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Abstract

Efforts to replicate results from both basic and clinical models have highlighted problems 

with reproducibility in science. In psychiatry, reproducibility issues are compounded because 

the complex behavioral syndromes make many disorders challenging to model. We develop 

translatable tasks that quantitatively measure psychiatry-relevant behaviors across species. The 

behavioral pattern monitor (BPM) was designed to analyze exploratory behaviors, which are 

altered in patients with bipolar disorder (BD), especially during mania episodes. We have 

repeatedly assessed the behavioral effects of reduced dopamine transporter (DAT) expression in 

the BPM using a DAT knockdown (KD) mouse line (~10% normal expression). DAT KD mice 

exhibit a profile in the BPM consistent with acutely manic BD patients in the human version 

of the task—hyperactivity, increased exploratory behavior, and reduced spatial d (Perry et al., 

2009). We collected data from multiple DAT KD BPM experiments in our laboratory to assess 

the reproducibility of behavioral outcomes across experiments. The four outcomes analyzed were: 

1) transitions (amount of locomotor activity); 2) rearings (exploratory activity); 3) holepokes 

(exploratory activity); and 4) spatial d (geometrical pattern of locomotor activity). By comparing 

DAT KD mice to wildtype (WT) littermates in every experiment, we calculated effect sizes for 

each of the four outcomes and then calculated a mean effect size using a random effects model. 

DAT KD mice exhibited robust, reproducible changes in each of the four outcomes, including 

increased transitions, rearings, and holepokes, and reduced spatial d, vs. WT littermates. Our 

results demonstrate that the DAT KD mouse line in the BPM is a consistent, reproducible model 

of mania-relevant behaviors. More work must be done to assess reproducibility of behavioral 

outcomes across experiments in order to advance the field of psychiatry and develop more 

effective therapeutics for patients.
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1.1— INTRODUCTION:

The problem of reproducibility in science has recently been highlighted in editorials and 

surveys of scientists, with failures in large-scale efforts to replicate findings in the fields 

of cancer biology and psychology. In a survey of 1,576 researchers conducted by Nature 
(2016), >70% of researchers reported attempting and failing to reproduce another scientist’s 

experiments (Baker, 2016). Pressure to publish and selective reporting of results were two 

factors that the majority of respondents (>60%) identified as always or often contributing 

to reproducibility problems. Determining reproducibility rates in certain scientific fields is 

underway, and results so far underscore the need for improved reproducibility standards. For 

example, the Open Science Collaboration (OSC) attempted to replicate 98 studies published 

in three psychology journals (Open Science Collaboration, 2015). While 97% of the original 

98 studies found significant effects, only 36% of the results were successfully replicated; 

furthermore, effect sizes were on average half those of the original studies. The OSC is 

now attempting to replicate widely cited studies in the cancer biology field. Out of five 

studies completed so far, two have been replicated, two were inconclusive due to technical 

issues, and one failed to replicate (Aird et al., 2017; Horrigan et al., 2017; Horrigan and 

Reproducibility Project: Cancer Biology, 2017; Kandela et al., 2017; Mantis et al., 2017). 

Confirmation of findings through replication is ongoing and will be refined over time, but 

overall, currently available data emphasize the need to evaluate and validate reproducibility 

in both clinical and basic models.

Most of the efforts addressing reproducibility have been aimed at assessing inter-laboratory 

reproducibility (i.e. conducting the same experiment across multiple different laboratories). 

Intra-laboratory reproducibility (i.e. repeating an experiment in the same laboratory multiple 

times) is also important to examine, particularly in the field of psychiatry where it has 

been problematic to generate reproducible basic models. These difficulties arise for two 

main reasons: 1) psychiatric disorders are comprised of diagnostic categories based on 

mainly subjective heterogeneous symptoms, and 2) the general knowledge of underlying 

etiology and pathophysiology of these disorders remains limited. Some intra-laboratory 

reproducibility studies have been conducted; e.g., isolation rearing-induced deficits in 

sensorimotor gating as measured by prepulse inhibition (PPI; Geyer et al., 1993), a 

paradigm commonly used to measure schizophrenia-relevant behavioral changes (Braff and 

Geyer, 1990; Geyer and Braff, 1987; Swerdlow et al., 2017), has been assessed. Largely 

reproducible isolation rearing-induced PPI deficits were reported, although only in 14 out 

of 18 cohorts (Cilia et al., 2005). Other laboratories have not reproduced isolation rearing-

induced PPI deficits, however (Weiss et al., 1999). Methodological differences make it 

difficult to compare results across laboratories, and further complicate reproducibility issues 

in the field. Furthermore, many psychiatric disorders are complex and challenging to model, 

adding to reproducibility issues.
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Bipolar disorder (BD) is a complex disease to model in rodents due to its genetic variability 

and heterogeneous symptoms (Seifuddin et al., 2013) that are often cyclical, including 

switching between extreme states (mania and depression). These alternating episodes of 

mania and depression in particular have been challenging to recreate in rodent models 

(Gould and Einat, 2007; Young and Dulcis, 2015). Modeling BD has focused on recreating 

specific mania-like symptoms in rodents, given that mania is the cardinal feature of BD, 

using pharmacological (Fries et al., 2015), environmental (Arent et al., 2015), and genetic 

methods (Prickaerts et al., 2006). We have reported that knockdown (KD) of the dopamine 

transporter (DAT) in mice (to 10% of normal levels) results in mania-like symptoms, 

including abnormal exploration (Perry et al., 2009; Young et al., 2010a) and increased risk-

taking behavior (van Enkhuizen et al., 2015, 2014b; Young et al., 2011) seen in BD mania 

patients. The model was based on genetic linkage studies showing an association between 

DAT polymorphisms and BD (Greenwood et al., 2006, 2001) which may functionally 

reduce DAT expression, with confirmation of reduced DAT expression in postmortem frontal 

cortices of BD patients (Rao et al., 2012) and in unmedicated euthymic patients using PET 

(Anand et al., 2011). Hence, reduced DAT expression recreates several aspects of BD mania 

and has construct validity (Young et al., 2011).

In terms of reproducibility of this animal model of BD, we have repeatedly assessed the 

effect of reduced DAT expression on exploration in the behavioral pattern monitor (BPM). 

This exploratory chamber – originally developed for use in rats (Geyer et al., 1986) – 

is also available for human testing (Minassian et al., 2010), and has been used to show 

that BD mania patients exhibit abnormalities in three core exploratory domains: amount of 

motor activity, exploration of novel stimuli, and motor activity patterns (Henry et al., 2013; 

Minassian et al., 2011; Paulus and Geyer, 1993; Perry et al., 2009). These three aspects 

of exploratory behavior are similarly altered in DAT KD mice compared with respective 

controls in the BPM paradigm (Perry et al., 2009; Young et al., 2010a). Further validation is 

seen when BD mania patients treated with standard treatment (e.g. valproate, among others) 

exhibit diminished hyperactivity over time, while object interactions (hyperexploration) and 

motor activity pattern differences remain (Minassian et al., 2011). This effect is identical to 

that seen when DAT KD mice were treated chronically with valproate (van Enkhuizen et 

al., 2013), supporting the predictive validity of this model. Therefore, our previous research 

indicates that DAT KD mice in the BPM accurately model mania behavior of BD patients.

To our knowledge, we are the only laboratory conducting experiments in the BPM using 

the DAT KD mouse line, making our aggregate dataset collected across different cohorts 

unique. Given the cross-species relevance of the BPM and the reproducibility issues present 

in psychiatric research, we determined whether the mania-like behavioral profile of DAT 

KD mice in the BPM paradigm was reproducible across different experiments, as well 

as background strains, in our laboratory. Such reproducibility would increase the internal 

validity of using DAT KD mice as a model for mania-like behavior and contribute to current 

global efforts addressing issues of reproducibility in psychiatry research.

In the current analysis, we collated the results of studies performed in our laboratory 

(from 2004–2015) on DAT KD vs. WT mice using the BPM. Cohen’s d effect sizes were 

calculated for four core dimensions of the mania-like behavioral profile. These effect sizes 
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were compared using a meta-analysis across studies and between behavioral dimensions to 

assess the reproducibility of the DAT KD mouse line in the BPM as a model for BD mania.

2.1— METHODS:

2.1.1— Study Identification

To examine the reproducibility of the DAT KD mouse model of mania in our BPM 

paradigm, we identified studies conducted in our laboratory between 2004–2015 using 

DAT KD vs. WT mice in the BPM (see section 2.1.2 for task description). The DAT 

KD mouse line has been maintained on a 129Sv/J (129) and C57/BL6J (C57) genetic 

background over this period. Overall analyses included DAT KD and WT littermates 

from both genetic backgrounds; separate sub-analyses were conducted on each strain to 

examine inter-background differences in behavioral outcomes. We included both published 

and unpublished results in this analysis; findings that have been previously published have 

been cited and identified accordingly. Data from drug treatment groups in three published 

studies were also collected in order to assess effects on BPM outcomes in this model.

2.1.2— Behavioral Pattern Monitor (BPM)

Locomotor and exploratory behavior was analyzed in BPM chambers (San Diego 

Instruments, San Diego, CA) as described previously by our group (e.g. Risbrough et 

al., 2006; van Enkhuizen et al., 2013). Briefly, each Plexiglas chamber (30.5×61×38 cm) 

contains eight wall holes (1.25 cm diameter, 1.9 cm above floor) and three floor holes (Fig. 

1). Each hole contains an infrared beam to detect holepoking. A grid of 12×24 infrared 

photobeams located 1 cm above the floor records mouse location every 0.1 sec., allowing 

calculation of transitions (i.e. locomotor activity) from one of nine defined regions to 

another. A second set of 16 infrared photobeams located 2.5 cm above the floor keeps track 

of number of mouse rearings. Each session lasts 40–60 minutes, and mice are free to explore 

the BPM during this time. Each chamber is enclosed such that external light and noise is 

minimized, and sessions are performed with an internal white light (350 lux in the center, 92 

lux in the four chamber corners).

The four BPM outcome measures assessed in the current meta-analysis were: 1) number of 

transitions (locomotor activity); 2) number of rearings (exploratory behavior); 3) number of 

holepokes (exploratory behavior); and 4) spatial d (locomotor pattern). Spatial d (ranging 

from 1–2) quantifies the dimensionality of the pattern of locomotor activity, where d=1 

describes a straight-line path and d=2 describes small, circumscribed movements (Paulus 

and Geyer, 1991).

2.1.3— Effect Size Calculation

Sample sizes, means, and associated standard deviations for each BPM outcome were 

collected from previous analyses in order to calculate Cohen’s d effect sizes in DAT KD vs. 

WT mice. Cohen’s d was computed using the following equation:
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d = meanDATKD − meanW T

(NW T − 1)SD2
W T + (NDATKD − 1)SD2

DATKD
NW T + NDATKD − 2

Positive d values reflected a larger mean in the DAT KD vs. WT group, while negative 

d values reflected the opposite. An effect size was calculated for each of the four 

BPM outcome measures per experiment (transitions, rearing, holepokes, and spatial d). In 

experiments where treatment dosing occurred, effect sizes for drug data were calculated by 

comparing DAT KD drug data to WT drug data (Fig. 2–5, purple data points). Comparing 

drug effect sizes to effect sizes calculated from DAT KD vs. WT vehicle treatment data 

enabled drug effect assessment on BPM outcomes in DAT KD mice.

2.1.4— Statistical Methods for Meta-Analyses

Effect sizes obtained from individual experiments were used to calculate a mean effect size 

for each BPM outcome measure. First, each effect size was weighted by inverse variance 

to correct for bias due to differences in sample size; this process gave greater weight to 

effect sizes that were more reliably estimated. After weighting each effect size by inverse 

variance, a Q statistic was calculated using a meta-analysis macro in SPSS 24.0 (IBM Corp., 

Armonk, NY) to assess for homogeneity of effect sizes within each BPM outcome measure 

(meta-analysis macros for SPSS were retrieved June 7, 2017, from http://mason.gmu.edu/

~dwilsonb/ma.html). To aid interpretation of the degree of heterogeneity, an I2 statistic was 

calculated from the Q statistic and associated df: I2 = Q − df
Q * 100. I2 values of 25, 50, and 

75 represent low, medium, and high heterogeneity, respectively (Higgins and Thompson, 

2002). Negative I2 values were rounded up to zero.

The same meta-analysis macro (Wilson, DB 2006) was used to calculate mean effect 

sizes for each BPM outcome using a random effects model. The random effects model 

assumes there are factors changing across experiments (e.g. experimenter experience, animal 

age, time of day during testing) that might influence observed effect sizes, making it 

the most appropriate model for the current analyses. Drug data were not included in the 

meta-analyses. Forest plots were generated using GraphPad Prism 7 (GraphPad Software, La 

Jolla, CA).

2.1.5— Statistical Comparison of DAT KD Effect Sizes in C57 vs. 129 Genetic 
Backgrounds

To assess whether DAT KD mutant behavioral profiles differed from WT mice across the 

two genetic backgrounds studied, DAT KD vs. WT littermate effect sizes were calculated 

separately for each genetic background (C57 and 129). For each BPM outcome measure, 

the difference in effect size between C57 and 129 mice was calculated as a z-score: 

z = − dC57 − d129
SEC57

2 + SE129
2

A two-tailed p-value was determined from the z-score using a standard normal distribution 

(van de Lagemaat et al., 2017).
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3.1— RESULTS:

For each BPM outcome measure, 28 effect sizes were obtained for the differences between 

DAT KD and WT mice. Initially, DAT KD mice were maintained on a 129 background. 

Subsequently, DAT KD mice were crossed over to the C57 background strain. Data for both 

129 and C57 background strains were obtained and utilized in the mean effect size analyses. 

For holepokes, only 26 effect sizes were obtained given that two experiments did not record 

any holepokes during the session. All mean effect sizes were calculated using a random 

effects model.

3.1.1— BPM Outcome Measure: Transitions

Testing for homogeneity of effect sizes for transitions resulted in Q(27)=71.0 (p<0.0001; 

I2=62.0). The resulting mean effect size was 1.49 (95% CI=1.26, 1.71; Z=13.0; p<0.0001; 

Fig. 2), indicating that DAT KD mice exhibited a large, reproducible increase in number of 

transitions in the BPM vs. WT littermates. This hyperactivity of DAT KD mice compared to 

WT littermates is consistent with modeling BD mania.

To address the heterogeneity seen in effect sizes for transitions, a sub-analysis 

was performed to determine whether background strain contributed to the observed 

heterogeneity. DAT KD vs. WT mice on a C57 background were analyzed for homogeneity 

of effect sizes. Q(14)=18.0 (p>0.05; I2=22.2), and the mean effect size was 1.80 (95% 

CI=1.57, 2.02; Z=15.6; p<0.0001). In contrast, analyses using mice on a 129 background 

resulted in Q(12) = 27.0 (p<0.01; I2=55.6) and a mean effect size of 1.15 (95% CI = 

0.87, 1.44; Z = 7.9; p<0.0001). Taken together, effect sizes observed from DAT KD vs. 

WT littermates on a 129 background were the main driver of heterogeneity in the overall 

transitions analysis, as effect sizes from DAT KD vs. WT mice on a C57 background 

displayed a low level of heterogeneity.

Another sub-analysis was performed to address the remaining heterogeneity of effect sizes 

seen in DAT KD mice on a 129 background. The overall mean effect size analysis included 

cohorts with repeated exposure to the BPM paradigm, and it was hypothesized that these 

exposures might introduce variability to the analysis. Experiments on DAT KD mice (129 

background) with repeated exposure to the BPM were excluded in this sub-analysis to 

test this hypothesis. This “first exposure” analysis yielded Q(5)=13.3 (p<0.05; I2=62.4), 

indicating that heterogeneity of effect sizes still persisted in this sub-group. This analysis 

was not conducted in mice on a C57 background given the consistency in effect sizes 

observed in the strain-specific analysis.

Beyond homogeneity across studies, the mean effect size of DAT KD vs. WT mice on a 

C57 background was larger than the 129 background, indicative of a larger difference in 

transitions between DAT KD and WT mice on a C57 vs. 129 background. This difference in 

effect size was confirmed by computing a z-score and deriving a two-tailed p-value from a 

standard normal distribution, resulting in a z-score of −3.50 (p<0.001 at α=0.05). Therefore, 

compared to mice on a 129 background, DAT KD mice on a C57 background provided a 

significantly more robust model of hyperactivity in the BPM.
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3.1.2— BPM Outcome Measure: Rearing

The test for homogeneity of effect sizes of DAT KD vs. WT mice for rearing resulted in 

Q(27)=62.0 (p<0.01; I2=56.5) and a mean effect size of 0.56 was subsequently calculated 

(95% CI=0.37, 0.75; Z=5.8; p<0.0001; Fig. 3). The mean effect size for rearing was 

smaller in magnitude compared to the mean effect size for transitions, reflecting a moderate, 

reproducible increase in exploratory activity for DAT KD vs. WT littermates in the BPM 

across experiments.

Given the heterogeneity of effect sizes for rearing, follow-up sub-analyses were performed 

to determine sources of heterogeneity. Consistent with transitions (above), heterogeneity 

analyses of C57 and 129 background strains were conducted separately. For the C57 

background, Q(14)=19.0 (p>0.05; I2=26.3) and the mean effect size was 0.89 (95% CI=0.69, 

1.10; Z=8.5; p<0.0001). For mice on a 129 background, Q(12)=14.2 (p>0.05; I2=15.5) 

and the mean effect size was 0.24 (95% CI=0.05, 0.43; Z=2.5; p<0.05). Therefore, both 

background strains exhibited internal homogeneity of effect sizes, indicating that the 

combination of background strains in the overall analysis contributed to the observed 

heterogeneity.

Similar to transitions, DAT KD mice on a C57 background exhibited a more robust increase 

in number of rearings vs. WT littermates compared to DAT KD mice on a 129 background 

(mean effect size of 0.89 for C57 mice vs. 0.24 for 129 mice). The computed z-score for the 

C57 and 129 background effect sizes was −4.54 (p<0.00001). Again, the DAT KD mice on 

a C57 background were a significantly more robust model for observing rearing differences 

vs. WT littermates in the BPM compared to mice on the 129 background.

3.1.3— BPM Outcome Measure: Holepokes

For the overall holepokes effect size analysis, Q(25) = 25.4 (p>0.05; I2=1.6), and meta-

analysis resulted in a mean effect size of 0.41 (95% CI = 0.29, 0.54; Z = 6.5; p<0.0001; 

Fig. 4). This value reflected a moderate, reproducible increase in holepokes in DAT KD 

vs. WT littermates, corroborating the increase in exploratory activity seen with rearing. 

Sub-analysis by background strain confirmed homogeneity of effect sizes in both C57 and 

129 background strain groups (C57: Q(14)=12.6, p>0.05, I2=0.0; mean effect size=0.45, 

95% CI=0.28, 0.61, Z=5.4, p<0.0001; 129: Q(10)=12.4, p>0.05, I2 =19.4; mean effect 

size=0.37, 95% CI=0.15, 0.58, Z=3.4, p<0.001).

The calculated z-score between the C57 and 129 sub-groups was −0.58 (p>0.05), indicating 

that the increased effect size magnitude in the C57 sub-group was not significantly different 

from the effect size observed in the 129 sub-group. Therefore, for exploratory activity 

measured by holepokes in the BPM, genetic background strain did not influence behavioral 

profiles.

3.1.4— BPM Outcome Measure: Spatial d

Spatial d, a calculated measure of the geometrical pattern of locomotor activity in the BPM 

chamber, was the fourth BPM outcome measure analyzed. Spatial d values range between 

1 and 2, with a value closer to 1 indicating a straight-line path and values closer to 2 

Kwiatkowski et al. Page 7

Pharmacol Biochem Behav. Author manuscript; available in PMC 2023 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicating local, circumscribed movements (closer to a filled plane). For the overall analysis, 

Q(27)=54.4 (p<0.01; I2=50.4), and the mean effect size was −0.53 (95% CI= −0.71, −0.36; 

Z= −5.9; p<0.0001; Fig. 5), reflecting a moderate, reproducible reduction of spatial d in 

DAT KD vs. WT littermates across BPM experiments.

Sub-analyses revealed that effect sizes in both the C57 and 129 backgrounds were 

homogenous (C57: Q(14)=12.1, p>0.05, I2=0.0; 129: Q(12)=16.9, p>0.05, I2=29.0). The 

mean effect size for DAT KD mice on a C57 background was −0.83 (95% CI= −1.00, −0.66, 

Z= −9.7, p<0.0001), whereas the mean effect size for DAT KD mice on a 129 background 

was −0.21 (95% CI= −0.41, 0.00, Z= −1.9, p>0.05). The p-value for the mean effect size 

in the 129 sub-analysis failed to reach significance, indicating that DAT KD mice on a 

129 background do not exhibit a significant reduction in spatial d in the BPM compared to 

WT littermates. Accordingly, DAT KD mice on a C57 background exhibited a significantly 

larger mean effect size magnitude vs. WT littermates compared to DAT KD vs. WT mice on 

a 129 background (z-score= −4.52, p<0.00001).

3.1.5— Drug Effects on BPM Outcomes in DAT KD Mice

For three published studies, data from drug treatment groups were collected in order to 

compute effect sizes comparing DAT KD mice vs. WT littermates treated with various 

drugs. Drug effect sizes were qualitatively compared to effect sizes generated from vehicle 

treatment groups in the same study (DAT KD vs. WT littermates treated with vehicle) to 

determine how behavioral outcomes in DAT KD mice were affected by treatment. All drug 

treatments were conducted with DAT KD and WT littermate mice on a C57 background.

When DAT KD mice were treated over 28 days with 15 mg/kg valproate chow, they 

exhibited a reduction in number of transitions and spatial d, an increase in rearing, and no 

change in holepokes, vs. DAT KD mice treated with normal chow (Fig. 2–5, data points 

labeled “van Enkhuizen (2013)”). When mice were treated with a tyrosine hydroxylase 

inhibitor alpha-methyl-p-tyrosine (AMPT; reduces the synthesis of dopamine), DAT KD 

mice exhibited reduced transitions, rearing, and spatial d, and increased holepokes (Fig. 2–5, 

data points labeled “van Enkhuizen (2014a)”). Finally, treatment with the D2/3 antagonist 

brexpiprazole increased the number of transitions, rearings, and holepokes, with no change 

in spatial d, in DAT KD mice (Fig. 2–5, data points labeled “Milienne-Petiot (2017)”).

4.1— DISCUSSION:

Across cohorts and experiments, DAT KD mice exhibited a reproducible increase in number 

of transitions, rearing, and holepokes, plus reduced spatial d, vs. WT littermates in the 

BPM (see Fig. 6 for a summary of overall mean effect sizes calculated for the four BPM 

outcome measures discussed). The reproducibility of this model was observed irrespective 

of background strain as DAT KD vs. WT littermate mice exhibited this profile on both 

C57 and 129 background strains (with the exception of spatial d—DAT KD mice on a 

129 background did not exhibit a significant reduction in spatial d vs. WT littermates). 

However, DAT KD mice on a C57 background were a more robust model for these outcomes 

compared to mice on a 129 background for three out of the four BPM outcomes (transitions, 

rearing, and spatial d). The reproducible changes in the exploratory profile of these mice in 
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the BPM, in addition to their face, construct, and predictive validity, support the use of this 

model for BD mania research. Drug-induced changes in DAT KD BPM locomotor activity, 

exploratory activity, and spatial d support use of the DAT KD mouse line as a translatable 

model of bipolar mania in humans. Furthermore, drug-induced changes in DAT KD BPM 

profiles can be used to screen the effects of novel therapeutics on various behavioral aspects 

of mania.

A dysregulated dopamine system has been implicated in multiple psychiatric disorders, 

including schizophrenia, attention-deficit hyperactivity disorder, bipolar disorder, and autism 

spectrum disorders (Dichter et al., 2012). It is, therefore, essential to fully understand the 

contributions of altered dopamine homeostasis on these disorders. The DAT KD mouse line 

was created for this purpose, in addition to circumventing the growth retardation phenotype 

seen with dopamine transporter knockout lines (Zhuang et al., 2001). Numerous studies 

have been conducted with the DAT KD mouse line since its creation, yielding valuable 

insights into the influences of altered dopamine signaling on psychiatry-relevant behavioral 

profiles (Berridge et al., 2005; Cagniard et al., 2006; Milienne-Petiot et al., 2017b; Peciña 

et al., 2003; Perry et al., 2009; Tilley et al., 2007; van Enkhuizen et al., 2014a, 2014b, 

Young et al., 2011, 2010a; Zhuang et al., 2001). This work is the first to demonstrate 

reproducible findings—across >20 cohorts of studies spanning >13 years of research—that 

these mice exhibit reliable BD mania-relevant behavior in the BPM (BD mania patients 

exhibit increased locomotor activity, more object interactions (exploratory activity), and 

reduced spatial d (Perry et al., 2009) when compared with healthy participants in the BPM). 

Therefore, the DAT KD model in our BPM paradigm is reliable, reproducible, and also 

translatable to human populations.

Given the vast number of studies utilizing genetically engineered mutant mouse lines 

to address research questions, surprisingly little work has been done to assess the 

reproducibility of experimental findings across mouse background strains and cohorts. 

Recently, van de Lagemaat et al. (2017) assessed the similarity of mutant behavioral 

phenotypes across different genetic background strains using three mutations crossed 

onto two strains. They analyzed the behavioral impact of each genetic mutation on both 

background strains using 16 behavioral variables, calculating mutant vs. WT effect sizes for 

each variable. Importantly, it was observed that 85% of the mutant phenotypes exhibited 

similar effect sizes across C57 and 129S5 strains. The current research adds to these findings 

that behavioral consistency of mutant strains can be observed across multiple backgrounds.

Some minor differences between robustness of signal and background strain were observed 

in the current dataset, however. For example, DAT KD mice on a 129 background did not 

exhibit a significant reduction in spatial d in the BPM vs. WT littermates. Accordingly, 

DAT KD mice on a C57 background were a significantly more robust model for spatial d 

in the BPM, as well as for transitions and rearing outcomes. Importantly, however, while 

effect sizes were larger in magnitude for C57 mice for transitions and rearing outcomes, 

the direction of change was the same across strains (increased number of transitions and 

rearings). Effect sizes for holepokes did not differ significantly between the two background 

strains. This similarity was reflected by the fact that the overall pool of effect sizes used to 
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compute the holepoke mean effect size was homogeneous. Hence, despite minor differences, 

the effect of the mutation drove the same changes in behavior in the same direction of effect.

Similar changes in effect sizes were observed in the original study using 129 background 

DAT KD mice (Zhuang et al., 2001). Although not tested in the BPM, overall activity 

and rearing was measured using an open-field test. In terms of activity, the KD vs. WT 

effect size was 1.12, almost identical to the 1.15 effect size in our BPM 129 background 

strain studies. These data support the inter-laboratory reproducibility in addition to the 

intra-laboratory reproducibility described above. Although other activity studies in DAT 

KD mice have been conducted and report similar directionality of effect (hyperactivity in 

DAT KD vs. WT littermates), insufficient data were presented to calculate effect sizes for 

comparison (Cagniard et al., 2014; Tilley et al., 2007). Increased rearing in DAT KD vs. 

WT littermates was also observed (Zhuang et al., 2001), with a larger effect size (1.07) 

compared with our reports (0.24). Although not similar in magnitude, they are consistent 

in direction. Magnitude differences were likely due to inter-laboratory variations (e.g. BPM 

which includes holepokes vs. open-field test without, testing in the dark vs. light phase, 

etc.). The inter-laboratory consistency supports the strong intra-laboratory reproducibility 

described here.

In our intra-laboratory analysis, heterogeneity of effect sizes observed with transitions, 

rearing, and spatial d prompted sub-analyses by strain for these three BPM outcomes. When 

considered separately, homogeneity of effect sizes was observed within each background 

strain with the exception of transitions, as while the C57 sub-analysis was homogeneous, 

the 129 sub-analysis remained heterogeneous. We hypothesized that DAT KD mice on a 

129 background might be more sensitive to subsequent exposure to the BPM chamber, and 

performed an additional sub-analysis that included only first-time exposures to the BPM. 

Effect sizes for this sub-analysis remained heterogeneous, suggesting that factors other than 

repeated exposure drove heterogeneity of transitions in the 129 background strain in the 

BPM. DAT KD mice on a 129 background may be more susceptible to subtle changes in 

experimental conditions, such as light levels, noise levels, or room temperature, thereby 

driving effect size variation. Alternatively, the 129 background strain in particular contains 

numerous sub-strains that cross four distinct genetic lineages (Kiselycznyk and Holmes, 

2011). The sub-strain used for the generation of the DAT KD line, 129Sv/J, was created by 

combining the 129Sv strain with another unknown strain (Threadgill et al., 1997), perhaps 

introducing intra-genetic background variability and driving the heterogeneous effect sizes 

seen with transitions in the current analysis. The consistency of effect sizes of DAT KD 

vs. WT mice on the C57 background supports its continued use in research on BD mania-

related behaviors and their treatment (Milienne-Petiot et al., 2017b; van Enkhuizen et al., 

2014a, 2014b, 2013; Young et al., 2011).

Utilizing the C57 background strain of mutation, we have conducted several drug treatment 

studies. Chronic valproate exposure resulted in a reduction in locomotor activity, an 

increase or no change in exploratory behavior, and a worsening of locomotor patterns 

(van Enkhuizen et al., 2013). Chronic valproate (and other) treatment-induced reduction 

in locomotor effect sizes was also observed in mania patients repeatedly tested over time 

in the human BPM, where no change on specific exploration or locomotor pattern effect 
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sizes was observed (Minassian et al., 2011). These data highlight the need for therapeutics 

that address multiple aberrant behaviors in mania, rather than drugs restricted to certain 

behavioral dimensions (e.g. hyperactivity). Furthermore, given that valproate and lithium 

exhibit equivalent response rates when used to treat mania episodes in patients with bipolar 

disorder (Yildiz et al., 2011), the inclusion of this valproate study further demonstrates the 

validity of the DAT KD mouse line in modeling mania-like behaviors. Future studies should 

test the response to other anti-mania treatments (e.g. lithium) in order to further assess the 

validity of this model.

With administration of AMPT, which depleted tyrosine hydroxylase levels, improvements 

in 3 out of 4 BPM outcomes were observed (excluding holepokes). These improvements in 

the DAT KD BPM profile lend support to the hypothesis that reduced DAT expression, and 

resultant hyperdopaminergia, drove the aberrant behavioral profile observed at baseline in 

DAT KD mice (van Enkhuizen et al., 2014a). Finally, brexpiprazole treatment worsened or 

exerted no effect on all 4 BPM outcomes in DAT KD mice (Milienne-Petiot et al., 2017a), 

potentially indicating that this drug did not specifically target the mechanism by which DAT 

KD mice exhibit mania-like symptoms. Overall, these data demonstrate that testing the DAT 

KD mouse line in the BPM provides a strong model for psychiatric therapeutic development 

and testing.

When developing animal models of human disorders, it is important to also assess response 

to negative control treatments (Young et al., 2010c). Previous studies have reported an 

amphetamine-induced reduction in locomotor activity in DAT KD mice (Zhuang et al., 

2001), which is seemingly contradictory to its use as a model of mania-like behavior 

given that amphetamine can induce mania episodes in patients and is used for modeling 

mania in normal rodents (Arban et al., 2005; Cosgrove et al., 2016; Valvassori et al., 

2008). This reduction in locomotor activity, however, could reflect a hypersensitivity to 

amphetamine (as was observed with another DAT inhibitor, GBR 12909; Young et al., 

2010b). Amphetamine at 1 mg/kg induced hyperactivity in WT mice, yet did not affect 

baseline hyperactivity in DAT KD mice (Zhuang et al., 2001); WT mice continued to 

exhibit a dose-dependent increase in locomotor activity at 3 mg/kg, whereas DAT KD mice 

exhibited a reduction in locomotion activity at this dose. A bimodal effect of amphetamine 

on normal rodent locomotor behaviors was previously reported, where low doses (<2 mg/kg) 

induced heightened locomotor activity and higher doses reduced locomotor activity via 

increased stereotypic behaviors (Minassian et al., 2016; Yates et al., 2007). Hence, it is 

likely that DAT KD mice exhibit a leftward shift in this bimodal pattern, whereby lower 

amphetamine doses that induce hyperactivity in normal rodents now functionally act like 

higher doses to suppress locomotor activity – consistent with hypersensitivity of DAT KD 

mice to GBR12909. Therefore, the results reported by Zhuang et al. (2001) may reflect a 

hypersensitivity to amphetamine, consistent with the hypersensitivity to amphetamine seen 

in patients with bipolar disorder (Wingo and Ghaemi, 2008), and requires lower doses to be 

assessed for confirmation.

In conclusion, the DAT KD mouse line in the BPM paradigm is a robust, reproducible model 

for quantitatively analyzing mania-like behaviors, as well as for testing potential therapeutics 

on such behaviors. A general effort must be made to characterize and understand the 
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consistency of behavioral profiles across experiments, as well as to measure the impact 

of genetic background strains on those profiles (Bespalov et al., 2016). Particularly in the 

field of psychiatry, where disorders mainly manifest as alterations in behavior, ensuring 

reproducibility in behavioral outcomes from animal models is critical to advancing the field 

and developing more effective treatments to improve patient care.
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Figure 1. Schematic of the mouse behavioral pattern monitor (BPM).
The BPM is a Plexiglas chamber (30.5×61×38 cm) containing 8 wall holes (1.25 cm 

diameter, 1.9 cm above floor) and 3 floor holes. Each hole contains an infrared beam to 

detect holepoking. A 12×24 grid of infrared photobeams located 1 cm above the floor 

records mouse location every 0.1 sec allowing for calculation of number of transitions from 

1 of 9 defined regions to another (dashed lines illustrate the 9 regions). The mouse location 

using this grid is also used to quantify locomotor patterns such as spatial d. Another grid of 

16 infrared photobeams located 2.5 cm above the floor tracks the number of rearings. Mice 

are free to explore the chamber during each test session, which can last 45–180 minutes. 

Each chamber is enclosed to minimize external light and noise, and sessions are performed 

with an internal white light (350 lux in the center, 92 lux in the 4 chamber corners).
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Figure 2. DAT KD mice exhibit a significant, reproducible increase in locomotor activity, as 
measured by transitions in the BPM, compared with WT littermates across experiments.
Each row represents a different experiment, and each point is the calculated effect size 

for that experiment. Blue points: data from DAT KD mice on a 129/SJ (129) background; 

black points: data from DAT KD mice on a C57/BL6J (C57) background. The dashed black 

vertical line denotes a Cohen’s d effect size of zero. All data points are located to the right 

of the dashed line, reflecting an increase in transitions in DAT KD mice vs. WT littermates 

for each experiment. Homogeneity of effect sizes was tested using a Q statistic prior to mean 

effect size calculation. Q(27)=71.0 (p<0.0001; I2=62.0), indicating heterogeneity of effect 

sizes in the overall effect size pool. Using a random effects model, the calculated mean 

effect size was 1.49 (95% CI=1.26, 1.71, Z=13.0, *p<0.0001; red data point), reflecting a 

substantial, reproducible increase in transitions in DAT KD mice vs. WT littermates across 

all experiments. When analyzed separately by background strain, the effect sizes from mice 

on a C57 background were homogeneous (Q(14)=18.0, p>0.05; I2=22.2), and resulted in a 

mean effect size of 1.80 (95% CI=1.57, 2.02, Z=15.6, p<0.0001). Effect sizes from mice 

on a 129 background remained heterogeneous (Q(12)=27.0, p<0.01; I2=55.6), and a mean 

effect size of 1.15 was calculated (95% CI=0.87, 1.44, Z=7.9, p<0.0001). Purple data points 

represent effect sizes calculated from published studies that included a drug treatment group 

(DAT KD on drug vs. WT littermates on drug). DAT KD mice treated with 15 mg/kg 
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valproate chow for 28 days exhibited a reduction in transitions vs. DAT KD mice treated 

with normal chow (black (control) and purple (drug) data points labeled “van Enkhuizen 

(2013)”). A reduction in transitions was also observed in DAT KD mice treated with 30 

mg/kg of a tyrosine hydroxylase inhibitor alpha-methyl-p-tyrosine (AMPT) for 4 days vs. 

DAT KD mice treated with vehicle (black (control) and purple (drug) data points labeled 

“van Enkhuizen (2014a)”). In contrast, treatment of DAT KD mice with 0.3 mg/kg of 

the D2/3 antagonist brexpiprazole resulted in an increase in transitions vs. DAT KD mice 

treated with vehicle (black (control) and purple (drug) data points labeled “Milienne-Petiot 

(2017)”). Data points are organized in ascending (bottom to top) chronological order based 

on date of data acquisition. Published data are denoted by: first author last name (year of 

publication); “u.p.” = unpublished data.
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Figure 3. DAT KD mice exhibit a significant, reproducible increase in exploratory behavior, 
as measured by number of rearings in the BPM, compared with WT littermates across 
experiments.
Each row represents a different experiment, and each point is the calculated effect size 

for that experiment. Blue points: data from DAT KD mice on a 129/SJ (129) background; 

black points: data from DAT KD mice on a C57/BL6J (C57) background. The dashed black 

vertical line denotes a Cohen’s d effect size of zero. All black points are located to the right 

of the dashed line, whereas 3 blue points are to the left of the line. Homogeneity of effect 

sizes was tested using a Q statistic prior to mean effect size calculation. Q(27)=62.0 (p<0.01; 

I2=56.5), indicating heterogeneity of effect sizes in the overall effect size pool. Using a 

random effects model, the calculated mean effect size was 0.56 (95% CI=0.37, 0.75, Z=5.8, 

*p<0.0001; red data point), reflecting a moderate, reproducible increase in rearing in DAT 

KD mice vs. WT littermates across experiments. When analyzed separately by background 

strain, the effect sizes from mice on a C57 background were homogeneous (Q(14)=19.0, 

p>0.05; I2=26.3) and a mean effect size of 0.89 (95% CI=0.69, 1.10, Z=8.5, p<0.0001) was 

calculated. Effect sizes from mice on a 129 background were also homogenous (Q(12)=14.2, 

p>0.05; I2=15.5), and a mean effect size of 0.24 was calculated (95% CI=0.05, 0.43, Z=2.5, 

p<0.05). Purple data points represent effect sizes calculated from published studies that 

included a drug treatment group (DAT KD on drug vs. WT littermates on drug). DAT KD 
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mice treated with 15 mg/kg valproate chow for 28 days exhibited an increase in number of 

rearings vs. DAT KD mice treated with normal chow (black (control) and purple (drug) data 

points labeled “van Enkhuizen (2013)”). A reduction in number of rearings was observed 

in DAT KD mice treated with 30 mg/kg of a tyrosine hydroxylase inhibitor alpha-methyl-p-

tyrosine (AMPT) for 4 days vs. DAT KD mice treated with vehicle (black (control) and 

purple (drug) data points labeled “van Enkhuizen (2014a)”). Treatment of DAT KD mice 

with 0.3 mg/kg of the D2/3 antagonist brexpiprazole resulted in a substantial increase in 

number of rearings vs. DAT KD mice treated with vehicle (black (control) and purple 

(drug) data points labeled “Milienne-Petiot (2017)”). Data points are organized in ascending 

(bottom to top) chronological order based on date of data acquisition. Published data are 

denoted by: first author last name (year of publication); “u.p.” = unpublished data.
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Figure 4. DAT KD mice exhibit a significant, reproducible increase in exploratory behavior, 
as measured by number of holepokes in the BPM, compared with WT littermates across 
experiments.
Each row represents a different experiment, and each point is the calculated effect size 

for that experiment. Blue points: data from DAT KD mice on a 129/SJ (129) background; 

black points: data from DAT KD mice on a C57/BL6J (C57) background. The dashed black 

vertical line denotes a Cohen’s d effect size of zero. Homogeneity of effect sizes was tested 

using a Q statistic prior to mean effect size calculation. Q(25)=25.4 (p>0.05; I2=1.6), and 

the calculated mean effect size was 0.41 (95% CI=0.29, 0.54, Z=6.5, *p<0.0001; red data 

point), reflecting a moderate, reproducible increase in holepokes in DAT KD mice vs. WT 

littermates across experiments. Purple data points represent effect sizes calculated from 

published studies that included a drug treatment group (DAT KD on drug vs. WT littermates 

on drug). DAT KD mice treated with 15 mg/kg valproate chow for 28 days exhibited no 

change in number of holepokes vs. DAT KD mice treated with normal chow (black (control) 

and purple (drug) data points labeled “van Enkhuizen (2013)”). A substantial increase in 

holepokes was observed in DAT KD mice treated with 30 mg/kg of a tyrosine hydroxylase 

inhibitor alpha-methyl-p-tyrosine (AMPT) for 4 days vs. DAT KD mice treated with vehicle 

(black (control) and purple (drug) data points labeled “van Enkhuizen (2014a)”). Similarly, 

treatment of DAT KD mice with 0.3 mg/kg of the D2/3 antagonist brexpiprazole resulted 
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in a sizeable increase in holepokes vs. DAT KD mice treated with vehicle (black (control) 

and purple (drug) data points labeled “Milienne-Petiot (2017)”). Data points are organized in 

ascending (bottom to top) chronological order based on date of data acquisition. Published 

data are denoted by: first author last name (year of publication); “u.p.” = unpublished data.
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Figure 5. DAT KD mice exhibit a significant, reproducible reduction in spatial d in the BPM 
compared with WT littermates across experiments.
Each row represents a different experiment, and each point is the calculated effect size 

for that experiment. Blue points: data from DAT KD mice on a 129/SJ (129) background; 

black points: data from DAT KD mice on a C57/BL6J (C57) background. The dashed black 

vertical line denotes a Cohen’s d effect size of zero. All black points are located to the 

left of the dashed line, whereas 4 blue points are to the right of the line. Homogeneity of 

effect sizes was tested using a Q statistic prior to mean effect size calculation. Q(27)=54.4 

(p<0.01; I2=50.4), indicating heterogeneity of effect sizes in the overall effect size pool. 

Using a random effects model, the calculated mean effect size was −0.53 (95% CI= −0.71, 

−0.36, Z= −5.9, *p<0.0001; red data point), reflecting a moderate, reproducible decrease 

in spatial d in DAT KD mice vs. WT littermates across experiments. When analyzed 

separately by background strain, the effect sizes from mice on a C57 background were 

homogeneous (Q(14)=12.1, p>0.05, I2=0.0), and resulted in a mean effect size of −0.83 

(95% CI= −1.00, −0.66, Z= −9.7, p<0.0001). Effect sizes from mice on a 129 background 

were also homogenous (Q(12)=16.9, p>0.05, I2=29.0), and a mean effect size of −0.21 

was calculated (95% CI= −0.41, 0.00, Z= −1.9, p>0.05). Purple data points represent effect 

sizes calculated from published studies that included a drug treatment group (DAT KD on 
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drug vs. WT littermates on drug). DAT KD mice treated with 15 mg/kg valproate chow 

for 28 days exhibited a reduction in spatial d vs. DAT KD mice treated with normal chow 

(black (control) and purple (drug) data points labeled “van Enkhuizen (2013)”). Similarly, 

a reduction in spatial d was also observed in DAT KD mice treated with 30 mg/kg of a 

tyrosine hydroxylase inhibitor alpha-methyl-p-tyrosine (AMPT) for 4 days vs. DAT KD 

mice treated with vehicle (black (control) and purple (drug) data points labeled “van 

Enkhuizen (2014a)”). Treatment of DAT KD mice with 0.3 mg/kg of the D2/3 antagonist 

brexpiprazole resulted in no change in spatial d vs. DAT KD mice treated with vehicle 

(black (control) and purple (drug) data points labeled “Milienne-Petiot (2017)”). Data points 

are organized in ascending (bottom to top) chronological order based on date of data 

acquisition. Published data are denoted by: first author last name (year of publication); 

“u.p.” = unpublished data.
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Figure 6. Summary of mean effect sizes generated for each BPM outcome measure.
The dashed black vertical line denotes a mean effect size of zero. All 4 BPM outcomes 

were significantly altered in DAT KD mice vs. WT littermates, with increases in transitions, 

rearing, and holepokes, and a reduction in spatial d. Transitions: random effects model 

mean effect size=1.49 (95% CI=1.26, 1.71, Z=13.0). Rearing: random effects model mean 

effect size=0.56 (95% CI=0.37, 0.75, Z=5.8). Holepokes: random effects model mean effect 

size=0.41 (95% CI=0.29, 0.54, Z=6.5). Spatial d: random effects model mean effect size= 

−0.53 (95% CI= −0.71, −0.36, Z= −5.9). *p<0.0001
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