
Altered baseline and amphetamine-mediated behavioral profiles 
in dopamine transporter Cre (DAT-Ires-Cre) mice compared to 
tyrosine hydroxylase Cre (TH-Cre) mice

Muhammad O. Chohana,b, Sari Essesb,c, Julia Hafta,b, Susanne E. Ahmarid,e,*, Jeremy 
Veenstra-VanderWeelea,b,*

aDepartment of Psychiatry, Columbia University Medical Center, New York, NY 10032, USA

bNew York State Psychiatric Institute, New York, NY 10032, USA

cBarnard College of Columbia University, New York, NY 10027, USA

dTranslational Neuroscience Program, Department of Psychiatry, University of Pittsburgh, PA, 
USA

eCenter for the Neural Basis of Cognition, Carnegie Mellon University, Pittsburgh, PA, USA

Abstract

Rationale—Transgenic mouse lines expressing Cre-recombinase under the regulation of either 

dopamine transporter (DAT) or tyrosine hydroxylase (TH) promoters are commonly used to study 

the dopamine (DA) system. While use of the TH promoter appears to have less liability to 

changes in native gene expression, transgene insertion in the DAT locus results in reduced DAT 

expression and function. This confound is sometimes overlooked in genetically targeted behavioral 

experiments.

Objectives—We sought to evaluate the suitability of DAT-Ires-Cre and TH-Cre transgenic lines 

for behavioral pharmacology experiments with DA agonists. We hypothesized that DAT-Ires-Cre 

expression would impact DAT-mediated behaviors, but no impact of TH-Cre expression would be 

observed.

Methods—DAT-Ires-Cre and TH-Cre mice bred on mixed 129S6/C57BL/6 and pure C57BL/6 

backgrounds were evaluated for novelty-induced, baseline, and amphetamine (AMPH)-induced 

locomotion; and for AMPH and D1 agonist (SKF-38393)-induced preservative behaviors.

Results—DAT-Ires-Cre mice on both mixed 129S6/C57BL/6 and pure C57BL/6 backgrounds 

displayed increased novelty-induced activity and decreased AMPH-induced locomotion, with 

mixed results for AMPH-induced stereotypy. TH-Cre mice on both backgrounds showed typical 
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baseline activity and AMPH-induced stereotypy, with a difference in AMPH-induced locomotion 

observed only on the mixed background. Both transgenic lines displayed unaltered SKF-38393 

induced grooming behavior.

Conclusions—Our findings indicate that the DAT-Ires-Cre transgenic line may lead to 

confounds for experiments that are dependent on DAT expression. The TH-Cre transgenic line 

studied here may be a more useful option, depending on background strain, because of its lack of 

baseline and drug-induced phenotypes. These data highlight the importance of appropriate controls 

in studies employing transgenic mice.
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Introduction

Ventral midbrain dopamine (DA) neurons play important roles in a wide range of brain 

functions including motor control, emotion regulation, reward processing, reinforcement 

learning, social interaction, and motivation (Bariselli et al. 2018; da Silva et al. 2018; 

Friedman et al. 2014; Gunaydin et al. 2014; Jin and Costa 2010; Lammel et al. 2012; Tye et 

al. 2013). Consistent with this broad set of roles, dysfunction of the DA system is implicated 

in many different neurologic and neuropsychiatric disorders including Parkinson’s Disease, 

schizophrenia, attention-deficit hyperactivity disorder, obsessive-compulsive disorder, 

autism spectrum disorder, and substance use disorders (Cousins et al. 2009; Denys et al. 

2013; Denys et al. 2004; Hamilton et al. 2013; Luscher 2016; McCutcheon et al. 2019; 

Neale et al. 2012; Obeso et al. 2017; Volkow et al. 2007). Consequently, manipulation 

of gene expression within DA neurons is commonly used as an experimental system to 

understand the function of specific proteins within these neurons and the downstream impact 

on DA signaling and behavior. Transgenic Cre-recombinase mouse lines are frequently used 

to ensure specificity of these manipulations, with the most commonly used transgenic lines 

employing either the dopamine transporter (DAT) or the tyrosine hydroxylase (TH) promoter 

to drive Cre expression.

Broadly speaking, a DA neuron is defined as one that synthesizes and releases DA (Berke 

2018; Bjorklund and Dunnett 2007; Morales and Margolis 2017; Roeper 2013; Ungless 

and Grace 2012). DA neurons have therefore traditionally been identified by expression 

of two genes: 1)Th, which encodes tyrosine hydroxylase (TH), the rate limiting enzyme 

in DA synthesis; and 2) vesicular monoamine transporter 2 (VMAT2, Slc18a2), which 

packages DA into vesicles (Bjorklund and Dunnett 2007; Hokfelt et al. 1976; Hokfelt et 

al. 1977). However, TH is also expressed in cells that produce norepinephrine (NE), and 

recent evidence suggests that some midbrain DA populations produce mRNA for Th in the 

absence of detectable amounts of TH protein synthesis (Lammel et al. 2015; Yamaguchi et 

al. 2015). Thus, genetic tools using the Th promoter may generate both false positive and 

false negative classification of DA neurons.
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Beyond the machinery to synthesize and package DA, most DA neurons express the sodium-

dependent dopamine transporter (DAT, Slc6a3), which takes up released DA to terminate its 

action (Giros et al. 1996; Jones et al. 1998a) and can also efflux DA under certain conditions 

(Falkenburger et al. 2001; Kahlig et al. 2005; Sulzer et al. 1995). DAT binds to psychotropic 

medications such as tricyclic antidepressants (Giros and Caron 1993; Vaughan and Foster 

2013), as well as drugs of abuse such as cocaine and amphetamine (AMPH). The expression 

pattern of Slc6a3 appears to be more restricted than that of Th, as shown by a lack of 

Slc6a3 mRNA expression in Th-expressing locus coeruleus NE cells, suggesting improved 

specificity. However, Slc6a3 mRNA is not expressed in the medial ventral tegmental area 

(VTA) DA neurons that project to the medial prefrontal cortex, suggesting issues with 

sensitivity (Augood et al. 1993; Cardozo Pinto et al. 2019; Ciliax et al. 1995; Lammel et 

al. 2008; Yip et al. 2018). The Slc6a3 promoter could thus confer better selectivity as a 

molecular tool for the identification of DA neurons (Cardozo Pinto et al. 2019; Lammel 

et al. 2015; Stuber et al. 2015), but with the caveat that sensitivity may not be optimal in 

all neural populations. Notwithstanding their lack of perfect selectivity, both Th/TH and 

Slc6a3/DAT continue to be used as molecular markers of DA neuron identity (Lammel et al. 

2015; Papathanou et al. 2019; Soden et al. 2016; Stuber et al. 2015; Vuong et al. 2015).

The use of the Cre-Lox recombination system (Branda and Dymecki 2004; Tsien et al. 

1996) has proven pivotal for understanding the DA system. Several transgenic lines utilize 

Th and Slc6a3 promotors to direct Cre expression to DA neurons (Backman et al. 2006; 

Lindeberg et al. 2004; Savitt et al. 2005; Zhuang et al. 2005). In combination with floxed 

mouse strains and opto- or chemogenetic viral vectors, these transgenic tools have been 

used to identify DA circuit architecture and test hypotheses regarding involvement of DA 

pathology in disease (Chaudhury et al. 2013; Cohen et al. 2012; Dabney et al. 2020; Lee et 

al. 2020; Patriarchi et al. 2018; Pupe and Wallen-Mackenzie 2015; Schiemann et al. 2012; 

Takeuchi et al. 2016; Tritsch et al. 2012; Tsai et al. 2009; Wang et al. 2011). However, it is 

essential to demonstrate cell-type specificity of Cre expression and preservation of normal 

DA system function to ensure valid conclusions from studies using these tools.

Independent of the issues described above related to sensitivity and specificity of TH and 

DAT for identification of DA cells, all currently available Cre-driver lines that target the 

DA system have weaknesses to consider when interpreting results. Characterization of Cre 

expression in TH-Cre driver lines indicates transgene expression in the locus coeruleus, 

as well as in cells that do not express TH protein in adulthood (Cardozo Pinto et al. 

2019; Lammel et al. 2015; Stamatakis et al. 2013; Stuber et al. 2015). In addition, Cre 

lines driven by Slc6a3, commonly referred to as DAT-Cre (Cardozo Pinto et al. 2019; 

Lammel et al. 2015), show reduced DAT levels due to interference with one of its alleles 

(Backman et al. 2006; Zhuang et al. 2005). For example, Cre insertion in the Slc6a3 5’ 

untranslated region disrupts one copy of the DAT gene in the DAT-Cre knockin mouse line 

(Zhuang et al. 2005). The DAT-Ires-Cre mouse line was developed to solve this problem, 

but still results in a 47% reduction of DAT protein levels in the homozygous state and 

a 17% reduction in heterozygotes (Backman et al. 2006), leading to significantly reduced 

DA uptake capacity (O’Neill et al. 2017). This is likely to have a cascading impact on 

DA system function because mice with heterozygous disruption of Slc6a3 (hemizygous 

DAT knockout mice) show a two-fold increase in extracellular DA tone (Giros et al. 1996; 
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Jones et al. 1998a), as well as a reduction in tissue DA content, TH immunolabeling, and 

postsynaptic DA receptor transcript and protein expression (Giros et al. 1996; Jones et al. 

1998a). Behaviorally, hemizygous DAT knockout mice fail to demonstrate habituation of 

baseline locomotor activity when tested across multiple days (Spielewoy et al. 2000), show 

less locomotor response to low dose AMPH (Spielewoy et al. 2001), and display reduced 

high-dose AMPH-induced stereotypic behavior (Spielewoy et al. 2001).

In the context of concerns about specificity for DA neurons and alteration of DAT expression 

levels, we evaluated the DAT-Ires-Cre and TH-Cre transgenic lines for their suitability for 

behavioral pharmacology experiments that target the DA system. We tested AMPH, a DAT 

substrate that induces DAT-mediated efflux (Freyberg et al. 2016; Kahlig et al. 2005; Sulzer 

et al. 1995), and SKF-38393, a DA receptor D1 agonist that may be sensitive to changes in 

baseline DAT activity. We compared baseline and drug-induced behavior in DAT-Ires-Cre, 

TH-Cre, and littermate control mice. True wildtype littermate controls were included to 

avoid the common pitfall of solely controlling for expression of the floxed gene and the Cre 

transgene. We began with mice on the mixed 129S6/C57BL/6 inbred strain background that 

we planned to use for genetically targeted experiments. We then confirmed findings on a 

pure C57BL/6 background. Our results highlight the importance of appropriate controls in 

studies employing transgenic mice to investigate DA neuron function.

Materials and Methods

Animals and Housing.

DAT-Ires-Cre (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J, Stock No: 006660, The Jackson Laboratory) 

(Backman et al. 2006) and TH-Cre (B6.Cg-7630403G23RikTg(Th-cre)1Tmd/J, Stock No. 

008601, The Jackson Laboratory) (Savitt et al. 2005) mice were crossed with 129S6/

SvEvTac or C57BL/6J wildtype mice to obtain heterozygous (DAT-Ires-Cre+ or TH-Cre+) 

and littermate control (DAT-Ires-Cre− or TH-Cre−) mice on a mixed 129S6-B6 or a pure 

B6 background, respectively. Mice were ear-tagged at weaning. Once genotyped, alternate 

animals were sequentially assigned to experimental groups. Behavior was run blind to 

genotypes. Ear-tags were used as animal identifiers throughout all experiments. Adult mice 

(male and female, 8 weeks old) were used for all experiments. Mice were group housed 

under a 12 h-light/dark cycle in a temperature-controlled environment with food and water 

available ad libitum. All experiments were conducted in the light cycle. All animal care and 

testing were conducted following NIH guidelines and were approved by Institutional Animal 

Care and Use Committee of New York State Psychiatric Institute.

Behavioral assays

Novelty-induced locomotor activity.

Novelty-induced locomotor activity was tested by placing mice in a novel environment 

(open field) measuring 40.6 cm long ×40.6 cm wide chambers (SmartFrame Open Field 

System, Kinder Scientific) fitted with 32 infrared photo-beams (16X & 16Y). Locomotion 

was detected over a period of 30 mins and analyzed by Motor Monitor software. Testing 

took place under bright ambient light conditions. After 30 mins, mice were returned to their 
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home cages. Anxiety-like behavior was evaluated by assessing number of visits, distance 

traveled, and time spent in the center (20 cm x 20 cm) of the open field arena.

Baseline locomotor activity (Saline challenge day).

On the next day, mice were placed in the same activity chambers used on the novelty testing 

day and allowed to explore for 30 mins. Mice were then removed and intraperitoneally (IP) 

injected with 0.9% saline (10 ml/kg of body weight). Mice were promptly returned to the 

chambers, and locomotor activity was monitored for another 60 mins.

Amphetamine-induced locomotor activity.

On the next day, mice were returned to the activity chambers. After an initial exploratory 

period of 30 mins they were injected with AMPH 3.0 mg/kg (10 ml/kg). Locomotor activity 

was recorded for 60 mins after AMPH administration. In B6 mice, additional AMPH doses 

(1.8 and 5.6 mg/kg) were tested after 1 week of drug washout, with each dose preceded by a 

saline challenge day. After two weeks of drug washout following the final (5.6 mg/kg) dose, 

mice performed the 8.0 mg/kg AMPH stereotypy assay described below.

Amphetamine-induced stereotypy.

Mice were weighed and placed into novel, clear, empty cages. Following 30 mins 

acclimatization mice were administered AMPH 8.0 mg/kg IP. Mice were promptly returned 

to the clear cages, and behavior was recorded with a video camera (Sony Handycam Flash 

Memory Camcorder, HDRCX405/B) for 2 mins each at 50- and 80-min post AMPH 

administration. Mouse behavior was analyzed for stationary shuffling and sniffing-like 

stereotypy as previously described (Zike et al. 2017). Two observers blind to genotype 

performed analysis by post-hoc scoring of video recordings. The observers recorded 

time spent performing stationary shuffling- and sniffing-like stereotypy manually with a 

stopwatch. Following two weeks of washout, mice proceeded to SKF38393 assay described 

below. B6 mice were additionally tested with 10 mg/kg AMPH dose 2 weeks following the 

SKF38393-induced grooming assay.

SKF-38393-induced grooming.

Grooming behavior was recorded as previously described (Zike et al. 2017). Mice were 

weighed and placed into the same clear, empty cages used for the stereotypy assay. 

Following 30 min acclimatization mice were administered 0.9% saline or SKF-38393 (10 

mg/kg, IP) and were placed back in the cages for 60 additional minutes. Behavior was 

recorded with a video camera for 2 min intervals every 10 min for 60 mins. Following a 

1-week washout period, mice received the alternative treatment from week 1. Two trained 

observers, blind to genotype and drug treatment, manually scored grooming duration during 

the sample periods.

Drugs.

D-amphetamine (Sigma-Aldrich) was dissolved in 0.9% sterile saline, pH 7.4. SKF-38393 

(Tocris Bioscience) was dissolved in 0.25% DMSO/0.9% sterile saline. All drugs were 

administered IP at a volume of 10 ml/kg.
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Statistical analysis.

Data were analyzed using GraphPad Prism (version 8.0.0, GraphPad Software, San Diego, 

California USA). Two-way repeated measures ANOVA was used to analyze the primary 

data, except for locomotor data, which were analyzed using nonlinear curve–fit analysis. All 

data in results and figure legends are reported as mean ± SEM.

Results

129S6-B6 DAT-Ires-Cre mice

129S6-B6 DAT-Ires-Cre+ mice display increased novelty-induced and baseline 
locomotion compared to WT controls but show preserved habituation—To 

evaluate whether novelty-induced locomotion is altered in 129S6-B6 DAT-Ires-Cre+ mice, 

we examined locomotor activity of 129S6-B6 DAT-Ires-Cre+ and littermate 129S6-B6 

DAT-Ires-Cre− control mice over a 30 min exploration time in a novel environment 

(open-field). A curve fit analysis over this period split into six 5-min bins indicated that 

129S6-B6 DAT-Ires-Cre+ were hyperlocomotive [F (4, 124) = 7.846, P < 0.0001, Fig. 1b]. 

However, an absence of significant genotype by time interaction in 2-way repeated measures 

ANOVA indicated preserved habituation (Fig. 1b). 3-way ANOVA to determine effect sex 

on locomotor activity revealed a main effect of genotype [F (1, 18) = 7.569, P = 0.0131] and 

time [F (2.643, 47.58) = 38, P < 0.0001], but no 3-way interaction [F (5, 90) = 1.596, P = 

0.1692], sex by genotype interaction [F (1, 18) = 0.03225, P = 0.8595] or a main effect of 

sex [F (1, 18) = 0.9603, P = 0.3401, n = 6(Cre−, males); 4(Cre+, males); 4(Cre−, females); 

7(Cre+, females)]. 129S6-B6 DAT-Ires-Cre+ mice made more visits, spent more time and 

traveled more distance in the center of the open field arena (Supplementary materials Fig. 

3a, c, e), thus exhibiting a low anxiety-like behavior.

To evaluate whether basal locomotion (without the confound of environmental novelty) 

is altered in 129S6-B6 DAT-Ires-Cre+ mice, we examined locomotor activity of saline 

injected mice over a 1hr period the day following the novelty testing day. A curve-fit 

analysis indicated that 129S6-B6 DAT-Ires-Cre+ mice were hyperlocomotive at baseline [F 
(4,388) = 22.27, P < 0.0001, Fig. 1c]. A repeated measures ANOVA revealed within-session 

habituation of this locomotor response despite the overall higher basal locomotor activity 

[2-way RM ANOVA; time F (4.438, 88.76) = 8.114, P < 0.0001, genotype F (1, 20) = 7.624, 

P = 0.0120, time x genotype interaction F (17, 340) = 0.5638, P = 0.9173, Fig. 1c]. In 

addition, locomotor responses displayed between-session habituation across the novelty and 

saline testing days (Supplementary materials Fig. 1a). 3-way ANOVA comparing locomotor 

activity over this time revealed a main effect of genotype [F (1, 18) = 6.007, P = 0.0247] 

and time [F (5.065, 91.16) = 7.726, P < 0.0001], but no main effect of sex [F (1, 18) = 

1.618, P = 0.2196], sex by genotype interaction [F (1, 18) = 0.05876, P = 0.8112] or a 3-way 

interaction [F (17, 306) = 0.5361, P = 0.9338].

129S6-B6 DAT-Ires-Cre+ mice display blunted locomotor response to a 
moderate dose of AMPH—Next, we evaluated the locomotor response of 129S6-B6 

DAT-Ires-Cre+ mice to a moderate (3.0 mg/kg) dose of the indirect DA agonist AMPH. On 

the day after the saline testing day (see above), 3.0 mg/kg AMPH IP administration after an 
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acclimatization period of 30 mins resulted in locomotor activation in both groups (Fig. 1d). 

However, 129S6-B6 DAT-Ires-Cre+ showed an attenuated activation to 3.0 mg/kg AMPH 

when compared to the 129S6-B6 DAT-Ires-Cre− control group [curve–fit analysis, F (4, 388) 

= 3.271, P = 0.0118, Fig. 1d]. The blunted AMPH response in 129S6-B6 DAT-Ires-Cre+ 

is notable because mice continued to display significantly higher overall locomotor activity 

during the pre-injection acclimatization period on the AMPH test day [curve–fit analysis, t 
= −25–0; F (4, 124) = 6.595, P < 0.0001, Fig. 1d]. 3-way ANOVA with time as a repeated 

measure showed a time by genotype interaction [F (17, 306) = 2.198, P = 0.0044], but no sex 

by genotype interaction [F (1, 18) = 0.4312, P = 0.5197] or 3-way interaction [F (17, 306) = 

0.3838, P = 0.9880]. No main effect of sex [F (1, 18) = 2.249, P = 0.1511] was observed.

Reduced AMPH-induced stereotypic behavior but preserved SKF-38393-
induced grooming response in 129S6-B6 DAT-Ires-Cre+ mice.—To further 

investigate diminished sensitivity to AMPH in DAT-Ires-Cre+ mice, we examined AMPH’s 

ability to induce stereotypic movements by testing a dose (8.0 mg/kg) at which stereotypic 

behavior dominates over locomotion. Stereotypic behavior was analyzed for stationary 

shuffling and sniffing-like movements. Video-scoring of stereotypic behavior at 50- and 

80-min following AMPH injection in 129S6-B6 DAT-Ires-Cre+ and control mice revealed 

a significant main effect of genotype [2-way RM ANOVA; genotype F (1, 20) =16.92, P 
< 0.001, Fig. 1e] suggesting an overall decreased sensitivity to AMPH in the 129S6-B6 

DAT-Ires-Cre+ mouse line. 3-way ANOVA to determine the effects of genotype, time and 

sex on stereotypy ruled out a sex by genotype interaction [F (1, 18) = 0.4358, P = 0.5175] or 

a main effect of sex [F (1, 18) = 0.1754, P = 0.6803].

To examine stereotyped behavior that is independent of presynaptic DA release we acutely 

challenged 129S6-B6 DAT-Ires-Cre+ and control mice with the D1 agonist SKF-38393 to 

induce perseverative grooming. Video-scoring of grooming behavior during six fixed 2-min 

intervals spread over 1hr post injection revealed a significant main effect of drug [drug, F 
(1, 20) = 9.734, P < 0.01, Fig. 1f] but no main effect of genotype via a 2-way RM ANOVA 

[genotype, F (1, 20) = 2.953, P = 0.1011, Fig. 1f], suggesting preserved postsynaptic 

function in 129S6-B6 DAT-Ires-Cre+ mice. Further, 3-way ANOVA to determine effects of 

sex, genotype and drug on grooming behavior revealed no sex by genotype interaction [F (1, 

18) = 0.04449, P = 0.8353] or a main effect of sex [F (1, 18) = 0.2439, P = 0.6274].

B6 DAT-Ires-Cre mice

B6 DAT-Ires-Cre+ mice display increased novelty-induced hyperlocomotion—
To evaluate whether novelty-induced locomotion is altered in B6 DAT-Ires-Cre+ mice, we 

examined locomotor activity of B6 DAT-Ires-Cre+ and littermate B6 DAT-Ires-Cre− control 

mice in the same paradigm described above. Similar to the 129S6-B6 DAT-Ires-Cre strain 

(Fig 1b), a curve fit analysis over the 30 min evaluated period indicated that B6 DAT-Ires-

Cre+ are hyperlocomotive in a novel environment [F (4, 106) = 3.820, P = 0.0061, Fig. 2b] 

and have normal habituation of their locomotor response during the novelty testing session 

[2-way RM ANOVA; time F (3.397, 57.75) =36, P < 0.0001, genotype F (1, 17) =3.389, 

P = 0.0832, time x genotype interaction F (5, 85) =0.2600, P = 0.9336, Fig. 2b]. Further, 

both groups displayed habituation of locomotor response across novelty and the (first) saline 
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testing days (see Supplementary materials Fig. 1c). Further, 3-way ANOVA revealed a main 

effect of genotype [F (1, 15) = 6.320, P = 0.0238] and time [F (3.282, 49.22) = 27.71, 

P < 0.0001]. No main effect of sex [F (1, 15) = 3.603, P = 0.0771, n = 3(Cre−, males); 

7(Cre+, males); 6(Cre−, females); 3(Cre+, females)], sex by genotype interaction [F (1, 15) 

= 0.2031, P = 0.6587] or a 3-way interaction [F (5, 75) = 0.5742, P = 0.7195] was found. 

Evaluation of center activity revealed no genotypic differences over the 30 min session; 

however, B6 DAT-Ires-Cre+ made fewer visits, spent less time and traveled less distance 

during the first 5 mins, thus displaying an anxiety-like phenotype during this initial period of 

exposure (Supplementary materials Fig. 3b, d, f).

To examine baseline locomotion in B6 DAT-Ires-Cre+ mice, we examined locomotor 

activity of saline injected mice as described above. A curve fit analysis revealed that 

B6 DAT-Ires-Cre+ mice continued to be hyperlocomotive during the pre-saline injection 

acclimatization period [curve–fit analysis, F (4, 106) = 3.167, P = 0.0168, Fig. 2c, inset]; 

however, post-saline injection there was a mitigation of this effect [curve–fit analysis, F 
(4, 220) = 1.173, P = 0.3235, Fig. 2c, inset]. A repeated measures ANOVA over the 

post-injection period revealed an absence of main effect of genotype and an absence of time 

by genotype interaction, suggesting that B6 DAT-Ires-Cre+ mice did not differ from B6 

DAT-Ires-Cre− control mice in a familiar environment [2-way RM ANOVA; time F (5.771, 

98.10) = 8.785, P < 0.0001, genotype F (1, 17) = 0.6434, P = 0.4336, time x genotype 

interaction F (11, 187) =0.7518, P = 0.6876, Fig. 2c, inset]. Similarly, a lack of genotypic 

difference was observed during both pre- and post-saline injection periods on the second 

[curve–fit analysis, second pre-saline: F (4, 106) = 0.9839, P = 0.4196; second post-saline: F 
(4, 220) = 0.3801, P = 0.8227, Fig. 2d, inset] and third [curve–fit analysis, third pre-saline: 

F (4, 106) = 1.062, P = 0.3789; third post-saline: F (4, 220) = 0.1845, P = 0.9463, Fig. 2e, 

inset] saline exposure days. Further, 3-way ANOVA comparing locomotor activity over this 

time period on the first saline day revealed a main effect of time [F (5.794, 86.91) = 25.86, 

P < 0.0001] but no main effect of genotype [F (1, 15) = 3.194, P = 0.0941]. No main effect 

of sex [F (1, 18) = 1.618, P = 0.2196], sex by genotype interaction [F (1, 18) = 0.05876, P = 

0.8112] or a 3-way interaction [F (17, 306) = 0.5361, P = 0.9338] was observed.

B6 DAT-Ires-Cre+ display a blunted locomotor response to AMPH compared to 
WT controls—Next, we evaluated the locomotor response of B6 DAT-Ires-Cre+ mice to a 

low (1.8), moderate (3.0) and a high (5.6 mg/kg) IP dose of AMPH. At the low dose, AMPH 

administration after an acclimatization period of 30 mins resulted in significantly attenuated 

locomotor activation in B6 DAT-Ires-Cre+ mice relative to B6 DAT-Ires-Cre− control mice 

[curve-fit analysis, F (4, 220) = 15.63, P < 0.0001, Fig. 2d]. At the moderate dose this 

effect became even more prominent [curve-fit analysis, F (4, 220) = 22.13, P < 0.0001, 

Fig. 2c]. The attenuated response persisted at the highest dose tested [curve-fit analysis, 

F (4, 220) = 13.23, P < 0.0001, Fig. 2e], confirming that B6 DAT-Ires-Cre+ mice have a 

reduced sensitivity to AMPH’s locomotor stimulating effects. Importantly, and in contrast 

to the 129S6-B6 strain (Fig 1d), no genotype differences were seen in pre-AMPH injection 

locomotor activity on AMPH testing days [curve-fit analysis, 1.8 mg/kg: F (4, 106) = 1.513, 

P = 0.2037, Fig. 2d; 3.0 mg/kg: F (4, 106) = 1.181, P = 0.3236, Fig. 2c; 5.6 mg/kg: F (4, 

106) = 0.2838, P = 0.8879, Fig. 2e]. At all the three doses tested, 3-way ANOVAs revealed 
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a time by genotype interaction [1.8 mg/kg: F (17, 255) = 3.526, P < 0.0001; 3.0 mg/kg: F 
(17, 255) = 8.065, P < 0.0001; 5.6 mg/kg: F (17, 255) = 2.886, P = 0.0002] but no sex by 

genotype interaction [1.8 mg/kg: F (1, 15) = 0.01772, P = 0.8959; 3.0 mg/kg: F (1, 15) = 

0.7466, P = 0.4012; 5.6 mg/kg: F (1, 15) = 0.1485, P = 0.7054].

B6 DAT-Ires-Cre+ mice display normal AMPH-induced stereotypic behavior 
and SKF-38393 induced grooming—We next examined AMPH’s ability to induce 

stereotypic behavior by testing 2 doses at which stereotypic behavior dominates locomotor 

activation (8.0 and 10.0 mg/kg). Video scoring at 50- and 80-min post 8.0 mg/kg AMPH 

revealed no main effect of genotype [2-way RM ANOVA; genotype F (1, 7) =0.9980, P = 

0.3511, time F (1, 7) =2.074, P = 0.1930, time by genotype interaction F (1, 7) = 0.3762, P 
= 0.5590, Fig. 2f], suggesting preservation of AMPH’s stimulatory effects at higher doses in 

B6 DAT-Ires-Cre+ mice. Further, 3-way ANOVA to determine the effects of genotype, time 

and sex ruled out a sex by genotype interaction [F (1, 5) = 3.013, P = 0.1431] or a main 

effect of sex [F (1, 5) = 0.7375, P = 0.4297]. A similar lack of genotype effect was seen 

at the 10.0 mg/kg dose (see Supplementary materials Fig. 2a). [Note: B6 mice display an 

overall lower degree of stereotypic behavior than 129S6-B6 mice at the 8.0 mg/kg IP dose, 

which likely indicates a strain effect].

Next, we examined SKF-38393 induced grooming in the B6 strain. Video scoring of 

grooming behavior in B6 DAT-Ires-Cre+ mice revealed a significant main effect of drug 

but no main effect of genotype [2-way RM ANOVA; drug, F (1, 7) = 17.76, P = 0.0040; 

genotype, F (1, 7) = 0.01774, P = 0.8978, Fig. 2g] paralleling the lack of genotype difference 

observed in the 129S6-B6 strain (Fig. 1f). Further, no sex by genotype interaction [F (1, 5) = 

1.493, P = 0.2762] or a main effect of sex [F (1, 5) = 0.03511, P = 0.8587] was observed in a 

3-way ANOVA.

129S6-B6 TH-Cre mice

Normal novelty-induced and baseline locomotion in 129S6-B6 TH-Cre+ mice—
In contrast to 129S6-B6 DAT-Ires-Cre+ mice (Fig. 1b), novelty-induced locomotor response 

was not altered in 129S6-B6 TH-Cre+ mice [curve-fit analysis, F (4, 166) = 0.7092, 

P=0.5867, Fig. 3b]. In agreement with the curve-fit analysis, a 3-way ANOVA to determine 

effects of genotype, time and sex on locomotion revealed no time by genotype interaction [F 
(5, 125) = 0.09638, P = 0.9926] or main effect of genotype [F (1, 25) = 1.059, P = 0.3132]. 

Further, no 3-way interaction [F (5, 125) = 1.231, P = 0.2987], sex by genotype interaction 

[F (1, 25) = 0.7131, P = 0.4064] or a main effect of sex [F (1, 25) = 0.04419, P = 0.8352, 

n = 11(Cre−, males); 8(Cre+, males); 7(Cre−, females); 3(Cre+, females)] was found. Also, 

both 129S6-B6 TH-Cre+ and 129S6-B6 TH-Cre− control mice showed habituation of their 

locomotor response within the novelty testing session (Fig. 3b). No genotypic differences 

were observed in the number of visits, time spent or distanced traveled in the center of the 

open field (Supplementary materials Fig. 4a, c, e).

Again, in contrast to 129S6-B6 DAT-Ires-Cre+ mice (Fig. 1c), baseline locomotor response 

of saline injected 129S6-B6 TH-Cre+ mice in a familiar environment did not differ from 

129S6-B6 TH-Cre− controls on the saline challenge day [curve fit-analysis, F (4, 514) = 

Chohan et al. Page 9

Psychopharmacology (Berl). Author manuscript; available in PMC 2023 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.073, P=0.0831, Fig. 3c], with both the 129S6-B6 TH-Cre+ and 129S6-B6 TH-Cre− groups 

showing habituation of their locomotor response within the saline testing session [2-way RM 

ANOVA; time F (5.944, 160.5) =16.28, P < 0.0001, genotype F (1, 27) =0.2843, P = 0.5983, 

time x genotype interaction F (17, 549) =1.255, P = 0.2179, Fig. 3c] and across the novelty 

and saline testing days (see Supplementary materials Fig. 1b). No main effect of sex [F (1, 

25) = 2.879, P = 0.1021], genotype [F (1, 25) = 0.5968, P = 0.4470] or sex by genotype 

interaction [F (1, 25) = 0.05033, P = 0.8243] was found on locomotion on saline day using a 

3-way ANOVA.

Blunted locomotor response to a moderate dose of AMPH in 129S6-B6 TH-
Cre+ mice—Evaluation of the locomotor response of 129S6-B6 TH-Cre+ mice to a 3.0 

mg/kg dose of AMPH surprisingly revealed an attenuated response in 129S6-B6 TH-Cre+ 

mice when compared to the 129S6-B6 TH-Cre− control group [curve–fit analysis, F (4, 514) 

= 12.21, P < 0.0001, Fig. 3d]. 3-way ANOVA with time as a repeated measure showed a 

time by genotype interaction [F (17, 425) = 3.621, P < 0.0001], but no sex by genotype 

interaction [F (1, 25) = 0.5433, P = 0.4679] or 3-way interaction [F (17, 425) = 1.127, P 
= 0.3246]. Further, no main effect of sex [F (1, 25) = 0.07463, P = 0.7870] was observed, 

suggesting that both males and females displayed attenuated AMPH response. Importantly, 

locomotor activity of 129S6-B6 TH-Cre+ mice during pre-AMPH injection acclimatization 

period did not differ from control mice [curve–fit analysis, t = −25–0; F (4, 166) = 0.7740, P 
= 0.5436, Fig. 3d].

Normal AMPH-induced stereotypic behavior and SKF-38393 induced 
grooming in 129S6-B6 TH-Cre+ mice.—We next found that stereotypic behavior in 

129S6-B6 TH-Cre+ mice was not different from 129S6-B6 TH-Cre− control mice [2-way 

RM ANOVA; genotype F (1, 27) =1.916, P = 0.1776, Fig. 3e], suggesting a reduced 

sensitivity to AMPH only at lower doses in 129S6-B6 TH-Cre+ mice. Further, 3-way 

ANOVA to determine the effects of genotype, time and sex ruled out a 3 -way interaction [F 
(1, 25) = 0.9931, P = 0.3285], time by genotype interaction [F (1, 25) = 0.7401, P = 0.3978] 

and sex by genotype interaction [F (1, 25) = 0.1115, P = 0.7412].

Similarly, SKF-38393 injection to induce perseverative grooming behavior revealed a main 

effect of drug and an absence of main effect of genotype in 129S6-B6 TH-Cre mouse line 

[2-way RM ANOVA; drug, F(1, 27) = 20.57, P = 0.0001; genotype, F(1, 27) = 0.3241, P 
= 0.5738, Fig. 3f], suggesting preserved postsynaptic receptor function in the mixed strain. 

Further, a 3-way ANOVA revealed no drug by sex by genotype interaction [F (1, 26) = 

2.160, P = 0.1536] or a sex by genotype interaction [F (1, 26) = 0.2550, P = 0.6179].

B6 TH-Cre mice

Normal novelty-induced and baseline locomotion in B6 TH-Cre+ mice—Similar 

to the 129S6-B6 TH-Cre strain (Fig. 3b), novelty-induced locomotor response was not 

altered in B6 TH-Cre+ mice [curve-fit analysis, F (4, 112) = 1.939, P = 0.1089, Fig. 4b], 

with both the B6 TH-Cre+ and B6 TH-Cre− control mice displaying habituation of their 

locomotor response both during the novelty testing session [2-way RM ANOVA; time F 
(3.593, 64.67) = 49.37, P < 0.0001, genotype F (1, 18) = 1.557, P = 0.2281, time x genotype 
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interaction F (5, 90) = 0.8312, P = 0.5309, Fig. 4b] and across novelty and the first saline 

testing days (see Supplementary materials Fig. 1d). Further, a 3-way ANOVA with time as 

a repeated factor revealed no main effect of genotype [F (1, 16) = 0.7351, P = 0.4039], 

sex [F (1, 16) = 1.221, P = 0.2855, n = 6(Cre−, males); 7(Cre+, males); 3(Cre−, females); 

4(Cre+, females)], sex by genotype interaction [F (1, 16) = 0.3901, P = 0.5411] or a 3-way 

interaction [F (5, 80) = 0.2354, P = 0.9458]. Evaluation of center activity revealed no 

genotypic differences over the 30 min session (Supplementary materials Fig. 4b, d, f).

Similar to the 129S6-B6 TH-Cre strain (Fig. 3c), basal locomotor response of saline injected 

B6 TH-Cre+ mice did not differ from B6 TH-Cre− control mice on either the first, second 

or third saline exposure days [curve–fit analysis, first pre-saline: F (4, 112) = 0.4198, P = 

0.7940; first post-saline: F (4, 232) = 0.1278, P = 0.2795, Fig. 4c, inset; second pre-saline: 

F (4, 112) = 0.3361, P = 0.8531, second post-saline: F (4, 232) = 0.8178, P = 0.5149, Fig. 

4d, inset; third pre-saline: F (4, 112) = 0.7267, P = 0.5755, third post-saline: F (4, 232) 

= 0.8445, P = 0.4982, Fig. 4e, inset]. Additionally, a 3-way ANOVA to assess effects of 

genotype, time and sex revealed no sex by genotype interaction [F (1, 16) = 0.0047, P = 

0.9459], main effect of sex [F (1, 16) = 0.8022, P = 0.3837] or a time by sex by genotype 

interaction [F (17, 272) = 0.9753, P = 0.4864] on the first saline day.

Normal locomotor response to AMPH in B6 TH-Cre+ mice—Next, we evaluated 

the locomotor response of B6 TH-Cre+ mice to 1.8, 3.0 and 5.6 mg/kg IP doses of AMPH. 

In contrast to B6 DAT-Ires-Cre+ mice (Figs. 2c, d, e), B6 TH-Cre+ mice did not differ 

from B6 TH-Cre− control mice in their locomotor activity at the three AMPH doses tested 

[curve–fit analysis, t = 5–60; 1.8 mg/kg: F (4, 232) = 1.950, P = 0.1030; 3.0 mg/kg: F (4, 

232) = 0.8037, P = 0.5239; 5.6 mg/kg: F (4, 232) = 0.1855, P = 0.9458, Figs. 4c, d, e]. 

Differences in pre-AMPH injection activity levels were ruled out on all days, suggesting 

that AMPH sensitivity is preserved in B6 TH-Cre− mice. These data also suggest that the 

diminished locomotor activation seen in 129S6-B6 TH-Cre+ mice (Fig. 3d) is likely due to a 

mixed background strain effect. In agreement with the curve fit analysis, 3-way ANOVAs at 

all three doses revealed no time by genotype interaction [1.8 mg/kg: F (17, 289) = 0.38834, 

P = 0.9871; 3.0 mg/kg: F (17, 289) = 0.6929, P = 0.8095; 5.6 mg/kg: F (17, 289) = 0.2541, 

P = 0.9990] or sex by genotype interaction [1.8 mg/kg: F (1, 17) = 0.09503, P = 0.7616; 3.0 

mg/kg: F (1, 17) = 0.03386, P = 0.8562; 5.6 mg/kg: F (1, 17) = 0.1563, P = 0.6975] or a 

main effect of sex [1.8 mg/kg: F (1, 17) = 0.9652, P = 0.3397; 3.0 mg/kg: F (1, 17) = 1.311, 

P = 0.2681; 5.6 mg/kg: F (1, 17) = 1.470, P = 0.2419].

B6 TH-Cre+ display normal AMPH- and SKF-38393 induced repetitive behavior
—Similar to 129S6-B6 TH-Cre strain (Fig 3e), stereotypic behavior in B6 TH-Cre+ mice 

did not differ from B6 TH-Cre− mice at 8.0 mg/kg [2-way RM ANOVA; genotype F (1, 18) 

= 0.0038, P = 0.9515, time F (1, 18) = 0.7070, P = 0.4115, time by genotype interaction F 
(1, 18) = 0.0519, P = 0.8224, Fig. 4f], or 10.0 mg/kg (see Supplementary materials Fig. 2b). 

Further, 3-way ANOVA to determine the effects of genotype, time and sex ruled out a sex 

by genotype interaction [F (1, 18) = 0.7159, P = 0.4086] or a main effect of sex [F (1, 18) = 

1.586, P = 0.2240]. Taken together, these data suggest that B6 TH-Cre+ mice resemble B6 

TH-Cre− mice in their AMPH sensitivity.
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Finally, we examined the SKF-38393 induced grooming response in the B6 TH-Cre strain. 

Similar to 129S6-B6 TH-Cre mice (Fig 3f), a lack of genotypic effect was seen, suggesting 

that TH-Cre+ mice do not differ from TH-Cre− mice in SKF-38393 induced grooming 

response [2-way RM ANOVA; drug, F (1, 18) = 24.74, P < 0.0001; genotype, F (1, 18) = 

0.01953, P = 0.8904, Fig. 4g]. Further, no drug by genotype interaction [F (1, 21) = 0.07524, 

P = 0.7865], sex by genotype interaction [F (1, 21) = 0.03033, P = 0.8634] or a main effect 

of sex [F (1, 21) = 1.517, P = 0.2317] was observed in a 3-way ANOVA.

Discussion

Transgenic mouse lines expressing Cre-recombinase under the regulation of the DAT 

or TH promotor are frequently used to study the DA system. Our findings point to 

behavioral phenotypes in DAT-Ires-Cre mice, including increased locomotor activity in 

a novel environment and decreased responsiveness to the psychostimulant AMPH, a 

DAT substrate. In contrast, TH-Cre mice bred on a pure C57BL/6 background display 

unchanged baseline and AMPH-induced behaviors when compared with wildtype controls. 

Additionally, comparison of the mixed 129S6/C57BL/6 inbred and pure C57BL/6 strains 

of DAT-Ires-Cre and TH-Cre mice revealed that genetic background affects the transgenic 

lines’ basal locomotor phenotypes and responses to AMPH (Table 1).

revious studies have reported significant phenotypic variation in transgenic and knock-in 

mouse lines (Chen et al. 2018; Crittenden et al. 2014; Galichet et al. 2010; Kim et al. 

2013; Kolisnyk et al. 2013; Kramer et al. 2011; Steinmetz et al. 2017). One of the first 

knock-in lines targeting the monoaminergic system, the DAT-Cre knock-in mouse line 

(Zhuang et al. 2005), had one copy of the DAT gene disrupted, which made it comparable 

to hemizygous DAT knockout mice known to exhibit profound alterations in DAT function 

(Giros et al. 1996; Jones et al. 1998a; Spielewoy et al. 2001; Spielewoy et al. 2000). The 

DAT-Ires-Cre mouse line was developed to avoid this disruption of the DAT gene; however, 

DAT protein levels were found to be reduced by 47% in homozygous mice and by 17% in 

heterozygotes (Backman et al. 2006). Strikingly, the modest reduction of DAT protein levels 

in heterozygotes was associated with significantly reduced DA uptake capacity (O’Neill et 

al. 2017).

Physiologically, a decrease in DAT function should increase DA tone, and subsequently 

alter DA-mediated behaviors. Congruent with this, mice with deficient DAT function display 

increased DA tone and a basal hyperlocomotor phenotype. Specifically, while DAT knockout 

and knockdown mice (expressing 0% and 10% of wildtype DAT levels, respectively) display 

spontaneous hyperlocomotion and loss of locomotor habituation (Giros et al. 1996; Tilley 

et al. 2007; Zhuang et al. 2001), hemizygous DAT knockout and DAT-low expressor mice 

(both expressing 30% of wildtype DAT levels) still show basal hyperlocomotion (Rao et 

al. 2013) and loss of locomotor habituation (Rao et al. 2013; Spielewoy et al. 2000). 

Further, cocaine-insensitive DAT knock-in mice that have a 50% reduction of DAT activity 

display spontaneous hyperactivity (Chen et al. 2006). Our results reveal that DAT-Ires-Cre 

mice, with a previously described reduction in DAT expression and function (Backman 

et al. 2006; O’Neill et al. 2017), are hyperlocomotive in a novel environment but show 

preserved habituation of locomotor activity, indicating that the Ires-Cre transgene impacts 
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DAT-mediated behaviors. It is conceivable that increases in DA tone lead to increases in 

novelty-induced behavior in the presence of preserved habituation of locomotor activity, 

as has been recently shown in mice following chemogenetic activation of DA neurons 

(Runegaard et al. 2018). Moreover, it is also possible that an interplay of DA and adaptation 

of other neurotransmitter systems mediates our observed novelty-driven hyperactivity 

(Gainetdinov et al. 1999), thus requiring further examination of the underlying mechanisms.

Our results also show that DAT-Ires-Cre mice display attenuated locomotor activation 

to AMPH. DAT is a well-known target for AMPH, mediating DA release by reverse 

DAT-mediated transport (Freyberg et al. 2016; Kahlig et al. 2005; Sulzer et al. 1995). 

Accordingly, AMPH is unable to affect extracellular DA levels in DAT knockout mice 

(Jones et al. 1998b) and induces a paradoxical hypolocomotor effect (Giros et al. 1996; 

Spielewoy et al. 2001; Zhuang et al. 2001) and reduced stereotypic behavior (Spielewoy et 

al. 2001) in mice with deficient DAT function. A reduction of 40% in DAT activity that 

follows small interfering RNA (siRNA) injections in wildtype mice translates into roughly 

40% reduced level of locomotor activity post-AMPH (Salahpour et al. 2007). Here, in 

DAT-Ires-Cre mice, we similarly see a blunting of post-AMPH activity that parallels the 

degree of reduction in DAT expression and function (Backman et al. 2006; O’Neill et al. 

2017). The blunted response to AMPH may most easily be explained by a less than optimal 

DAT-mediated DA efflux, but other mechanisms are also possible, including adaptations in 

serotonergic-DA interactions (Gainetdinov et al. 1999), possible toxic effects of Cre (Forni 

et al. 2006; Kim et al. 2013; Schmidt et al. 2000; Schmidt-Supprian and Rajewsky 2007), or 

changes in pre- or post-synaptic receptor sensitivity to DA. However, we ruled out changes 

in D1 function in our SKF-38393 induced grooming assay.

One of the events downstream of DAT-mediated AMPH uptake is internalization of 

excitatory amino acid transporter 3 (EAAT3, encoded by Slc1a1) from the neuronal 

surface, reducing glutamate clearance and increasing excitatory transmission (Li et al. 2017; 

Underhill et al. 2019; Underhill et al. 2014). We previously found that loss of Slc1a1/

EAAT3 in mice leads to diminished AMPH-induced DA release, locomotor activity and 

stereotypic behavior (Zike et al. 2017). We anticipated that DAT-Ires-Cre animals would be 

a suitable tool for rescue of Slc1a1/EAAT3 expression in Slc1a1-STOP mice to complement 

our previous data with viral rescue (Zike et al. 2017). However, our findings indicate 

that the presence of an intrinsically diminished AMPH response in DAT-Ires-Cre mice 

would significantly confound DAT-Ires-Cre-mediated EAAT3 rescue results. Moreover, our 

findings call for caution in interpreting data from experiments that are dependent on DAT 

expression and employ DAT-Ires-Cre or DAT-Cre manipulations (Bariselli et al. 2018; Bello 

et al. 2011; Beutler et al. 2011; Diaz-Ruiz et al. 2012; Kosillo et al. 2019; Luo et al. 2010; 

McCall et al. 2019; Zweifel et al. 2008).

While the locomotor phenotypes in both the mixed 129S6/C57BL/6 inbred and pure 

C57BL/6 strains of DAT-Ires-Cre+ mice were found to be largely comparable, a few 

differences were observed. Specifically, we found that inbred 129S6-B6 DAT-Ires-Cre+ mice 

displayed low anxiety-like behavior in a novel environment and displayed sustained basal 

hyperactivity in familiar environments. In contrast, B6 DAT-Ires-Cre+ mice displayed an 

initial anxiogenic phenotype in a novel phenotype; further, the locomotor activity became 
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indistinguishable from wildtype siblings in a familiar environment. A low anxiety-like 

phenotype has previously been reported in DAT knockout mice and mice with reduced 

DAT expression (Carpenter et al. 2012; Pogorelov et al. 2005; Tian et al. 2010); whereas 

DAT knockout mice were also shown to exhibit an initial anxiety-like phenotype during 

the first five minutes in an elevated zero maze (Pogorelov et al. 2005). In parallel to the 

exaggerated basal hyperactivity, a significantly reduced AMPH-induced stereotypic behavior 

was found in 129S6-B6 DAT-Ires-Cre+ mice, an effect that was absent in the B6 mice. 

Notably, the degree of stereotypic behavior also differed across the two strains, with the 

mixed 129-B6 strain showing increased stereotypic movements at 8.0 mg/kg, consistent 

with the generally reduced levels of locomotion exhibited by this strain (O’Neill and Gu 

2013). No genotypic differences were seen in D1-agonist (SKF-38393) induced grooming 

response in either of the strains. A lack of difference in grooming behavior in 129-B6 

DAT-Ires-Cre+ mice is notable as the increased basal locomotion would predict chronically 

elevated DA levels with consequent downregulation of D1 receptor function. However, 

hyperdopaminergia is known to induce variable and contrasting effects on D1 receptor 

mRNA levels depending on the degree and duration of increased DA tone (Choi and 

Ronnekleiv 1996; Leslie et al. 1994). Our findings are consistent with the lack of changes in 

plasma membrane D1 receptor expression previously reported in hemizygous DAT knockout 

mice that have two-fold increase in DA levels (Dumartin et al. 2000), as well as the lack of 

changes in D1 receptor mRNA levels previously reported in DAT-Ires-Cre mice (Backman 

et al. 2006). Strain differences are well-known to affect development of behavioral profiles, 

which are accentuated in genetically manipulated mice (Abramov et al. 2008; Crabbe et al. 

1999; Crusio 2004; Gerlai 1996; O’Neill and Gu 2013; Rodgers et al. 2002; Voikar et al. 

2004). Taken together, these data highlight the importance of including true wildtype sibling 

controls in experimental design.

Our current work also characterized a prominent TH-Cre transgenic mouse line (Savitt et al. 

2005), which was recently reported to exhibit normal levels of DAT and other DA-related 

markers (Runegaard et al. 2017). Our results in the pure B6 strain are consistent with the 

previously reported lack of basal locomotor phenotype in these mice. Further, we now 

show that TH-Cre mice exhibit normal AMPH-induced locomotor activity and stereotypic 

behavior, as well as normal SKF-38393-induced grooming behavior. However, we did find 

a blunted response to a moderate dose of AMPH in TH-Cre+ mice in the mixed 129S6-B6 

inbred background strain that is likely to be a strain effect. Though this study found a 

lack of baseline and drug-induced phenotypes, TH-Cre mice have previously been shown 

to display substantial ectopic expression in TH-immunonegative neurons (Lammel et al. 

2015; Lindeberg et al. 2004; Savitt et al. 2005; Vuong et al. 2015; Yamaguchi et al. 2015), 

which could counter their utility as an appropriate genetic tool to achieve DA selectivity 

in optogenetics, chemogenetics or circuit tracing studies (Lammel et al. 2015; Stuber et 

al. 2015). In contrast, the DAT-Ires-Cre driver does not appear to drive recombination in 

TH-immunonegative neurons in the midbrain (Backman et al. 2006; Zhuang et al. 2005); 

however recent evidence has suggested ectopic DAT-Ires-Cre driven reporter expression 

in some limbic regions (Nouri and Awatramani 2017; Papathanou et al. 2019; Soden et 

al. 2016). Further, low DAT expression levels in DA neurons that project to the medial 

prefrontal cortex may result in less efficient recombination in this population (Lammel et 
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al. 2008). Notwithstanding the reduced DAT function described above, the DAT-Ires-Cre 

transgenic line still appears be an important genetic tool for cell identification and in 

circuit tracing studies, particularly when selectivity could be further enhanced by employing 

projection-specific retrograde or intersectional approaches (Beier et al. 2015; Lerner et al. 

2015).

In summary, our behavioral characterization of two different strains of two of the 

mostly widely used DA Cre-driver lines uncovered baseline and psychostimulant-induced 

behavioral phenotypes (Table 1). In particular, our findings indicate that DAT-Ires-Cre may 

not be the ideal transgenic line for experiments that are dependent on DAT expression. With 

substantial non-DA neuron expression (Cardozo Pinto et al. 2019; Lammel et al. 2015), TH-

Cre mice may also not be ideal, but they may be preferable for DAT-dependent behaviors 

because they lack baseline and drug-induced phenotypes. Investigators may also want to 

consider alternate approaches, such as the use of viruses (Gompf et al. 2015; Stauffer et al. 

2016) or the recently generated improved bacterial artificial chromosome (BAC)-transgenic 

mice (Kaiser et al. 2016; Krol et al. 2019; Ting and Feng 2014) that lack Cre sequence 

insertions into the endogenous gene’s UTR while avoiding the confounds of overexpression 

of extra genes seen in traditional BAC transgenic lines (Chen et al. 2018; Crittenden et al. 

2014; Kramer et al. 2011). Finally, the most important consideration in experimental design 

should always be to include the appropriate behavioral controls.
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Fig. 1. 129S6-B6 DAT-Ires-Cre+ mice display novelty-induced and baseline hyperactivity and 
show attenuated locomotor and stereotypic response to AMPH but show normal SKF-38393-
induced grooming behavior
(a) Experimental timeline. (b) 129S6-B6 DAT-Ires-Cre+ mice show increased novelty-

induced locomotion [curve–fit analysis, t = 0–30; F (4, 124) = 7.846, ****P < 0.0001, n 
= 10–12] while displaying habituation to the open field chamber [2-way RM ANOVA; time 

F (2.4, 48) = 40.38, P < 0.0001, genotype F (1, 20) = 7.205, P = 0.0143, time x genotype 

interaction F (5, 100) = 1.319, P = 0.2621 n = 10–12]. (c) 129S6-B6 DAT-Ires-Cre+ mice 

show increased baseline locomotion on saline challenge day [curve–fit analysis, t = 5–60; 
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F (4, 388) = 22.27, ****P < 0.0001, n = 10–12]. (d) 129S6-B6 DAT-Ires-Cre+ mice show 

attenuated locomotor response to a moderate dose (3.0 mg/kg) of AMPH [curve–fit analysis, 

t = 5–60; F (4, 388) = 3.271, *P = 0.0118, n = 10–12]. (e) 129S6-B6 DAT-Ires-Cre+ mice 

display decreased stereotyped behavior following 8.0 mg/kg AMPH injection relative to 

129S6-B6 DAT-Ires-Cre− control mice [2-way RM ANOVA; genotype F (1, 20) =16.92, 

***P < 0.001, time F (1, 20) =1.238, P = 0.2790, genotype x time interaction F (1, 20) 

=0.1434, P = 0.7089, n = 10–12]. (f) SKF-38393-induced grooming behavior is not altered 

in 129S6-B6 DAT-Ires-Cre+ mice [2-way RM ANOVA; drug, F(1, 20) = 9.734, P < 0.01; 

genotype, F(1, 20) = 2.953, P = 0.1011, drug x genotype interaction F(1, 20) = 0.06414, P = 

0.8027, n = 10–12].

Chohan et al. Page 23

Psychopharmacology (Berl). Author manuscript; available in PMC 2023 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. B6 DAT-Ires-Cre+ mice display novelty-induced hyperactivity and attenuated AMPH-
induced locomotion but show preserved AMPH- and SKF-38393-induced stereotypic and 
grooming behaviors
(a) Experimental timeline. (b) B6 DAT-Ires-Cre+ mice show increased novelty-induced 

locomotion compared to B6 DAT-Ires-Cre− control mice [curve–fit analysis, t = 0–30; F 
(4, 106) = 3.820, **P = 0.0061, n = 9–10] while displaying habituation to the open field 

chamber [2-way RM ANOVA; time F (3.397, 57.75) = 36, P < 0.0001, genotype F (1, 

17) =3.389, P = 0.0832, time x genotype interaction F (5, 85) = 0.2600, P = 0.9336, n 
= 9–10]. (c, d, e) B6 DAT-Ires-Cre+ mice show attenuated locomotor responses to low 
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(1.8), moderate (3.0) and high (5.6 mg/kg) doses of AMPH compared to B6 DAT-Ires-Cre− 

control mice [curve–fit analysis, t = 5–60; low: F (4, 220) = 15.63, ****P < 0.0001; 

moderate: F (4, 220) = 22.13, ****P < 0.0001; high: F (4, 220) = 13.23, ****P < 0.0001, 

n = 9–10]. (f) B6 DAT-Ires-Cre+ mice show AMPH-induced stereotyped behavior that is 

comparable to B6 DAT-Ires-Cre− mice following 8.0 mg/kg AMPH [2-way RM ANOVA; 

genotype F (1, 7) = 0.9980, P = 0.3511, time F (1, 7) =2.074, P = 0.1930, genotype by 

time interaction F (1, 7) =0.3762, P = 0.5590, n = 4–5]. (g) SKF-38393 induced grooming 

behavior is not altered in B6 DAT-Ires-Cre+ mice [2-way RM ANOVA; drug, F(1, 7) = 

17.67, P = 0.0040; genotype, F(1, 7) = 0.01774, P = 0.8978, drug x genotype interaction F 
(1, 7) = 0.04358, P = 0.8406, n = 4–5].
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Fig. 3. 129S6-B6 TH-Cre+ exhibit normal novelty-induced activity, baseline locomotion and 
AMPH- and SKF-38393-induced preservative behaviors but show attenuated AMPH-induced 
locomotion
(a) Experimental timeline. (b) Novelty-induced locomotor response is unaltered in 129S6-

B6 TH-Cre+ mice [curve–fit analysis, t = 0–30; F (4, 166) = 0.7092, P=0.5867, n = 18–11] 

and mice display habituation to the open field chamber [2-way RM ANOVA; time F (3.446, 

93.05) = 36.10, P < 0.0001, genotype F (1, 27) =0.6412, P = 0.4303, time by genotype 

interaction F (5, 135) = 0.2016, P = 0.9613 n = 18–11]. (c) Basal locomotor response 

following saline injection is not altered in 129S6-B6 TH-Cre+ mice [curve–fit analysis, t 

Chohan et al. Page 26

Psychopharmacology (Berl). Author manuscript; available in PMC 2023 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



= 5–60; F (4, 514) = 2.073, P = 0.0831, n = 18–11]. (d) 129S6-B6 TH-Cre+ mice show 

attenuated locomotor response to a moderate dose (3.0 mg/kg) of AMPH [curve–fit analysis, 

t = 5–60; F (4, 514) = 12.21, ****P < 0.0001, n = 18–11]. (e) AMPH-induced stereotypic 

behavior is not altered in 129S6-B6 TH-Cre+ mice at 8.0 mg/kg dose [2-way RM ANOVA; 

genotype F (1, 27) =1.916, P = 0.1776, time F (1, 27) =10.54, P = 0.0031, genotype x time 

interaction F (1,27) =0.2391, P = 0.6288, n = 18–11]. (f) SKF-38393-induced grooming 

behavior is not altered in 129S6-B6 TH-Cre+ mice [2-way RM ANOVA; drug, F (1, 27) = 

20.57, P < 0.0001; genotype, F (1, 27) = 0.324, P = 0.5738, drug x genotype interaction F (1, 

27) = 2.097, P = 0.1591, n = 18–11].
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Fig. 4. B6 TH-Cre+ mice display normal novelty-induced activity, AMPH-induced locomotion 
and AMPH and SKF-38393-induced stereotypic and grooming behaviors
(a) Experimental timeline. (b) B6 TH-Cre+ mice show comparable novelty-induced 

locomotion to B6 TH-Cre− control mice [curve–fit analysis, t = 0–30; F (4, 112) = 1.939, P 
= 0.1089, n = 9–11] and display habituation to the open field chamber [B6 TH-Cre, 2-way 

RM ANOVA; time F (3.593, 64.67) = 49.37, P < 0.0001, genotype F (1, 18) = 1.557, P 
= 0.2281, time x genotype interaction F (5, 90) = 0.8312, P = 0.5309 n = 9–11]. (c, d, e) 
Locomotor responses of B6 TH-Cre+ mice to low (1.8), moderate (3.0) and high (5.6 mg/kg) 

AMPH doses do not differ from B6 TH-Cre− control mice’ responses. [curve–fit analysis, 

t = 5–60; low: F (4, 232) = 1.950, P = 0.1030; moderate: F (4, 232) = 0.8037, P = 0.5239; 
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high: F (4, 232) = 0.1855, P = 0.9458, n = 9–11]. (f) AMPH-induced stereotyped behavior 

is not altered in B6 TH-Cre+ mice [2-way RM ANOVA; genotype F (1, 18) = 0.0038, P 
= 0.9515, time F (1, 18) = 0.7070, P = 0.4115, genotype by time interaction F (1, 18) = 

0.05190, P = 0.8224, n = 9–11]. (g) SKF-38393 induced grooming behavior is not altered in 

B6 TH-Cre+ mice [2-way RM ANOVA; drug, F (1, 18) = 24.74, P < 0.0001; genotype, F (1, 

18) = 0.01953, P = 0.8904, drug x genotype interaction F (1, 18) = 0.1207, P = 0.7323, n = 

9–11].
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Table 1

Summary of behavioral phenotypes in DAT-Ires-Cre and TH-Cre mice bred on mixed 129S6/C57BL/6 and 

pure C57BL/6 inbred strain backgrounds

Mouse line DAT-Ires-Cre TH-Cre

Background strain 129S6/C57BL/6 C57BL/6 129S6/C57BL/6 C57BL/6

Novelty-induced locomotion ↑ ↑ ↔ ↔

Baseline locomotion ↑ ↔ ↔ ↔

AMPH- induced locomotion ↓ ↓ ↓ ↔

AMPH-induced stereotypy ↓ ↔ ↔ ↔

SKF-38393 induced grooming ↔ ↔ ↔ ↔
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