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Background: Impulsive aggression (IA) is considered a maladaptive form of aggression that 

is reactive and overt and occurs outside of the acceptable social context. Many children and 

adolescents with attention-deficit/hyperactivity disorder (ADHD) display clinically significant 

aggression, with the predominant subtype being IA. However, there is currently no Food and 

Drug Administration-approved medication specifically to treat IA. The pathophysiology of IA 

is not fully understood, although it has been suggested to include the dopamine, norepinephrine, 

and serotonin systems. 

Methods: SPN-810 (extended-release molindone) is being developed for the novel indica-

tion of IA and is currently being studied in patients treated for ADHD. Molindone is an indole 

derivative and a dopamine D
2
 receptor antagonist. 

Results: The in vitro pharmacological studies described in the current manuscript demonstrate 

that the active substance molindone (SPN-810M) is a potent antagonist for the dopamine recep-

tors, D
2S

 and D
2L

, and the serotonin receptor, 5-HT
2B

, at therapeutic concentrations. The in vitro 

studies further demonstrate that the antagonist effect of SPN-810M is due to the parent drug and 

not the metabolites, and that the antagonism is not affected by the presence of norepinephrine or 

dopamine neurotransmitters. In addition, studies investigating the potential differential effects 

of the enantiomers of SPN-810M have demonstrated that the R(−) enantiomer is more potent 

than S(+), showing greater regulatory effect on D
2S

 and D
2L

 receptors. 

Conclusion: Overall, the results of the in vitro SPN-810M pharmacological studies provide 

some insight into how SPN-810M modulates the serotonin and dopamine pathways that play 

a role in IA.

Keywords: dopamine, serotonin, SPN-810M, impulsive aggression

Introduction
Impulsive aggression (IA) is considered a maladaptive form of aggression that is 

reactive, overt, and occurring outside the acceptable social context.1,2 The presence of 

IA features in patients diagnosed with neuropsychiatric disorders such as attention-

deficit/hyperactivity disorder (ADHD) amplifies the risk of poor outcomes even when 

treatment of the primary disorder is optimized.3 Many children and adolescents with 

ADHD display clinically significant aggression, with the predominant subtype being 

IA.3 IA becomes clinically distinguishable once ADHD-targeted therapy is main-

tained. This has been demonstrated in the Multimodal Treatment Study of Children 

with ADHD, in which 54% of the children with ADHD presented with clinically 

significant aggression prior to 14 months of treatment (medication with or without 

behavioral therapy); however, despite treatment, 44% of these children with aggres-
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sion at baseline exhibited persistent IA.1 Although there are 

guideline recommendations for adjunctive targeted therapy 

when IA persists with ADHD treatment,1,4–6 the agents being 

used have not proven to be adequately effective and have 

tolerability issues; furthermore, there are limited data for 

clinicians due to the paucity of randomized clinical trials.3 

Currently, there is no US Food and Drug Administration 

(FDA)-approved medication specifically indicated to treat IA 

that may be observed in children with ADHD, and therefore 

there is a need for an effective medication with an improved 

tolerability profile.3,7

Although alterations in the central nervous system (CNS) 

biology have been implicated, the pathophysiology of IA is 

not fully understood.1,3 It has been hypothesized that IA is 

associated with the recruitment of the acute threat response 

system structures — the amygdala, hypothalamus, and peri-

aqueductal gray.8 The recruitment of these structures in order 

to initiate IA may reflect the functioning of the ventromedial 

prefrontal cortex, the dorsomedial prefrontal cortex, and the 

anterior insular cortex.8 Abnormalities in central serotoner-

gic, noradrenergic, and dopaminergic function may also be 

involved in IA.9,10 In addition, IA has been associated with 

dopamine hyperactivity as a result of deficient serotonergic 

functioning and regulation of the dopamine system in brain 

regions such as the nucleus accumbens and prefrontal cortex, 

which are linked to reward-related motivation.11

Dopamine binds to five subtypes of G-protein-coupled 

receptors, categorized as D
1
-like (D

1
 and D

5
) or D

2
-like 

(D
2
, D

3
, and D

4
) receptors.12,13 Through alternative splicing, 

two isoforms of the D
2
 receptors are generated, D

2S
 (short) 

and D
2L

 (long), which include 29 additional amino acids in 

the third intracellular loop.12,13 The D
2
 receptors are known 

targets of antipsychotic drugs.12,13 Serotonergic neurons 

originate from the raphe nuclei and relay information using 

various neural pathways and serotonin receptors.14 Seven 

serotonin receptors have been identified to date: 5-HT
1
 

through to 5-HT
7
.14 The role of serotonin in IA is not com-

pletely understood, although low levels of serotonin have 

been associated with IA.11 The activation or antagonism of 

some of the serotonin receptors has been shown to inhibit 

aggressive behavior, while that of others increases this 

behavior.14–16

Although it is not yet completely known how SPN-810 

(extended-release molindone) reduces IA, previous recep-

tor binding studies have shown that molindone does indeed 

block the D
2
 receptors.17 This current manuscript will discuss 

in vitro pharmacological studies and elucidate the effect of 

molindone (SPN-810M) on the dopamine and serotonin 

receptors that have been implicated in IA.

Materials and methods
Compounds tested
Molindone Hydrochloride (SPN-810M) (USP reference 

standard) (Supernus Pharmaceuticals, Inc., Rockville, 

MD, USA); Molindone Hydrochloride SPN-810M P1-2 

metabolite and Molindone Hydrochloride (SPN-810M) 

P3-2 metabolite (Advinus Therapeutics Ltd., Bangalore, 

India); Molindone (SPN-810M) R(–) enantiomer and S(+) 

enantiomer (Supelco, Bellefonte, PA, USA).

Radioligand binding
For D

2S
 and D

2L
 radioligand binding, the methods described 

by Hayes et al18 were followed. Briefly, D
2S

 and D
2L

 receptors 

in human recombinant Chinese hamster ovary (CHO) cells 

were labeled with 0.16 nM [3H]-spiperone. All cell lines 

described in this manuscript were purchased commercially 

and authorization for the ethical use of these cell lines was 

obtained prior to usage (additional information on all cell 

lines and their source is provided in Table S1). Assays (in 

duplicate) were conducted in incubation buffer containing 

50 mM Tris-HCl, pH 7.4; 1.4 mM ascorbic acid; 0.001% 

BSA; and 150 mM NaCl. Non-specific binding was defined 

with 10 µM haloperidol. Following 120-minute incubation at 

25°C, radioligand binding was quantified. Using the methods 

described in Bonhaus et al19 with slight modifications, 5-HT
2B

 

receptors were labeled with 1.2 nM [3H]-lysergic acid dieth-

ylamide in human recombinant CHO-K1 cells. Assays were 

conducted in incubation buffer containing 50 mM Tris-HCl, 

pH 7.4; 4 mM CaCl
2
; and 0.1% ascorbic acid. Non-specific 

binding was defined with 10 µM 5-HT. Following 60-minute 

incubation at 37°C, radioligand binding was quantified.

[35S]GTPgS binding
A GTPγS binding assay was used to evaluate the antagonist 

activity of SPN-810M at the human D
2S

 and D
2L

 receptors 

expressed in transfected CHO cells. Total [35S]GTPγS (gua-

nine 5′-O-[γ-thio]triphosphate) binding was performed in 

duplicate based on the method used by Senogles et al, with 

minor modifications.20 Briefly, test compounds were prein-

cubated with the membranes (D
2S

: 0.05 mg/mL; D
2L

: 0.1 mg/

mL) and GDP (guanosine 5′-diphosphate) (D
2S

: 3 µM; D
2L

: 

10 µM) in modified HEPES buffer (20 mM HEPES, pH 7.4; 

100 mM NaCl; 10 mM MgC1
2
; 1 mM EDTA; 1 mM DTT) 

for 20 minutes and scintillation proximity assay beads were 

then added for another 60 minutes at 30°C. The reaction was 

initiated by 0.3 nM [35S]GTPγS for an additional 30 minutes 

at 30°C for D
2S

 and 15 minutes at 30°C for D
2L

 incubation 

period. The bound [35S]GTPγS was detected using a scintil-

lation counter (PerkinElmer Microbeta).
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Impedance measurement and cellular 
dielectric spectroscopy
To evaluate the antagonist activity of SPN-810M at the human 

D
2S

 receptor expressed in transfected HEK-293 cells, the 

CellKey (cellular dielectric spectroscopy) detection method 

was used to measure effects of the compound on impedance 

modulation. Cells were seeded onto 96-well plates coated 

with fibronectin at 2×105 cells/well in HBSS buffer + 20 mM 

HEPES (Thermo Fisher Scientific, Waltham, MA, USA) with 

0.1% BSA and equilibrated for 45 minutes at 28°C. Plates 

were placed onto the system and measurements were made 

at 28°C. HBSS (basal and stimulated controls), reference 

antagonist (IC
50

 determination), or the test compounds were 

preincubated for 15 minutes before the addition of HBSS 

(basal control) or the reference agonist dopamine at 30 nM 

(EC
80

). Impedance measurements were monitored for 10 

minutes. The standard reference antagonist butaclamol was 

tested in each experiment at several concentrations to gener-

ate a concentration-response curve from which its IC
50

 value 

was calculated. Assays were run in duplicate. The analysis 

of other receptors (eg, 5-HT
1A

) used similar assay methods.

Phosphoinositide hydrolysis assays and 
homogeneous time-resolved fluorescence 
(HTRF)
HEK-293 cells and CHO cells expressing 5-HT

2A
 and 

5-HT
2B

, respectively, were used in the IP-one HTRF® assay 

kit. For each assay, the test compound was incubated with 

the cells (5×105/mL) in stimulation buffer of IP
1
 Tb kit and 

5-HT (5-HT
2A

: 100 nM; 5-HT
2B

: 30 nM) for 30 minutes at 

37°C. The assays were done in duplicate. The analysis of 

other receptors (eg, D
1
, D

3
, D

5
, 5-HT

2C
, 5-HT

6,
 and 5-HT

7
) 

used similar assay methods. Measurements were performed 

at the excitation wavelength of 337 nm, and the emission 

wavelength of 620 nm (donor) and 665 nm (acceptor). The 

HTRF ratio was calculated by dividing the acceptor signal 

(665 nm) by the donor signal (620 nm), which normalizes the 

signal and corrects the results for effects due to the optical 

characteristics of the media and assay components.

Results
Radioligand binding and functional activity 
of SPN-810M on the dopamine and 
serotonin receptors
SPN-810M was tested for potential agonist or antagonist 

effect on neurotransmitter receptors, specifically toward 

the D
2S

, D
2L

, and 5-HT
2B

 receptors. The radioligand binding 

assays demonstrated that SPN-810M inhibited binding in 

response to an agonist for the D
2S

, D
2L

, and 5-HT
2B

 recep-

tors (Figure 1).

Using a concentration range of 3 nM–10 µM, SPN-

810M demonstrated an antagonist effect on D
2S

 in the 

impedance-based cellular functional assay performed on 

human recombinant HEK-293 cells. The concentration of 

SPN-810M at which percent inhibition of control agonist 

response is reduced by half (IC
50

) was identified as 0.14 µM. 

Furthermore, in the [35S]GTPγS binding assay, SPN-810M 

at concentrations ranging from 1 nM to 10 µM showed a 

similar IC
50

 of 0.0844 µM in response to control agonist for 

D
2S

 (Figure 2A). Similarly, SPN-810M (1 nM–10 µM) was 

found to act as an antagonist for the D
2L

 receptor with an IC
50

 

of 0.11 µM in the [35S]GTPγS binding assay (Figure 2B). 

At the SPN-810M concentrations tested (3 nM–10 µM), 

the inhibitory effect on D
1
, D

3
, and D

5
 receptors was not as 

potent as that noted for D
2S

 and D
2L

, with IC
50

 values ranging 

from 3.2 μM to 8.3 μM. In addition, there was no significant 

inhibition of the alpha-adrenergic receptors.

The phosphoinositide hydrolysis functional assay using 

concentrations of SPN-810M ranging from 3 nM to 10 µM 

in human recombinant CHO cells identified SPN-810M as 

an antagonist for serotonin 5-HT
2B

 with the IC
50

 as 0.41 µM 

(Figure 2C). The functional assay also identified the IC
50

 of 

5-HT
2A

, which was 14 µM, demonstrating that SPN-810M 

was more potent in acting as an antagonist for 5-HT
2B

 vs 

5-HT
2A

.

Human metabolites of SPN-810M
The major human metabolites of SPN-810M, P1-2 and P3-2, 

were evaluated for antagonistic effects on the dopamine 

and serotonin receptors. The binding assays identified no 

binding affinity for P1-2 on the tested receptors. Although 

the metabolite P3-2 had a slight antagonist effect on 5-HT
2B

 

at concentrations greater than 10 µM, the phosphoinositide 

hydrolysis functional assay demonstrated an antagonist effect 

only at 100 µM. Additional binding assays revealed that the 

SPN-810M metabolites P1-2 and P3-2 did not bind to other 

neurotransmitter receptors, such as norepinephrine, GABA, 

glutamate, histamine, or acetylcholine receptors.

Potential effect of dopamine and 
norepinephrine on the in vitro 
pharmacology profile of SPN-810M
Additional assays were carried out to determine the effect 

of 0.1 µM, 1 µM, and 10 µM dopamine or norepinephrine 

on SPN-810M antagonism of D
2S

, D
2L

, and 5-HT
2B

. D
2S

 

www.dovepress.com
www.dovepress.com
www.dovepress.com


Journal of Experimental Pharmacology 2018:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

68

Yu and Gopalakrishnan

antagonistic activity of SPN-810M was unaffected by the 

presence of 0.1 µM dopamine or norepinephrine (Table 1). 

The antagonist effect of SPN-810M on the D
2L

 receptor was 

also unaffected by the presence of norepinephrine at con-

centrations tested (0.1 µM, 1 µM, and 10 µM), with an IC
50

 

ranging from 0.05 μM to 0.11 μM (Table 1). Likewise, the 

antagonist effect of SPN-810M on 5-HT
2B

 was not affected 

in the presence of dopamine or norepinephrine (IC
50

 rang-

ing from 0.19 μM to 0.45 μM; Table 1). No agonist effect of 

SPN-810M on 5-HT
2A

, 5-HT
2B

, 5-HT
2C

, 5-HT
6
, 5-HT

7
, D

1
, 

D
2S

, D
2L

, D
3
, or D

5
 was observed in the presence of dopamine 

or norepinephrine.

SPN-810M enantiomers: R(−) enantiomer 
vs S(+) enantiomer
Results from the [35S]GTPγS binding assays demonstrate that 

antagonist potency of the R(−) enantiomer of SPN-810M is 

~100-fold and 300-fold higher for D
2S

 and D
2L

, respectively, 

than the S(+) enantiomer, based on the IC
50

 (Table 2). Fur-

ther experiments demonstrate that the R(−) enantiomer also 

has a greater inhibitory effect than the S(+) enantiomer for 

the 5-HT
2B

 receptor (IC
50

=0.2 µM vs 1.8 µM, respectively; 

Table 2).

Figure 1 Radioligand binding assays of SPN-810M for (A) D2S, (B) D2L, and (C) 5-HT2B. The IC50 for D2S, D2L, and 5-HT2B was 0.0363 µM, 0.0505 µM, and 0.0808 µM, 
respectively.
Abbreviation: IC50, the concentration of the inhibitor at which the response (or binding) is reduced by half.
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Discussion
The results of the in vitro pharmacology studies demonstrated 

that at concentrations within the clinically relevant range 

for the intended therapeutic dose (36 mg/day) of SPN-810 

(extended-release molindone), SPN-810M is a potent antago-

nist for the D
2S

 and D
2L

 dopamine receptors and the serotonin 

receptor 5-HT
2B

; it is not as potent for the 5-HT
2A

 receptor. 

The findings also indicate that R(−) is a more potent enan-

tiomer of SPN-810M than S(+), showing greater effect on 

D
2S

 and D
2L

 receptors, and that the parent drug, SPN-810M, 

and not the major human metabolites (P1-2 and P3-2), has 

the antagonist effect on the target dopamine or serotonin 

receptors. In addition, the P1-2 and P3-2 metabolites did 

not demonstrate any inhibitory effect on several other neu-

rotransmitter receptors. Finally, the data show that the pres-

ence of dopamine and norepinephrine neurotransmitters does 

not interfere with the antagonistic effect of SPN-810M on 

D
2S

, D
2L

, and 5-HT
2B

, suggesting that known concomitant 

psychostimulants used to treat ADHD would not affect the 

pharmacological activity of SPN-810M in clinical settings.

SPN-810 (extended-release molindone) has been shown to 

improve IA as investigated in patients treated for ADHD.7,21,22 

The results of these in vitro pharmacology studies provided 
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insight regarding the potential mechanism, suggesting it does 

so mainly by modulating dopamine and also serotonin.

SPN-810M: a potent antagonist for  
D2S, D2L, and 5-HT2B
Molindone has been found to be a potent antagonist for D

2
 

receptors.17 Gene expression profiling has demonstrated that 

Figure 2 Effect of SPN-810M on (A) D2S, (B) D2L, and (C) 5-HT2B. IC50 was determined using GTPγS assay for D2S and D2L, and HTRF for 5-HT2B. The IC50 for D2S, D2L, and 
5-HT2B was 0.0844 µM, 0.11 µM, and 0.41 µM, respectively.
Abbreviations: HTRF, homogeneous time-resolved fluorescence; IC50, the concentration of the inhibitor at which the response (or binding) is reduced by half.
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Table 2 IC50 of SPN-810M enantiomers for neurotransmitter 
receptors D2S, D2L, and 5-HT2B

Receptor S(+) enantiomer R(−) enantiomer

D2S 4.85 µM 0.048 µM

D2L 6.64 µM 0.021 µM

5-HT2B 1.8 µM 0.2 µM

Abbreviation: IC50, the concentration of the inhibitor at which the response (or 
binding) is reduced by half.

Table 1 IC50 of SPN-810M on neurotransmitter receptors D2S, D2L, and 5-HT2B in the presence of neurotransmitters dopamine and 
norepinephrinea

Receptor Norepinephrine Dopamine

0.1 µM 1 µM 10 µM 0.1 µM 1 µM 10 µM

D2S 0.034 µM ND ND ND ND ND

D2L 0.11 µM 0.05 µM 0.06 µM ND ND ND

5-HT2B 0.28 µM 0.26 µM 0.19 µM 0.45 µM 0.37 µM 0.44 µM

Notes: aIC50 determined by impedance-based assay, [35S]GTPγS assay, and phosphoinositide hydrolysis assay for D2S, D2L, and 5-HT2B, respectively.
Abbreviations: IC50, the concentration of the inhibitor at which the response (or binding) is reduced by half; ND, not determined.
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molindone’s effect on lipid metabolism is markedly weaker 

than that of the antipsychotics clozapine and risperidone.17,23 

Molindone does not act like antipsychotics such as haloperi-

dol, as it has been shown to elicit little to no parkinsonism 

or extrapyramidal symptoms and has a low propensity for 

weight gain.24,25 The results of the current radioligand binding 

assays and functional activity studies extend these findings 

and identify SPN-810M as an antagonist for D
2S

, D
2L

, and 

5-HT
2B

. SPN-810M also demonstrated an inhibitory effect 

on the D
1
, D

3
, D

5
, and 5-HT

2A
 receptors, but to a much lesser 

degree. The majority of atypical antipsychotics have a high 

affinity for 5-HT
2A

,26 although amisulpride is an example 

of a highly effective atypical antipsychotic that does not 

occupy any 5-HT
2A

 receptors.27 In any case, the lack of 

5-HT
2A

 potency suggests that SPN-810M does not act like 

known atypical antipsychotic drugs (with a high affinity 

for 5-HT
2A

).26 Overall, these in vitro results suggest that 

SPN-810M at clinically relevant doses is pharmacologically 

distinct from both typical and atypical antipsychotic drugs, 

with the exception of amisulpride.

Previous studies have shown that single enantiomers 

and their racemates can be equipotent in in vitro and in vivo 

pharmacological tests28 or that each enantiomer can have a 

different potency, as seen with the dopamine D
1
-like recep-

tor partial agonist SKF 83959 enantiomer R(+) and the S(−) 

enantiomers, MCL 202 and MCL 201, respectively.29 Results 

from the present study investigating the differential effects 

of the enantiomers of SPN-810M show that the racemic 

molecule and the R(−) enantiomer did not demonstrate sig-

nificant differences in their in vitro action. However, the R(−) 

form showed ~100, 300, and eight times more potency as an 

antagonist for D
2S

, D
2L

, and 5-HT
2B

 receptors, respectively, 

than the S(+) enantiomer. The fact that the potency was simi-

lar for the R(−) enantiomer on D
2S

 and D
2L

 at 0.048 µM and 

0.021 µM, respectively, suggests that the SPN-810M R(−) 

enantiomer could play a role in the D
2
 autoreceptor of the 

dopaminergic system. In particular, SPN-810M may affect 

both the presynaptic D
2S

 autoreceptors and the postsynaptic 

D
2L

 receptors.12,13

Active metabolites of certain drugs, such as triptans, can 

induce CNS side effects by binding to 5-HT or other recep-

tors.30 The major human metabolites (P1-2 and P3-2) of SPN-

810M did not display antagonistic effects on the dopamine 

or serotonin receptors in vitro. Furthermore, the metabolites 

did not demonstrate an inhibitory effect on several other 

neurotransmitter receptors tested, such as norepinephrine, 

GABA, glutamate, histamine, or acetylcholine receptors. This 

finding is in agreement with a study conducted by Balsara 

et al, which concluded that a molindone metabolite does not 

exert neuroleptic activity.31 The lack of an effect due to the 

SPN-810M metabolites suggests that SPN-810M is not likely 

to have metabolite-related CNS side effects, improving the 

tolerability in a clinical setting.

The effect of psychostimulants on SPN-
810M antagonism of D2S, D2L, and 5-HT2B
Psychostimulants are considered first-line pharmacotherapy 

for the treatment of ADHD and refractory aggression, and 

they usually improve ADHD symptoms as well as aggres-

sive behaviors by increasing synaptic dopamine levels in 

the brain.32–35 Other pharmacotherapies for ADHD include 

norepinephrine reuptake inhibitors.4 However, IA symptoms 

that are present prior to treatment persist in ~44% of chil-

dren with ADHD, despite ADHD therapy.1,36 Studies suggest 

that IA may respond to adjunctive treatments administered 

with optimized first-line pharmacotherapy for ADHD.1,37 As 

such, the additional assays described above were carried out 

to determine the effect of dopamine or norepinephrine on 

D
2S

, D
2L

, and 5-HT
2B

 in the presence of SPN-810M. Specifi-

cally, we wanted to evaluate whether these neurotransmitters 

1) increased or decreased the antagonistic effect of SPN-

810M, and/or 2) caused a reversal in function of SPN-810M 

from an antagonist to an agonist. The results from the in 

vitro pharmacology studies demonstrate that the antagonist 

effects of SPN-810M on the D
2S

, D
2L

, and 5-HT
2B

 receptors 

were not altered by the presence of dopamine or norepi-

nephrine, as very little change in potency was observed. 

Furthermore, the presence of dopamine or norepinephrine 

did not lead to SPN-810M reversing from an antagonistic 

to an agonistic effect.

Theorized mechanism of action
Our in vitro assays provide some insight into the potential 

mechanisms of SPN-810M. The results of the in vitro 

pharmacology studies indicate that SPN-810M is a potent 

antagonist for D
2S

, D
2L

, and 5-HT
2B

. In children (aged 6–12 

years) diagnosed with ADHD and presenting with IA, 

SPN-810 (extended-release molindone) use at doses up to 

36 mg/day resulted in significant improvements in aggres-

sive behavior based on the Retrospective-Modified Overt 

Aggression Scale (R-MOAS).21,22 The exact mechanism of 

action by which SPN-810 improved aggressive behavior is 

not completely understood. We hypothesize that by acting 

as a 5-HT
2B

 receptor antagonist, SPN-810M can influence 

the mesoaccumbens dopamine pathway by reducing the 

outflow of dopamine.38 Although we found that SPN-810M 

is an antagonist for 5-HT
2B

, it was a more potent antagonist 

for the D
2S

 and D
2L

 receptors, suggesting that SPN-810M 
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may affect the presynaptic D
2S

 autoreceptors to adequately 

regulate the synthesis and release of dopamine into the syn-

aptic cleft and block the postsynaptic D
2L

 receptors to reduce 

phasic DA signaling in regions of the brain that are likely 

to be associated with aggression.12,13,39 At therapeutic doses, 

antagonistic effects of SPN-810M for D
2S

 and D
2L

, as well as 

for 5-HT
2B

, may work in concert to synergistically contribute 

to the clinical effects. Indeed, further in vivo neuropharma-

cological studies including fMRI studies may enable better 

understanding of the mechanism of action of this drug, with 

the goal of improving care for patients with IA.

Acknowledgments
This study was supported by Supernus Pharmaceuticals, Inc. 

The authors would like to thank Eurofins Cerep Panlabs, 

France, for their assistance in the assay techniques; and 

IMPRINT Science, New York, for editorial support of this 

manuscript, which was funded by Supernus Pharmaceuti-

cals, Inc. 

Disclosure
CY and GG are employees of Supernus Pharmaceuticals, Inc. 

The authors report no other conflicts of interest in this work.

References
	 1.	 Jensen PS, Youngstrom EA, Steiner H, et al. Consensus report on 

impulsive aggression as a symptom across diagnostic categories in 
child psychiatry: implications for medication studies. J Am Acad Child 
Adolesc Psychiatry. 2007;46(3):309–322.

	 2.	 Connor DF. On the challenge of maladaptive and impulsive aggression 
in the clinical treatment setting. J Child Adolesc Psychopharmacol. 
2016;26(1):2–3.

	 3.	 Saylor KE, Amann BH. Impulsive aggression as a comorbidity of 
attention-deficit/hyperactivity disorder in children and adolescents.  
J Child Adolesc Psychopharmacol. 2016;26(1):19–25.

	 4.	 Pliszka SR, Crismon ML, Hughes CW, et al. The Texas Children’s 
Medication Algorithm Project: revision of the algorithm for pharma-
cotherapy of attention-deficit/hyperactivity disorder. J Am Acad Child 
Adolesc Psychiatry. 2006;45(6):642–657.

	 5.	 Scotto Rosato N, Correll CU, Pappadopulos E, et al. Treatment of 
maladaptive aggression in youth: CERT guidelines II. Treatments and 
ongoing management. Pediatrics. 2012;129(6):e1577–1586.

	 6.	 Pappadopulos E, Macintyre II JC, Crismon ML, et al. Treatment recom-
mendations for the use of antipsychotics for aggressive youth (TRAAY). 
Part II. J Am Acad Child Adolesc Psychiatry. 2003;42(2):145–161.

	 7.	 Adewole T, Brittain ST, Johnson JK, Liranso T, Findling RL. Long-term 
efficacy and safety of extended-release molindone (SPN-810) to manage 
impulsive aggression (IA) in children with attention deficit hyperactivity 
disorder (ADHD). Poster presented at: American Academy of Child and 
Adolescent Psychiatry; October 24–29, 2016; New York, NY.

	 8.	 Blair RJ. The neurobiology of impulsive aggression. J Child Adolesc 
Psychopharmacol. 2016;26(1):4–9.

	 9.	 Kraemer GW, Clarke AS. Social attachment, brain function, and aggres-
sion. Ann N Y Acad Sci. 1996;794:121–135.

	10.	 Kavoussi R, Armstead P, Coccaro E. The neurobiology of impulsive 
aggression. Psychiatr Clin North Am. 1997;20(2):395–403.

	11.	 Seo D, Patrick CJ, Kennealy PJ. Role of serotonin and dopamine 
system interactions in the neurobiology of impulsive aggression and 
its comorbidity with other clinical disorders. Aggress Violent Behav. 
2008;13(5):383–395.

	12.	 Lindgren N, Usiello A, Goiny M, et al. Distinct roles of dopamine D2L 
and D2S receptor isoforms in the regulation of protein phosphoryla-
tion at presynaptic and postsynaptic sites. Proc Natl Acad Sci U S A. 
2003;100(7):4305–4309.

	13.	 Usiello A, Baik JH, Rougé-Pont F, et al. Distinct functions of the 
two isoforms of dopamine D2 receptors. Nature. 2000;408(6809): 
199–203.

	14.	 Narvaes R, Martins de Almeida RM. Aggressive behavior and three 
neurotransmitters: dopamine, GABA, and serotonin—A review of the 
last 10 years. Psychology & Neuroscience. 2014;7(4):601–607.

	15.	 Sakaue M, Ago Y, Sowa C, et al. Modulation by 5-HT2A recep-
tors of aggressive behavior in isolated mice. Jpn J Pharmacol. 
2002;89(1):89–92.

	16.	 Marek GJ, Carpenter LL, McDougle CJ, Price LH. Synergistic action of 
5-HT2A antagonists and selective serotonin reuptake inhibitors in neuro-
psychiatric disorders. Neuropsychopharmacology. 2003;28(2):402–412.

	17.	 Owen RR, Jr, Cole JO. Molindone hydrochloride: a review of laboratory 
and clinical findings. J Clin Psychopharmacol. 1989;9(4):268–276.

	18.	 Hayes G, Biden TJ, Selbie LA, Shine J. Structural subtypes of the 
dopamine D2 receptor are functionally distinct: expression of the cloned 
D2A and D2B subtypes in a heterologous cell line. Mol Endocrinol. 
1992;6(6):920–926.

	19.	 Bonhaus DW, Bach C, Desouza A, et al. The pharmacology and 
distribution of human 5-hydroxytryptamine2B (5-HT2B) receptor 
gene products: comparison with 5-HT2A and 5-HT2C receptors. Br J 
Pharmacol. 1995;115(4):622–628.

	20.	 Senogles SE, Spiegel AM, Padrell E, Iyengar R, Caron MG. Specific-
ity of receptor-G protein interactions. Discrimination of Gi subtypes 
by the D2 dopamine receptor in a reconstituted system. J Biol Chem. 
1990;265(8):4507–4514.

	21.	 Brittain ST, Stocks JD, Johnson JK, Liranso T, Findling RL. Extended-
release molindone (SPN-810) as adjunctive therapy in the management 
of impulsive aggression in children with attention deficit hyperactivity 
disorder (ADHD) receiving optimized stimulant monotherapy and 
behavioral therapy. Poster presented at: American Academy of Child 
and Adolescent Psychiatry; October 26–31, 2015; San Antonio, TX.

	22.	 Brittain ST, Stocks JD, Johnson JK, Liranso T, Findling RL. Adjunctive 
extended-release molindone (SPN-810) to manage impulsive aggres-
sion in children with attention deficit hyperactivity disorder (ADHD) 
receiving optimized stimulant monotherapy and behavioral therapy. 
Poster presented at: American Academy of Neurology; April 15–21, 
2016; Vancouver, BC.

	23.	 Polymeropoulos MH, Licamele L, Volpi S, et al. Common effect of 
antipsychotics on the biosynthesis and regulation of fatty acids and 
cholesterol supports a key role of lipid homeostasis in schizophrenia. 
Schizophr Res. 2009;108(1–3):134–142.

	24.	 Sikich L, Frazier JA, McClellan J, et al. Double-blind comparison 
of first- and second-generation antipsychotics in early-onset schizo-
phrenia and schizo-affective disorder: findings from the Treatment of 
Early-Onset Schizophrenia Spectrum Disorders (TEOSS) study. Am J 
Psychiatry. 2008;165(11):1420–1431.

	25.	 Seeman P, Tallerico T. Antipsychotic drugs which elicit little or no 
Parkinsonism bind more loosely than dopamine to brain D2 recep-
tors, yet occupy high levels of these receptors. Mol Psychiatry. 
1998;3(2):123–134.

	26.	 Ichikawa J, Ishii H, Bonaccorso S, Fowler WL, O’Laughlin IA, Melt-
zer HY. 5-HT(2A) and D(2) receptor blockade increases cortical DA 
release via 5-HT(1A) receptor activation: a possible mechanism of 
atypical antipsychotic-induced cortical dopamine release. J Neurochem. 
2001;76(5):1521–1531.

	27.	 Seeman P. Atypical antipsychotics: mechanism of action. Can J Psy-
chiatry. 2002;47(1):27–38.

www.dovepress.com
www.dovepress.com
www.dovepress.com


Journal of Experimental Pharmacology 2018:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

72

Yu and Gopalakrishnan

	28.	 Aman MG, Vinks AA, Remmerie B, et al. Plasma pharmacokinetic 
characteristics of risperidone and their relationship to saliva concentra-
tions in children with psychiatric or neurodevelopmental disorders. Clin 
Ther. 2007;29(7):1476–1486.

	29.	 Neumeyer JL, Kula NS, Bergman J, Baldessarini RJ. Receptor affinities 
of dopamine D1 receptor-selective novel phenylbenzazepines. Eur J 
Pharmacol. 2003;474(2–3):137–140.

	30.	 Dodick DW, Martin V. Triptans and CNS side-effects: pharmacokinetic 
and metabolic mechanisms. Cephalalgia. 2004;24(6):417–424.

	31.	 Balsara JJ, Gada VP, Nandal NV, Chandorkar AG. Psychopharma-
cological investigation of the monoamine oxidase inhibitory activity 
of molindone, a dihydroindolone neuroleptic. J Pharm Pharmacol. 
1984;36(9):608–613.

	32.	 Blader JC, Pliszka SR, Jensen PS, Schooler NR, Kafantaris V. Stimulant-
responsive and stimulant-refractory aggressive behavior among children 
with ADHD. Pediatrics. 2010;126(4):e796–806.

	33.	 Gurnani T, Ivanov I, Newcorn JH. Pharmacotherapy of aggression in 
child and adolescent psychiatric disorders. J Child Adolesc Psycho-
pharmacol. 2016;26(1):65–73.

	34.	 Yanofski J. The dopamine dilemma: using stimulants and antipsychotics 
concurrently. Psychiatry. 2010;7(6):18–23.

	35.	 Elbe D, Barr AM, Honer WG, Procyshyn RM. Managing ADHD and 
disruptive behaviour disorders with combination psychostimulant and 
antipsychotic treatment. J Psychiatry Neurosci. 2014;39(3):E32–33.

	36.	 MTA Cooperative Group. A 14-month randomized clinical trial of 
treatment strategies for attention-deficit/hyperactivity disorder. Arch 
Gen Psychiatry. 1999;56(12):1073–1086.

	37.	 Aman MG, Binder C, Turgay A. Risperidone effects in the presence/
absence of psychostimulant medicine in children with ADHD, other 
disruptive behavior disorders, and subaverage IQ. J Child Adolesc 
Psychopharmacol. 2004;14(2):243–254.

	38.	 Auclair AL, Cathala A, Sarrazin F, et al. The central serotonin 2B 
receptor: a new pharmacological target to modulate the mesoaccumbens 
dopaminergic pathway activity. J Neurochem. 2010;114(5):1323–1332.

	39.	 De  Mei C, Ramos M, Iitaka C, Borrelli E. Getting specialized: presyn-
aptic and postsynaptic dopamine D2 receptors. Curr Opin Pharmacol. 
2009;9(1):53–58.

www.dovepress.com
www.dovepress.com
www.dovepress.com


Journal of Experimental Pharmacology 2018:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Journal of Experimental Pharmacology

Publish your work in this journal

Submit your manuscript here: https://www.dovepress.com/journal-of-experimental-pharmacology-journal

The Journal of Experimental Pharmacology is an international, peer-
reviewed, open access journal publishing original research, reports, 
reviews and commentaries on all areas of laboratory and experimental 
pharmacology. The manuscript management system is completely 
online and includes a very quick and fair peer-review system.  

Visit  http://www.dovepress.com/testimonials.php to read real quotes 
from published authors. 

Dovepress

73

In vitro pharmacology of SPN-810M (molindone)

Supplementary material

Table S1 Source and reference information for all utilized cell lines

Assay Eurofins assay reference number Cell line Provider

D2S 1322 HEK-293 University of Oregon (USA)
46 HEK-293 University of Oregon (USA)

D2L 1405 HEK-293 University of Oregon (USA)
5-HT2B 1333 CHO-K1 ACS

1609 CHO-K1 ACS
G183 CHO-K1 ACS

5-HT2A G181 HEK-293 CEREP
D1 G014 CHO Inserm
D3 G016 CHO Inserm
D5 G018 GH4C1 University of Oregon (USA)
5-HT2C G184 293h CEREP
5-HT6 G050 CHO-s CEREP
5-HT7 G051 CHO-s CEREP
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