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ABSTRACT 20 

Toxoplasma gondii is a pathogen relevant to psychiatric disorders. We recently showed 21 

that reactivation of chronic T. gondii induced depressive-like behaviors in mice. Further, 22 

it has been hypothesized that depression-like behaviors are mediated via a host defense 23 

mechanism against invading pathogens; proximate mechanisms of this behavioral 24 

hypothesis remain unclear. In the present study, we investigate the contribution of 25 

indoleamine 2, 3-dioxygenase (IDO), inflammation and interferon-gamma (IFN-γ) on 26 

anhedonic- and despair-related behaviors in T. gondii-infected mice using sucrose 27 

preference and forced swim tests, respectively. First, we confirmed BALB/c mice 28 

exhibited both sickness and depression-like behaviors during acute infection. Treatment 29 

of infected wild-type mice with minocycline (anti-inflammatory drug) abated sickness 30 

and anhedonic- and despair-like behaviors; whereas in T. gondii-infected mice, 31 

treatment normalized kynurenine/tryptophan (Kyn/Trp) ratios in both plasma and brain 32 

tissue. Additionally, T. gondii infection failed to induce anhedonic and despair-like 33 

behaviors or increase Kyn/Trp ratio in immunocompromised (IFN-γ-/-) mice; whereas, 34 

sickness behavior was observed in both immunocompetent and IFN-γ-/- mice following 35 

infection. Furthermore, treatment with 1-methyl tryptophan (an IDO inhibitor) did not 36 

affect locomotor activity, attenuated clinical score and anhedonic- and despair-like 37 

behaviors, and resulted in normal Kyn/Trp ratios in T. gondii-infected wild-type mice. 38 

Although low levels of serotonin and dopamine were observed in the brain during acute 39 

and chronic infection, anhedonic- and despair-like behaviors were not detected in the 40 

chronic stage of infection. Collectively, our results demonstrated that immune 41 

enhancement in response to infection with T. gondii resulted in IFN-γ production, IDO 42 

activation, and inflammation associated with anhedonic- and despair-like behaviors.  43 
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Introduction 48 

Toxoplasma gondii infection is linked to some mood and psychiatric disorders (1, 2). 49 

Furthermore, recent evidence indicated reactivation of chronic T. gondii infection 50 

induce depression-related behaviors in mice (3). As the pathogenesis of infection 51 

largely relies upon host immunity, after T. gondii infection, peripheral macrophages and 52 

lymphocytes quickly become activated to kill intracellular tachyzoites (4). Sickness and 53 

depression-related behaviors are mediated by pro-inflammatory cytokines such as 54 

interleukin (IL)-1β, IL-6, tumor necrosis factor-alpha (TNF-α) and interferon-gamma 55 

(IFN-γ) (5–7). However, the distinction between sickness and depressive-symptoms in 56 

T. gondii infection remain unclear. Experimental immune challenge with bacterial 57 

lipopolysaccharides (LPS) or BCG vaccines exhibited behaviors specific for sickness 58 

and depressive-like behaviors. For example, mice exhibited sickness symptoms in the 59 

form of reduced body weight and locomotor activity, and depressive symptoms such as 60 

reduced preference to sucrose and lower motility in forced swim and tails suspension 61 

tests (8, 9).  62 

     Genes shown to promote major depressive disorder in humans were hypothesized 63 

to be associated with successful immune responses, protection from microbes and 64 

enhanced survival in the ancestral environment. Therefore, specific depressive 65 

symptoms have been suggested to play roles in pathogen host defense (7). IFN-γ has 66 

been linked to depressive symptoms by inducing indoleamine-2, 3-dioxygenase (IDO) 67 

activation and depleting tryptophan (Trp), the only known precursor of serotonin. 68 

Increased serum IFN-γ levels in response to peripheral immune stimulation enhanced 69 

cerebral IDO activity, which may reduce Trp levels in the brain of mice (10, 11). In 70 

addition, Trp depletion is caused by stress-induced activation of tryptophan 2, 71 
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3-dioxygenase (TDO), a hepatic enzyme, and/or the ubiquitous enzyme, IDO (1, 2, 4, 5). 72 

IDO catabolizes Trp into neurotoxic metabolites kynurenine (Kyn) and kynurenic acid 73 

(12, 13). Although the catabolism of Trp is stimulated by induction of TDO and IDO, it 74 

is still argued that a reduction in Trp blood levels under conditions of stress and 75 

inflammation decreased the formation of cerebral serotonin (13). Furthermore, 76 

circulating Kyn crosses the blood-brain barrier (BBB), whereby it elevates cerebral Kyn 77 

levels (14). Hence, circulating Trp circulation can cross the BBB by competing with 78 

other amino acids (13). Minocycline (Mino; 2nd generation tetracycline) is widely used 79 

to block the expression of pro-inflammatory cytokines in peripheral and central organs 80 

(15–17), and prevent ischemic neuronal death (18, 19). 1-methyl DL-tryptophan 81 

(1-DL-MT) has become a reference drug for blocking IDO by competing with Trp. 82 

However, only 1-L-MT inhibits enzyme activity of IDO, while 1-D-MT does not (23). 83 

Unlike Mino, 1-DL-MT blocks IDO-mediated immune events in rheumatoid arthritis 84 

(20–22), and inhibits T. gondii multiplication in vivo (23, 24). IDO activation in the 85 

brain has been proposed to induce Kyn, which may contribute to the depressive 86 

symptoms of epilepsy, Alzheimer's disease and cerebral malaria (25–27).  87 

     We selected BALB/c mice to examine immune enhancement, as C57BL/6 mice 88 

have an insufficient intracerebral immune response (28, 29). BALB/c mice are 89 

considered genetically resistant to T. gondii infection and, instead of developing acute 90 

fatal toxoplasmic encephalitis, establish a chronic latent infection (30–32). Therefore, 91 

we predict BALB/c mice will exhibit higher depressive-like behaviors compared with 92 

sickness symptoms. We hypothesized that T. gondii-induced depressive behaviors were 93 

based on immune enhancement in terms of IFN-γ production, activation of IDO and 94 

disruption of serotonergic neurotransmission. To test this hypothesis, we used different 95 
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approaches to investigate sickness (clinical score and locomotor activity) and depressive 96 

(anhedonic- and despair-like) behaviors during the acute stage of T. gondii infection in 97 

wild-type and IFN-γ-deficient mice (BALB/c background) in the context of treatment 98 

with Mino or 1-DL-MT to inhibit inflammation or block IDO functions, respectively. 99 

Our findings provide insight into immune enhancement associated with the 100 

development of anhedonic- and despair-like behaviors during the acute stage of T. 101 

gondii infection.  102 
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Methods 103 

Ethics statement  104 

This study was performed in strict accordance with recommendations from the Guide 105 

for the Care and Use of Laboratory Animals published by the Ministry of Education, 106 

Culture, Sports, Science and Technology of Japan. The protocol was approved by the 107 

Committee on the Ethics of Animal Experiments of the Obihiro University of 108 

Agriculture and Veterinary Medicine (Permit numbers 24-13, 24-15, 25-59, 25-61). All 109 

injections were performed under isoflurane anesthesia and every effort was made to 110 

minimize animal suffering. 111 

 112 

Animals 113 

According to our established experimental model (3, 33), experiments were performed 114 

using wild-type female BALB/c mice (7 weeks old). Female IFN-γ-/- mice (BALB/c 115 

background) were obtained from Clea Japan (Tokyo, Japan) and maintained at the 116 

National Research Center for Protozoan Diseases (Obihiro University of Agriculture 117 

and Veterinary Medicine, Obihiro, Japan). Animals were examined after one-week 118 

accommodation in specific pathogen free-conditions under stable conditions (12-h 119 

light/dark cycles; light on from 07:00 h to 19:00 h). Food and water were administered 120 

ad libitum and all behavioral experiments commenced at 09:00 h.  121 

 122 

Toxoplasma gondii culture and infection  123 

Type II PLK strain of T. gondii was utilized; the parasite was maintained as tachyzoites 124 

in Vero cell culture. After syringe lysis purification, wild-type and IFN-γ-/- mice were 125 

either intraperitoneally (ip) infected with 103 tachyzoites or injected with sterile PBS, as 126 
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previously described (33, 34). At designated time points, mice were decapitated without 127 

anesthesia, blood was collected in heparinized tubes to obtain plasma, and organs were 128 

instantly frozen in liquid nitrogen for storage at −80°C until further analyses. 129 

 130 

Treatments and experimental groups 131 

Four days post-infection (dpi), groups of T. gondii-infected and PBS-injected mice were 132 

treated with either Mino (Sigma-Aldrich, St. Louis, MO; 10 mg/kg, ip) or PBS once a 133 

day for 4 days (16). Similarly, groups of T. gondii-infected and PBS-injected mice were 134 

subcutaneously treated with 50 mg/kg 1-methyl-DL-tryptophan (1-DL-MT; Sigma) or 135 

its vehicle once a day for 4 days starting 4 dpi. Injections of 1- DL-MT were prepared in 136 

0.1 N HCl, neutralized with an equal volume of 0.1 M NaOH, buffered with 2× PBS 137 

and filtered through a 0.2-μm syringe filter.  138 

 139 

Cell culture 140 

Murine microglia cell line (MG6) was cultured in Dulbecco’s Modified Eagle’s 141 

Medium (DMEM; Sigma) containing 10% heat-inactivated fetal bovine serum (FBS; 142 

Nichirei Biosciences, Tokyo, Japan), 10 μg/ml bovine insulin (Sigma), and 100 μM 143 

2-Mercaptoethanol (Sigma) (35, 36).  Astrocyte cell line (OS3) was cultured in 144 

Modified Eagle’s Medium (MEM; Sigma) containing 10% heat-inactivated FBS and 5 145 

μg/ml bovine insulin (37). Both MG6 and OS3 cell lines were provided by RIKEN BRC 146 

through the National Bio-Resource Project of MEXT, Japan.  147 

 148 

Sucrose preference test  149 
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Anhedonic-like behavior is putatively considered as a reduction in sucrose preference 150 

(38). First, mice were habituated with two bottles of water for one week, followed by 151 

one bottle of 1% sucrose and one bottle of water for two days before treatment. The 152 

bottle position was switched every day according to a reward test protocol (3, 38). Total 153 

consumption of each fluid was measured daily and sucrose preference was calculated 154 

using the following formula: [Sucrose intake / (Water intake + Sucrose intake)] × 100. 155 

  156 

Forced swim test (FST) 157 

FST evaluations were performed as described previously (39) and in our study (3). FST 158 

was conducted under normal light for 6 min and then immobility time was analyzed. 159 

Mice were individually placed in the water-filled FST cylinder (Coulbourn Instruments, 160 

White Hall, PA; 12-cm diameter, filled to a 25-cm water depth). Water temperature was 161 

adjusted to within a thermoneutral range (31 ± 1°C) for rodents. Immobility was defined 162 

as remaining motionless, except for necessary movements to maintain floating. The first 163 

two minutes of the test allowed for accommodation. Duration of immobility within a 164 

6-min session was recorded as an immobility score. Analysis was performed offline by 165 

an experienced observer blinded to experimental groups. After the testing period, mice 166 

were towel dried and returned to their housing conditions. 167 

 168 

Clinical score 169 

Ethograms were customized according to the appearance of clinical symptoms during T. 170 

gondii infection within home and naïve cages, as previously reported (3). In brief, 171 

scores varied from 0 (no signs) to 10 (all signs). Recorded signs included hunching, 172 

piloerection, warmth-seeking behavior (hiding in corner of the cage and beneath 173 
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bedding), ptosis (drooping or falling of the upper eyelids), sunken eyes, ataxia, reluctant 174 

movement, deficient evacuation and touch reflexes, and lying on belly. Each symptom 175 

was equivalent and worth one point, and there were exactly ten measures.  176 

 177 

Footprint test  178 

Each mouse was exposed to the footprint test (40) once a day with some modifications. 179 

In brief: the feet of mice were brushed with black and red (right- and left-fore foot, 180 

respectively), and green and yellow (right- and left-hind foot, respectively) nontoxic 181 

paints. Animals were then allowed to walk along a 50-cm-long and 10-cm-wide 182 

enclosed runway with 10-cm-high walls. All mice performed three training runs before 183 

being subsequently tested with one run per day. A stride length was measured as the 184 

average distance of forward movement between each stride. For each step, three values 185 

were measured from one run, excluding footprints made at the beginning and end of the 186 

run where the animal was initiating and finishing movement, respectively. The mean 187 

value of each set of three values was used in subsequent analysis.  188 

 189 

Quantitative reverse transcriptase-PCR (qRT-PCR)  190 

Total RNA was extracted from the left halves of brains using TRI Reagent (Sigma). 191 

Reverse transcription was performed using Superscript III™ Reverse Transcriptase 192 

(Thermo Fisher Scientific, Waltham, MA), according to manufacturer’s instructions. 193 

Amplification was performed using a standard protocol recommended by the 194 

manufacturer (2 min at 50°C, 10 min at 95°C, 40 cycles at 95°C for 15 s, and 60°C for 1 195 

min). Samples were run in duplicate. Amplification, data acquisition and data analysis 196 

were carried out in an ABI Prism 7900HT Sequence Detection System (Thermo Fisher), 197 
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and calculated cycle threshold (Ct) values were exported to Microsoft Excel for analysis. 198 

Expression levels of each gene relative to glyceraldehyde 3-phosphate dehydrogenase 199 

(GAPDH) were calculated using the 2ΔCt method (User Bulletin no. 2; Perkin-Elmer 200 

Applied Biosystems, Waltham, MA). Optimal reference gene was selected based on the 201 

Cotton EST database (http://www.leonxie.com). Specific primers for each gene were 202 

designed using PRIMER EXPRESS software (Perkin-Elmer Applied Biosystems). A 203 

list of primer sequences is shown in supplementary Table 1.  204 

 205 

DNA isolation and qPCR detection of T. gondii 206 

Quantitative (q) PCR was performed on purified DNA from brain homogenate, cultured 207 

cells and egressed parasites in the culture medium using TRI reagent (Sigma), as 208 

previously described (34). Briefly, after DNA purification, 50 ng of DNA extracted 209 

from brain homogenate or total cellular DNA was used for amplification of parasite 210 

DNA with primers specific for the T. gondii B1 gene (41). Parasite numbers were 211 

calculated by interpolation on a standard curve, with Ct values plotted against a known 212 

parasite concentration. MG6 and OS3 cells were pre-treated with 1-DL-MT (0.05–1.0 213 

µM), Mino (5.0–40.0 nM), or IFN-γ (250 units/ml) for 24 h. After changing the media, 214 

cells were treated again with 1-DL-MT or Mino, and infected with T. gondii (PLK 215 

strain; with MOI = 0.25) for an additional 48 hr. Data are presented as % of control 216 

inhibition in T. gondii-infected cells according to the previously described formula (34). 217 

The percentage of inhibition = [(mean value of control) − (value of test sample)]/(mean 218 

value of control)] × 100. 219 

 220 

High-performance liquid chromatography (HPLC)  221 
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Major monoamines, L-Trp, and their metabolites, were examined in supernatants 222 

obtained from the right brain hemispheres, using an SC-5ODS column (Eicompak) and 223 

electrochemical detector according to the monoamine analysis application manual 224 

(Eicom, Kyoto, Japan) and as previously described (3). Wet samples (100 mg) were 225 

homogenized in 0.5 mL of 0.2 M perchloric acid (including 100 μM EDTA-2Na and 1 226 

μg/mL isoproterenol as an internal standard). External calibration was made using 227 

freshly prepared standards. Final standard concentrations (100 pg), prepared daily from 228 

a stock in 20 mM acetic acid and stored at 4°C until use, were injected into the system. 229 

The mobile phase (pH 3.5) consisted of 0.075 M NaH2PO4 and 25 mM EDTA in 0.1 M 230 

citrate acetate buffer (83%) and methanol (17%). The flow rate was maintained at 0.5 231 

mL/min throughout chromatographic runs. Chromatographs were quantified using 232 

PowerChrom software version 2.5 (eDAQ Pty Ltd., Densitone East, Australia). 233 

 234 

ELISA 235 

 Levels of plasma cytokines (IFN-γ, IL-1β, IL6, and TNF-α) were measured using an 236 

ELISA kit (BD Biosciences Pharmingen, Piscataway, NJ) according to the 237 

manufacturer's recommendations. Amount of cytokine produced was calculated using a 238 

standard cytokine curve performed on each immunoplate. Plasma L-Trp was assayed 239 

with a Bridge-It L-Trp Fluorescence Assay (Mediomics, St. Louis, MO) using a 240 

fluorescence microplate reader (Trp detection limit was 4.114 μmol as 0.036 at OD 241 

value, using 485-nm excitation and 665-nm emission). Plasma L-kynurenine (L-Kyn, 242 

Sigma) assayed using a competitive ELISA with mouse L-Kyn monoclonal conjugated 243 

antibody (Abcam, Tokyo, Japan; Kyn detection limit was 35.5 nmol as 0.042 at OD 244 

value); readings were plotted against an L-Kyn standard curve.  245 
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 246 

Kynurenine production assay 247 

IDO activity is directly correlated with concentration of Kyn, its stable conversion 248 

product from Trp, as described previously (3, 34, 42). 249 

 250 

Statistical Analysis 251 

Statistical analyses were performed using GraphPad Prism 5 software (GraphPad 252 

Software, La Jolla, CA). Results are presented as mean ± standard deviation. The 253 

significance of differences was evaluated by a two-way analysis of variance (ANOVA) 254 

followed by Tukey’s multiple comparisons procedure or student’s t-test. Data for 255 

sucrose preference were analyzed by a two-way ANOVA followed by Bonferroni’s post 256 

hoc test. Where applicable, data are presented with superscripts to indicate statistically 257 

significant differences. A P-value < 0.05 was considered statistically significant.  258 

  259 
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Results 260 

Attenuation of anhedonic-like behavior in T. gondii-infected mice with Mino or 261 

1-DL-MT treatment or IFN-γ deficiency  262 

Reduced sucrose preference as a putative indicator of anhedonic-like behavior was 263 

measured using a two-bottle preference test (Figure 1). Initially, reduced sucrose 264 

consumption appeared at 7 dpi with T. gondii, before reaching a peak level at 10 dpi and 265 

returning to control levels after 2 weeks (Figure 1A). This result indicates 266 

anhedonic-like behavior was induced by acute infection with T. gondii. To test the role 267 

of inflammatory response in anhedonic-like behavior, treatment of wild-type mice with 268 

an anti-inflammatory agent, Mino, were performed (Figure 1B). Compared with the T. 269 

gondii/PBS-treated group, reduced sucrose consumption during acute infection was 270 

prevented by treatment with Mino. This indicates the inflammatory response resulting 271 

from infection with T. gondii played a role in the anhedonic-like behavior observed in 272 

mice. Next, effects of IFN-γ in anhedonic-like behavior were examined using IFN-γ-/- 273 

mice (Figure 1C), as IFN-γ is an important cytokine for inflammatory responses. 274 

Although reduced sucrose consumption was observed in T. gondii-infected wild-type 275 

mice from 6 to 10 dpi, the infected IFN-γ-/- mice showed reduced consumption at 276 

similar levels of the infected wild-type animals only at 10 dpi, suggesting a contribution 277 

of IFN-γ to anhedonic-like behavior. Since IFN-γ can activate IDO activity, we used 278 

IDO inhibitor, 1-DL-MT, to treat anhedonic-like behavior in infected wild-type mice 279 

(Figure 1D). Treatment with 1-DL-MT attenuated the reduction in sucrose preference 280 

from 9 to 14 dpi in T. gondii-infected mice. Collectively, these data suggest 281 

anti-inflammatory treatment, deficiency of IFN-γ or inactivation IDO may prevent onset 282 

of anhedonic-like behavior. 283 
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 284 

Attenuation of despair-like behavior in T. gondii-infected mice with Mino or 285 

1-DL-MT treatment or IFN-γ deficiency 286 

To test the effect of T. gondii infection on despair-like behavior, we measured total time 287 

spent floating (immobility duration) in the FST at 10 and 30 dpi (Figure 2A). At 10 dpi, 288 

but not at 30 dpi, increased immobility duration was observed, indicating despair-like 289 

behavior during acute infection. To determine whether T. gondii-induced despair-like 290 

behavior is dependent on inflammatory responses, wild-type mice were treated with 291 

Mino (Figure 2B). Treatment of infected mice with Mino reduced immobility duration 292 

compared with untreated mice, indicating despair-like behavior is mediated by 293 

inflammatory responses. In the case of IFN-γ-/- mice, there was no significant difference 294 

in immobility duration between infected and non-infected mice; whereas, immobility 295 

duration of T. gondii-infected IFN-γ-/- mice was lower than that of infected wild-type 296 

mice (Figure 2C), indicating IFN-γ-dependent despair-like behavior. However, 297 

immobility duration of IFN-γ-/- mice was higher than that of uninfected wild-type mice 298 

(Figure 2C), suggesting higher sensitivity of IFN-γ-/- mice to despair-like behavior. To 299 

evaluate effects of IDO activity on despair-like behavior, wild-type mice were treated 300 

with 1-DL-MT (Figure 2D). Similar to results from Mino treatment, reduced immobility 301 

duration was observed in infected mice treated with 1-DL-MT compared with untreated 302 

infected animals. Taken together, despair-like behavior observed during acute infection 303 

may be induced by IDO activity via inflammatory responses. 304 

 305 

Sickness behavior in IFN-γ-/- mice and wild-type mice treated with Mino and 1-MT  306 
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Acute T. gondii infection induces sickness behavior in terms of considerably elevated 307 

clinical score (prepared ethogram) and reduced locomotor activity (stride length in 308 

footprint test). Treatment of infected mice with Mino reduced clinical signs and 309 

improved stride length in the footprint test of T. gondii-infected mice (Figure 3A), 310 

suggesting clinical symptoms and locomotor activity may be mediated by inflammatory 311 

responses. Conversely, IFN-γ-/- mice exhibited clinical symptoms similar to wild-type 312 

animals including a marked reduction in locomotor activity, as indicated by shortened 313 

stride in the footprint test in infected compared with uninfected wild-type mice (Figure 314 

3B), suggesting IFN-γ may not be directly linked to sickness behavior. Treatment with 315 

1-DL-MT attenuated T. gondii-induced sickness symptoms, as indicated by a reduction 316 

in clinical score from 5 to 10 dpi; whereas, 1-DL-MT did not alleviate the reduced 317 

stride length caused by infection (Figure 3C), suggesting IDO inhibition may reduce 318 

clinical symptoms but not affect locomotor activity. Considered with observations of 319 

anhedonic- and despair-like behaviors, inflammatory responses during acute infection 320 

(including IDO activation) may induce both sickness and depressive-like behaviors. 321 

However, sickness and depressive-like behaviors may result from independent 322 

pathways, as in the case of IFN-γ-/- mice. 323 

 324 

Expression of pro-inflammatory cytokines in IFN-γ-/- mice and wild-type mice 325 

treated with Mino and 1-DL-MT 326 

T. gondii infection increased the expression of IL-1β, TNF-α and IFN-γ in the brain 327 

(Figure 4). The correlation analysis between levels of pro-inflammatory cytokine 328 

expression and depressive-like behavior indicated anhedonic- and despair-like 329 

behaviors, and levels of IFN-γ and IL-1β were strongly and moderately correlated, 330 
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respectively (Table S2). Further, inhibitory effects of Mino on the expression of IL-1β, 331 

TNF-α and IFN-γ mRNA was observed in brains at 10 dpi (Figure 4A). In addition, 332 

plasma levels of IL-1β and IFN-γ were reduced by Mino treatment in infected mice 333 

(Table 1). These results indicate that the changes in pro-inflammatory cytokine 334 

expression were associated with altered behaviors after T. gondii infection. IFN-γ-/- mice 335 

exhibited attenuation of IL-1β and TNF-α mRNA (Figure 4B); however, 1-DL-MT 336 

treatment did not reduce mRNA expression of IL-1β, TNF-α and IFN-γ in infected mice 337 

(Figure 4C). In addition, compared with untreated and T. gondii-infected mice, 338 

1-DL-MT treatment did not alter production of IL-1β and IFN-γ after T. gondii infection 339 

(Table 1). Therefore, these results suggest an involvement of IDO activity in induction 340 

of anhedonic- and despair-like behaviors, as well as clinical symptoms during acute T. 341 

gondii infection. 342 

 343 

Expression of IDO in IFN-γ-/- mice and wild-type mice treated with Mino and 344 

1-DL-MT 345 

Expression of IDO1 and its other form IDO2 have been described in both mice and 346 

humans (43). To determine whether IDO1 and IDO2 expression was correlated with 347 

altered-behavior exhibited during T. gondii infection, qRT-PCR of brains was 348 

performed (Figure 5). As shown in Table S2, expression levels of IDO1 and IDO2 in 349 

the brain correlated with immobility duration, but not with sucrose preference, 350 

suggesting expression of IDO1 and IDO2 play a role in the induction of despair-like 351 

behaviors. At 10 dpi, decreased expression of IDO1 and IDO2 was observed in 352 

Mino-treated wild-type mice compared with T. gondii-infected mice (Figure 5A). 353 

Decreased expression of IDO1 was also observed in IFN-γ-/- mice compared with 354 
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infected wild-type mice (Figure 5B). However, 1-DL-MT treatment did not affect IDO2 355 

mRNA expression, but significantly increased IDO1 expression in T. gondii-infected 356 

mice at 10 dpi (Figure 5C). Thus, genetic deletion of IFN-γ and blockage of 357 

pro-inflammatory cytokines by Mino was associated with reduced IDO expression. 358 

However, 1-DL-MT treatment was not associated with reduced IDO expression in T. 359 

gondii infected mice.  360 

 361 

Tryptophan metabolism in IFN-γ-/- mice and wild-type mice treated with Mino or 362 

1-DL-MT 363 

To determine the mechanism by which alterations in Trp degradation contribute to 364 

depressive-like behavior following T. gondii-infection, we measured Trp, Kyn and 365 

5-hydroxytryptmine (5-HT) in brains, as well as plasma levels of Trp and Kyn (Figure 366 

6). Calculated Kyn/Trp ratio in brains at 10 dpi was approximately 3.6-fold greater than 367 

at 30 dpi, whereas in plasma it was approximately 1.8-fold (Figure 6A). It was noted 368 

that T. gondii infection did not affect Trp turnover to 5-HT at 10 and at 30 dpi in 369 

wild-type mice, as measured by comparing the ratio of 5-HT/Trp (Figure 6A). At 10 dpi, 370 

Kyn/Trp ratios in plasma and brain exhibited a weak to moderate correlation with 371 

anhedonic-like behaviors and a moderately strong correlation with despair-like 372 

behaviors (Table S2). To further investigate the effects of inflammatory response and 373 

IFN-γ action on Trp metabolism, we measured Kyn/Typ and 5-HT/Trp in Mino-treated 374 

wild-type mice (Figure 6B) and IFN-γ-/- mice (Figure 6C). Reproducibly, T. gondii 375 

infection markedly increased the Kyn/Trp ratio in both plasma and the brain. These 376 

altered ratios of Kyn/Trp were significantly reduced in the plasma and brains of 377 

Mino-treated wild-type mice and in IFN-γ-/- mice; whereas, 5-HT/Trp was not affected 378 
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(Figure 6B, C). In parallel, treatment of T. gondii-infected wild-type mice with 379 

1-DL-MT normalized the Kyn/Trp ratio in both plasma and the brain (Figure 6D). Next, 380 

we examined levels of 5-HT and dopamine in the brain (Figure 7). Lower levels of 381 

5-HT and dopamine were observed in infected wild-type mice at both 10 and 30 dpi. 382 

Dopamine metabolism was upregulated in infected mice at 30 dpi as the result of lower 383 

DA levels and higher DA turnover compared with uninfected mice (Figure 7B). Thus, 384 

5-HT and dopamine may not be directly involved in depressive-like behavior because 385 

the behavioral changes were not seen at 30 dpi. Together, these findings indicate T. 386 

gondii enhanced Trp catabolism towards Kyn, not 5-HT. 387 

 388 

Effect of Mino and 1-DL-MT on parasite growth in vivo and in vitro 389 

At 14 dpi, parasite number in brain DNA was measured by qPCR (Figure 8). We 390 

found that treatment of infected mice with Mino and 1-MT reduced brain parasite load 391 

(Fig. 8A). This effect was validated in vitro in T. gondii-infected microglia and 392 

astrocyte cell lines, MG6 and OS3, respectively. Pretreatment with Mino (5–40 nM) and 393 

1-DL-MT (0.05–1 μM) had dose-dependent effects in restricting T. gondii replication in 394 

MG6 and OS3 (Figure 8B and C). No effect on cell viability at the selected dose ranges 395 

was observed (data not shown). These findings indicate that both 1-DL-MT and Mino 396 

exhibit significant anti-Toxoplasma activities in vivo and in vitro. 397 

 398 

  399 
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Discussion 400 

Causes of depression do not stem from single source; rather, depression is likely to be 401 

caused by a combination of factors. Perpetuation of neurotropic parasite T. gondii may 402 

further complicate this syndrome. In the present study, we observed anhedonic- and 403 

despair-like behaviors during the acute stage of T. gondii infection. Therefore, immune 404 

enhancement may be a prerequisite to develop such a depressive phenotype. Here, we 405 

hypothesized that activation of host immunity mediates depressive-like behaviors in T. 406 

gondii-infected mice. Our results support the view that interactions of the immune 407 

system, IFN-γ, IDO and Trp metabolism play crucial roles in developing T. gondii–408 

induced depression-like behaviors. In animal models, studies of Kyn pathway and Trp 409 

catabolic shunt, indicate these mechanisms are conserved not only between human and 410 

rodents but also in lower organisms such as yeast (44). Several lines of evidence 411 

illustrate depressive-like behavior is associated with enhancement of Trp catabolism 412 

caused by either inflammation or the release of pro-inflammatory cytokines (44, 45). 413 

Investigation of this pathway following infection with a chronic pathogen, such as T. 414 

gondii, will likely continue to advance our understanding of mechanisms by which 415 

neurotropic parasites induce some psychiatric disorders (46). Induction of 416 

depressive-like behaviors in T. gondii-infected mice and enhancement of Trp catabolism 417 

towards Kyn may be relevant to interpreting studies of psychobehavioral disorders in T. 418 

gondii-infected humans.  419 

     In the present study, T. gondii infection induced depressive-like behavior in forms 420 

of anhedonic and despair-like behaviors in mice during the acute stage. Additionally, 421 

sickness behavior was also observed in mice following acute infection. As behavioral 422 

symptoms of sickness and depression are triggered by pro-inflammatory cytokines (17), 423 
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it may be difficult to determine whether T. gondii directly induced depression-like 424 

behavior or generalized inflammatory responses induced by the infection triggered 425 

behavioral changes. Although both sickness and depressive-like behaviors are induced 426 

by the same pro-inflammatory cytokines, IDO induction has been proposed to lie at the 427 

interface between chronic inflammatory disease and depression (17). Although T. 428 

gondii-infected IFN-γ-/- mice showed similar clinical scores as infected wild-type mice, 429 

infected IFN-γ-/- mice did not exhibit anhedonic-like behavior (reduced sucrose 430 

preference) at 6–9 dpi, except for at 10 dpi, compared with uninfected IFN-γ-/- mice. At 431 

10 dpi, both wild-type BALB/c and IFN-γ-/- mice showed a comparably sever clinical 432 

symptom following the infection. These symptoms at 10 dpi were categorized as 433 

sickness-related symptoms. Additionally, locomotor activity of IFN-γ-/- mice infected 434 

with T. gondii reduced compared with that of the infected wild-type BALB/c mice. In 435 

fact, IFN-γ-/- mice showed reduced intake of both water and sucrose (total fluid intake) 436 

that ranges from 0 to 2 ml of each bottle during 24 h. Actually, these IFN-γ-/- mice 437 

mostly succumbed after 10 days of infection. Thus, the severe reduction of locomotor 438 

activity may results in reduced sucrose preference (or total fluid intake) in IFN-γ-/- mice 439 

infected with T. gondii at 10 dpi. It should be noted that uninfected IFN-γ-/- mice 440 

showed higher immobility duration at FST compared with uninfected wild-type mice. 441 

Further, T. gondii infection did not increase the immobility duration in IFN-γ-/- mice at 442 

10 dpi compared with uninfected IFN-γ-/- mice (Figure 2C). This result suggests 443 

sickness and anhedonic-like behaviors may occur in T. gondii-infected mice by 444 

independent mechanisms. However, at present, it is unclear why genetic deletion of 445 

IFN-γ induced despair behavior (increased immobility duration in FST) in uninfected 446 

IFN-γ-/- mice compared with uninfected wild-type mice. Perhaps, the relationship 447 
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between IFN-γ and Trp metabolism may be linked to the immunogenetics of major 448 

depression as reported in some correlation studies (11). Similarly deficiency of toll-like 449 

receptor 2 was found to be associated with induction of schizophrenia-like symptoms in 450 

mice (47). Collectively, these results suggest deficiency of an immunity-related gene, 451 

such as IFN-γ, was associated with despair- and anhedonic-like behaviors in uninfected 452 

mice.  453 

     IFN-γ is essential for host defense mechanisms and the survival of mice during T. 454 

gondii infection. IFN-γ deficient mice succumb to acute infection (48). Further, mice 455 

lacking IL-12 or T-cells that regulate or produce IFN-γ, respectively, do not survive the 456 

chronic stage of T. gondii infection (49-51). IFN-γ can suppress symptoms in T. gondii 457 

infection and, in fact, can inhibit T. gondii proliferation through various mechanisms 458 

including: (i) depletion of arginine and production of free radical nitric oxide via 459 

enzymatic activation (52) (ii) disruption of parasitophorous vacuoles via 460 

IFN-γ-inducible genes, such as immunity-related genes (IRGs) and guanylate-binding 461 

proteins (GBPs) in murine macrophages (34, 53, 54) or (iii) starvation of an essential 462 

amino acid, Trp, mediated through IDO activity, as shown in human fibroblasts (55), 463 

but direct effect of IDO on parasites in mice remains unclear. Thus, IFN-γ and IDO 464 

activation was associated with depletion of Trp, suggesting a correlation between 465 

host-defense mechanism correlated and display of anhedonic- and despair-like 466 

behaviors. Therefore, it is plausible anhedonic- and despair-like behaviors were 467 

dependent on IFN-γ or IDO activation, rather than simply linked to sickness behaviors. 468 

     Aside from the association of sickness symptoms with depressive-like behavior 469 

during the acute stage of T. gondii infection, our findings support a role for the Trp to 470 

Kyn shunt in depression pathophysiology induced by T. gondii infection. Anhedonic- 471 
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and despair-like behaviors during the acute stage were present with low 5-HT levels 472 

(associated with a high Kyn/Trp ratio in plasma and brain) and normal 5-HT turnover. 473 

However, such behaviors were not displayed at 30 dpi in the context of low brain 5-HT 474 

and DA levels. In support of these results, we found that Kyn/Trp ratios in the brain of 475 

infected mice at 60 dpi did not change from control uninfected mice, indicating lower 476 

IDO activity in the chronic stage (3). Thus, development of anhedonic- and despair-like 477 

behaviors may not be simply dependent on lower serotonergic and dopaminergic 478 

neurotransmission during the acute stage of T. gondii infection in mice. It has been 479 

reported that IDO induction, Trp degradation, and Kyn formation are completely absent 480 

in T. gondii-infected IFN-γ deficient mice (56, 57). Our data also confirmed the 481 

importance of IFN-γ for IDO activity induction and resultant depressive-like behaviors. 482 

Since IFN-γ-mediated IDO activation may induce such behaviors in mice following 483 

infection with T. gondii during the acute stage, T. gondii infection can induce changes in 484 

Trp metabolism via pro-inflammatory cytokines, especially IFN-γ. 485 

    However at present, it is unclear why the sustained decrease in DA and 5-HT 486 

levels were not reflected in the precipitation of anhedonic- and despair-like symptoms 487 

in T. gondii-infected mice during chronic infection. On other hand, low 5-HT and DA 488 

co-existed with anhedonic- and despair-like behaviors during acute infection. Thus, 489 

contribution of DA and 5-HT to depressive-like behaviors could not be concluded. 490 

Compared with uninfected mice, unchanged 5-HT/Trp ratio and serotonin turnover, and 491 

higher Kyn/Trp ratio indicated enhanced Trp catabolism towards Kyn in infected mice 492 

during acute infection. Together, these findings suggest enhanced Trp catabolism 493 

towards Kyn resulting from inflammatory response, IFN-γ action and IDO 494 
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activity-dependent mechanisms of T. gondii infection may be related to the appearance 495 

of anhedonic- and despair-like behaviors during acute infection. 496 

     In present study, Mino abrogated T. gondii-induced anhedonic- and despair-like 497 

behaviors; it also normalized Kyn/Trp ratios in the brain and plasma in T. 498 

gondii-infected mice. It is well known that pro-inflammatory cytokines are involved in 499 

depressive-like behaviors through generation of neuroreactive Trp metabolite, Kyn. Kyn 500 

metabolite, quinolinic acid, acts as an NMDA receptor agonist (58) and is implicated in 501 

the development of core symptoms of depression-like anhedonia and behavioral despair 502 

following peripheral administration of cytokine-inducing bacterial LPS (8). Our data 503 

showed that treatment with Mino inhibited IDO expression in the brain of T. 504 

gondii-infected mice, resulting in normalization of Kyn/Trp ratios in both plasma and 505 

the brain of infected mice. Mino, a prototype of anti-inflammatory drugs, was used to 506 

prevent ischemic neuronal death. In addition, Mino protects neurons from glutamate 507 

toxicity and blocks expression of pro-inflammatory cytokines in both peripheral and 508 

central organs (17–19). Mino is also a selective inhibitor of microglia activation, and it 509 

inhibits apoptosis by decreasing IL-1β, TNF-α and their converting enzymes caspase 1 510 

and caspase 3 (59, 60). Additionally, Mino reduced permeability of the BBB by 511 

inhibiting IL-1β, TNF-α, matrix metalloproteinases (MMP)-2 and -9, and VCAM 512 

expression, as well as reducing transmigration of T-cells across the fibronectin matrix 513 

barrier (61, 62). Therefore, Mino may be a potential therapeutic for psychiatric diseases 514 

including early schizophrenia, multiple sclerosis, Huntington disease and Parkinson's 515 

disease (59, 60, 62–64). Activated microglia contribute to neuronal apoptosis; thus, 516 

inhibition of microglia activation by Mino may represent a novel therapeutic strategy 517 

for treating neuronal apoptosis in cases of toxoplasmic encephalitis (66). Mino also 518 
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prevented anhedonia and sickness behavior in mice challenged with LPS (67). Although 519 

LPS induces sickness behaviors followed by depressive-like behaviors, this appeared 520 

within a relatively short time-course compared with immune challenge with BCG 521 

vaccine (9, 68) or T. gondii infection. In the present study, we treated T. gondii-infected 522 

mice with Mino for 4 days at doses of 10 mg/kg, ip. Our treatment regimen decreased 523 

clinical symptoms induced by the infection without inducing side effects. Furthermore, 524 

Mino lowered brain parasite burden (Figure 5A), thus conferring the strongest 525 

protective effect against T. gondii in murine microglia and astrocyte cells (Figure 4B 526 

and C). T. gondii tachyzoites invade murine microglia, astrocytes, and neurons; 527 

thereafter, the parasite forms cysts within these cells (69). Our data for parasite 528 

growth indicated microglia have 17 times the ability of astrocytes to control T. gondii. 529 

Within the brain, microglia are reported to be the major effector cells for prevention of 530 

T. gondii tachyzoite proliferation (69). At the neuronal level, Mino salvaged glutamate 531 

toxicity in cultured primary neurons (16). Thus, Mino may have the potential to control 532 

acute toxoplasmosis while anti-Toxoplasma mechanism of Mino is still unknown. 533 

     1-DL-MT has previously been used as a reference drug for blocking IDO activity 534 

in human and murine cells (20, 22, 70). In clinical trials, 1-DL-MT has been used as a 535 

vaccine adjuvant and an add-on immunotherapeutic agent for cancer patients (71). As 536 

IDO triggers Trp depletion in the cellular microenvironment, it can also inhibit 537 

proliferation of T-cells and permit tumor cells to escape the immune system (72). 538 

Therefore, IDO inhibition by 1-DL-MT reverses the immunosuppressive effects of IDO 539 

(73). Interestingly, chronic treatment with 1-L-MT or 1-DL-MT results in controversial 540 

antiparasitic activity, but subchronic treatment exerts some anti-Toxoplasma activity (23, 541 

24). Furthermore, IDO-/- mice and mice with IDO inhibited by 1-DL-MT exhibit 542 
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reduced T. gondii mRNA expression in the lung (24). In our study, 1-DL-MT treatment 543 

attenuated anhedonic- and despair-like behaviors in T. gondii-infected mice without an 544 

obvious effect on pro-inflammatory cytokine expression, suggesting the effect of 545 

1-DL-MT is independent of pro-inflammatory cytokine expression. Furthermore, IDO 546 

activity may be involved in anhedonic- and despair-like behaviors, and such behaviors 547 

are unlikely to be linked to cytokine production in T. gondii-infected mice. Our results 548 

indicate that 1-DL-MT, like Mino, significantly reduced the parasite load in vivo and in 549 

vitro (Figure 8). It would be of interest in future studies to examine mechanisms 550 

underlying the ability of Mino and 1-DL-MT to control growth of T. gondii.     551 

 In summary, the present study suggests depressive-like behaviors are likely mediated 552 

by host defense mechanisms against T. gondii infection. As a host immune response 553 

against acute T. gondii infection, IFN-γ produced by T-cells or natural killer cells 554 

stimulates IDO activity. Metabolites of IDO activity, Trp to Kyn, resulted in 555 

depressive-like behaviors. Treatment with Mino and 1-DL-MT ameliorated T. 556 

gondii-induced anhedonic- and despair-like behaviors, suggesting the potential of this 557 

drug to treat core depression symptoms. As these drugs are highly lipid soluble and 558 

capable of penetrating the BBB (17), they may be of potential interest for future clinical 559 

studies. Since these drugs inhibit Toxoplasma growth, use for T. gondii infection may 560 

be beneficial. Moreover, their effect was associated with symptomatic relief of 561 

anhedonia and despair, as well as improvement of clinical symptoms or locomotor 562 

activity. Our results demonstrate that immune enhancement in response to infection of 563 

immunocompetent mice with T. gondii resulted in IFN-γ production, IDO activation, 564 

and inflammation associated with sickness, anhedonic- and despair-like behaviors. In 565 

contrast, after inhibition of IFN-γ production, sickness symptoms were displayed 566 
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without the other behaviors. Inactivation of IDO improved clinical symptoms and 567 

depressive-like behaviors. To conclude, host defense mechanisms against T. gondii 568 

infection may be involved in anhedonic- and despair-like behaviors in mice.  569 

  570 
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Figure legends 843 

Figure 1. Analysis of anhedonic behavior by sucrose consumption following T. 844 

gondii infection. (A) Sucrose consumption of wild-type BALB/c mice after injection 845 

with PBS or infection with T. gondii. Data are summarized from two independent 846 

experiments and presented as mean ± SD (PBS, N = 4 + 6; T. gondii, N = 2 + 6, two 847 

mice died due to the infection during trial 1, F(30, 496) = 4.15, P < 0.0001). * indicates 848 

significant difference between PBS-injected and T. gondii-infected groups by two-way 849 

ANOVA plus Bonferroni post hoc analysis. (B) Sucrose consumption of wild-type 850 

BALB/c mice after injection with PBS or infection with T. gondii under treatment with 851 

minocycline (Mino, 10 mg/kg, ip) or injection with PBS from 4 to 7 day-post infection 852 

(dpi). Data are representative from two independent experiments with similar results 853 

and presented as mean ± SD (N = 6, F(42, 300) = 3.27, P < 0.0001). * indicates significant 854 

difference between PBS/PBS and T. gondii/PBS groups and # indicates significant 855 

difference between T. gondii/PBS and T. gondii/Mino groups by two-way ANOVA plus 856 

Bonferroni post hoc analysis. (C) Sucrose consumption of wild-type BALB/c mice 857 

(IFN-γ+/+) and IFN-γ-/- mice after injection with PBS or infection with T. gondii. Data 858 

are representative from four independent experiments with similar results, presented as 859 

mean ± SD (N = 5, F(30, 176) = 3.77, P < 0.0001). * indicates significant difference 860 

between PBS/IFN-γ+/+ and T. gondii/IFN-γ+/+ groups and # indicates significant 861 

difference between T. gondii/IFN-γ+/+ and T. gondii/ IFN-γ-/- groups by two-way 862 

ANOVA plus Bonferroni post hoc analysis. (D) Sucrose consumption of wild-type 863 

BALB/c mice after injection with PBS or infection with T. gondii under treatment with 864 

1-methyl-DL-tryptophan (1-MT, 50 mg/kg, subcutaneously) or injection with vehicle 865 

from 4 to 7 dpi. Data are representative from two independent experiments with similar 866 
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results, presented as mean ± SD (N = 6, F(42, 300) = 4.24, P < 0.0001). * indicates 867 

significant difference between PBS/Vehicle and T. gondii/Vehicle groups and # 868 

indicates significant difference between T. gondii/Vehicle and T. gondii/1-MT groups 869 

by two-way ANOVA plus Bonferroni post hoc analysis.  870 

 871 

Figure 2. Analysis of despair behavior by immobility duration following T. gondii 872 

infection. Total time spent floating (immobility duration) in the forced swim test (FST) 873 

was measured as a putative indicator of despair behavior. (A) Immobility duration of 874 

wild-type BALB/c mice after injection with PBS or infection with T. gondii at 10 and 875 

30 day-post infection (dpi). Data are summarized from two independent experiments, 876 

presented as mean ± SD (PBS, N = 4 + 6; T. gondii, N = 4 + 6, F(1, 36) = 4.24, P = 877 

0.0002). (B) Immobility duration of wild-type BALB/c mice after injection with PBS or 878 

infection with T. gondii at 10 dpi under treatment with minocycline (Mino, 10 mg/kg, 879 

ip) or injection with PBS from 4 to 7 dpi. Data are representative from two independent 880 

experiments with similar results, presented as mean ± SD (N = 5–6, one mouse died due 881 

to infection in T. gondii-infected and PBS-injected group, F(1, 19) = 10.54, P = 0.0042). 882 

(C) Immobility duration of wild-type BALB/c mice (IFN-γ+/+) and IFN-γ-/- mice after 883 

injection with PBS or infection with T. gondii at 10 dpi. Data are summarized from 884 

three independent experiments and presented as mean ± SD (N = 3+5+5, F(1, 48) = 46.50, 885 

P < 0.0001). (D) Immobility duration of wild-type BALB/c mice after injection with 886 

PBS or infection with T. gondii at 10 dpi under treatment with 1-methyl-DL-tryptophan 887 

(1-MT, 50 mg/kg, subcutaneously) or injection with vehicle from 4 to 7 dpi. Data are 888 

representative from two independent experiments with similar results, presented as 889 

mean ± SD (N = 5–6, one mouse died due to infection in T. gondii-infected and 890 
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Vehicle-injected groups, F(1, 19) = 35.81, P < 0.0001). Different letters above bars in the 891 

graphs indicate statistically significant differences among the groups by two-way 892 

ANOVA plus Tukey–Kramer post hoc analysis.  893 

 894 

Figure 3. Clinical score and locomotor activity of mice following T. gondii infection. 895 

(A) Clinical score (left) and locomotor activity in terms of stride length in footprint test 896 

(right) of wild-type BALB/c mice after infection with T. gondii and treatment with 897 

minocycline (Mino, 10 mg/kg, ip) or injection with PBS from 4 to 7 day-post infection 898 

(dpi). Clinical scores are summarized from two independent experiments and presented 899 

as mean ± SD (N = 6 + 6, F(10, 242) = 52.97, P < 0.0001). Locomotor activity data are 900 

presented as mean ± SD (N = 5, F(1, 16) = 47.15, P < 0.0001) (B) Clinical score (left) and 901 

locomotor activity (right) of wild-type BALB/c mice (IFN-γ+/+) and IFN-γ-/- mice after 902 

infection with T. gondii. Data are summarized from two independent experiments and 903 

presented as mean ± SD (clinical score, N = 6 + 6, F(10, 242) = 3.05, P = 0.0012; ここ904 

locomotor activity, n = 5 + 5, F(1, 36) = 81.69, P < 0.0001). (C) Clinical score (left) and 905 

locomotor activity (right) of wild-type BALB/c mice after injection with PBS or 906 

infection with T. gondii under treatment with 1-methyl-DL-tryptophan (1-MT, 50 907 

mg/kg, subcutaneously) or injection with vehicle from 4 to 7 dpi. Clinical score data are 908 

summarized from two independent experiments and presented as mean ± SD (N = 6 + 6, 909 

F(10, 242) = 41.79, P < 0.0001). Data of locomotor activity are presented as mean ± SD (N 910 

= 5, F(1, 16) = 7.877, P = 0.0127). * indicates significant differences of clinical score 911 

(left) between two groups by two-way ANOVA plus Bonferroni post hoc analysis. 912 

Different letters above bars in the graphs indicate statistically significant differences 913 

among the groups by two-way ANOVA plus Tukey–Kramer post hoc analysis (right).  914 
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 915 

Figure 4. Expression of cytokines in brains of mice following T. gondii infection. 916 

(A) Expression of IL-1β, TNF-α and IFN-γ in brain of wild-type BALB/c mice after 917 

injection with PBS or infection with T. gondii at 10 day-post infection (dpi) under 918 

treatment with minocycline (Mino, 10 mg/kg, ip) or injection with PBS from 4 to 7 dpi. 919 

Data are representative from two independent experiments with similar results and 920 

presented as mean ± SD (N = 5–6, one mouse died due to the infection in T. 921 

gondii-infected and PBS-injected group, IL-1β; F(1, 19) = 13.66, P = 0.0015, TNF-α; F(1, 922 

19) = 8.235, P = 0.0098, IFN-γ; F(1, 19) = 6.325, P = 0.0211). (B) Expression of IL-1β and 923 

TNF-α in brain of wild-type BALB/c mice (IFN-γ+/+) and IFN-γ-/- mice after injection 924 

with PBS or infection with T. gondii at 10 dpi. Data are summarized from two 925 

independent experiments and presented as mean ± SD (N = 5 + 5, IL-1β; F(1, 36) = 35.98, 926 

P < 0.0001, TNF-α; F(1, 36) = 50.97, P < 0.0001). (C) Expression of IL-1β, TNF-α and 927 

IFN-γ in brain of wild-type BALB/c mice after injection with PBS or infection with T. 928 

gondii at 10 dpi under treatment with 1-methyl-DL-tryptophan (1-MT, 50 mg/kg, 929 

subcutaneously) or injection with vehicle from 4 to 7 dpi. Data are representative from 930 

two independent experiments with similar results and presented as mean ± SD (N = 5–6, 931 

one mouse died due to infection in T. gondii-infected and vehicle-injected groups, 932 

IL-1β; F(1, 19) = 0.937, P = 0.3452, TNF-α; F(1, 19) = 0.1289, P = 0.7235, IFN-γ; F(1, 19) = 933 

0.1108, P = 0.7429). Different letters above bars in the graphs indicate statistically 934 

significant differences among the groups by two-way ANOVA plus Tukey–Kramer post 935 

hoc analysis.  936 

 937 
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Figure 5. Expression of indoleamine 2, 3-dioxygenase (IDO) in brain of mice 938 

following T. gondii infection. (A) Expression of IDO1 and IDO2 in brain of wild-type 939 

BALB/c mice after injection with PBS or infection with T. gondii at 10 day-post 940 

infection (dpi) under treatment with minocycline (Mino, 10 mg/kg, ip) or injection with 941 

PBS from 4 to 7 dpi. Data are representative from two independent experiments with 942 

similar results and presented as mean ± SD (N = 5–6, one mouse died due to infection 943 

in T. gondii-infected and PBS-injected groups, IDO1; F(1, 19) = 6.480, P = 0.0197, IDO2; 944 

F(1, 19) = 26.09, P < 0.0001). (B) Expression of IDO1 and IDO2 in brain of wild-type 945 

BALB/c mice (IFN-γ+/+) and IFN-γ-/- mice after injection with PBS or infection with T. 946 

gondii at 10 dpi. Data are summarized from two independent experiments and presented 947 

as mean ± SD (N = 5 + 5, IDO1; F(1, 36) = 13.06, P = 0.0009, IDO2; F(1, 36) = 3.313, P = 948 

0.077). (C) Expression of IDO1 and IDO2 in brain of wild-type BALB/c mice after 949 

injection with PBS or infection with T. gondii at 10 dpi under treatment with 950 

1-methyl-DL-tryptophan (1-MT, 50 mg/kg, subcutaneously) or injection with vehicle 951 

from 4 to 7 dpi. Data are representative from two independent experiments with similar 952 

results and presented as mean ± SD (N = 5–6, one mouse died due to infection in T. 953 

gondii-infected and vehicle-injected groups, IDO1; F(1, 19) = 7.313, P = 0.0141, IDO2; 954 

F(1, 19) = 0.158, P = 0.6954). Different letters above bars in the graphs indicate 955 

statistically significant differences among the groups by two-way ANOVA plus Tukey–956 

Kramer post hoc analysis.  957 

 958 

Figure 6. Trp turnover to Kyn or 5-HT in mice following T. gondii infection. Trp 959 

turnover to Kyn (Kyn/Trp ratio) in plasma and brain, and Trp turnover to brain 960 

serotonin (5-HT/Trp ratio) were determined. (A) Trp turnover in wild-type BALB/c 961 
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mice after injection with PBS or infection with T. gondii at 10 and 30 day-post infection 962 

(dpi). Plasma Kyn/Trp ratios are presented as mean ± SD (N = 5, F (1, 16) = 8.039, P = 963 

0.0119). Data of brain Kyn/Trp and brain 5-HT/Trp are summarized from two 964 

independent experiments and presented as mean ± SD (N = 4–5 + 5, Brain Kyn/Trp; F (1, 965 

32) = 274.6, P < 0.0001, Trp Turnover; F(1, 36) = 0.01294, P = 0.9101). (B) Trp turnover 966 

of wild-type BALB/c mice after injection with PBS or infection with T. gondii at 10 dpi 967 

under treatment with minocycline (Mino, 10 mg/kg, ip) or injection with PBS from 4 to 968 

7 dpi. Data are presented as mean ± SD (N = 5–6, one mouse died due to infection in T. 969 

gondii-infected and PBS-injected groups, Plasma Kyn/Trp; F(1, 19) = 15.91, P = 0.0008, 970 

Brain Kyn/Trp; F(1, 19) = 12.44, P = 0.0023, Trp Turnover; F(1, 19) = 0.2663, P = 0.6118). 971 

(C) Trp turnover of wild-type BALB/c mice (IFN-γ+/+) and IFN-γ-/- mice after injection 972 

with PBS or infection with T. gondii at 10 dpi. Data are summarized from two 973 

independent experiments and presented as mean ± SD (N = 4 + 4, plasma Kyn/Trp; F(1, 974 

28) = 21.44, P < 0.001, N = 5 + 5, brain Kyn/Trp; F(1, 36) = 6.016, P = 0.0192, N = 5 + 5, 975 

brain 5-HT/Trp; F(1, 36) = 3.19, P = 0.0825). (D) Trp turnover of wild-type BALB/c mice 976 

after injection with PBS or infection with T. gondii at 10 dpi under treatment with 977 

1-methyl-DL-tryptophan (1-MT, 50 mg/kg, subcutaneously) or injection with vehicle 978 

from 4 to 7 dpi. Data are presented as mean ± SD (N = 5–6, one mouse died due to 979 

infection in T. gondii-infected and Vehicle-injected groups, Plasma Kyn/Trp; F(1, 16) = 980 

7.838, P = 0.0129, Brain Kyn/Trp; F(1, 19) = 11.51, P = 0.0031, Trp Turnover; F(1, 19) = 981 

4.43, P = 0.0489). Different letters above bars in graphs indicate statistically significant 982 

differences among the groups by two-way ANOVA plus Tukey–Kramer post hoc 983 

analysis. 984 

 985 
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Figure 7. Levels of serotonin and dopamine in brain of mice following T. gondii 986 

infection. Serotonin (5-HT) and its turnover to 5-hydroxyindoleacetic acid 987 

(5-HIAA/5-HT ratio), as well as dopamine (DA) and its turnover to homovanillic acid 988 

(HVA/DA ratio) were measured in brains of mice. (A) 5-HT and its turnover of 989 

wild-type BALB/c mice after injection with PBS or infection with T. gondii at 10 and 990 

30 day-post infection (dpi). Data are summarized from two independent experiments 991 

and presented as mean ± SD (N = 5 + 5, 5-HT: F(1, 36) = 2.538, P = 0.1199, 992 

5-HIAA/5-HT ratio; F(1, 36)  = 0.1521, P = 0.6989). (B) DA and its turnover of 993 

wild-type BALB/c mice after injection with PBS or infection with T. gondii at 10 and 994 

30 dpi. Data are summarized from two independent experiments and presented as mean 995 

± SD (N = 5 + 5, DA: F(1, 36) = 5.27, P = 0.0276, 5-HIAA/5-HT ratio; F(1, 36)  = 0.1521, 996 

P = 0.6989). Different letters above bars in graphs indicate statistically significant 997 

differences among the groups by two-way ANOVA plus Tukey–Kramer post hoc 998 

analysis. 999 

 1000 

Figure 8. Effects of 1-methyl-DL-tryptophan (1-MT) and minocycline (Mino) on T. 1001 

gondii growth in vivo and in vitro. (A) Parasite number in the brain of wild-type 1002 

BALB/c mice after infection with T. gondii at 14 day-post infection (dpi) under 1003 

treatment with minocycline (Mino, 10 mg/kg, ip) or injection with PBS from 4 to 7 dpi 1004 

and under treatment with 1-methyl-DL-tryptophan (1-MT, 50 mg/kg, subcutaneously) 1005 

or injection with vehicle from 4 to 7 dpi. Data are presented as mean ± SD (N = 5–6, 1006 

one mouse died due to infection in T. gondii-infected and PBS-injected groups and in T. 1007 

gondii-infected and Vehicle-injected groups). * indicates significant differences 1008 

between groups by student’s t-test. (B, C) Effects of IFN-γ (250 U/ml), Mino (5–40 1009 
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nM) and 1-MT (50–1,000 nM) on T. gondii growth in murine microglia MG6 (B) and 1010 

murine astrocyte OS3 (C). Data are presented as mean ± SD (N = 3). 1011 



















Table 1. Effect of minocycline (Mino) and 1-methyl DL-tryptophan (1-MT) treatment on plasma 
levels of inflammatory cytokines IFN-Ȗ and IL-1ȕ in mice infected with T. gondii at 10 day-post 
infection  
A) Mino 

Proteins (pg/ml) PBS/ PBS PBS/ Mino T. gondii/PBS T. gondii/Mino 

IL-1ȕ nd 47.β ± 4.6 a 645.6 ± γ4.6 b β4.1 ± 4.4 a 

IFN-Ȗ nd 8β.5 ± β8.4 a 410.89 ± 87.7 b 1γ6.6 ± 7.6 c 

    B) 1-MT 

Proteins (pg/ml) PBS/ Vehicle PBS/1-MT T. gondii/Vehicle T. gondii/1-MT 

IL-1ȕ  nd nd 676.0 ± γβ.5 619.5 ± β6.7 
IFN-Ȗ nd β6.5 ± 5.γ a 459.6 ± 4γ.β b 4γγ.γ ± 40.0 b 

Abbreviations: IFN; interferon, IL; interleukin, nd; not detected.  

Data represent average of values for means ± SD (N = 5–6, one mouse died due to infection in T. 

gondii / PBS group (A) (IL-1β; F(γ, ββ) = βγ1.7, P=0.0001, IFN-Ȗ; F(γ, ββ) = γβ9.4, P=0.0001) and T. 

gondii / Vehicle group (B) (IL-1β; F(γ, ββ) = 156.7, P=0.0001, IFN-Ȗ; F(γ, ββ) = γβ6.0, P=0.0001). 
Different letters indicate statistically significant differences among the groups by one-way ANOVA 
plus Tukey–Kramer post hoc analysis. 
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