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Abstract

Chronic lithium treatment effectively reduces behavioral phenotypes of mania in humans and 

rodents. The mechanisms by which lithium exerts these actions are poorly understood. Preclinical 

and clinical evidence have implicated increased mesolimbic dopamine (DA) neurotransmission 

with mania. We used fast-scan cyclic voltammetry to characterize changes in extracellular DA 

concentrations in the nucleus accumbens (NAc) core evoked by 20 and 60 Hz electrical 

stimulation of the ventral tegmental area (VTA) in C57BL6/J mice treated either acutely or 

chronically with lithium. The effects of chronic lithium treatment on the availability of DA for 

release were assessed by depleting readily releasable DA using short inter-pulse train intervals, or 

administering d-amphetamine acutely to mobilize readily releasable DA. Chronic, but not acute, 

lithium treatment decreased the amplitude of DA responses in the NAc following 60 Hz pulse train 

stimulation. Neither lithium treatment altered DA release or reuptake kinetics. Chronic treatment 

did not impact the progressive reduction in the amplitude of DA responses when, using 20- or 60 

Hz pulse trains, the VTA was stimulated every six seconds to deplete DA. Specifically, the 

amplitude of DA responses to 60 Hz pulse trains was initially reduced compared to control mice, 

but by the fifth pulse train there was no longer a treatment effect. However, chronic lithium 

treatment attenuated d-amphetamine induced increases in DA responses to 20 Hz pulse trains 

stimulation. Our data suggest that long-term administration of lithium may ameliorate mania 

phenotypes by normalizing the readily releasable DA pool in VTA axon terminals in the NAc.
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Three weeks’ treatment with the anti-manic drug, lithium, reduced dopamine release in mouse 

nucleus accumbens evoked by 60 Hz, but not 20 Hz, electrical stimulation of the ventral 

tegmentum, and attenuated increases in 20 Hz-evoked dopamine release following acute 

amphetamine administration. These data suggest that lithium stabilizes mood because it attenuates 

dopamine release only when it is abnormally high.
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INTRODUCTION

Lithium is a mood stabilizer used in the treatment of bipolar disorders and the reduction of 

suicidal behaviors, and has both anti-manic and anti-depressant properties (Severus et al. 
2014, Lewitzka et al. 2015). Although the therapeutic actions of lithium are well established 

and its effects on intracellular signaling pathways have been extensively characterized, the 

mechanisms by which it acts at the systems level are not understood (Can et al. 2014, Chiu 

& Chuang 2010, Quiroz et al. 2010). This gap in knowledge is a significant impediment to 

the development of improved therapies for mood disorders that could be based upon the 

mechanisms of lithium’s actions.

Several lines of evidence indicate that the mesolimbic dopamine (DA) projections, from the 

ventral tegmental area (VTA) to the nucleus accumbens (NAc), are crucial for the expression 

of endophenotypes of mania and suicide, such as aggression and impulsivity (Ryding et al. 
2008, Basar et al. 2010b). Drugs that acutely increase release, or reduce reuptake of DA 

result in mania phenotypes in humans (Drevets et al. 2001, Leyton et al. 2002, Anand et al. 
2000, Murphy et al. 1971). Antipsychotics, as well as other treatments that impede DAergic 

neurotransmission, diminish mania in humans (McTavish et al. 2001, Perlis et al. 2006).

The clinical effectiveness of lithium therapy for mood disorders requires chronic treatment 

over multiple weeks (Gelenberg et al. 1989, Gershon et al. 2009). Chronic lithium treatment, 

at doses that do not change baseline locomotor activity levels, reduces d-amphetamine 

induced increases in locomotor activity in rodents (Gould et al. 2007, Cox et al. 1971, 

Borison et al. 1978). Rodents that are treated with lithium also manifest diminished 
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impulsivity (Halcomb et al. 2013, Ohmura et al. 2011). Some studies have also found that 

lithium attenuates the behavioral and/or neurobiological effects of DAergic drugs in humans 

(van Kammen et al. 1985, Van Kammen & Murphy 1975, Huey et al. 1981, Bell et al. 2005). 

In vivo microdialysis has been used previously to study the effect of chronic lithium 

treatment on extracellular DA concentrations in the rodent NAc (Gambarana et al. 1999, 

Ferrie et al. 2008, Ferrie et al. 2005). However, the low temporal resolution of microdialysis 

makes it impossible to determine the relative contributions to those findings of changes in 

basal extracellular DA concentrations, DA release by axon terminals or the dynamics of DA 

reuptake. Here, we address this by using fast-scan cyclic voltammetry (FSCV), which has 

100 msec temporal resolution, to study the effects of chronic and acute lithium treatment on 

the magnitude and temporal dynamics of DA release, and the reuptake of extracellular DA, 

in the NAc core. We tested the hypothesis that chronic administration of lithium attenuates 

electrically- and d-amphetamine-evoked changes in extracellular DA concentrations. We 

further assessed whether lithium’s actions require chronic administration, and if lithium’s 

actions are selective for the releasable or storage reserves of DA.

MATERIALS AND METHODS

Animals

Male C57BL/6J mice, aged 11–12 weeks old at the beginning of experimentation were 

obtained from The Jackson Laboratories, Bar Harbor, Maine. Mice were housed five per 

cage at a constant temperature (22±1°C), with a 12-h light/dark cycle (lights on/off at 07:00–

19:00) and free access to food and water. Experiments were performed in the light phase of 

the cycle. Separate cohorts of mice were used in each experiment. All experimental 

procedures were approved by the University of Maryland, Baltimore Animal Care and Use 

Committee, and were conducted in full accordance with the NIH Guide for the Care and Use 

of Laboratory Animals.

Lithium Treatments

For chronic lithium administration, regular chow was removed from all cages and lithium 

chow containing 4 g/kg lithium chloride or a control chow (identical except for the lack of 

lithium chloride; both from Bioserv, Frenchtown, NJ) was provided ad libitum for a 

minimum of 3 weeks (typically 3–5 weeks) prior to the FSCV procedures. In C57BL/6J 

mice, this regimen results in brain lithium levels of approximately 1mM, which is similar to 

human therapeutic levels of ~0.8–1 mmol/l required for effective treatment (Can et al. 2011, 

Gelenberg et al. 1989). Mice of both groups had access to a water bottle, and a 0.9% saline 

bottle to reduce ion imbalances caused by lithium treatment (Can et al. 2011). In pilot 

studies we found that mice treated for 4 weeks with lithium chloride and then injected with 

urethane did not have brain lithium levels different from saline injected mice (saline 0.90 

± 0.11, urethane 0.93 ± 0.11; 5 hours after administration).

Acutely treated mice received injections of lithium chloride (300 mg/kg in 0.9% saline, i.p., 

4 ml/kg, Sigma, Saint Louis, MO) or as a control, saline (0.9%, i.p., 4 ml/kg). FSCV 

recordings began 5–7h post-injection. The acute lithium dose and the interval between the 

injection and the recording session were chosen on the basis of an earlier study in which we 
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found that these parameters resulted in the maintenance of brain levels of lithium similar to 

those produced by chronic administration, and blood plasma levels below the high levels 

observed at earlier time points (Can et al. 2011).

Surgical and FSCV Procedures

Electrodes for measuring extracellular DA concentration were constructed by inserting a 

carbon fiber (7 µm diameter, Goodfellow, UK) into a glass capillary tube (1.2mm diameter 

o.d., A-M Systems, Sequim, WA), pulled with a micropipette puller (Narishige, Japan). 

Carbon fibers were then cut at approximately 100 µM past the glass tip (Heien et al. 2004). 

Mice were anesthetized with urethane (1.5 g/kg, i.p.) and their heads were positioned in a 

stereotaxic frame (David Kopf Instruments, Tujunga, CA). Body temperature was regulated 

with a rectal thermoregulator (CMS Instruments) and maintained at 37 °C during surgery. 

Burr holes were drilled in the skull for the implantation of three electrodes (recording, 

stimulating, and reference) in the brain. The recording electrode was placed at the level of 

the NAc core (+1.2 AP, +1.1 ML, and −3.4 DV). A bipolar steel stimulation electrode 

(Plastics1, Roanoke, VA) was positioned ipsilaterally in the VTA (−3.1 AP, +0.7 ML, and 

+4.8 DV). An Ag/AgCl reference electrode (0.5mm diameter; Acros, NJ) was placed in the 

cortex contralateral to the recording and stimulating electrodes. Both recording and 

stimulating electrodes were slowly lowered into target locations until evoked DA release was 

maximized. Electrode placements were finalized once maximal evoked DA output was 

reached and the locations of electrodes were kept unchanged throughout the remainder of 

the experiment. Recording electrodes were conditioned by applying an inverted V waveform 

(−0.4V to +1.3V to −0.4V, 400 V/s) at 60 Hz for 10 minutes, after which the frequency of 

the waveform was changed to 10 Hz and kept constant during the subsequent procedures. In 

all experiments, we recorded the “background currents” produced by the inverted V 

waveform applied to the recording electrode (Heien et al. 2004). This background current 

was subtracted from the “faradic currents” recorded after each stimulation, to derive the 

current attributable to DA release. Cyclic voltammograms were recorded and analyzed with 

TarHeel CV and Demon Voltammetry software (UNC, Chapel Hill, NC and Wake Forest 

University, Winston-Salem, NC, respectively).

VTA Stimulation Parameters

DA release was evoked by electrical stimulation of the VTA using a constant current isolator 

(A-M Systems, Sequim, WA). Table 1 shows the stimulation parameters used in each of the 

four experiments. In Experiments 1 and 2, at each pulse amplitude, the VTA was stimulated 

with a train of 60 rectangular, biphasic pulses (2 ms/phase, 60 Hz, 1 sec.). Stimulation began 

at 100 µA pulse amplitude and was increased in 100 µA steps after each pulse train, up to a 

maximum of 800 µA with 3 min. intervals between pulse trains. DA responses following 

600–800 µA were excluded from the analysis as DA release diminished at these amplitudes 

in some mice.

In Experiments 3 and 4, pulse amplitude was always 500 µA and pulse train duration was 

always 1 sec. In Experiment 3, we depleted readily releasable DA by repeated VTA 

stimulation at short intervals. We recorded DA release evoked by VTA stimulation with 

sixty, 20 Hz pulse trains repeated at 6 sec. intervals. The mice were then given a 20 min 
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recovery period, followed by forty 60 Hz pulse trains repeated at 6 sec. intervals. We used 

either 20 Hz or 60 Hz frequency stimulation to model physiological and supraphysiological 

neural activity levels, respectively (Yavich 1996).

In Experiment 4, we used a similar DA depletion paradigm to investigate the effects of 

chronic lithium treatment on changes in DA release after d-amphetamine administration. We 

first measured baseline DA release for each mouse by electrically stimulating the VTA with 

one pulse train at 20 Hz. We then injected d-amphetamine (2 mg/kg, 4 ml/kg injection 

volume, Sigma, Saint Louis, MO). Ten minutes after the injection, we recorded DA release 

evoked by stimulating the VTA with forty pulse trains (20 Hz, 1 sec. duration, repeated at 6 

sec. intervals).

Data Analysis

Following data collection, recording electrodes were calibrated by placing them in known 

concentrations of DA and measuring oxidation currents induced by the inverted V waveform 

used during the recording sessions. This allowed us to report the peak extracellular DA 

concentration ([DA]max) evoked by each pulse train. The “rise time” of each evoked DA 

release was calculated as the time for DA concentrations to rise from baseline to [DA]max. 

The time constant of decay (τ) was calculated by fitting the falling phase of each DA 

transient to a single exponential decay function (Yorgason et al. 2011). In experiments 1 and 

2, we analyzed evoked DA release by each pulse train, whereas in experiments 3 and 4, we 

analyzed DA release evoked by the first and fifth pulse train and every fifth pulse train 

thereafter. In all experiments, data are presented as the mean ±SEM. We used two-way 

repeated measures ANOVA to analyze the main effects and interactions of fixed factors 

(treatment and stimulation amplitude in experiments 1 and 2; treatment and train number in 

experiments 3 and 4). Posthoc comparisons were made by Fisher’s LSD test. The criterion 

for statistical significance was p<0.05.

RESULTS

Experiment 1: Effects of chronic lithium treatment on DA release

We determined the effects of chronic lithium treatment on DA release in the NAc core at 

different pulse amplitudes. We focused on the core as this NAc subregion has been 

implicated etiology of pathological impulsivity (Basar et al. 2010a) and d-amphetamine-

induced hyperactivity (Sellings & Clarke 2003, Boye et al. 2001), which are both behaviors 

modified by lithium treatment. Representative voltammograms (color plots) and 

extracellular DA responses obtained from control and lithium-treated mice are shown in 

Figure 1A. The results shown in Figures 1A and 1B indicate that chronic lithium treatment 

significantly lowered [DA]max (F1,19 = 4.74, p<0.05), stimulation with larger pulse 

amplitudes significantly increased [DA]max (F4,76 = 40.87, p<0.0001) and there was a 

significant interaction between treatment and pulse amplitude (F4,76 = 3.37, p<0.05). Post 
hoc comparisons revealed that [DA]max was significantly lower in the lithium treated mice at 

pulse amplitudes of 300 µA (p<0.01), 400, and 500 µA (p<0.05). Rise time (Figure 1C) was 

significantly affected by pulse amplitude (F4,76 = 15.17, p<0.0001) but not by chronic 

lithium treatment (F1,19 =2.04, p>0.05) and there was not a significant interaction (F4,76 = 

Can et al. Page 5

J Neurochem. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.15, p>0.05). The time constant of decay (Figure 1D) was significantly affected by pulse 

amplitude (F4,76= 4.13, p<0.01) but not by lithium treatment (F1,19 =1.15, p>0.05) and the 

interaction was not significant (F4,133<1).

Experiment 2: Effects of acute lithium treatment on electrically evoked DA release

Representative voltammograms and extracellular DA responses obtained from mice acutely 

treated with saline or lithium are presented in Figure 2A. Acute lithium administration had 

no statistically significant effects on [DA]max (F1,19 <1), rise time (F1,19 <1) or decay time 

constant (F1,19 <1) (Figures 2B, C, D, respectively). Increasing pulse amplitude significantly 

increased [DA]max (Figure 2B; F4,76 = 45.18, p<0.0001), had no significant effect on rise 

time (Figure 2C; F4,76 = 1.67, p>0.05) and significantly increased the time constant of decay 

(Figure 2D; F4,76= 15.21, p<0.01), and there were no significant interactions with acute 

lithium treatment for any of the outcomes (F4,133 <1).

Experiment 3: Effects of chronic lithium treatment on short inter-train interval-induced DA 
depletion

Only a small portion of DA contained in presynaptic terminals is ready for immediate 

release (readily releasable pool), but the remaining majority is stored in synaptic vesicles 

that are not immediately available for exocytosis, and this DA constitutes a reserve pool 

(Alabi & Tsien 2012, Yavich & MacDonald 2000). When DAergic VTA neurons are 

stimulated at short inter-train intervals, there is an initial increase in DA release. This is 

followed by a depletion of DA reserves because they become releasable and undergo 

exocytosis, at a faster rate than they can be replaced by new DA synthesis (Yavich 1996, 

Yavich & MacDonald 2000). Thus, we used short inter-pulse train intervals to study the 

effect of chronic lithium treatment on the distribution of DA between the readily releasable 

and reserve pools following chronic lithium treatment (Yavich 1996, Venton et al. 2006).

Representative extracellular DA responses and voltammograms obtained from control and 

lithium treated mice exposed to either 20 Hz or 60 Hz pulse frequencies are presented in 

Figures 3A and B. There were no significant effects of chronic lithium treatment on [DA]max 

in response to 20 Hz frequency trains (Figure 3C; F1,16 <1), or its interaction with the effects 

of repeated stimulation (F12,192 <1). However, there was a significant reduction in [DA]max 

with repeated stimulation (F12,192 = 22.02, p<0.0001). In contrast, at 60 Hz stimulation 

frequencies, there was a main effect of repeated stimulation (Figure 3D; F8,120 = 29.99, 

p<0.0001), no effect of chronic lithium administration (F1, 15 <1), and a significant 

interaction between the effects of lithium treatment and repeated stimulation (F8,120 = 6.64, 

p<0.0001). Post hoc analysis revealed that chronic lithium treatment reduced [DA]max for 

the first of the 60 Hz pulse trains (consistent with Experiment 1), but by the fifth pulse train, 

no significant differences remained between the groups.

Experiment 4: Effects of chronic lithium treatment on d-amphetamine-induced DA release

In addition to its actions on the DA transporter, d-amphetamine increases vesicular DA 

release from the readily releasable pool of DA and partially depletes the reserve pool (Covey 

et al. 2013, Ramsson et al. 2011, Daberkow et al. 2013). We stimulated the VTA using short 

inter-train intervals (as in Experiment 3) under 20Hz pulse frequency conditions, to assess 
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the effect of chronic lithium administration on extracellular DA concentrations following 

acute d-amphetamine treatment.

Representative extracellular DA responses and voltammograms obtained from control and 

lithium treated mice are presented in Figure 4A. Chronic lithium (F1,14 = 6.1, p<0.05) and 

repeated stimulation (F8,112 = 14.42, p<0.0001) both significantly altered [DA]max evoked 

by 20 Hz pulse trains but their interaction was not significant (F8,112= 1.49, p>0.05) (Figure 

4B). However, consistent with the results of Experiment 3 (20 Hz pulse trains) an 

independent measures t-test revealed that there was no significant difference between control 

and chronically lithium treated mice at baseline before d-amphetamine administration (t14= 

1.39, p>0.05). Thus, chronic lithium treatment attenuated d-amphetamine induced increases 

in evoked DA release during stimulation with 20 Hz pulse trains.

DISCUSSION

We found that chronic, but not acute, lithium treatment diminished the amplitude of 

extracellular DA responses to VTA stimulation in the NAc core evoked by electrical 

stimulation of the VTA with 60 Hz pulse trains. Chronic lithium had no significant effect on 

the rise time or the decay constant of responses, thus demonstrating that the decreased 

amplitude of the DA response is due to reduced release and not to enhanced DA reuptake. 

We additionally investigated the effects of chronic lithium treatment on the distribution of 

DA into readily releasable and reserve vesicle pools by repeatedly stimulating the VTA at 

short inter-stimulus intervals that do not allow enough time for replenishment of DA stores 

(Yavich & MacDonald 2000, Yavich 1996, Rizzoli & Betz 2005). Under these conditions, 

the amplitude of extracellular DA responses to stimulation with 20 Hz pulse trains decreased 

with repeated stimulation in both groups of mice, but lithium treatment had no significant 

main effect on response amplitude. As observed in our earlier experiment, chronic lithium 

administration significantly reduced the amplitude of DA responses to the stimulation with 

first 60 Hz pulse train but by the fifth 60 Hz pulse train DA response amplitudes were no 

longer significantly different from those in the control group.

It is well established that chronic lithium treatment attenuates d-amphetamine-induced 

hyperlocomotion in rodents (Gould et al. 2007, Cox et al. 1971, Borison et al. 1978). d-

amphetamine increases the readily releasable pool of DA (Covey et al. 2013). Based upon 

these findings, as well as our results using short inter-pulse train intervals at 60 Hz 

stimulation, we hypothesized that chronic lithium would attenuate increased DA release in 

response to d-amphetamine. Indeed, chronic lithium treatment did not affect baseline 

[DA]max elicited at 20 Hz simulation as we had shown earlier, but did diminished [DA]max 

values after the administration of d-amphetamine. These findings provide evidence for our 

hypothesis that chronic lithium treatment attenuates DA release only when DA release is 

abnormally high. Together, these results suggest that lithium diminishes the readily 

releasable DA pool, on which responses to the earliest pulse trains respond, but has less or 

no impact on the reserve pool, on which responses to later stimuli depend.

Our results extend the conclusions of an earlier microdialysis study that identified no effect 

of chronic lithium on basal DA levels but revealed attenuation of potassium-evoked DA 

Can et al. Page 7

J Neurochem. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



release (Ferrie et al. 2005). It may be that lithium treatment affects overall production or 

storage of DA, which does not affect release under normal conditions, but modifies release 

under conditions of abnormally high neuronal stimulation. This interpretation of our results 

explains the apparent discrepancies found in the previous literature concerning the 

interactions between lithium treatment and overall DA levels. Chronic lithium treatment has 

been found to elevate, reduce, or not change tissue levels of DA in the striatum depending 

upon length of treatment and study conditions (Dziedzicka-Wasylewska et al. 1996, Otero 

Losada & Rubio 1985, Hesketh et al. 1978). Our findings indicate that chronic lithium’s 

relevant effects may be limited to the mechanisms of immediate release of DA without 

necessarily affecting the overall tissue levels of DA, or even overall levels found in the 

synaptic terminals of the NAc.

The absence of significant effects of acute (single administration) lithium treatment on 

evoked DA release in the NAc core observed in our experiments seems to be contradictory to 

the results of a recent study, using similar voltammetry methods, in which acute lithium 

treatment diminished electrical stimulation of the VTA-induced DA release in the NAc core 

(Fortin et al. 2015). These discrepancies might be due to procedural differences between the 

two studies. Fortin et al. monitored DA for one hour after acute lithium treatment. We began 

our acute FSCV measurements five hours after the administration of lithium. Our rationale 

for this approach was based on our previous findings, which indicated that while brain 

lithium levels reach steady levels within one to two hours after i.p. administration of lithium, 

plasma levels of lithium are very high immediately after injection, and subsequently 

decrease becoming approximately equal with brain levels at the three hour time point and 

thereafter (Can et al. 2011). Considered within the context of the pharmacokinetics of acute 

lithium treatment, the acute lithium effects observed in Fortin et al. may be mediated by its 

peripheral actions. Indeed, these authors reported that the immediate effects of acute lithium 

are dependent on signaling via glucagon-like peptide 1 (GLP-1), which is a peptide hormone 

mainly produced in the intestines and also in the hindbrain in response to consumption of 

food (Holst 2007). Central or systemic administration of GLP-1 receptor antagonists 

counters taste aversion and anorexia following systemic treatment with lithium (Seeley et al. 
2000, Rinaman 1999, Fortin et al. 2015). It is possible that GLP-1 mediated effects of acute 

lithium on DA release are transient and dependent on high plasma lithium levels that are 

only present immediately after systemic injection. Our finding that chronic but not acute 

lithium administration diminishes the release of DA is in accordance with human studies 

that demonstrate it takes weeks of lithium treatment to observe its full therapeutic effects on 

mania (Gershon et al. 2009). Indeed, chronic but not acute lithium treatment is results in a 

wide array of plastic changes in mood-relevant regions of the forebrain (Quiroz et al. 2010).

Mesolimbic DA circuitry originating from the VTA and projecting to the NAc has a crucial 

role for the expression of mania. Drugs that elevate DAergic neurotransmission, either 

through increasing release or preventing reuptake, produce states similar to mania in humans 

(Drevets et al. 2001, Leyton et al. 2002, Anand et al. 2000, Murphy et al. 1971). Similarly, 

drugs or treatments that impede DAergic transmission or block DA production by depleting 

DA precursor amino acid tyrosine diminish mania in humans (McTavish et al. 2001, Perlis et 

al. 2006). As mentioned earlier, chronic lithium treatment, which does not typically change 

baseline activity levels, reduces d-amphetamine induced increases in locomotor activity in 

Can et al. Page 8

J Neurochem. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rodents (Gould et al. 2007, Cox et al. 1971, Borison et al. 1978). In mice, the lithium-

induced reduction of d-amphetamine induced hyperlocomotion is prevented by 

preadmininistration of the DA precursor L-DOPA (Berggren et al. 1978). Similarly, the 

euphoric and/or activating effects of amphetamine, methyphenidate, and L-DOPA in humans 

are attenuated by the chronic administration of lithium (van Kammen et al. 1985, Van 

Kammen & Murphy 1975, Huey et al. 1981, Bell et al. 2005).

One of the most validated rodent models of mania are mice with a dysfunctional circadian 

gene (Clock-Δ19). These mice manifest hyperactivity in novel environments, and increased 

preference for cocaine, and NAc phase-signaling dysfunction (Roybal et al. 2007, Dzirasa et 
al. 2010, Easton et al. 2003, McClung et al. 2005). Many of the phenotypes in Clock-Δ19 

mice are reversed by chronic administration of lithium (Roybal et al. 2007, Dzirasa et al. 

2010). Clock-Δ19 mice have higher DA levels in the NAc and chronic lithium treatment 

decreases the NAc tissue DA levels in these mice (Coque et al. 2011). While we tested our 

mice in the light phase, extracellular DA in the NAc is higher during the dark phase 

(Castaneda et al. 2004). Clock-Δ19 mice also display differences in DAergic activity 

dependent upon phase of the cycle (Sidor et al. 2015). The robustness of the electrical 

stimulation effect and the depletion of readily releasable DA by d-amphetamine suggest that 

a similar effect would be observed during the dark phase when DA synthesis by VTA 

neurons proceeds at a lower rate, but this was not specifically tested in our study.

Taken together, our results support the hypothesis that lithium acts to reduce the symptoms 

of mania by “toning down” DA release in the context of hyperactivity of the mesolimbic DA 

system. Indeed, our results indicate that lithium only modified DA release in the context of 

abnormal (high-frequency stimulation or d-amphetamine) DA release. Thus, a critical next 

step will be to conduct similar in rodent models of mania such as the Clock-Δ19 mice. While 

our results suggest that lithium’s effects may be due to actions on specific synaptic pools of 

DA, the exact mechanism by which lithium results these this effect is not clear. As the 

behavioral effects of DAergic signaling are tightly coupled with the timing of phasic DA 

release, it is essential that future studies investigate lithium-induced changes in DA release 

in behaving animals.
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Figure 1. Chronic lithium treatment reduces stimulation-evoked extracellular DA levels
(A) Electrical stimulation-evoked extracellular DA concentrations from representative mice 

that were chronically fed with either 0.4% lithium chloride-containing or control chow. 

Voltammetric recordings began 5 seconds prior to electrical stimulation. Arrows at t=0 

indicate the onset of VTA stimulation. Each 1 sec. pulse train consisted of 60 pulses, with 

varying levels of pulse amplitude (100–500 µA). Inset: Color plots showing DA signals 

represented by the signal in the approximate center (~0.6 V) of the rising phase of the 

voltage ramp, from representative mice stimulated at 300 µA pulse amplitude. X-Axis: Time 

(seconds), Y-Axis: Applied potential, Z-Axis (in pseudocolor): DA concentration levels. 

Group averages of the (B) amplitude, (C) rise time and (D) decay time constants of evoked 

DA levels. At stimulation amplitudes from 300 µA to 500 µA, chronic lithium treatment 

decreased the magnitude ([DA]max) of DA release. For panels B–D, error bars indicate mean 

± SEM. *p<0.05; **p<0.01; n=9–12/group.
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Figure 2. Acute lithium treatment does not change stimulation-evoked, extracellular DA levels
(A) Stimulation-evoked extracellular DA concentration from representative mice that were 

acutely treated 5 hours earlier with lithium chloride (300 mg/kg) or vehicle. Voltammetric 

recordings began 5 seconds prior to electrical stimulation. Arrows at t=0 indicate the onset 

of VTA stimulation. Each electrical stimulation consisted of 60 pulses, 1 sec. in duration, 

with varying levels of pulse amplitude (100–500 µA). Inset: Color plots showing DA signals 

represented by the signal in the approximate center (~0.6 V) of the rising phase of the 

voltage ramp, from representative mice stimulated at 300 µA pulse amplitude. X-Axis: Time 

(seconds), Y-Axis: Applied potential, Z-Axis (in pseudocolor): DA concentration levels. 

Group averages of the (B) amplitude, (C) rise time and (D) decay constants of evoked DA 

levels. Acute treatment with lithium chloride does not affect the magnitude of ([DA]max), 

rise time of DA concentrations, or decay time constants. For panels B–D, error bars indicate 

mean ± SEM. n=12/group.
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Figure 3. Effects of chronic lithium treatment on repeated electrical stimulation induced 
depletion of DA
Stimulation-evoked extracellular DA levels from representative mice that were chronically 

fed with either 0.4% lithium chloride-containing or control chow following (A) 20 Hz, 500 

µA and (B) 60 Hz, 500 µA electrical stimulation of the VTA each 1 sec. in duration. Color 

plots indicate DA signals represented by the signal in the approximate center (~0.6 V) of the 

rising phase of the voltage ramp from representative mice. X-Axis: Time (seconds) same as 

above panels, Y-Axis: Applied potential, Z-Axis (in pseudocolor): DA concentration levels. 

Peak ([DA]max) levels of electrically evoked DA concentrations during (C) 20 Hz and (D) 60 

Hz 500 µA pulse trains. For panels C and D, error bars indicate mean ± SEM. ***p<0.001; 

n=8–9/group.
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Figure 4. Effects of chronic lithium on d-amphetamine induced DA concentration changes
Stimulation-evoked extracellular DA levels from representative mice chronically fed with 

either 0.4% lithium chloride-containing chow or control chow following (A) VTA electrical 

stimulation (500 µ, 60 Hz, 1 sec. in duration) prior to (baseline) and 10 minutes after 

administration of 2 mg/kg d-amphetamine. Color plots showing DA signals represented by 

the signal in the approximate center (~0.6 V) of the rising phase of the voltage ramp from 

representative mice. X-Axis: Time (seconds) same as above panels, Y-Axis: Applied 

potential, Z-Axis (in pseudocolor): DA concentration levels. [DA]max levels of electrically 
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evoked DA concentrations during (B) baseline and pulse train. Error bars indicate mean ± 

SEM. *p<0.05; n=8/group.
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