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Background: Viloxazine ER (viloxazine extended-release capsules; Qelbree®), a nonstimulant attention-deficit/hyperactivity disorder
(ADHD) treatment, has known activity as a norepinephrine (NE) transporter (NET) inhibitor. In vitro studies have also shown direct
pharmacological effects on specific serotonin (5-HT) receptors, but not on the serotonin transporter (SERT). An in vivo microdialysis
study in rats showed viloxazine (50 mg/kg i.p.) increased extracellular 5-HT, NE, and dopamine (DA) in the prefrontal cortex (PFC), a
key brain region in ADHD pathology. This study evaluated whether these effects occur at clinically relevant concentrations.
Methods: Microdialysis experiments were conducted in freely-moving, Sprague-Dawley rats (males, 8 weeks). Viloxazine
(1, 3, 10, 30 mg/kg) was administered intraperitoneally to establish the dose range in rats at which viloxazine plasma
concentrations aligned with those of individuals with ADHD administered therapeutic doses of viloxazine ER.
Concentrations of unbound viloxazine, NE, 5-HT, DA, and NE and 5-HT metabolites (3,5-dihydroxyphenylglycol [DHPG]
and 5-hydroxyindoleacetic acid [5-HIAA]) were measured in PFC interstitial fluid. After identifying a therapeutically relevant
dose (30 mg/kg), the experiment was repeated using 30 and 50 mg/kg viloxazine (as 50 mg/kg increased NE, 5-HT, and DA in
prior studies).

Results: Viloxazine unbound (free drug) plasma concentrations in rats at 30 mg/kg were comparable to free drug concentrations in
individuals with ADHD taking clinically effective doses (based on validated population PK models). Viloxazine 30 mg/kg signifi-
cantly increased extracellular NE, 5-HT, and DA PFC levels compared to vehicle. Concomitant decreases in DHPG, but not 5S-HIAA,
support the inhibitory effect of viloxazine on NET but not SERT.

Conclusion: At clinically relevant concentrations, viloxazine increases PFC NE, DA, and 5-HT. Prefrontal augmentation of 5-HT
does not appear to result from 5-HT reuptake inhibition but may be related to activation of 5-HT neurons. The potential therapeutic
role of serotonergic effects in ADHD treatment merits further exploration.

Plain Language Summary: Viloxazine ER (Qelbree®) is a non-stimulant, FDA-approved treatment for ADHD in children and
adults. Viloxazine and other ADHD medications are thought to work by increasing two signaling molecules, called norepinephrine and
dopamine, in a brain area called the prefrontal cortex. The prefrontal cortex is important in ADHD as it helps control impulsive
behavior, attention, hyperactivity, and learning. A third signaling molecule called serotonin may also be important for ADHD. Previous
experiments in rats have shown that viloxazine increases norepinephrine, dopamine, and serotonin in the prefrontal cortex. To better
understand how viloxazine increases serotonin and if the increase occurs at the same doses used to treat ADHD, we did another
microdialysis study in rats. Our study showed that viloxazine increases norepinephrine, dopamine, and serotonin in the prefrontal
cortex at doses used to treat ADHD in humans. We showed that viloxazine increases norepinephrine and dopamine levels in the neuron
where these signaling molecules work by blocking the way that they are recycled back into the nerve space. However, viloxazine does
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not block the serotonin recycling mechanism, meaning viloxazine works differently than selective serotonin reuptake inhibitor (SSRI)
medications (often used in depression). Additional studies are needed to determine exactly how viloxazine increases serotonin in the
brain and whether this increase plays a role in treating ADHD. These additional studies will also help us understand how viloxazine
acts differently than other ADHD medications.
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Introduction

Dysregulated dopaminergic and noradrenergic neurotransmission has been widely implicated in the pathophysiology of
ADHD based on the fact that most available drugs (including stimulants) act by targeting these neurotransmitter
systems.! A role for serotonin (5-HT) in ADHD has also been delineated; however, due to the superior efficacy of
psychostimulants, and the relative ineffectiveness of selective serotonin reuptake inhibitors (SSRI’s) in the treatment of
ADHD, the therapeutic potential of targeting the serotonergic system has been less well investigated.*

The efficacy of viloxazine in the treatment of ADHD has been attributed to its ability to increase norepinephrine
(NE) and dopamine (DA) levels by inhibiting the norepinephrine transporter (NET),* the major protein responsible for
the clearance of catecholamines in the prefrontal cortex (PFC).”’ In the US, viloxazine ER (viloxazine extended-
release capsules; Qelbree®™) is approved by the FDA for the treatment of ADHD in children (>6 years) and adults. This
has led to the labeling of viloxazine as a norepinephrine reuptake inhibitor (NRI). However, this narrow description
does not consider evidence from early studies (conducted in the 1970s and 1990s) that demonstrated that viloxazine
also affects 5-HT transmission, which is not typically associated with NRI’s.>*!!

More recently, a microdialysis study found that viloxazine increased extracellular levels of NE, DA, and 5-HT in the
PFC of freely-moving, male rats.® The increase in 5-HT found in this study was especially intriguing, as it suggested a
potential contribution to the mechanistic action of viloxazine in ADHD; however, this initial study utilized a single dose
of viloxazine (50 mg/kg) and did not collect sufficient data to determine whether increases at this dose were clinically
relevant.

The aim of the microdialysis study described here was to confirm whether viloxazine, when given at clinically
relevant doses, increased extracellular levels of NE, DA, and 5-HT in the rat PFC. Dose-ranging experiments were first

14 https: Journal of Experimental Pharmacology 2024:16
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Garcia-Olivares et al

conducted to understand the consistency of the neurochemical effect induced by varying concentrations of viloxazine,
identify the lowest dose able to elicit an effect on 5-HT neurotransmission in the PFC, and assess for a plateau effect of
viloxazine on prefrontal neurotransmitter levels. To assess the clinical relevance of the impact of viloxazine on 5-HT
neurotransmission, viloxazine unbound plasma concentrations obtained from rats in these dose-ranging experiments were
compared to unbound plasma concentrations in humans treated with viloxazine ER for ADHD. A second set of
experiments in this study sought to replicate these effects of viloxazine on 5-HT transmission in the PFC at the clinically
relevant dose determined in the first set of experiments in order to fully validate these findings.

Materials and Methods
For a summary of full methodology please see flow chart in Supplementary Figure 1.

Animals

Adult male Sprague-Dawley rats (age, 7-8 weeks; body weight, 300—400 g; Charles River Laboratories, San Francisco,
CA, USA) were divided into five treatment groups (N=5-6/group, except for vehicle: N=7). Animals were housed two
per cage in polycarbonate cages and acclimated for at least four days prior to study commencement. Animal housing
facilities were maintained at a 12 hour/12 hour light/dark cycle, ambient temperature (22+2°C), and ~50% humidity.
Animals had access to food and water ad libitum. All experiments were conducted in accordance with protocols
(US19002) approved by the Institutional Animal Care and Use Committee of Charles River Laboratories, South San
Francisco, and adhered to standards of Guide for the Care and Use of Laboratory Animals.'”

Drugs

Viloxazine-HCI was supplied by Supernus Pharmaceuticals, Inc. Viloxazine was reconstituted in 0.9% NacCl (vehicle). A
previous microdialysis study utilized a 50 mg/kg dose of viloxazine determined by allometric scaling, which utilizes a
correction factor based on body surface area from humans to rats.” To add on to the results of this previous study, a series
of lower doses were chosen for the current study (1, 3, 10, 30 mg/kg) to determine the range of concentrations over

which the observed effects may have therapeutic relevance.

Surgery and Microdialysis

As conducted previously,” rats were anesthetized using isoflurane (2%, 800 mL/min O,), with bupivacaine and
carprofen used for analgesia, and were placed in a stereotaxic frame (Kopf Instruments, USA or similar). An
I-shaped probe (4 mm polyacrylonitrile membrane) was inserted into the medial PFC (mPFC; coordinates from
bregma: +3.4 mm, lateral —0.8 mm, ventral —4.0 mm). Probe placement was verified by gross histology of all animals
at the end of the experiment after euthanasia with CO,. Rats with incorrect probe placement were excluded from the
statistical analysis.

One day after surgery, the I-shaped probe was connected to a microperfusion pump (Harvard PHD 2000 Syringe pump,
Holliston, MA or similar) and perfused with artificial cerebrospinal fluid (aCSF) containing 147 mM NacCl, 3.0 mM KCl,
1.2 mM CaCl,, and 1.2 mM MgCl, at a flow rate of 1.5 pl./min. Dialysate samples were collected every 30 minutes, with
collection of three baseline samples, followed by the administration of specific doses of viloxazine or vehicle (collection
continued for 240 minutes post-administration). The rats received intraperitoneal injections of vehicle, 1, 3, 10, or 30 mg/kg
viloxazine HCI at a concentration of 5 mL/kg. Dialysate samples were collected into vials containing 15 uL of 0.02 M
formic acid (FA) and 0.04% ascorbic acid in ultra-purified H>O. The concentrations of viloxazine, NE, DA, 5-HT, the NE
metabolite 3,5-dihydroxyphenylglycol (DHPG), and the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) were
quantified in the dialysate samples using high-performance liquid chromatography (HPLC) coupled with tandem mass
spectrometry (MS/MS) detection. Data are expressed as % of baseline (calculated by dividing each post-dose time point by
the average basal output time, then multiplying by 100).
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Pharmacokinetic Analysis

Blood samples were collected from the lateral tail vein in K2EDTA tubes for 30 minutes (N=3/group) and 90 minutes (N=2/group)
post-administration of viloxazine. Blood samples were processed within 30 minutes of collection to isolate the plasma (centrifugation
at 2500 g for 10 min at 4°C). The samples were then stored at —80°C until pharmacokinetic analysis. Plasma samples were extracted
by protein precipitation using a solution of acetonitrile containing 100 ng/mL glafenine (internal standards). After 5 minutes of
incubation at room temperature, the samples were centrifuged for 5 minutes (3100 rpm, 4°C) and the supernatant was diluted 2-fold
in ultrapure water. The concentration of viloxazine in plasma samples was determined using HPLC-MS/MS.

Statistical Analysis

Statistical evaluation was performed using SigmaStat v14.0 (Systat Software) and SAS v9.4. The level of statistical
significance was set at p<0.05. All data are expressed as mean + SEM. Data were assessed for normality and a Grubbs’
outlier test was performed. If the Grubbs’ outlier test revealed a significant outlier, the sample was excluded from
statistical analysis. The effect of treatment on neurotransmitter and metabolite concentrations was determined using
repeated-measures, mixed-effects omnibus ANOVA, with treatment as the independent variable and time as the repeated
variable. Significant overall ANOVA’s were followed by Tukey’s post-hoc tests to determine whether there were any
significant differences between the groups and time-dependent differences at any time point.

Results
Effect of Viloxazine on Extracellular Monoamine Neurotransmitter and Metabolite
Levels in Rat mPFC

To evaluate whether viloxazine had a dose-dependent effect on NE, DA, and 5-HT levels, as well as the NE and 5-HT
metabolites, DHPG and 5-HIAA, respectively, in the mPFC, viloxazine (1, 3, 10, and 30 mg/kg i.p.) or vehicle was
administered to Sprague-Dawley rats, and the ISF levels of these neurotransmitters and metabolites were measured over
time. Twenty-seven rats were included in the analyses due to the loss of one animal from the 30 mg/kg group for
incorrect probe placement determined via gross histological inspection.

NE and DHPG

Viloxazine increased extracellular concentrations of NE in the mPFC in a dose-dependent manner, with the peak (545% + 78%
of baseline for the 30 mg/kg dose) occurring 60 minutes after administration (Figure 1A). Repeated measures two-way
ANOVA showed significant effects of treatment (F4 2,y=10.34, p<0.0001), time (Fg 22y=25.33, p<0.0001), and the interaction
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Figure | Effect of viloxazine on (A) NE and (B) DHPG extracellular levels in the PFC up to four hours post-administration. Dialysate samples (ISF) were collected at 30-
minute intervals for the determination of NE and DHPG levels following i.p. administration of vehicle (n=7), and viloxazine at | mg/kg (n=5), 3 mg/kg (n=5), 10 mg/kg (n=4),
or 30 mg/kg (n=6). Changes of extracellular levels of (A) NE and (B) its metabolite DHPG over time. All data represent mean * SEM of % of changes relative to the pre-
dosing levels (% of Baseline) for each animal. Arrow at time 0 represents the time of viloxazine i.p. administration. Tukey’s post-hoc analysis ¥p<0.05 main effect of treatment
versus vehicle; ¥p<0.05 treatment x time interaction versus vehicle.
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Table | Repeated-Measures, Two-Way ANOVA (Type 3 Fixed Effects). Evaluating the Response of
NE, DHPG, DA, 5-HT, and 5-HIAA Levels to Multiple Doses of Viloxazine Over Time

Analyte Overall Effect of Treatment | Overall Effect of Time | Interaction of Treatment x Time
F(DFn,DFd) P F(DFn,DFd) P F(DFn,DFd) P

NE F(422=10.34 <0.0001 | Fg22=25.33 <0.0001 | Fz222)=3.36 <0.001

DHPG Fa22=4.51 0.0082 | Fg2)=1.32 0.2840 | F(32,22)=2.04 0.0425

DA* F(422=0.62 0.6400 | F(g22=7.85 <0.0001 | F3222)=1.75 0.0867

5-HT Fa21y=3.71 0.0195 | Fga1)=28.17 <0.0001 | F3221)=2.26 0.0268

5-HIAA F(4,22)=0.62 0.6500 | Fg22=2.92 0.0221 | F(32,22)72.26 0.1047

Notes: Significance defined as p<0.05.

*The lack of a significant effect of treatment and treatment x time on DA levels was unexpected based on previously published
results. The potential effect of viloxazine treatment on DA levels was further determined in subsequent experiments in this study.
Abbreviations: NE, norepinephrine; DHPG, dihydroxyphenylethylene glycol; DA, dopamine; 5-HT, serotonin;
5-HIAA, 5-hydroxyindoleacetic acid.

of treatment and time (F(3522)=3.36, p<0.001) (Table 1). Tukey’s post-hoc analysis revealed that 3, 10, and 30 mg/kg doses of
viloxazine significantly increased NE levels (p=0.0335, p=0.0057, and p<0.0001, respectively) compared to vehicle-treated
animals. Specifically, in comparison to the vehicle group, the 3 mg/kg dose significantly increased NE levels from 60 minutes to
120 minutes after dosing, the 10 mg/kg dose had significant effects from 30 to 180 minutes, and the 30 mg/kg dose increased
NE levels from 30 minutes up to the end of the recording (240 minutes) (Figure 1A). There was a concomitant decrease from
baseline in the levels of the NE metabolite, DHPG, in the mPFC (Figure 1B). Statistical analysis showed a significant effect of
treatment (F25=4.51, p=0.0082) and an interaction of treatment and time (F3222)=2.04, p=0.0425). Post-hoc analysis
showed that, compared to the vehicle group, there was a significant decrease in DHPG levels in animals treated with 10 and
30 mg/kg (p=0.0424 and p=0.0011, respectively). The lowest extracellular levels of DHPG occurred 60 minutes after
viloxazine administration at the 10 and 30 mg/kg doses, causing significant decreases (57.2% =+ 5.7% of baseline
[p=0.0017] and 47.9% =+ 9.5% of baseline [p=<0.0001] respectively [Figure 1B]).

DA

DA levels did not appear to be significantly altered by viloxazine administration, as there was no significant main effect of
treatment or interaction between treatment and time (p=0.64 and 0.08, respectively) (Table 1). The effect of viloxazine
(1-30 mg/kg) on DA levels found in this experiment was unexpected and contrary to the findings of a previously published
microdialysis experiment by our group, in which a 50 mg/kg dose of viloxazine significantly increased extracellular DA levels in
the PFC.° These time-course experiments were repeated with select doses to verify the effect of viloxazine on DA levels in the

PFC (data presented later in the Results section; Figure 4B).

5-HT and 5-HIAA

Viloxazine increased extracellular concentrations of 5-HT in the mPFC, with a peak (197.9% + 46.0% of baseline levels
for the 30 mg/kg dose) occurring 90 minutes after administration (Figure 2A). A repeated-measures two-way ANOVA of
5-HT levels following the administration of viloxazine showed a significant effect of treatment (F4, »1,=3.71; p=0.0195),
time (Fg21y=28.17); p<0.0001), and a significant interaction between treatment and time (F351y=2.26, p=0.0268)
(Table 1). Tukey’s post-hoc analysis revealed an overall significant effect for the 30 mg/kg dose of viloxazine compared
to vehicle, with significant increases in 5-HT levels specifically from 30 to 180 minutes (with the exception of 150
minutes) post-viloxazine administration (Figure 2A). As shown in Figure 2B, the levels of the 5-HT metabolite, 5-HIAA,
were not affected by viloxazine treatment (F4 2= 0.62, p=0.6500), and there was no interaction between treatment and
time (F(32,22=2.26, p=0.1047) (Table 1).
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Figure 2 Effect of viloxazine on (A) 5-HT and (B) 5-HIAA extracellular levels in the PFC up to four hours post-administration. Dialysate samples (ISF) were collected
at 30-minute intervals for determination of 5-HT and 5-HIAA levels following i.p. administration of vehicle (n=7) or viloxazine | mg/kg (n=5), 3 mg/kg (n=5), 10 mg/kg
(n=4), and 30 mg/kg (n=5). Changes of extracellular levels of (A) 5-HT and (B) its metabolite 5-HIAA over time. All data represent mean + SEM of % of changes
relative to the pre-dosing levels (% of Baseline) for each animal. Arrow at time 0 represents the time of viloxazine i.p. administration. Tukey'’s post-hoc analysis
¥p<0.05 main effect of treatment versus vehicle; *p<0.05 treatment x time interaction versus vehicle.

Extracellular Viloxazine Levels in Rat mPFC Over Time

Viloxazine levels were quantifiable in ISF at all tested doses (1, 3, 10, and 30 mg/kg) from 30 to 240 minutes
(Supplementary Figure 2). All four doses reached their peak in ISF 60 minutes after dosing (i.p.) (Tpax=60 min). At
Tmax, Viloxazine ISF levels were 0.088 uM + 0.003, 0.184 uM + 0.057, 1.128 uM £ 0.413, 3.125 uM + 1.344 for 1, 3, 10,
and 30 mg/kg doses, respectively.

Determination of a Clinically Relevant Dose of Viloxazine in Rats
The clinical relevance of the viloxazine doses used in this study was determined by comparing plasma concentrations
of unbound viloxazine (VLX npounq) In rats obtained during the study to the range of unbound plasma concentrations
estimated from approved doses of viloxazine extended-release in children, adolescents, and adults with ADHD
(fraction unbound in plasma: rat=40%; human=21%) (Supernus data on file).'"> Average unbound plasma concentra-
tions were obtained from pediatric and adult population pharmacokinetic models developed using steady-state plasma
concentration data from over 500 Phase 3 clinical trial participants who received viloxazine in the extended-release
formulation (Figure 3A) (Supernus data on file).'"* The clinically effective range of unbound viloxazine in plasma was
considered to be from 0.4 uM, which is the lower confidence interval of the minimum approved, effective viloxazine
ER dose in children (100 mg/day), to 3.6 uM, which is the higher confidence interval for the maximum approved,
effective dose of viloxazine ER in children (400 mg/day) (Figure 3A). This “clinically relevant” range was applied to
rat VLX pouna plasma concentrations obtained 30- and 90-minutes post-administration (Figure 3B). Plasma was not
collected at 60 minutes post-dosing; therefore, this range could not be applied to the C,.x. Using this approach, the 10
and 30 mg/kg doses (i.p.) in rats were identified as clinically relevant, as they reached VLX,poung cOncentrations that
overlapped with the clinically relevant concentration range in human patients (Figure 3B).

The first experiments in this study demonstrated that at the clinically relevant dose of viloxazine (30 mg/kg), NE and
5-HT levels were significantly increased in the mPFC compared to vehicle (Figure 1A and 2A). To further substantiate
these findings and verify their unexpected effects on DA, additional time course experiments were performed.

Effect of 30 and 50 mg/kg Doses of Viloxazine on Extracellular Monoamine
Neurotransmitter Levels in Rat mPFC

To evaluate the effects of a clinically relevant dose of viloxazine (30 mg/kg) and a dose of viloxazine extensively
characterized in a previous report (50 mg/kg) on NE, DA, and 5-HT in the rat mPFC, 30 and 50 mg/kg doses of viloxazine
were administered to Sprague-Dawley rats (i.p.), and neurotransmitter concentrations in the PFC were measured over
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Figure 3 Determination of a dose of viloxazine in rats that results in clinically relevant concentrations of unbound viloxazine (VLXnbound) Plasma concentrations based
on effective dose range in pediatric and adult patients using approved doses of viloxazine ER for ADHD. Human plasma concentrations of viloxazine were determined
from population pharmacokinetic modelling, for approved viloxazine ER doses in children (6-11 years), adolescents (12-17 years), and adults (218 years) with ADHD. The
average concentration range in human patients was compared to rat VLX,pound Plasma concentrations quantified in plasma samples collected 30- and 90-minutes post-i.p
administration of viloxazine. (A) Estimated mean * SD unbound viloxazine steady-state concentrations (C,.) (UM) estimated in plasma of children (white stripped bars),
adolescents (yellow bars), and adults (dark green bars) for each effective dose of viloxazine ER (approved doses represented by bars with diagonal patterns). Dotted
brown lines mark the clinically effective plasma concentration range based on the lower confidence interval for the minimum, approved effective dose (100 mg/day) to
the higher confidence interval for the maximum, approved dose in children (400 mg/day). Shading between these dotted lines represents C,, range in human patients.
(B) Mean * SD VLXbound Plasma concentration (uM) in rats 30 (light blue bars) and 90 (darker blue bars) minutes after administration of viloxazine (i.p.) for each dose
of viloxazine (I to 30 mg/kg). Dotted brown lines and shading in (B) indicates human clinically effective concentration range (C,.).

time. These time-course microdialysis experiments were conducted as described in the methods section above, except
that: (1) only two doses of viloxazine and vehicle were utilized, (2) a separate cohort of 19 male, Sprague-Dawley rats
were divided into three treatment groups (N=6—7/group; 30 mg/kg, 50 mg/kg, vehicle), (3) DHPG and 5-HIAA levels
were not quantified, but the DA metabolite, DOPAC, levels were (4) plasma samples were not collected, and (5) the
I-shaped probe consisted of a 2 mm polyacrylonitrile membrane instead of a 4 mm membrane.

Both the 30 and 50 mg/kg doses of viloxazine increased extracellular monoamine neurotransmitter levels in the
mPFC, with the highest extracellular NE, DA, and 5-HT concentrations occurring 60 minutes after administration
(30 mg/kg: 365% + 15%, 182% + 10%, 302 + 36%; 50 mg/kg: 473% + 35%, 241% + 32%, 356% =+ 49% of
baseline, respectively) (Figure 4). For all three neurotransmitters, there were significant overall effects of
treatment and time as well as a significant interaction between the effect of treatment and time (Table 2). Post-
hoc analyses revealed significant effects of both doses on NE and DA levels compared to vehicle from 30 to 180
minutes post-dosing (Figure 4A and B), and 5-HT levels were significantly increased compared to vehicle at
selected time points from 60 to 180 minutes post-dosing (Figure 4C). A one-way ANOVA of the area under the
curve (AUC) also revealed a significant overall effect of treatment for NE, DA, and 5-HT (F(,,16=49.46,
p<0.0001; F(5,16=19.33, p<0.0001; F(; 16=7.698, p=0.0045, respectively), and post-hoc tests revealed significant
differences from vehicle for 30 and 50 mg/kg doses of viloxazine for NE (p<0.0001 for both), DA (p=0.0008 and
p<0.0001, respectively), and 5-HT (p<0.0152 and p=0.0062, respectively) (Figure 4). DOPAC levels were not
quantifiable; therefore, the data are not shown.

Concentration-Related Pharmacodynamic Effect of Viloxazine on Neurotransmission
in the PFC

The concentration of viloxazine in the ISF over time mirrored the percentage increase in NE, DA, and 5-HT levels
compared to baseline in the ISF (Figure 5A). The increase in 5-HT levels compared to baseline most closely resembled
the pattern of viloxazine increase in the ISF, with both reaching their peak concentrations (C.x) 60 minutes after

viloxazine administration and then decreasing sharply at 90 minutes (Figure 5A).
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Figure 4 Effect of viloxazine on (A) NE, (B) DA, and (C) 5-HT extracellular levels in the PFC up to four hours post-administration. Dialysate samples (ISF) were collected at 30-
minute intervals for determination of NE, DA, and 5-HT levels following i.p. administration of vehicle (n=6), viloxazine at 30 mg/kg (n=7) or 50 mg/kg (n=6). Changes of extracellular
levels of (A) NE (B) DA and (C) 5-HT. Inset figures show the average of the area under the curve (AUC) of each monoamine. All data represent mean + SEM of % of changes

relative to the pre-dosing levels (% of Baseline) for each animal. Arrow at time O represents the time of viloxazine administration. Tukey's post-hoc analysis *~p<0.05, 0.0 treatment
x time interaction versus vehicle group, *p<0.05 treatment x time interaction versus 50 mg/kg group.

Figure 5B shows an overall summary of PK/PD effects in all experiments in this study. Overall, the relative levels of
5-HT in the PFC were correlated with free-drug viloxazine concentrations in the ISF, demonstrating a clear PK/PD
relationship (Figure 5B).

Discussion
Although viloxazine is often described as an NRI, previous experiments have suggested that serotonergic effects may
also be relevant to its therapeutic actions.”™'' Our study supports this premise and shows that administration of
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Table 2 Repeated-Measures, Two-Way ANOVA (Type 3 Fixed Effects). Evaluating the Response of
NE, DA, and 5-HT Levels to 30 and 50 mg/kg of Viloxazine Over Time

Analyte | Overall Effect of Treatment | Overall Effect of Time | Interaction of Treatment x Time

F(oFDEn) P | Fom P | For P
NE F2,16=49.24 <0.0001 | F459=39.50 <0.0001 | Fj6,119=10.01 <0.0001
DA F2,16=8.15 <0.0001 | F(349)=29.78 <0.0001 | Fj6,123=6.28 <0.0001
5-HT F(421y=3.58 0.0036 | F(352=32.62 <0.0001 | Fj6,121)=8.50 <0.0001

Notes: Significance defined as p<0.05.
Abbreviations: NE, norepinephrine; DA, dopamine; 5-HT, serotonin.

viloxazine results in an increase in 5-HT neurotransmission (as well as NE and DA) in the PFC of healthy animals, and
that these increases are concentration- and time-dependent and occur at viloxazine plasma concentrations that are
clinically relevant for the treatment of ADHD. The lack of a coincident decrease in 5-HIAA levels suggests that, unlike
SSRI’s which block SERT, viloxazine increases 5-HT by an alternate mechanism.

By administering multiple doses of viloxazine (1, 3, 10, or 30 mg/kg) to rats, we were able to establish that there is a
concentration-related pharmacodynamic effect of viloxazine on prefrontal neurotransmitter levels, while simultaneously
obtaining plasma concentrations to determine a clinically relevant concentration range by comparing unbound viloxazine
concentrations in these animals to those seen in children and adults taking viloxazine ER for ADHD. We found that the 10 and
30 mg/kg doses administered to rats produced unbound viloxazine plasma concentrations that were consistent with the
clinically relevant range expected during ADHD treatment (Figure 3B). Moreover, the 30 mg/kg dose significantly increased
NE, DA, and 5-HT levels in the extracellular fluid of the PFC compared to both vehicle treatment and baseline (Figures 1, 2,
and 4). The effects of 30 mg/kg viloxazine on prefrontal 5-HT were confirmed in a second set of microdialysis experiments,
adding further confidence in our findings. Increased 5-HT, NE, and DA levels in the PFC were directly correlated with ISF
levels of viloxazine in the brain at 30 mg/kg. 5-HT most closely followed the pattern of increased viloxazine ISF levels, with
both peaking at 60 minutes post-administration and sharply falling at 90 minutes post-administration (Figure 5A). Therefore,

changes in neurotransmitter levels, particularly those of 5-HT, can be directly ascribed to the pharmacological effects of
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Figure 5 Pharmacodynamic effect of viloxazine in the PFC is concentration-dependent. (A) Effect of viloxazine on NE, DA, and 5-HT extracellular levels compared to
viloxazine ISF concentrations in the PFC up to four hours post-administration of the clinically relevant dose, 30 mg/kg, of viloxazine. Dialysate samples (ISF) were
collected at 30-minute intervals for determination of NE, DA, 5-HT, and viloxazine levels. Extracellular neurotransmitter concentrations are expressed as % of change
relative to the pre-dosing level (% of Baseline) for each animal (blue symbols). All data are expressed as mean * SEM. ISF concentration of viloxazine indicated in red.
Arrow at time O represents the time of viloxazine administration. (B) Average percent increase in 5-HT in ISF (y-axis) compared to concentration of unbound
viloxazine in the ISF (x-axis) for all experiments. Data represent mean + SEM. Blue data points represent doses which are not known to be clinically relevant, while
the green data points represent the clinically relevant doses.
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viloxazine in the PFC. Overall, these results show a clear PK/PD relationship with relative levels of 5-HT in the PFC
correlating with free-drug viloxazine concentrations in the ISF (Figure 5B). Extrapolating from this data, we would expect that
at clinically relevant viloxazine (unbound) concentrations (Adult 600 mg/day C,,.=2.4 uM £ 0.9 uM, Children 400 mg/kg
Cave= 2.5 uM +£ 1.1 pM), the level of increased 5-HT in the PFC of humans would theoretically be >200%, comparable to
levels obtained with SSRI’s (185-290%)."

Quantification of the NE and 5-HT metabolites, DHPG and 5-HIAA, allowed us to determine whether the observed
increases in NE and 5-HT were due to viloxazine-induced blockade of NET and SERT, respectively. These insights into
the mechanism of action of viloxazine enable us to compare the effects of viloxazine to the known therapeutic actions of
other drugs with these mechanisms. Viloxazine-induced increases in extracellular NE levels were accompanied by
concomitant decreases in extracellular DHPG levels (Figure 1). This supports the interpretation that viloxazine increases
NE (and DA) in the PFC by inhibiting NET,* in line with previous observations of its moderate inhibitory activity of
NET (ICs50=0.3 pM) in rat synaptosome preparations,’ and characterization as a NRI. In contrast, viloxazine-induced
increases in extracellular 5-HT levels in the PFC were not accompanied by alterations in 5-HIAA levels (Figure 2)."
This observation indicates that viloxazine does not increase 5-HT by inhibiting SERT, but rather by some other
mechanism. Viloxazine most likely elicits this effect by directly engaging serotonin receptors, in line with the
identification of its activity at specific 5-HT receptors in our prior study® and early studies hypothesizing that the
potentiation of 5-HT behavioral effects in mice was likely due to the action of viloxazine on postsynaptic 5-HT
receptors.”'! The lack of a coincident effect on 5-HIAA also demonstrates that, despite its prior success as an
antidepressant, viloxazine does not act as an SSRI to inhibit SERT. This is in contrast to SSRI's, such as citalopram
and sertraline, which increase extracellular 5-HT and decrease extracellular 5-HIAA levels in the frontal cortex.'>!®

Viloxazine’s ability to increase prefrontal 5-HT levels is not unique among ADHD treatments. Similar effects have
been observed in microdialysis studies with amphetamines, which are known to be highly effective for ADHD,'” but not
with methylphenidate or other NRI’s such as atomoxetine or reboxetine.* '® However, in a recent study, quantification of
5-HT levels in PFC homogenates of male albino Wistar rats administered repeated doses of methylphenidate, associated
with memory enhancement and therefore potentially therapeutic for the treatment of ADHD, found significantly
increased levels of 5-HT versus vehicle-treated rats.'® It should also be noted that atomoxetine has been shown to
bind SERT;"" however, SERT inhibition occurred mostly in the dorsal raphe, not the PFC?*?! and the therapeutic
relevance of SERT-specific 5-HT increases is unknown for ADHD.

While the role of 5-HT transmission in ADHD is not completely understood, many studies have suggested that 5-HT deficits
can exacerbate ADHD symptoms, in particular impulsivity and hyperactivity, and associated behaviors such as aggression,
whereas enhancement of 5-HT may reduce these behaviors.”>2® Although increasing levels of 5-HT are in itself insufficient to
adequately treat ADHD (as demonstrated by lack-luster effects of SSRI’s for this condition),” increasing 5-HT along with NE and
DA could increase the treatment efficacy of therapies for ADHD. Regardless, the unique ability of viloxazine to exert
serotonergic effects at clinically used doses in ADHD sets it apart from other NRI’s, such as atomoxetine and reboxetine,
suggesting that characterization simply as a NRI is insufficient and needs to be broadened.

Limitations

The limitations of this study include the differential DA responses between the various sets of microdialysis experiments
in this study and our previous study. The lack of an observable dopaminergic response in the first dose-response
experiments of this study was surprising (Table 1), both because DA increases in the PFC have been well documented
with NET inhibition and increases in DA were seen in earlier studies, including our previous microdialysis study.®?’ NET
has relatively poor selectivity and is able to clear both NE and DA, particularly in the PFC, where DAT is relatively
lacking compared to other brain regions.***>® The second set of microdialysis experiments in this study was conducted
to reconcile the unexpected results of the first set of experiments in this study with our previously published work
(conducted with a 50 mg/kg dose), as well as to confirm the 5-HT effect. These subsequent experiments showed that both
30 and 50 mg/kg viloxazine doses significantly increased NE, 5-HT, and DA over time relative to the vehicle (Figure 4),
leading us to conclude that confounding factors, such as longer probe length or individual physiology, may have
influenced the lack of DA alterations in the initial experiments of this study. Another limitation of this study is the
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potential for differences in CNS penetration of viloxazine unbound concentrations in humans relative to rats. We found
only one published study®' comparing human blood and CSF concentrations of immediate-release viloxazine, however
the data reporting did not allow for easy extrapolation to our experiment. We instead compared unbound drug
concentrations in human plasma to unbound drug concentrations in rat plasma samples. Another limitation was that
rat plasma concentrations were only obtained from a portion of the viloxazine-treated rats and only at 30 or 90 minutes
following each dose, resulting in a potentially incomplete understanding of the relationship between plasma and ISF
concentrations over time. Altogether, the limited human CSF data, the inability to collect ISF samples in humans, and the
low number of plasma samples we obtained in rats impact our confidence in the direct translation of our preclinical
findings to humans taking recommended doses of viloxazine ER for ADHD. Finally, this study was conducted only in
male rats, therefore we are unsure if sex differences affect viloxazine induced increases in extracellular neurotransmitter
levels in the PFC.

Future Perspectives

The mechanism by which viloxazine increases 5-HT in the PFC and the potential role of 5-HT in the treatment of the core
symptoms of ADHD deserve further exploration. Conducting follow-up studies would help to further determine the contribution
of increased 5-HT to the efficacy of viloxazine and which subtypes of patients could most benefit from this treatment.

Conclusions

Overall, this study clearly demonstrates that viloxazine can affect 5-HT signaling in the PFC at clinically relevant doses
for the treatment of ADHD. These data suggest that, in addition to its known noradrenergic effects as an NRI, the activity
of viloxazine on serotonergic PFC transmission may contribute to its established therapeutic efficacy in ADHD.
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