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Blending oxytocin and dopamine 
with everyday creativity
Anne Chong1, Serenella Tolomeo1, Yue Xiong1, Dario Angeles2, Mike Cheung1, 
Benjamin Becker3, Poh San Lai2, Zhen Lei4, Fabio Malavasi5,6, Qianzi Tang7, 
Soo Hong Chew4,9 & Richard P. Ebstein 4,8*

Converging evidence suggests that oxytocin (OT) is associated with creative thinking (CT) and that 
release of OT depends on ADP ribosyl-cyclases (CD38 and CD157). Neural mechanisms of CT and OT 
show a strong association with dopaminergic (DA) pathways, yet the link between CT and CD38, 
CD157, dopamine receptor D2 (DRD2) and catechol-O-methyltransferase (COMT) peripheral gene 
expression remain inconclusive, thus limiting our understanding of the neurobiology of CT. To address 
this issue, two principal domains of CT, divergent thinking (AUT), were assessed. In men, both AUT 
is associated with gene expression of CD38, CD157, and their interaction CD38 × CD157. There were 
no significant associations for DA expression (DRD2, COMT, DRD2 × COMT) on both CT measures. 
However, analysis of the interactions of OT and DA systems reveal significant interactions for AUT 
in men. The full model explained a sizable 39% of the variance in females for the total CT score. The 
current findings suggest that OT and DA gene expression contributed significantly to cognition and 
CT phenotype. This provides the first empirical foundation of a more refined understanding of the 
molecular landscape of CT.

Creativity underpins the advancement of civilization and has driven the progress of H. sapiens from the mid-
dle Pleistocene to the current post-industrial Information Technology age. Among the most widely-applied 
definitions of creativity, the requirement for ideas that are both original and useful or appropriate stands  out1. 
Creativity is a complex behaviour that is characterized by marked individual differences in cognitive flexibility 
and ability (exemplified by divergent thinking and problem solving)2 and open-mindedness, assessed in the Big 
Five personality trait of  openness3.

With recent advances in molecular genetics, accumulated evidence suggests that creativity is highly  heritable4. 
A more recent analysis shows that the genetic variance in creativity is explained partially by the genetic vari-
ance in intelligence and the personality trait of openness Like other complex traits, additive genetic effects and 
unique environmental factors play the major  roles1. A recent study examined predictors for everyday creative 
 activities5 and found openness to experiences and creative potential assessed by divergent thinking (DT) using 
the alternative uses test (AUT).

Several studies have tested specific polymorphic genes for a role in  creativity6,7. These candidate gene 
studies, albeit small, especially highlight two neurotransmitter systems in contributing to creativity: 
oxytocinergic,dopaminergic and noradrenergic pathways. In an interesting review, Beversdorf reported that 
the noradrenergic system has an effect on performance on tasks associated with  creativity8. Notably, the dopa-
minergic effects on creativity-task performance appear distinct from noradrenergic effects. In addition, De 
Dreu and  colleagues7,9 found a role of OT in contributing to creativity by testing SNP associations within the 
OT receptor gene (OXTR) region using intranasal OT administration. In a literature review, they found mixed 
evidence for a role of OXTR SNPs in creative  thinking9. Additionally, they also examined CD38, and in some 
but not all investigations, allele carriers of CD38 SNPs scored lower on neuroticism and higher on imagination, 
personality traits related to  creativity12–12.
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CD38 is a type II transmembrane glycoprotein with ADP-ribosyl cyclase activity located both peripherally 
and in the  brain13 that governs the central release of  OT14. CD38 has numerous purposes acting as a recep-
tor,  ectoenzyme15 and second messenger performing as a ubiquitous calcium-signalling  molecule16. Towards 
examining the role of neural gene pathways in contributing to CT (AUT), we examine gene expression for 
oxytocinergic (CD38, CD157) and dopaminergic (DRD2, COMT) gene expression in saliva samples and includ-
ing Openness (NEOO), fluid intelligence (RPM), sex, and age in our model. CD38 and its homologue CD157 
(BST-1), contiguous gene duplicates on human chromosome 4 (4p15), represent a gene family that regulates 
cellular  interactions15,17. Importantly, an oxytocin analogue has long-lasting effects on anxiety behavior in a 
CD157 knockout  mouse17 and communication impairment during the suckling period is restored by oxytocin 
in the CD157  knockout18. Altogether, studies with knockout mice reveal that CD157, as well as CD38, has a 
role in oxytocin (OT) release and both pivotally regulates social  behavior21. CD157 and CD38 knockouts show 
decreased plasma oxytocin  levels22. Consequently, we chose to examine both homologues in the current study.

Dopamine (DA) has been long considered to contribute to CT and two widely-studied polymorphic DA 
genes have been specifically linked to creativity, DRD26 and COMT21 and recently integrated into the dual DA 
pathway  model23,24.

Mesocortical DA projections to the forebrain are known to be involved in  cognition25 and hence are also 
likely important in  CT24. Notably, accumulating evidence suggests that these pathways are modulated by DA 
and  OT26,27. A recent study reported the mechanisms of OT modulation of DA neurons using a combination 
of anatomical, optogenetic and electrophysiological approaches revealing the evidence of how the two systems 
interact contributing to the multi-faceted behavioural roles of  OT28.

Drawing on these observations, in the current investigation, we sought to examine the role of oxytocinergic 
and dopaminergic pathways in contributing to creativity by using laboratory-based assessments of the two prin-
cipal domains of creativity and divergent thinking (DT) measured by the alternative uses test (AUT)29. AUT is 
one of the most widely used assessments of domain-general DT  cognition31.

Among the four components of DT that are evaluated by the AUT (i.e. fluency, flexibility, originality and 
elaboration) defined by  Guilford32 only originality was used for the scoring in this study.

Originality is defined as the novelty or infrequency of ideas. The use of originality as a measure of novelty 
in the AUT is well-supported33. Insight problems require solutions that are apparently spontaneous and often 
attributed to unconscious and associative  processes34.

To provide an important benchmark and increase the discriminant  validity35 of the laboratory measures of 
CT, as well as to avoid critically confounding effects of intelligence and openness (see  also36), the personality 
trait of openness (NEOO) measured using the NEO-PI-33 and fluid  intelligence37 indexed by the short version 
of Raven’s Standard Progressive  Matrices38 (RPM) were additionally assessed in the present study.

The underlying mechanisms by which neural gene pathways contribute to CT (AUT) are undoubtedly com-
plex. Here, we examine gene expression for oxytocinergic (CD38, CD157) and dopaminergic (DRD2, COMT) 
gene expression in saliva samples. Additionally, we included NEOO, RPM, age and sex in our model as many 
effects of oxytocin are sex-dependent, e.g44–47. Crucially, gene expression that captures both genetic and envi-
ronmental information appears to have greater predictive power than the current genome.

Methods
Participants. 200 students (101 females, Mage = 22.33, SD = 1.18) of Han Chinese descent from the National 
University of Singapore were recruited via an online advertisement in campus-wide student forum and were 
reimbursed $20 for their participation. All experimental protocols were approved by the Institutional Review 
Board of the National University of Singapore and each participant gave informed consent. Participants were 
inventoried on the Creativity measures of AUT, NEOO, RPM, CD38, CD157, DRD2 and COMT gene expres-
sions were included in this study. Two participants had invalid responses for the CT measures and were excluded 
bringing the final number of participants included in this study to 198 (101 females). However, there were 
incomplete measures of all 4 gene expressions, NEOO and RPM for some participants in various combinations 
of missingness. Therefore, the subsequent analyses are conducted within subsets of the participant pool that 
consisted only of participants with complete measures of the relevant variables, thus maximizing the sample size 
for each analysis.

Creativity assessment. Creativity was assessed using the AUT and IPS (IPS was measured but a restric-
tion of range in the outcomes prevented meaningful analyses and conclusions.) administered in a randomized 
order. AUT 48 measures divergent thinking and comprises four measures of divergent thinking specifically origi-
nality, fluency, flexibility and elaboration. Notably, we define divergent thinking as the cognitive process used to 
generate creative ideas by exploring different solutions.

For this study, we scored only for the originality component i.e. uses that are highly novel, that is an estab-
lished indication of  creativity2,49. Participants were instructed to give as many unconventional uses as possible 
for three objects randomly chosen for the list of objects used in AUT (button, nail and pencil) within 6 min for 
all three objects following the methology described in  Guildford48. Norming of each object was done within 
the study sample. A use that had frequency less than 2% were considered highly novel and given 2 points (e.g. 
using pencil to play pick-up sticks). Uses with frequencies between 2 and 4% were given 1 point and uses that 
were given by more than 4% were given 0 point (e.g. using a nail to hang a picture on the wall). The AUT score 
(MAUT  = 8.85, SD = 7.03) was a summation of scores for all three objects. For statistical analysis, each item score 
was standardized separately and then summed for a standardized AUT score per participant. This is to ensure 
items with larger means do not dominate the final AUT score.
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For personality, participants were inventoried on their degree of openness to experiences using the Open-
ness subscale of NEO-PI-3. The subscale examines facets such as fantasy, feelings, ideas, actions, aesthetics and 
values and consist of 48 items on a 5-point Likert scale. The mean score is 162.71 and SD = 18.43. The internal 
consistency is 0.88.

Fluid intelligence was measured using the 9-item Abbreviated Form of the Raven’s Progressive  Matrices38with 
an internal consistency of 0.838 which participants completed within 5 min. The total score with mean 6.69 and 
SD 1.78, is the sum of all correct answers. All analyses were conducted with Stata 12 using standardized values 
of the AUT. P-values adjustment for multiple models was carried out using the p.adjust function in R based on 
the Benjamini–Hochberg (BH) method for controlling the False Discovery  Rate50.

Saliva collection and gene expressions. Collection and processing of saliva. Samples were collected 
according to the manufacturer’s protocol (DNA Genotek Inc., Ontario, Canada). Participants rinsed their mouth 
with clean water and abstained from food or drink for 1 h before collection. About 2 ml of the whole saliva was 
deposited into the Oragene RE-100 tubes with preservative and stabilizer solution was derived by simulated 
habitual chewing for 2 min. The sample was reacted with an in-cap stabilizer solution which was released upon 
cap replacement. The preserved saliva solution was neutralized in 1/25th volume of Oragene RE-L2N solution 
on ice for 10 min before clearance by centrifugation for 5 min at 13,000 RPM.

RNA extraction from saliva. The extraction of RNA was performed using the RNeasy Micro kit (Qiagen, 
Hilden, Germany). Briefly, 500 μl of sample solution was mixed with 2 volumes of 95% ethanol and precipitated 
on ice for 30 min. The pellet was collected by centrifugation, completely dissolved in the RLT buffer to lyse the 
cells, then mixed with 70% ethanol. Nucleic acid was captured by centrifugation in a spin column followed by 
in-column treatment with DNase I for 15 min at room temperature. The sample was subjected to series of RPE 
buffer washes before final resuspension in 25 μl of RNase-free water. The quality and quantity of sample yield 
were assessed spectrophotometrically in the NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA).

Real-time RT-PCR analysis. Gene expression was determined by qPCR in a 2-gene custom RT2 Profiler 
PCR array system (Qiagen) according to the manufacturer’s protocol. In the thermocycler, residual genomic 
DNA in 150 ng of total RNA sample was first treated in the genomic DNA elimination mix at 42 °C for 5 min, 
followed by the addition of reverse transcription mix and further incubation at 42 °C for 15 min. The template 
was added to the reaction mixture containing SYBR Green 1 Master mix with HotStart DNA polymerase which 
was then distributed to the PCR array at 25 μl per well. PCR was performed in the CFX96 qPCR detection system 
(Bio-Rad Laboratories, Hercules, CA) at cycling conditions that include an initial activation at 95 °C for 10 min 
followed by 40 cycles of annealing and extension steps at 95 °C for 15 s and at 60 °C for 1 min respectively. A 
final default melting curve program was applied to generate a first derivative dissociation curve for each well. The 
expression levels were analysed using the ΔCT method from Cq values normalized to the expression of select 
reference from a series of candidate genes. All methods were carried out in accordance with relevant guideline 
and regulations.

Results
Descriptive statistics. Table 1 shows the descriptive statistics of the study participants (n = 198) and the 
various measures including oxytocinergic and dopaminergic gene expressions. Initial t-tests show that females 
are younger than males (p < 0.001), likely since males are required to serve in the military before entering uni-

Table 1.  Descriptive statistics for participants in the current study. Mean (M) and standard deviation (SD) of 
creative thinking, NEO-Openness (NEOO), Raven’s Progressive Matrices (RPM), age, and logged normalized 
values of CD38, CD157, DRD2 and COMT gene expressions. Creativity is indexed by Alternate Use Task 
(AUT) and Insight Problem Solving (IPS) tasks. Total participants = 198 with n participants with available data 
for each respective measurement.

Sex AUT NEOO RPM CD38 CD157 DRD2 COMT Age

Male

M 9.59 162.77 7.06 1.87 0.85 1.91 1.66 22.33

SD 7.46 19.89 1.67 0.38 0.80 0.86 0.49 1.18

n 97 96 96 80 79 80 92 97

Female

M 8.14 162.65 6.34 1.60 0.82 2.08 1.74 21.35

SD 6.55 17.02 1.81 0.63 0.87 0.84 0.50 1.01

n 101 101 101 84 66 75 92 101

All

M 8.85 162.71 6.69 1.73 0.84 1.99 1.70 21.83

SD 7.03 18.43 1.78 0.54 0.83 0.85 0.50 1.20

n 198 197 197 164 145 155 184 198
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versity. There are significant gender differences for RPM, with males scoring higher (t(195) = 2.92, p = 0.004), and 
CD38 expression (t(162) = 3.05, p = 0.003). A meta-analysis of RPM shows that among adults, the male advan-
tage is 0.33 SD  units51. This sex difference in RPM appear likely to be influenced by sex differences in spatial 
 ability52. There are no significant differences between sex and measures of AUT, NEOO, or the gene expressions 
of CD157, DRD2, COMT (all p > 0.05).

Association between creativity score, RPM and openness. We first examine the correlations 
between creativity, fluid intelligence and personality. Figure 1 shows the pairwise correlation plots and the corre-
lation coefficients. As expected, there are significant correlations at p < 0.05 between AUT and NEOO (r = 0.27), 
as well as with the RPM (r = 0.20), in the expected direction. Additionally, the NEOO was significantly correlated 
to RPM (r = 0.24).

Regression analyses. Due to varying success in gene expression measurements which led to participants 
with different combinations of available data, three separate analyses were carried out to maximize sample sizes. 
Relationships between the AUT and gene expressions were first investigated within the oxytocinergic (Analysis 
1, n = 133) and dopaminergic (Analysis 2, n = 147) systems separately and in the final analysis investigated inter-
actions between the 2 systems (Analysis 3, n = 108). We investigated interactions of CD38 and CD157 within the 
oxytocinergic system (Analysis 1) because these two neurotransmitters regulate the release of central oxytocin 
and their interaction has been found to contribute to social  behaviors53.

Gene–gene interaction analysis of DRD2 and COMT single nucleotide polymorphisms (SNP) with signifi-
cant 4-way and 3-way interactions were found to contribute to  creativity54. Analysis 2 could validate and extend 
these SNP interactions findings in the dopaminergic system by directly analysing the expression products of 
the dopaminergic genes.

Finally, in Analysis 3, we investigated the interactions of the oxytocinergic and dopaminergic systems which 
have been known to play a role in social behaviors, personalities as well as disorders such as autism, addiction 
and depression.

Analysis 1: relationship between CT assessments and ADP-ribosyl cyclase gene expres-
sion. To test the association between CD38, CD157 gene expressions and their interactions with sex (focal 

Figure 1.  Matrix for pairwise correlations of AUT, NEO and RPM with coefficients for males and female were 
pooled (Corr) together and males and females separately. ***p < 0.01, **p < 0.05, *p < 0.1.
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independent variables) and creativity (the dependent variable), we carried out a linear regression analysis (OLS) 
with robust standard error controlling for age, NEOO and RPM in the model (Table 2). Model 1, pooling males 
and females together, is significant for AUT (F (10,122) = 2.52,  R2 = 0.19, BH adjusted padj = 0.011). There is a 
significant effect of CD157 expression (coef. = − 4.70, t(122) = − 2.16, p = 0.03). However, there is a significant 
interaction effect of CD157 and sex (coef. = 7.11, t(122) = 2.17, p = 0.03). In addition, the control variable NEOO 
significantly correlates with AUT (coef. = 0.01, t(122) = 3.12, p = 0.005). There is a marginally significant interac-
tion between CD38 and CD157 (p < 0.08).

Many effects of oxytocin are sex-dependent39,40 and oxytocin’s evolutionary function in mammals is especially 
crucial to female reproductive behavior, viz. helping regulate parturition and lactation. Moreover, in our first 
analysis we observe that the strength of the correlations between AUT, RPM and NEOO are moderated by sex. 
Hence, we subsequently conduct separate regression analyses for males and females.

When the participants are stratified by sex: males (Model 2) and females (Model 3), there is a significant 
association of total AUT with CD157 expressions for males (F (6,67) = 3.94,  R2 = 0.31, padj = 0.003). For males, 
CD157 (coef. = − 4.7, t(67) = − 2.21, p = 0.03). NEOO remained a significant contributor to AUT (coef. = 0.03, 
t(67) = 2.56, p = 0.013) , as well as age (coef. = 0.60, p < 0.01) are significant. There are no significant results for 
females (Model 3).

The direction of the main effect CD157 in males is negative although the interaction is positive. The nega-
tive direction of the CD157 main effect seems opposite to findings that OT circuitry enhances CT for  females7. 
However, the presence of significant interactions suggests that the effect of CD157 on creativity is dependent 
on sex and CD38. To decompose the effects of CD157, we next probed the significant CD157 × Sex interaction.

Since the three-way interaction of CD38 × CD157 × Sex is marginally significant, we probed the interac-
tion using the Johnson–Neyman  method55. The Johnson–Neyman method shows the conditional effects of 
CD157 × Sex across the entire range of CD38 compared to the traditional “pick-a-point” method of probing 
effects at mean, 1 SD above and below the mean. From Fig. 2, as well as Tables S1 and S2, (in supporting material, 
SI), the conditional effects of CD157 expression are significant when values of logged normalized CD38 < 1.84 
for males, i.e. the 95% confidence intervals did not include zero. Below CD38 < 1.84, an increase in CD157 
significantly predicts an increase of AUT, a direction in line with De Dreu et al. findings of oxytocinergic con-
tributions to creative  cognition7.

The amount of variance in AUT explained by Model 2 for males is 31%. When we compare with the vari-
ance explained when no gene expressions were included (Model 4), the covariates of NEOO, RPM and age only 
explained 19%. Therefore, the inclusion of oxytocinergic gene expressions into the analysis increased the variance 
explained by about 12%.

Table 2.  The Relationship between oxytocinergic gene expression, openness and fluid intelligence on creative 
thinking. Control variables used are age, openness and RPM. **p < 0.01, *p < 0.05, ap < 0.1.

Variables

Model 1 Model 2 Model 3 Model 4

All Male Female Male

CD38
0.84 1.02 1.73

(1.82) (1.85) (2.02)

CD157
− 4.70* − 4.68* 1.74

(2.17) (2.12) (2.42)

CD38 × CD157
2.43a 2.38a − 0.93

(1.35) (1.32) (1.28)

Sex
− 2.16

(4.79)

Sex × CD38
1.35

(2.71)

Sex × CD157
7.11*

(3.28)

Sex × CD38 × CD157
− 3.69a

(1.89)

Age
0.32a 0.60** − 0.11 0.58*

(0.18) (0.21) (0.29) (0.23)

NEOO
0.03** 0.03* 0.02 0.04**

(0.01) (0.01) (0.02) (0.01)

RPM
0.17 0.26 0.11 0.29*

(0.12) (0.14) (0.20) (0.13)

Observations 133 74 59 74

R-squared 0.19 0.31 0.05 0.19
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Analysis 2: relationship between AUT and dopaminergic gene expressions. In the first stage of 
our analyses presented above, the focus is on the oxytocinergic pathway. Table 2 demonstrates that CD38 and 
CD157 significantly correlate with CT assessments especially in males. We next examine DRD2 and COMT gene 
expression on CT assessments.

The model was significant (F (10,136) = 4.38,  R2 = 0.17, padj < 0.001).Contrary to expectations, there are no sig-
nificant effects involving dopaminergic gene expression when males and females were pooled together (Table S3 
in SI, Model 1). However, when analyzed by sex, COMT gene expression is significant (coef. = 1.27, t(64) = 2.09, 
p = 0.04) in females (Table S3 in SI, Model 3, F (6,64) = 4.06,  R2 = 0.18, padj = 0.003).

There are significant effects of RPM (coef. = 0.25, t(136) = 2.81, p = 0.005) for AUT. Similarly for males (Model 
2, (F (6,69) = 2.97,  R2 = 0.19, padj = 0.014).), only NEOO (coef. = 0.03, t(69), p = 0.05) is significantly related to AUT.

Analysis 3: relationship between AUT, oxytocinergic and dopaminergic gene expressions, 
RPM and openness. Finally, in the full model, we included both oxytocinergic and dopaminergic expres-
sions and their interactions, NEOO, RPM and age. As summarized in Table S4 (SI), multiple intrasystem and 
intersystem interactions are significantly correlated with AUT (F(34,73) = 8.20,  R2 = 0.34, padj < 0.001). Notably, 
the main effects and interactions of the gene expressions contributed were sex-dependent. There are significant 
effects for AUT for males (Model 2, F(18,43) = 6.60,  R2 = 0.35, padj < 0.001) but none for females (Model 3). It 
must be noted that Analysis 3 is just a preliminary investigation of the interactions of the oxytocinergic and 
dopaminergic systems and the findings should be replicated in future studies with larger sample sizes.

Discussion
Our results lead to a richer understanding of the neurobiology of CT and its association with trait openness and 
fluid intelligence. Both divergent thinking and insight problem solving were significantly associated with gene 
expression of CD38 and CD157 and their interaction in men. Surprisingly, no significant results were observed 
for DA expression (DRD2, COMT, DRD2 × COMT), except when analyses were stratified by sex. Here, COMT 
gene expression was shown to be a significant contributor to AUT for females. Most importantly, the full model 
(including OT and DA gene expressions with multiple interactions, openness, and fluid intelligence) explained 
a sizable 35% of the variance in males for AUT. Overall, as hypothesised, these results are consistent with the 
extant literature and uniquely show that OT and DA contribute significantly to the complex creativity phenotypes 
using a novel gene expression strategy.

Notably, OT, the paramount human social  hormone56, is a salient neuromodulator in these same brain regions 
prominent in CT and focused our attention on this nonapeptide as a likely candidate underpinning human crea-
tivity. Hence, it is crucial to examine the oxytocinergic system, the dopaminergic underpinnings of CT towards a 
more complete and richer understanding of this salient human trait. It should also be noted that the association 
between the noradrenergic system and creativity is well  established8.

Accumulating evidence also points to an important role for dopamine neurotransmission in CT. Dopamine 
is implicated in motivation, emotion, personality traits, and cognitive functions that are all related directly and 
indirectly to  creativity57. Genetic association studies, albeit characterized by small samples, strengthen the role 
of dopaminergic neurotransmission in  CT21,24. A rich literature attests to the close relationship between DA and 
OT brain pathways and their joint role in often underpinning the same complex  behaviors63–61. Notably, oxytocin 
neuronal fibres impinge on DA cell bodies in the ventral tegmental area and oxytocin neurons also innervate the 
PFC, a target of dopaminergic  input62. Hence, it is crucial to examine the oxytocinergic system, the dopaminergic 
underpinnings of CT towards a more complete and richer understanding of this salient human trait.

According to a dual-process of creativity model, there are two pathways to creative  thinking24,63,64: the flex-
ibility and the persistence pathways. Boot and  colleagues24 proposed an integrative review where they provide a 
dual DA pathway model, with the integrity of nigrostriatal-DA related to flexible processing and mesocortical-DA 
pathway related to persistent processing, that influences creative drive and  cognition23,65.

Khali and colleagues especially emphasize COMT and DRD2 and their interaction in  creativity23. This is 
congruent and consistent with our results using a very different methodology.
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Figure 2.  Johnson–Neyman plot of regions of significance for conditional effects of CD157 × Sex on AUT with 
95% confidence intervals across log normalized CD38 levels.
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Despite the considerable heritability attributed to explaining individual differences in  CT1, only a few candi-
date gene association studies have been undertaken to identify genetic  loci7,66. A complementary strategy gain-
ing traction that can identify jointly genetic and epigenetic contributions to complex behaviors such as CT is to 
implement an OMICS strategy using peripheral biomarkers, e.g.67. We adopt this approach and examine gene 
expression in saliva along with measurements of salient psychological variables. CD38 and its homologue CD157 
(BST-1), contiguous gene duplicates on human chromosome 4 (4p15), represent a gene family that regulates 
cellular  interactions15. Evidence suggests a role for both, CD15719–20 as well as CD38 in oxytocin (OT) release 
and thus as putative regulators of complex  behaviors20. Consequently, we chose to examine both homologues in 
the current study. A number of studies show that saliva is a reasonable target tissue for gene expression  studies68 
including behavioral  disorders69. The use of peripheral biomarkers, and gene expression, in particular, to bet-
ter understand the combined role of genes, their pathways and environment, is gaining  traction70 in clinical 
 psychiatry71,  neurology72, drug  discovery73, cancer  treatment74 and  psychology53. Saliva has been characterized 
as the “mirror of the body” and the “perfect medium to be explored for health and disease surveillance”75. Impor-
tantly, technological strides enable the stabilization of salivary RNA for downstream genomic  applications76.

We find that the CT assessments of AUT is significantly associated with oxytocinergic (CD38, CD157) only 
for men but not in females. This may be an indication of oxytocin’s actions are sex-specific mediated by gonadal 
 hormones59,77,78. However, no significant associations were found for DRD2 and COMT gene expressions in the 
dopaminergic system. Notably, when analysed together, many interactions between the two systems were found 
to significantly associate with AUT for men).

A major limitation of the study is the small sample sizes due to missing values in gene expression, especially 
when both oxytocinergic and dopaminergic systems were analysed together to investigate their interactions. 
Nevertheless, our gene expression results extend and strengthen the findings from structural genetic studies 
in the literature that first surfaced the interactions of the two neurosystems for creativity and therefore, it is 
worthwhile to pursue future studies with larger sample sizes. Secondly, the participants carried out the AUT in 
6 min due to time constraint and this may have inhibited originality to a degree. Another limitation is the limited 
generalizability to the general population as the participants were university undergraduates and the most of 
the male participants completed 1.5 years of military service. Lastly, there are a number of factors that impact 
creativity performance and the evidence suggests that the regulation of flexibility and stress play an important 
 role8, therefore future studies are warranted to disentangle their roles.

The current investigation is one of the first to examine the neurobiological and neurochemical gene pathways 
in normal human cognition using a peripheral transcriptome approach. Herewith we detailed and emphasised 
COMT and DRD2 and their interaction in creativity, which are consistent with the DA dual pathway model. 
Lastly, we suggest the notion that it is opportune for a paradigm shift in neurogenetic studies of complex behav-
ioral traits towards a more inclusive OMICS strategy that also includes the study of peripheral gene expression.

Received: 14 November 2020; Accepted: 12 July 2021

References
 1. Kandler, C., Riemann, R., Spinath, F. M., Borkenau, P. & Penke, L. The nature of creativity: The roles of genetic factors, personality 

traits, cognitive abilities, and environmental sources. J. Pers. Soc. Psychol. 111, 230–249 (2016).
 2. Runco, M. A. Creativity. Annu. Rev. Psychol. 55, 657–687 (2004).
 3. Costa Jr., P. T. & McCrae, R. R. The Revised NEO Personality Inventory (NEO-PI-R). In The SAGE Handbook of Personality Theory 

and Assessment, Vol 2: Personality Measurement and Testing. BT—The SAGE Handbook of Personality Theory and Assessment, Vol 
2: Personality Measurement and Testing 179–198 (2008). https:// doi. org/ 10. 4135/ 97818 49200 479. n9.

 4. Han, W. et al. Genetic influences on creativity: An exploration of convergent and divergent thinking. PeerJ 6, e5403 (2018).
 5. Jauk, E., Benedek, M. & Neubauer, A. C. The road to creative achievement: A latent variable model of ability and personality 

predictors. Eur. J. Pers. 28, 95–105 (2014).
 6. Takeuchi, H. et al. The associations among the dopamine D2 receptor Taq1, emotional intelligence, creative potential measured 

by divergent thinking, and motivational state and these associations’ sex differences. Front. Psychol. 6 (2015).
 7. De Dreu, C. K. W. et al. Oxytonergic circuitry sustains and enables creative cognition in humans. Soc. Cogn. Affect. Neurosci. 9, 

1159–1165 (2014).
 8. Takeuchi, H., Tomita, H., Taki, Y., Kikuchi, Y., Ono, C., Yu, Z., Sekiguchi, A., Nouchi, R., Kotozaki, Y., Nakagawa, S. & Miyauchi, 

C. M. The associations among the dopamine D2 receptor Taq1, emotional intelligence, creative potential measured by divergent 
thinking, and motivational state and these associations’ sex differences. Front. Psychol. 6, 912 (2015).

 9. De Dreu, C. K. W., Baas, M. & Boot, N. C. Oxytocin enables novelty seeking and creative performance through upregulated 
approach: Evidence and avenues for future research. Wiley Interdiscip. Rev. Cogn. Sci. 6, 409–417 (2015).

 10. Haram, M. et al. An attempt to identify single nucleotide polymorphisms contributing to possible relationships between personality 
traits and oxytocin-related genes. Neuropsychobiology 69, 25–30 (2014).

 11. Bartz, J. A., Zaki, J., Bolger, N. & Ochsner, K. N. Social effects of oxytocin in humans: Context and person matter. Trends Cogn. 
Sci. https:// doi. org/ 10. 1016/j. tics. 2011. 05. 002 (2011).

 12. Husarova, V. M. et al. Plasma oxytocin in children with autism and its correlations with behavioral parameters in children and 
parents. Psychiatry Investig. 13, 174 (2016).

 13. Yamada, M., Mizuguchi, M., Otsuka, N., Ikeda, K. & Takahashi, H. Ultrastructural localization of CD38 immunoreactivity in rat 
brain. Brain Res. 756, 52–60 (1997).

 14. Jin, D. et al. CD38 is critical for social behaviour by regulating oxytocin secretion. Nature 446, 41–45 (2007).
 15. Quarona, V. et al. CD38 and CD157: A long journey from activation markers to multifunctional molecules. Cytometry Part B Clin. 

Cytometry 84, 207–217 (2013).
 16. Higashida, H. et al. Cyclic ADP-ribose as a universal calcium signal molecule in the nervous system. Neurochem. Int. 51, 192–199 

(2007).
 17. Mizuno, A. et al. Lipo-oxytocin-1, a novel oxytocin analog conjugated with two palmitoyl groups, has long-lasting effects on 

anxiety-related behavior and social avoidance in CD157 knockout mice. Brain Sci. 5, 3–13 (2015).

https://doi.org/10.4135/9781849200479.n9
https://doi.org/10.1016/j.tics.2011.05.002


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16185  | https://doi.org/10.1038/s41598-021-95724-x

www.nature.com/scientificreports/

 18. Lopatina, O. L., Furuhara, K., Ishihara, K., Salmina, A. B. & Higashida, H. Communication impairment in ultrasonic vocal rep-
ertoire during the suckling period of Cd157 knockout mice: Transient improvement by oxytocin. Front. Neurosci. 11, 266 (2017).

 19. Tolomeo, S., Chiao, B., Lei, Z., Chew, S.H. & Ebstein, R.P. A novel role of CD38 and oxytocin as tandem molecular moderators of 
human social behavior. Neurosci. Biobehav. Rev. 115, 251–272 (2020).

 20. Lopatina, O. L. et al. The contributions of Cd38 and Cd157 gene deletion in neurobehavioral outcomes. Messenger 6, 99–104 (2018).
 21. Reuter, M., Roth, S., Holve, K. & Hennig, J. Identification of first candidate genes for creativity: A pilot study. Brain Res. 1069, 

190–197 (2006).
 22. Kambeitz, J. et al. Detecting neuroimaging biomarkers for depression: A meta-analysis of multivariate pattern recognition studies. 

Biol. Psychiatry 82, 330–338 (2017).
 23. Khalil, R., Godde, B. & Karim, A. A. The link between creativity, cognition, and creative drives and underlying neural mechanisms. 

Front. Neural Circuits 13, 18 (2019).
 24. Boot, N., Baas, M., van Gaal, S., Cools, R. & De Dreu, C. K. W. Creative cognition and dopaminergic modulation of fronto-striatal 

networks: Integrative review and research agenda. Neurosci. Biobehav. Rev. 78, 13–23 (2017).
 25. Westbrook, A. & Braver, T. Dopamine does double duty in motivating cognitive effort. Neuron https:// doi. org/ 10. 1016/j. neuron. 

2015. 12. 029 (2016).
 26. Cole, D. M. et al. Dopamine-dependent architecture of cortico-subcortical network connectivity. Cereb. Cortex https:// doi. org/ 

10. 1093/ cercor/ bhs136 (2013).
 27. Zhao, Z. et al. Oxytocin differentially modulates specific dorsal and ventral striatal functional connections with frontal and cer-

ebellar regions. Neuroimage https:// doi. org/ 10. 1016/j. neuro image. 2018. 09. 067 (2019).
 28. Xiao, L., Priest, M. F., Nasenbeny, J., Lu, T. & Kozorovitskiy, Y. Biased oxytocinergic modulation of midbrain dopamine systems. 

Neuron https:// doi. org/ 10. 1016/j. neuron. 2017. 06. 003 (2017).
 29. Guilford, J. P. Creativity: Yesterday, today and tomorrow. J. Creat. Behav. 1, 3–14 (1967).
 30. Dow, G. T. & Mayer, R. E. Teaching students to solve insight problems: Evidence for domain specificity in creativity training. Creat. 

Res. J. 16, 389–398 (2004).
 31. Beaty, R. E., Benedek, M., Silvia, P. J. & Schacter, D. L. Creative cognition and brain network dynamics. Trends Cogn. Sci. 20, 87–95 

(2015).
 32. Guilford, J. P. Creative abilities in the arts. Psychol. Rev. 64, 110–118 (1957).
 33. Kudrowitz, B. M. & Dippo, C. Getting to the novel ideas: Exploring the alternative uses test of divergent thinking. In IDETC/CIE 

2013 1–6 (2013).https:// doi. org/ 10. 1115/ DETC2 013- 13262.
 34. Weisberg, R. Prolegomena to theories of insight in problem solving: A taxonomy of problems. In The Nature of Insight 156–196.
 35. Campbell, D. T. & Fiske, D. W. Convergent and discriminant validation by the multitrait-multimethod matrix. Psychol. Bull. 56, 

81 (1959).
 36. Arden, R., Chavez, R. S., Grazioplene, R. & Jung, R. E. Neuroimaging creativity: A psychometric view. Behav. Brain Res. 214, 

143–156 (2010).
 37. Kaufman, J. Why creativity isn’t in IQ tests, why it matters, and why it won’t change anytime soon probably. J. Intell. 3, 59–72 (2015).
 38. Bilker, W. B. et al. Development of abbreviated nine-item forms of the Raven’s standard progressive matrices test. Assessment 19, 

354–369 (2012).
 39. Rubin, L. H. et al. Sex-specific associations between peripheral oxytocin and emotion perception in schizophrenia. Schizophr. Res. 

130, 266–270 (2011).
 40. Chang, S.-C. et al. Are genetic variations in OXTR, AVPR1A, and CD38 genes important to social integration? Results from two 

large U.S. cohorts. Psychoneuroendocrinology 39, 257–268 (2014).
 41. Neumann, I. D., Maloumby, R., Beiderbeck, D. I., Lukas, M. & Landgraf, R. Increased brain and plasma oxytocin after nasal and 

peripheral administration in rats and mice. Psychoneuroendocrinology 38, 1985–1993 (2013).
 42. Cushing, B. S. & Carter, C. S. Peripheral pulses of oxytocin increase partner preferences in female, but not male, prairie voles. 

Horm. Behav. https:// doi. org/ 10. 1006/ hbeh. 1999. 1558 (2000).
 43. Rilling, J. K. et al. Sex differences in the neural and behavioral response to intranasal oxytocin and vasopressin during human 

social interaction. Psychoneuroendocrinology 39, 237–248 (2014).
 44. Scheele, D. et al. Opposing effects of oxytocin on moral judgment in males and females. Hum. Brain Mapp. 35, 6067–6076 (2014).
 45. Steinman, M. Q. et al. Sex-specific effects of stress on oxytocin neurons correspond with responses to intranasal oxytocin. Biol. 

Psychiatry https:// doi. org/ 10. 1016/j. biops ych. 2015. 10. 007 (2016).
 46. Dumais, K. M. & Veenema, A. H. Vasopressin and oxytocin receptor systems in the brain: Sex differences and sex-specific regula-

tion of social behavior. Front. Neuroendocrinol. https:// doi. org/ 10. 1016/j. yfrne. 2015. 04. 003 (2016).
 47. Luo, L. et al. Sex-dependent neural effect of oxytocin during subliminal processing of negative emotion faces. Neuroimage 162, 

127–137 (2017).
 48. Guilford, J. P. The Nature of Human Intelligence Vol. 5 (McGraw-Hill, 1967).
 49. Dippo, C. & Kudrowitz, B. Evaluating the alternative uses test of creativity. In 2013 NCUR  (2013).
 50. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. 

Soc. Ser. B (Methodol.) 57, 289–300 (1995).
 51. Lynn, R. & Irwing, P. Sex differences on the progressive matrices: A meta-analysis. Intelligence 32, 481–498 (2004).
 52. Colom, R., Escorial, S. & Rebollo, I. Sex differences on the progressive matrices are influenced by sex differences on spatial ability. 

Pers. Individ. Differ. https:// doi. org/ 10. 1016/j. paid. 2003. 12. 014 (2004).
 53. Chong, A. et al. ADP ribosyl-cyclases (CD38/CD157), social skills and friendship. Psychoneuroendocrinology 78, 185–192 (2017).
 54. Zhang, S., Zhang, M. & Zhang, J. An exploratory study on DRD2 and creative potential. Creat. Res. J. 26, 115–123 (2014).
 55. Ji, X. A primer on the Johnson–Neyman technique: An alternative procedure to ANCOVA. Tech. Gen. Linear Model J. 42(1), 25–31 

(2016).
 56. Feldman, R., Monakhov, M., Pratt, M. & Ebstein, R. P. R. P. Oxytocin pathway genes: Evolutionary ancient system impacting on 

human affiliation, sociality, and psychopathology. Biol. Psychiatry 79, 174–184 (2016).
 57. Le Moal, M. & Simon, H. Mesocorticolimbic dopaminergic network: Functional and regulatory roles. Physiol. Rev. 71, 155–234 

(1991).
 58. Fuxe, K. et al. On the role of volume transmission and receptor–receptor interactions in social behaviour: Focus on central cat-

echolamine and oxytocin neurons. Brain Res. 1476, 119–131 (2012).
 59. Love, T. M. et al. Oxytocin gene polymorphisms influence human dopaminergic function in a sex-dependent manner. Biol. Psy-

chiatry 72, 198–206 (2012).
 60. Young, L. J. & Wang, Z. The neurobiology of pair bonding. Nat. Neurosci. https:// doi. org/ 10. 1038/ nn1327 (2004).
 61. Baskerville, T. A. & Douglas, A. J. Dopamine and oxytocin interactions underlying behaviors: Potential contributions to behavioral 

disorders. CNS Neurosci. Ther. 16, e92–e123 (2010).
 62. Baracz, S. J. & Cornish, J. L. The neurocircuitry involved in oxytocin modulation of methamphetamine addiction. Front. Neuroen-

docrinol. https:// doi. org/ 10. 1016/j. yfrne. 2016. 08. 001 (2016).
 63. Nijstad, B. A., De Dreu, C. K. W., Rietzschel, E. F. & Baas, M. The dual pathway to creativity model: Creative ideation as a function 

of flexibility and persistence. Eur. Rev. Soc. Psychol. 21, 34–77 (2010).

https://doi.org/10.1016/j.neuron.2015.12.029
https://doi.org/10.1016/j.neuron.2015.12.029
https://doi.org/10.1093/cercor/bhs136
https://doi.org/10.1093/cercor/bhs136
https://doi.org/10.1016/j.neuroimage.2018.09.067
https://doi.org/10.1016/j.neuron.2017.06.003
https://doi.org/10.1115/DETC2013-13262
https://doi.org/10.1006/hbeh.1999.1558
https://doi.org/10.1016/j.biopsych.2015.10.007
https://doi.org/10.1016/j.yfrne.2015.04.003
https://doi.org/10.1016/j.paid.2003.12.014
https://doi.org/10.1038/nn1327
https://doi.org/10.1016/j.yfrne.2016.08.001


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16185  | https://doi.org/10.1038/s41598-021-95724-x

www.nature.com/scientificreports/

 64. Lu, J. G., Akinola, M. & Mason, M. F. “Switching On” creativity: Task switching can increase creativity by reducing cognitive fixa-
tion. Organ. Behav. Hum. Decis. Process. 139, 63–75 (2017).

 65. Zhang, S., Zhang, M. & Zhang, J. Association of COMT and COMT–DRD2 interaction with creative potential. Front. Hum. Neu-
rosci. 8, 216 (2014).

 66. Zabelina, D. L., Colzato, L., Beeman, M. & Hommel, B. Dopamine and the creative mind: Individual differences in creativity are 
predicted by interactions between dopamine genes DAT and COMT. PLoS ONE 11, e0146768 (2016).

 67. Ren, R., Sun, Y., Zhao, X. & Pu, X. Recent advances in biomarkers for Parkinson’s disease focusing on biochemicals, omics and 
neuroimaging. Clin. Chem. Lab. Med. 53, 1495–1506 (2015).

 68. Slowey, P. D. Salivary diagnostics using purified nucleic acids. Methods Mol. Biol. 1537, 3–15 (2017).
 69. Hicks, S. D., Ignacio, C., Gentile, K. & Middleton, F. A. Salivary miRNA profiles identify children with autism spectrum disorder, 

correlate with adaptive behavior, and implicate ASD candidate genes involved in neurodevelopment. BMC Pediatr. https:// doi. 
org/ 10. 1186/ s12887- 016- 0586-x (2016).

 70. Poste, G. Bring on the biomarkers. Nature 469, 156–157 (2011).
 71. Niculescu, A. B. et al. Psychiatric blood biomarkers: Avoiding jumping to premature negative or positive conclusions. Mol. Psy-

chiatry 20, 286–288 (2015).
 72. Simchovitz, A., Soreq, L. & Soreq, H. Transcriptome profiling in Parkinson’s leukocytes: From early diagnostics to neuroimmune 

therapeutic prospects. Curr. Opin. Pharmacol. 26, 102–109 (2016).
 73. Frank, R. & Hargreaves, R. Clinical biomarkers in drug discovery and development. Nat. Rev. Drug Discov. 2, 566–580 (2003).
 74. Kaczor-Urbanowicz, K. E. et al. Emerging technologies for salivaomics in cancer detection. J. Cell. Mol. Med. 21, 640–647 (2017).
 75. Segal, A. & Wong, D. T. Salivary diagnostics: Enhancing disease detection and making medicine better. Eur. J. Dent. Educ. https:// 

doi. org/ 10. 1111/j. 1600- 0579. 2007. 00477.x (2008).
 76. Zimmermann, B. G., Noh, J. P. & Wong, D. T. Genomic targets in saliva. Ann. N. Y. Acad. Sci. https:// doi. org/ 10. 1196/ annals. 1384. 

002 (2007).
 77. Abraham, A., Thybusch, K., Pieritz, K. & Hermann, C. Gender differences in creative thinking: Behavioral and fMRI findings. 

Brain Imaging Behav. 8, 39–51 (2014).
 78. Beranger, G. E. et al. Oxytocin reverses osteoporosis in a sex-dependent manner. Front. Endocrinol. (Lausanne) 6, 81 (2015).

Acknowledgements
The authors would like to thank Bui Ha My, Mikhail Monakhov and Von Bing Yap for the invaluable help. The 
authors would like to thank AXA Research Grant for their support.

Author contributions
A.C. analyzed the data and wrote the paper. S.T. wrote the paper. X.Y. and D.A. collected and analyzed the data. 
M.C. helped with statistical analyses, P.S.L. contributed to the biological analyses. B.B., Z.L., F.M., Q.T. and S.H.C. 
contributed to the paper. R.P.E. designed the study and wrote the paper.

Funding
The study was funded by John Templeton Foundation, Templeton World Charity Foundation and the Ministry 
of Education, Singapore. This research is partially supported by a National Science Foundation of China key 
project (no. 72033006).

Competing interests 
S.T. has received unrestricted educational grants from Indivior, Lundbeck and Merck Serono. The authors declare 
no conflicts of interest with regard to this work.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 95724-x.

Correspondence and requests for materials should be addressed to R.P.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1186/s12887-016-0586-x
https://doi.org/10.1186/s12887-016-0586-x
https://doi.org/10.1111/j.1600-0579.2007.00477.x
https://doi.org/10.1111/j.1600-0579.2007.00477.x
https://doi.org/10.1196/annals.1384.002
https://doi.org/10.1196/annals.1384.002
https://doi.org/10.1038/s41598-021-95724-x
https://doi.org/10.1038/s41598-021-95724-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Blending oxytocin and dopamine with everyday creativity
	Methods
	Participants. 
	Creativity assessment. 
	Saliva collection and gene expressions. 
	Collection and processing of saliva. 
	RNA extraction from saliva. 

	Real-time RT-PCR analysis. 

	Results
	Descriptive statistics. 
	Association between creativity score, RPM and openness. 
	Regression analyses. 
	Analysis 1: relationship between CT assessments and ADP-ribosyl cyclase gene expression. 
	Analysis 2: relationship between AUT and dopaminergic gene expressions. 
	Analysis 3: relationship between AUT, oxytocinergic and dopaminergic gene expressions, RPM and openness. 

	Discussion
	References
	Acknowledgements


