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Background: Viloxazine was historically described as a norepinephrine reuptake inhibitor
(NRI). Since NRIs have previously demonstrated efficacy in attention deficit/hyperactivity
disorder (ADHD), viloxazine underwent contemporary investigation in the treatment of
ADHD. Its clinical and safety profile, however, was found to be distinct from other
ADHD medications targeting norepinephrine reuptake. Considering the complexity of neu-
ropsychiatric disorders, understanding the mechanism of action (MoA) is an important
differentiating point between viloxazine and other ADHD medications and provides phar-
macology-based rationale for physicians prescribing appropriate therapy.

Methods: Viloxazine was evaluated in a series of in vitro binding and functional assays. Its
effect on neurotransmitter levels in the brain was evaluated using microdialysis in freely
moving rats.

Results: We report the effects of viloxazine on serotoninergic (5-HT) system. In vitro,
viloxazine demonstrated antagonistic activity at 5S-HT,p and agonistic activity at 5-HT,c
receptors, along with predicted high receptor occupancy at clinical doses. In vivo, viloxazine
increased extracellular 5-HT levels in the prefrontal cortex (PFC), a brain area implicated in
ADHD. Viloxazine also exhibited moderate inhibitory effects on the norepinephrine trans-
porter (NET) in vitro and in vivo, and elicited moderate activity at noradrenergic and
dopaminergic systems.

Conclusion: Viloxazine’s ability to increase 5-HT levels in the PFC and its agonistic and
antagonistic effects on certain 5-HT receptor subtypes, which were previously shown to
suppress hyperlocomotion in animals, indicate that 5-HT modulating activity of viloxazine is
an important (if not the predominant) component of its MoA, complemented by moderate
NET inhibition. Supported by clinical data, these findings suggest the updated psychophar-
macological profile of viloxazine can be best explained by its action as a serotonin norepi-
nephrine modulating agent (SNMA).

Keywords: viloxazine, ADHD, serotonin norepinephrine modulating agent, norepinephrine

transporter, mechanism of action, SPN-812

Introduction

Viloxazine was first approved in the 1970s in the United Kingdom and in several other
European countries for the treatment of depression in adults, spurring a series of
mechanistic studies into the compound during the 1970s and 1980s."* During these
decades, viloxazine was characterized as a norepinephrine (NE) reuptake inhibitor
(NRI), which was supported by its similarity to the tricyclic antidepressants in its
ability to potentiate noradrenergic effects across multiple animal models.*
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Based on the original mechanism of action (MoA) and
the established therapeutic benefit of targeting NE neuro-
transmission in the treatment of attention-deficit/hyperac-
tivity disorder (ADHD), an extended-release formulation
of this molecule, SPN-812 (viloxazine extended-release),
is currently being developed for the treatment of ADHD in
children, adolescents, and adults.®® In a proof-of-concept
study and recently completed Phase 3 trials,®® SPN-812
was effective in reducing symptoms of hyperactivity,
impulsivity, and inattention in children and adolescents
with ADHD.'? with SPN-812  exhibited
a safety profile somewhat different from that of commonly

Treatment

prescribed NRI antidepressants and ADHD pharma-
cotherapies with potent NRI activity. Specifically, in con-
SPN-812
demonstrated a low incidence of cardiac-related adverse

trast to potent noradrenergic agents,
events.'”'* The low incidence of cardiovascular events
(such as increased blood pressure or heart rate) associated
with viloxazine—both historically and in these contempor-
ary investigations—suggests that viloxazine possesses
only moderate noradrenergic activity.>'%'?

In addition to its clinical profile, historical in vitro
pharmacology data indicate that the inhibitory potency of
viloxazine for NE and 5-HT uptake is different from that
of other known NRISs, such as atomoxetine and reboxetine.
Previous data have demonstrated that viloxazine exhibits
a more moderate inhibitory effect on NE uptake, with an
inhibitory constant (K;) of 2300 nM, compared to the K; of
3.4 and 8.2 nM for atomoxetine and reboxetine, respec-
tively (Table 1).">"'® Viloxazine is almost devoid of any
5-HT uptake inhibitory activity (K; > 10,000 nM), while
atomoxetine and reboxetine have a moderate potency for
5-HT uptake inhibition (K; = 390 and 1070 nM, respec-
tively). Likewise, viloxazine has consistently demon-
the NE

transporter (NET) in in vitro binding competition assays.

strated a relatively low affinity towards
Still, viloxazine exhibits higher selectivity towards NET
over the 5-HT transporter (SERT) (dissociation constant
Kp ratio = 110) and almost negligible affinity for the
dopamine (DA) transporter (DAT) (Kp > 100,000 nM;
Table 1).

Furthermore, several in vitro and in vivo observations
from previous studies have indicated that viloxazine might
enhance 5-HT neurotransmission.'” Evidence also sug-
gests that viloxazine lacks the characteristic neurochemical
properties of the amphetamines or monoamine oxidase
inhibitors, and is absent of inhibitory activity towards
peripheral acetylcholine (ACh) or histamine (His).>”

Table 1 Monoamine Uptake Inhibition, Transporter Binding

Affinity, and Selectivity for Viloxazine, Atomoxetine, and
Reboxetine.
Viloxazine Atomoxetine Reboxetine
[H]-NE uptake 2300* 3.4° 8.2°
[3H]-5-HT uptake >10,000* 390° 1070°
[H]-DA uptake NC? 1750° NC©
NET binding 155¢ 24-5¢ e
SERT binding 17,300¢ 94-77¢ 129°—440°
DAT binding >100,000¢ 1080°-1451° >10,000f
Kp (SERT)/Kp (NET) | 111 4
K; (SERT)/K; (NET) 15 40-117

Notes: All values in 10° M. *K; calculated from rat hypothalamic synaptosomes uptake
assay. °K; calculated from rat cerebral cortex synaptosomes uptake assay. °K; calculated
from rat striatal synaptosomes uptake assay. “Kp calculated from competition assays
using [*H]-nisoxetine for hNET, [*H]-imipramine for hSERT, and [*H]-WIN35428 for
hDAT. °K; calculated using specific radiolabeled ligands, [3H]-nisoxetine for NET, [3H]-
paroxetine for SERT, and [PH]-WIN35428 for DAT. K; calculated using specific radiola-
beled ligands, [*H]-nisoxetine for NE, [*H]-citalopram for 5-HT, and [*H]-WIN35428 for
DA uptake sites. Data from these studies.'*™'®

Abbreviations: 5-HT, serotonin; DA, dopamine; DAT, dopamine transporter; Kp,
dissociation constant; K;, inhibition constant; NC, not calculated; NE, norepinephr-
ine; NET, norepinephrine transporter; SERT, serotonin transporter.

Distinct clinical profile of viloxazine compared to
NRIs observed in recent ADHD clinical trials, along
with limited in vitro and animal data emerging from
previous studies, led us to hypothesize a more complex
MoA of viloxazine than was previously suggested.
A series of pharmacological studies using current tech-
niques and methodologies were conducted in order to
further elucidate the activity of viloxazine in neuro-
transmitter systems, including comprehensive radioli-
gand binding affinity assays and in vitro cellular
functional activity assays at key monoamine transpor-
ters and receptors, and a brain microdialysis study. The
microdialysis study focused on the prefrontal cortex
(PFO), accumbens (Acb), and amygdala
(Amg). The PFC is an established area associated
with ADHD pathophysiology, involving the regulation

nucleus

of attention, behavior, and emotions through extensive
projections to multiple regions including Acb and
Amg, which also play a key role in substance use
disorders.”>*" To better understand the role of viloxa-
zine in modulating neurotransmitter systems involved
in ADHD and its potential risk of misuse, the neuro-
transmitter levels in all three brain regions were
investigated.

These studies will help improve current understanding
of the MoA of viloxazine providing a better pharmacol-
ogy-based rationale to treat patients with ADHD and pos-
sibly other neuropsychiatric disorders.

submit your manuscript

286

Dove

Journal of Experimental Pharmacology 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Yu et al

Materials and Methods
Compound Tested

Viloxazine hydrochloride was manufactured by Supernus
Pharmaceuticals, Inc., Rockville, MD, USA; compound ID
100047426-1.

Radioligand Binding Assays

Viloxazine was assessed by using the Cerep Bioprint™
panel (Eurofins, France) equipped with 132 cell-based
proprietary assays, including a variety of receptors (82
assays), ion channels (14 assays), monoamine oxidase-
A (MAO-A), and neurotransmitter transporters such as
the NE, DA, 5-HT, gamma-aminobutyric acid (GABA),
and ACh transporters. Binding affinity of viloxazine
(10 uM) was represented as a percent inhibition of
the binding of a radiolabeled ligand specific for each
target. Inhibition higher than 50% was considered
significant.

Cellular Uptake and Receptor Functional
Assays

Evaluation of the functional activity of viloxazine was
performed using Eurofins proprietary cellular uptake and
receptor functional activity assays (Eurofins, France).
Viloxazine was tested at eight concentrations in dupli-
cates or triplicates for the determination of ICs, (concen-
tration causing a half-maximal inhibition of control
response) or ECs, (concentration producing a half-
maximal response). The agonistic response of viloxazine
was calculated as a percentage of control response to
a known reference agonist for each target. The cellular
antagonistic response was calculated as a percentage inhi-
bition of control reference agonistic response for each
target. Results showing an inhibition or stimulation
higher than 50% are considered to represent significant
effects. ICso and ECs, values were determined by non-
linear regression analysis of the concentration-response
curves. The apparent dissociation constants (Kg) were
determined using the modified Cheng-Prusoff equation.
Analyses were performed using commercial software
SigmaPlot® 4.0 for Windows®.

Briefly, cellular uptake assay measured the effect of
viloxazine on [*H]-NE uptake in rat hypothalamic synap-
tosomes using 0.2 pCi/mL [*H]-NE incubated for 20 min
at 37°C.*> The amount of [*H]-NE incorporated into
synaptosomes was measured by scintillation counting. In
addition, the effect of viloxazine on [*H]-5-HT uptake was

performed in human embryonic kidney (HEK)-293 cells
expressing the human SERT gene (hSERT). The accumu-
lation of [*H]-5-HT after a 15 min incubation at room
temperature was measured by scintillation counting.

Evaluation of agonistic and antagonistic activity of
viloxazine was conducted by Eurofins (formerly Cerep),
Poitiers, France, using receptor and transporter func-
tional assays (commercially available from Eurofins)
performed in 26 recombinant cell lines. All the recombi-
nant cell lines are created and selected at Eurofins sites
or MDS-Millipore, STC, MO, USA. For agonist assays,
5-HT was used as the control reference compound. For
antagonist assays, 5-HT was used as a stimulus, and the
inhibitory effect of different concentrations of viloxazine
on the induced response was expressed as percent inhibi-
tion of response. Effects were evaluated via fluorimetry
or homogeneous time-resolved fluorescence (HTRF) for
a 20 to 30 min period: at room temperature for measur-
ing intracellular calcium (for 5-HT,4), at 28°C for mea-
suring impedance (for 5-HT;p), or at 37°C for measuring
cyclic adenosine monophosphate (for 5-HT;g, 5-HTs,
and 5-HT5) or inositol phosphate-1 (IP;, for 5-HT,,, 5-
HT,g, and 5-HT,c). ECso and ICso values were deter-
mined as described above, and apparent dissociation
constants (Kg) were determined using the modified
Cheng-Prusoff equation.

Prediction of Receptor Occupancy
An estimate receptor occupancy (RO) for NET, 5-
HT,p, and 5-HT,c was calculated with the following

equation:**-**

[ VLX] brain, unbound

RO (%) =
([VLX]bminﬁ unbound + Ki)

x 100

where the RO represents the percentage of receptors occu-
pied in relation to the unbound brain concentration of
) and
the constant of binding (K;) was experimentally measured

viloxazine at the target receptor ([VLX]y.0n unbound
for the target receptor. The human unbound brain concen-
tration was calculated based on the human unbound
plasma concentration at clinical dose and the unbound
plasma/brain concentration ratio in rats assuming the
unbound plasma/brain concentration ratio in rats is similar
to that of humans. The human unbound plasma concentra-
tion was derived from the human plasma concentration at

clinical dose and the unbound fraction in human plasma.
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Microdialysis in Rat Prefrontal Cortex,

Nucleus Accumbens, and Amygdala

Adult male Sprague-Dawley rats (age 7-8 weeks, body
weight 300400 g,
Francisco, CA) were used for all studies. Animals were main-

Charles River Laboratories, San
tained on a 12/12-hour light/dark cycle in a temperature- (22 +
2°C) and humidity- (~50%) controlled room.

On day 0, rats (n = 24) were anesthetized using isoflurane
(2%, 800 mL/min O5). Each rat from Groups 1 and 3 (n= 6 per
group) received a single I-shaped microdialysis probe (poly-
acrylonitrile membrane, 2 mm membrane, BrainLink,
Netherlands) inserted into the PFC, and each animal from the
Groups 2 and 4 (n = 6 per group) received two microdialysis
probes inserted into the Acb and Amg.*> Coordinates for the
tips of the probes in the PFC included: anteroposterior (AP) =
+3.4 mm from bregma,; lateral (L) = -0.8 mm to midline; and
ventral (V) =-4.0 mm to dura, with the toothbar set at -3.3 mm.
Coordinates for the tips of the probes in the Acb were: AP =
+2.0 mm from bregma; L = -1.2 mm to midline; and V =-7.9
mm to dura, with the toothbar set at -3.3 mm. Coordinates for
the tips of the probes in the Amg were: AP = -3.3 mm from
bregma; L =-4.5 mm to midline; and V =-9.0 mm to dura, with
the toothbar set at -3.3 mm. On day 1, animals were connected
to the fraction collection system and a microperfusion pump
(Harvard PHD 2000 Syringe pump), and perfused with artifi-
cial cerebrospinal fluid (aCSF) containing 150 nM NaCl, 3
mM KCl, 1.7 mM CaCl,, and 0.9 mM MgCl,, at a flow rate of
1.5 pL/min. After a 2-hour stabilization period, four basal
samples were collected (Baseline), followed by the intraper-
itoneal (IP) administration of vehicle (0.9% NaCl) to each
animal in Groups 1 and 2 or viloxazine (50 mg/kg) to each
animal in Groups 3 and 4 in a volume of 5 mL/kg. Notably,
50 mg/kg is approximately the animal equivalent dose derived
from the human therapeutic dose (400 mg/day)'® on the basis
of body surface area. After dosing, interstitial fluid (ISF)
samples were collected for 240 min at intervals of 30 min.

At the end of the microdialysis experiment, rats were
euthanized with CO, and a gross histological confirmation
of probe location in the PFC, Acb, and Amg was performed.
The study was performed as a non-GLP discovery stage
study in accordance with the study plan and CRL standard
operating procedures. The animal research was performed at
Charles River Laboratories (South San Francisco, CA, USA)
and approved by the Institutional Animal Care and Use
Committee of Charles River Laboratories, SSF. Animals
were cared for in accordance with the NIH Guide for the
Care and Use of Laboratory Animals, 8th edition.

Samples were analyzed for the levels of NE, DA, 5-HT,
GABA, glutamate (Glu), His, and ACh using fit-for-purpose
liquid chromatography tandem mass spectrometry (LC-MS
/MS) methods. The detection limits were set to 0.03 nM for
NE, 0.04 nM for DA and 5-HT, 2 nM for GABA, 10 nM for
Glu, 0.1 nM for His, and 0.05 nM for ACh.

Neurotransmitter levels in the ISF were expressed as the
percentage of baseline (mean value of the four basal samples,
T =120 to T = 0 min). Samples were excluded from further
analysis if levels were below the detection limit, or if prior to
two-way analysis of variance (ANOVA) analysis or Grubbs’
outlier test revealed it was a significant outlier. Statistical
evaluation was performed using SigmaStat for Windows,
Version 4 (Systat Software, Inc., 2011-2012). If significant,
the two-way ANOVA analysis was followed by a Dunnett’s
Multiple Comparison Method post hoc analysis of vehicle
treated vs viloxazine treated at each time point (T=0to T =
240 min). The level of statistical significance was set to
p <0.05.

Results
Radioligand Binding Assays

Viloxazine at 10 uM was evaluated in binding competition
assays including a series of receptors, ion channels, and trans-
porters in the Eurofins/Cerep Bioprint™ panel. Only seven
targets from the 132 assessed targets showed >50% inhibition
of binding of a specific radiolabeled ligand for each target
(Figure 1). These seven targets included NET, 5-HT receptors
5-HT,p, 5-HT,c, 5-HT;g, and 5-HT-, as well as adrenergic
alphal A (ADRa,4) and alphalB (ADRa,g) receptors. The
binding assays showed a weak competitive inhibition (<25%)
at DA receptors Dy, D»g, and D3, His receptors H; and H,, and
muscarinic cholinergic receptors M;, M,, M;, and M,.
Moreover, viloxazine showed a selective binding profile at
NET, with notable low activity (~10%) towards DAT and
monoamine oxidase A (MAO-A), and negligible binding to
SERT, the GABA transporter (GAT), and the choline transpor-
ter (CHT-1).

Cellular Uptake and Receptor Functional
Assays

Results from the representative functional activity assays
are shown in Figure 2. The function of viloxazine as
a NET inhibitor was assessed based on its ability to inhibit
the uptake of [’H]-NE in rat hypothalamic synaptosomes.
Consistent with previous reports, viloxazine showed
potency towards NET at submicromolar levels, with an
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ICso value of 0.26 uM. Its inhibitory effect on 5-HT
uptake in HEK293 cells expressing hSERT was also eval-
uated. Results showed that viloxazine had inhibited SERT
with an ICsq of 257 pM.

Across the evaluated receptors, viloxazine was found
to exhibit significant agonistic activity towards 5-HT,c
(ECs0 = 32.0 uM, E,.x=78.6%) and antagonistic activity
towards 5-HT,5 (ICs5¢p = 27.0 uM, Kg = 4.2 uM).

In functional assays of 5-HT,4, viloxazine showed no
agonistic effect at concentrations up to 300 puM and
a very low potent antagonism with an ICs5>300 pM.
The evaluation of the functional activity of viloxazine at
the 5-HT; receptor showed no agonistic activity at con-
centrations up to 100 uM and low potency antagonistic
activity (52% inhibition) at 100 uM. Viloxazine did not
show any significant agonistic or antagonistic activity
towards 5-HT;, 5-HT;g, 5-HTp, or 5-HTg¢ receptors.
Among the evaluated adrenergic receptors, viloxazine
exhibited weak antagonistic activity at ADRB, (ICsy =
68 uM, Kg = 6.2 uM) and ADRa;5 (ICso = 93.0 uM, Kp

-8 -7 -5 -4 -3

-6
Log [Viloxazine] (M-")

Figure 2 Effects of viloxazine on uptake and cellular functional activity in vitro. (A)
Dose-dependent inhibition of NET-mediated [*H]-NE uptake (n = 3) measured in
rat hypothalamic synaptosomes and [°H]-5-HT uptake (n = 3) measured in HEK293
cells expressing hSERT. (B) Viloxazine activated the response of 5-HT,c (agonist) in
a CHO cell-based IP, HTRF® assay (n = 2). (C) Viloxazine antagonized the activity
of 5-HT g after stimulation with 5-HT in a CHO cell-based IP; HTRF® assay (n = 2).
Data presented as mean * SEM.

Abbreviations: 5-HT, serotonin; CHO, Chinese hamster ovary; DA, dopamine;
ECso, concentration producing a half-maximal response; HEK, human embryonic
kidney; hSERT, human serotonin transporter gene; HTRF, homogeneous time-
resolved fluorescence; ICso, concentration causing a half-maximal inhibition of
control response; IP|, inositol phosphate-I; NE, norepinephrine; NET, norepinephr-
ine transporter; SEM, standard error of the mean; SERT, serotonin transporter.

= 10 uM) receptors, and either very weak (ICsq > 150
uM) or no significant agonistic or antagonistic activity
ADRG]A, ADR(}ZA, ADR(XQB, ADRGzC and

ADRB;. Of note, viloxazine showed no significant ago-

towards

nistic activity at concentrations up to 300 uM and either
very weak (ICso > 150 uM) or no antagonistic activity
towards dopaminergic receptors D;, D,g, and Ds; the
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histaminic receptor H;; and cholinergic muscarinic recep-
tors M;, M; and M,.

Effects of Viloxazine on Neurotransmitter
Levels in Rat Prefrontal Cortex, Nucleus

Accumbens, and Amygdala

To further understand the functional effects of viloxazine
on neurotransmitter systems, extracellular levels of the
neurotransmitters NE, DA, 5-HT, GABA, Glu, His, and
ACh were measured in the PFC, Acb, and Amg of freely
moving Sprague-Dawley rats from the vehicle control
groups (Groups 1 and 2) and viloxazine treatment groups
(Groups 3 and 4).

As shown in Figure 3A, viloxazine (50 mg/kg) caused
an increase in extracellular levels of 5-HT in the PFC with
the peak value of 506+133% from baseline. Two-way
ANOVA analysis found a statistically significant increase
in the 5-HT level in the viloxazine-treated Group 3 com-
pared to the vehicle-treated Group 1 (F;,0=38.28,
p<0.001, Table 2). The increase vs vehicle was observed
at 30 to 120 min (p< 0.05, Dunnett’s post hoc test) after
viloxazine treatment (Figure 3A). The NE and DA levels
in the PFC, also increased with peak levels 649+57% and
670+105% from baseline, respectively. The observed
increase was statistically significant in viloxazine-treated
group compared to vehicle (F; ;p=448.561, p<0.001 and
Fy10=4.496, p<0.001, respectively), which was maintained
throughout the 4-hour measurement period (p< 0.001,
Dunnett’s post hoc test).

The evaluation of neurotransmitter levels in the Acb
and Amg was performed in viloxazine-treated group
(Group 4) and vehicle-treated group (Group 2) using
double microdialysis probes. The extracellular levels of
5-HT, NE, and DA in the Acb increased (Figure 3B), with
the peak values of 365+48%, 187+£28%, and 186+18%,
respectively. Statistically significant increase was found
in viloxazine-treated rats compared to vehicle-treated rats
for all three monoamines (F;3=118.401, p<0.001; F,
=48.634, p<0.001; F,3=14.316, p<0.001, respectively;
Table 2). For 5-HT and NE, the effect was maintained
through 4 h measurement period (p< 0.001, Dunnett’s
post hoc test; Figure 3B); for DA, the increase was
observed at 30 to 60 min following viloxazine adminis-
tration (p<0.05, Dunnett’s post hoc test; Figure 3B).
Elevated levels of all three neurotransmitters were
observed in Amg (Figure 3C) with the peak values of
312415% (5-HT), 571482% (NE), and 254+19% (DA)

from baseline. The increase in 5-HT, NE, and DA was
statistically ~significant compared to vehicle (F;g
=118.061, p<0.001; F,5=249.935, p<0.001; F;g
=129.811, p<0.001, respectively; Table 2). The effect
was maintained throughout the 4 h period (p<0.001,
Dunnett’s post hoc test; Figure 3C).

In the three evaluated brain regions, no significant
effects within the vehicle-treated groups were observed.
No significant changes in the extracellular levels of
GABA, Glu, His, and ACh were observed in the viloxa-
zine-treated groups compared to baseline or vehicle-
treated groups.

Prediction of Receptor Occupancy

The receptor occupancies at clinical doses of 100, 200,
400, and 600 mg/day were calculated based on the K;
values of 630, 3900, and 6400 nM for NET, 5-HT,c, and
5-HT,p, respectively (Table 3). The dose and calculated
receptor occupancy relationship is depicted in Figure 4.

Discussion

Mechanism of Action of Viloxazine
Collectively, the data presented here have demonstrated
that the MoA of viloxazine predominantly involves sero-
tonergic and noradrenergic pathways. Historically, vilox-
azine was found to inhibit reuptake of [*H]-labeled NE in
the mouse heart”® and potentiate L-adrenaline-induced
mydriasis in rabbits, supporting the ability of viloxazine
to block NE uptake.” However, the data presented here
show moderate inhibitory activity of viloxazine towards
the NET (ICsq in the 0.3 pM range), consistent with the
observed low rate of cardiac-related effects in the clinical
setting, which are commonly seen in drugs whose primary
mechanism is via NRI activity. For example, CNS stimu-
lant treatments and the NRI atomoxetine have been asso-
ciated with serious cardiovascular events in children,
adolescents, and adults.2®2®

The involvement of serotonergic system in the drug
action of viloxazine is supported by previous data demon-
strating that viloxazine: 1) increased the basal release of
5-HT in rat striatal slices,”” 2) enhanced the electrophy-
siological responses of rat cortical neurons to locally
applied 5-HT,***? and 3) increased the induced hind-
limb reflex in spinalized rats in vivo, indicative of
a potentiation of the 5-hydroxytryptophan (5-HTP) beha-

vioral syndrome.’
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Figure 3 Effects of viloxazine on neurotransmitter levels in the PFC, Acb, and Amg of freely moving rats. Administration of viloxazine (50 mg/kg, IP) at time 0 is indicated by
the arrow. (A) In the PFC, viloxazine significantly increased extracellular levels of NE and DA throughout the 4 h period (**p < 0.001, Dunnett’s post hoc test) and 5-HT
from 30 to 120 minutes (p < 0.05 Dunnett’s post hoc test) in comparison to vehicle treated groups. (B) In the Acb, extracellular levels of 5-HT and NE increased
throughout the 4 h period (**p < 0.001, Dunnett’s post hoc test) and DA from 30 to 60 min (*p < 0.05, Dunnett’s post hoc test). (C) In the Amg, extracellular levels of 5-HT,
NE, and DA increased throughout the 4 h period (**p < 0.001, Dunnett’s post hoc test). Measured neurotransmitter levels (mean + SEM) are reported as the percent of pre-
treatment baseline. The statistical post-hoc analyses of vehicle vs viloxazine at each time point (T = 0 to T = 240) and significant interactions (two-way ANOVA with p<0.05)
are presented in the Table 2.

Abbreviations: 5-HT, serotonin; Acb, nucleus accumbens; ACh, acetylcholine; Amg, amygdala; ANOVA, analysis of variance; DA, dopamine; GABA, gamma-aminobutyric
acid; Glu, glutamate; His, histamine; IP, intraperitoneal; NE, norepinephrine; PFC, prefrontal cortex; SEM, standard error of the mean.
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Table 3 Receptor Occupancy Calculated Based on Obtained
Cunbound Brain Concentration Estimated from C... Plasma
After 100, 200, 400 and 600 mg/day Doses in Pediatric ADHD
Patients and K; Values of 630, 3900 and 6400 nM for NET, 5-
HT,g and 5-HT,¢, Respectively

Dose (mg/kg) Estimated Receptor Occupancy (%)
NET 5-HTs 5-HT>c

100 96.5 8l.4 728

200 98.6 91.7 87.1

400 99.3 95.7 932

600 99.3 96.1 93.7

To further evaluate the role of viloxazine in 5-HT
modulation, its selectivity and mode of action were tested
at eight subtypes of 5-HT receptors using cellular func-
tional assays. As agonist, viloxazine stimulated response
in 5-HT,c expressing cells, with an EC50=32 uM. As
antagonist, it inhibited the response to 5-HT in cells
expressing 5-HT,g with an 1Cs5p=27 pM and showed
a marginal 52% inhibition at 100 pM in cells expressing
5-HT;. These results together with no effect found on
5-HT reuptake via SERT (ICs50=257 puM) suggest that
viloxazine action as a serotonin modulator might involve
the direct activation of 5-HT,c and/or inactivation of 5-
HT,g, with ICso and ECs, values within clinically relevant
concentration range (data not shown). The in vitro phar-
macology studies also demonstrated that viloxazine is
practically devoid of activity towards dopamine receptors,
DAT and shows very weak antagonistic activity towards
ADR, and ADRa;p.

1257 @ NET
9 @ 5-HTy
< - V 5-HT
= 100 2c
[¢]
&
Q 757
=]
[&]
[3)
O 50
3]
S
&
8 2571
[¢]
74
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0 100 200 300 400 500 600 700
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Figure 4 Dose — Calculated Receptor Occupancy Curves. Relationship between
the dose of administered viloxazine to pediatric ADHD patients (31.5 kg mean body
weight) and the estimated receptor occupancy for NET, 5-HT,g, and 5-HT,c based
on the estimated unbound brain concentration of viloxazine at target receptor and
its binding affinity (K;) at clinical doses of 100, 200, 400, and 600 mg/day.

According to the calculated receptor occupancy at clinical
doses (Table 3 and Figure 4), viloxazine has shown higher than
80% 5-HT,p and 5-HT,c occupancy at all concentrations
(except for 5-HT,c at 100 mg/day dose). Therefore, 5-HT»g
and 5-HT, are likely to be involved in the MoA of viloxazine
at clinical doses of 100, 200, 400, and 600 mg/day.

Findings from a previous study in rats have demonstrated
inhibitory effect of 5-HT,p antagonists (RS 127445 and LY
266097) on cocaine-induced hyperlocomotion possibly invol-
ving an action on striatal and/or Acb DA transmission.*®
Furthermore, 5-HT,¢ agonist (Ro 60—-0175) has shown ability
to modulate the activity of mesoaccumbens pathway at post-
synaptic level and, therefore, suppress cocaine-induced
hyperlocomotion.** Based on these data and considering
antagonistic activity of viloxazine at 5-HT,g and agonistic
activity at 5-HT,c observed in this study, it can be hypothe-
sized that therapeutic action of viloxazine to improve hyper-
activity in ADHD involves inhibition of 5-HT,p and activation
of 5-HT, receptors.

The effect of viloxazine on the neurotransmitter systems
within the PFC, an established target area associated with

ADHD pathophysiology and attention control,*>>=’

was
further evaluated using brain microdialysis. The observed
upregulation of extracellular 5-HT in the PFC of freely moving
rats has demonstrated the modulatory effect of viloxazine on
serotonergic neurotransmission (Figure 3). It is worth noting
the increase in 5-HT by viloxazine (~500%) is higher than that
of the selective 5-HT reuptake inhibitors (200%-400%), as
well as that of atomoxetine.'"**** Viloxazine also significantly
increased the levels of NE and DA in the PFC via NET
inhibition as expected,'® and minimally increased DA in the
Acb (a brain region with a key role in substance use disorders).
Further, even though the level of NE could increase up to
approximately 570% in the Amg of rats, (an effect previously
associated with increased anxiety in animal models®), in the
clinical setting, viloxazine has been shown to have anxiolytic
effect.

Given the lack of affinity to SERT in vitro, the underlying
mechanism of the 5-HT upregulation in the PFC observed here
remains undefined. However, a recent study in rats has con-
firmed that blocking of 5-HT,g receptor located in GABAergic
interneurons in dorsal raphe nucleus with a selective 5-HT,g
antagonist (RS 127445) can activate 5-HT neuron and enhance
5-HT outflow in medial PFC.*° A similar mechanism is, there-
fore, postulated for viloxazine — its antagonistic effect on 5-
HT),p receptors could lead to reducing GABA inhibitory tone
to 5-HT neurons and increasing 5-HT outflow in medial PFC

(Figure 5).
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Figure 5 Complex regulation of 5-HT projections to prefrontal cortex. |. “Proximal” regulatory loop includes feedback collateral branches and 5-HT A autoreceptors, whose
activation by excessive neurotransmitter results in reduced 5-HT synthesis and neuronal firing rate. Feedback collaterals also synapse with 5-HT,g receptors on DNR GABA
interneurons. Inhibition of these receptors may be one of the principal regulators of 5-HT tonic neurotransmission. Viloxazine, for instance, may inhibit 5-HT,p receptors leading to
inhibition of GABAergic transmission and consequently to upregulation of 5-HT tonic neurotransmission in mPFC, which may explain the increase of 5-HT in PFC observed in
current microdialysis study. 2. At the terminal end 5-HT g/ p autoreceptors regulate the 5-HT release. Serotoninergic projections in mPFC interface with SST-expressing and PV-
expressing GABA interneurons as well as directly modulate glutamatergic pyramidal neurons via postsynaptic inhibitory 5-HT 5 receptors and excitatory 5-HT4 receptors. SST
GABA interneurons have a primary role in “signal-to-noise” gating of pyramidal neurons, while PV interneurons via axonal receptors regulate “volume” of glutamate transmission. 3.
Serotoninergic input, indirectly, via mPFC GABA interneurons, and directly, via pyramidal neurons, regulates initiation of the “distal” regulatory loop. Additionally, the balance
between activation of 5-HT,c receptors on GABA interneurons vs direct stimulation of 5-HT,¢ receptors located on pyramidal neurons, ultimately tunes glutamatergic output
from mPFC. 4. Glutamatergic projections from mPFC to LC noradrenergic neurons, VTA dopaminergic neurons, and DNR/MNR serotoninergic neurons, as well as their
corresponding GABA interneurons, directly and indirectly regulate function of the brainstem monoaminergic nuclei. Local balance between stimulation of 5-HT,¢ receptors on
GABA interneurons vs ones located directly on VTA DA neurons, modulates DA output from the nucleus. At the termination point of the “distal” loop, glutamate fibers via
excitatory AMPA and NMDA receptors located on 5-HT neurons and adjacent GABA interneurons, provide balanced regulatory input to serotoninergic nuclei.

Notes: Artigas F. 2013, Pharmacol Ther. 137:119-131. Cathala et al, 2019, Experimental Neurology, 311:57-66. Leggio et al, 2009, Neuropharmacology, 56: 507-513.
Abbreviations: 5-HT, 5-hydroxytryptamine, AMPA, a-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid; DNR, dorsal nuclei raphe; GABA, gamma-aminobutyric
acid; Glu, glutamate; LC, locus coeruleus; mGIuR, metabotropic glutamate receptor; MnR, median raphe; mPFC, medial prefrontal cortex; NMDA, N-methyl-
D-aspartate; PV, parvalbumin; SST, somatostatin; VTA, ventral tegmental area.

Providing a mechanistic explanation for the relation-
ship between 5-HT,c agonism and ADHD is a more com-
plex task, although early literature, relying on rodent
preclinical models, has postulated a relationship between
5-HT,c agonism and ameliorative effect on stress-induced
anhedonia, antidepressant effect and potential benefit in
treatment of obesity and addictive disorders.*' ™ The
5-HT,c receptors are located both on GABA interneurons
and the VTA dopamine neurons, exerting opposing effects
(Figure 5). Similar scenario is encountered in PFC, where
5-HT,c receptors populate both GABA interneurons and
pyramidal neurons.***> Hence, the final outcome of
5-HT,¢ stimulation will be influenced by local biochem-
ical environment and relative density and activation of

opposing sub-populations of 5-HT¢ receptors.*®4’

Subcortical 5-HT,¢ receptors may have a pivotal role in
modulating ascending nigrostriatal and mesocorticolimbic
dopamine projections. Here are a few notable findings: stimu-
lation of 5-HT,¢ receptors facilitates DA release in the stria-
tum, while intra-PFC administration of SHT,c agonists
enhances dopaminergic transmission in Acb, induced by
cocaine.*’ More contemporary preclinical studies, using tissue
sampling method, described increased 5-HT concentration in
the orbitofrontal cortex, motor cortex-2, as well as increased
DA turnover in the medial orbitofrontal cortex, in direct
response to administration of 5-HT,c selective agonist.*’**

In aggregate, literature instantiates a plausible explana-
tion for impact of 5-HT,¢ agonism on change in 5-HT and
DA transmission (as well as their relative balance) in brain
pathways and regions relevant for impulse control,
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regulation of motoric activity, reward processes, and emo-
tional regulation.

Collectively, the results of the current study demon-
strate that viloxazine not only modulates noradrenergic but
also serotoninergic pathways and, therefore, exhibits psy-
chopharmacological action as a serotonin norepinephrine
modulating agent (SNMA).

A Different Mechanism of Action from
Known ADHD and Depression

Pharmacotherapies

This proposed MoA for viloxazine is similar in taking
a multimodal approach; however, it differs from that of
other known psychopharmacotherapies used to treat
ADHD and/or depression, such as the serotonin norepi-
nephrine dopamine reuptake inhibitors (SNDRIs) centa-
nafadine, and dasotraline,” the serotonin norepinephrine
reuptake inhibitors (SNRIs) duloxetine and venlafaxine,
as well as the norepinephrine reuptake inhibitors (NRIs)

1549 and reboxetine.'®>° 1t is also different

atomoxetine
from the psychostimulant methylphenidate (a norepi-
NDRI).*!

Moreover, the proposed MoA of viloxazine differs

nephrine dopamine reuptake inhibitor;
from that of other agents, such as the alpha-2-adrenergic
agonists clonidine and guanfacine, which mechanisti-
cally target NE dysregulation directly at the level of
the receptor.

In contrast to viloxazine, the NRIs atomoxetine and
reboxetine are highly potent NET inhibitors, with inhibi-
tion of NE reuptake in the nanomolar range (Table 1).
Additionally, unlike the observed viloxazine effects on
serotonergic receptors as shown in this study, atomoxetine
does not possess appreciable affinity for neuronal recep-
tors investigated in a binding affinity study.'”

Regarding atomoxetine, it is noteworthy that despite
exhibiting a high level of both NET and SERT occupancy
(>90% and >85%, respectively),*’ it was not found to
functionally increase 5-HT in rat and mouse PFC by
microdialysis.'”*® This finding is possibly due to the low
expression levels of SERT in the PFC.°*™

The classification of both atomoxetine and reboxetine
as NRIs can be attributed to the direct NET inhibitory
activity; ie, NET inhibition is the primary driver for the
therapeutic efficacy of these compounds.'>'***** In con-
trast, as reported here, viloxazine exhibits serotonergic
modulating activity with moderate noradrenergic effects,

implying the inhibitory activity on NET is not solely

responsible for its major therapeutic mechanism.
Therefore, the classification of viloxazine should be

reflected as such—namely an SNMA.

Evaluation of the Risk for Substance
Abuse

Drugs of abuse exert their initial reinforcing effects by trig-
gering supraphysiologic surges of dopamine in the Acb,
which activates the direct striatal pathway via D; receptors
and inhibits the indirect striato-cortical pathway via D,
receptors.”’ Microdialysis studies in animals have shown
that addictive drugs preferentially increase extracellular DA
in the Acb of freely moving rats.>* For example, psychosti-
mulants such as amphetamine can significantly increase DA
(d- and [-amphetamine increase DA to 700 and 1,200%,
respectively) from the baseline level in the striatum of freely
moving spontaneously hypertensive rats, whereas the saline-
treated increases DA to approximately 20%.

As mentioned above, administration of viloxazine demon-
strated a minimal increase of DA in the Acb to approximately
180% in freely moving rats. Vehicle-treated rats demonstrated
an increase in DA of approximately 120%. These results are
likely due to the lack of binding affinity of viloxazine at the
DAT (Kp >100 uM)."® In addition, viloxazine does not directly
interact with the dopaminergic receptors D, and D,g. Based on
the minimal effect on DA in the Acb, viloxazine is expected to
have low substance abuse liability.

This is consistent with previous data obtained in animal
models, such as self-administration studies in monkeys, which
demonstrated that viloxazine is physical dependence-free and
exhibits very low potential for dependence development.>® In
the absence of human studies specifically probing the abuse
potential of viloxazine, contemporary clinical studies investi-
gating viloxazine extended-release in the treatment of ADHD
suggest that it is well tolerated and at tested doses has not been
indicative of side effects pertaining to abuse potential.'’
Finally, human behavioral studies and real-world evidence of
approximately 30 years of its use as an antidepressant in
Europe do not show any signals of drug-seeking behavior
with viloxazine, any anticipated recreational value, or risk for

prescription misuse or abuse.*'*"%

Assessment of the Cardiac Valvulopathy
Risk

Sustained overstimulation of 5-HT,g either by 5-HT,p ago-
nists or high plasma 5-HT levels, can contribute to the devel-
opment of valvular heart disease by stimulating myofibroblast
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mitogenesis and extracellular matrix deposition.”” This process
eventually leads to thickened valve leaflets, pulmonary hyper-
tension, regurgitation caused by improper closing during dia-
stole, and ultimately can lead to heart failure.” In contrast,
blockade of 5-HT,g receptors has been shown in animal mod-
els to inhibit fibrosis and cardiac hypertrophy, thereby protect-
ing against ventricular heart failure.®”®' Therefore, antagonists
of 5-HT,p like viloxazine would be unlikely to contribute to
cardiac valvulopathy and would be predicted to have a low risk
of cardiac-related side effects. This is consistent with the long-
term cardiac safety profile of viloxazine during its use as an
antidepressant in Europe.™'>%>** A recently completed rando-
mized clinical trial evaluating the efficacy and safety of
extended release viloxazine in the treatment of ADHD, also
demonstrated very low rates of cardiovascular adverse
events."”

CNS Inflammatory Signaling

5-HT,p antagonism may reduce inflammatory signaling origi-
nating both from microglia in the brain and peripheral immune
cells.®>*® Dysregulation of inflammatory signaling may be
a relevant pathophysiological mechanism of ADHD. For
example, Oades et al have described correlations between
increases of interleukins IL-16 and IL-13 and total ADHD
symptom ratings, elevation of IL-16 and hyperactivity, and
association between increased IL-13 and inattention.®’
Furthermore, increased CSF concentration of inflammatory
cytokines has been associated with increased 5-HT and DA
turnover, most likely reflecting inefficient signaling.®®
Viloxazine via 5-HT,p inhibition may ameliorate aberrant
inflammatory signaling in the brain and help restore home-
ostasis in DA and 5-HT signaling.

Therapeutic Implications in ADHD

Recognizing that the underlying mechanism for the
enhancement of 5-HT is not yet fully understood, the
ability of viloxazine to prominently modulate both 5-HT
and NE supports the therapeutic relevance of viloxazine to
neuropsychiatric disorders impacted by monoaminergic
ADHD
(Figure 6).°1%%7% In particular, neuropharmacological stu-

transmission, such as and  depression
dies have provided a wealth of evidence that dysregulation
of NE and DA contributes to symptoms of inattention and
deficits in ADHD.

Recently, 5-HT has also emerged as a potential therapeutic

in executive decision-making

target in ADHD.”’! In rodent models, hyperlocomotor
activity, for instance, has been attenuated by SERT inhibi-
tors, suggesting a role for serotonergic signaling in

regulating locomotor activity.”> Serotonergic antagonists
directly targeting 5-HT,p and agonists of 5-HT,( receptors
have also been specifically implicated in the attenuation of
locomotor activity in rats in vivo.*>** The role of vilox-
azine as a 5-HT,c agonist and 5-HT enhancer — along with
its inhibitory activity towards NET — identified in the
current study demonstrates the relevance of this compound
to target core symptomatology in ADHD.”'3-¢

Two recent imaging studies, comparing clinically identified
ADHD patients with typically developing participants identi-
fied an altered pattern of functional network anatomy and
feature of ADHD

pathophysiology.””* Structural differences implicated com-

connectivity as an  essential
ponents of the sensorimotor network, default-mode network
(DMN), and salience network.”>* Furthermore, functional
imaging studies have identified aberrant functional connectiv-
ity between sensorimotor, DMN, and cognitive and attentional
networks.”>”® Proper functional interaction between sensori-
motor, DMN, and salience networks appears to be regulated by
input from the thalamus and striatum, relying on optimal
homeostatic balance between 5-HT and DA brainstem projec-
tions into these regions.”’ To our knowledge, the only study
evaluating monoamine metabolite levels in an ADHD cohort
has found an association between homovanillic acid (HVA)/
5-hydroxyindolacetic acid (5-HIAA) ratio in ADHD subjects
with clinical measures of hyperactivity, and 5-HIAA levels
with measures of aggression and hyperactivity.”® Another
study comparing monoamine metabolites in a 24-hour urine
collection of children with ADHD and typically developing
children, noted that HVA/5-HIAA levels were significantly
lower in ADHD subjects compared to typically developing
children. The same HVA/5-HIAA ratio was negatively corre-
lated with measures of impulsivity.”’

In aggregate, this evidence suggests that balance
between monoamines, and especially the role of 5-HT
may have been grievously neglected, as it likely has bear-
ing on adaptive cortico-striatal-thalamic-cortical pathway
regulation and by extension, harmonious interaction
between, sensory-motor, DMN, salience and cognitive/
attentional networks in ADHD. Novel ADHD treatments
regulating 5-HT as well as catecholamine transmission
may provide additional therapeutic benefits, hitherto una-
with
modulating ADHD medications. Viloxazine may correct

vailable existing stimulant and noradrenalin-
monoamine imbalance by robustly elevating 5-HT, NE,
and DA signaling in the PFC. It may, therefore, reestablish
more harmonious interactions among major resting-state

signaling networks. Future studies including contemporary
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Figure 6 Proposed dual mechanism of action of viloxazine. The schematic shows purported clinical implications (dashed lines) of the observed neurotransmitter modulating
effects of viloxazine. Microdialysis and in vitro studies demonstrate that viloxazine increases 5-HT, NE, and DA levels in the PFC of awake rats, as well as exhibits antagonistic
activity towards 5-HT,g receptors and agonistic activity towards 5-HT,c receptors. These effects of viloxazine on modulating both the 5-HT and NE systems help explain
why viloxazine is therapeutically relevant to neuropsychiatric disorders, such as the core symptoms of ADHD and depression.

Abbreviations: 5-HT, serotonin; ADHD, attention-deficit/hyperactivity disorder; DA, dopamine; NE, norepinephrine; NET, norepinephrine transporter; PFC, prefrontal

cortex.

methods of electrophysiology and imaging may help
further improve our understanding of the role of viloxazine
in these processes.

Therapeutic Implications in Depression
5-HT is broadly considered to play a key role in regulating
anxiety, stress levels, patience,’>® coping capability, and
mood in depression.**** A wide range of evidence has
previously been reported supporting the role of 5-HT,c
receptors in depression, and correspondingly, the mechan-
istic basis for the antidepressant properties and behavioral
effects of 5-HT,c receptor agonists.*'** Indeed, pharma-
cological restoration of 5-HT synthesis with 5-HTP or
treatment with a 5-HT,c receptor agonist (CP809.101)
reduced cognitive deficits in Tph2-KI mice and contribu-
ted to an antidepressant effect.** The enhancing action of
viloxazine on 5-HT levels within the rat PFC and its
antagonistic/agonist activity at selected 5-HT receptors
suggests this MoA contributes to the therapeutic profile
of viloxazine as an antidepressant.

Conclusions

Evaluating the collective data, we conclude that viloxazine
currently being developed as an extended-release medica-
tion for ADHD is mechanistically distinct from NRIs,
other known antidepressants, and other known pharma-
cotherapies that have been used to treat ADHD.
Viloxazine exhibits selective antagonistic activity towards
5-HT,p receptors and agonistic activity towards 5-HT,c

receptors, complemented by moderate NET inhibition.
Therefore, we propose that, due to its multimodal MoA
that synergistically contribute to its psychopharmacologi-
cal activity, viloxazine is best described as a serotonin
norepinephrine modulating agent (SNMA).

Abbreviations

5-HT, serotonin; 5-HTP, 5-hydroxytryptophan; Acb, nucleus
accumbens; ACh, acetylcholine; aCSF, artificial cerebrospinal
fluid; ADHD, attention-deficit/hyperactivity disorder; ADR,
adrenergic receptor; Amg, amygdala; ANOVA, analysis of
variance; AP, anteroposterior; CHT-1, choline transporter;
CHO, Chinese hamster ovary; CNS, central nervous system,;
DA, dopamine; DAT, dopamine transporter; ECs,, concentra-
tion producing a half-maximal response; GABA, gamma-
aminobutyric acid; GAT, GABA transporter; Glu, glutamate;
HEK, human embryonic kidney; His, histamine; hSERT,
human serotonin transporter gene; HTRF, homogeneous time-
resolved fluorescence; 1Cso, concentration causing a half-
maximal inhibition of control response; IP, intraperitoneal;
IP,, inositol phosphate-1; ISF, interstitial fluid; K, apparent
dissociation constant; Kp, dissociation constant; K;, inhibitory
constant; L, lateral; LC-MS/MS, liquid chromatography tan-
dem mass spectrometry; MAO-A, monoamine oxidase-A;
MoA, mechanism of action; NE, norepinephrine; NET, nor-
epinephrine transporter; NDRI, norepinephrine-dopamine
reuptake inhibitor; NRI, norepinephrine reuptake inhibitor;
PFC, prefrontal cortex; SERT, serotonin transporter; SNDRI,
inhibitor;
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