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A B S T R A C T   

Mammalian nuclear distribution genes encode proteins with essential roles in neuronal migration and brain 
formation during embryogenesis. The implication of human nuclear distribution genes, namely nudC and NDE1 
(Nuclear Distribution Element 1)/NDEL1 (Nuclear Distribution Element-Like 1), in psychiatric disorders 
including schizophrenia and bipolar disorder, has been recently described. The partial loss of NDEL1 expression 
results in neuronal migration defects, while ndel1 null knockout (KO) leads to early embryonic lethality in mice. 
On the other hand, loss-of-function of the orthologs of nuclear distribution element genes (nud) in Caenorhabditis 
elegans renders viable worms and influences behavioral endophenotypes associated with dopaminergic and 
serotoninergic pathways. In the present work, we evaluated the role of nud genes in monoamine levels at baseline 
and after the treatment with typical or atypical antipsychotics. Dopamine, serotonin and octopamine levels were 
significantly lower in homozygous loss-of-function mutant worms KO for nud genes compared with wild-type 
(WT) C. elegans at baseline. While treatment with antipsychotics determined significant differences in mono-
amine levels in WT, the nud KO mutant worms appear to respond differently to the treatment. According to the 
best of our knowledge, we are the first to report the influence of nud genes in the monoamine levels changes in 
response to antipsychotic drugs, ultimately placing the nuclear distribution genes family at the cornerstone of 
pathways involved in the modulation of monoamines in response to different classes of antipsychotic drugs.   

1. Introduction 

Catecholamine signaling in the central nervous system (CNS) con-
trols complex behaviors such as mood, attention and emotion. Serotonin 
or 5-hydroxytryptamine (5-HT), dopamine (DA), and epinephrine/ 
norepinephrine are monoamines belonging to the catecholamine group 
of neurotransmitters. Altered levels of catecholamines were associated 
with psychiatric disorders (Laviolette, 2007; Avram et al., 2019). 
Moreover, the most accepted hypothesis to explain the onset of schizo-
phrenia and bipolar disorder relies on monoamine imbalance assump-
tions, and the antipsychotic medication currently used in clinics is 

mainly designed to target and block or modulate the monoamine re-
ceptors, ultimately aiming to overcome the dysfunction in monoamines 
pathways (Owen et al., 2016; Correll, 2020). Indeed, most antipsychotic 
drugs act by blocking the dopaminergic D2 receptors to suppress the 
positive symptoms of schizophrenia patients (Boyda et al., 2010; 
Loughlin et al., 2019). 

Atypical antipsychotics differ from typical antipsychotics due to the 
greater affinity for 5-HT2A receptors, and lower and weaker occupation 
of dopaminergic D2 receptors, which together may potentially explain 
the lower incidence of adverse effects of atypical antipsychotics, such as 
the extrapyramidal symptoms, relative to typical antipsychotics (Kapur 
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and Seeman, 2001). Indeed, atypical antipsychotics are believed to be 
safer than typical antipsychotics, in contrast to the several side effects 
also reported for the long-term use of atypical antipsychotics, which 
may include the neuroleptic malignant syndrome, increased risk of 
stroke, sudden cardiac death, blood clots, hyperlipidemia, diabetes, 
among others (Henderson et al., 2000; Feinstein, 2002). However, no 
class of drugs, including the newest generation antipsychotics, which 
includes aripiprazole, is effective on treating the frequently reported 
negative symptoms and/or social and cognitive deficits that are the main 
responsible for the difficulty of integrating schizophrenia patients back 
into the society (Mailman and Murthy, 2010). Nevertheless, the devel-
opment of novel drugs with less adverse effects and with higher efficacy 
on negative symptoms and social/cognitive deficits requires a better 
understanding of the genetic influences on the action of currently used 
antipsychotic drugs. 

Recently, our group has described the association of oligopeptidase 
activity with the cognitive deficits in patients with schizophrenia 
(Gadelha et al., 2013, 2015). In fact, several oligopeptidases and neu-
ropeptides are potentially involved in the etiology and pathophysiology 
of schizophrenia, and the modulation of dopamine signaling by the 
oligopeptidases and their neuropeptide substrates has been demon-
strated (Leonetti et al., 2004; Tschumi and Beckstead, 2018; Rodríguez 
et al., 2020). The protein product of human nuclear distribution element 
genes, namely NDEL1 (Nuclear Distribution Element-Like 1), was re-
ported to have oligopeptidase activity (Hayashi et al., 2005), which is 
lower in chronic schizophrenia (Gadelha et al., 2013), euthymic bipolar 
disorder (Dal Mas et al., 2019a), and antipsychotic-naïve first-episode 
psychosis (FEP) individuals relative to healthy controls (Dal Mas et al., 
2019b). On the other hand, slight increases in NDEL1 mRNA levels were 
reported in these same FEP individuals compared with healthy controls, 
in addition to a trend for a decreased NDEL1 expression, following two 
months of treatment with the atypical antipsychotic risperidone (Ota 
et al., 2015). In line with this, the treatment of FEP patients with ris-
peridone determined a progressive decrease of NDEL1 oligopeptidase 
activity which correlated positively with symptom improvement (Dal 
Mas et al., 2019b). 

We also reported a decreased NDEL1 oligopeptidase activity in an 
animal model with aberrant neurodevelopment, dysfunctional DA 
signaling and amphetamine-hypersensitivity, showing that DA 
dysfunction, which is characteristic of psychiatric illnesses, may be 
possibly associated with decreased NDEL1 activity (Nani et al., 2020a). 
NDEL1 involvement in protein complex formation also seems to be 
crucial for neurite outgrowth and brain formation, possibly contributing 
to the risk of developing schizophrenia (Bradshaw and Hayashi, 2017; 
Bradshaw and Korth, 2019). The treatment with typical (haloperidol) 
and atypical (clozapine) antipsychotics of an animal model for studying 
schizophrenia showed a decrease in NDEL1 activity (with a more 
evident effect of clozapine compared with haloperidol) in blood and 
brain regions, which were associated with the reversion of 
schizophrenia-like behavioral deficits (Nani et al., 2020b). The further 
understanding of the roles of NDEL1 in the pathophysiology of schizo-
phrenia and/or in the impact on the effects of antipsychotics would be 
benefited by the access to NDEL1 knockout (KO) animal models. The 
complete loss of NDEL1 in mice results in early embryonic lethality 
(Sasaki et al., 2005), although the null KO of the Caenorhabditis elegans 
ortholog of nuclear distribution element (nud) genes renders viable 
worms (Karmacharya et al., 2012). 

The invertebrate C. elegans features a well-defined neuronal system 
consisting of only 302 neurons, which controls a wide spectrum of 
behavioral traits, including pattern recognition, memory and attraction/ 
repulsion behavior (Komuniecki et al., 2012). Due to the short life-cycle, 
easy maintenance, and amenable genetics, this worm is also one of the 
best model organisms for genetic studies, as well it is a powerful tool to 
unravel the molecular mechanisms of diverse biological processes 
(Sundararajan et al., 2019; Singh, 2020). C. elegans is a useful animal 
model to evaluate the monoaminergic signaling and functioning in vivo, 

as this nematode has a well characterized nervous system, with part of 
its function under the control of evolutionarily conserved monoamine 
pathways (Chase and Koelle, 2007). For instance, the 5-HT synthesis is 
mainly catalyzed by two enzymes, namely tryptophan hydroxylase 
(TPH-1) and 5-hydroxytryptophan (5-HTP)/L-dopa decarboxylase 
(BAS-1), which convert the tryptophan to 5-HTP and the 5-HTP to 5-HT, 
respectively (Sanders-Bush and Mayer, 1996; Sanders-Bush et al., 2003), 
while in mammals, TPH is also the rate limiting enzyme in the synthesis 
of 5-HT (Mosienko et al., 2015). There are several 5-HT receptors in 
C. elegans from which the most studied are ser-1, ser-4, ser-5, ser-7, and 
mod-1 (Ranganathan et al., 2000; Tsalik et al., 2003; Hobson et al., 2003; 
Hapiak et al., 2009; Ishita et al., 2020), while 5-HT also acts through 
many receptor types and subtypes in mammals (Pytliak et al., 2011). 
Several DA receptors were also described in mammals (Beaulieu et al., 
2015) as well as in C. elegans (dop-1, dop-2, and dop-3), and the halo-
peridol antagonism of dop-3, which is believed to be the counterpart of 
the mammalian D2-type DA receptor, decreases DA levels, but does not 
alter neither dop-1, dop-2, or dop-3 gene expression in worms (Krum 
et al., 2020). Indeed, it has been previously reported that a simple cis--
regulatory element (AST-1) controls the expression of all DA pathway 
genes in all dopaminergic cell types in C. elegans, and this element is 
similar to the mammalian transcription factor Etv1, which can activate 
any vertebrate DA pathway genes containing the phylogenetically 
conserved DA motifs (Flames and Hobert, 2009; Sanders-Bush and 
Mayer, 1996). 

Four biological amines, namely DA, 5-HT, octopamine, and syn-
ephrine/tyramine, are capable of modulating C. elegans main behaviors 
(Chase and Koelle, 2007; Brewer et al., 2019). The endogenous biogenic 
monoamines DA and 5-HT modulate behaviors such as locomotion 
(Ringstad et al., 2005; Oranth et al., 2018), egg laying (Trent et al., 
1983; Schafer, 2006), and pharyngeal pumping (Albertson and Thom-
son, 1976). 5-HT can inhibit locomotion (Horvitz et al., 1982; Dernovici 
et al., 2007; Lee et al., 2017), although at least six additional proteins are 
needed to act with 5-HT receptors to mediate the 5-HT responses in 
C. elegans, including the locomotion (Gürel et al., 2012). 

Although vertebrate amines such as histamine, epinephrine and 
norepinephrine are not found in nematodes (Chase et al., 2004; Chase 
and Koelle, 2007), octopamine and synephrine/tyramine are considered 
the invertebrate equivalents of these vertebrate amines due to their 
similarity in structure and biological functions (Horvitz et al., 1982). 
Mammalian trace amines, such as octopamine and synephrine/tyr-
amine, are known to play important roles in behavioral effects of 
atypical antipsychotics also in C. elegans (Karmacharya et al., 2012). In 
addition, DA suppresses octopamine signaling to modulate metabolism 
and behaviors in C. elegans (Suo et al., 2009a, 2009b). Interestingly, 
trace amine receptors were, more recently, suggested as potential new 
targets for drug development in psychiatry (Dodd et al., 2020), shedding 
light onto the value of evaluating this bioamine in worms. 

Worm nud-1 is considered to be the ortholog of nudC, while nud-2 
gene is the C. elegans ortholog of mammalian NDE1 and NDEL1 (Brad-
shaw and Hayashi, 2017). We have recently demonstrated that deletion 
of these nud genes in C. elegans alter, each in a different manner, the 
worms behaviors modulated by DA and/or 5-HT, including the loco-
motion/body bends, egg laying, and pharyngeal pumping (Monte et al., 
2019). The pharmacotherapy of C. elegans with typical or atypical an-
tipsychotics also resulted in distinct behavioral responses in mutant 
C. elegans KO for nud genes relative to wild-type (WT) worms (Monte 
et al., 2019). 

Aiming for further understanding the relationship between the 
monoamine pathways and nud genes, including the impact and roles of 
these genes in the responses to antipsychotic drugs, we measured the 
monoamine levels in WT and loss-of-function mutant C. elegans for nud-1 
or nud-2 genes, either before (at baseline) or after the treatment with 
typical (haloperidol) or atypical (clozapine) antipsychotics, which are 
well-known to act on the monoamine signaling pathway. 
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2. Material and methods 

2.1. Drugs and reagents 

Haloperidol, the standards for dopamine (DA), levodopa (L-DOPA), 
3-methoxytyramine (3-MT), 3,4-dihydroxyphenylacetic acid (DOPAC), 
homovanillic acid (HVA), norepinephrine, epinephrine, serotonin (5-HT 
or 5-hydroxytryptamine), and 5-hydroxyindoleacetic acid (HIAA), as 
well as all other chemical reagents were purchased from Sigma-Aldrich 
(St. Louis, Missouri, USA). Clozapine (Pinazan) was from Laboratório 
Cristália (São Paulo, Brazil). 

2.2. Worm strains 

The wild-type (WT) (N2 Bristol) and homozygous loss-of-function 
mutant knockouts (KO) for nud-1 (RB773) and nud-2 (RB1022) were 
provided by the Caenorhabditis Genetics Center (CGC) at the University 
of Minnesota (Minneapolis, MN, USA). This study was approved by the 
Ethical Committee of the Federal University of São Paulo (UNIFESP/ 
EPM), under CEUA N◦ 9635080315. 

WT and mutant Caenorhabditis elegans were maintained at 16 or 20 ◦C 
on nematode growth media (NGM) agar plates with the Escherichia coli 
strain OP50-1, essentially following the standard protocols as described 
in Brenner (1974), and as also described by us, more recently, with some 
adaptations (Monte et al., 2019). 

2.3. Treatment with antipsychotics 

Worms were synchronized following the method previously 
described Dal Mas et al. (2016). The treatment of synchronized worms 
with antipsychotics was performed as previously described by others 
(Karmacharya et al., 2012), with few adaptations. Briefly, staged worms 
L3-L4 were washed from the NGM solid dishes with 2 mL of S-medium 
(NaCl 5.85 g, K2HPO4 1 g, KH2PO4 6 g, 1 mL of cholesterol [5 mg/mL in 
ethanol] for a final volume of 1 L supplemented with 10 mL 1 M 
C₆H₅K₃O₇ pH 6, 10 mL of trace metal solution [disodium EDTA 1.86 g, 
FeSO4 • 7 H2O 0.69 g, MnCl2 • 4 H2O 0.2 g, ZnSO4 • 7 H2O 0.29 g, 
CuSO4 • 5 H2O 0.025 g, for a final volume of 1 L], 3 mL 1 M CaCl2 and 3 
mL 1 M MgSO4 were added after autoclaving). Control group was 
incubated in S-medium, and the treated groups were incubated in 
S-medium containing haloperidol (50 μg/mL) or clozapine (150 μg/mL) 
in the absence of OP50-1 in a final volume of 1 mL, for 5 h at 20 ◦C, 
under slow agitation on an orbital shaker to prevent worm settling. Drug 
concentration and treatment conditions were essentially the same as 
previously described (Monte et al., 2019), which was standardized 
considering the literature showing that only one-tenth to one-hundredth 
of the drug applied to the medium typically reach concentrations in the 
worm, due to the cuticle barrier and distribution effects (McColl et al., 
2008; Karmacharya et al., 2009; Kasap and Dwyer, 2020). 

2.4. Monoamine analysis 

We evaluated here the levels of the following monoamines: DA, its 
precursor L-DOPA and the DA metabolites (namely 3-MT, DOPAC and 
HVA), 5-HT and its metabolite 5-HIAA, and the invertebrate analogs of 
trace amines norepinephrine (namely octopamine) and epinephrine 
(namely tyramine). For this, worms incubated with antipsychotics or in 
S-medium (negative control), as described above, were pelleted and 
homogenized in 0.2 M perchloric acid (Sigma-Aldrich) containing 100 
μM EDTA-2Na (Sigma-Aldrich). After centrifugation, the collected pellet 
was used to quantify the total protein content of each individual sample 
by Bradford method, and the protein concentration was used to 
normalize the monoamine levels of each sample, which were expressed 
as ng of monoamine per g of total protein. The supernatant was filtered 
(0.45 μm) and analyzed by electrochemical detection in a HPLC-ECD 
system, with pre-column AC-ODS and EICOMPAK SC-3ODS column 

(Eicom, Kyoto, Japan). For this electrochemical detection, the working 
electrode was a graphite WE-3G (Gasket GS-25), and the applied voltage 
was +750 mV versus an Ag/AgCl reference electrode. The mobile phase 
consisted of 80% 0.1 M citrate-acetate buffer (pH 3.5), 20% methanol, 
220 mg/L sodium octane sulfonate (SOS), and 5 mg/L EDTA-2Na at a 
rate of 0.34–0.40 mL/min. Monoamine levels were estimated using 
calibration curves obtained from external standards, as listed in 2.1. All 
experiments were repeated twice with 3 independent biological repli-
cates for each experimental condition, with a total of N = 6 for each 
experimental condition. 

2.5. Data analysis 

Data analyses were performed using the GraphPad Prism version 7.0 
for Windows (GraphPad Software Corp., La Jolla, CA, USA). The 
normality and log normality distribution were verified using the 
Shapiro-Wilk tests. Monoamine values were log transformed to stan-
dardize and suit the normality. Standard parametric tests One-way and 
Two-way ANOVA with post-hoc Tukey test were applied accordingly to 
variable type. Significance threshold was considered for values of p ≤
0.05. 

3. Results 

3.1. Monoamine levels in nud-1 or nud-2 loss-of-function worms at 
baseline 

Concentration of dopamine (DA) was influenced by the nud genes 
silencing, as DA concentrations in wild-type (WT) and loss-of-function 
mutant knockout (KO) for nud-1 (RB773) or nud-2 (RB1022) worms 
were statistically different among these groups (F (2, 14) = 6.66, p <
0.050), mostly due to the significant higher DA levels in WT and nud-1 
KO compared with nud-2 KO worms. Moreover, the DA main metabolites 
DOPAC (3,4-dihydroxyphenylacetic acid) (F (2, 14) = 8.696, p < 0.050) 
and HVA (homovanilic acid) (F (2, 14) = 8.06, p < 0.050) levels were 
also higher in WT and nud-1 KO compared with nud-2 KO worms. 
Conversely, the DA metabolite 3-MT (3-methoxytyramine) (F (2, 14) =
2.17, p = 0.150) and DA precursor L-DOPA (levodopa) (F (2, 14) = 1.71, 
p = 0.210) were not different among WT and nud-1 or nud-2 KO worms 
(Fig. 1). In other words, in contrast to the similar levels of L-DOPA 
precursor in WT and mutant worms (Fig. 1A), DA levels in nud-2 KO 
were significantly lower relative to WT (p = 0.008) and nud-1 KO (p =
0.043) worms (Fig. 1B). In addition, the DA metabolite HVA was lower 
in both mutant worms (namely nud-1 KO and nud-2 KO) compared with 
WT, while DOPAC was lower only in nud-2 mutant compared with WT 
worms (Fig. 1D). Taken together, these data suggest that in mutant 
C. elegans, the DA and its main metabolites DOPAC and HVA were 
significantly lower only in nud-2 KO, but not in nud-1 KO worms. In 
addition, the loss of nud-2 gene significantly impacted the levels of DA 
and its metabolites DOPAC and HVA, but not the levels of DA precursor 
L-DOPA (Fig. 1), while the loss of nud-1 gene determined lower levels 
only of the DA metabolite HVA (Fig. 1E). However, no influences of nud 
genes in the metabolism of DA was noticed (as denoted by the un-
changed L-DOPA/DA ratio or all DA metabolites/DA ratio), possibly 
suggesting that the key enzymes involved in DA metabolism was influ-
enced by the loss of nud genes. Taken together, lower levels of DA and its 
metabolites was demonstrated in mutant nud-2 KO worms compared to 
WT or to the mutant nud-1 KO worms. 

On the other hand, the levels of the active neurotransmitter serotonin 
(5-HT) were not affected by the loss of nud-1 or nud-2 genes (F (2, 14) =
0.70, p < 0.510) (Fig. 2A), regardless of the significant lower levels of its 
main metabolite 5-HIAA in both mutant KO C. elegans compared with 
WT worms (F (2, 14) = 57.4, p < 0.001) (Fig. 2B). Decreased ratio of 5- 
HT and its metabolite 5-HIAA levels in mutant worms compared with 
WT C. elegans suggested a possible decreased metabolism of 5-HT in both 
mutant worms KO for nud genes relative to WT (Supplemental Figure 1). 
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The levels of octopamine, which is the nematodes analog of the 
mammalian trace amine norepinephrine, were significantly lower in 
both mutant C. elegans compared with WT worms (F (2, 14) = 24.28, p <
0.001) (Fig. 3A). On the other hand, the levels of synephrine, which is 
the worm analog of the mammalian trace amine epinephrine, were 
similar among WT and mutant worms KO for nud-1 or nud-2 genes (F (2, 
14) = 2.14, p = 0.150) (Fig. 3B). 

3.2. Effect of the treatment with the typical haloperidol or atypical 
clozapine antipsychotic drugs on monoamine levels 

As mentioned, the antipsychotic drugs act mainly by blocking the 
dopaminergic D2 or the serotoninergic 5-HT2A receptors (Kapur and 
Seeman, 2001; Boyda et al., 2010; Loughlin et al., 2019). The treatment 
with the typical haloperidol or atypical clozapine antipsychotic drugs 
significantly decreased the levels of the DA precursor L-DOPA, as 

evidenced by the two-way ANOVA analysis for the treatment effect (F (2, 
40) = 11.70, p < 0.001). In addition, active DA (F (2, 40) = 5.88, p <
0.050), and DA metabolites 3-MT (F (2, 40) = 6.03, p < 0.050), DOPAC 
(F (2, 40) = 12.00, p < 0.001) and HVA (F (2, 40) = 6.11, p < 0.050) 
were also decreased mainly in WT worms, but no interaction for the 
silencing of nud genes or due to the treatment with antipsychotics was 
observed (Fig. 4). Both typical and atypical antipsychotics, namely 
haloperidol (p = 0.004) and clozapine (p = 0.016), respectively, 
decreased the levels of DA precursor L-DOPA in both WT and in nud-1 
KO C. elegans, but not in nud-2 KO worms (Fig. 4A). In addition, only the 
atypical antipsychotic clozapine decreased the DA metabolites 3-MT (p 
= 0.046) and DOPAC (p = 0.014), but only in nud-1 KO worms, and with 
no effect in nud-2 KO worms (Fig. 4). Therefore, we suggest that the 
present data implicated mainly nud-2 gene in the control of DA levels 
following the treatment with typical or atypical antipsychotic drugs, as 
the levels of this monoamine or its metabolites did not change after the 

Fig. 1. Levels of dopamine precursor L-DOPA (A), dopamine (DA) (B) and its metabolites 3-MT (C), DOPAC (D), and HVA (E) in drug-naïve worms. Wild-type (WT) 
and mutant worms knockout (KO) for nud-1 (nud-1 KO) or nud-2 (nud-2 KO) (N = 6, *p ≤ 0.05, One-way ANOVA, Tukey post hoc test). 
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treatment with haloperidol or clozapine mainly in animals KO for nud-2 
gene, although a partial effect was noticed in nud-1 KO worms. 

After the treatment with typical or atypical antipsychotics, the levels 
of 5-HT also decreased in WT worms only, and with no effects in mutant 
C. elegans (F (2, 40) = 9.00, p < 0.001) (Fig. 5A). In addition, a reduction 
in the 5-HT metabolite 5-HIAA levels only in WT worms after the 
treatment with the atypical antipsychotic clozapine (p < 0.0004) was 
noticed (Fig. 5B). Interestingly, the levels of 5-HT metabolite 5-HIAA 
were lower in nud-2 KO worms treated with clozapine, but only if 
compared with nud-1 KO C. elegans (p = 0.003), while no difference was 
observed when compared to treated or untreated WT worms (Fig. 5B). In 
other words, the treatment with either typical or atypical antipsychotics 
significantly changed the levels of 5-HT and its metabolite 5-HIAA only 
in WT, but not in mutant nud-1 KO or nud-2 KO worms (Fig. 5), sug-
gesting a potential role for nud genes in the control of 5-HT and its 

metabolite levels in response to the treatment with typical or atypical 
antipsychotics. 

Finally, the treatment with antipsychotics also influenced the levels 
of octopamine, as evidenced by the two-way ANOVA statistical analysis 
for the comparison among WT and nud-1 KO or nud-2 KO mutant worm 
groups (F (4, 40) = 10.62, p < 0.001). Both typical and atypical anti-
psychotics decreased the levels of octopamine in WT, while the levels of 
this monoamine were increased by these antipsychotics in nud-2 KO 
worms, but not in nud-1 KO mutant C. elegans (Fig. 6A). On the other 
hand, after the treatment with either typical or atypical antipsychotics, 
the octopamine metabolite synephrine remained unchanged in WT and 
also in both mutant worms (Fig. 6B), indicating the influence of nud 
genes in the control of octopamine, but not of its metabolite synephrine, 
in response to the treatment with these antipsychotics. 

4. Discussion 

Caenorhabditis elegans is frequently selected as an animal model of 
choice to explore the mechanistic action of drugs and animal behavior, 
as this model has an additional advantage of allowing an easy evaluation 
of genetic influences on several biochemical and in vivo behavioral as-
pects (Sundararajan et al., 2019; Singh, 2020). Beyond that, even if the 
complete loss of a specific gene, such as the gene encoding NDEL1 
(Nuclear Distribution Element-Like 1), results in early embryonic 
lethality in mammals (Sasaki et al., 2005), the silencing of the ortholog 
genes in C. elegans renders viable worms (Karmacharya et al., 2012). 
Moreover, the ortholog of nuclear distribution element (nud) genes in 
worms, namely nud-1 and nud-2 are functionally similar to nudC and to 
the mammalian NDE1 (Nuclear Distribution Element 1 or NudE) and 
NDEL1 genes, respectively, and these genes show overlapping roles in 
neuronal migration, neurite outgrowth and brain development, besides 
also acting to mediate the axon guidance (Dawe et al., 2001; Locke et al., 
2006). 

C. elegans nud genes present several recognized roles in the trans-
location of nuclei in proliferating neuronal progenitors and in migrating 
neurons (Aumais et al., 2003), resembling the NDEL1-associated roles in 
neurite outgrowth and nuclear migration, which are essential for 
mammalian neurodevelopment and normal brain formation during 

Fig. 2. Levels of serotonin (5-HT) (A) and its metabolite 5-HIAA (B) in wild-type (WT) and mutant strains knockout (KO) for nud-1 (nud-1 KO) and nud-2 (nud-2 KO) 
in drug-naïve worms (N = 6, *p ≤ 0.05, One-way ANOVA, Tukey post hoc test). 

Fig. 3. Levels of the trace amine octopamine (A) and its metabolite synephrine 
(B) in drug-naïve worms. Wild-type (WT) and mutant worms knockout (KO) for 
nud-1 (nud-1 KO) or nud-2 (nud-2 KO) genes (N = 6, *p ≤ 0.05, One-way 
ANOVA, Tukey post hoc test). 
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embryogenesis, as reported by many (Schurov et al., 2004; Youn et al., 
2009; Hayashi et al., 2010; Bradshaw and Hayashi, 2017; Nani et al., 
2020a). Moreover, even if this nematode does not own a tissue with a 
morphological structure similar to the mammalian encephalon (Dawe 
et al., 2001), the changes in animal behavior reported for the 
loss-of-function nud genes mutant compared with wild-type (WT) worms 
(Monte et al., 2019) correlated well with the behavioral dysfunctions 
reported in rodent animal models to study schizophrenia (Nani et al., 
2020a; Nani et al., 2020b). 

Furthermore, behavioral changes after treatment with antipsychotics 
were shown to interact with nud genes, ultimately suggesting an un-
balance in 5-HT pathway, as confirmed by the recovery of the pharynx 
pumping endophenotype of nud genes homozygous loss-of-function 

mutant C. elegans after the treatment with exogenous chemical 5-HT 
(Monte et al., 2019). The body bend frequency, which is mainly 
modulated by the neurotransmitter DA, was also affected by the loss of 
either nud genes, although determining different effects, and the treat-
ment with typical or atypical antipsychotics decreased the body bend 
frequency in nud-2 KO and WT worms, while increased it in nud-1 KO 
C. elegans (Monte et al., 2019). On the other hand, egg laying, which is a 
behavior controlled by DA and 5-HT and that was consistently higher in 
WT worms relative to nud-1 KO or nud-2 KO C. elegans at baseline, was 
not affected by the treatment with typical or atypical antipsychotics, 
regardless of the absence of nud genes (Monte et al., 2019). Frequency of 
pharynx pumping was also lower in mutant nud-1 or nud-2 KO C. elegans 
compared with WT worms, and no response to the treatment with 

Fig. 4. Levels of dopamine precursor L-DOPA (A), dopamine (DA) (B) and its metabolites 3-MT (C), DOPAC (D), and HVA (E) in wild-type (WT) and mutant worms 
knockout (KO) for nud-1 (nud-1 KO) or nud-2 (nud-2 KO) genes, following the treatment with haloperidol or clozapine antipsychotics compared to control incubated 
in S-medium. (N = 6, *p < 0.05, Two-way ANOVA, Tukey post hoc test). 

Fig. 5. Levels of serotonin (5-HT) (A) and its main metabolite 5-HIAA (B) in wild-type (WT) and mutant worms knockout (KO) for nud-1 (nud-1 KO) or nud-2 (nud-2 
KO) genes treated with haloperidol or clozapine antipsychotics compared to control incubated in S-medium. (N = 6, *p < 0.05, two-way ANOVA, Tukey post 
hoc test). 
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typical or atypical antipsychotics was observed only in the absence of 
nud-1 gene (Monte et al., 2019). Nevertheless, as mentioned above, the 
treatment with chemical exogenous 5-HT increased the frequency of 
pharynx pumping in WT and both mutant nud-1 and nud-2 KO C. elegans 
(Monte et al., 2019). 

The strong impact of nud genes in the levels of several monoamines, 
with a significant lower levels of active dopamine (DA) and octopamine, 
was observed and described here at baseline (antipsychotic-naïve con-
dition). In addition, decreased levels of 5-HT metabolite 5-HIAA, but not 
of the active 5-HT, in mutant nud-1 KO and nud-2 KO worms relative to 
WT worms were also noticed. In our view, the lower concentration of the 
5-HT metabolite 5-HIAA, in mutant worms silenced for nud genes rela-
tive to WT at baseline, is in line with the demonstration of unbalance in 
5-HT pathway in these mutant worms with loss of nud genes (Monte 
et al., 2019). 

Interestingly, the ratio of 5-HT main metabolite 5-HIAA/5-HT was 
lower in drug-naïve mutant nud-1 KO and nud-2 KO C. elegans compared 
with WT worms, suggesting a reduced monoamine metabolism in 
mutant worms silenced for nud genes relative to WT at baseline only for 
5-HT (Supplemental Figure 1). However, this ratio was not different for 
DA and its metabolites which may be suggesting an important role of nud 
genes for the metabolism of 5-HT but not of DA at baseline. However, 
after the treatment with typical or atypical antipsychotics, the 5-HIAA/ 
5-HT ratio was not different between WT and nud genes KO mutant 
worms (F (2, 40) = 0.7918, p = 0.460), suggesting that the loss of nud 
genes also influences the effects of antipsychotics on the 5-HIAA/5-HT 
ratio. While 5-HT metabolite 5-HIAA levels decreased only after cloza-
pine treatment, the decrease in the levels of active 5-HT was observed in 
the presence of typical or atypical antipsychotics, and only in WT worms 
but not in mutant C. elegans, possibly confirming the essential roles of 
nud genes in the changes in active 5-HT levels in response to the treat-
ment with antipsychotics. At this point, it is worth to remind that the 
antipsychotic drugs act by blocking the monoamines (mainly DA and/or 
5-HT) receptors, and instinctively we could expect a possible feedback 
by increasing the levels of these monoamines in compensation to the 
blockage of the respective receptors, as demonstrated by others in rats 
(Kamińska et al., 2018). Taken together, in the present work, decreased 
DA precursor L-DOPA, active DA and DA metabolites in response to the 
typical and atypical antipsychotics was observed mainly in WT worms 
(Supplemental Figure 2), and to some extent also in mutant nud-1 KO, 
but with no effects in mutant nud-2 KO worms. Therefore, in our view, 
this data implicated the nud-2 gene in the control of DA and its metab-
olite levels, either at baseline or after the treatment with typical or 
atypical antipsychotics, with only partial influence of nud-1 gene in the 
modulation of dopaminergic neurotransmitter levels modulated by 
these antipsychotics antagonism activity. Indeed, the typical antipsy-
chotic haloperidol was also previously described by others to decrease 

the DA levels in C. elegans by the antagonism of the D2-type DA receptor 
dop-3, which appears to affect the mechanistic pathways involved in the 
modulation and signaling of other neurotransmitters, including octop-
amine, acetylcholine, and γ-aminobutyric acid (GABA) (Krum et al., 
2020). 

Interestingly, a previous study suggested that depletion of compo-
nents of the Lis1 pathway (which include nud-1 and nud-2 genes) de-
termines seizures in C. elegans exposed to RNAi treatments for these 
genes or to the tetrazole derivative, and for the inhibitor of the GABA, 
possibly due to neural architecture and deficient transport of GABAergic 
synaptic vesicles (Locke et al., 2006). However, in our present study, no 
sign of seizures was noticed under our experimental conditions, as well 
as it was also not reported by others working with this same 
loss-of-function nud genes mutant worms (Karmacharya et al., 2012). 
We recognize as a limitation of the present work that the GABA or 
acetylcholine pathways were not measured here. However, further 
studies are warranted to examine the precise role of GABA signaling in 
worm behavior and pharmacotherapy effects dependent on nud genes, 
as it is well-known that the activation of cholinergic motor neurons 
competes with DA signaling to control locomotion (Essmann et al., 
2018). 

Increased octopamine levels were observed only in mutant nud-2 KO 
C. elegans after the treatment with typical or atypical antipsychotics, 
while these treatments decreased the levels of this amine in WT worms. 
In line with this, the involvement of trace amine pathways for animal 
behavioral changes induced by the atypical antipsychotic clozapine, in 
C. elegans and Mus musculus, was also reported by others (Karmacharya 
et al., 2012). 

Clozapine acts on 5-HT2A and DA receptors, with a greater affinity 
for 5-HT receptors and lower occupation of dopaminergic D2 receptors 
(Kapur and Seeman, 2001). This atypical antipsychotic is also the gold 
standard therapy of patients with treatment resistant schizophrenia 
(Remington et al., 2016). Curiously, lower NDEL1 was also correlated 
with the effects of atypical antipsychotic clozapine in blood and brain of 
an animal model of schizophrenia (Nani et al., 2020b), also in blood of 
schizophrenia patients (Gadelha et al., 2013). The superior and unique 
effects of clozapine as an antipsychotic drug is well recognized (Meltzer, 
2013), and its action on inhibiting the pharyngeal pumping by a 
drug-specific interaction with the PI3K/insulin-signaling pathway in 
C. elegans was demonstrated (Karmacharya et al., 2009). In our previous 
study, clozapine inhibited pharynx pumping in WT and nud-2 KO 
worms, although it was not affected in nud-1 KO worms by the treatment 
with this atypical antipsychotic (Monte et al., 2019). Insulin resistance 
in patients with schizophrenia on clozapine monotherapy was also re-
ported by others (Wysokiński, 2014; Costa-Dookhan et al., 2021), and 
this certainly may deserve further investigation in near future. 

Moreover, as in mammals, the classical monoamine 

Fig. 6. Levels of octopamine (A) and its metabolite synephrine (B) in wild-type (WT) and mutant worms knockout (KO) for nud-1 (nud-1 KO) or nud-2 (nud-2 KO) 
genes, following the treatment with typical haloperidol or atypical clozapine antipsychotics compared to control worms incubated in S-medium. (N = 6, *p < 0.05, 
two-way ANOVA, Tukey post hoc test). 
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neurotransmitters evaluated here can act as transmitters or modulators 
within the nervous systems of nematodes (Walker et al., 2000). In spite 
of the importance of considering the certain differences between 
mammals and invertebrate neurotransmission systems, there are also 
several similarities, as for instance, CAT-2 is recognized to play in 
C. elegans the same function of tyrosine hydroxylase, although with a 
weaker regulation and lower complexity (Calvo et al., 2011), which may 
possibly influence the response of the antipsychotics in DA signaling 
pathway in nematode. In addition, bas-1 gene is required for the syn-
thesis of biogenic amines in nematode, including the neurotransmitters 
5-HT and DA, and this gene is only one of the six aromatic L-amino acid 
decarboxylase (AADC)-like sequences in the C. elegans genome (Hare 
and Loer, 2004). Moreover, the interaction of the atypical antipsychotics 
risperidone and aripiprazole (which are also depend on the DA and 
5-HT) with the behavioral mechanisms in C. elegans was demonstrated, 
suggesting a varying degree of behavioral response in DA (dop-1, dop-2, 
and dop-3), 5-HT (ser-1), and DA precursor tyramine (ser-2) 
receptor-deficient mutant worms, that may be also influenced by the 
deposition of long-lasting epigenetic marks, after the treatment with 
these psychoactive drugs commonly used to treat schizophrenia and 
bipolar disorder (Osuna-Luque et al., 2018). Therefore, due to the high 
complexity of these mechanisms, the evaluation of a possible interaction 
of nud genes with these well-known alterations may also serve as 
another topic for future studies. 

C. elegans serotoninergic and dopaminergic receptors are also known 
to be involved in the formation of neural circuit (Donnelly et al., 2013), 
and our future studies will also target this aspect to better understand 
the molecular mechanisms altered by nud genes that could influence the 
monoamine levels in response to the treatment with typical or atypical 
antipsychotics. In this context, the assessment of key receptors and en-
zymes, involved in the conversion and metabolism of these mono-
amines, is warranted. We believe that an improved understanding of the 
possible influences of genetics in how antipsychotics mediate their 
therapeutic effects may help to unravel the neuronal mechanisms 
involved in the pathogenesis of mental disorders, including 
schizophrenia. 

5. Conclusion 

In the present work, we measured the biogenic monoamines dopa-
mine (DA) and serotonin (5-HT) and their respective metabolites, 
showing that their levels at baseline, as well as after the treatment with 
antipsychotics, were strongly influenced by the worm nuclear distribu-
tion element (nud) genes. In addition, the nud-2 gene was identified to 
have a significant impact in controlling the levels of these monoamines 
(DA and 5-HT) either at baseline or after the treatment with typical or 
atypical antipsychotics, although this was not true for octopamine and 
synephrine. Taken together, the crucial role for nud genes in the de-
creases of monoamine levels, associated with the antagonism of mono-
aminergic receptors by typical or atypical antipsychotic drugs, was 
suggested here for the first time. 

At last, the present results also highlight the utility of C. elegans 
model as a suitable animal model for the study of monoaminergic 
pathway modulation, associated with behavioral phenotype changes, in 
response to the exposure to pharmacotherapies developed for the 
treatment of human psychosis. As employed here to show the impor-
tance of nud genes for the responses to the typical and atypical anti-
psychotics, this animal model has also an additional advantage of 
allowing the easy evaluation of genetic influences. Therefore, C. elegans 
was confirmed again as a powerful animal model in scientific research to 
explore the mechanistic action of drugs, including psychoactive drugs, 
as well as for new drug development in the psychiatric field. 

Taken together, the physiological and pharmacological studies on 
C. elegans is well recognized, and we believe that the importance of nud 
genes for the pharmacological effects of typical or atypical antipsy-
chotics could be demonstrated here. 
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