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Abstract

Rationale—Alterations in brainstem circuits have been proposed as a possible mechanism 

underlying the etiology of mood disorders. Projections from the median raphe nucleus (MnR) 

modulate dopaminergic activity in the forebrain and are also part of a behavioral disinhibition/

inhibition system that produces phenotypes resembling behavioral variations manifested during 

manic and depressive phases of bipolar disorder.

Objective—Assess the effect of chronic lithium treatment on behavioral disinhibition induced by 

MnR lesions.
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Methods—MnR electrolytic lesions were performed in C57BL/6J mice, with sham operated and 

intact animals as control groups. Following recovery, mice were chronically treated with lithium 

(LiCl, added in chow) followed by behavioral testing.

Results—MnR lesion induced manic-like behavioral alterations including hyperactivity in the 

open field (OF), stereotyped circling, anxiolytic/risk taking in the elevated plus maze (EPM) and 

light/dark box (LDB) tests, and increased basal body temperature. Lithium was specifically 

effective in reducing OF hyperactivity and stereotypy but did not reverse (EPM) or had a 

nonspecific effect (LDB) on anxiety/risk taking measures. Additionally, lithium decreased 

saccharin preference and prevented weight loss during single housing.

Conclusions—Our data support electrolytic lesions of the MnR as an experimental model of a 

hyper-excitable/disinhibited phenotype consistent with some aspects of mania that are attenuated 

by the mood stabilizer lithium. Given lithium’s relatively specific efficacy in treating mania, these 

data support the hypothesis that manic symptoms derive not only from the stimulation of 

excitatory systems but also from inactivation or decreased activity of inhibitory mechanisms.
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INTRODUCTION

Bipolar illness is a severe disorder, and progress is still needed in understanding the 

underlying neurobiology as well as for the development of safe and effective treatments. 

Such progress will depend, partly, on the establishment of animal models that adequately 

reflect both depressive and manic aspects of bipolar disorder (Gould and Einat 2007). The 

central characteristic of bipolar disorder that distinguishes it from unipolar depression is the 

presence of manic or hypomanic episodes, which manifest themselves as decreased need for 

sleep, increased impulsiveness, risk taking, and excessive engagement in pleasurable 

activities among other symptoms (Bowden 2005). However, only a few well-validated 

animal models of bipolar mania currently exist (Gould and Einat 2007).

Alterations in serotonergic regulation of catecholaminergic circuits have been proposed as a 

possible mechanism related to the etiology of mood disorders (Di Giovanni et al. 2008; 

Prange et al. 1974). Alterations in neuronal size, as well as changes in components of the 

serotonin system within neurons of the raphe nucleus (Cannon et al. 2007; Matthews and 

Harrison 2012; Sullivan et al. 2009) have been identified postmortem from humans who 

were diagnosed with bipolar disorder. The median raphe nucleus (MnR) contains mostly cell 

bodies of serotonergic and GABAergic neurons (Beck et al. 2004; Kohler and Steinbusch 

1982). Projections from the MnR modulate dopaminergic activity in the forebrain (Herve et 

al. 1981; Nishikawa et al. 1986), and are involved in behavioral changes related to coping 

responses to stress (Beck et al. 2004; Gray 1982; 1987; Paul and Lowry 2013). Bimodal 

modulation of behaviors (disinhibition/inhibition) regulated by the MnR resembles the 

variations in activity levels shown during the poles of bipolar disorder (mania/depression), 

which can also be triggered by exposure to stress (Beck et al. 2004; Gray 1982; 1987; Paul 

and Lowry 2013). Previous research in rats has shown that electrical stimulation of the MnR 
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elicits emotional responses (i.e. crouching, defecation, micturition, piloerection) similar to 

those triggered in the presence of stress (Andrade et al. 2013; Graeff and Silveira Filho 

1978). Inactivation of the MnR, on the other hand, produces physiological over reactivity to 

stress as assessed by number and size of gastric ulcers, weight loss, depressed immune 

responses, increased corticosterone levels, and constant theta waves in hippocampus, along 

with induction of general behavioral disinhibition (Andrade and Graeff 2001; Andrade et al. 

2013; Graeff et al. 1996; Vertes et al. 1994).

Collectively the set of behavioral alterations induced by electrolytic or neurotoxic lesions on 

MnR as previously shown in rats or cats resembling manic symptoms includes hyperactivity 

(Asin and Fibiger 1983; Wirtshafter et al. 1986), increased sexual behavior (Albinsson et al. 

1996), aggressiveness (File et al. 1979), impulsivity and risk taking (Andrade and Graeff 

2001; Wogar et al. 1993), increased reinforcement value (Wogar et al. 1991), and insomnia 

(Arpa et al. 1998). Despite different approaches for MnR inactivation (i.e. serotonin or 

GABA receptor agonists, iboenic acid, NMDA) that produce some of these alterations, the 

inactivation by electrolytic lesion is the only one reproducibly able to produce the entire set 

of symptoms (Andrade and Graeff 2001; Asin et al. 1985; Jacobs et al. 1974; Kusljic et al. 

2003; Martin and van den Buuse 2008; Wirtshafter et al. 1987). Additionally, antipsychotics 

which are effective in reducing manic symptoms including haloperidol, clozapine and 

chlorpromazine counteract some of the behavioral effects of MnR lesions such as 

hyperactivity and stereotypic rotations (Giambalvo and Snodgrass 1978; Yamamoto and 

Ueki 1978). It has also been shown that amphetamine, which in humans can lead to manic 

behavior, enhances hyperactivity induced by lesions of the MnR (Asin and Fibiger 1983; 

Geyer et al. 1976). Rodent studies indicate that lithium increases the brain tissue levels and 

release of serotonin, as well as changes the activity of dopaminergic and noradrenergic 

systems where imbalances are induced following lesions of the MnR (Baptista et al. 1990; 

Herve et al. 1981; Kostowski et al. 1974; Scheuch et al. 2010; Treiser et al. 1981). However, 

no studies to date have assessed the effect of lithium on behavioral changes resulting from 

inactivation of the MnR.

The aim of this study was to assess the effect of chronic lithium treatment on behavioral 

changes induced by the MnR lesions in mice. We hypothesized that chronic lithium 

treatment would attenuate manic-like behaviors caused by MnR lesions.

MATERIALS and METHODS

Animals

Eleven week old male C57BL/6J mice were obtained from The Jackson Laboratories (Bar 

Harbor, Maine). This strain was chosen because robust behavioral responses to lithium have 

been noted in a number of behavioral tests (Can et al. 2011; Can et al. 2013; Gould et al. 

2007; O’Brien et al. 2004). Mice were housed four or five individuals per cage in an animal 

room with constant temperature (22±1°C) and a 12-h light/dark cycle (lights on/off at 

07.00/19.00). Mice were given free access to food and water. Experiments were performed 

between 08:00 and 12:00. All experimental procedures were approved by the University of 

Maryland, Baltimore Animal Care and Use Committee, and were conducted in full 

compliance with the NIH Guide for the Care and Use of Laboratory Animals. Mice were 
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randomly assigned to three experimental conditions: electrolytic lesion of median raphe 

nucleus (Group L, n=22), sham lesioned (Group S, n=21), or intact (Group I, n=20). The 

sequence, repetitions, and intervals between procedures and behavioral tests are detailed in 

Figure 1 timeline.

Surgical procedure

After anesthesia induction and stabilization using 2–3% isoflurane, surgical preparation and 

placement of the animals were made with a stereotaxic apparatus (David-Kopf, Tujunga, 

CA/Model 962). A single incision was made along the midline to the back of the skull. 

Connective tissue was removed down to the periosteum, and a drill (David-Kopf/Model 

1471) fitted to the stereotaxic frame was used for trepanation. A stainless steel unipolar 

electrode (insulated except the tip with dimensions of 2.5mm length × 0.20mm in 

diameter/AM Systems, Sequim, WA) was lowered into the burr hole at an angle of 20° from 

the lateral plane to the following MnR coordinates: AP= −4.48 posterior, LR= 1.64 from the 

bregma and DV= −4.79 ventral to skull surface (Franklin and Paxinos 2007). A 0.7 mA 

direct current was applied for 10 seconds, resulting in electrocoagulation in the lesion group 

animals. Only a single lesion was made in each animal. As the MnR is a midline structure a 

bilateral lesion was made (see Figure 6). In the sham-lesioned mice, the electrode was 

inserted and removed without the application of the electrical current. The incision was 

closed with sutures prior to removal of the animal from the stereotaxic frame. Following 

surgery, animals were housed individually for 48h for recovery, kept under analgesic 

treatment (Carprofen 0.5mg/kg, once a day for two days) and closely monitored for signs of 

pain and distress. Intact animals were also kept under the same housing conditions, but 

received no surgery.

Lithium treatment

Regular food was removed from all cages and lithium chow containing 4 g/kg LiCl 

(Bioserv, Frenchtown, NJ) was provided in half of the cages as previously described (Can et 

al. 2011; Kovacsics and Gould 2010; O’Brien et al. 2004), while the other half were 

provided with control chow (Bioserv, Frenchtown, NJ). In both groups, mice received a 

regular water bottle, and a 0.9% saline bottle to reduce ion imbalances caused by chronic 

lithium.

Open-Field Test (OF)

Locomotion of animals was assessed individually over a period of 30 minutes in 50 × 50 × 

38 cm arenas under 30–35 lux illumination. All sessions were videotaped. The distance 

moved by each mouse was calculated using Top Scan software (CleverSys Inc, Reston, 

VA). OF was conducted once prior to, and then three additional times on successive days 

following chronic lithium treatment (Figure 1).

Elevated Plus Maze Test (EPM)

The plus shaped apparatus used was comprised of two open arms (39.5 × 5 cm) across from 

each other and perpendicular to two closed arms (35 × 5 cm × 16 cm wall height) with a 

center platform (5 × 5 cm). Mice moved freely in the maze for 10 min under 30–35 lux 
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illumination. During all trials, the experimenter was present in the room. Each session was 

videotaped. The number of entries into each arm and the percent of entries into the open 

arms were calculated with Top Scan software from CleverSys Inc (Reston, VA). The 

assessment of ethological parameters was performed manually using the Etholog software 

(Ottoni 2000). The set of parameters analyzed included: circling (turning around a body 

center point more than 360°), head dips (nose below edge of an open arm), grooming 

(licking of the fur, beginning by the nose and moving to the ears and then the rest of the 

body), freezing (absence of any movement, except for breathing), stretching, and fecal boli.

Light/Dark Box Test (LDB)

The natural aversion of mice to brightly illuminated areas as well as their exploratory 

behaviors were assessed in an arena (35 × 35 × 35 cm) divided into two sections by a 

partition with a door. One chamber was larger (23 × 35 ×35 cm) and brightly illuminated 

(approximately 400 lux), whereas the adjacent chamber was smaller (12 × 35 × 35 cm) and 

darker (less than 5 lux). Mice were placed into the dark chamber first and then allowed to 

move freely between the two chambers through a small door located between the chambers 

for 10 min. Each session was videotaped. The number of transitions between light and dark 

sides was scored manually using Anno Star software (CleverSys Inc, Reston, VA).

Saccharin Preference Test (SP) and Social Isolation (SI)

Each mouse was single housed. In each cage, two bottles, one containing tap water and a 

second containing saccharin solution (1%) were randomized to each side within a dual liquid 

dispenser. The bottles had their positions reversed and then were refilled and weighed every 

24h. After a 48h habituation period the amount of water and saccharin solution consumed 

during the third day was recorded and calculated in percentage of preference for the 

solutions. Mice were weighed before and after the social isolation and changes in body 

weight were calculated.

Stress-Induced Hyperthermia Test (SIH)

After 96 hours of social isolation mice were tested for the body temperature increase 

induced by acute restraint stress as previously described (Dao et al. 2010; Vinkers et al. 

2009). Each animal was handled and immobilized for 20 seconds, and the baseline body 

temperature measured by a rectal thermometer (Omega, Stamford, CT, # RET-3). After 10 

minutes, a second body temperature measurement was taken from the same animal in the 

same manner as the first measurement.

Lithium Concentration Assay

Mice were anesthetized with 4% isoflurane, and then quickly decapitated. The brain was 

removed and sectioned in two coronal halves (section approximately at the intraaural level 

1.34mm). The anterior portion was frozen at −80° C and used for lithium concentration 

assays. For that procedure, the brain tissue was homogenized with a polytron homogenizer 

(Kinematica AG, Model PT-MR 2100, Littau, Switzerland) in 3 volumes of 0.5 N 

trichloroacetic acid, followed by centrifugation as previously described (Can et al. 2011; 

Hamburger-Bar et al. 1986; Kovacsics and Gould 2010). Lithium levels of brain (mmol/kg, 
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wet weight) samples were measured with a flame photometer (Cole-Palmer Model 2655-00, 

Chicago, IL).

Histology

The posterior portion of the brain was immersion fixed in paraformoldehyde (4%) for 48h, 

followed by immersion in a sucrose solution (30%) for another 48h and then was sectioned 

(30 μm) with a cryostat (Leica, Model 1850). After placement on a glass micro slide, the 

sections were stained with thionine using the Nissl method. The slides were photographed 

with an optical microscope (Scope.A1 and AxioCam Mrc, Carl Zeiss, LLC) and images 

analyzed with a computer. The lesion placement (start and end section points, dorso-ventral 

position and laterality) was determined by comparison with the Mouse Brain Atlas (Franklin 

and Paxinos 2007). For the morphometric analysis, the gliosis produced by the lesion was 

measured with the image processing program ImageJ (NIH), at the point where the area of 

cross section of lesion was maximal. Data analyses were only performed cases in which the 

correct site of the lesion was confirmed (restricted to the MnR coronal and dorso/ventral 

positions) as well as the gliosis not extended laterally beyond the region of the MnR (MnR 

and PMnR).

Statistics

Data were analyzed with Statistica 7 (StatSoft, Tulsa, OK). Each experimental outcome was 

evaluated with a 2×3 factorial ANOVA with two treatments (control or lithium chow) x 

three groups (L, S, or I) or with a repeated measures factorial ANOVA (3×3) when 

applicable. Significant interactions where followed by Fisher LSD post hoc tests. Results are 

reported as mean±SEM. Statistical significance level was set as p<0.05, two-tailed analysis.

RESULTS

OF

A repeated measures ANOVA for distance travelled showed a main effect of group 

(F(2,55)=163.98; p<0.001), a main effect of time (F(3,165)=26.13; p<0.001), as well as an 

interaction between group and time (F(6,165)=2.83; p<0.05), an interaction between time 

and treatment (F(3,165)=4.08; p<0.01), and a three-way interaction between time, group and 

treatment (F(6,165)=2.72; p<0.05). Post hoc analysis with Fisher LSD for distance moved 

before treatments (Day 10) revealed significant differences between MnR lesioned (L+C and 

L+LiCl) and control groups (S and I + C and LiCl) (p<0.001) and no differences between 

the lesioned groups. These results indicated that MnR lesion was effective in inducing 

hyperactivity in mice.

Following 21 days of treatment (Day 31) the activity of MnR lesioned groups remained 

significantly higher than control groups (Fisher LSD; p<0.001 for all). However, we 

observed significant differences between L+C and L+LiCl groups along the repeated days of 

testing (L+C x L+LiCl/Fisher LSD, p<0.05; Days 32 and 33) indicating reduced distance 

travelled only in lesioned animals that were treated with lithium chow (L+LiCl). There were 

no differences between control groups regardless of LiCl treatment (Figure 2).
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EPM

A factorial ANOVA for percentage of entries in open arms and number of total entries 

revealed an effect of group (F(2,55)=5.63; p<0.01 and F(2,55)=35.95; p<0.001, 

respectively). However, we observed no significant main effect of treatment or an 

interaction between these factors for either outcome (Figure 3A and B). These results 

indicate that MnR lesions increased the number of crossings between arms and exploration 

of open arms but lithium had no effect on these responses.

During our observations of the EPM trials, we noticed a particular stereotypy that appeared 

to occur more often in lesioned than control mice in which animals rotate on their axes in a 

circular motion while exploring the closed arms and center areas of the EPM. An ANOVA 

for the number of instances of circling stereotypy behavior indicated a significant main 

effect of group (F(2,55)=4.44; p<0.05) and treatment (F(1,55)=8.16; p<0.01), and an 

interaction between group and treatment (F(2,55)=5.30; p<0.01). MnR lesions increased the 

number of occurrences of this behavior approximately four fold, and this increase was 

prevented with lithium treatment (Figure 3C; post hoc Fisher LSD/L+C x L+LiCl and 

control groups, p<0.001). To address the specificity of this stereotypy, we additionally 

assessed other behaviors where there was a significant effect of group (head dip, grooming, 

freezing) and treatment (head dip, number of fecal boli) on some outcomes, but no 

significant interactions (Table 1).

LDB

A factorial ANOVA for number of transitions between light and dark compartments 

revealed a main effect of group (F(2,55)=21.31; p<0.001) and treatment (F(1,55)=15.16; 

p<0.001), but no significant interaction between these factors (Figure 3D). Thus, according 

to these results, lesioning the MnR increased the number of transitions between chambers 

and lithium overall reduced transitions.

SP

We observed a significant effect of lithium treatment to reduce the preference for saccharin 

(F(1,54)=39.39; p<0.001), but there was no main effect of group or an interaction between 

these factors (Figure 4A). Lithium also had a significant effect on the weight of animals 

during the social isolation. A repeated measures ANOVA revealed a significant main effect 

of treatment (F(1,55)=18.21; p<0.001) and an interaction between time and treatment 

(F(2,110)=40.57; p<0.001). Overall, lithium treatment prevented the weight loss observed in 

the animals treated with control chow during the social isolation phase (Figure 4B).

SIH

A repeated measures ANOVA for body temperature revealed a main effect of group 

(F(2,50)=14.00; p<0.001) and a main effect of acute restraint stress (F(1,50)=313.80; 

p<0.001). MnR lesions increased the baseline and post stress body temperatures and the 

restraint stress induced hyperthermia in all the groups (Figure 5). However, there was no 

effect of treatment or interactions between factors.
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Lithium Concentration Assay

A one-way ANOVA indicated no significant difference between brain lithium levels 

(mmol/kg, wet weight) for all treated groups (F(2,27)=1.35; p=0.28; I+LiCl=0.91±0.04; S

+LiCl=0.83±0.04 and L+LiCl=0.93±0.05). Lithium levels were below detectable limits in 

all mice from the groups treated with control chow. These brain lithium concentrations in 

lithium treated mice were within the human therapeutic range (0.8 to 1.2 mmol/L 

(Gelenberg et al. 1989). We have previously shown that following chronic treatment brain 

and blood levels of lithium are generally very similar in the C57Bl6J mouse strain (Can et 

al. 2011; Gould et al. 2007).

Histology

Histological analysis of the brains of lesioned mice (L+C and L+LiCl) allowed for 

confirmation of the lesion location and quantification of gliosis. An example of a MnR 

lesion can be seen in Figure 6A. Manual assessment in a blinded manner of the location of 

lesions revealed that the target area was correctly lesioned in all but two mice, which were 

excluded from the experimental analyses described above. Analysis of the size of lesioned 

areas (independent samples t-test) indicated no significant differences between L+C and L

+LiCl groups (t(18)=0.14; p=0.89) (Figure 6B). Similarly, we did not observe any 

differences in lesion position between groups, and there was not any significant effect of 

side of lesion (medial versus lateral) on the frequency of circling (Factorial ANOVA 

F(1,16)=0.42; p=0.53).

DISCUSSION

These results demonstrate that electrolytic lesions of the MnR in C57BL/6J mice produce 

locomotor hyperactivity, stereotyped circling, and increases in the frequency of both open 

arms and light side exploration in EPM and LDB tests. Many of the effects of electrolytic 

lesions of MnR in mice that we observed are similar to those previously demonstrated in rats 

(Andrade and Graeff 2001; Asin and Fibiger 1983; Giambalvo and Snodgrass 1978; 

Wirtshafter et al. 1986). Chronic lithium treatment attenuated or reversed some of the MnR 

lesion induced behavioral changes. Given lithium’s relatively specific efficacy in treating 

mania, these data support the hypothesis that manic symptoms may derive not only from the 

stimulation of excitatory systems (e.g. dopaminergic and noradrenergic) but also from 

inactivation or lowering activity of serotonergic inhibitory mechanisms. However, we also 

note that electrolytic lesion of the MnR not only destroys serotonergic neurons, but also 

fibers that pass in proximity to this structure. While some of the behavioral effects of 

electrolytic lesions have been reproduced by selective destruction of serotonergic cell 

bodies, others have not (Andrade and Graeff 2001; Asin et al. 1985; Jacobs et al. 1974; 

Kusljic et al. 2003; Martin and van den Buuse 2008; Wirtshafter et al. 1987). As such, 

further validation for the role of specific neuronal populations and their sensitivity to lithium 

treatment will require administration of cell-type selective neurotoxins or other approaches.

We utilized a single concentration of lithium chloride in the food of mice. This 

concentration of lithium chloride was chosen on the basis of previous experiments that had 

demonstrated that the resulting brain lithium levels were within human therapeutic levels, 
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and which resulted in behavioral effects (Can et al. 2011; Flaisher-Grinberg and Einat 2010; 

Gould et al. 2007; Kovacsics and Gould 2010; O’Brien et al. 2004; Shaltiel et al. 2008) in 

C57Bl6J mice. As expected, our treatment paradigm resulted in brain lithium levels ~ 0.9 

mmol/kg within the human dose range efficacious for the treatment of mania (typically 0.8 

to 1.2mM) (Gelenberg et al. 1989). Similar to humans, above this level in rodents results in 

deleterious side effects and potentially death. The OF test revealed that lesions of the MnR 

led to a robust increase in locomotor activity. Lithium attenuated the locomotor 

hyperactivity induced by the MnR lesions on days 32 and 33 (Figure 2). It is possible that 

this effect may be in part due to lack of habituation occurring in the non-lithium treated 

MnR lesioned animals. Lithium also reduced MnR lesion-induced stereotypic circling as 

measured on the EPM. This hyperactivity, as well as the finding of an induction of 

stereotypic circling in lesioned animals on the EPM, may result from downstream effects of 

the MnR lesion on the dopaminergic system (Giambalvo and Snodgrass 1978; Yamamoto 

and Ueki 1978). Our data also revealed that lesions of the MnR produced another behavioral 

alteration observed in animal models of mania: increased exploration of the open arms of the 

EPM that may be related to decreased anxiety or an increased exposure to risk (Dao et al. 

2010; Einat 2006; Yen et al. 2013). Increased open arms exploration in the EPM may be 

related to the reduced availability of serotonin from MnR projections to the forebrain 

(Graeff et al. 1996). However, there was an absence of effectiveness of lithium on the 

increased exposure to the open arms induced by the MnR lesion.

An anxiolytic or risk taking phenotype induced by the MnR lesion was also observed in the 

LDB test. Lesions of the MnR increased the number of transitions, whereas chronic lithium 

treatment significantly decreased them. However, there was no interaction between lesion 

and chronic lithium treatment, indicating that lithium did not specifically reduce the 

behavioral effects of MnR lesions. Nevertheless, the effect of lithium to reduce the number 

of transitions is likely not a non-specific action of lithium on the locomotor activity, since 

lithium treatment had no effect on locomotor activity in non-lesioned animals as 

demonstrated in the OF test.

The saccharin preference test indicated a high basal preference for saccharin solution over 

water suggesting that the absence of an effect of lesion may have resulted from a ceiling 

effect. Our results revealed that chronic lithium treatment significantly reduced the 

preference for saccharin regardless of lesion status. These findings are consistent with 

antihedonic effects of lithium in this test as reported previously (Flaisher-Grinberg and Einat 

2010; Flaisher-Grinberg et al. 2009), though polydipsia induced by lithium administration 

cannot be excluded as a possible confounding variable. We also found that administration of 

lithium prevented weight loss during social isolation, confirming its protective effect on 

attenuating the chronic consequences of stress (Ihne et al. 2012; Silva et al. 2008; 

Vasconcellos et al. 2003) including weight loss (O’Leary et al. 2012). The absence of 

significant differences in the weight of the lesioned animals suggests that there is not an 

clear effect of the MnR lesion to modify sensitivity to at least one outcome of chronic stress 

as previously described in rats (Andrade et al. 1998; Andrade and Graeff 2001).

The results of the stress-induced hyperthermia test similarly revealed that the MnR lesions 

did not affect acute stress induced changes in body temperature. It is possible that a ceiling 
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effect in the L+C group prevented the assessment of the real stress effect, since post stress 

temperatures were higher than 39°C in the mice of this group.

It is relevant to note that chronic lithium treatment was specifically effective in reducing 

MnR lesion effects primarily attributed to imbalances in catecholaminergic activity, namely 

open field hyperactivity and stereotypic circling. This could be due to effects on 

dopaminergic signaling through direct molecular targets of lithium including the inhibition 

of glycogen synthase kinase-3 (GSK-3) (Can et al. 2014). On the other hand, there was an 

absence of effectiveness of lithium treatment on the anxiolytic/risk taking profile induced by 

MnR lesion in EPM. The EPM data, taken together with the general behavioral effect of 

lithium in the LDB, suggests that lithium does not reverse increases in risk-taking or anxiety 

decreases induced by MnR hypofunction.

Commonly used animal models of mania are based on the assessment of the effects of mood 

stabilizers on the spontaneous increases in activity as well as other behaviors induced by 

psychostimulants, sleep deprivation, intracerebroventricular administration of oubain, 

genetic mutations, or evaluation of strain differences (Einat 2006; Gessa et al. 1995; Gould 

and Einat 2007; Gould et al. 2007; Herman et al. 2007; Roybal et al. 2007). Overall, our data 

support electrolytic lesions of the MnR as an additional experimental model of some aspects 

of mania. Compared to most approaches the MnR lesion has the advantage of specifically 

implicating a specific brain region. Most genetic mutations that model mania are in the germ 

line, rather than conditional in nature, which may have profound effects on developmental 

processes. Additionally, the chronicity of the manic-like behavioral effects of MnR lesion is 

an additional advantage over some approaches such as administration of stimulants. This 

allows the evaluation of the effectiveness of ongoing treatments, potentially at multiple time 

points. Overall, our results are consistent with a model of hyper-excitable/disinhibited 

phenotype that is attenuated by the mood stabilizer lithium. This finding is especially 

relevant because it allows the possibility of reinterpretation of the behavioral effects of MnR 

lesions in a transnationally relevant context. Additional studies will be necessary to explore 

the interaction between lithium treatment and other aspects of behavioral disinhibition 

induced by the lesions of MnR, such as those observed in models of cognitive and motor 

impulsivity and sexual behaviors, as well as other drugs clinically effective in treatment of 

mania (antipsychotics, valproate acid, carbamazepine).
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Figure 1. 
Experimental timeline for surgical procedures, lithium treatment, and behavioral testing. 

Prior to surgery, mice were randomly assigned to three experimental groups (MnR 

Lesioned, Sham Lesioned and Intact). Ten days following surgery, mice were tested in the 

open field test (OF1) and then half of the mice were provided chow containing 4 g/kg LiCl 

(lithium treated group), while the other half were provided with control chow (control 

group) throughout the remainder of the experiment. The OF was conducted three times on 

successive days (OF2, OF3 and OF4, days 31, 32 and 33 respectively), followed by the 

elevated plus maze test (EPM), and the light dark box test (LDB). After the LDB mice were 

single housed for 96h for habituation (48h, days 44 to 46) and then tested in saccharin 

preference (SP) and stress-induced hyperthermia (SIH)
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Figure 2. 
Effect of chronic lithium treatment on the locomotor activity of mice after lesion of the 

MnR. Values represent the mean (± SEM) of locomotor activity (distance in meters) of 

groups treated with lithium (I+LiCl, S+LiCl and L+LiCl) or control chow (I+C, S+C and I

+C). Mice were tested before the start of treatment (OF1-Day 10) and later three additional 

times on successive days following chronic lithium treatment (OF2, OF3, and OF4 on days 

31, 32 and 33 respectively). *p<0.05 (Fisher LSD test) for differences in the activity of L+C 

and L+LiCl groups
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Figure 3. 
Effects of MnR lesion and chronic lithium treatment in the elevated plus maze and light/dark 

box tests. (A) Percentage of entries into open arms relative to the total number of entries 

(open arms+closed arms) and (B) the total number of crossings between arms in EPM test. 

(C) Number of stereotypical circling behavior episodes during the elevated plus maze test 

(EPM). (D) Total number of transitions between light and dark chambers in the LDB test. 

***p<0.001 (Fisher LSD test) for differences between L+C and all other groups. All data are 

presented as mean±SEM. MnR lesioned (L), sham lesioned (S) and intact (I) mice treated 

with lithium (LiCl) or control (C) chow
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Figure 4. 
Effects of MnR lesion and chronic lithium treatment on saccharin preference and body 

weight following single housing. (A) Saccharin preference in relation to the total liquid 

consumption (water + saccharin consumption) over a period of 24h in the third day of the 

saccharin preference test. (B) Changes in body weight (in grams) after 96h of single 

housing. All data are presented as mean±SEM. MnR lesioned (L), sham lesioned (S) and 

intact (I) mice treated with lithium (LiCl) or control (C) chow
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Figure 5. 
Effect of MnR lesion and chronic lithium treatment on baseline and stress induced 

temperature change. Baseline (BL) and post-stress (PS) body temperatures (in Celsius; mean

±SEM) in the stress induced hyperthermia test (SIH) (mean±SEM) in mice from MnR 

lesioned (L), sham lesioned (S) and intact (I) mice treated with lithium (LiCl) or control (C) 

chow groups
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Figure 6. 
MnR lesion analysis. (A) Coronal representation at I.A. −0.68 (Franklin and Paxinos 2007). 

(B) Representative photo of a Nissl method stained coronal slice of the brainstem of a MnR 

lesioned mouse; arrow points to gliosis at the site of the lesion (in darker blue). (C) Size of 

the lesioned area (in mm2) obtained from histological analysis of mice after electrolytic 

lesion of MnR treated with lithium (L+LiCl) or control (L+C) chow (mean±SEM). I.A.: 

interaural level
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