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Background: Prepulse inhibition (PPI) of the acoustic startle reflex is an operational 
measure of sensorimotor gating. The findings on PPI deficits in bipolar disorder (BD) 
are inconsistent among studies due to various confounding factors such as gender. 
This study aimed to assess sensorimotor gating deficits in patients with BD stratified by 
gender and state (depressed/euthymic), and to explore related clinical variables.

Methods: Subjects were 106 non-manic BD patients (26 BD I and 80 BD II; 63 with 
depression and 43 euthymic) and 232 age-, gender-, and ethnicity-matched (Japanese) 
healthy controls. Depression severity was assessed using the Hamilton Depression 
Rating Scale-21. The electromyographic activity of the orbicularis oculi muscle was 
measured by a computerized startle reflex test unit. Startle magnitude, habituation, and 
PPI were compared among the three clinical groups: depressed BD, euthymic BD, and 
healthy controls. In a second analysis, patients were divided into four groups using the 
quartile PPI levels of controls of each gender, and a ratio of the low-PPI group (<1st 
quartile of controls) was compared. Effects of psychosis and medication status were 
examined by the Mann–Whitney U test. Clinical correlates such as medication dosage 
and depression severity with startle measurements were examined by Spearman’s 
correlation.

results: Male patients with depression, but not euthymic male patients, showed sig-
nificantly lower PPI at a prepulse of 86 dB and 120 ms lead interval than did male con-
trols. More than half of the male patients with depression showed low-PPI. In contrast, 
PPI in female patients did not differ from that in female controls in either the depressed 
or euthymic state. Female patients with active psychosis showed significantly lower 
PPI than those without psychosis. Female patients on typical antipsychotics had 
significantly lower PPI, than those without such medication. PPI showed a significant 
positive correlation with lamotrigine dosage in male patients and lithium dosage in 
female patients.
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conclusion: These findings suggest that sensorimotor gating is impaired in male BD 
patients with depression. However, we obtained no evidence for such abnormalities in 
female BD patients except for those with current psychosis. The observed associations 
between medication and startle measurements warrant further investigation.

Keywords: prepulse inhibition, bipolar disorder, habituation, depression, euthymic, gender difference, psychosis

inTrODUcTiOn

Prepulse inhibition (PPI), an operational measure of sensorimo-
tor gating, is defined as the attenuation of the startle reflex when 
the startle-eliciting stimulus—the pulse—is preceded by a weaker 
sensory stimulus—the prepulse (PP) (1). It is typically measured 
by electromyographic (EMG) recordings from the orbicularis 
oculi muscle and is a very robust function; it is conserved 
across many species (2). PPI deficits have been associated with 
multiple neuropsychiatric disorders characterized by inhibitory 
deficits in sensory, motor, and cognitive functions, including 
schizophrenia, psychotic mania, obsessive–compulsive disorder, 
and Tourette syndrome (3, 4). Our group demonstrated PPI 
deficits in Asian individuals with schizophrenia for the first time 
(5), and subsequently reported that PPI was impaired in female 
and male patients with schizophrenia using a large sample of 
single ethnicity patients and healthy individuals (Japanese) (6). 
Brain imaging studies have revealed common abnormali ties 
in the cortico–striato–pallido–pontine and cortico–striato– 
pallido–thalamic (CSPT) circuitries across these disorders; these 
circuits are considered to affect disease pathophysiology and 
PPI modulation (3, 7). Accumulating evidence from animal and 
human studies indicates that PPI is also modulated by top-down, 
higher-order cognitive regions, such as the hippocampus, medial 
prefrontal cortex (mPFC), orbitofrontal cortex (OFC), and 
basolateral amygdala (4, 8, 9). The amygdala, mPFC, and OFC, 
as well as the anterior cingulate gyrus and insula, have been 
consistently shown to be associated with emotional processing 
(10–12). These nuclei are dense in noradrenergic receptors and 
critical for the regulation of the hypothalamic–pituitary–adrenal 
and hypothalamic–pituitary–gonadal axes (13). Pharmacological 
studies in animal models of schizophrenia have also suggested 
the involvement of several neurotransmitter pathways, includ-
ing dopaminergic, serotonergic, glutamatergic, and cholinergic 
pathways, in PPI deficiency (3, 14).

Prepulse inhibition deficits in patients with schizophrenia 
have been reported to be associated with positive symptoms  
(6, 15–18), negative symptoms (15, 18), disorganization symptoms 
(6), distractibility (19), thought disorder (20, 21), formal thought 
disorder and bizarre behavior (22), psychological discomfort 
(23), and general psychopathology (18, 24). A longitudinal study 
on patients with schizophrenia reported that PPI deficits in 
medicated patients were observed in acute illness, but not in an 
improved clinical state, which suggests that PPI deficits may be 
state dependent (22).

While PPI deficits in schizophrenia have been reported 
in many studies (3), little is known about gating differences 
in patients with BD (4), despite the occurrence of psychotic 
symptoms and cognitive impairments similar to schizophrenia 
patients (25, 26). Moreover, larger brain ventricle volumes and 

structural abnormalities in CSPT circuits have been detected in 
BD patients (27, 28). Genome-wide association studies (GWAS), 
human postmortem brain studies, and magnetic resonance spec-
troscopy studies have identified similar gene expression changes 
in glutamatergic neurotransmission and glutamate recep tor 
(GluR) expression among patients with schizophrenia, BD,  
and major depressive disorder (MDD) (29–32). Since the glu-
tamatergic N-methyl-d-aspartate receptors (NMDA) receptor 
antagonist, such as ketamine and phencyclidine, disrupt PPI (3), 
it is possible that the PPI may be impaired in BD. However, to 
our knowledge, there are only two studies that examined PPI in 
BD patients in manic states, and five studies in euthymic states, 
both with inconsistent findings. Perry et al. reported that PPI and 
habituation were exacerbated in acute psychotic mania, suggest-
ing a possible association between PPI deficits, psychosis, and 
thought disturbance (33). A subsequent study by Carroll et  al. 
failed to replicate these findings in manic and mixed episodic 
patients. Since almost all the patients in the latter study did not 
have psychosis (with only 1 exception), they concluded that acute 
psychosis might be necessary for the occurrence of BD-associated 
PPI deficits (34). In euthymic patients with BD, controversial 
results of both unimpaired (35, 36) and significantly lower PPI 
(37, 38) have been reported. Giakoumaki’s study also found 
reduced PPI in unaffected siblings of BD patients, suggesting 
that such disruption may represent a trait deficit in BD. All the 
above studies were conducted with men and women included 
in the same group, although gender-related differences in PPI 
(men  >  women) have been well-replicated in healthy subjects  
(3, 39–42). It is known that women present fluctuations in PPI 
across the menstrual cycle, with the lowest PPI in the mid-luteal 
phase when ovarian hormones (estrogen and progesterone) 
are maximal (41, 43, 44). Thus, Gogos et  al. examined PPI in 
euthymic patients with BD stratified by gender and reported 
sexually dimorphic differences: male patients showed reduced 
PPI, while female patients in the follicular phase had increased 
PPI compared to their healthy counterparts (45). No study has 
yet assessed the PPI in BD patients with depression and the 
association of PPI with depression severity. Thus, it is still unclear 
whether PPI deficits represent a state or trait feature of BD.

Prepulse inhibition in patients with MDD was generally 
considered unimpaired (46–48); however, Perry et  al. (46) 
observed moderate effect size of difference (Cohen’s d  =  0.63) 
between patients with severe MDD and healthy controls. MRI 
examination of MDD patients revealed abnormalities in CSPT 
circuitry similar to those observed in patients with schizophrenia 
and BD (49–52), and two recent studies have found PPI deficits 
in MDD patients. One is ours reporting a significant negative 
correlation between PPI and depression severity in male, but not 
female, patients, suggesting that PPI impairment is state- rather 
than trait-dependence in male patients with MDD (53). The other 
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study found PPI deficits in women with postpartum depression 
compared to their non-depression counterparts, when effects of 
ovarian hormones were minimal in all subjects (54).

In addition to gender, there are other factors that may influ-
ence PPI, such as age (55–57), ethnicity (58), and smoking status 
(59–62). Ethnic differences in startle magnitude and PPI were 
reported between Caucasians and Asians, with Asians having 
lower startle magnitude and higher PPI compared to Caucasians 
(58, 63, 64). To control for these confounding factors, we matched 
for age, gender, smoking status, and ethnicity.

In this study, we examined the modulation of the startle 
reflex in non-manic BD patients with the following aims: (1) to 
investigate whether BD patients with depression show deficits 
in PPI, startle reactivity, and habituation compared to euthymic 
patients and healthy individuals, and (2) to examine whether 
such deficiencies, if any, are associated with symptoms and other 
clinical features. Data acquired from men and women were 
analyzed separately. Based on our previous findings of reduced 
PPI in male patients with MDD, we hypothesized that depressed 
patients with BD, especially men, may also present PPI deficits. 
Additionally, we hypothesized that PPI deficits, if any, may be 
associated with depression severity, the presence of current 
psychosis, and more severe psychopathology.

MaTerials anD MeThODs

subjects
Subjects included 338 volunteers, consisting of 106 non-manic 
BD patients (26 BD I and 80 BD II; 63 patients with depression 
and 43 euthymic patients, see definition below) and 232 healthy 
individuals (age: 18–64 years). Data from control subjects were 
age-, gender-, and ethnicity-matched (Japanese) with those 
acquired from BD patients. Participants were recruited for 
neurocognitive research studies between 2009 and 2017 at the 
National Center of Neurology and Psychiatry (NCNP), Tokyo, 
Japan, through notices posted in the NCNP Hospital, website 
announcements, and advertisements in a local free paper. Most 
healthy individuals used as controls overlapped with those 
from our previous studies (6, 53). The participants were either 
NCNP Hospital inpatients (14%) or outpatients from the NCNP 
Hospital or other local hospitals and clinics.

All subjects were interviewed by experienced psychiatrists using 
the Japanese version of the Mini-International Neuropsychiatric 
Interview (65, 66). Diagnoses were further confirmed through 
medical records and detailed interviews based on the Diagnostic 
and Statistical Manual (DSM) of Mental Disorders, Fourth 
Edition, text revision (DSM-IV-TR) (67). Individuals with a con-
current confirmed diagnosis of intellectual disability or organic 
brain disorder, ongoing thyroid gland malfunction, undergoing 
electroconvulsive therapy treatment or substance abuse history 
in the previous year were excluded from this study. Patients with 
concurrent psychiatric disorders, such as anxiety disorder, panic 
disorder, autism spectrum disorder (ASD), or attention-deficit 
hyperactivity disorder, were included in this study. Control sub-
jects with a psychiatric history or family history of mental illness 
within second-degree relatives (schizophrenia, BD, and ASD) 
were excluded from this study. None of the subjects presented 

with hearing deficits as confirmed by audiometry (threshold: 
average hearing level of 500, 1,000, and 2,000  Hz to <40  dB). 
Premorbid intelligence quotient (IQ) was estimated from the 
Japanese Adult Reading Test scores (68) and only individuals with 
premorbid IQ ≥ 85 were included in this study.

The depression severity of subjects with BD was assessed using 
the 21-item version of the Hamilton Depression Rating Scale 
(HAM-D21) (69). Manic symptoms of subjects with BD were 
assessed by the Young Mania Rating Scale (YMRS) (70). Based on 
the definition of manic states, as determined by the International 
Society for Bipolar Disorders Task Force (71), those in a sig-
nificant manic, hypomanic, or mixed state (i.e., YMRS score ≥ 8) 
were excluded. Subjects with BD were further categorized into 
either the depressed (HAM-D17 ≥ 8 and YMRS < 8) or euthymic 
(HAM-D17 < 8 and YMRS < 8) group, according to the consen-
sus definition for remission (72). A daily dose of antidepressants 
was calculated as imipramine equivalents, and antipsychotics as 
chlorpromazine equivalents in milligrams/day according to the 
published guidelines (73).

This study was conducted following the latest version of the 
Declaration of Helsinki. The study design was reviewed and 
approved by the NCNP Ethics Committee. Written informed 
consent for participation in this study was obtained from every 
subject after the nature of the procedures had been fully explained.

startle reflex Measurement
PPI Paradigm
The EMG activity of the orbicularis oculi muscle was measured 
by a computerized startle reflex test unit. All participants were 
requested to refrain from smoking at least 30 min prior to testing, 
based on a previous study reporting that the PPI-enhancing effect 
of smoking lasts only for a short period (less than 10 min) (61). 
The apparatus, procedures, stimuli, and PPI paradigm used have 
been described in detail elsewhere (5, 53). Briefly, each session 
consisted of three blocks with 70 dB background noise. Blocks 1 
and 3 consisted of additional 115 dB pulse alone (PA; five times 
each) trials. Block 2 was a pseudo-randomized combination of 
the same PA together with PP trials under four conditions (lead 
interval, intensity: 60 ms, 86 dB; 60 ms, 90 dB; 120 ms, 86 dB; 
120 ms, 90 dB; five times each). In total, 35 trials of startle reflex 
were carried out in one session, lasting for 15 min.

Outcome Measures and Data Reduction
Outcome measures for analysis were as follows: (1) mean PA 
startle reflex magnitude (digital unit) in block 1, defined as basic 
startle reflex (BSR), (2) startle reflex habituation (%), and (3) PPI 
(%) for each PP condition. Mean PPI calculation and habituation 
were performed as described elsewhere (5, 53). Non-responding 
subjects were excluded from any further analysis (n  =  45; 
BSR < 0.05 digital unit). Therefore, viable habituation and PPI 
data were collected from 87 BD patients and 206 healthy controls 
(total n = 293).

statistical analysis
Statistical analyses were performed using SPSS Version 22.0 
(SPSS Japan, Tokyo). Groups were compared based on demo-
graphic and clinical characteristics using independent Student’s 
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t-tests or one-way analysis of variance for continuous variables 
and chi-squared test for categorical variables. Data from the left 
eye were selected for analysis because no sidedness was detected 
in any startle reflex measurements. According to the Shapiro–
Wilk test, data from all startle measurements were not normally 
distributed (all p < 0.001); therefore, non-parametrical analyses 
were applied to these variables. We compared the startle meas-
urements of three clinical groups (i.e., depressed BD, euthymic 
BD, and healthy control) with the Kruskal–Wallis test, followed 
by between-group comparisons with the Mann–Whitney U test. 
The findings were confirmed when patients with concurrent 
psychiatric disorders, such as anxiety disorder, panic disorder, 
ASD, and/or attention-deficit hyperactivity disorder, were 
excluded; therefore, they were retained in the analysis. Subjects 
were further subcategorized into four groups using the quartile 
PPI120ms_86dB levels of controls for each gender. Then, the incidence 
of the low-PPI (first quartile group) vs. high-PPI (second to 
fourth quartile groups) was compared between patients and 
controls by the chi-squared test and across the three clinical 
groups by the Fisher’s exact test. Effects of active psychosis and 
medication status on habituation and PPI were examined by the 
Mann–Whitney U test. Spearman’s rank correlation coefficients 
of habituation and PPI percentage with clinical variables were 
computed. Statistical significance was set at a two-tailed p < 0.05.

resUlTs

Demographic and clinical characteristics of the total subjects are 
presented in Table 1. Because of the a priori matching, the two 
diagnostic groups were similar concerning gender and age dis-
tribution. Education years, current smoker ratio, and estimated 
premorbid IQ were not significantly different between the diag-
nostic groups. However, when non-responders were excluded, 
age and premorbid IQ were significantly higher in male controls 
than male patients [t(77.1) = 2.018, p = 0.047 and t(104) = 2.068, 
p  =  0.041, respectively] (Table S1 in Supplementary Material). 
Depression severity in responders was not significantly dif-
ferent between male and female patients either in the total 
[t(56.2) = 0.667, p = 0.508], depressed [t(53) = 1.560, p = 0.125] 
or euthymic group [t(30)  =  −0.543, p  =  0.591]. Comparisons 
of startle reflex responses between the diagnostic groups and 
across the three clinical groups are shown in Figures  1 and 2, 
respectively, as well as in Table S2 in Supplementary Material. The 
same comparison was made excluding patients with concurrent 
psychiatric disorders, and the results are provided in Table S3 in 
Supplementary Material. The ratio of the number of individuals 
in the PPI quartile groups of depressed and euthymic patients is 
shown in Figure  3. Effects of active psychosis and medication 
status, and correlation of clinical variables with habituation and 
PPI are presented in Tables 2 and 3, respectively.

startle reflex and habituation
Neither BSR magnitude nor habituation percentage significantly 
differed between the two diagnostic groups or among the three 
clinical groups. Neither BSR nor habituation correlated with the 
total HAM-D21 or YMRS, respectively. BSR negatively correlated 
with age in male patients (ρ = −0.481, p = 0.001), but significance 

disappeared when non-responders were excluded (ρ = −0.270, 
p  =  0.129). Female patients medicated with sodium valproate 
and/or atypical antipsychotics exhibited significantly lower 
habituation than did those without such medication. Habituation 
in female patients was significantly negatively correlated with 
lithium dosage (ρ = −0.570, p = 0.033). No other association with 
habituation was found.

Prepulse inhibition
Comparisons Between Clinical Groups
Male patients showed significantly lower PPI than male controls 
at PPI120ms_86dB (U = 913.0, p = 0.034); however, female patients 
did not show a significant difference from female controls at 
any PP condition. Stratified analysis across the three clinical 
groups detected significantly reduced PPI in depressed male 
patients compared to male controls at PPI120ms_86dB [χ2(2) = 6.456, 
p = 0.040], while there were no statistically significant differences 
between euthymic male patients and male controls or between 
euthymic and depressed male patients. PPI in female patients did 
not differ from that in female controls either in the depressed or 
the euthymic state. The results were virtually the same when we 
excluded patients with concurrent psychiatric disorders (Table S3 
in Supplementary Material). When we examined the incidence of 
low-PPI (first quartile of controls) vs. high-PPI (second to fourth 
quartiles) across the three clinical groups, there was a significantly 
higher incidence of low-PPI among male patients with depression 
(55%) compared to their respective controls (p = 0.039; Figure 3; 
Table S2 in Supplementary Material). There was also a trend for 
a higher incidence of low-PPI in male patients with depression 
compared to euthymic male patients (p = 0.070).

Effects of Active Psychosis and Medication Status 
on PPI
Female patients with active psychosis showed significantly lower 
PPI than did those without psychosis. Female patients on typical 
antipsychotics had significantly lower PPI than those without 
such medication (Table 2).

Correlation of Clinical Variables With PPI
There was a trend for HAM-D21 total to correlate negatively with 
PPI in male (ρ = −0.309, p = 0.086 at PPI120ms_86dB) and female 
patients (ρ = −0.253, p = 0.065 at PPI120ms_90dB). YMRS score was 
not correlated with PPI. PPI was significantly positively correlated 
with lamotrigine dosage in male patients (ρ = 0.813, p = 0.002 at 
PPI120ms_90dB), and lithium dosage in female patients (ρ = 0.691, 
p  =  0.006 at PPI120ms_86dB) (Table  3). No other association with 
PPI was found.

DiscUssiOn

To our knowledge, this is the largest PPI study in BD patients 
(n = 106), and the first study exploring PPI in BD patients with 
depression (n = 63). The large sample size enabled us to conduct 
the analyses stratified by gender and state (depressed/euthymic). 
This study aimed to clarify how a state (i.e., depressed/euthymic) 
is associated with PPI in non-manic BD patients. Our main 
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TaBle 1 | Demographic and clinical data of the subjects stratified by gender (mean ± SD).

Bipolar disorder healthy controls statistical comparison

Total Men Women Total Men Women Total Men Women

Gender ratio, N (%)a 106 44 (42%) 62 (58%) 232 93 (40%) 139 (60%) x2(l) = 0.061, p = 0.805 – –
Age (years) 39.3 ± 10.0 40.5 ± 9.9 38.4 ± 10.2 41.6 ± 12.2 43.0 ± 13.1 40.7 ± 11.6 t(244.4) = 1.863, p = 0.064 t(109.1) = 1.232, p = 0.220 t(199) = 1.362, p = 0.175
Education (years) 15.1 ± 2.4 15.3 ± 2.1 14.6 ± 2.0 14.9 ± 2.1 15.7 ± 2.8 14.6 ± 2.1 t(336) = −0.739, p = 0.460 t(135) = −1.056, p = 0.293 t(199) = 0.018, p = 0.985
Current smoker, N (%)a,b 23 (22%) 14 (33%) 9 (15%) 46 (20%) 24 (26%) 22 (16%) x2(l) = 0.179, p = 0.672 x2(l) = 0.550, p = 0.458 x2(l) = 0.045, p = 0.831
Premorbid IQc 112 ± 9 112 ± 9 112 ± 8 113 ± 7 114 ± 7 112 ± 7 t(330) = 0.530, p = 0.597 t(131) = 1.708, p = 0.090 t(197) = −0.764, p = 0.446
Range 85–126 88–125 85–126 92–127 92–127 93–124

clinical variables Total Men Women Men vs. women
Bipolar LN (%)a 26 (25%) 9(21%) 17(27%) x2(l) = 0.674, p = 0412
Inpatients, N (%)a,d 14(14%) 6(14%) 8(14%) x2(l) = 0.001, p = 0.972
Age of onset (years) 29.2 ± 9.9 30.8 ± 10.0 28.0 ± 9.7 t(104) = 1.432, p = 0.155
Duration of illness (years) 11.5 ± 8.1 11.2 ± 8.3 11.8 ± 8.1 t(104) = −0.369, p = 713
History of hospitalization, N (%)a,e 41 (40%) 18 (41%) 23 (40%) x2(l) = 0.016, p = 0.898
Number of hospitalizatione 0.95 ± 1.6 0.95 ± 1.5 0.95 ± 1.7 t(100) = 0.019, p = 0.985

Medication use
Lithium use, N (%)a 39 (37%) 23 (52%) 16(26%) x2(l) = 7.752, p = 0.005
Valproic acid use, N (%)a 25 (24%) 8 (18%) 17 (27%) x2(l) = 1.219, p = 0.270
Lamotrigine use, N (%)a 21 (20%) 13 (30%) 8 (13%) x2(l) = 4.487, p = 0.034
Antidepressant use, N (%)a 48 (45%) 24 (55%) 24 (39%) x2(l) = 2.605, p = 0.107
Typical antipsychotics use, N (%)a 14(13%) 4 (9%) 10(16%) x2(l) = 1.112, p = 0.292
Atypical antipsychotics use, N (%)a 42 (40%) 23 (52%) 19 (31%) x2(l) = 5.032, p = 0.025
Anxiolytics/hypnotics use, N (%)a 67 (63%) 31 (71%) 36 (58%) x2(l) = 1.699, p = 0.192

Medication dosage (if any; mg/day)
Lithium 587 ± 276 552 ± 292 638 ± 253 t(37) = −0.947, p = 0.350
Sodium valproate 476 ± 260 450 ± 302 488 ± 247 t(23) = −0.336, p = 0.740
Lamotrigine 157 ± 62 156 ± 72 159 ± 48 t(19) = −0.126, p = 0.901
Antidepressantf 181 ± 138 192 ± 158 169 ± 116 t(45) = 0.579, p = 0.565
Typical antipsychoticsg 24 ± 22 35 ± 36 20 ± 16 t(10) = 1.047, p = 0320
Atypical antipsychoticsg 179 ± 319 283 ± 276 273 ± 367 t(42) = 0.095, p = 0.925

symptoms
HAM-D21 total score 12.0 ± 8.4 12.2 ± 9.1 11.8 ± 8.0 t(104) = 0.242, p = 0.809
YMRS total scoreh 1.7 ± 1.8 2.0 ± 1.7 1.5 ± 1.8 t(63) = 1.204, p = 0.233

aChi-square test was conducted.
bInformation on current smoking status was missing in two (2%) patients and three (1%) controls.
cPremorbid intelligence quotient (IQ) was estimated from the Japanese Adult Reading Test, which was administered on 100 (94%) subjects with bipolar disorder and all the control subjects.
dInformation was missing in seven (7%) patients.
eInformation on the history of hospitalization was missing in four (4%) patients.
fImipramine equivalent for those who received antidepressant medication.
gChlorpromazine equivalent for those who received antipsychotic medication.
hYoung Mania Rating Scale (YMRS) data for 19 (43%) male and 22 (35%) female patients were missing.
Statistical significance was set at a two-tailed p < 0.05. Bold figures represent significant p value.
HAM-D21, 21-item version of the Hamilton Depression Rating Scale; YMRS, Young Mania Rating Scale.
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FigUre 1 | Dot-plots of startle measurements of the two diagnostic groups by gender. (a) Basic startle reflex (BSR) in block 1. (B) Habituation percentage.  
(c) Prepulse inhibition (PPI) percentage at a prepulse of 120 ms at 86 dB. Bar indicates median. Habituation and PPI < 0% are shown as 0%. Between-group 
differences were examined by the Mann–Whitney U test. *p < 0.05 uncorrected. HC, healthy control; BD, bipolar disorder.
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findings are as follows. First, as hypothesized, male patients with 
BD, but not female patients, had significantly lower PPI than 
male controls at one of the PP conditions (PPI120ms_86dB). More 
specifically, male patients with depression, but not euthymic male 
patients, had significantly lower PPI than male controls. More 
than half of the male patients with depression had low-PPI (< first 
quartile of male controls). In contrast, PPI in female patients did 
not differ from that in female controls, either in the depressed 
or the euthymic state. Female patients with active psychosis 
showed significantly lower PPI than those without psychosis. 
Female patients on typical antipsychotics had significantly lower 
PPI than those without such medication. PPI was significantly 
positively correlated with lamotrigine dosage in male patients 
and lithium dosage in female patients.

Few studies have investigated PPI in psychiatric disorders 
separately by gender and most reported that PPI deficits were 
found only in male patients, such as those with chronic schizo-
phrenia (74), euthymic BD (45), and MDD (53). The present 
finding is in line with those studies but it contradicts with our 
previous study which found PPI deficits both in men and women 
with schizophrenia (6). The seemingly intact PPI in female BD 
in the present study is in line with the above report on euthymic 
BD by Gogos et al. (45), which tested female subjects who were 
all in the follicular phase and reported that PPI in female BD was 
significantly higher than that in female controls. Our study did 
not control the time of testing in the menstrual cycle; however, we 
have previously obtained similar results of seemingly intact PPI in 
female MDD and speculated that possible menstrual irregularity 

https://www.frontiersin.org/Psychiatry/
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https://www.frontiersin.org/Psychiatry/archive


FigUre 2 | Comparison of startle measurements across the three clinical groups by gender (median ± SEM). (a) Basic startle reflex (BSR) in block 1.  
(B) Habituation percentage. (c) Prepulse inhibition (PPI) percentage in different prepulse parameter trials in men. (D) PPI percentage in women. Bar  
indicates median. Error bar indicates SEM. Between-group differences were examined by the Mann–Whitney U test. *p < 0.05 corrected. HC, healthy  
control; BD, bipolar disorder.
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in some female patients caused by psychotropic medication, 
inso mnia, and psychological stress might have increased PPI in 
female patients (53). Future studies on women should be made in 
the follicular phase to minimize the effects of circulating ovarian 
hormones.

Our finding of impaired PPI in male BD patients with depres-
sion and seemingly intact PPI in euthymic males with BD suggests 
that PPI is state dependent in men with BD. We also found a trend 
for the HAM-D21 total to correlate negatively with PPI in male 
and female BD. However, since the number of euthymic male BD 
is limited (n = 13), the above finding may have the risk of type 
II error. Gogos et al. (45) reported the presence of PPI deficits in 
the euthymic male with BD; however, half of their male patients 
(10/18) had mild to severe depression and, therefore, may not 
be described as “euthymic” (45). Other studies which examined 

PPI in euthymic BD in an equal mix of men and women found 
inconsistent results: two studies found normal PPI (35, 36), 
whereas the other two studies reported significant PPI deficits in 
euthymic BD (37, 38). A possible reason for such inconsistency 
may be that the latter two studies tested only patients with BD I, 
whereas there were only two euthymic and six depressed patients 
with BD I among the responders in our study. We conducted a 
sensitivity analysis excluding male patients with BD I and found 
that the results were virtually unchanged (median PPI120ms_86dB 
was 66% in 11 euthymic male patients and 48% in 14 depressed 
male patients). Again, we found significant differences between 
depressed BD II patients and controls (U = 301.0, p = 0.009) and 
between depressed BD II patients and euthymic BD II patients 
(U  =  36.0, p  =  0.048), but no significant difference between 
euthymic BD II patients and controls, in men. Taken together, 
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TaBle 2 | Effects of active psychosis and medication use on habituation and PPI percentages (median ± SEM).

N % habituation % PPi120ms_86dB % PPi120ms_90dB

Yes/no (%) Yes no U P Yes no U P Yes no U P

Male patients (n = 33)

Active psychosisa 5/28 (15%) 61 ± 8 57 ± 5 56.5 0.498 75 ± 32 59 ± 16 56.0 0.550 75 ± 50 79 ± 11 65.0 0.897
Medication use
Lithium 17/16 (52%) 58 ± 5 57 ± 6 113.5 0.418 57 ± 26 64 ± 8 97.5 0.257 63 ± 21 80 ± 7 111.0 0.533
Sodium valproate 6/27(18%) 55 ± 81 58 ± 5 71.0 0.641 57 ± 34 59 ± 16 59.0 0.659 62 ± 55 79 ± 10 56.5 0.568
Lamotrigine 12/21 (36%) 59 ± 71 58 ± 5 124.5 0.955 68 ± 18 57 ± 20 91.5 0.341 80 ± 26 64 ± 13 94.5 0.404
Antidepressants 21/12 (64%) 58 ± 51 58 ± 5 113.5 0.640 59 ± 20 50 ± 17 104.0 0.648 82 ± 13 62 ± 25 86.0 0.241
Typical antipsychotics 3/30 (9%) 45 ± 18 59 ± 4 17.5 0.085 59 ± 14 59 ± 16 30.0 0.382 83 ± 11 75 ± 13 27.0 0.317
Atypical antipsychotics 16/17 (48%) 57 ± 6 58 ± 5 130.5 0.843 50 ± 28 64 ± 12 92.5 0.186 79 ± 17 75 ± 17 122 0.821
Anxiolytics/hypnotics 24/9 (73%) 57 ± 5 59 ± 6 92.5 0.531 56 ± 19 83 ± 21 67.0 0.126 64 ± 12 83 ± 31 84.0 0.413

Female patients (n = 54)

Active psychosisa 8/46 (15%) 65 ± 9 75 ± 4 152.0 0.436 25 ± 39 67 ± 8 94.5 0.029 −19 ± 100 65 ± 10 103.0 0.048
Medication use
Lithium 14/40 (26%) 67 ± 7 74 ± 4 246.5 0.508 54 ± 20 67 ± 11 216.5 0.209 31 ± 41 67 ± 21 238 0.401
Sodium valproate 15/39(28%) 44 ± 8 76 ± 4 187.0 0.042 67 ± 19 67 ± 11 267.5 0.628 44 ± 23 63 ± 24 249 0.395
Lamotrigine 6/48(11%) 67 ± 9 74 ± 4 131.0 0.720 50 ± 14 67 ± 11 100.0 0.225 −39 ± 82 62 ± 18 89.0 0.130
Antidepressants 19/35 (35%) 70 ± 7 73 ± 4 307.5 0.651 75 ± 13 57 ± 13 253.0 0.149 66 ± 14 46 ± 28 282.5 0.365
Typical antipsychotics 7/47 (13%) 70 ± 5 73 ± 4 154.0 0.787 50 ± 14 67 ± 11 120.5 0.256 0 ± 69 67 ± 19 77.5 0.025
Atypical antipsychotics 16/38 (30%) 61 ± 7 77 ± 4 190.5 0.031 71 ± 18 61 ± 11 263.5 0.442 60 ± 22 56 ± 25 288 0.755
Anxiolytics/hypnotics 30/24 (56%) 67 ± 5 78 ± 4 256.5 0.072 67 ± 12 63 ± 15 355.0 0.930 54 ± 22 56 ± 32 352.0 0.889

aActive psychosis was defined as currently having either delusion of guilt, hypochondrias, or paranoia.
Group difference was examined with the Mann–Whitney U test.
Statistical significance was set at a two-tailed p < 0.05. p-Value was not corrected. Bold figures represent significant p value.
PPI120ms_86dB, prepulse inhibition (PPI) at a prepuse 120 ms; 86 dB; PPI120ms_90dB, PPI at a prepuse 120 ms, 90 dB.

FigUre 3 | Ratio (%) of the PPI quartile groups in depressed and euthymic 
patients by gender. Patients were categorized into four groups using the PPI 
quartiles of healthy men and women. The incidence of the low-PPI (lowest 
quartile group) vs. high-PPI (second to fourth quartile groups) was compared 
across the three clinical groups by the Fisher’s exact test. Statistical 
significance was set at a two-tailed p < 0.05. *p < 0.05 against controls.  
PPI, prepulse inhibition.
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PPI in patients with BD II may be state dependent. To address this 
issue, further longitudinal studies are required.

Against our second hypothesis, we were unable to find a sig-
nificant correlation between startle measurements (habituation 
and PPI) and variables related to the severity of psychopathol-
ogy, such as the age of illness onset, duration of illness, and 
the number of hospitalization. Barret et al. found a significant 
correlation between PPI and these clinical variables, concluding 

that an early onset of illness has a detrimental effect on PPI 
levels (35). Gogos et  al. also found a trend for a correlation 
between PPI and age of onset in male BD patients (45). Our 
finding that female BD patients with current psychosis had a 
significantly lower PPI than those without such psychosis is 
in line with the previous literature indicating the association 
of PPI deficits with the presence of psychosis and thought 
disorder (20, 33, 34). However, psychosis might not be a key 
determinant, considering that we were unable to find such an 
association in males.

Psychotropic medication may be a possible confounding 
factor that may have masked the direct association of depres-
sion with PPI. In the present study, we obtained tentative 
evidence of deteriorating effects of sodium valproate and/or 
atypical antipsychotics on habituation and typical antipsy-
chotics on PPI in female patients. Some studies suggest that 
atypical antipsychotics may improve PPI deficits in schizo-
phrenia (64); however, we were unable to find such an effect 
in BD patients. The imbalance in monoaminergic neurotrans-
mission, changes in the activity of monoamine transporters, 
hyper- and hypo-dopaminergic function, and imbalance of 
excitatory/inhibitory neurotransmission by glutamate and 
γ-aminobutyric acid (GAVA) systems have been posited as the 
neurobiological hypotheses of BD (30). In the present study, 
neither patients medicated with antipsychotics, antidepres-
sants, nor mood stabilizers showed better PPI than those who 
were not medicated. On the other hand, we found a strong 
positive correlation of PPI with lamotrigine dosage in male 
and lithium in female patients. These findings may suggest 
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TaBle 3 | Spearman’s correlation of clinical variables with habituation and PPI percentages.

habituation PPi120ms_86dB PPi120ms_90dB

ρ p-Value ρ p-Value ρ p-Value

Male patients (n = 33)
Age 0.008 0.967 0.180 0.323 0.168 0.359
Education 0.052 0.774 −0.010 0.959 −0.026 0.889
Premorbid intelligence quotient (IQ) (n = 29) 0.325 0.085 −0.325 0.091 −0.256 0.189
Age of onset −0.089 0.623 0.168 0.359 0.196 0.282
Duration of illness 0.247 0.166 −0.219 0.228 −0.208 0.253
Number of hospitalization 0.002 0.990 0.176 0.335 0.291 0.106
Lithium (if any, n = 17) −0.080 0.761 −0.195 0.452 0.304 0.235
Sodium valproate (if any, n = 6) 0.759 0.080 −0.671 0.215 −0.447 0.450
Lamotrigine (if any, n = 12) −0.066 0.840 0.594 0.054 0.813 0.002
Antipsychotics (if any, n = 16)a −0.056 0.836 −0.171 0.543 0.086 0.762

Typical antipsychotics (n = 2) – – – – – –
Atypical antipsychotics (n = 16) −0.015 0.957 −0.257 0.354 0.007 0.980

Antidepressant (if any, n = 21)b −0.080 0.731 −0.113 0.625 0.118 0.611
HAM-D21 total 0.077 0.668 −0.309 0.086 −0.240 0.186
YMRS total (n = 19) 0.145 0.554 0.267 0.284 0.336 0.172

Female patients (n = 54)
Age −0.070 0.62 −0.084 0.54 0.060 0.666
Education −0.025 0.857 0.076 0.586 0.153 0.269
Premorid IQ (n = 52) 0.027 0.847 0.193 0.171 0.207 0.141
Age of onset 0.081 0.564 −0.108 0.440 0.055 0.696
Duration of illness 0.021 0.878 −0.061 0.659 −0.003 0.982
Number of hospitalization (n = 50) −0.131 0.365 0.113 0.435 0.117 0.419
Lithium (if any, n = 14) −0.570 0.033 0.691 0.006 0.465 0.094
Sodium valproate (if any, n = 15) 0.070 0.805 0.101 0.720 0.136 0.629
Lamotrigine (if any, n = 6) 0.304 0.558 −0.257 0.623 −0.101 0.848
Antipsychotics (if any, n = 21)a −0.118 0.611 −0.028 0.904 0.061 0.794

Typical antipsychotics (n = 6) 0.257 0.623 0.600 0.208 0.371 0.468
Atypical antipsychotics (n = 18) −0.220 0.380 −0.185 0.463 −0.100 0.694

Antidepressant (if any, n = 19)b −0.193 0.427 0.309 0.199 0.202 0.407
HAM-D21 total −0.017 0.906 −0.143 0.303 −0.253 0.065
YMRS total (n = 34) −0.044 0.806 0.010 0.957 −0.086 0.631

aChlorpromazine equivalent for those who received antipsychotic medication.
bImipramine equivalent for those who received antidepressant medication.
Statistical significance was set at a two-tailed p < 0.05. Bold figures represent statistical significance.
HAM-D21, 21-item version of the Hamilton depression rating scale; YMRS, Young Mania Rating Scale; PPI120ms_86dB, prepulse inhibition (PPI) at a prepuse 120 ms, 86 dB; 
PPI120ms_90dB, PPI at a prepuse 120 ms, 90 dB.

that lamotrigine and lithium ameliorate the PPI deficits if 
sufficient dosage is prescribed. Our finding is in line with the 
previous studies reporting that lamotrigine and lithium were 
superior to placebo for the prevention of mood episodes in 
patients with BD I (75, 76). Lithium is suggested to increase 
inhibitory neurotransmission based on the finding that GAVA 
levels were increased after chronic lithium treatment (77). 
Alternatively, the results may have arisen by chance. Since 
most of the patients were treated by combined medication, 
interpretation of specific effects of each drug should be made 
with caution. Previous literature of the comparative trials on 
the effects of sodium valproate, haloperidol, aripiprazole, or 
other antipsychotics on BD patients are still limited (78–81). 
Some studies reported the potential ameliorating effect of a 
low dose of the NMDA receptor antagonist ketamine (3, 82) 
and l-theanine (N-ethyl-l-glutamine), a component of green 
tea, on PPI (83, 84). These findings may support a new treat-
ment strategy on gene expression changes in glutamatergic 
neurotransmission and GluR expression commonly identified 

among schizophrenia, BD, and MDD by GWAS, postmortem 
brain, and magnetic resonance spectroscopy studies (29–32).

This study includes the following limitations. First, this is a 
cross-sectional study. Longitudinal intra-individual studies are 
needed to confirm the present findings and examine whether 
the reduced PPI in BD patients with depression is normalized in 
remission. Second, our results include the effects of medication. 
Third, the number of patients with BD I in the present study is 
limited (17 depressed, 9 euthymic; 25% of total patients with BD), 
and therefore, we were unable to examine PPI deficits exclusively 
in patients with BD I. Finally, we did not collect information 
about the history of psychosis. Although we found no correlation 
of startle measurements with psychopathological severity such 
as the age of illness onset, duration of illness, and the number of 
hospitalization, we were unable to analyze the effect of psychotic 
episodes.

In conclusion, our findings suggest that sensorimotor gat-
ing is impaired in male BD patients with depression. However, 
we obtained no evidence for such abnormalities in female BD 

https://www.frontiersin.org/Psychiatry/
https://www.frontiersin.org
https://www.frontiersin.org/Psychiatry/archive


10

Matsuo et al. PPI in Depressed and Euthymic BD

Frontiers in Psychiatry | www.frontiersin.org April 2018 | Volume 9 | Article 123

reFerences

1. Graham F. The more or less startling effects of weak prestimulation. 
Psychophysiology (1975) 12:238–48. doi:10.1111/j.1469-8986.1975.
tb01284.x 

2. Braff DL, Grillon C, Geyer MA. Gating and habituation of the startle reflex in 
schizophrenic patients. Arch Gen Psychiatry (1992) 49:206–15. doi:10.1001/
archpsyc.1992.01820030038005 

3. Braff DL, Geyer MA, Swerdlow NR. Human studies of prepulse inhibition 
of startle: normal subjects, patient groups, and pharmacological studies. 
Psychopharmacology (Berl) (2001) 156:234–58. doi:10.1007/s002130100810 

4. Kohl S, Heekeren K, Klosterkötter J, Kuhn J. Prepulse inhibition in psychiat-
ric disorders – apart from schizophrenia. J Psychiatr Res (2013) 47:445–52. 
doi:10.1016/j.jpsychires.2012.11.018 

5. Kunugi H, Tanaka M, Hori H, Hashimoto R, Saitoh O, Hironaka N. Prepulse 
inhibition of acoustic startle in Japanese patients with chronic schizophrenia. 
Neurosci Res (2007) 59:23–8. doi:10.1016/j.neures.2007.05.006 

6. Matsuo J, Ota M, Hori H, Hidese S, Teraishi T, Ishida I, et al. A large single 
ethnicity study of prepulse inhibition in schizophrenia: separate analysis 
by sex focusing on effect of symptoms. J Psychiatr Res (2016) 82:155–62. 
doi:10.1016/j.jpsychires.2016.07.026 

7. Swerdlow NR, Caine SB, Braff DL, Geyer MA. The neural substrates of senso-
rimotor gating of the startle reflex: a review of recent findings and their implica-
tions. J Psychopharmacol (1992) 6:176–90. doi:10.1177/026988119200600210 

8. Du Y, Wu X, Li L. Differentially organized top-down modulation of 
prepulse inhibition of startle. J Neurosci (2011) 31:13644–53. doi:10.1523/
JNEUROSCI.1292-11.2011 

9. Li L, Du Y, Li N, Wu X, Wu Y. Top-down modulation of prepulse inhibition of 
the startle reflex in humans and rats. Neurosci Biobehav Rev (2009) 33:1157–67. 
doi:10.1016/j.neubiorev.2009.02.001 

10. Murphy F, Nimmo-Smith I, Lawrence A. Functional neuroanatomy of emo-
tions: a meta-anlysis. Cogn Affect Behav Neurosci (2003) 3:207–33. doi:10.3758/ 
CABN.3.3.207 

11. Phan K, Wager T, Taylor S, Liberzon I. Functional neuroimaging studies of 
human emotions. CNS Spectr (2004) 9:258–66. doi:10.1017/S1092852900009196 

12. Phan KL, Wager T, Taylor SF, Liberzon I. Functional neuroanatomy of 
emotion: a meta-analysis of emotion activation studies in PET and fMRI. 
Neuroimage (2002) 16:331–48. doi:10.1006/nimg.2002.1087 

13. Goldstein JM. Sex, hormones and affective arousal circuitry dysfunction in 
schizophrenia. Horm Behav (2006) 50:612–22. doi:10.1016/j.yhbeh.2006. 
06.029 

14. Geyer MA, Krebs-Thomson K, Braff DL, Swerdlow NR. Pharmacological 
studies of prepulse inhibition models of sensorimotor gating deficits in schizo-
phrenia: a decade in review. Psychopharmacology (Berl) (2001) 156(2–3): 
117–54. doi:10.1007/s002130100811 

15. Braff DL, Swerdlow NR, Geyer MA. Symptom correlates of prepulse inhi-
bition deficits in male schizophrenic patients. Am J Psychiatry (1999) 156: 
596–602. doi:10.1176/ajp.156.4.596 

16. Wang Z, Tan Y, Yang F, Zhang W, Zou Y, Tan S, et al. Impaired prepulse inhi-
bition of acoustic startle in Chinese patients with first-episode, medication- 
naïve schizophrenia. Chin Med J (Engl) (2013) 126:526–31. 

17. Weike AI, Bauer U, Hamm AO. Effective neuroleptic medication removes 
prepulse inhibition deficits in schizophrenia patients. Biol Psychiatry (2000) 
47:61–70. doi:10.1016/S0006-3223(99)00229-2 

18. Xue YY, Wang HN, Xue F, Tan QR. Atypical antipsychotics do not reverse 
prepulse inhibition deficits in acutely psychotic schizophrenia. J Int Med Res 
(2012) 40:1467–75. doi:10.1177/147323001204000425 

19. Karper LP, Freeman GK, Grillon C, Morgan CA, Charney DS, Krystal JH. 
Preliminary evidence of an association between sensorimotor gating and 
distractibility in psychosis. J Neuropsychiatry Clin Neurosci (1996) 8:60–6. 
doi:10.1176/jnp.8.1.60 

20. Perry W, Braff DL. Information-processing deficits and thought disorder in 
schizophrenia. Am J Psychiatry (1994) 151:363–7. doi:10.1176/ajp.151.3.363 

21. Perry W, Geyer MA, Braff DL. Sensorimotor gating and thought disturbance 
measured in close temporal proximity in schizophrenic patients. Arch Gen 
Psychiatry (1999) 56:277–81. doi:10.1001/archpsyc.56.3.277 

22. Meincke U, Mörth D, Voss T, Thelen B, Geyer MA, Gouzoulis-Mayfrank E. 
Prepulse inhibition of the acoustically evoked startle reflex in patients with an 
acute schizophrenic psychosis – a longitudinal study. Eur Arch Psychiatry Clin 
Neurosci (2004) 254:415–21. doi:10.1007/s00406-004-0523-0 

23. Duncan EJ, Bollini AM, Lewison B, Keyes M, Jovanovic T, Gaytan O, et al. 
Medication status affects the relationship of symptoms to prepulse inhibition 
of acoustic startle in schizophrenia. Psychiatry Res (2006) 145:137–45. 
doi:10.1016/j.psychres.2006.04.006 

24. Martinez-Gras I, Rubio G, del Manzano BA, Rodriguez-Jimenez R, Garcia-
Sanchez F, Bagney A, et  al. The relationship between prepulse inhibition 
and general psychopathology in patients with schizophrenia treated with 
long-acting risperidone. Schizophr Res (2009) 115:215–21. doi:10.1016/j.
schres.2009.09.035 

25. Barch DM. Neuropsychological abnormalities in schizophrenia and major 
mood disorders: similarities and differences. Curr Psychiatry Rep (2009) 
11:313–9. doi:10.1007/s11920-009-0045-6 

patients except for those with current psychosis. The observed 
associations between medication and startle measurements  
warrant further investigation.

eThics sTaTeMenT

This study was performed in accordance with the Declaration of 
Helsinki and approved by the Ethics Committee of the National 
Center of Neurology and Psychiatry, Japan. Written informed 
consent for participation in this study was obtained from every 
subject.

aUThOr cOnTriBUTiOns

JM made statistical analysis, managed literature search, inter-
preted the data, and wrote the draft of the manuscript. MO and 
SH analyzed the EMG data. MO, SH, TT, and HH conducted 
clinical interviews. JM, II, and MH contributed for data collec-
tion. HK supervised the entire project and gave critical comments 
on the manuscript. All authors contributed substantially to this 
work and had approved the final manuscript.

acKnOWleDgMenTs

The authors would like to thank the volunteers for their 
participation.

FUnDing

This study was supported by Intramural Research Grant (24-11 
and 27-1) for Neurological and Psychiatric Disorders of NCNP 
(HK), and Funding for research to expedite effective drug dis-
covery by Government, Academia and Private partnership 
[15ak0101043h0201; 16ak0101043h0202] from Japan Agency for 
Medical Research and Development, AMED (HK). These agen-
cies had no role in study design, data acquisition, interpretation, 
or writing the report.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fpsyt.2018.00123/
full#supplementary-material.

https://www.frontiersin.org/Psychiatry/
https://www.frontiersin.org
https://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1111/j.1469-8986.1975.tb01284.x
https://doi.org/10.1111/j.1469-8986.1975.tb01284.x
https://doi.org/10.1001/archpsyc.1992.01820030038005
https://doi.org/10.1001/archpsyc.1992.01820030038005
https://doi.org/10.1007/s002130100810
https://doi.org/10.1016/j.jpsychires.2012.11.018
https://doi.org/10.1016/j.neures.2007.05.006
https://doi.org/10.1016/j.jpsychires.2016.07.026
https://doi.org/10.1177/026988119200600210
https://doi.org/10.1523/JNEUROSCI.1292-11.2011
https://doi.org/10.1523/JNEUROSCI.1292-11.2011
https://doi.org/10.1016/j.neubiorev.2009.02.001
https://doi.org/10.3758/
CABN.3.3.207
https://doi.org/10.3758/
CABN.3.3.207
https://doi.org/10.1017/S1092852900009196
https://doi.org/10.1006/nimg.2002.1087
https://doi.org/10.1016/j.yhbeh.2006.
06.029
https://doi.org/10.1016/j.yhbeh.2006.
06.029
https://doi.org/10.1007/s002130100811
https://doi.org/10.1176/ajp.156.4.596
https://doi.org/10.1016/S0006-3223(99)00229-2
https://doi.org/10.1177/147323001204000425
https://doi.org/10.1176/jnp.8.1.60
https://doi.org/10.1176/ajp.151.3.363
https://doi.org/10.1001/archpsyc.56.3.277
https://doi.org/10.1007/s00406-004-0523-0
https://doi.org/10.1016/j.psychres.2006.04.006
https://doi.org/10.1016/j.schres.2009.09.035
https://doi.org/10.1016/j.schres.2009.09.035
https://doi.org/10.1007/s11920-009-0045-6
https://www.frontiersin.org/articles/10.3389/fpsyt.2018.00123/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2018.00123/full#supplementary-material


11

Matsuo et al. PPI in Depressed and Euthymic BD

Frontiers in Psychiatry | www.frontiersin.org April 2018 | Volume 9 | Article 123

26. Bearden CE, Hoffman KM, Cannon TD. The neuropsychology and neuro-
anatomy of bipolar affective disorder: a critical review. Bipolar Disord (2001) 
3:106–50. doi:10.1034/j.1399-5618.2001.030302.x 

27. Sheline Y. Neuroimaging studies of mood disorder effects on the brain. Biol 
Psychiatry (2003) 54:338–52. doi:10.1016/S0006-3223(03)00347-0 

28. Strakowski SM, DelBello MP, Adler CM. The functional neuroanatomy of 
bipolar disorder: a review of neuroimaging findings. Mol Psychiatry (2005) 
10:105–16. doi:10.1038/sj.mp.4001585 

29. Ginsberg SD, Hemby SE, Smiley JF. Expression profiling in neuropsychiatric 
disorders: emphasis on glutamate receptors in bipolar disorder. Pharmacol 
Biochem Behav (2013) 100:705–11. doi:10.1016/j.pbb.2011.09.015.Expression 

30. Sigitova E, Fišar Z, Hroudová J, Cikánková T, Raboch J. Biological hypotheses 
and biomarkers of bipolar disorder. Psychiatry Clin Neurosci (2017) 71:77–103. 
doi:10.1111/pcn.12476 

31. Gigante A, Bond D, Lafer B, Lam R, Young L, Yatham L. Brain glutamate 
levels measured by magnetic resonance spectroscopy in patients with bipolar 
disorder: a meta-analysis. Bipolar Disord (2012) 14:478–87. doi:10.1111/j. 
1399-5618.2012.01033.x 

32. Jun C, Choi Y, Lim SM, Bae S, Hong YS, Kim JE, et al. Disturbance of the 
glutamatergic system in mood disorders. Exp Neurobiol (2014) 23:28. 
doi:10.5607/en.2014.23.1.28 

33. Perry W, Minassian A, Feifel D, Braff DL. Sensorimotor gating deficits in 
bipolar disorder patients with acute psychotic mania. Biol Psychiatry (2001) 
50:418–24. doi:10.1016/S0006-3223(01)01184-2 

34. Carroll CA, Vohs JL, O’donnell BF, Shekhar A, Hetrick WP. Sensorimotor 
gating in manic and mixed episode bipolar disorder. Bipolar Disord (2007) 
9:221–9. doi:10.1111/j.1399-5618.2007.00415.x 

35. Barrett SL, Kelly C, Watson DR, Bell R, King DJ. Normal levels of prepulse 
inhibition in the euthymic phase of bipolar disorder. Psychol Med (2005) 
35:1737–46. doi:10.1017/S0033291705005702 

36. Rich BA, Vinton D, Grillon C, Bhangoo RK, Leibenluft E. An investigation 
of prepulse inhibition in pediatric bipolar disorder. Bipolar Disord (2005) 
7:198–203. doi:10.1111/j.1399-5618.2005.00183.x 

37. Giakoumaki SG, Roussos P, Rogdaki M, Karli C, Bitsios P, Frangou S. 
Evidence of disrupted prepulse inhibition in unaffected siblings of bipolar 
disorder patients. Biol Psychiatry (2007) 62:1418–22. doi:10.1016/j.biopsych. 
2006.12.002 

38. Sánchez-Morla EM, Mateo J, Aparicio A, García-Jiménez MÁ, Jiménez E,  
Santos JL. Prepulse inhibition in euthymic bipolar disorder patients in compari-
son with control subjects. Acta Psychiatr Scand (2016) 134:350–9. doi:10.1111/ 
acps.12604 

39. Aasen I, Kolli L, Kumari V. Sex effects in prepulse inhibition and facili-
tation of the acoustic startle response: implications for pharmacological 
and treatment studies. J Psychopharmacol (2005) 19:39–45. doi:10.1177/ 
0269881105048890 

40. Abel K, Waikar M, Pedro B, Hemsley D, Geyer M. Repeated testing of prepulse 
inhibition and habituation of the startle reflex: a study in healthy human con-
trols. J Psychopharmacol (1998) 12:330–7. doi:10.1177/026988119801200402 

41. Kumari V. Sex differences and hormonal influences in human sensorimotor 
gating: implications for schizophrenia. Curr Top Behav Neurosci (2011) 
8:141–54. doi:10.1007/7854_2010_117 

42. Swerdlow NR, Auerbach P, Monroe SM, Hartston H, Geyer MA, Braff DL. 
Men are more inhibited than women by weak prepulses. Biol Psychiatry (1993) 
34:253–60. doi:10.1016/0006-3223(93)90079-S 

43. Swerdlow NR, Hartman PL, Auerbach PP. Changes in sensorimotor inhibi-
tion across the menstrual cycle: implications for neuropsychiatric disorders.  
Biol Psychiatry (1997) 41:452–60. doi:10.1016/S0006-3223(96)00065-0 

44. Swerdlow NR, Geyer MA, Hartman PL, Sprock J, Auerbach PP, Cadenhead K,  
et  al. Sex differences in sensorimotor gating of the human startle reflex: 
all smoke? Psychopharmacology (Berl) (1999) 146:228–32. doi:10.1007/
s002130051111 

45. Gogos A, Van Den Buuse M, Rossell S. Gender differences in prepulse 
inhibition (PPI) in bipolar disorder: men have reduced PPI, women have 
increased PPI. Int J Neuropsychopharmacol (2009) 12:1249–59. doi:10.1017/
S1461145709000480 

46. Perry W, Minassian A, Feifel D. Prepulse inhibition in patients with 
non-psychotic major depressive disorder. J Affect Disord (2004) 81:179–84. 
doi:10.1016/S0165-0327(03)00157-5 

47. Ludewig S, Ludewig K. No prepulse inhibition deficits in patients with 
unipolar depression. Depress Anxiety (2003) 17:224–5. doi:10.1002/da.10109 

48. Quednow BB, Westheide J, Kühn K-U, Werner P, Maier W, Hawellek B, et al. 
Normal prepulse inhibition and habituation of acoustic startle response in 
suicidal depressive patients without psychotic symptoms. J Affect Disord 
(2006) 92:299–303. doi:10.1016/j.jad.2006.01.022 

49. Bora E, Harrison BJ, Davey CG, Yücel M, Pantelis C. Meta-analysis of 
volumetric abnormalities in cortico-striatal-pallidal-thalamic circuits in 
major depressive disorder. Psychol Med (2012) 42:671–81. doi:10.1017/
S0033291711001668 

50. Kong L, Chen K, Womer F, Jiang W, Luo X, Driesen N, et al. Sex differences 
of gray matter morphology in cortico-limbicstriatal neural system in major 
depressive disorder. J Psychiatr Res (2013) 47:733–9. doi:10.1016/j.csda.2008. 
07.034.Inferences 

51. Koolschijn PCMP, Van Haren NEM, Lensvelt-Mulders GJLM, Hulshoff Pol HE,  
Kahn RS. Brain volume abnormalities in major depressive disorder: a meta- 
analysis of magnetic resonance imaging studies. Hum Brain Mapp (2009) 
30:3719–35. doi:10.1002/hbm.20801 

52. Price JL, Drevets WC. Neural circuits underlying the pathophysiology 
of mood disorders. Trends Cogn Sci (2012) 16:61–71. doi:10.1016/j.tics. 
2011.12.011 

53. Matsuo J, Ota M, Hidese S, Hori H, Teraishi T, Ishida I, et al. Sexually dimor-
phic deficits of prepulse inhibition in patients with major depressive disorder 
and their relationship to symptoms: a large single ethnicity study. J Affect 
Disord (2017) 211:75–82. doi:10.1016/j.jad.2017.01.012 

54. Comasco E, Gulinello M, Hellgren C, Skalkidou A, Sylven S, Sundström-
Poromaa I. Sleep duration, depression, and oxytocinergic genotype influ-
ence prepulse inhibition of the startle reflex in postpartum women. Eur 
Neuropsychopharmacol (2016) 26:767–76. doi:10.1016/j.euroneuro.2016. 
01.002 

55. Ellwanger J, Geyer MA, Braff DL. The relationship of age to prepulse inhibi-
tion and habituation of the acoustic startle response. Biol Psychol (2003) 62: 
175–95. doi:10.1016/S0301-0511(02)00126-6 

56. Ludewig K, Ludewig S, Seitz A, Obrist M, Geyer MA, Vollenweider FX. The 
acoustic startle reflex and its modulation: effects of age and gender in humans. 
Biol Psychol (2003) 63:311–23. doi:10.1016/S0301-0511(03)00074-7 

57. Swerdlow NR, Filion D, Geyer MA, Braff DL. “Normal” personality correlates 
of sensorimotor, cognitive, and visuospatial gating. Biol Psychiatry (1995) 
37:286–99. doi:10.1016/0006-3223(94)00138-S 

58. Swerdlow NR, Talledo JA, Braff DL. Startle modulation in Caucasian-Americans 
and Asian-Americans: a prelude to genetic/endophenotypic studies across 
the “Pacific Rim”. Psychiatr Genet (2005) 15:61–5. doi:10.1097/00041444- 
200503000-00010 

59. Kumari V, Gray JA. Smoking withdrawal, nicotine dependence and prepulse 
inhibition of the acoustic startle reflex. Psychopharmacology (Berl) (1999) 
141:11–5. doi:10.1007/s002130050800 

60. Duncan E, Madonick S, Chakravorty S, Parwani A, Szilagyi S, Efferen T, et al. 
Effects of smoking on acoustic startle and prepulse inhibition in humans. 
Psychopharmacology (Berl) (2001) 156:266–72. doi:10.1007/s002130100719 

61. Della Casa V, Höfer I, Weiner I, Feldon J. The effects of smoking on acoustic 
prepulse inhibition in healthy men and women. Psychopharmacology (Berl) 
(1998) 137:362–8. doi:10.1007/s002130050631 

62. Swerdlow NR, Light GA, Cadenhead KS, Sprock J, Hsieh MH, Braff DL.  
Startle gating deficits in a large cohort of patients with schizophrenia rela-
tionship to medications, symptoms, neurocognition, and level of function.  
Arch Gen Psychiatry (2006) 63:1325–35. doi:10.1001/archpsyc.63.12.1325 

63. Swerdlow NR, Sprock J, Light GA, Cadenhead K, Calkins ME, Dobie DJ, 
et al. Multi-site studies of acoustic startle and prepulse inhibition in humans: 
initial experience and methodological considerations based on studies by 
the Consortium on the Genetics of Schizophrenia. Schizophr Res (2007) 
92:237–51. doi:10.1016/j.schres.2007.01.012 

64. Swerdlow NR, Light GA, Sprock J, Calkins ME, Green MF, Greenwood TA, 
et al. Deficient prepulse inhibition in schizophrenia detected by the multi-site 
COGS. Schizophr Res (2014) 152:503–12. doi:10.1016/j.schres.2013.12.004 

65. Otsubo T, Tanaka K, Koda R, Shinoda J, Sano N, Tanaka S, et al. Reliability 
and validity of Japanese version of the Mini-International Neuropsychiatric 
Interview. Psychiatry Clin Neurosci (2005) 59:517–26. doi:10.1111/j.1440- 
1819.2005.01408.x 

https://www.frontiersin.org/Psychiatry/
https://www.frontiersin.org
https://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1034/j.1399-5618.2001.030302.x
https://doi.org/10.1016/S0006-3223(03)00347-0
https://doi.org/10.1038/sj.mp.4001585
https://doi.org/10.1016/j.pbb.2011.09.015.Expression
https://doi.org/10.1111/pcn.12476
https://doi.org/10.1111/j.
1399-5618.2012.01033.x
https://doi.org/10.1111/j.
1399-5618.2012.01033.x
https://doi.org/10.5607/en.2014.23.1.28
https://doi.org/10.1016/S0006-3223(01)01184-2
https://doi.org/10.1111/j.1399-5618.2007.00415.x
https://doi.org/10.1017/S0033291705005702
https://doi.org/10.1111/j.1399-5618.2005.00183.x
https://doi.org/10.1016/j.biopsych.
2006.12.002
https://doi.org/10.1016/j.biopsych.
2006.12.002
https://doi.org/10.1111/
acps.12604
https://doi.org/10.1111/
acps.12604
https://doi.org/10.1177/
0269881105048890
https://doi.org/10.1177/
0269881105048890
https://doi.org/10.1177/026988119801200402
https://doi.org/10.1007/7854_2010_117
https://doi.org/10.1016/0006-3223(93)90079-S
https://doi.org/10.1016/S0006-3223(96)00065-0
https://doi.org/10.1007/s002130051111
https://doi.org/10.1007/s002130051111
https://doi.org/10.1017/S1461145709000480
https://doi.org/10.1017/S1461145709000480
https://doi.org/10.1016/S0165-0327(03)00157-5
https://doi.org/10.1002/da.10109
https://doi.org/10.1016/j.jad.2006.01.022
https://doi.org/10.1017/S0033291711001668
https://doi.org/10.1017/S0033291711001668
https://doi.org/10.1016/j.csda.2008.
07.034.Inferences
https://doi.org/10.1016/j.csda.2008.
07.034.Inferences
https://doi.org/10.1002/hbm.20801
https://doi.org/10.1016/j.tics.2011.12.011
https://doi.org/10.1016/j.tics.2011.12.011
https://doi.org/10.1016/j.jad.2017.01.012
https://doi.org/10.1016/j.euroneuro.2016.
01.002
https://doi.org/10.1016/j.euroneuro.2016.
01.002
https://doi.org/10.1016/S0301-0511(02)00126-6
https://doi.org/10.1016/S0301-0511(03)00074-7
https://doi.org/10.1016/0006-3223(94)00138-S
https://doi.org/10.1097/00041444-
200503000-00010
https://doi.org/10.1097/00041444-
200503000-00010
https://doi.org/10.1007/s002130050800
https://doi.org/10.1007/s002130100719
https://doi.org/10.1007/s002130050631
https://doi.org/10.1001/archpsyc.63.12.1325
https://doi.org/10.1016/j.schres.2007.01.012
https://doi.org/10.1016/j.schres.2013.12.004
https://doi.org/10.1111/j.1440-
1819.2005.01408.x
https://doi.org/10.1111/j.1440-
1819.2005.01408.x


12

Matsuo et al. PPI in Depressed and Euthymic BD

Frontiers in Psychiatry | www.frontiersin.org April 2018 | Volume 9 | Article 123

66. Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, et al.  
The Mini-International neuropsychiatric Interview (M.I.N.I.): the devel-
opment and validation of a structured diagnostic psychiatric interview for 
DSM-IV and ICD-10. J Clin Psychiatry (1998) 59(Suppl 2):22–33. 

67. American Psychiatric Association. DSM-IV: Diagnostic and Statistical Manual 
of Mental Disorders. 4th ed. Washington, DC: American Psychiatric Press 
(2000).

68. Matsuoka K, Uno M, Kasai K, Koyama K, Kim Y. Estimation of premorbid 
IQ in individuals with Alzheimer’s disease using Japanese ideographic script 
(Kanji) compound words: Japanese version of National Adult Reading 
Test. Psychiatry Clin Neurosci (2006) 60:332–9. doi:10.1111/j.1440-1819. 
2006.01510.x 

69. Hamilton M. Development of a rating scale for primary depressive illness.  
Br J Soc Clin Psychol (1967) 6:278–96. doi:10.1111/j.2044-8260.1967.tb00530.x 

70. Young RC, Biggs JT, Ziegler VE, Meyer DA. A rating scale for mania: reli-
ability, validity and sensitivity. Br J Psychiatry J Ment Sci (1978) 133:429–35. 
doi:10.1192/bjp.133.5.429 

71. Tohen M, Frank E, Bowden CL, Colom F, Ghaemi SN, Yatham LN, et  al.  
The International Society for Bipolar Disorders (ISBD) task force report  
on the nomenclature of course and outcome in bipolar disorders. Bipolar 
Disord (2009) 11(5):453–73. doi:10.1111/j.1399-5618.2009.00726.x 

72. Frank E, Prien R, Jarrett R, Keller M, Kupfer D, Lavori P, et al. Conceptualization 
and rationale for consensus definitions of terms in major depressive disorder. 
Remission, recovery, relapse, and recurrence. Arch Gen Pshchiatry (1991) 
48:851–5. doi:10.1001/archpsyc.1991.01810330075011 

73. Inada T, Inagaki A. Psychotropic dose equivalence in Japan. Psychiatry Clin 
Neurosci (2015) 69:440–7. doi:10.1111/pcn.12275 

74. Kumari V, Aasen I, Sharma T. Sex differences in prepulse inhibition deficits 
in chronic schizophrenia. Schizophr Res (2004) 69:219–35. doi:10.1016/j.
schres.2003.09.010 

75. Calabrese JR, Bowden CL, Sachs G, Mehtonen O, Montgomery P, Pharm D,  
et al. A placebo-controlled 18-month trial of lamotrigine and lithium main-
tenance treatment in recently manic or hypomanic patients with bipolar I  
disorder—correction. Arch Gen Psychiatry (2004) 61:680. doi:10.1001/
archpsyc.61.7.680 

76. Severus E, Taylor MJ, Sauer C, Pfennig A, Ritter P, Bauer M, et  al. Lithium 
for prevention of mood episodes in bipolar disorders: systematic review and 
meta-analysis. Int J Bipolar Disord (2014) 2:15. doi:10.1186/s40345-014-0015-8 

77. Lan MJ, Mcloughlin GA, Griffin JL, Tsang TM, Huang JTJ, Yuan P, et  al. 
Metabonomic analysis identifies molecular changes associated with the 
pathophysiology and drug treatment of bipolar disorder. Mol Psychiatry 
(2009) 14:269–79. doi:10.1038/sj.mp.4002130 

78. Brown R, Taylor M, Geddess J. Aripiprazole alone or in combination for acute 
mania. Cochrane Database Syst Rev (2013) (12):CD005000. doi:10.1002/ 
14651858.CD005000.pub2 

79. Jm R, Hj G, Ms B, Goodwin G, Geddes J. Risperidone alone or in combination 
for acute mania. Cochrane Database Syst Rev (2006) (1):CD004043. 

80. Cipriani A, Reid K, Ah Y, Macritchie K, Geddes J. Valproic acid, valproate 
and divalproex in the maintenance treatment of bipolar disorder. Cochrane 
Database Syst Rev (2013) (10):CD003196. doi:10.1002/14651858.CD003196.
pub2

81. Cipriani A, Rendell JM, Geddes J. Haloperidol alone or in combination for 
acute mania. Cochrane Database Syst Rev (2006) (3):CD004362.

82. Lener MS, Niciu MJ, Ballard, Park M, Park LT, Nugent AC, et al. Glutamate 
and gamma-aminobutyric acid systems in the pathophysiology of major 
depression and antidepressant response to ketamine. Biol Psychiatry (2017) 
81:886–97. doi:10.1016/j.biopsych.2016.05.005 

83. Wakabayashi C, Numakawa T, Ninomiya M, Chiba S, Kunugi H. 
Behavioral and molecular evidence for psychotropic effects in l-theanine. 
Psychophar macology (Berl) (2012) 219:1099–109. doi:10.1007/s00213-011- 
2440-z 

84. Ota M, Wakabayashi C, Matsuo J, Kinoshita Y, Hori H, Hattori K, et al. Effect 
of L-theanine on sensorimotor gating in healthy human subjects. Psychiatry 
Clin Neurosci (2014) 68:337–43. doi:10.1111/pcn.12134 

Conflict of Interest Statement: The authors have declared that the research was 
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2018 Matsuo, Ota, Hidese, Teraishi, Hori, Ishida, Hiraishi and Kunugi. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) and the copyright owner are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

https://www.frontiersin.org/Psychiatry/
https://www.frontiersin.org
https://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1111/j.1440-1819.
2006.01510.x
https://doi.org/10.1111/j.1440-1819.
2006.01510.x
https://doi.org/10.1111/j.2044-8260.1967.tb00530.x
https://doi.org/10.1192/bjp.133.5.429
https://doi.org/10.1111/j.1399-5618.2009.00726.x
https://doi.org/10.1001/archpsyc.1991.01810330075011
https://doi.org/10.1111/pcn.12275
https://doi.org/10.1016/j.schres.2003.09.010
https://doi.org/10.1016/j.schres.2003.09.010
https://doi.org/10.1001/archpsyc.61.7.680
https://doi.org/10.1001/archpsyc.61.7.680
https://doi.org/10.1186/s40345-014-
0015-8
https://doi.org/10.1038/sj.mp.4002130
https://doi.org/10.1002/14651858.CD005000.pub2
https://doi.org/10.1002/14651858.CD005000.pub2
https://doi.org/10.1002/14651858.CD003196.pub2
https://doi.org/10.1002/14651858.CD003196.pub2
https://doi.org/10.1016/j.biopsych.2016.05.005
https://doi.org/10.1007/s00213-011-2440-z
https://doi.org/10.1007/s00213-011-2440-z
https://doi.org/10.1111/pcn.12134
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Sensorimotor Gating in Depressed and Euthymic Patients with Bipolar Disorder: Analysis on Prepulse Inhibition of Acoustic Startle Response Stratified by Gender 
and State
	Introduction
	Materials and Methods
	Subjects
	Startle Reflex Measurement
	PPI Paradigm
	Outcome Measures and Data Reduction

	Statistical Analysis

	Results
	Startle Reflex and Habituation
	Prepulse Inhibition
	Comparisons Between Clinical Groups
	Effects of Active Psychosis and Medication Status on PPI
	Correlation of Clinical Variables With PPI


	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


