-induced excitability of dorsal raphe serotonin neurons and
drives binge-level methamphetamine intake. Neuropsychopharmacology.

https://doi.org/10.1038/s41386-025-02063-w

Acknowledgements: These studies were designed by Samantha Rios in collaboration with Drs.
Tamara Phillips and Susan Ingram. Acquisition of all electrophysiology data was performed by
Samantha Rios. The behavioral experiment was performed by John R.K. Mootz. Analysis of
electrophysiology and behavioral data was completed by Samantha Rios. The manuscript was

written by Samantha Rios in consultation with Drs. Tamara Phillips and Susan Ingram.

39


https://doi.org/10.1038/s41386-025-02063-w

Abstract

Methamphetamine (MA) is a potent psychostimulant capable of exerting both rewarding
and aversive effects, the balance of which likely drives variation in voluntary MA intake.
Understanding the genetic factors underlying sensitivity to these effects of MA is critical for
developing effective treatments. The activity of dorsal raphe serotonin neurons is linked to reward
processing. Here, we performed whole-cell patch-clamp electrophysiology in dorsal raphe
serotonin neurons from mice with high or low MA intake corresponding with high or low MA
reward sensitivity. The MA drinking (MADR) mice consist of the MA reward sensitive MA high
drinking (MAHDR) and the MA reward insensitive MA low drinking (MALDR) lines. MA is a
trace amine-associated receptor 1 (TAAR1) agonist, and MAHDR mice are homozygous for a
mutation in the Taarl gene, Taar1™", that encodes non-functional TAAR1, whereas MALDR
mice possess at least one copy of the reference Taarl" allele that encodes functional TAARI. Our
previous research using CRISPR-Cas9-generated MAHDR-Taar! ™" knock-in mice in
which Taar1™” was replaced with Taarl”, and non-edited MAHDR-Taar 1™ controls
demonstrated that lack of TAARI function is critical for heightened MA consumption and MA
reward sensitivity. Here, electrophysiological recordings in the MADR lines demonstrate a MA-
induced decrease in dorsal raphe serotonin neuron activity from MALDR, but not MAHDR mice.
However, in the presence of serotonin autoreceptor antagonists, MA potentiates dorsal raphe
serotonin neuron activity of MAHDR, but not MALDR mice. Importantly, potentiation in the
presence of the antagonists is abolished in knock-in mice expressing functional TAAR1. The
knock-in mice did not display binge-level MA intake, consistent with the loss of MA-reward
sensitivity previously reported in mice with functional TAARI. Finally, because MA is a substrate
of the serotonin transporter, we evaluated whether the serotonin transporter is necessary for MA-
induced potentiation of dorsal raphe serotonin neuron activity in mice with non-functional

TAARI. The serotonin transporter antagonist fluoxetine blocks MA-induced potentiation for both
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MAHDR and MAHDR-Taar1™”™" mice. Thus, TAARI function directly impacts MA reward
sensitivity and MA intake and serves as a critical regulator of MA-induced activity of dorsal

raphe serotonin neurons through its interaction with the serotonin transporter.
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Introduction

The incidence of methamphetamine (MA) use disorders has dramatically risen during the
past decade (Han et al., 2021). No effective treatments for MA use disorder exist. Further
investigation into mechanisms by which MA influences neurotransmission in brain regions
associated with reward and aversion processing is necessary for understanding cellular
mechanisms underlying addiction and for development of MA use disorder therapies. A vigorous
genetic tool for examining the impact of initial sensitivity to rewarding and aversive effects of
MA on subsequent MA use is mice selectively bred for differential voluntary MA consumption.
Our lab employed a two-bottle choice voluntary MA consumption procedure to generate the MA
drinking (MADR) selected lines, consisting of mice bred for high and low MA intake; the MA
high drinking (MAHDR) and MA low drinking (MALDR) lines, respectively (Wheeler et al.,
2009). Behaviorally, MAHDR mice exhibit high sensitivity to rewarding effects of MA, while
MALDR mice exhibit insensitivity. High reward sensitivity in MAHDR mice is associated with
diminished sensitivity to aversive effects of MA, compared to MALDR mice, which exhibit high
aversion sensitivity. Selection response for high vs. low MA consumption and differential
sensitivity to rewarding and aversive effects of MA have been confirmed across five replicate sets
of MADR lines (Hitzemann et al., 2019; Phillips & Shabani, 2015; Shabani et al., 2011; Wheeler

et al., 2009).

Whole genome mapping identified a location on mouse chromosome 10 accounting for
60% of the genetic variance in MA intake between the MADR lines (Belknap et al., 2013), which
was traced to a single nucleotide polymorphism within the coding sequence of the trace amine
associated receptor 1 (7aarl) gene (Harkness et al., 2015; Stafford et al., 2019). MA is a full
agonist at the intracellular G protein-coupled receptor encoded by the 7aar! gene, TAAR1
(Bunzow et al., 2001). Within 1-2 generations of selective breeding, all MAHDR mice are

homozygous for the spontaneously mutated Taar! allele, denoted as Taari™", that encodes non-
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functional TAAR1 (Reed et al., 2018). Conversely, MALDR mice possess at least one copy of the
reference Taarl ™ allele that encodes functional TAAR1 (Reed et al., 2018). Using a CRISPR-
Cas9-generated MAHDR-Taar!""" knock-in (K1) line, compared to a MAHDR-Taar ™" line
that served as a control for the KI, TAAR1 functionality was determined to be critical for
differential MA intake, and sensitivity to rewarding, aversive, and physiological effects of MA
(Phillips et al., 2021; Stafford et al., 2019). Herein, we used the MAHDR-7aar! """ KI and
MAHDR-Taar "™ mice to examine whether replacement with functional TAAR1 would
attenuate binge-level MA intake, as it does for MA intake at low concentrations (Stafford et al.,
2019). Mice were tested using a two-bottle choice procedure with increasing MA concentrations

previously used to demonstrate binge-level MA intake in MAHDR mice (Shabani et al., 2016).

Overall, the pronounced imbalance between MA-induced reward and aversion sensitivity
in the MADR mice, linked to TAAR1 functionality, makes them ideal for determining whether
effects of MA on neural activity (1) correspond with perception of MA reward or aversion and (2)
are dependent on TAAR1 functionality. Our studies focus on the dorsal raphe (DR) which
contains serotonin (5-HT) neurons. DR 5-HT neurons are involved in the perception of rewarding
stimuli, including sucrose, food, and social interaction (Li et al., 2016; Liu et al., 2014; Nagai et
al., 2020; Ren et al., 2018; Wang et al., 2019). DR 5-HT neuron activity increases in response to
rewarding stimuli (Li et al., 2016; Liu et al., 2014; Ren et al., 2018) and optogenetic stimulation
of DR 5-HT neurons induces reward-motivated behaviors (Liu et al., 2014; Nagai et al., 2020;
Wang et al., 2019). In contrast, optogenetic inhibition of DR 5-HT neurons reduces reward-
motivated behavior (Nagai et al., 2020). Amphetamines induce 5-HT release in the DR (Ferre et
al., 1994; Sprouse et al., 1989) and TAARI is widely expressed within this region (Borowsky et
al., 2001; Lindemann et al., 2008; Rutigliano et al., 2017). Activation of Gais-coupled TAARI by
the psychostimulant MDMA stimulates RhoA, leading to the internalization of the serotonin

transporter (SERT) and a decrease in 5-HT uptake in a TAAR1 function dependent manner
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(Underhill & Amara, 2020). In response to the TAAR1 agonist, RO5166017, DR 5-HT neurons
exhibit a reduction in firing, an effect that is absent in DR 5-HT TAAR1 KO cells (Revel et al.,
2011). These studies demonstrate that TAAR1 modulates 5-HT concentrations and DR 5-HT

neuron activity.

To investigate the relationship between TAAR1 function and DR 5-HT neuron activity in
mice with differential MA intake and sensitivity to MA-induced reward, we performed whole-cell
patch clamp electrophysiology experiments on DR 5-HT neurons from MADR and CRISPR-
Cas9 generated mice. By examining the electrophysiological properties of these neurons, we
determined that the effects of MA on the intrinsic properties of DR 5-HT neurons are influenced

by TAARI functionality and its underlying mechanisms.

Materials and Methods

Animal maintenance and housing

All mice were born within the VA Portland Health Care System (VAPORHCS) veterinary
medical unit. After weaning, mice were maintained in standard acrylic plastic shoebox cages on
corncob bedding with wire lids and filter tops. Mice were maintained in climate-controlled rooms
under a standard 12:12 h light:dark cycle with lights on at 0600 h and ad libitum access to water
and rodent block food (SLOD PicoLab Rodent Diet; Animal Specialties, Woodburn, Oregon). All
animal care and testing procedures were approved by the VAPORHCS Animal Care and Use
Committee and were conducted in compliance with the National Institutes of Health Guidelines

for Care and Use of Laboratory Animals.

Methamphetamine drinking selected mouse lines

MA-naive male and female MAHDR and MALDR mice 28-45 days of age were used for

electrophysiological studies. MADR mice were selectively bred from a reciprocal F2 cross of
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C57BL/6J and DBA/2]J inbred strains, based on voluntary MA intake during a two-bottle choice
procedure. Details of the selective breeding procedures and responses to selection of multiple
replicate sets of MADR lines have been fully described in previous publications (Hitzemann et
al., 2019; Shabani et al., 2011; Wheeler et al., 2009). Briefly, mice were provided a water bottle
versus 20 mg/L MA in water for 18 h/day for 4 days and then 40 mg/L MA in water for an
additional 4 days. Mice used for selective breeding were chosen based on average MA consumed

in mg/kg, during access to the 40 mg/L. MA solution.
CRISPR-Cas9 knock-in of Taarl”

Male and female MAHDR-Taar"* KI and MAHDR-Taar1™"" mice 82-85 days of age
were tested in an escalating MA concentration two-bottle choice procedure and mice 29-43 days
of age were used for electrophysiological study. The MAHDR-Taar! """ KI mice were created at
Oregon Health & Science University’s Transgenic Mouse Models Shared Resource Core,

1™ allele with the Taarl" reference

utilizing CRISPR-Cas9 technology to exchange the Taar
allele. The MAHDR-Taar ™" line that served as a control for the KI was derived from mice in

which the Taar1™" allele was not successfully excised and exchanged, thus retaining the

Taar1™”™" genotype. Further details can be found in Stafford et al. (2019).
Drugs

(+) MA hydrochloride was purchased from Sigma-Aldrich (St. Louis, MO, USA). D-
APV, bicuculline, and fluoxetine were purchased from HelloBio (Princeton, NJ, USA). SB
216641 and WAY 100635 were purchased from Cayman Chemical (Ann Arbor, M1, USA).
Serotonin hydrochloride was purchased from Sigma Aldrich (Burlington, MA, USA). All drugs
were dissolved in double distilled water, except when MA was used for drinking, when it was

dissolved in tap water.
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Two-bottle choice drinking of escalating MA concentrations

Methods were consistent with our previous study (Shabani et al., 2016). Voluntary MA
consumption was measured from 20 to 140 mg/L MA concentrations, with concentration
increasing in 20 mg/L increments every 4 days. Forty mice (10 per MAHDR-7aar!™* K1 and
MAHDR-Taar ™" line per sex) were weighed and individually housed in plastic shoe box
cages with stainless steel wire tops. For the first 48 hours, mice acclimated to consuming fluid
from the novel drinking bottles, 25-ml graduated cylinders fitted with stoppers and stainless-steel
sippers placed between bars of the cage tops. Food and one water bottle were provided ad libitum
during this period. On day 3, mice were weighed, and MA-containing bottles were added onto the
cage tops for an 18-h period 3-h before the dark cycle started and removed 3-h into the light
phase. Fluid consumption was determined for both the 18-h (water vs. MA) and 6-h (water only)
periods. To account for position bias, the position of water and MA bottles was alternated every 2
days. Body weight data were collected every 2 days. Fluid consumption and body weight data
were used to determine mg/kg of MA consumed daily. Consistent with selection and previous
studies, mg/kg consumed during days 2 and 4 (the second day after a water vs. MA bottle position

switch) of each MA concentration were averaged to represent drinking for each concentration.
Brain slice preparation and electrophysiological recordings

Mice were deeply anesthetized with isoflurane for brain removal. Brains were immersed
in ice-cold sucrose aCSF containing the following (in mM): 80 NaCl, 2.7 KCI, 0.1 CaCl,, 6.5
MgSOs4, 1.3 NaH,PO4, 24 NaHCO3, 2.8 dextrose, and 82 sucrose with 8§7.5 uM D-APV,
equilibrated with 95.0% O,/5% CO,. Coronal slices containing the DR were cut 230-250 um
thick with a vibratome (Leica Microsystems) and placed in oxygenated aCSF containing the
following (in mM): 123.5 NaCl, 21 NaHCOs, 19 dextrose, 2.45 KCl, 2.55 CaCl,, 1.2 MgSQs4, and
1.2 NaH2POs, and equilibrated with 95% 0/5% CO- at 34 °C until the start of recording. Brain

slices were placed onto the recording chamber on an upright Olympus BX51WI microscope and
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superfused with 31-33°C aCSF. Electrophysiological recordings were made using the Sutter
Instruments Integrated Patch Clamp Amplifier and data acquisition system (Sutter Instruments,

Novato, CA, USA). Data were acquired at 5 kHz and low pass filtered at 2 kHz.

Whole-cell recordings in current clamp mode were conducted with glass electrodes with
resistances of 3 - 6 MQ and filled with potassium gluconate internal solution containing the
following (in mM): 127 D-gluconic acid potassium salt, 10 HEPES, 1 EGTA, 10 KCl, 1 MgCl,,
0.3 CaCl,, 2 MgATP, and 0.5 NaGTP, pH 7.3-7.4, and 285-295 mOsm. A junction potential of 15
mV was corrected at the start of experiments and for all reported resting membrane potentials
(RMPs). During whole-cell current clamp experiments, no holding current was applied. Only
neurons with stable RMPs that exhibited action potentials crossing 0 mV when depolarized by
current step protocols were used for analysis. In current clamp mode, 2s long depolarizing steps (-
40 pA to +60 pA in 20 pA increments, every 10s) were used to evaluate firing patterns of DR SHT

neurons. RMP was measured during the 100 ms before the current injection.

Putative serotonergic DR neurons were selected initially by their reversable inhibitory
response to bath application of serotonin hydrochloride (10 uM). Neurons with a capacitance
exceeding 50 pF were confirmed as serotonergic and subsequently used for electrophysiological

studies.

Experimental Design and Statistical Analysis

All firing frequency data are expressed as mean + SEM. Data were analyzed using
Statistica 13.3 software (TIBCO Software, Inc, Palo Alto, CA, USA). Each cell is considered an
independent observation; numbers of cells and mice are given in the figure legends. Differences
in firing frequency were assessed using repeated measures ANOVA, followed by Tukey HSD
when appropriate. Differences in RMPs between the same cells were assessed using paired t-tests,

while comparisons between different cells were analyzed using unpaired t-tests. Differences in
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MA and total consumption were assessed using repeated measures ANOVA, followed by within-
subjects or between mouse line contrasts of means when appropriate. The level of significance for

all statistical tests was set at < 0.05.
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Results

MA hyperpolarizes and inhibits firing of MALDR DR 5-HT neurons

TAARI agonists inhibit monoamine neurons, including DR 5-HT neurons from
C57BL/6J mice (Revel et al., 2012; Revel et al., 2011), a MADR progenitor strain with the Taarl
gene variant that encodes functional TAAR1 (Harkness et al., 2015). In contrast, TAAR1 agonists
have no effect on DR 5-HT neuron activity in TAAR1 KO mice (Revel et al., 2011). To determine
the effects of MA on DR 5-HT neuron activity in brain slices from the MADR mouse lines, we
measured spontaneous firing frequency and firing frequency across a series of current injections
pre- and post-MA application (Fig. 1). MA superfusion alone did not affect the mean firing
frequency of DR 5-HT neurons of MAHDR mice, which possess non-functional TAAR1 (Fig.
1A; treatment: F(1,6=0.05, p=0.83). MA had no effect on the RMPs of MAHDR DR 5-HT
neurons (Fig.1B; #6=0.22, p=0.84). However, MA superfusion significantly decreased mean
firing frequency of DR 5-HT neurons of MALDR mice, which possess functional TAAR1 (Fig.
1C; treatment: F(1,7=12.46, p=0.0096; treatment x current injected: F(s35=8.01, p=<0.001).
Furthermore, MA significantly hyperpolarized MALDR DR 5-HT neurons (Fig. 1D; ¢7=2.57,

p=0.037).
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Figure 2.1. MA hyperpolarizes and inhibits firing of DR 5-HT neurons from MALDR mice. A: Mean
firing frequency of MAHDR DR 5-HT neurons pre- and post-MA application [7 recordings (7 mice:
Male=3, Female=4). Means = SEM are presented collapsed on sex.]. B. RMPs of MAHDR DR 5-HT
neurons were not significantly changed by MA. Each set of symbols represents a recording in the absence
and presence of MA. C: Mean firing frequency of MALDR DR 5-HT neurons pre- and post-MA
application [8 recordings (8 mice: Male=4, Female=4); Tukey’s HSD post hoc test, *p<0.05, ***p<0.001
for baseline compared to MA at a given current. Means = SEM are presented collapsed on sex.] D. RMPs
of MALDR DR 5-HT neurons were significantly hyperpolarized by MA, *p<0.05). Each set of symbols

represents a recording in the absence and presence of MA.
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MA potentiates DR 5-HT neuron activity of MAHDR but not MALDR mice in the presence

of SHT autoreceptor antagonists

MA is a substrate of SERT (Han & Gu, 2006) and increases extracellular 5-HT
concentrations by competing for intracellular transport. Increased extracellular 5-HT can induce
feedback inhibition of DR 5-HT neurons through activation of 5-HT4 and 5-HT s autoreceptors
(Aghajanian & Lakoski, 1984; Dedic et al., 2019; Sprouse et al., 1989). To determine whether
MA alters intrinsic activity of DR 5-HT neurons, spontaneous firing, and firing frequency across
a series of current injections were recorded pre- and post-MA application in the presence of
SHTiaand SHT;g autoreceptor antagonists. MA significantly increased the overall firing
frequency of MAHDR DR 5-HT neurons (Fig. 2A; treatment: F18=29.70, p=<0.001; treatment x
current injected: F(s5.40=7.03, p=<0.001). Representative traces demonstrate that MA potentiated
MAHDR DR 5-HT neuron activity when recording spontaneous activity and when injecting +40
pA of current (Fig. 2B). MA depolarized the RMPs of MAHDR DR 5-HT neurons (Fig. 2C;
t=4.36, p=0.0024). We observed a different profile in MALDR mice, where MA had no effect in
the presence of 5-HT autoreceptor inhibitors (Fig. 2D; treatment: F;,6=0.26, p=0.63).
Representative traces demonstrate that MA had no effect on spontaneous firing or firing during
the +40 pA current injection (Fig. 2E) and no effect on RMPs (Fig. 2F; #6=2.21, p=0.07) of
MALDR DR 5-HT neurons. These data indicate that the MA-induced reduction in firing and
hyperpolarization observed in MALDR mice (Fig. 1C,D) is due to activation of 5-HT

autoreceptors.
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Figure 2.2. MA potentiates DR 5-HT neuron activity of MAHDR but not MALDR mice in the
presence of SHT1a and SHT1s autoreceptor antagonists. Control refers to the firing frequency, activity,
and RMP in the presence of antagonists for SHT 14 (WAY 100635, 100 nM) and 5SHT 5 (SB 216641, 200
nM) autoreceptors. A: Mean firing frequency of MAHDR DR 5-HT neurons pre- and post-MA application
[9 recordings (8 mice: Male=5, Female=4); Tukey’s HSD post hoc test, **p<0.01, ***p<0.001 for control
compared to MA at a given current. Means + SEM are presented collapsed on sex.] B: Representative
traces of MAHDR DR 5-HT recordings at 0 pA and +40 pA current injection in the absence (black) and
presence of MA (teal). C: RMPs of MAHDR DR 5-HT neurons were significantly depolarized by MA,
**p<0.01). Each set of symbols represents a recording in the absence and presence of MA. D: Mean firing
frequency of MALDR DR 5-HT neurons pre- and post-MA application [7 recordings (7 mice: Male=3,
Female=4). Means + SEM are presented collapsed on sex.] E: Representative traces of MALDR DR 5-HT
recordings at 0 pA and +40 pA current injection in the absence (black) and presence of MA (teal). F: RMPs
of MALDR DR 5-HT neurons were not significantly changed by MA. Each set of symbols represents a

recording in the absence and presence of MA.
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Binge-level MA consumption is dependent on TaarI™"” encoding non-functional TAAR1

Our previous work first linked (Harkness et al., 2015; Reed et al., 2018), then determined
a causal role (Phillips et al., 2021; Stafford et al., 2019), for TAAR1 functionality in determining
differential MA intake, and sensitivity to rewarding, aversive, and physiological effects of MA.
To further evaluate the causal role of TAAR1 in MA intake, we determined whether replacement
of the Taar1™" allele with the Taarl” allele on the MAHDR background, producing MAHDR
mice with functional TAAR1, attenuated binge-level MA intake, as it did for MA intake at low

concentrations (Stafford et al., 2019).

No significant effects involving sex for mg/kg MA consumption were found in the initial
repeated measures ANOVA, therefore, data were collapsed on sex and reanalyzed for effects of
line and MA concentration. There was a significant concentration x line interaction (Fig. 3A;
concentration x line: Fs,192=22.25, p<0.001). MAHDR-Taar!™"”""/ mice consumed significantly

more MA at all concentrations compared to MAHDR-Taar! ™"

KI mice. Within-subjects contrasts
of means between previous and subsequent MA concentration revealed significant increases in
MA intake at 40, 60, and 80 mg/L. MA concentrations in MAHDR-Taar ! mt/ml) mice
(concentration: Fs,102=28.18, p=<0.001). MAHDR-Taar1"* KI mice consumed low and

comparable levels of MA at all concentrations offered.

In the initial repeated measures ANOVA for total fluid consumption (ml; MA and water;
Fig. 3B) during the 18-h MA access period, there was a significant concentration x sex interaction
(F6,10874.27, p=<0.001). Total volume consumed by males was significantly greater than females
at 140mg/L. Because there was no interaction of sex with line, data were collapsed on sex and
reanalyzed for effects of line and MA concentration. There was a significant concentration x line
interaction (concentration x line: Fis,198=8.15, p=<0.001). Total volume consumed by MAHDR-
Taar1™™" mice was significantly greater than MAHDR-Taarl ™" KI mice at each concentration

between 80 and 140 mg/L. Within-subjects contrasts of means between previous and subsequent

53



MA concentration revealed a significant increase in total volume at 40 mg/L in MAHDR-Taar! ™"

KI mice (concentration: Fs108=3.31, p=0.005) and at 40 and 60 mg/L in MAHDR-Taar1™""""’

mice (concentration: F(s102=16.69, p=<0.001).
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Figure 2.3. Binge-level MA consumption is dependent on non-functional TAAR1. A: Total MA (mean
+ SEM) consumption in mg/kg/18 h (day 2 and 4 average at each concentration) for each line at each MA
concentration offered. **p<0.01, ***p<0.001 for the difference in MA consumed between the MAHDR-
Taar1™"1/ and MAHDR-Taar]** KI mice. Further analysis revealed a significant effect of MA
concentration for MAHDR-Taar1™""!/ mice only. Within-subjects contrasts of means, *p <0.05, 7p <0.01
for the difference in MA consumed compared to the next lower MA concentration. B: Total fluid (mean +
SEM) consumed by each line during the same 18 h period when each MA concentration was offered.
*%1p<0.01, ***p<0.001 for the difference in total volume consumed between the MAHDR - Taar1™™” and
MAHDR-Taar1** K1 lines. Further analysis revealed a significant effect of MA concentration for both the
MAHDR-Taar """ line and MAHDR-Taar!** KI line. Within-subjects contrasts of means, “p <0.05, 7p
<0.01 for the difference in total volume at a given concentration compared to the previous MA

concentration.) n=40 mice (10 mice per line per sex).
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MA-induced potentiation of DR 5-HT neurons is dependent on non-functional TAAR1

To determine whether the acute effects of MA on firing frequency of DR 5-HT neurons
are dependent on 7aar! genotype, we compared the effects of MA on DR 5-HT neuron activity of
MAHDR-Taar!"* KI and MAHDR-Taar1™"”"" mice. DR 5-HT neurons of MAHDR-Taar1™""""
mice exhibited a significant increase in overall mean firing frequency in response to MA (Fig.
4A; treatment: F(1 6=28.13, p=0.0018; treatment x current injected: Fs30=12.02, p=<0.001),
similar to MAHDR mice. Representative traces demonstrate the MA-induced potentiation of
MAHDR-Taar1™”™” DR 5-HT neuron activity when recording spontaneous activity and when
injecting +40 pA of current (Fig. 4B). MA depolarized the RMPs of DR 5-HT neurons of
MAHDR-Taar ™™ mice (Fig. 4C; 16=3.62, p=0.011). In contrast, mean firing frequency of
MAHDR-Taar!™* KI DR 5-HT neurons did not change in response to MA across the range of
current injections (Fig. 4D, E; F(1,5=0.029 p=0.87). MA had no effect on RMPs of MAHDR-

Taar!™" K1 DR 5-HT neurons (Fig. 4F; #5=1.87, p=0.12).
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Figure 2.4. MA-induced potentiation of DR 5-HT neurons is dependent on non-functional TAARI1.
Control refers to the firing frequency, activity, and RMP in the presence of antagonists for SHT 14 (WAY
100635, 100 nM) and SHT 5 (SB 216641, 200 nM) autoreceptors. A: Mean firing frequency of MAHDR-
Taar1™7"1/ DR 5-HT neurons pre- and post-MA application [7 recordings (7 mice: Male=4, Female=3);
Tukey’s HSD post hoc test, ***p<0.001 for control compared to MA at a given current. Means + SEM are
presented collapsed on sex.] B: Representative traces of MAHDR-Taar1™"”"!/ DR 5-HT recordings at 0 pA
and +40 pA current injections in the absence (black) and presence of MA (teal). C: RMPs of MAHDR-
Taar1™”"7 DR 5-HT neurons were significantly depolarized by MA, *p<0.05. Each set of symbols
represents a recording in the absence and presence of MA. D: Mean firing frequency of MAHDR-Taar!**
KI DR 5-HT neurons pre- and post-MA application [6 recordings (6 mice: Male=3, Female=3). Means +
SEM are presented collapsed on sex] E: Representative traces of MAHDR-Taar!** KI DR 5-HT
recordings at 0 pA and +40 pA current injections in the absence (black) and presence of MA (teal). F:
RMPs of MAHDR-TaarI™* KI DR 5-HT neurons were unchanged by MA. Each set of symbols represents

a recording in the absence and presence of MA.
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MA-induced potentiation of DR 5-HT neuron expressing non-functional TAAR1 is SERT

dependent.

To determine whether the TAAR1-dependent MA-induced potentiation observed in DR
5-HT neurons of MAHDR mice is due to synaptic inputs onto DR 5-HT neurons, the AMPA
receptor antagonist NBQX (10 uM) and the GABA receptor antagonist, bicuculline (10 uM)
were included in the recording solution, in addition to 5-HT14 and 5-HTg autoreceptor
antagonists. The MA-induced increase in overall mean firing frequency of DR 5-HT neurons was
not blocked (Fig. 5A; treatment: F(1,6=73.00, p=<0.001; treatment x current injected:
F(530=12.93, p=<0.001). MA significantly increased mean firing frequency throughout the range
of injected currents. Additionally, MA depolarized the RMPs of DR 5-HT neurons from MAHDR
mice in the presence of NBQX and bicuculline (Fig. 5B; #6=3.06, p=0.022). Thus, these synaptic
inputs are unlikely to contribute to the MA-induced potentiation and depolarization of DR 5-HT

neurons.

Because MA is a substrate of the SERT transporter, we evaluated whether SERT is
necessary to observe MA-induced potentiation of DR 5-HT neuron firing in TaarI™”" mice.
RMPs in the presence of fluoxetine and autoreceptor antagonists were not statistically different
compared to RMPs in the presence of autoreceptor antagonists only (MAHDR, #14=0.87, p=0.40;
N=7, 9 respectively; MAHDR -Taarl™”"™" controls, #12=0.93, p=0.37; N=7 for both conditions).
However, the MA-induced effects on firing frequency and RMP were blocked in the presence of
fluoxetine. MA had no effect on mean firing frequency over a range of current injections for
MAHDR or MAHDR-TaarI™”"” DR 5-HT neurons (MAHDR, Fig. 5C; treatment: F(; 6=2.74,
p=0.15; MAHDR-Taar1™"" | Fig. 5E; treatment: F(1 4=0.55, p=0.49), indicating SERT is
necessary for MA-induced potentiation of DR 5-HT neuron firing. In the presence of fluoxetine,
MA had no effect on the RMPs of DR 5-HT neurons of either mouse line (MAHDR, Fig. 5D;

16=0.20, p=0.85; MAHDR-Taar!™"”"™" | Fig. 5F; t=1.92, p=0.10), indicating a role for SERT in
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MA-induced depolarization. Figure 5G illustrates the hypothesized differences between mice

with non-functional TAARI (left panel) and functional TAAR1 (right panel).
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Figure 2.5. MA-induced potentiation of DR 5-HT neurons expressing non-functional TAAR1 is SERT
dependent. All experiments were performed in the presence of antagonists for SHT ;4 (WAY 100635, 100
nM) and SHTg (SB 216641, 200 nM) autoreceptors. A: Mean firing frequency of MAHDR DR 5-HT
neurons pre- and post-MA application in the presence of the AMPA receptor antagonist NBQX (10 uM)
and GABA4 receptor antagonist bicuculline (10 puM) [7 recordings (7 mice: Male=4, Female=3). Means +
SEM are presented collapsed on sex] B: RMPs of MAHDR DR 5-HT neurons depolarized in response to
MA in the presence of NBQX and bicuculline. Each set of symbols represents a recording in the absence
and presence of MA. C: The effect of MA is blocked in the presence of fluoxetine in recordings from
MAHDR DR 5-HT neurons [7 recordings (6 mice: Male=3, Female=4). Means = SEM are presented
collapsed on sex]. D: RMPs of MAHDR DR 5-HT neurons were not significantly changed by MA in the
presence of fluoxetine. Each set of symbols represents a recording in the absence and presence of MA. E:
Blockade of the MA effect by fluoxetine is confirmed in DR 5-HT neurons from MAHDR-Taar1™"/m!/
control mice [7 recordings (6 mice: Male=4, Female=3). Means + SEM are presented collapsed on sex]. F:
RMPs of MAHDR-Taar1™”#%/ DR 5-HT neurons were not significantly changed by MA in the presence of
fluoxetine. Each set of symbols represents a recording in the absence and presence of MA. G. Schematic of
TAARI differences between lines. Left panel: MA enters DR 5-HT neurons of MAHDR and MAHDR-
Taar1™”™” control mice through SERT. Due to non-functional TAAR1, MA cannot activate TAAR1
signaling pathways, preventing the internalization of SERT from the membrane (denoted by the red Xs). In
these mice, MA depolarizes DR 5-HT neurons resulting in increased activity in the presence of autoreceptor
antagonists. The effect of MA can be blocked by the SERT antagonist fluoxetine. Right panel: MA enters
DR 5-HT neurons of MALDR and MAHDR-Taar!** KI mice through SERT. MA activates TAAR1
signaling pathways leading to internalization of SERT from the membrane. As a result, MA does not
depolarize DR 5-HT neurons, and their activity remains unchanged in the presence of 5-HT autoreceptor

antagonists. Created in BioRender. Rios, S. (2025) https://BioRender.com/t93y794.
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Discussion

The data presented show MA-induced depolarization, increases in DR 5-HT neuron
excitability, and binge-level MA consumption in mice lacking functional TAAR1. Moreover, MA
enhanced DR 5-HT neuron excitability through a SERT-dependent mechanism. These findings

highlight the role of TAAR1 as a regulator of DR 5-HT neuron excitability and MA intake.

KI of functional TAAR1 on the MAHDR background converts binge level MA intake to low

intake

Previously, using MAHDR-Taarl ™" KI and MAHDR-Taar1™"”™” mice, our lab
confirmed a causal relationship between Taarl genotype and sensitivity to rewarding and
aversive effects of MA (Phillips et al., 2021), as well as MA consumption at low MA
concentrations (Stafford et al., 2019), which we had /inked to Taarl genotype and TAAR1
function in MADR mice (Harkness et al., 2015; Reed et al., 2018). Building on this, we used the
MAHDR-Taar!""* KI and MAHDR-Taar 1™ mice to determine whether TAAR1 function is
critical for binge-level MA consumption, as observed in MAHDR mice (Shabani et al., 2016).
Binge-level MA consumption was found in MAHDR-Taar ™™ but not MAHDR-Taarl " K1
mice. Therefore, KI of Taarl", which expresses functional TAARI, converted binge-level MA
intake to low MA intake, confirming that 7aar! causally regulates MA consumption and the
presence of non-functional TAARI drives binge-level MA intake. Given TAARI’s critical role in
determining MA consumption and sensitivity to MA reward, we explored whether TAAR1
function determines the effects of MA on DR 5-HT neurons, which are involved in reward

signaling.
TAARI1 functionality mediates MA-induced changes in DR 5-HT neuron activity

MA inhibited firing of MALDR DR 5-HT neurons that have functional TAAR1. This

inhibition is consistent with studies using other TAAR1 agonists (Grinchii et al., 2022; Revel et
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al., 2011). MA and other psychostimulants increase extracellular 5-HT concentrations which
activates inhibitory 5-HT autoreceptors (Ferre et al., 1994; Kuczenski et al., 1995; Schmidt et al.,
1987; Sprouse et al., 1989; Underhill & Amara, 2020). Our findings support this mechanism, as
MA alone hyperpolarized MALDR DR 5-HT neurons, and both the hyperpolarization and
inhibition of firing were reversed by 5-HT autoreceptor antagonists. In contrast, MA depolarized
and increased the firing of DR 5-HT neurons in the presence of 5-HT autoreceptor antagonists in
recordings from mice with non-functional TAAR1 (MAHDR and MAHDR-Taar1™"").
Importantly, the MA-induced depolarization and increase in excitability were absent in MAHDR-
Taarl™* KI which are genetically matched to the MAHDR-Taar 1™/ mice except for the single
point mutation in TAART1. This indicates that lack of TAAR1 functionality is crucial for MA-
induced depolarization and excitability of DR 5-HT neurons, likely contributing to heightened
reward sensitivity. The effect of MA on the firing rate and RMP of MAHDR DR 5-HT neurons
was maintained in the presence of AMPA and GABA 4 receptor antagonists, suggesting these
synaptic inputs do not mediate the effect of MA. This does not rule our other neuromodulators
that may be present in our slices that could mediate the depolarization, such as norepinephrine

(Han & Gu, 2006; Khamma et al., 2022).

MA-induced depolarization and excitability of DR 5-HT neurons expressing non-functional

TAARI1 is SERT dependent

The next set of experiments identified SERT as the cellular mechanism underlying the
MA-induced increase in DR 5-HT neuron excitability. Fluoxetine completely blocked the effects
of MA on RMP and excitability of DR 5-HT neurons from MAHDR and MAHDR-Taar1™"""’
mice. MA, as a substrate of SERT (Han & Gu, 2006), is transported into DR 5-HT neurons,
where it can interact with TAAR1 as a potent agonist (Bunzow et al., 2001). Notably, our
previous research described amphetamine-induced internalization of DAT in midbrain dopamine

neurons (Li et al., 2017; Wheeler et al., 2015) via TAAR 1-dependent Gais-mediated RhoA
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signaling (Underhill et al., 2019). Similarly, TAAR 1-mediated internalization of SERT has also
been described which is significant because SERT expression on the membrane tightly regulates
extracellular 5-HT levels (Blakely et al., 1998). In DR 5-HT cultures expressing functional
TAARI, the psychostimulant MDMA activates TAAR1 leading to increased Gais-coupled RhoA
signaling. This cascade drives SERT internalization, reducing serotonin reuptake (Underhill &
Amara, 2020). Importantly, MDMA has no effect on surface expression of SERT in TAAR1 KO
cells (Underhill & Amara, 2020). These results indicate that MDMA, a derivative of MA,
interacts with both SERT and TAAR1. Since we observed MA-induced increases in firing in DR
5-HT neurons from mice that have non-functional TAARI, it is likely that TAARI is unable to
traffic SERT from the membrane, allowing for the continued transport of MA. One possible
mechanism explaining the depolarization and increase in excitability of DR 5-HT neurons is an
increase in SERT-dependent ion currents. Amphetamine and MA stimulate DAT-dependent
currents that are uncoupled from electrogenic transport and increase the excitability of DA
neurons (Branch & Beckstead, 2012; Ingram et al., 2002). SERT expressed in cell lines also
display coupled and uncoupled ion currents (Buchmayer et al., 2013; Ni et al., 2001; Schicker et
al., 2012; Sucic et al., 2010). The SERT-dependent increase in excitability of DR 5-HT neurons
from mice with non-functional TAAR1 suggests that impaired internalization of SERT may reveal
MA-induced SERT currents, which would be responsible for the observed MA-induced
depolarization that is blocked in the presence of fluoxetine. We cannot rule out the possibility that
maintaining SERT on the membrane also allows MA transport into the neurons to affect ion
channels from the intracellular space or activate ion channels downstream of TAAR1 signaling.
Further experiments are necessary to determine the discrete site where MA interacts to increase

excitability.

In summary, we observed MA-induced depolarization and an increase in firing frequency

of DR 5-HT neurons in MA reward-sensitive MAHDR and MAHDR-Taar """ mice and
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observed binge-level MA intake by MAHDR-Taar ™"/ mice but not MA reward-insensitive
MAHDR-Taar! ™" mice. These data further support a critical link between DR 5-HT neuron
activity and reward-related behaviors. The dual dependence of MA-induced changes in RMP and
firing rate of DR 5-HT neurons on both TAARI1 functionality and SERT activity further
underscores a complex regulatory mechanism. This intricate relationship highlights the necessity
for further investigation into how TAAR1 and SERT interact to modulate DR 5-HT neuron
activity in response to MA, particularly considering the dramatic effect the 7aar! mutation has on
MA consumption (Harkness et al., 2015; Phillips et al., 2021; Stafford et al., 2019). Exploring this
interplay will provide insights into the genetic and molecular mechanisms influencing MA use

disorders and uncover novel therapeutic targets.
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Abstract

Our laboratory identified a region on mouse chromosome 10 that accounts for 60% of the
genetic variance in methamphetamine (MA) intake in mice selectively bred for high versus low
MA consumption. We previously used CRISPR-Ca9-generated mice to demonstrate that variants
at a specific sequence location of the trace amine-associated receptor 1 (7aar!) gene have a
causal role in MA intake and MA-reward sensitivity. In this study, we used these mice to explore
whether a single nucleotide polymorphism in the 7aar! gene differentially affects glutamatergic
transmission onto dorsal raphe serotonin (5-HT) neurons at baseline and in response to MA. Both
glutamate and 5-HT are linked to reward processing that may influence MA intake. Briefly, the

1"" allele was replaced with the reference Taarl " allele on the MA high drinking

mutant Taar
(MAHDR) mouse line background to create the MAHDR-Taar! ™" knock-in line. MAHDR mice
are homozygous for the Taar!™"’ gene variant and have consistently exhibited high voluntary MA
intake, high sensitivity to MA-induced reward, and low sensitivity to MA-induced aversion. The
Taar1™"” gene variant encodes a non-functional TAARI receptor, whereas the reference Taarl”
gene variant encodes a functional TAARI receptor. Previous studies demonstrated that knock-in
of the Taarl" gene variant on the MAHDR background reduced voluntary MA intake, converted
sensitivity from high to low for MA-induced reward, and increased sensitivity to MA-induced
aversion, compared to the MAHDR-Taar ™" control line . Here, we perform whole-cell patch
clamp electrophysiology experiments of glutamatergic synaptic transmission onto dorsal raphe 5-
HT neurons. We demonstrate that MAHDR-Taarl ™" knock-in mice exhibit significantly higher
baseline frequencies of spontaneous excitatory post-synaptic currents (SEPSC) onto dorsal raphe
5-HT neurons compared to MAHDR-Taar 1™ control mice. No differences in baseline sSEPSC
amplitudes were found. In response to MA, sEPSC frequencies onto dorsal raphe 5-HT neurons
of MAHDR-Taar ™" control mice increased but decreased in recordings from MAHDR-

]+/+

Taarl™" knock-in mice. Additionally, we measured and observed no baseline differences in
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paired pulse ratio (PPR). However, MA significantly increased the PPR of dorsal raphe 5-HT
neurons from MAHDR-Taar ™" control mice but decreased the PPR in recordings from
MAHDR-Taar1""" knock-in mice. Expanding on previous findings, we found that the MA-
induced depolarization and potentiation of DR 5-HT neurons from MAHDR and MAHDR-

Taar]mIJ/mIJ

control mice in the presence of autoreceptor antagonists is dependent on NMDA
receptors. These findings highlight the importance of Taar! gene variants in regulating the

interplay between serotonergic and glutamatergic systems.
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Introduction

In recent years, the number of individuals reporting frequent methamphetamine (MA) use
(>100d/year) increased by 66% (Han et al., 2021). The likelihood of continued and frequent use
may be influenced by an individual’s sensitivity to the rewarding and aversive effects of MA
(Chait, 1993; de Wit et al., 1986; Shabani et al., 2011). The MA drinking (MADR) mouse lines
were selectively bred to investigate the genetic influences on high and low voluntary MA intake
using a two-bottle choice procedure. This resulted in the establishment of the MA high drinking
(MAHDR) and MA low drinking (MALDR) lines (Wheeler et al., 2009). Bidirectional selective
breeding for MA intake resulted in differences in sensitivity to the rewarding and aversive effects
of MA, indicating shared genetic influence. Thus, MAHDR mice exhibit high sensitivity to the
rewarding effects of MA and diminished sensitivity to its aversive effects. In contrast, MALDR
mice are insensitive to the rewarding effects of MA and highly sensitive to its aversive effects.
Consistent selection response to voluntary MA consumption and differential sensitivity to MA-
induced reward and aversion have been confirmed across 5 replicate sets of MADR lines

(Hitzemann et al., 2019; Phillips & Shabani, 2015; Shabani et al., 2011; Wheeler et al., 2009).

Quantitative trait locus analysis identified a region on mouse chromosome 10 that
accounts for 60% of the genetic variance in MA intake between the MADR lines (Belknap et al.,
2013; Harkness et al., 2015). Using publicly available sequencing data, a spontaneously arising
single nucleotide polymorphism (SNP) was identified within the coding region of the trace
amine-associated receptor 1 (Taarl) at this location that differentiated the DBA/2J and C57BL/6J
progenitors of the MADR lines. Importantly, this gene is responsible for encoding the TAAR1
receptor at which MA acts as a full agonist (Bunzow et al., 2001). Subsequent research
determined that MAHDR mice are homozygous for the mutated variant of the 7aar! allele,
denoted as Taarl™”, which encodes a non-functional receptor (Harkness et al., 2015). In contrast,

MALDR mice possess at least one copy of the Taar! " allele which encodes a functional TAAR1
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receptor. Using CRISPR-Cas9 technology to generate the MAHDR-Taarl ™ knock-in (KI) line
and a MAHDR-Taar ™" control line, the laboratory confirmed Taarl genotype causally
influence MA intake and sensitivity to the rewarding and aversive effects of MA. KI of the
Taarl™ gene encoding a functional TAAR1 receptor on the MAHDR background converted high
MA intake and reward sensitivity, along with low MA-induced aversion to low MA intake and
reward sensitivity, and high MA-induced aversion (Phillips et al., 2021; Rios et al., 2025; Stafford
et al., 2019). In contrast, the absence of TAAR1 function in MAHDR-Taar ™™ control mice
resulted in high voluntary and binge-level MA intake, and high sensitivity to the rewarding

properties of MA.

We previously examined how TAARI functionality plays a causal role in regulating the
activity of dorsal raphe (DR) serotonin (5-HT) neurons in response to MA. The absence of
TAARI function in the MAHDR and MAHDR-Taar ™" control lines resulted in MA-induced
depolarization and potentiation of DR 5-HT neurons in the presence of 5-HTa and 5-HT g
antagonists. Conversely, functional TAAR1 blocks these MA-induced effects in MALDR and
MAHDR-Taar!™" KI lines (Rios et al., 2025). Here, our goal was to further investigate the
TAAR1-mediated mechanisms underlying the effects of MA on the activity of DR 5-HT neurons.
Given that TAAR1 also influences glutamatergic signaling machinery in DA neurons, as well as
glutamatergic signaling onto DA neurons following AMPH administration (Li et al., 2017;
Lominac et al., 2016; Szumlinski et al., 2017; Underhill et al., 2019; Underhill et al., 2014) we
focused our attention on glutamatergic inputs. This focus was further supported by data indicating
glutamate is a critical neurotransmitter involved in addiction, influencing synaptic plasticity and
adaptations in neural circuits associated with substance use which may contribute to different
components of addictive behavior (Kalivas et al., 2009; Kauer & Malenka, 2007; van Huijstee &
Mansvelder, 2014; Wolf, 2025). Psychostimulants modulate plasma expression of membrane

glutamate transporters in both DA and 5-HT neurons in a TAAR1-dependent manner (Underhill
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& Amara, 2020; Underhill et al., 2019; Underhill et al., 2014) indicating that MA may modulate
glutamatergic synaptic transmission onto 5-HT neurons as measured in midbrain DA neurons (Li

et al., 2017; Underhill et al., 2019; Underhill et al., 2014)

To investigate the relationship between TAAR1 functionality and glutamatergic synaptic
transmission onto DR 5-HT neurons, pre- and post-MA, we performed whole-cell patch-clamp
electrophysiology experiments on DR 5-HT neurons from MAHDR-Taar! """ KI and MAHDR-

ImlJ/m]J

Taar control mice.

Materials and Methods

Animal maintenance and housing

All mice were born within the VA Portland Health Care System (VAPORHCS) medical
unit. Mice were housed in standard acrylic plastic shoebox cages lined with corncob bedding,
with wire lids and filter tops. Rooms were climate-controlled on a 12:12 h light dark cycle (lights
on at 0600 h). Food (SLOD PicoLab; Animal Specialties, Woodburn, OR) and water were
available ad libitum. All animal care and testing methods were approved by the VAPORHCS
Animal Care and Use Committee and adhered to the National Institutes of Health Guidelines for

the Care and Use of Laboratory Animals.
Methamphetamine drinking selected mouse lines

MA-naive male and female MAHDR mice over 28 days of age were used for
electrophysiological study. MAHDR mice were selectively bred from a reciprocal F2 cross of
C57BL/6J and DBA/2]J inbred strains, based on high voluntary MA intake during a two-bottle
choice procedure. Details of the selective breeding procedures and responses to selection of
multiple replicate sets of MAHDR lines have been fully described in previous publications

(Hitzemann et al., 2019; Shabani et al., 2011; Wheeler et al., 2009). Briefly, mice were provided

71



with a water bottle versus 20 mg/l MA in water for 18 h/day for 4 days and then 40 mg/l MA in
water for an additional 4 days. Mice used for selective breeding were chosen based on higher
average MA consumed in mg/kg within the distribution of mice tested, during access to the 40

mg/l MA solution.
CRISPR-Cas9 knock-in of Taarl”

MA-naive male and female MAHDR-Taar!”" KI and MAHDR-Taar ™" mice over

1" KI mice were

28 days of age were used for electrophysiological study. The MAHDR-Taar
created by the Oregon Health & Science University Transgenic Mouse Models Shared Resource,
utilizing CRISPR-Cas9 technology to exchange the Taar1™" allele with the Taarl” reference
allele. The MAHDR-Taar1™”™" line that served as a control for the KI was derived from mice in

which the Taar1™" allele was not successfully excised and exchanged, thus retaining the

Taar1™”™" genotype. Further details can be found in Stafford et al. (2019).
Drugs

(+) MA hydrochloride was purchased from Sigma-Aldrich (St. Louis, MO, USA). MK-
801, D-APV, QX-314, and SR-95531 hydrobromide (gabazine) were purchased from HelloBio
(Princeton, NJ, USA). SB 216641 and WAY 100635 were purchased from Cayman Chemical

(Ann Arbor, MI, USA). All drugs were dissolved in double distilled water.
Brain slice preparation and electrophysiological recordings

Mice were deeply anesthetized with isoflurane, followed by decapitation and brain
removal. Brains were immersed in ice-cold sucrose aCSF containing the following (in mM): 80
NaCl, 2.7 KCl, 0.1 CaCl,, 6.5 MgSOs4, 1.3 NaH,PO4, 24 NaHCO;3, 2.8 dextrose, and 82 sucrose
with 87.5-100 uM D-APV or 10 uM MK-801, equilibrated with 95.0% O/CO,. Coronal slices
containing the DR were cut 230-250 um thick with a vibratome (Leica Microsystems). Slices

were placed in a holding chamber of oxygenated aCSF containing the following (in mM): 123.5
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NaCl, 21 NaHCO3, 19 dextrose, 2.45 KCl, 2.55 CaCl,, 1.2 MgS0Os, and 1.2 NaH,PO4, and
equilibrated with 95% O, /5% CO: at 34 °C until the start of recording. Brain slices were placed
onto the recording chamber on an upright Olympus BX51WI microscope and superfused with 31-
33°C aCSF. Electrophysiological recordings were made using the Sutter Instruments Integrated
Patch Clamp Amplifier and data acquisition system (Sutter Instruments, Novato, CA, USA). Data

were acquired at 5 kHz and low pass filtered at 2 kHz.

Whole-cell recordings in voltage clamp mode were conducted with glass electrodes with
resistances of 1.5- 4 MQ and filled with a cesium chloride internal solution containing the
following (in mM): 149 cesium chloride, 10 HEPES, 1.1 EGTA, 2 MgCl,, 0.1 CaCl,, 4 MgATP,
and 1 NaGTP; pH was adjusted to 7.3-7.4 with CsOH and osmolarity to 285-295 mOsm. A
junction potential of 5 mV was corrected at the start of each recording. QX-314 (100 uM) was
added to the internal solution for spontaneous EPSC (sEPSC) and paired pulse ratio (PPR)
experiments to reduce action potentials in the recording cell. Glutamatergic events were isolated
in the presence of the GABA 4 receptor antagonist gabazine (10uM). All experiments were
performed in the presence of 5-HT1a (WAY 100635, 100 nM) and 5-HT s (SB 216641, 200 nM)
autoreceptor antagonists. SEPSC and PPR were measured at a holding potential of -55 mV. PPR
experiments were elicited using bipolar stimulating electrodes (two 2 ms stimulations, 100 ms
apart). PPR was measured by dividing the amplitude of pulse 2 by the amplitude of pulse 1.
Access resistance was continuously monitored and recordings in which access changed by >20%

during the experiment were excluded from data analysis.

Whole-cell recordings in current clamp mode were conducted using glass electrodes with
resistances of 3 - 6 MQ, filled with a potassium gluconate internal solution containing the
following (in mM): 127 D-gluconic acid potassium salt, 10 HEPES, 1 EGTA, 10 KCl, 1 MgCl,,
0.3 CaCl,, 2 MgATP, and 0.5 NaGTP; pH was adjusted to 7.3-7.4 with KOH and osmolarity to

285-295 mOsm. A junction potential of 15 mV was corrected at the start of each recording and for
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all reported resting membrane potentials (RMP). All experiments were performed in the presence
of 5-HT1a (WAY 100635, 100 nM) and 5-HTig (SB 216641, 200 nM) autoreceptor antagonists.
During whole-cell current clamp experiments, no holding current was applied. Only neurons with
a stable RMP that exhibited action potentials crossing 0 mV when depolarized by current step
protocols were used for analysis. In current-clamp, 2s long depolarizing steps from —40 pA to +60
pA in 20 pA increments, with a 10s delay between steps, were used to evaluate firing patterns of
DR 5-HT neurons. Firing frequency during current steps was determined using the total number
of action potentials elicited over the current step. RMP was measured during the 100 ms before

the current injection.

Putative serotonergic DR neurons were selected initially by their reversable inhibitory
response to bath application of serotonin hydrochloride (10 uM; data not shown). Neurons with a
capacitance exceeding 50 pF were confirmed as serotonergic and subsequently used for

electrophysiological studies (Rios et al., 2025).

Experimental Design and Statistical Analysis

Data were analyzed using Prism 9 (GraphPad software, version 10.3; San Diego, CA).
Each cell is considered an independent observation. Comparisons of baseline sEPSC frequencies,
sEPSC amplitude, and PPR between lines were made using unpaired t-tests. In all summary bar
graphs, each dot represents an individual cell while numbers within or above the bars represent
the number of cells and mice (number of cells/total mice). In one instance where the numbers did
not fit within the bar, they are displayed above the bar. Comparisons of sEPSC frequencies,
sEPSC amplitude, and PPR pre- and post-MA were made using paired t-tests. Comparisons of
firing frequencies in current clamp mode were made using repeated measures ANOVA. Studies
were underpowered for analysis of sex differences. The level of significance for all statistical tests

was set at < 0.05.
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Results

DR 5-HT neurons with differential TAAR1 function display distinct baseline sEPSC
frequency but not sEPSC amplitude

To determine whether TAAR1 function influences spontaneous baseline glutamatergic
activity onto DR 5-HT neurons, we compared the mean frequencies and amplitude of SEPSCs
between MAHDR-7aar ™" and MAHDR-Taar1" ‘mice. MAHDR-Taarl™* DR 5-HT neurons
exhibited significantly greater mean baseline SEPSC frequency compared to DR 5-HT neurons of
MAHDR-Taar ™™ mice (Fig. 3.1A). We found no significant difference in average baseline

sEPSC amplitude between the lines (Fig. 3.1B).
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Figure 3.1. Average baseline SEPSC frequency, but not sEPSC amplitude, is greater in mice
with functional TAARI1. All experiments were performed in the presence of the SHT 4 (WAY
100635, 100 nM) and 5HTis (SB 216641, 200 nM) autoreceptor antagonists and the GABAAR
antagonist gabazine (25 uM). Each symbol represents 1 recording. A: MAHDR-Taar1™”" DR
5-HT neurons exhibit lower mean baseline SEPSC frequencies compared to MAHDR-Taar! ™"
DR 5-HT neurons (unpaired ¢-test; #sy= 2.91, *p = 0.02). B: There is no difference in average
baseline sSEPSC amplitudes between the lines (unpaired #-test; #s)= 0.80, p = 0.44). Means are +

SEM for data from both sexes; (cells/mice).
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MA effects on SEPSC frequencies but not SEPSC amplitude are dependent on TAAR1

functionality

To determine whether MA modulates spontaneous glutamatergic activity onto DR 5-HT
neurons, we compared the SEPSC frequencies and amplitudes pre- and post-MA for each line.
MA significantly increased sEPSC frequencies in recordings from DR 5-HT neurons from
MAHDR-Taar """ mice (Fig. 3.2A) but had no effect on SEPSC amplitudes (Fig. 3.2B).
Representative traces demonstrate the MA-induced increase in SEPSC frequencies in Fig. 3.2C.
MA significantly decreased the sEPSC frequencies onto DR 5-HT neurons in slices from
MAHDR-Taar!""" mice (Fig. 3.2D) but had no effect on sEPSC amplitudes (Fig. 3.2E).

Representative traces demonstrate the MA-induced decrease in SEPSC frequencies in Fig. 3.2F.
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Figure 3.2. MA induces opposite effects on SEPSC frequencies but not sSEPSC amplitudes in
recordings from DR 5-HT neurons from mice with differential TAAR1 function. Control
refers to sEPSC firing frequency and amplitude potential in the presence of SHT A (WAY 100635,
100 nM) and SHT 5 (SB 216641, 200 nM) autoreceptor antagonists and the GABAAR antagonist
gabazine (25 uM). Each line represents 1 recording pre- and post-MA; data are not differentiated
by sex. A: MA increases sEPSC frequencies of MAHDR-Taar 1™’ DR 5-HT neurons (5 cells/4
mice; paired #-test; £ = 8.89, ***p =<(0.001). B: MA had no effect on sSEPSC amplitudes of
MAHDR-Taar™”"™” DR 5-HT neurons (5 cells/4 mice) (paired t-test; t4= 0.518, p = 0.632). C:
Representative SEPSC traces from MAHDR-Taar ™" DR 5-HT neurons in the absence (black)
and presence (teal) of MA. D: MA decreases sEPSC frequencies of MAHDR-Taar!"* DR 5-HT

neurons (5 cells/4 mice; paired #-test; #4) = 3.23, *p = 0.03). E: MA had no effect on sEPSC
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amplitudes of MAHDR-Taar! """ DR 5-HT neurons (5 cells/4 mice; paired -test ; t4y=0.70, p =
0.52). F: Representative sEPSC traces from MAHDR-7aar!"* DR 5-HT neurons in the absence

(black) and presence (teal) of MA.
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Differential TAARI1 function drives MA-induced modulation of PPRs in recordings from

DR 5-HT neurons despite similar baseline ratios

To determine whether TAARI function influences baseline evoked glutamatergic currents
onto DR 5-HT neurons, we compared baseline PPR between MAHDR-Taar ™™ and MAHDR-

]+/+

Taarl™ mice. No significant difference in mean baseline PPR was observed between DR 5-HT

neurons of MAHDR-Taar ™™’ and MAHDR-Taarl™* (Fig. 3.3A).

Next, to evaluate whether TAARI function influences evoked glutamatergic activity onto
DR 5-HT neurons following application of MA, we compared the PRR pre- and post-MA for
each line. MA significantly increased mean PPR of DR 5-HT neurons from MAHDR-Taar1™"™"’
mice (Fig. 3.3B), while having the opposite effect on average PPR of DR 5-HT neurons from

MAHDR-Taar! """ mice (Fig. 3.3C).
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Figure 3.3. DR 5-HT neurons of MAHDR-Taar1™""""’ and MAHDR-Taar1™* mice show no
differences in baseline PPR; however, MA-induces opposing effects on PPR in these lines.
All experiments were performed in the presence of the SHT 14 (WAY 100635, 100 nM) and SHTs
(SB 216641, 200 nM) autoreceptor antagonists and the GABAR antagonist gabazine (25 uM).
A: There is no difference in mean baseline PPR between the lines (unpaired #-test; #10=1.53,
p=0.157). (cells/mice) depicted within graph. Each symbol represents 1 cell. Means are +SEM for
data from both sexes. B: MA increases the average PPR of MAHDR-Taar ™" DR 5-HT
neurons (paired ¢-tests; #7=3.49, p=0.01). C: MA decreases the average PPR of MAHDR-
Taar!™" DR 5-HT neurons (paired t-tests; #4=3.38, p=0.043). *p<0.05. Each line represents 1

cell pre- and post-MA.
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MA-induced potentiation of DR 5-HT neuron activity in mice lacking functional TAARI is

NMDA receptor dependent

The MA-mediated increase in SEPSC frequencies observed in DR 5-HT neurons lacking
functional TAAR1 suggests that MA increases extracellular glutamate concentrations in these
mice and can activate glutamate receptors on 5-HT neurons. My previous studies found that MA
depolarized and potentiated the activity of DR 5-HT neurons from MAHDR-Taar1™”"™" mice,
but this effect was not dependent on the activity of AMPA receptors [Dissertation Chapter 2;
(Rios et al., 2025)]. Here, we evaluate whether MA stimulates the activity of NMDA glutamate

receptors.

To determine whether the effects of MA are NMDA receptor-dependent, the NMDA
receptor antagonist D-APV (50 uM) was included in the extracellular solution in addition to the
5-HTia and 5-HT)s autoreceptor antagonists. With the addition of D-APV, MA had no effect on
mean firing frequencies over a range of current injections for DR 5-HT neurons of MAHDR-
Taar1™”™ mice (Fig. 3.4A) and no effect on the RMP (Fig. 3.4B). We observed a similar
outcome for DR 5-HT neurons of MAHDR mice (Fig. 3.4C,D). These data indicate that NMDA
receptor activation is necessary for the MA-induced potentiation observed in DR 5-HT neurons

that lack TAAR1 function.
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Figure 3.4. MA-induced potentiation of DR 5-HT neurons expressing non-functional
TAART1 is NMDA receptor dependent. Data shown are means + SEM for data collapsed on sex.
All experiments were performed in the presence of SHT 14 (WAY 100635, 100 nM) and SHT s
(SB 216641, 200 nM) autoreceptor antagonists and NMDA receptor antagonist D-APV (50 uM).
A: Mean firing frequencies of MAHDR-Taar1™”™" DR 5-HT neurons pre- and post-MA
application (6 cells/6 mice); Repeated measures ANOVA, treatment: F{;,5=0.04, p=0.846]. B:
RMP of MAHDR-TaarI™”" DR 5-HT neurons were not significantly changed by MA (paired ¢-
test; #5=1.81, p=0.13). Each set of symbols represents a recording in the absence and presence of

MA. C: Mean firing frequencies of MAHDR DR 5-HT neurons pre- and post-MA application (8
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cells/8 mice) Repeated measures ANOVA, treatment: F1,7=0.06, p=0.817]. D: RMP of MAHDR
DR 5-HT neurons were not significantly changed by MA. (paired t-test; #7=1.57, p=0.161) ).

Each set of symbols represents a recording in the absence and presence of MA.
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Discussion

Our preliminary findings suggest that TAAR1 function plays a critical role in modulating
glutamatergic synaptic transmission onto DR 5-HT neurons at baseline and in response to MA.
These findings underscore the need for further investigation to better understand the TAAR1-

mediated mechanisms underlying these effects.

Previously, the laboratory found that MAHDR mice (genotype matched to MAHDR-

Taarlmlj/m]J

controls) display higher basal glutamate concentrations in the nucleus accumbens
(NAc) and medial prefrontal cortex (mPFC) compared to MALDR (genotype matched to
MAHDR-Taar! ™ KI) mice (Lominac et al., 2016; Szumlinski et al., 2017). These increases in
basal glutamate levels do not appear to be the result of changes in glutamate transport at least in
the NAc as there was no difference in glutamate clearance or reuptake (Szumlinski et al., 2017).
In response to MA, MAHDR mice exhibit a significant increase in extracellular glutamate
concentrations in the NAc, but a significant decrease in the mPFC relative to MALDR mice.
However, in the MALDR mice, MA exhibited no significant change in extracellular glutamate in
the NAc or mPFC (Lominac et al., 2016; Szumlinski et al., 2017). These discrepancies suggest
that TAARI1 functionality may differentially regulate extracellular glutamate concentrations
across brain regions at baseline and following MA, which in turn, would differentially regulate

neuronal firing across brain regions. Therefore, we examined whether TAAR1 functionality alters

glutamatergic synaptic activity onto DR 5-HT neurons pre- and post-MA administration.

In the first experiment, we examined basal glutamate synaptic activity in the different
mouse lines. Spontaneous release of glutamate is a measure of excitatory synaptic currents
(sEPSCs) elicited by neuronal activity in the slice. DR 5-HT neurons from MAHDR-Taar 1™/’
controls displayed lower mean sEPSC frequencies compared to MAHDR-Taar! """ KI mice. The
observed differences in SEPSC frequencies suggest that TAAR1 functionality contributes to

greater basal glutamate concentrations in the DR of MAHDR-7aar """ KI mice compared to
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MAHDR-Taar1™”"™" control mice. Additionally, in DR 5-HT neurons from the MAHDR-
Taarl™* KI mice, we observed 2 distinct populations of SEPSC frequencies, one firing in the 5.5 -
6.5 Hz range and the other around ~18 Hz (Figure 3.1A). This may indicate potential DR
subregion-specific heterogeneity in the glutamatergic synaptic input onto DR 5-HT neurons.
More recordings are necessary to confirm the existence of two subpopulations of responses. We
found no statistically significant difference in baseline sSEPSC amplitude between the lines
suggesting that TAAR1 functionality does not alter post-synaptic receptor properties under

baseline conditions.

The finding that MAHDR-Taar!* KI mice exhibit greater SEPSC frequencies compared
to MAHDR-Taar1™"”™" control mice was unexpected given the higher basal glutamate
concentrations reported in other brain areas of MAHDR mice relative to MALDR mice. Further
studies are necessary to understand how components of the glutamatergic synaptic activity (pre-

and postsynaptic receptors, transporters, etc.) are altered between the two CRISPR lines.

We next examined the effect of MA on sEPSC measures in recordings of DR 5-HT
neurons. In MAHDR-Taar ™" control mice, MA increased sEPSC frequencies onto DR 5-HT
neurons, suggesting a MA-induced increase in extracellular glutamate. This effect on SEPSC
frequencies could be a MA-induced increase in presynaptic glutamate release or due to the MA-

1M1 control mice

induced increase in 5-HT neuron excitability in the MAHDR-Taar
[Dissertation Chapter 2; (Rios et al., 2025)]. To discern between these two possible
interpretations, these studies should also be performed with the inclusion of the sodium channel
blocker tetrodotoxin (TTX) which inhibits voltage-gated Na* channels involved in action
potentials. These experiments, referred to as miniature EPSCs (mEPSCs), would block MA-
induced excitation of DR 5-HT neurons which are known to co-release glutamate and form

autaptic connections (Johnson, 1994; Liu et al., 2014; Wang et al., 2019). Thus, mEPSCs would

allow us to determine if MA increases the probability of presynaptic release in either line. If MA
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increases mEPSC frequencies in either line, it suggests that there are additional effects of MA on
presynaptic release. If there is no effect of MA on mEPSCs, then the increase in SEPSCs is due to
release of glutamate from cells in the slice that are activated by MA, probably 5-HT neurons
given our results in Chapter 2, (Rios et al., 2025). We found no statistically significant difference
in sEPSC amplitude following MA suggesting that lack of TAAR1 function does not alter post-

synaptic receptor properties.

In contrast to the MAHDR-Taar1™”"™” control, in MAHDR-Taar!™* KI mice, MA
decreased sEPSC frequencies onto DR 5-HT neurons. Interestingly, despite the putative two
populations of sEPSC frequencies in the MAHDR-Taar! ™" KI mice, both cells with low and high
sEPSC frequencies showed a decrease in sSEPSC frequencies following MA, which may indicate a
shared mechanism in response to MA. This effect may be the result of indirect activation of
GABAergic neurons in the slice. Again, these experiments would be easier to interpret if they
were performed in the presence of TTX. We also found no statistically significant difference in
sEPSC amplitude following MA suggesting that TAAR1 function does not alter post-synaptic

receptor properties.

We also preliminarily examined whether TAAR1 influences evoked AMPA-mediated
synaptic currents. We used a paired pulse ratio (PPR) protocol to examine the short-term
plasticity of glutamate synaptic transmission between the lines. We observed no difference in
baseline PPR between the lines. This would suggest that despite the potential influence of TAARI
function on basal glutamate concentrations between the lines within the DR, at baseline, TAAR1
function does not appear to influence the presynaptic release probability or the short-term

plasticity of glutamatergic synapses onto DR 5-HT neurons.

When we examined the effect of MA, we found that MA significantly increased the PPR
of DR 5-HT neurons from MAHDR-Taar1™"”™" control mice, while having the opposite effect in

DR 5-HT neurons from MAHDR-Taar! ™" KI mice. This would suggest that MA modulates the
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glutamate release probability in a TAAR1 function-dependent manner. However, there are 2
caveats, 1) if DR 5-HT neurons are co-releasing glutamate, it makes it challenging to interpret
whether the PPR is measuring a pre- or post-synaptic effect and 2) without antagonists for AMPA
receptor desensitization either differences in baseline glutamate or changes in glutamate in
response to MA could be masking any effects mediated by TAAR1 functionality or MA.
Specifically, in the MAHDR-Taar1™”™" control mice, MA likely induces a significant release of
glutamate which in turn facilitates synaptic transmission. In contrast, in the MAHDR-Taar! ™" K1
mice, where basal glutamate concentrations appear to already be elevated, MA may induce AMPA
receptor desensitization, thereby depressing the synaptic response. Supporting this, studies from
VTA DA neurons with functional TAAR1 found that MA induced an increase in AMPA-mediated
evoked post-synaptic currents. However, these studies utilized AMPA receptor desensitization
inhibitors to mitigate maximal activation by synaptic glutamate (Underhill et al., 2014).
Therefore, there are several factors which warrant caution when interpreting these findings and

more detailed studies are needed before any conclusions can be made.

We also explored whether MA-induced depolarization and potentiation of DR 5-HT
neurons from MAHDR-Taar ™" control and MAHDR mice was mediated by NMDA
receptors, given the potential line differences in extracellular glutamate following bath
application of MA. We have previously determined that the effects of MA in mice lacking
functional TAAR1 is not mediated by AMPA receptors [Dissertation Chapter 2; (Rios et al.,
2025)]. Here, we found that NMDA receptor antagonism blocked both MA-induced
depolarization and potentiation of DR 5-HT neurons, highlighting the critical role of NMDA
receptors in mediating the depolarization necessary for MA-induced excitation. Similarly,
blocking the serotonin transporter (SERT) with fluoxetine also blocked both MA-induced
depolarization and potentiation of DR 5-HT neurons from MAHDR-Taar1™”"™" control and

MAHDR mice [Dissertation Chapter 2; (Rios et al., 2025)]. Based on these findings, we
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hypothesize, as shown in Figure 3.4 below, that MA induces a SERT-mediated uncoupled current,
depolarizing the cell sufficiently to remove the magnesium block from NMDA receptors. This
would permit NMDA receptor activation, permitting inward calcium and sodium currents, further
depolarizing DR 5-HT neurons, and increasing excitability of cells with non-functional TAARI.
If either of these pathways are disrupted, then the cell will not depolarize, and MA-induced

excitation cannot occur.

In summary, we observed line differences in baseline sSEPSC measures but not PPR. The
mean sEPSC frequencies onto DR 5-HT neurons from MAHDR-Taar ™" control mice was

significantly lower compared to MAHDR-Taar! ™"

KI mice at baseline. This supports a critical
link between TAARI1 functionality and glutamatergic synaptic transmission. Following
administration of MA, both sEPSC and PPR demonstrated opposite effects between these mouse
lines. sEPSC frequencies and PPR both increased for DR 5-HT neurons of MAHDR-Taar ™"/

control mice and decreased in those of MAHDR-Taarl "

KI mice. These effects could potentially
be due to differences in extracellular glutamate concentrations, receptor expression, transporter
expression, protein expression, and even receptor desensitization. Finally, we found that MA-
induced depolarization and potentiation of DR 5-HT neurons from mice with non-functional
TAAR1 (MAHDR and MAHDR-Taar1™”"" control mice) is dependent on NMDA receptors.
Further investigation is needed to better understand the complexity of the role of TAAR1 function

in modulating glutamatergic synaptic plasticity onto DR 5-HT neurons pre- and post-MA.

Proposed experiments will be discussed in greater detail in Chapter 4.
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Figure 3.5. Proposed mechanism of MA-induced depolarization of DR 5-HT neurons from
MAHDR and MAHDR-Taar1™""" mice. A) MA and 5-HT enter DR 5-HT neurons through
SERT. However, because TAARI1 is non-functional, MA does not activate the Gas- or Go-
coupled TAARI1 signaling pathways, allowing for SERT to remain expressed on the membrane.
B) With SERT maintained on the membrane, MA potentiates an unidentified uncoupled ionic
current through the transporter. The uncoupled ionic current depolarizes the neuron sufficiently to
remove the magnesium block from NMDA receptors on the post-synaptic membrane. C) The
removal of the magnesium block enables NMDA receptor-mediated calcium and sodium currents

into the post-synaptic cell resulting in an increase in cell excitability. Created in BioRender.
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Chapter 4: General Discussion

Goals and Main Findings

Selective breeding for differential voluntary MA intake incidentally resulted in
differential sensitivity to the rewarding and aversive effects of MA. QTL analysis revealed a
region on mouse chromosome 10 that explained 60% of the genetic variance in voluntary MA
intake between the MADR mouse lines (Belknap et al., 2013). The Taar! gene, which encodes
the TAAR1 receptor at which MA acts as an agonist (Bunzow et al., 2001), was identified as a
major contributor. Taarl genotype corresponds with both MA intake and MA-induced reward and
aversion sensitivities. High sensitivity to the rewarding properties of MA has been consistently
found in the MAHDR mice. Conversely, low sensitivity to the rewarding properties of MA has
been consistently found in the MALDR mice (Harkness et al., 2015; Reed et al., 2018; Shabani,
Dobbs, et al., 2012; Shabani et al., 2016; Shabani, McKinnon, et al., 2012; Shabani et al., 2011).
Using the CRISPR-Cas9-derived MAHDR-Taarl ™" KI and MAHDR-Taar ™" control lines
that differ only in their 7aar! genotype and resulting TAAR1 functionality, the laboratory was
able to confirm that voluntary MA intake and sensitivity to its rewarding or aversive effects are

causally linked to TAARI1 function (Phillips et al., 2021; Stafford et al., 2019).

The goal of this dissertation was to investigate whether TAARI1 functionality mediates
the intrinsic and extrinsic effects of DR 5-HT neurons in the absence and presence of MA. I chose
to study DR 5-HT neurons for their role in reward processing which is understudied in the context
of drug reward compared to the known actions of midbrain DA neurons. Using the MADR and
CRISPR-Cas9-generated MAHDR-Taar! """ KI and MAHDR-Taar 1™ control lines, 1
characterized how MA differentially affects DR 5-HT neuron excitability and glutamatergic
synaptic inputs onto these neurons in mice with functional and non-functional TAAR1. My

findings are summarized in Table 4.1.
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In Chapter 2, I report results from whole-cell patch-clamp electrophysiology experiments
and a binge-level MA consumption study. I found that MA has different effects on 5-HT neuron
RMP and excitability in the absence and presence of 5-HTa and 5-HTg autoreceptor antagonists
depending on TAARI function. In response to MA, DR 5-HT neurons of MALDR mice
significantly hyperpolarized and exhibited an inhibition of firing while those of MAHDR mice
exhibited no change in RMP or activity. However, in the presence of the 5-HTa and 5-HTg
autoreceptor antagonists, MA-induced hyperpolarization and inhibition of MALDR DR 5-HT
neurons were blocked, whereas MA significantly depolarized and potentiated the activity of DR
5-HT neurons of MAHDR mice. Using the CRISPR-Cas9-generated MAHDR-Taar1"* KI and
MAHDR-Taar1™”""™"” control lines, I confirmed that the observed MA-induced depolarization and
potentiation of DR 5-HT neurons from MAHDR mice in the presence of these antagonists was
dependent on the absence of TAARI function, as KI of functional TAAR1 on the MAHDR
background blocked both these effects. Additionally, the MA-induced depolarization and
potentiation of DR 5-HT neurons from MAHDR and MAHDR-Taar1™"™" controls was
dependent on SERT, as both effects of MA were blocked by the SERT antagonist fluoxetine.
Regarding binge-level MA consumption, in Chapter 2 I report that KI of functional TAAR1 on

the MAHDR background converts binge-level MA intake into low MA intake.

In Chapter 3, I report whole-cell patch clamp electrophysiology recordings from DR 5-
HT neurons of MAHDR-Taar!** KI and MAHDR-Taar1™”™" control lines. I found that
baseline sEPSC frequencies but not amplitudes were significantly different between the lines;
recordings from DR 5-HT neurons of MAHDR-7aar!™"* KI mice displayed significantly higher
sEPSC frequencies compared to recordings from DR 5-HT neurons of MAHDR-Taar ™"/
control mice. In response to MA, sEPSC frequencies recorded from DR 5-HT neurons of
MAHDR-Taar1™"”""™"” control mice increased, whereas recordings from DR 5-HT neurons of

MAHDR-Taar!™" KI mice decreased. sSEPSC amplitude was unaffected by MA in either line. I

93



also demonstrate that the MA-induced depolarization and potentiation of DR 5-HT neurons from
mice lacking functional TAAR1 (MAHDR-Taar1™”"" control and MAHDR mice), is dependent
on NMDA receptors. Additionally, I began preliminary investigations into the role of TAARI
function on evoked currents. I found no difference in baseline PPR between the lines. However, 1
did find that MA significantly altered the PPR ratio in a TAAR1-dependent manner. The PPR of
DR 5-HT neurons from MAHDR-Taar ™" control mice significantly increased in response to

MA but decreased in neurons from MAHDR-Taar! ™" KI mice.
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Table 4.1: Summary of Results Presented

Chapter Model Method Experiment Result
No effect of MA on
MAHDR DR-5-HT
Electrophysiology;
MADR Effect of MA neuron activity; MA-
2 DR 5-HT Neuron
mice alone induced inhibition of
Excitability
MALDR DR 5-HT
neuron activity
No effect of MA on
RMP of MAHDR DR
Electrophysiology; 5-HT neurons; MA-
MADR Effect of MA
2 DR 5-HT Neuron induced
mice alone
RMP hyperpolarization of
MALDR DR 5-HT
neurons
MA-induced
Effect of MA in
excitation of MAHDR
the presence of
Electrophysiology; DR 5-HT neuron
MADR 5-HTaand 5-
2 DR 5-HT Neuron activity; MA-induced
mice HTis
Excitability inhibition of MALDR
autoreceptor
DR 5-HT neuron
antagonists

activity was blocked
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Chapter Model Method Experiment Result
MA-induced
Effect of MA in
depolarization of
the presence of
Electrophysiology; MAHDR DR 5-HT
MADR 5-HTaand 5-
2 DR 5-HT Neuron neurons; No effect of
mice HTis
RMP MA on RMP of
autoreceptor
MALDR DR 5-HT
antagonists
neurons
MAHDR-Taar1"""""
MAHDR- Escalating MA control > MAHDR-
Taarl™* K1 concentrations Taarl™* K1
Voluntary MA
2 and MAHDR- to test binge- Only MAHDR-
Consumption
Taar ™™’ level MA Taar ™™ control
control mice consumption mice exhibited binge-
level MA intake
MAHDR- Escalating MA | MAHDR-Taar1™"”"""
Taar!™" K1 concentrations control > MAHDR-
Total Fluid
2 and MAHDR- to test binge- Taarl™* K1 at each
Consumption
Taar™”"™ level MA concentration between
control mice consumption 80 and 140 mg/L
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Chapter Model Method Experiment Result
MA-induced
excitation of

Effect of MA in
MAHDR- MAHDR-Taar """
the presence of
Taarl™* K1 Electrophysiology; control DR 5-HT
5—HT1 A and 5-
2 and MAHDR- | DR 5-HT Neuron neuron activity; No
HTis
Taar ™™’ Excitability effect of MA on
autoreceptor
control mice MAHDR-Taar! ™" K1
antagonists
DR 5-HT neuron
activity
MA-induced
Effect of MA in depolarization of
MAHDR-
the presence of | MAHDR-Taari™"”™"’
Taar!™" K1 Electrophysiology;
5-HTsand 5- control DR 5-HT
2 and MAHDR- DR 5-HT Neuron
HTs neurons; MA had no
Taar1™"""" RMP
autoreceptor effect on RMP of
control mice
antagonists MAHDR-Taar! ™" K1
DR 5-HT neurons
Effect of AMPA MA-induced
and GABA potentiation of DR 5-
Electrophysiology;
MAHDR Receptor HT neuron activity
2 DR 5-HT Neuron
mice Antagonists, persisted in the
Excitability
NBQX and presence of NBQX
Bicuculline and bicuculline
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Chapter Model Method Experiment Result
Effect of AMPA MA-induced
and GABA depolarization of DR
Electrophysiology;
MAHDR Receptor 5-HT neurons
2 DR 5-HT Neuron
mice Antagonists, persisted in the
RMP
NBQX and presence of NBQX
Bicuculline and bicuculline
MAHDR MA-induced
Electrophysiology; | Effect of SERT
and MAHDR- excitability of DR 5-
2 DR 5-HT Neuron Antagonist
Taar]™/m HT neurons was
Excitability Fluoxetine
control mice blocked by fluoxetine
MAHDR MA-induced
Electrophysiology; | Effect of SERT
and MAHDR- depolarization of DR
2 DR 5-HT Neuron Antagonist
Taar1™”"™” 5-HT neurons was
RMP Fluoxetine
control mice blocked by fluoxetine
MAHDR-
Electrophysiology;
Taarl™" KI MAHDR-Taar """
Glutamatergic Baseline SEPSC
3 and MAHDR- control < MAHDR-
Synaptic Frequencies
Taarl™™" Taarl™" K1
Transmission
control mice
MAHDR-
Electrophysiology;
Taarl™" K1 MAHDR-Taar """
Glutamatergic Baseline SEPSC
3 and MAHDR- control = MAHDR-
Synaptic Amplitudes
Taar]™m Taarl™" KI
Transmission

control mice
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Model Method Experiment Result
MA increased
MAHDR- MAHDR-Taar """
Electrophysiology; MA-Induced
Taarl™* K1 control SEPSC
Glutamatergic Changes in
and MAHDR- frequencies; MA had
Synaptic sEPSC
Taar ™™’ no effect on MAHDR-
Transmission Frequencies
control mice Taarl™" K1 sEPSC
frequencies.
MAHDR-
Electrophysiology; MA-Induced
Taarl™" KI MA had no effect on
Glutamatergic Changes in
and MAHDR- sEPSC amplitude in
Synaptic sEPSC
Taar]™m either line
Transmission Amplitudes
control mice
MAHDR- Electrophysiology;
Taarl™* K1 Glutamatergic
No line difference in
and MAHDR- Synaptic Baseline PPR
baseline PPR
Taar]™m Transmission

control mice
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Chapter Model Method Experiment Result
MA increased the PPR
of MAHDR-
MAHDR- Electrophysiology;
Taar1™”™ control
Taarl™* K1 Glutamatergic
MA-Induced DR 5-HT neurons;
3 and MAHDR- Synaptic
Changes in PPR | MA had no effect on
Taar]™™ Transmission
PPR of MAHDR-
control mice
Taarl™ KIDR 5-HT
neurons
MA-induced
MAHDR and Effect of NMDA
Electrophysiology; excitability of DR 5-
MAHDR- receptor
3 DR 5-HT Neuron HT neuron activity
Taar ™7™’ antagonist D-
Excitability was blocked by
control mice APV
D-APV
MAHDR Effect of NMDA
Electrophysiology; MA-induced
and MAHDR- receptor
3 DR 5-HT Neuron depolarization was
Taar1™”"™ antagonist D-

control mice

RMP

APV

blocked by D-APV

5-HT: serotonin; DR: dorsal raphe; KI: knock-in; MA: methamphetamine; MADR:
methamphetamine drinking mice; PPR: paired pulse ratio; RMP: resting membrane potential;
sEPSC: spontaneous excitatory post synaptic current; SERT: serotonin transporter; Taarl: gene

encoding trace amine-associated receptor 1; TAARI, trace amine-associated receptor 1
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Intrinsic Activity of Dorsal Raphe Serotonin Neurons in Response to Methamphetamine is

Dependent on TAAR1 Function

The SNP rs33645709 encodes a non-synonymous proline to threonine mutation at amino-
acid position 77 (P77T) in DBA/2J but not C57BL/6J mice (Harkness et al., 2015), which occurs
near a predicted binding pocket stabilizing residue (V75) in the second transmembrane loop of
TAARI (Reese et al., 2014). The proline-to-threonine mutation is significant as proline is
necessary for proper receptor function (Mazna et al., 2008; Reiersen & Rees, 2001; Sansom &
Weinstein, 2000; T. W. Schwartz et al., 2006; Van Arnam et al., 2011). This raised the question of
whether the Taar1™ variant results in a nonfunctional TAAR1 receptor, which the laboratory
confirmed. In HEK293 cells transfected with the DBA/2J-like Taar!™" isoform, TAARI-
mediated stimulation of cAMP by MA did not occur. In contrast, cells transfected with the
C57BL/6]- like Taarl" isoform produced a significant cAMP response following application of
MA (Harkness et al., 2015). Unpublished data from the laboratory suggests that the DBA/2J-like
Taar1™” isoform, results in a TAAR1 receptor with a drastically reduced capacity to bind TAAR1
agonists compared to the C57BL/6J- like Taarl" isoform. This is consistent with the predicted
functional importance of proline near the binding pocket. Therefore, in the context of my studies,
MA is most likely unable to bind with sufficient affinity for TAAR1 in MAHDR and MAHDR-

ImIJ/m 1J

Taar control mice to exert effects, including activating a cAMP response.

In Chapter 2, I demonstrate that MA hyperpolarized and inhibited the activity of DR 5-
HT neurons from MALDR mice expressing functional TAAR1. This finding aligns with previous
studies showing that the activity of DR 5-HT neurons is inhibited by the exogenous TAAR1
agonist RO5166017 in cells with functional TAAR1 (Revel et al., 2012; Revel et al., 2011).
Similarly, the psychostimulant MDMA has been shown to inhibit the activity of DR 5-HT
neurons (Sprouse et al., 1989); however, whether the effect of MDMA is dependent on TAARI1

was not investigated. In addition, I demonstrate that MA had no effect on the RMP or activity of
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DR 5-HT neurons from MAHDR mice expressing non-functional TAARI in the absence of 5-HT
autoreceptor antagonists, also consistent with previous observations in DR 5-HT neurons where
TAARI1 was knocked out (Revel et al., 2011). Therefore, in Chapter 2 I begin to provide direct

evidence MA modulates DR 5-HT neuron activity through TAAR1-dependent mechanisms.

As mentioned in Chapter 1, TAARI activation results in increased extracellular
monoamine levels, suggesting that the decrease in neural activity in MALDR mice may be due to
inhibitory autoreceptor activation. Although some evidence supports this hypothesis (Bradaia et
al., 2009; Revel et al., 2011; Sprouse & Aghajanian, 1987; Xie et al., 2008), earlier studies
focused on TAART1 did not use inhibitors of 5-HT autoreceptors (Revel et al., 2012; Revel et al.,
2011). In Chapter 2 I demonstrate that the MA-induced hyperpolarization and inhibition of
MALDR DR 5-HT neurons is dependent on the activation of 5-HT and 5-HT g inhibitory
autoreceptors. This is consistent with previous findings that demonstrated 2 mg/kg MA released a
significantly higher amount of 5-HT in the mPFC of MALDR mice compared to MAHDR mice
(Lominac et al., 2014). This suggests that the MA-induced increase in extracellular 5-HT levels
following TAAR1 activation allows for 5-HT to activate these inhibitory autoreceptors
sufficiently to hyperpolarize DR 5-HT neurons and suppress their firing. In contrast, MA
depolarized and potentiated DR 5-HT neurons of MAHDR mice in the presence of autoreceptor
antagonists. This would suggest that either basal or MA-induced changes in extracellular 5-HT
concentrations are sufficient to prevent any changes in DR 5-HT neuron RMP and firing in
response to MA in MAHDR mice. The addition of autoreceptor antagonists appears to unmask a
depolarizing, MA-dependent current specifically in mice with non-functional TAAR1. These
findings provide direct evidence that TAAR1-mediated effects of MA on DR 5-HT neuron RMP
and activity are influenced by activation of 5-HTa and 5-HTg inhibitory autoreceptors. These
data underscore the complex interplay between TAARI functionality and autoreceptor regulation

in shaping monoaminergic neuron activity.
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My research in the MADR lines demonstrates a potential relationship between TAAR1
functionality and DR 5-HT neuron RMP/activity in response to MA. To establish a causal link, I
repeated the experiments using the autoreceptor antagonists in CRISPR-Cas9-generated
MAHDR-Taar!""* KI and MAHDR-Taar ™" control lines. The depolarization and
potentiation of DR 5-HT neuron activity persisted in response to MA in mice lacking functional
TAAR1, the MAHDR-Taar1™”™” controls. Notably, KI of functional TAAR1 on the MAHDR
background abolished MA-induced depolarization and potentiation of DR 5-HT neurons,
indicating that the absence of TAAR1 function is crucial for their excitatory response to MA.
These results suggest that TAAR1 plays a regulatory role on the RMP and activity of DR 5-HT
neurons in the presence of agonists. In the absence of functional TAAR1, MA appears to engage
an alternative signaling pathway(s) that leads to an increase in neuron excitability. Alternatively,

the presence of functional TAAR1 may more effectively inhibit these alternative pathways.

Given the potential for MA to engage alternative signaling pathways, we next explored
whether one of these pathways might involve SERT. Previous research has shown that MDMA
triggers internalization of SERT in DR 5-HT neurons expressing functional TAAR1, an effect that
is absent in TAAR1 KO cells (Underhill & Amara, 2020), suggesting an interaction between
SERT and TAARI. Therefore, we hypothesized that the effect of MA in mice expressing non-
functional TAAR1 (MAHDR and MAHDR-Taar1™"™ control lines), is driven by SERT
remaining on the membrane. In Chapter 2, I report that the SERT antagonist fluoxetine blocks
MA-induced depolarization and potentiation of DR 5-HT neurons in these mice. There are several
ways that SERT could be mediating these effects. First, as a substrate of SERT, MA may continue
to enter the cell as long as SERT remains active on the membrane, allowing MA to affect the
activity of ion channels or some other intracellular target aside from TAARI. A second possibility
is that MA stimulates SERT-dependent currents similar to how AMPHs stimulate DAT-dependent

currents that are uncoupled from electrogenic transport and increase excitability of DA neurons
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(Branch & Beckstead, 2012; Ingram et al., 2002). Further studies to explore the role of SERT in
mediating MA-induced depolarization and potentiation, with detailed mechanisms and

implications, are described in the future directions section later in this chapter.

Glutamatergic Synaptic Transmission onto Dorsal Raphe Serotonin Neurons is Dependent

on TAAR1 Function

Glutamatergic transmission and related machinery such as receptors, transporters, and
proteins are proposed to play a role in the initiation and expression of addiction related behaviors
(Gass & Olive, 2008; Kalivas et al., 2009; Lominac et al., 2016; Szumlinski et al., 2017,
Tzschentke & Schmidt, 2003). Considering the pronounced differences in MA intake and MA
reward/aversion sensitivities between the MADR mice, the laboratory has prioritized

investigation of glutamatergic systems in these mice.

It is important to note previous studies examining glutamatergic systems were performed
using the MADR mice, whereas the work I performed utilized the CRISPR Cas9-generated
MAHDR-Taar1™”"" control and MAHDR-Taar1™* KI mice. For clarity, both MAHDR and
MAHDR-Taar ™" control mice are homozygous for the Taar!™”""” allele, which encodes
non-functional TAAR1 receptors, whereas MALDR and MAHDR-Taarl ™" KI mice are
homozygous or heterozygous for the reference Taarl ™" allele, which encodes functional TAAR1
receptors (Harkness et al., 2015; Shi et al., 2016). In the following section, I relate my findings to
those previously published by the laboratory, however, there is unpublished data from the
laboratory which contradicts the findings reported in Szumlinski et al., 2017. While Szumlinski et
al. 2017 reported higher levels of the metabotropic glutamate receptor 5 and Homer2 and lower
levels of EAAT3 in the NAc, these findings were not corroborated in a separate replicate of

MADR mice (Mootz & Phillips, unpublished). In the following studies, I report results from the
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CRISPR-Cas9-generated mice which will help rule out any unrelated effects of selective breeding

between the replicates and emphasize TAAR1 specific effects on glutamatergic mechanisms.

In Chapter 3, I report a TAAR1-mediated baseline difference in sSEPSC frequencies onto
DR 5-HT neurons between lines. Recordings from DR 5-HT neurons of MAHDR-Taar ™"’
controls exhibited significantly lower baseline sEPSC frequencies compared to recordings from
DR 5-HT neurons of MAHDR-Taarl™* KI mice. This finding would suggest that MAHDR-
Taar!™" KI mice possess greater basal extracellular glutamate concentrations in the DR
compared to MAHDR-Taar 1™ control mice. A difference in baseline extracellular glutamate
concentrations and sEPSC may relate to differential genetic risk for MA intake and
reward/aversion sensitivity. However, this was an unexpected finding given previous reports of
higher basal glutamate concentrations in the NAc and mPFC of MAHDR mice compared to
MALDR mice (Lominac et al., 2016; Szumlinski et al., 2017). This discrepancy may be due to
regional differences in expression of glutamate receptors, transporters, and related proteins, which
have already been observed between the NAc and mPFC (Lominac et al., 2016; Szumlinski et al.,
2017). If TAART1 functionality regulates differences in expression of glutamate related machinery,
baseline reuptake, clearance, and/or release of glutamate could be altered within the DR,
especially if there are region-specific differences in TAAR1 expression. There may also be cell-
type specific interactions, such as distinct interactions between glutamate and DA vs glutamate
and 5-HT. For example, in the PFC, 5-HT release was significantly higher in MALDR mice
compared to MAHDR mice while the opposite effect was found for DA release (Lominac et al.,
2016). Additionally, I report no difference in SEPSC amplitude between the lines. This would
suggest that at baseline, there is no difference in post-synaptic response to neurotransmitter

release, therefore, receptor density or receptor sensitivity are likely not different between lines.

In response to MA, I report a significant increase in sSEPSC frequencies in recordings

from DR 5-HT neurons of MAHDR-Taar1™"”™" control mice. The simplest interpretation is that
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11 control mice.

MA is increasing pre-synaptic glutamate release in the DR of MAHDR-Taar
However, this effect could be driven by MA-induced increase in excitability exhibited by DR 5-
HT neurons [Dissertation Chapter 2; (Rios et al., 2025)]. Therefore, increases in glutamate could
be coming from glutamatergic projections onto DR 5-HT neurons and/or local glutamate release
from 5-HT neurons which have been shown to co-release glutamate and form autaptic
connections ((Johnson, 1994; Liu et al., 2014; Wang et al., 2019) see Figure 4.1 below.) I report
no effect of MA on sEPSC amplitude which would indicate lack of functional TAAR1 does not
influence the effect of MA on post-synaptic response to neurotransmitter release, receptor density
or receptor sensitivity in either line. These studies will need to be done in the presence of TTX to

block action potential dependent glutamate release to distinguish between these two

interpretations.

On the other hand, SEPSC frequencies decreased in recordings from DR 5-HT neurons of
MAHDR-Taar! ™" KI mice. My first assumption was that MA decreased extracellular glutamate
concentrations in the DR. However, this seems less likely because I observed no change in sEPSC
amplitude, which would also suggest functional TAAR1 does not influence the post-synaptic
response to neurotransmitter release, receptor density or receptor sensitivity in either line. This
also did not fit what I had expected, which was an increase in extracellular glutamate
concentrations because functional TAAR1 promotes the internalization of EAAT3 in DR 5-HT
neurons (Underhill & Amara, 2020), which has been shown to significantly reduce glutamate
uptake in midbrain DA neurons (Underhill et al., 2019; Underhill et al., 2014). One potential
explanation for the decrease in SEPSC frequencies despite a possible increase in extracellular
glutamate is the involvement of group II and III metabotropic glutamate receptors (mGluRs).
Activation of group II and III mGluRs inhibits cAMP formation via Gi/G,-protein signaling,
thereby reducing pre-synaptic glutamate release (Cartmell & Schoepp, 2000; Conn & Pin, 1997;

Pin & Duvoisin, 1995; Sugiyama et al., 1987). Activation of mGluRs has also been observed to
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inhibit pre-synaptic voltage-dependent calcium channels contributing to the inhibition of EPSPs
and induce changes in intracellular calcium (Glaum & Miller, 1995; Glaum et al., 1993; Maiese et
al., 1999; Sahara & Westbrook, 1993; Sayer et al., 1992; Stefani et al., 1994; Swartz & Bean,
1992). A second potential explanation for the decrease in SEPSC frequencies despite a possible
increase in extracellular glutamate is the activation of lateral habenula (LHb) glutamatergic
projections onto GABAergic neurons contained within the slice (Ren et al., 2018; Zhou et al.,
2017). The LHb is a significant contributor to the processing of aversive stimuli with previous
reports demonstrating that activity of LHb neurons significantly increased in response to cues
predicting aversive stimuli and the receipt of unpredicted aversive stimuli (Matsumoto &
Hikosaka, 2007; Wang et al., 2017). Notably, stimulation of LHb neurons inhibits DR 5-HT
neuron activity which can be blocked by the GABA A antagonist picrotoxin and bicuculline
suggesting the LHD is also activating local GABAergic neurons (Ferraro et al., 1996; Wang &
Aghajanian, 1977). In our laboratory, we previously examined the effect of acute MA exposure (2
mg/kg) on LHb activation. I found that the MA-aversion sensitive MALDR mice exhibited a
significant MA-induced increase in cFos positive cells within the LHb compared to saline
controls. MALDR mice demonstrated 1.5 times more cFos positive cells in the LHb compared to
MA -reward sensitive MAHDR mice, with no difference between the lines after saline treatment
(unpublished). Therefore, in mice sensitive to MA-induced aversion, MA-induced activation of
LHbD glutamatergic terminals in the slice could be increasing extracellular glutamate, which,
rather than acting on 5-HT neurons, activates local GABAergic inputs onto DR 5-HT neurons,

resulting in decreased SEPSC frequencies.

Finally, I report that the MA-induced depolarization and potentiation observed in DR 5-
HT neurons from mice lacking functional TAARI1 is mediated by activation of NMDA receptors.
Given the potential for MA-induced increases in glutamate concentrations in the DR, similar to

the NAc, and the observed MA-induced increase in SEPSC frequencies, I initially hypothesized
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that the MA-induced depolarization and potentiation of DR 5-HT neurons was mediated by
AMPA receptor activation. However, as reported in Chapter 2, this was not the case. Despite this,
I evaluated whether the effect was instead mediated by NMDA receptor activation because the
RMP of DR 5-HT neurons still depolarized in the presence of AMPA receptor antagonists. |
originally hypothesized that perhaps DR 5-HT neurons possessed NMDA receptors with GluN3
subunits which are characterized as voltage independent (Zhu et al., 2020). Therefore, I tested the
GIluN3 antagonist, TK30, however, I could not complete these experiments because TK-30 itself
reduced cell excitability and no stable baseline in firing frequencies could be established. Upon
further investigation, I noticed that the MA-induced depolarization observed in DR 5-HT neurons
from mice lacking functional TAAR1 was absent when antagonizing SERT. Therefore, my
current hypothesis is that MA induces a SERT-mediated uncoupled current that depolarizes the
neuron sufficiently to remove the magnesium block from NMDA receptors. This would permit
inward calcium and sodium currents, further depolarization, and increase cell excitability of DR
5-HT neurons from mice lacking functional TAAR1. Experiments to tease apart this hypothesis

are described below under Future Directions.
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Figure 4.1. Proposed mechanism for the observed increase in SEPSC frequency following
MA in MAHDR-Taar1™"""" control mice. We hypothesize that MA causes DR 5-HT neurons
to co-release glutamate, leading to the MA-induced depolarization and potentiation of DR 5-HT
neurons in mice expressing non-functional TAAR1 in the presence of autoreceptor antagonists. In
turn, increased glutamate release from DR 5-HT neurons likely drives the observed increase in
sEPSC frequency. There is no effect of MA on sEPSC amplitude therefore, we hypothesize MA
has no effect on the post-synaptic response to neurotransmitter release, receptor density, or

receptor sensitivity. Created in BioRender.
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TAARI1 Function Determines Binge-Level Methamphetamine Intake

As mentioned in Chapter 1, the laboratory established a causal link between TAARI
function and MA consumption, as well as sensitivities to the rewarding and aversive effects of
MA, using CRISPR-Cas9 generated mice. The laboratory confirmed that replacement of the
Taar1™ allele with the reference Taarl" allele allowing for functional TAAR1 expression on the
MAHDR background resulted in significantly reduced voluntary MA consumption (Stafford et
al., 2019). KI of functional TAAR1 also resulted in reduced sensitivity to MA-conditioned reward
and increased sensitivity to MA-conditioned aversion (Phillips et al., 2021; Stafford et al., 2019).
To further confirm a causal link between TAAR1 function and MA-related behaviors, the
laboratory sought to investigate whether binge-level MA intake is dependent on the absence of
TAARI1 function. The CRISPR-Cas9-generated mice were tested using a two-bottle choice
procedure, where MA concentration increased every 4 days from 20 to 140 mg/l, a procedure
previously used to demonstrate-binge level MA intake in MAHDR mice (Shabani et al., 2016). In
Chapter 2, I report that KI of functional TAAR1 resulted in a complete reversal of binge-level
MA intake, from 4-28 times more than the MALDR mice (Shabani et al., 2016) to intake similar
to that of MALDR mice which also express functional TAAR1. These findings further validate

the causal role of TAAR1 functionality in mediating high-level MA intake.

MAHDR and MAHDR-Taar1™”"" mice which exhibit high sensitivity to the rewarding
effects of MA, also engage in binge-level consumption of MA [Dissertation Chapter 2; (Rios et
al., 2025; Shabani et al., 2016)]. Given that repeated exposure of AMPHs can intensify the
rewarding effects of the drug (Lett, 1989), DR 5-HT neuron activity may play a key role in
determining binge-level MA intake. As previously mentioned, DR 5-HT neuron activity increased
in response to rewarding stimuli, including sucrose, food, and social interaction, while
optogenetic stimulation of DR 5-HT neurons has been shown to induce reward-motivated

behaviors (Li et al., 2016; Liu et al., 2014; Nagai et al., 2020; Ren et al., 2018; Wang et al., 2019).
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Given that we observed a MA-induced increase in DR 5-HT neuron activity from our MA-reward
sensitive MAHDR and MAHDR-Taar1™”™" mice, it is plausible that this increase in excitability
contributes to the expression of high sensitivity to the rewarding effects of MA, thereby

increasing their MA intake, further supporting a critical link between the activity of these neurons

and reward-related behaviors.

The activity of glutamate may also contribute to high sensitivity to the rewarding effects
of MA and high voluntary MA intake. Based on previous findings in the MADR mice (Lominac
et al., 2016; Szumlinski et al., 2017), the laboratory tested the effect of positive and negative
allosteric modulators for metabotropic glutamate receptors 2 and 5, as well as a prodrug for the
cystine-glutamate antiporter on acquisition and establishment of MA intake in the MAHDR mice.
However, they found that all of the drugs tested did not alter MA intake (Mootz & Phillips,
unpublished). While the MADR mice demonstrate no baseline difference in NMDA receptor
subunit expression in the NAc or the mPFC (Lominac et al., 2016; Szumlinski et al., 2017), it is
unknown whether acute MA exposure alters expression of NMDA receptor subunits in the
MADR mice. The laboratory has not tested whether NMDA receptors mediate voluntary MA
intake, although, in MALDR mice, MA-induced locomotor stimulation can be blocked by
antagonizing NMDA-GIuN2B receptors (Li et al., 2017). Psychostimulants broadly influence
NMDA receptor expression and activity, in turn modulating psychostimulant-mediated behaviors,
however no studies have examined the role of NMDA receptors within the DR. Different NMDA
receptor antagonists have been found to block the establishment of AMPH-induced CPP and
AMPH-induced increases in locomotion (Bespalov, 1996; Bespalov & Zvartau, 1996; Moroz et
al., 1997; Papp et al., 2002). Administration of NMDAR antagonists also blocks the development
of AMPH-induced behavioral sensitization (Karler et al., 1989; Wolf & Khansa, 1991; Wolf et al.,
1994). Repeated exposure to MA reduced GluN2B expression in the NAc, caudate putamen, and

the mPFC (Lominac et al., 2016; Mao et al., 2009). In the VTA, repeated MA exposure increased
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NMDA receptor function, facilitating long term potentiation induction (Ahn et al., 2010).
Building on these findings, as well as my own observation that MA-induced excitability of DR 5-
HT neurons from mice lacking functional TAAR1 is dependent on NMDA receptor activation, a
promising future experiment would be to test the effect of NMDA receptor antagonism on other
MA-related behaviors in the MADR and CRISPR-Cas9-generated mice. However, it is important
to note that even though the MA-induced excitability I observed was dependent on NMDA
receptor activation, it was also dependent on antagonism of 5-HT:a and 5-HTg receptors, which

highlights an interplay between serotonergic inhibition and glutamatergic activation.

This dual dependency of 5-HT and glutamate on neural activity and reward-motivated
behavior aligns with findings from studies examining the circuit between the DR-VTA. The DR
sends serotonergic projections to VTA DA neurons, and several studies have demonstrated that
activation of DR 5-HT projections elicited excitatory currents in VTA DA neurons, increased their
firing, and promoted reward motivated behavior such as CPP (Liu et al., 2014; Wang et al., 2019).
Importantly, 2/3 of DR 5-HT neurons express VGlut3 (Hioki et al., 2010) and have been shown
to co-release glutamate (Liu et al., 2014; Wang et al., 2019). The ability of DR 5-HT projections
to excite VTA DA neurons is dependent on glutamate release (Liu et al., 2014; Wang et al., 2019),
and antagonizing AMPA and 5-HT; receptors blocks DR-VTA circuit activation-induced CPP
(Wang et al., 2019). Furthermore, optical stimulation of DR VGIuT3 projections to the VTA
induced higher CPP scores compared to stimulation of DR SERT projections to the VTA (Wang et
al., 2019). These findings highlight that the activity of the DR-VTA circuit is important for
promoting reward and is heavily influenced by both 5-HT and glutamate. These findings
underscore the functional significance of serotonergic neurons' ability to integrate and transmit
signals through both serotonin and glutamate release in behaviorally relevant circuits. Further

investigation of this circuit in relation to MA-induced reward is essential.
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Additional Factors to Consider: Methamphetamine-Induced Aversion and Oprm1

Its critical to note that the 7aar! SNP explains 60% of the genetic variance in voluntary
MA consumption (Belknap et al., 2013; Harkness et al., 2015), meaning other factors also
contribute to the observed differences between the MADR lines. However, because of our
findings from the CRISPR-Cas9-generated mice, we can confidently say that Taar! is the
primary determinant of differences in MA intake and MA-induced aversion sensitivity between
the MADR lines. KI of the Taarl" allele on the MAHDR and DBA/2J progenitor background
significantly reduced MA intake to levels comparable to MALDR mice, whereas KI of the

Taarl™’

allele on the C57BL/6J progenitor background increased MA intake to levels comparable
to MAHDR mice (Phillips et al., 2021; Stafford et al., 2019). KI of the functional Taarl" allele
also profoundly increased sensitivity to MA-induced conditioned aversion, whereas KI of the

Taarl™’

allele converted MA-induced hypothermia, a potential aversive physiological effect of
MA, to hyperthermia (Phillips et al., 2021; Stafford et al., 2019). Additionally, the activation of
TAARI1 with the agonist RO5256390 also induced aversion (Shabani et al., 2023). R05256390 is
a more potent and selective TAAR1 agonist compared to MA (Berry et al., 2017; Galley et al.,
2016; Reese et al., 2014). These findings provide compelling evidence that TAARI activation is
directly linked to aversive responses. Importantly, MALDR mice not only consumed comparable
amounts of the rewarding solution saccharin but even consumed significantly more morphine
compared to MAHDR mice (Eastwood & Phillips, 2014; Shabani et al., 2011; Wheeler et al.,
2009). MALDR mice also exhibited cocaine-induced CPP comparable to MAHDR mice (Gubner
et al., 2013). These data would suggest that sensitivity to rewarding stimuli remains intact in mice
expressing functional TAAR1. Thus, Taar! genotype likely impacts MA-induced aversion
sensitivity specifically. Therefore, the laboratory hypothesized that TAARI activation likely

masks or overrides the rewarding effects of MA, effectively reducing voluntary MA intake

(Phillips et al., 2021).
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Aside from Taarl, the p-opioid receptor 1 gene, Oprml, has been of interest as a
potential quantitative trait gene for MA intake given its location on mouse chromosome 10 and
the ability of p-opioid receptor 1 (MOP-r) targeting drugs to modulate MA-related traits in both
humans and rodents (Dlugos et al., 2011; Ide et al., 2004; Jayaram-Lindstrom et al., 2017,
Jayaram-Lindstrom, Hammarberg, et al., 2008; Jayaram-Lindstrom, Konstenius, et al., 2008;
Jayaram-Lindstrom et al., 2004). The laboratory found that Oprm1 variants do not predict risk for
MA intake but regulate a gene network underlying differential risk for MA intake (Belknap et al.,
2013; Eastwood et al., 2018). Additionally, the MOP-r agonist morphine and partial agonist
buprenorphine reduced MA intake in MAHDR mice (Eastwood et al., 2018; Eastwood & Phillips,
2014); however, effects of morphine may have been non-specific since morphine also reduced
saccharin and total fluid intake (Eastwood et al., 2018). Notably, the laboratory found a genetic
linkage between Taarl and Oprm . MADR mice predominantly inherit the Oprm1 allele from the
progenitor strain from which they inherit the 7aar! allele, MAHDR mice from DBA/2J (D2)
mice and MALDR mice from C57BL/6J (B6) mice (Mootz et al., 2020). Upon further
investigation, the laboratory found that Oprm1 genotype differentially influenced MA
consumption and hypothermia. Oprm 1 genotype influenced MA consumption in Taar™”"" mice

but not in Taarl ™"

mice, while the opposite pattern was observed for MA-induced hypothermia.
Specifically, Taarl™"™"/Oprm1°*P* mice consumed more MA, and Taarl™*/Oprm1°?? mice
exhibited greater MA-induced hypothermia compared to their respective Oprm 1°”%% counterparts
(Stafford et al., 2019). Therefore, this would suggest a potential epistatic interaction of
Taarl/Oprm1 genotypes on MA intake and hypothermic response to MA. Additionally, the
combined effects of Taar! and Oprmi were non-additive, meaning Oprm genotype only
impacted the mice with the stronger MA trait; MA consumption in Taar!™”"" mice and MA-

1 D2/D2

induced hypothermia in Taarl™* mice. For both traits, Oprm mice exhibited the strongest

influence. Taar1™”™"/0Oprm1°?P? mice consumed more MA than their Taari™""""|Oprm 1%%°
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counterparts and Taarl™*/Oprm1°?? mice exhibited great MA-induced hypothermia compared

to their Taarl ™" /Oprm1® counterparts (Stafford et al., 2019).

In summary, although excitability of DR 5-HT neurons and glutamatergic inputs may
contribute to high MA intake, other systems that signal MA aversion are likely critical for
inhibiting MA consumption of MALDR mice. These systems may also play a role in MA-
avoidance in humans, though this remains to be explored. Additionally, these effects may be
influenced by factors beyond 7aar!. Notably, the QTL on chromosome 10 at the location of
Taarl accounts for 60% of the genetic variance for MA intake between the MADR lines, leaving

additional genetic factors to be discovered.

Future Directions

In Chapter 2, I confirmed that the MA-induced depolarization and potentiation of DR 5-
HT neurons from MAHDR and MAHDR-Taar1™"""™" control mice is dependent on SERT. As
mentioned previously, further experiments need to be done to determine how SERT remaining on
the membrane is responsible for these effects. SERT transport stoichiometry is observed as
electroneutral which would suggest an uncoupled SERT current is driving the observed effect of
MA (Keyes & Rudnick, 1982; Mager et al., 1994; Rudnick & Nelson, 1978). Therefore, I would
first test whether MA elicits an inward current in MAHDR-7aar ™" mice. If this is the case, |
would next determine whether the MA-induced current is blocked by the SERT antagonist
fluoxetine since fluoxetine blocked the MA-induced depolarization and potentiation observed in
mice with non-functional TAARI. If fluoxetine blocks the MA-mediated currents, that suggests
these currents are SERT dependent. To follow up, I would also examine the current-voltage
relationship elicited in the absence and presence of MA to determine whether MA alters the
reversal potential of the neuron I am recording from and whether that effect can be blocked by

fluoxetine.
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I would then manipulate the ion concentrations of my internal recording solution to
determine which ion is responsible for the inward current. For example, I could use a KREBs
external with low chloride concentration and if MA no longer elicits an inward current, which
suggests the MA-induced currents are chloride dependent. I could also substitute different anions
with different permeabilities to test changes in reversal potential of the MA-induced current to
further confirm whether it is carried by chloride. This finding would necessitate a series of
follow-up experiments to further explore how the sustained presence of SERT on the membrane

mediates MA-induced excitation of DR 5-HT neurons

As mentioned in Chapter 3, further experiments are needed to determine whether TAAR1
functionality differentially modulates pre- and post-synaptic mechanisms between MAHDR-
Taar!™* K1 and MAHDR-Taar1™"™" control mice. First, given the potential TAAR 1-mediated
baseline differences in extracellular glutamate concentrations in the DR between the lines, I
would repeat the sEPSC in the presence of tetrodotoxin (TTX) to block voltage-gated sodium
channels involved in action potentials. I hypothesize that MA will have no effect on mEPSC
frequencies onto DR 5-HT neurons of MAHDR-Taar """ control mice, as I suspect any
glutamate release to originate from the 5-HT neurons themselves, given the MA-induced
increases in firing frequencies observed. However, if MA does induce an increase in mEPSC
frequencies that would suggest a pre-synaptic mechanism. Since the MA-induced potentiation of
DR 5-HT neurons from mice lacking functional TAAR1 is NMDA receptor-dependent, there is a
possibility that MA is acting on pre-synaptic receptors. Although traditionally known as post-
synaptic receptors, there is evidence NMDA receptors are expressed pre-synaptically (Banerjee et
al., 2016; Bouvier et al., 2015). To evaluate whether the effect of MA is driven by pre-synaptic
NMDA receptors, I would record mEPSCs in the presence of an NMDA receptor antagonist. If
the MA-induced increase in frequencies is blocked, that would suggest MA is acting on pre-

synaptic NMDA receptors.
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I would follow up these studies by recording the AMPA/NMDA ratio of DR 5-HT
neurons in both lines, given that the MA-induced potentiation of DR 5-HT neurons in mice
lacking functional TAAR1 (MAHDR and MAHDR-Taar1™”"" controls) is dependent on NMDA
receptor activation. Previously, no differences were observed in the expression of GluN1,
GluN2a, or GluN2b NMDA receptor subunits within the NAc or mPFC pre-MA exposure of
MADR mice. No data on AMPA receptor subunit expression was collected in either study
(Lominac et al., 2016; Szumlinski et al., 2017). However, in TAAR1-KO mice, reduced GluN1
and GluN2b expression, but comparable GluA1 expression, was observed in the prefrontal cortex
(PFC), resulting in a significantly lower NMDA/AMPA ratio in recordings from medial PFC
neurons compared to wildtype mice (Espinoza et al., 2015). Given the opposite findings in the
PFC, these findings potentially suggest that despite the absence of TAAR1 function in MAHDR
mice, the expression of the receptors may still provide some baseline influence on NMDA
receptor subunit expression while the complete absence of TAARI leads to a more pronounced
effect on subunit expression. Therefore, it is difficult to hypothesize whether MAHDR-Taarl "
KI and MAHDR-Taar1™”"™ control mice demonstrate baseline differences in AMPA/NMDA
ratio. Considering the more relevant data in the MADR mice, [ would hypothesize that NMDA
receptor subunit expression is similar between the MAHDR-Taar ™™ controls and MAHDR-
Taarl™* KI mice. Therefore, any differences in AMPA/NMDA ratio would be dependent on
AMPA receptor subunit expression of which we have no data. An important caveat is that
receptor subunit expression in these studies was measured by western blot, which does not
provide functional data. To determine whether baseline differences in NMDA receptor expression
exist, I could iontophorese N-Methyl-D-aspartic acid directly onto the cell I am recording from in
both MAHDR-Taar! """ KI and MAHDR-Taar ™" control mice. This approach eliminates
confounding factors such as differences in pre-synaptic glutamate release which would influence
the NMDA-mediated current from the cell I am recording from, allowing for a direct comparison

of NMDA-mediated currents between the lines. Then, to elucidate the functional composition of
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AMPA and NMDA receptors on the membrane, I could test subunit-specific antagonists to better

understand receptor subunit contributions to baseline activity and the effects of MA.

There are no studies directly examining the effect of TAAR1 functionality on AMPA and
NMDA receptor subunit expression following acute MA exposure in the MADR or CRISPR-
Cas9-generate mice. However, one study used the C57BL/6J mice, one of the progenitor strains
of the MADR mice from which the wildtype Taarl ™ allele is inherited to examine the effect of
MA withdrawal on receptor subunit expression. In the mPFC, they found a reduction in GluN1
subunit expression 1- and 21-days following MA withdrawal compared to saline controls. They
also found a reduction in GluN2b receptor expression 1 day following MA withdrawal compared
to saline controls. No effect of MA withdrawal on GluA1 expression was observed (Lominac et
al., 2016). Forming hypotheses based on this work is challenging due to its focus on withdrawal-
induced effects on subunit expression rather than acute MA administration. Nevertheless, I
hypothesize that following acute administration of MA, NMDA receptor subunit expression
decreases in MAHDR-Taar! """ KI which would result in an increase in AMPA/NMDA ratio. With
regard to MAHDR-Taar 1™ control mice, there are two possibilities: (1) MA has no effect on
NMDA receptor subunit expression, leaving the AMPA/NMDA ratio unchanged, but their
baseline expression on the membrane is sufficient to enable NMDA receptor-mediated
depolarization of DR 5-HT neurons, or (2) MA increases NMDA receptor subunit expression on
the post-synaptic membrane, reducing the AMPA/NMDA ratio and facilitating NMDA receptor-
mediated depolarization. Either outcome could explain the MA-induced potentiation of DR 5-HT
neurons we observed in mice lacking functional TAAR1. To evaluate this hypothesis, I could
measure NMDA-mediated currents pre- and post-MA application. If current amplitudes or

kinetics shift following MA, it would suggest an increase in receptor density.

It is also important to consider the broader role of 5-HT and glutamate on voluntary and

binge-level MA consumption. Evidence supports the involvement 5-HT and NMDA receptor
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subtypes in voluntary and binge-level alcohol intake (Belmer, Patkar, et al., 2018; Sabino et al.,
2013; Tabbara et al., 2021). However, their involvement in MA intake remains underexplored
despite the well documented effects of AMPHs on brain 5-HT and glutamate systems, with
existing studies lacking specificity to the DR. There are some limitations to designing a study to
determine whether DR 5-HT neurons and/or glutamate in the DR play a significant role in MA
consumption. The procedures used for measuring voluntary MA intake and binge-level intake
used by our lab requires 18-hour access to MA, making designer receptors exclusively activated
by designer drugs (DREADDs) or systemic injection of a drug unsuitable choices. Also, the DR is
located posterior to lambda, deep within the brainstem beneath the cerebral aqueduct, making
cannulation difficult. We could take a more generalized approach and lesion the DR of MAHDR

and/or MAHDR-Taar1™”"™ control mice to test whether MA consumption reduced.

To more specifically assess the role of 5-HT and glutamate within the DR on MA intake,
we would have to decrease the amount of time mice have access to MA. I’m inclined to first test
whether voluntary MA intake exhibited by the MAHDR and MAHDR-Taar1™" control mice
can be attenuated by 5-HT g agonists based on previous findings that AMPH self-administration
can be attenuated by activation of 5-HT g receptors (Fletcher & Korth, 1999; Miszkiel et al.,
2012). Also, given that SERT potentially remains expressed on the membrane due to the lack of
TAARI activation in MAHDR or MAHDR-Taar1™”"™" control mice (Underhill & Amara, 2020)
and the reductions in AMPH-mediated behaviors by SERT antagonists, including AMPH self-
administration, CPP, and locomotor sensitization (Porrino et al., 1989; Takamatsu et al., 2006; Yu
et al., 1986), I would also like to test the whether the SERT antagonist fluoxetine attenuates
voluntary MA intake in MAHDR and MAHDR-TaarI™""" control mice. Finally, as previously
mentioned, I would like to assess whether NMDA receptor antagonists also attenuate voluntary

MA intake.
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If funding and technical limitations were not a concern, a compelling study would be to
evaluate whether inhibiting or activating dual DR SERT-VGIuT3 neurons projecting to the VTA
modulates voluntary MA intake. This experiment is based on my findings that DR 5-HT neuron
excitability in response to MA in mice with non-functional TAARI1 receptors is dependent on
both SERT and NMDA receptor activity. Complementing this, Wang et al., 2019 demonstrated
that DR-SERT projections to the VTA elicit glutamate-dependent excitatory currents and that
optical stimulation of DR-VGIuT3+ projections to the VTA induced CPP, highlighting a role for
glutamate in promoting reward and 5-HT neuron-mediated excitation. Therefore, | would predict
that inhibiting DR SERT-VGIuT3+ projections to the VTA would reduce voluntary MA intake in
the reward sensitive MAHDR-Taar1™™" control mice, while activating these inputs in the
reward-insensitive MAHDR-7Taarl ™" KI mice would induce voluntary MA intake. To tease apart
this circuit's role in reward sensitivity we could also test whether inhibition or activation of this
circuit in the MAHDR-Taar ™" control and MAHDR-Taar!*"* KI mice alters expression of
CPP. Such experiments would provide a novel understanding of the functional role of co-released
5-HT and glutamate in modulating MA intake and reward sensitivity. Furthermore, these
experiments would provide new insights on the influence of TAAR1 on neurocircuitry underlying

reward-motivated behaviors.
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