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Abstract
Rationale and objectives The hippocampus, especially the CA1, CA3, and dentate gyrus (DG) subfields, is reported to 
be associated with post-traumatic stress disorder (PTSD) after trauma. However, neuroimaging studies of the associations 
between PTSD and hippocampal subfield volumes have failed to yield consistent findings. The aim of this study is to exam-
ine whether the dopamine D2 receptor (DRD2) Taq1A polymorphism, which is associated with both hippocampal function 
and PTSD, moderated the association between PTSD severity and hippocampal CA1, CA3 and DG volumes.
Methods T1-weighted images were acquired from 142 trauma survivors from the 2008 Wenchuan earthquake using a 3.0-T 
magnetic resonance imaging system. Hippocampal subfield segmentations were performed with FreeSurfer v6.0. We used 
the simple moderation model from the PROCESS v3.4 tool for SPSS 23.0 to examine the association between the rs1800497 
polymorphism, PTSD severity, and hippocampal CA3 and DG volumes.
Results A significant genotype × PTSD symptom severity interaction was found for the left CA3 volume (ΔF = 5.01, 
p = 0.008, ΔR2 = 0.05). Post hoc, exploratory analyses deconstructing the interaction revealed that severe PTSD symptoma-
tology were associated with reduced left CA3 volume among TC heterozygotes (t =  − 2.86, p = 0.005).
Conclusions This study suggests that DRD2 Taq1A polymorphism moderates the association between PTSD symp-
tomatology and left CA3 volume, which promotes an etiological understanding of the hippocampal atrophy at the 
subfield level. This highlights the complex effect of environmental stress, and provides possible mechanism for 
the relationship between the dopaminergic system and hippocampal function in PTSD.
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Introduction

Individuals exposed to severe psychological or physically 
life-threatening traumatic events may develop posttraumatic 
stress disorder (PTSD), a debilitating condition with higher 

rates of suicide (Ramsawh et al. 2014), substance abuse 
(Kilpatrick et al. 2003), and major somatic diseases (Song 
et al. 2019). The hippocampus is thought to be functionally 
important for the pathogenesis and maintenance of PTSD 
symptoms, given its extensive involvement in memory pro-
cessing after trauma (Cursano et al. 2020; Wingenfeld and 
Wolf 2014). Numerous neuroimaging studies of PTSD have 
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reported smaller hippocampal subfields to be associated with 
PTSD (Hayes et al. 2017; Postel et al. 2019), while other 
studies fail to link PTSD with subfield differences in the hip-
pocampus (Mueller et al. 2015). The discrepancies of these 
studies may be explained by several moderating variables, 
including genetic factors.

Although the association between PTSD and a particu-
lar gene has not been revealed by genome-wide association 
studies (Duncan et al. 2018), several candidate-gene stud-
ies of PTSD have reported associations with genes mainly 
including the serotonergic system, the stress response sys-
tem and the dopaminergic system (Guillen-Burgos and Gut-
ierrez-Ruiz 2018). Given that the dopaminergic signaling 
system plays an important role in many neural processes, 
such as reward and motivation, memory and learning, and 
motor behavior (Girault and Greengard 2004), the dopamine 
genetic variation has received substantial interest from inves-
tigators studying neuropsychiatric conditions such as PTSD 
(Banerjee et al. 2017), attention-deficit hyperactivity dis-
order (ADHD) (Pan et al. 2015), and schizophrenia (Yao 
et al. 2015).

In humans, the dopamine receptor D2 (DRD2) gene is 
located on Chr 11q23.2, encodes the dopamine D2 recep-
tor, and harbors several genetic variants that have previously 
been associated with variations in D2 receptor expression 
(Grandy et al. 1989). The DRD2/ANKK1-Taq1A polymor-
phism (rs1800497) was previously assigned to DRD2, but 
later was found to be located on the neighboring ANKK1 
gene. This polymorphism has been repeatedly found to 
be associated with the regulation of dopamine synthesis 
and reduced D2 receptor expression in the brain (Neville 
et al. 2004), which is the pathophysiological basis for vari-
ous symptoms of PTSD (Gerlicher et al. 2018). Notably, a 
recent meta-analysis reported that the rs1800497 polymor-
phism in DRD2 showed significant association with PTSD 
(Li et al. 2016). An association of DRD2 rs1800497 with 
PTSD symptom severity was identified with the T allele as 
the risk allele (Hoxha et al. 2019).

DRD2 is a G-protein coupled receptor, expressed pre-
dominantly in the hippocampus (Gangarossa et al. 2012; 
Wei et al. 2018). Although the role of DRD2 in the hip-
pocampus has been largely underexplored to date, a number 
of animal studies have proposed a role for D2 receptors in 
hippocampus-dependent memory acquisition and/or consoli-
dation and depression expression (de Lima et al. 2011; Roc-
chetti et al. 2015). To date, whether individuals with a risk 
variant in the dopamine D2 receptor gene are more likely to 
suffer hippocampal subfield volume alterations in response 
to posttraumatic events remains unexplored.

Given the central role that hippocampal deficits play in 
PTSD (Woon et al. 2010), and the aforementioned associa-
tion between the DRD2 Taq1A polymorphism and PTSD 
symptoms, the aim of the present study was to explore 

whether the DRD2 Taq1A polymorphism moderated the 
association between PTSD symptoms and hippocampal 
volume at the subfield level. Investigations on the impact 
of stress on the hippocampus at the subfield level show that 
stress in rats produces atrophy of pyramidal neurons and 
dendritic debranching in cornu ammonis (McEwen 2002) 
and suppression in neurogenesis in dentate gyrus (DG) 
(Mirescu and Gould 2006). In humans, hippocampal subfield 
volume alterations in CA1 (Chen et al. 2018), CA3 (Postel 
et al. 2019), and DG (Hayes et al. 2017) are mostly reported 
in PTSD across studies; therefore, we examined the mod-
erating effect of Taq1A polymorphisms on the association 
between PTSD symptoms and bilateral CA1, CA3, and DG 
volumes. We hypothesized that the traumatized individuals 
with severe PTSD symptoms who are carriers of the DRD2 
rs1800497 T allele were more likely to show hippocampal 
subfield volume reductions than C carriers.

Methods

Participants

We recruited earthquake survivors from the 2008 Wen-
chuan earthquake, which had a Richter Scale magnitude of 
8.0 (Stone 2009), in the years 2012–2013 and 2015–2017. 
Participants were included if they were 18 to 60 years old, 
right-handed, had experienced or witnessed the trauma in an 
extreme disaster area, and had not received any psychiatric 
medication or regular psychotherapy. The exclusion crite-
ria were as follows: (1) any history of neurological disease; 
(2) any history of other major psychiatric disorders such 
as schizophrenia, bipolar disorder, or alcohol and/or other 
substance abuse/dependence (comorbid depression and anxi-
ety disorders were not excluded); (3) mental retardation; (4) 
major head injury involving loss of consciousness for more 
than 10 min; (5) contraindication to MRI imaging such as 
metal implants; (6) pregnancy. A total of 142 participants 
were included in the present study.

We obtained approval for the study from the Medical 
Ethics Committee of West China Hospital, Sichuan Uni-
versity, and written informed consent was obtained from all 
participants.

Clinical assessments

Each participant was assessed using the Structured Clini-
cal Interview for DSM-IV (SCID) (First et al. 1997) and 
the Clinical Administered PTSD Scale (CAPS) (Blake et al. 
1995) by two psychiatrists with relevant training. The DSM-
IV criteria were used because no formal Chinese version 
of the Structured Clinical Interview for DSM-V was avail-
able at the time of participant enrolment. The participants 
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completed the life events checklist (Gray et al. 2004) to 
evaluate antecedent traumatization. Every participant con-
firmed that earthquake trauma was the most severe trauma 
in their lifetime; therefore, the index trauma for evaluat-
ing PTSD symptom severity was the earthquake. On the 
CAPS interview, a total score combining the frequency 
and intensity of the PTSD symptoms for all the DSM-IV 
PTSD criteria was derived. According to the DSM-IV, 69 
of the 142 participants met with the diagnostic criteria of 
PTSD. The presence of lifetime depression and anxiety dis-
orders assessed using the SCID included depressive disor-
der N = 32, agoraphobia N = 3, generalized anxiety disorder 
N = 1, and panic disorder N = 2. Five participants had both 
depressive and anxiety diagnoses; therefore, the number of 
participants with a diagnosis of depressive/anxiety disorder 
was 33.

To evaluate cognitive performance, participants were 
also assessed using the Wechsler Memory Scale-IV (WMS-
IV) (Wechsler 2009). The results of these tests yielded 
five index scores: auditory memory index, visual memory 
index, visual working memory index, immediate memory 
index, and delayed memory index (Weiss et al. 2010).

MRI acquisition and data processing

Participants were scanned on a 3.0-T MRI imaging system 
(Siemens 3.0 T Trio, Erlangen, Germany) with a 12-chan-
nel phased-array head coil, as described in our previ-
ous study (Yuan et al. 2019). T1-weighted images were 
acquired (slice thickness = 1 mm, TR/TE = 1900/2.26 ms, 
f lip angle = 9°, FOV = 240 × 240  mm, number of 
slices = 176, data matrix = 256 × 256).

Automated hippocampal subfield segmentations were 
performed with FreeSurfer v6.0, which is available for 
download online (http:// surfer. nmr. mgh. harva rd. edu/). The 
segmentation algorithm for hippocampal subfields was 
based on an atlas derived from high-resolution (0.13 mm) 
ex vivo MRI data of postmortem medial temporal tissue 
from a 7-T scanner, which was able to reliably identify the 
molecular layer of the DG, the CA regions, and the subicu-
lum (Iglesias et al. 2015). Based on our literature review, 
we focused on three hippocampal subfields, CA1, CA3, 
and DG, which were reported to be associated with PTSD, 
as we discussed in the introduction (Chen et al. 2018; 
Hayes et al. 2017; McEwen 2002; Mirescu and Gould 
2006; Postel et al. 2019). Figure 1 shows the automated 
hippocampal subfields of interest in a participant’s hip-
pocampus. The estimated total intracranial volume (eTIV) 
of each participant was also calculated by the segmenta-
tion algorithm. To ensure segmentation accuracy and valid 
assignment of the hippocampal subfields, each segmented 
image was overlaid on the corresponding brain structural 
image and manually inspected by an investigator who was 
blind to the symptom severity of the participants.

Genotyping

Peripheral blood samples were collected from each partici-
pant for genotyping, except two participants who refused to 
draw blood. Genomic DNA was isolated from peripheral white 
blood cells using the Wizard Genomic DNA Purification Kit 
(Promega, Madison, Wisconsin, USA). The DNA concentra-
tion of three samples was less than 20 ng/μL following the 
initial concentration determination by UV spectrophotometry, 

Fig. 1  The bilateral CA1, CA3, and dentate gyrus (DG) in a participant’s hippocampus. a Axial slices from the inferior to superior hippocampus, 
b coronal slices from the posterior to anterior hippocampus, and c sagittal slices from the lateral to medial hippocampus
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so they were excluded. Therefore, a total of 137 blood sam-
ples were finally genotyped. Genotyping of DRD2 Taq1A 
(rs1800497) was conducted using MALDI-TOF analysis on 
the Sequenom MassARRAY iPLEX platform (Gabriel et al. 
2009). The call rate was 100% and the minor allele frequency 
was 40.62%, indicating good quality DNA and results. The 
genotype distribution in the all the participants did not deviate 
from Hardy–Weinberg equilibrium (χ2 = 0.02, p = 0.89).

Statistical analyses

Statistical analyses were performed using SPSS software ver-
sion 23 (IBM, Armonk, NY). The distribution of each con-
tinuous variable was examined for outliers or inconsistency 
in the total sample. The hippocampal subfield volumes and 
the CAPS score were not normally distributed. Demographic 
characteristics among genotype groups were compared using 
one-way ANOVA in the case of quantitative data. Pearson’s 
χ2 tests were used in case of qualitative data (i.e., gender and 
depression/anxiety diagnosis). The hippocampal volumes 
were log transformed to make them conform to a normal 
distribution. We used the simple moderation model from 
the PROCESS tool (Hayes 2017) for SPSS to examine the 
moderation effect of the genotype on the association between 
PTSD symptom severity and CA1, CA3, and DG volume. 
The volume of each hippocampal subfield was used as the 
dependent variable, with the CAPS score as the independ-
ent variable and age, gender, years of education, depression/
anxiety diagnosis, and eTIV as covariates. The genotype of 
DRD2 rs1800497 was used as a multicategorical variable as 
the moderator. These models were run separately for the vol-
umes of left CA1, right CA1, left CA3, right CA3, left DG, 
and right DG. Multiple comparisons were conducted using 
false discovery rate (FDR) corrections. Post hoc, explora-
tory analyses were performed on significant interactions by 
stratifying the sample by genotype, to deconstruct the effects 
of PTSD symptoms on hippocampal subfield volumes.

As previous studies mainly reported deficits in the whole 
hippocampal volume in traumatized subjects and PTSD patients 
(Woon et al. 2010), we also performed an exploratory analysis 
using the whole hippocampal volumes (left and right hemisphere 
separately) as independent variables, to investigate whether the 
DRD2 Taq1A polymorphism could moderate the effect of PTSD 
symptoms on the hippocampus as a whole relative to subfields.

Results

Descriptive statistics of genetic data 
and demographics

Genotyping yielded three groups: 50 (36.5%) trauma survi-
vors carrying two C alleles (CC), 65 (47.4%) carrying one 

C and one T allele (TC), and 22 (16.1%) carrying two T 
alleles (TT). The groups did not differ significantly in age, 
gender, years of education, CAPS score, depression/anxiety 
diagnosis, or WMS-IV. The demographic characteristics of 
the sample are shown in Table 1.

Moderating effect of DRD2 Taq1A polymorphism

The simple moderation model in the PROCESS showed 
that after entering the genotype × CAPS score interaction in 
the model, there was a significant change in F (ΔF = 5.01, 
p = 0.008, ΔR2 = 0.05) for the left CA3 volume, withstand-
ing FDR correction for multiple tests (p = 0.048), suggesting 
that the DRD2 Taq1A polymorphism moderated the effect of 
PTSD symptom on the volume of the left CA3. However, the 
polymorphism did not moderate the effect of PTSD symptoms 
on the volume of the right CA3, left CA1, right CA1, left DG, 
or right DG (Table 2). Post hoc, exploratory examination of 
the interaction term revealed that the CAPS score was posi-
tively associated with the left CA3 volume for the CC genotype 
(β = 0.30, t = 2.26, p = 0.029, Fig. 2a). In addition, individuals 
with the TC genotype showed reduced left hippocampal volume 
with increasing PTSD symptom severity (β =  − 0.28, t =  − 2.15, 
p = 0.036, Fig. 2b). There was no association between PTSD 
symptom severity and hippocampal volume in the TT group 
(β =  − 0.20, t =  − 1.51, p = 0.152, Fig. 2c). Exploratory analy-
sis of the whole hippocampus showed that the polymorphism 
did not moderate the effect of PTSD symptoms on the volume 
of the entire left (ΔF = 0.47, p = 0.624, ΔR2 = 0.004) or right 
(ΔF = 0.24, p = 0.786, ΔR2 = 0.002) hippocampus, suggesting 
that subfield volumes are more sensitive to DRD2 Taq1A poly-
morphism moderation when exposed to stress.

Discussion

To our knowledge, this is the first study exploring DRD2 
polymorphism interactions with PTSD symptom severity 
in predicting hippocampal subfield volume in a sample of 
traumatized individuals. A significant moderating effect of 
the DRD2 Taq1A polymorphism on the association between 
PTSD symptoms and left CA3 volume was found. Specifi-
cally, severe PTSD symptomatology was associated with 
reduced left CA3 volume among TC heterozygotes, while 
in CC homozygotes, greater current PTSD symptom severity 
showed a significant increase in left CA3 volume. A genetic 
moderation effect on the association between PTSD symp-
toms and the whole hippocampal volume was not observed. 
These findings indicated that the association between PTSD 
and hippocampal volume in previous studies might be con-
founded by genotype-dependent exposure differences, as no 
hippocampal atrophy could be detected for individuals who 
lacked a genetic vulnerability.
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The smaller hippocampus in PTSD has been tradi-
tionally attributed to stress-induced release of glucocor-
ticoids, which can alter hippocampal microarchitecture 
and cell number (Neylan et al. 2003; Sapolsky 2000; Zhao 
et al. 2007). However, studies have suggested a relation-
ship between dopamine activity and synaptic long-term 
potentiation (LTP) in the hippocampus (Li et al. 2003; 
Rocchetti et al. 2015). LTP is reported to be associated 
with neurogenesis in the hippocampus, both in terms of 
the proliferation of progenitor cells and the survival of 
new cells (Bruel-Jungerman et al. 2006). Furthermore, the 
CA3 hippocampus has been one of the prototypical sites 
of LTP in animal studies (Debanne et al. 1996; Do et al. 

2002; Minami et al. 2016; Shin et al. 2016). Evidence has 
shown that stress inhibits dopamine-modulated LTP (Jay 
et al. 2004; Rocher et al. 2004), taken together, these find-
ings may explain the interaction between traumatic stress 
symptoms and dopamine-mediated processes on the hip-
pocampal subfield CA3. We found the moderation effect 
of the DRD2 Taq1A genetic polymorphism unilaterally 
on the left CA3, which was in line with previous studies 
(O’Doherty et al. 2015). However, further investigations 
are needed to examine how dopamine activity moderates 
the association between stress and the left CA3 and other 
hippocampal subfields.

The DRD2 Taq1A polymorphism has consistently been 
found to be associated with the regulation of dopamine 
synthesis and reduced D2 receptor expression in the brain 
(Neville et al. 2004); specifically, the presence of T allele 
carriers compared to CC homozygotes is associated with 
reduced receptor density (Montag et al. 2010; Pohjalainen 
et al. 1998). The result that TC genotype carriers were at 
risk for reduced hippocampal subfield volume is in agree-
ment with other studies showing that T allele carriers of the 
DRD2 polymorphism had worse performance on cognitive 
tasks (Berryhill et al. 2013; Jocham et al. 2009; Persson et al. 
2015). Animal studies indicate that astrocytic DRD2 activa-
tion normally suppresses neuroinflammation in the central 
nervous system through an αB-crystallin-dependent mecha-
nism (Shao et al. 2013). Therefore, lower D2 receptor density 
in T allele carriers in the present study may be associated 
with higher levels of neuroinflammation, which is likely to 
cause hippocampal atrophy. On the other hand, a larger left 
CA3 volume in DRD2 Taq1 T non-carriers, as was shown 
in CC genotype carriers in our study, presumably has higher 

Table 1  Demographic characteristics among genotypes

Abbreviations: DG, dentate gyrus; CAPS, Clinical Administered PTSD Scale; WMS-IV, Wechsler Memory Scale-IV
a A total of 103 participants were assessed with the Wechsler Memory Scale-IV

Characteristics N = 142 CC (n = 50) TC (n = 65) TT (n = 22) F or χ2 p value

Age 44 ± 11 42 ± 13 45 ± 9 43 ± 11 0.98 0.38
Gender (female/male) 95/47 34/16 44/21 14/8 0.15 0.93
Education 10 ± 9 11 ± 12 9 ± 6 10 ± 7 0.74 0.48
Left_CA1 643.95 ± 75.83 644.05 ± 85.15 644.97 ± 74.12 65.13 ± 13.89 0.006 0.99
Left_CA3 212.48 ± 29.95 214.02 ± 29.96 213.38 ± 32.12 206.68 ± 24.96 0.50 0.61
Left_DG 313.60 ± 34.11 314.99 ± 34.32 313.87 ± 36.26 311.77 ± 29.71 0.66 0.94
Right_CA1 666.23 ± 76.78 666.61 ± 78.16 666.76 ± 73.27 666.53 ± 85.22  < 0.001 1.00
Right_CA3 233.09 ± 32.74 236.51 ± 33.14 232.98 ± 34.04 224.20 ± 28.57 1.07 0.35
Right_DG 325.82 ± 36.02 327.75 ± 34.08 326.13 ± 38.91 319.14 ± 31.14 0.45 0.64
CAPS_total 40 ± 35 38 ± 34 40 ± 35 40 ± 36 0.53 0.95
WMS-IVa 92 ± 12 92 ± 13 93 ± 11 92 ± 12 0.21 0.81
Depression/anxiety diagnosis 33 (23.2%) 10 (20%) 16 (24.6%) 5 (22.7%) 0.34 0.84

Table 2  CAPS score × genotype interaction of the simple moderation 
models for the interested hippocampal subfields

Multiple comparison correction with false discovery rate (FDR) for 
different hippocampal subfields. Bold value indicates statistical sig-
nificance defined as p < 0.05
Abbreviations: DG, dentate gyrus; CAPS, Clinical Administered 
PTSD Scale

Hippocampal subfields ΔR2 ΔF(2, 126) p value 
(uncor-
rected)

p value 
(cor-
rected)

Left CA1 0.008 0.89 0.413 0.502
Right CA1 0.009 0.88 0.419 0.502
Left CA3 0.05 5.01 0.008 0.048
Right CA3 0.03 2.30 0.104 0.312
Left DG 0.01 1.25 0.289 0.385
Right DG 0.007 0.76 0.469 0.469
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D2 receptor density and, by extension, lower levels of neuro-
inflammation, which may support lager gray matter volume. 
Speculatively, the phenomenon that some individuals present 
good cognitive performance even with the same degree of 
PTSD symptom severity (Haglund et al. 2007) may be influ-
enced by C homozygosity as a protective factor.

Several limitations should be noted for the pre-
sent study, the first of which was the small sample size 
(n = 142). This may explain the post hoc results show-
ing that the negative association between PTSD symptom 
severity and the left CA3 volume was found only in the 
TC group (n = 65) but not in the TT group (n = 22). Studies 
with a larger sample are needed to confirm our findings. 
Second, only one SNP of the DRD2 gene was examined to 
explore a moderation effect between PTSD and hippocam-
pal subfield volume due to financial constraints. Although 
the Taq1A SNP (rs1800497) is the most commonly stud-
ied genetic variation in different psychiatric disorders, 
more variations in the DRD2 gene should be examined 
to obtain a comprehensive assessment of genetic infor-
mation. Therefore, the present findings were preliminary 
and need to be replicated in another traumatized sample. 
Third, because about 73 out of 142 participants did not 
met diagnostic criteria for PTSD, the PTSD symptoms of 
these participants may be mild. The variability (or lack 
thereof) of PTSD symptoms could introduce overestima-
tion or underestimation effects on the outcomes. There-
fore, a larger traumatized sample is needed to further 
validate our findings. Fourth, our hypotheses about the 
influence of dopamine-moderated hippocampal subfield 
volume reduction on memory dysfunction should be fur-
ther verified; nevertheless, these findings provide impli-
cations for future studies integrating genotyping of dopa-
minergic system risk loci and recently developed imaging 
techniques to help the detection of PTSD.

Conclusion

In conclusion, despite the aforementioned limitations, this 
study is the first to provide preliminary evidence that the 
T allele carriers of DRD2 Taq1A are more likely to show 
reductions in hippocampal subfield volume with severe 
PTSD symptoms, which implies possible direction for 
molecular functional studies in the future. These findings 
are notable, as previous studies of the relationship between 
traumatic stress and hippocampal volume have produced 
inconsistent results, suggesting the need to examine the 
genetic variation to improve specificity. The left CA3 may 
be a hippocampal subfield vulnerable to dopamine-medi-
ated process under traumatic stress. This study supports 
and extends the findings of previous studies by promoting 
an etiological understanding of the hippocampal atrophy 
at the subfield level. This highlights the complex effect of 
environmental stress, and provides possible mechanism for 
the relationship between the dopaminergic system and hip-
pocampal function in PTSD.
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Fig. 2  Partial regression plots accounting for covariates. a Individu-
als with the CC genotype showed increased left CA3 volume with 
increasing traumatic stress. b Individuals with the TC genotype 

showed reduced left CA3 volume with increasing traumatic stress. c 
These patterns were not observed in the TT genotype. PTSD, post-
traumatic stress disorder
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