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Abstract

Aim: Indoleamine 2,3-dioxygenase 1 (IDO1) metabolizes the essential amino acid

tryptophan into kynurenine derivatives, which are involved in neural activity via the

kynurenine pathway (KP). IDO1 is an initial rate-limiting enzyme in the KP and is

activated by stress and/or inflammation. The perturbation of IDO1 activity, which

causes KP imbalance, is associated with psychiatric and neurological disorders. It has

been reported that wild-type (WT) mice under inflammatory conditions show

increased anxiety-like behavior and decreased novel object recognition, whereas

Ido1 knockout (KO) mice do not display these behaviors. However, the behavioral

phenotypes of Ido1 KO mice have not yet been fully examined under non-inflamma-

tory conditions.

Methods: We subjected Ido1 KO mice to a comprehensive behavioral test battery

under normal conditions.

Results: Ido1 KO mice and WT mice showed similar locomotor activity, anxiety-like

behavior, social behavior, depression-like behavior, and fear memory. In the T-maze

test, Ido1 KO mice exhibited weak but nominally significant impairment in the work-

ing memory task of the T-maze, but this result failed to reach study-wide signifi-

cance.

Conclusions: Ido1 KO mice did not show any clear behavioral abnormalities under

normal conditions. Further studies may be necessary to investigate their behavioral

phenotype under inflammatory conditions due to their known roles in inflammation.
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1 | INTRODUCTION

The essential amino acid tryptophan (Trp) is metabolized via the

serotonin or kynurenine pathway (KP).1,2 Along the serotonin path-

way, Trp undergoes hydroxylation and decarboxylation to produce

the neurotransmitters serotonin and melatonin. These indoleamine

derivatives, serotonin and melatonin, are involved in the circadian

control of physiological functions, such as sleeping, blood pressure

regulation, thermoregulation, and depression. Along the KP, Trp

is converted to neuroactive metabolites, such as kynurenine,
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3-hydroxykynurenie,3 kynurenic acid (KYNA),4–6 and quinolinic acid

(QUIN).7,8 Generally, more than 95% of dietary, Trp is metabolized

along the KP to produce neuroactive KYNA and QUIN, and only a

small amount of it is converted to serotonin.9 Dysfunction of the KP,

which causes an imbalance in the level of kynurenine metabolites in

the brain, is associated with neurodegeneration in the brain and psy-

chological illnesses, including schizophrenia and depression.2

Indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxy-

genase 2 (TDO2) are the initial rate-limiting enzymes in KP.2,10

These enzymes are activated by stimulation of the immune system.

The perturbation of IDO1 or TDO2 activity, which causes KP imbal-

ance, is also reported to be associated with psychiatric and neuro-

logical disorders.9 In our previous study, we conducted a

comprehensive battery of behavioral tests with Tdo2 KO mice,

which showed lower anxiety-like behavior, higher locomotor activity,

and abnormal gait patterns than the controls.11 It has been reported

that WT mice under inflammatory conditions show increased anxi-

ety-like behavior in open field and light/dark transition tests,

increased depressive-like behavior on forced swim and tail suspen-

sion tests, and decreased novel object recognition, whereas Ido1 KO

mice do not exhibit these behaviors.12,13 However, the behavioral

phenotypes of Ido1 KO mice have not yet been fully examined

under non-inflammatory conditions. Here, we subjected Ido1 KO

mice to a battery of comprehensive behavioral tests under normal

conditions.

2 | MATERIALS AND METHODS

2.1 | Animals

Ido1 KO mice were purchased from The Jackson Laboratory (https://

www.jax.org/strain/005867) by Asahikawa Medical University and

transferred to Kyoto University and Fujita Health University. Ido1

KO mice were derived from 129/SvJ ES cells mated with C57BL/6J

(B6) females and backcrossed with more than 10 generations of B6

mice.14 Ido1 KO mice and wild-type (WT) control littermates were

obtained by breeding heterozygotes with a B6 background. Twenty

male homozygous mutants, and 19 male WT control mice were used.

Mice were group-housed (2 mutants and 1 or 2 WT mice per cage)

in a room with a 12-hour light/dark cycle (lights on at 7:00 a.m.)

with access to food and water ad libitum. The room temperature

was kept at 23 � 2°C.

2.2 | Comprehensive behavioral test battery

Most of the behavioral tests were performed as previously

described,15–18 unless otherwise noted. All behavioral tests were car-

ried out with male mice that were at least 13 weeks old at the start

of testing. Raw data from the behavioral test and information about

each mouse are available at the public database “Mouse Phenotype

Database” (http://www.mouse-phenotype.org/). Behavioral testing

was performed between 9:00 a.m. and 6:00 p.m. After the tests, the

apparatus was cleaned with diluted sodium hypochlorite solution to

prevent a bias due to olfactory cues. To minimize the effects of pre-

vious tests on subsequent tests, we performed the behavioral test

battery in a specific order in which the less stressful tests preceded

the more stressful tests. In this study, the tests were performed in

the following sequence: neurological screens and neuromuscular

strength test, light/dark transition test, open field test, elevated plus

maze test, hot plate test, social interaction test, rotarod test, sociabil-

ity and social novelty preference test, startle response/prepulse inhi-

bition test, Porsolt forced swim test, Barnes maze test, T-maze test,

tail suspension test, and fear conditioning test. Each behavioral test

was separated by at least by 1 day. The number and the age of the

mice at the time of the experiment are shown in Table S1. All exper-

imental procedures were approved by Institutional Animal Care and

Use Committee of Graduate School of Medicine of Kyoto University

and Fujita Health University.

2.3 | Neurological screen and neuromuscular
strength test

Righting, whisker twitch, and ear twitch reflexes were evaluated.

Physical features, including the presence of whiskers or bald hair

patches, were also recorded. A grip strength meter (O’HARA & Co.,

Tokyo, Japan) was used to assess forelimb grip strength. Mice were

lifted by holding the tail so that their forepaws could grasp a wire

grid. The mice were then gently pulled backward by the tail with

their posture parallel to the surface of the table until they released

the grid. The peak force applied by the forelimbs of the mouse was

recorded in Newtons (N). Each mouse was tested 3 times, and the

greatest value measured was used for data analysis. In the wire hang

test, the mouse was placed on a wire mesh that was then slowly

inverted so that the mouse gripped the wire in order to not fall off.

Latency to fall (seconds) was recorded with a 60-seconds cutoff

time.

2.4 | Light/dark transition test

A light/dark transition test was conducted as previously described.19

The apparatus consisted of a cage (21 9 42 9 25 cm) divided into 2

sections of equal size by a partition with a door (O’HARA & Co.).

One chamber was brightly illuminated (390 lux), whereas the other

chamber was dark (2 lux). Mice were placed into the dark chamber

and allowed to move freely between the 2 chambers with the door

open for 10 minutes. The total number of transitions, latency to first

enter the lit chamber (seconds), distance traveled (cm), and time

spent in each chamber (seconds) were recorded by ImageLD soft-

ware (see Section, “Data Analysis”).

2.5 | Open field test

Each mouse was placed in the corner of the open field apparatus

(40 9 40 9 30 cm; Accuscan Instruments, Columbus, OH, USA).

The apparatus was illuminated at 100 lux. Total distance traveled

(cm), vertical activity (rearing measured by counting the number of
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photobeam interruptions), time spent (seconds) in the center area

(20 9 20 cm), and beam-break counts for stereotyped behaviors (de-

fined by the number of breaks of the same beam) were recorded.

Data were collected for 120 minutes.

2.6 | Elevated plus maze test

An elevated plus maze test was conducted as previously described.20

The elevated plus maze consisted of 2 open arms (25 9 5 cm) and 2

enclosed arms of the same size with 15-cm high transparent walls,

and the arms were connected by a central square (5 9 5 cm)

(O’HARA & Co.). The open arms were surrounded by a raised ledge

(3 mm thick and 3 mm high) to keep mice from falling off the arms.

The arms and central square were made of white plastic plates and

were elevated 55 cm above the floor. Arms of the same type were

located across from each other. Each mouse was placed in the cen-

tral square of the maze, facing one of the enclosed arms. The num-

ber of entries into the open and enclosed arms and the time spent

in the open or enclosed arms were recorded during a 10-min test

period. The percentage of entries into open arms (%), time spent in

open arms (seconds), number of total arm entries, and total distance

traveled (cm) were calculated. Data acquisition and analysis were

performed automatically, using ImageEP software (see Section, “Data

Analysis”).

2.7 | Hot plate test

The hot plate test was used to evaluate mouse sensitivity to a pain-

ful stimulus. Mice were placed on a 55.0°C (�0.3°C) hotplate

(Columbus Instruments, OH, USA), and latency to the first fore- or

hind-paw response (seconds) was recorded. The paw response was

defined as either a paw lick or a foot shake.

2.8 | Social interaction test

In the social interaction test, 2 mice of identical genotypes that

were previously housed in different cages were placed in a box

together (40 9 40 9 30 cm) (O’HARA & Co.) and allowed to

explore freely for 10 minutes. Behavior was recorded and analyzed

automatically using ImageSI program (see Section, “Data Analysis”).

The total number of contacts, total duration of active contacts (sec-

onds), total contact duration (seconds), mean duration per contact

(seconds), and total distance traveled (cm) were measured. If the 2

mice contacted each other and the distance traveled by either

mouse was longer than 10 cm, the behavior was classified as an

“active contact.” Images were captured at 3 frames per sec, and dis-

tance traveled between 2 successive frames was calculated for each

mouse.

2.9 | Rotarod test

Motor coordination and balance were tested with the rotarod test.

This test, which uses an accelerating rotarod (UGO Basile, Comerio,

VA, Italy), was performed by placing mice on rotating drums (3 cm

diameter) and measuring how long each animal was able to maintain

its balance on the rod. The speed of the rotarod accelerated from 4

to 40 rpm over a 5-min period.

2.10 | Sociability and social novelty preference test

This test is a well-designed method to investigate the effect of com-

plex genetics on sociability and preference for social novelty.21,22 The

testing apparatus consisted of a rectangular, three-chambered box and

a lid with a video camera (O’HARA & Co.). Each chamber was

20 9 40 9 47 cm, and the dividing walls were made from clear Plexi-

glas, with small square openings (5 9 3 cm) allowing access into each

chamber. We modified the method described by Moy et al22 as fol-

lows: a habituation session was performed in the apparatus for

10 minutes on the day before the sociability test, and empty wire

cages (11 cm in height, a bottom diameter of 9 cm, and vertical bars

0.5 cm apart) were located in the corner of each side chamber. In the

sociability test, an unfamiliar C57BL/6J male mouse that had no prior

contact with the test mice was enclosed in the wire cage and placed in

one of the side chambers. The wire cage allowed nose contact

between the bars, but it prevented the stranger mouse from initiating

any social contact and limited the possibility of aggressive behavior.

The test mouse was first placed in the middle chamber and allowed to

explore the entire box for a 10-min session to assess sociability. After

the first 10-min session, the test mouse was returned to the holding

cage. The wire cage containing the novel unfamiliar mouse was trans-

ferred to the chamber that had been empty during the first 10-min

session. In the social novelty preference test, the test mouse was

placed in the apparatus for a 10-min session to quantify social prefer-

ence for a new stranger. The test mouse thus had a choice between

the first, already-investigated unfamiliar mouse and the novel unfamil-

iar mouse. The amount of time spent (seconds) in each chamber and

time spent around each cage were measured automatically using the

ImageCSI program (see Section, “Data Analysis”).

2.11 | Startle response/prepulse inhibition test

A startle reflex measurement system (O’HARA & Co.) was used to

measure acoustic startle response and prepulse inhibition. A test ses-

sion began by placing a mouse in a plastic cylinder, where it was left

undisturbed for 10 minutes. White noise (40 milliseconds) was used

as the startle stimulus for all trial types. The startle response was

recorded for 400 milliseconds (measuring the response every 1 mil-

liseconds), starting with the onset of the startle stimulus. The back-

ground noise level in each chamber was 70 dB. The peak startle

amplitude recorded during the 100-milliseconds sampling window

was used as the dependent variable. A test session consisted of 6

trial types (ie, 2 types for startle stimulus-only trials, and 4 types for

prepulse inhibition trials). The intensity of the startle stimulus was

110 or 120 dB. The prepulse sound was presented 100 milliseconds

before the startle stimulus, and its intensity was 74 or 78 dB. Four

combinations of prepulse and startle stimuli were used (74-110,
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78-110, 74-120, and 78-120 dB). Six blocks of the 6 trial types were

presented in a pseudo-random order, such that each trial type was

presented once within a block. The average inter-trial interval was

15 seconds (range 10-20 seconds).

2.12 | Porsolt forced swim test

A transparent plastic cylinder (20 cm height 9 10 cm diameter) filled

with water (21-23°C) up to a height of 7.5 cm was put in a white plas-

tic chamber (31 9 41 9 41 cm) (O’HARA & Co.). The mouse was

placed into the cylinder, and the immobility (%) and distance traveled

(cm) were recorded over a 10-min test period. Images were captured

at 2 frames per second. For each pair of successive frames, the area

(pixels) within which the mouse moved was measured. When the area

was below a certain threshold, the mouse behavior was classified as

“immobile.” When the area equaled or exceeded the threshold, the

mouse was classified as “moving.” The optimal threshold to judge mov-

ing was determined by adjusting it to the immobility measured by

human observation. Immobility lasting for less than 2 seconds was not

included in the analysis. Data acquisition and analysis were performed

automatically using ImagePS software (see Section, “Data Analysis”).

2.13 | Barnes maze test

The Barnes maze task was conducted on “dry land,” a white circular

surface that was 1.0 m in diameter, with 12 holes equally spaced

around the perimeter (O’HARA & Co.). A black Plexiglas escape box

(17 9 13 9 7 cm) with paper cage bedding on its bottom was located

under one of the holes. The hole above the escape box represented

the target, which was analogous to the hidden platform in the Morris

water maze task. The location of the escape box (target) was consis-

tent for a given mouse but was randomized across mice. The mice that

could not find the box were guided to it and allowed to enter it to

remain there for 30 seconds. One or two trials per day were con-

ducted for 19 days. Each trial ended when the mouse entered the

escape box or after 5 minutes had elapsed. In each trial, the latency to

first reach the target hole (seconds), number of errors to reach the tar-

get hole, number of omission errors, and distance travelled to first

reach the target hole (cm) were recorded by the ImageBM program.

On day 20, a probe test was conducted without the escape box to

assess memory based on distal environmental room cues. Another

probe trial was conducted 30 days after the last training session to

evaluate memory retention. The time spent around the target hole

was recorded in these probe tests by the software.

2.14 | T-maze test

The spontaneous alternation task was conducted using an automatic

T-maze apparatus (O’HARA & Co.). It was constructed of white plas-

tic runways with 25-cm high walls. The maze was partitioned off

into 6 areas by sliding doors that can be opened downward. The

stem of the T was composed of area S2 (13 9 24 cm), and the arms

of T were composed of areas A1 and A2 (11.5 9 20.5 cm). Areas P1

and P2 were the connecting passageways from the respective arm

(area A1 or A2) to the start compartment (area S1). Mice were sub-

jected to a spontaneous alternation protocol for 7 days (one session

consisting of 10 trials per day; cutoff time, 50 minutes). Each trial

had first and second runs. On the sample run, the mouse was forced

to choose one of the arms of the T (area A1 or A2). After the mouse

stayed more than 10 seconds, the door that separated the arm (area

A1 or A2) and the connecting passageway (area P1 or P2) would be

opened, and the mouse could return to the starting compartment

(area S1) via the connecting passageway. The mouse was then given

a 3-sec delay in area S1, followed by a free choice between both T

arms. The percentage of trials in which mice entered the arm

opposite to their forced-choice run during the free choice run was

calculated. The location of the sample arm (left or right) varied

pseudo-randomly across trials using the Gellermann schedule so that

mice received equal numbers of left and right presentations. A vari-

ety of fixed extra-maze clues surrounded the apparatus. Data acqui-

sition, control of sliding doors, and data analysis were performed by

ImageTM software (see Section, “Data Analysis”).

2.15 | Tail suspension test

The tail suspension test was performed for a 10-min test session. Mice

were suspended 30 cm above the floor of a white plastic chamber

(31 9 41 9 41 cm) (O’HARA & Co.) in a visually isolated area by

adhesive tape placed ~1 cm from the tip of the tail, and the behavior

was recorded over a 10-min test period. Images were captured at 2

frames per second. As similar to the Porsolt forced swim test, immobil-

ity (%) was judged by the application program according to a certain

threshold. Immobility lasting for less than a 2 seconds was not

included in the analysis. Data acquisition and analysis were performed

automatically using ImageTS software (see Section “Data analysis”).

2.16 | Contextual and cued fear conditioning test

Each mouse was placed in a transparent acrylic chamber

(33 9 25 9 28 cm) with a stainless-steel grid floor (0.2 cm diameter,

spaced 0.5 cm apart) (O’HARA & Co.) illuminated at 100 lux and

allowed to explore freely for 2 minutes. A 55-dB white noise, which

served as the conditioned stimulus (CS), was presented for 30 seconds,

followed by a mild (2 seconds, 0.3 mA) foot shock, which served as the

unconditioned stimulus (US). Two more CS-US pairings were presented

with a 2-minute inter-stimulus interval. A context test was conducted

24 hours after conditioning in the same chamber. A cued test with

altered context was conducted after conditioning in a triangular box

(33 9 29 9 32 cm) made of white Plexiglas, which was located in a

different room. The chamber of the test was illuminated at 30 lux. Data

acquisition, control of stimuli (ie, white noises and shocks), and data

analysis were performed automatically using ImageFZ software (see

“Data analysis”). Images were captured at 1 frame per sec. For each pair

of successive frames, the area (pixels) in which the mouse moved was

measured. When this area was below a certain threshold (ie, 5 pixels),

the behavior was judged as “freezing.” When the amount of area
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equaled or exceeded the threshold, the behavior was considered to be

“non-freezing.” The optimal threshold (amount of pixels) to judge freez-

ing was determined by adjusting it to the amount of freezing measured

by human observation. “Freezing” that lasted less than the defined time

threshold (ie, 2 seconds) was not included in the analysis.

2.17 | Data analysis

Behavioral data were obtained automatically through ImageJ-based

programs, which have been developed and modified by Tsuyoshi

Miyakawa (available through O’HARA & Co., and partially available

for download at Mouse Phenotype Database). Statistical analysis

was conducted using StatView (SAS Institute, Cary, NC, USA). Data

were analyzed using either one-way ANOVA, or two-way repeated-

measures ANOVA. Values in the graphs are expressed as the

mean � SEM. For the issue of multiple comparisons in the behav-

ioral test battery, we defined “study-wide significance” as the sta-

tistical significance that survived the false discovery rate

approach.23,24 “Nominal significance” was defined as one that

achieved a statistical significance in an index (P < .05) but did not

survive this approach.

3 | RESULTS

3.1 | General characterization of Ido1 KO mice

Ido1 KO mice and their WT littermates were subjected to a comprehen-

sive battery of behavioral tests. There were no significant differences

between the Ido1 KO and WT mice in body weight (Figure 1A,

F1,37 = 0.267, P = .6088), body temperature (Figure 1B, F1,37 = 1.076,

P = .3062), grip strength score (Figure 1C, F1,37 = 1.887, P = .1779), or

latency to fall off the wire grid (Figure 1D, F1,37 < 0.001, P = .998). As

shown in Figure 1E, no obvious difference between the Ido1 KO and

WT mice was found in motor function/learning (F1,37 = 0.280,

P = .6001), as assessed by the rotarod test. There was no significant dif-

ference between the Ido1 KO and WT mice in pain sensitivity in the hot

plate test (Figure 1F, F1,36 = 0.89, P = .3517).

3.2 | Normal locomotor activity and anxiety-like
behavior in Ido1 KO mice

In the light/dark transition test, there were no significant differences

between the Ido1KO andWTmice in distance traveled in the light/dark

F IGURE 1 General health and
neurological screen, motor function/
learning, and pain sensitivity in Ido1 KO
mice and WT mice. A, Body weight (g);
B, Body temperature (°C); C, Grip strength
(N); D, Wire hang latency (s); E, Latency to
fall off the rotating rod in the rotarod test
(s); F, Latency of the first fore- or hind-
paw response in the hot plate test (s). Data
represent the mean � SEM. The P values
indicate a genotype effect in one-way
ANOVA (A-D, F) or two-way repeated-
measures ANOVA (E)
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compartments (Figure 2A, light; F1,37 = 0.871, P = .3568, dark;

F1,37 = 0.565, P = .4569), time spent in the light compartment (Fig-

ure 2B, F1,37 = 0.489, P = .4885), number of transitions between light/

dark compartment (Figure 2C, F1,37 = 0.789, P = .3801), or latency to

enter the light compartment (Figure 2D, F1,37 = 0.416, P = .523).

In the elevated plus maze test, no significant differences

between the Ido1 KO and WT mice were found in number of entries

(Figure 2E, F1,37 = 0.457, P = .5033), percentage of entries into open

arms (Figure 2F, F1,37 = 0.463, P = .5003), total distance traveled in

arms (Figure 2G, F1,37 = 1.174, P = .2856), or the percentage of time

spent in open arms (Figure 2H, F1,37 = 1.026, P = .3176).

In the open field test, Ido1 KO and WT mice showed no signifi-

cant differences in total distance (Figure 2I; F1,37 = 1.985,

P = .1672), number of vertical activities (Figure 2J; F1,37 = 0.015,

F IGURE 2 Normal locomotor activity and anxiety-like behavior in Ido1 KO mice. A-D, Light/dark transition test: A, Distance traveled in the
light/dark compartments (cm); B, Time spent in the light compartment (s); C, Number of light/dark transitions; D, Latency to enter the light
compartment (s); E-H, Elevated plus maze test: E, Number of arm entries; F, Percentage of entries into open arms (%); G, Distance traveled
(cm); H, Percentage of time spent in open arms (%); I-L, Open field test: I, Total distance traveled (cm); J, Vertical activity; K, Time spent in the
center area (s); L, Stereotypic behavior counts. Data represent the mean � SEM. The P values indicate a genotype effect in one-way ANOVA
(A-H) or two-way repeated-measures ANOVA (I-L)
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P = .9038), center time (Figure 2K; F1,37 = 0.001, P = .9713), or

stereotypic counts (Figure 2L; F1,37 = 1.917, P = .1745).

3.3 | Social behaviors in Ido1 KO mice

In the social interaction test, there were no significant differences

between the Ido1 KO and WT mice in total duration of contacts

(Figure 3A, F1,13 = 0.029, P = .8675), number of contacts (Figure 3B,

F1,13 = 0.037, P = .8498), total duration of active contacts

(Figure 3C, F1,13 = 0.058, P = .8133), mean duration per contact

(Figure 3D, F1,13 = 0.255, P = .622), or distance traveled (Figure 3E,

F1,13 = 0.175, P = .6823).

The three-chamber social approach test is composed of a socia-

bility test and a social novelty preference test. In the sociability test,

social behavior can be assessed based on the time spent around a

wire cage with an unfamiliar mouse (stranger-side) vs the time spent

around an empty cage (empty side).22 In the sociability test, both the

Ido1 KO and WT mice spent more time around the stranger-side

cage than empty side cage (Figure 3F, WT: t18 = 5.287, P < .0001,

Ido1 KO: t19 = 4.62, P = .0002). In the social novelty preference test,

WT mice spent more time around the stranger-side cage than the

familiar-side cage (Figure 3G, t18 = 3.62, P = .002), whereas Ido1 KO

mice showed no significant differences in the time spent around the

familiar-side cage nor the stranger-side cage (Figure 3G, t19 = 1.704,

P = .1047). However, the genotype effect failed to reach significance

in an index of the ratio of the time spent around the familiar-side

divided by the stranger-side (F1,37 = 1.323, P = .2574).

3.4 | Normal depression-like behavior and normal
acoustic startle response in Ido1 KO mice

In the Porsolt forced swim test, there were no significant differences

between the Ido1 KO and WT mice on the percentage of immobility

time on day 1 and day 2 (Figure 4A, F1,37 = 0.856, P = .3609 and

F1,37 = 2.231, P = .1437, respectively). Likewise, no significant

effects due to genotype were found in the distance traveled on day

1 and day 2 (Figure 4B, F1,37 = 3.425, P = .0722 and F1,37 = 1.234,

P = .2738, respectively).

In the prepulse inhibition test, there was no significant difference

between Ido1 KO and WT mice on the startle amplitude

F IGURE 3 Social behaviors in Ido1 KO
mice. A-E, Social interaction test: A, Total
duration of contacts (s); B, Number of
contacts; C, Total duration of active
contacts (s). (D) Mean duration per contact
(s). (E) Total distance traveled (cm); (F, G)
Sociability test and social novelty
preference test: F, Time spent around the
cage in the sociability test (s); G, Time
spent around the cage in the social novelty
preference test (s). Data represent the
mean � SEM. The P values indicate a
genotype effect in one-way ANOVA
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(F1,37 = 0.044, P = .8357). No significant effects of genotype were

found in the prepulse inhibition of the startle response between

Ido1 KO and WT mice (Figure 4D, 110 dB, F1,37 = 1.494, P = .2294;

120 dB, F1,37 = 1.809, P = .1869).

In the tail suspension test, the Ido1 KO and WT mice showed no

obvious difference in the percentage of immobility time (Figure 4E,

F1,21 = 0.565, P = .4607).

3.5 | Normal spatial reference memory in Ido1 KO
mice

In the Barnes maze test, there were no significant differences between

Ido1 KO and WT mice in latency to reach the target hole (Figure 5A,

F1,37 = 0.705, P = .4064), number of errors to reach the target hole

(Figure 5B, F1,37 = 0.011, P = .9157), distance traveled to reach the

F IGURE 4 Normal depression-like
behavior and acoustic startle response in
Ido1 KO mice. (A, B) Porsolt forced swim
test: (A) Percentage of immobility time on
day 1 and day 2 (%). (B) Total distance
traveled on day 1 and day 2 (cm). (C, D)
Prepulse inhibition test: (C) Amplitude of
the startle response. (D) Percentage of
prepulse inhibition (%). (E) Percentage of
immobility time in the tail suspension test
(%). Data represent the mean � SEM. The
P values indicate a genotype effect in two-
way repeated-measures ANOVA
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target hole (Figure 5C, F1,37 = 0.18, P = 6737), or number of omission

errors (Figure 5D, F1,37 = 0.074, P = .7877). Probe trials where the

escape box was removed were performed 1 day and 1 month after the

last day of training. No significant effects due to genotype were found

in the time spent around the target during these probe tests (Figure 5E,

1 day, F1,37 = 1.145, P = .2916; 1 month, F1,37 = 0.283, P = .5982).

3.6 | Normal working and fear memory in Ido1 KO
mice

A T-maze using a spontaneous alternation task is used to evaluate

working memory.25 In the T-maze spontaneous alternation test, the

percentages of correct responses of Ido1 KO mice were lower than

those of WT mice, but this result failed to reach study-wide signifi-

cance after correction for multiple testing (Figure 6A, F1,21 = 4.954,

P = .0371). There was no significant genotype 9 session interaction

(F6,126 = 0.65, P = .6903). Ido1 KO and WT mice showed no obvious

differences in latency to complete a session (Figure 6B,

F1,21 = 1.497, P = .2347) or distance traveled to complete a session

(Figure 6C, F1,21 = 0.007, P = .9333).

In the contextual and cued fear conditioning test, Ido1 KO mice

showed no significant differences in the percentages of freezing in

the conditioning (Figure 6D, F1,21 = 0.007, P = .9364), context test

(Figure 6E, F1,21 = 0.817, P = .3765), or cued test (Figure 6F, 1 to 3

min: F1,21 = 0.253, P = .6204, CS: F1,21 = 0.321, P = .5771) com-

pared with WT mice. No significant effects due to genotype were

found in the distance traveled in the conditioning (Figure 6G,

F1,21 = 1.067, P = .3135), context test (Figure 6H, F1,21 = 2.559,

P = .1246), or cued test (Figure 6I, 1 to 3 min: F1,21 = 0.003,

P = .9575, CS: F1,21 = 0.786, P = .3852). There were no significant

differences between the Ido1 KO mice and WT in the distance trav-

eled during or after each foot shock in the conditioning period (Fig-

ure 6J, foot shock 1, F1,21 = 0.197, P = .6615; foot shock 2,

F1,21 = 0.001, P = .9696; foot shock 3, F1,21 = 0.861, P = .364).

4 | DISCUSSION

In this study, we investigated the behavioral phenotype of Ido1 KO

mice by a comprehensive test battery under normal conditions. Ido1

KO mice did not show significant behavioral differences compared

to WT control mice in any of the tests, except in the T-maze sponta-

neous alternation test. In the T-maze test, Ido1 KO mice showed a

slight but nominally significant deficit in working memory, which

failed to reach study-wide significance after multiple testing correc-

tion. In the social novelty preference test, WT mice spent more time

around the stranger-side cage than the familiar-side cage, whereas

Ido1 KO mice showed no significant difference between the spent

time around the stranger-side and familiar-side cage. However, the

genotype effect failed to reach significance.

In a previous study, Too et al26 reported that Ido1 KO mice dis-

played a decrease in early diurnal exploratory activity. This result is

F IGURE 5 Normal spatial reference
memory in Ido1 KO mice. A, Latency to
reach the target hole (s); B, Number of
errors before reaching the target hole;
C, Distance to reach the target hole (cm);
D, Number of omission errors before
reaching the target hole. Data were
analyzed by two-way repeated-measures
ANOVA. The P values indicate a genotype
effect in a two-way repeated-measures
ANOVA; E, Time spent around each hole
in the probe trial conducted 1 day (left)
and 1 month (right) after the last training
session (s). The P values indicate a
genotype effect in one-way ANOVA
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F IGURE 6 Normal working and fear memory in Ido1 KO mice. A-C, T-maze spontaneous alternation test: A, Percentage of correct
responses (%); B, Latency to complete a session (s); C, Distance traveled to complete a session (cm); D-J, Contextual and cued fear
conditioning test: D, Percentage of freezing time (%); G, Distance traveled in the conditioning (cm); E, Percentage of freezing time (%); H,
Distance traveled in context test (cm); F, Percentage of freezing time (%); I, Distance traveled in cued test (cm); J, Distance traveled during and
after shock in the conditioning phase (cm). Data represent the mean � SEM. The P values indicate a genotype effect in two-way repeated-
measures ANOVA
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seemingly inconsistent with our results, which did not show hypoac-

tivity in any of the 7 tests that measured distance traveled. The

apparent inconsistency between our results and those reported by

Too et al might be due to differences in experimental and/or environ-

mental conditions. Too et al analyzed the distance traveled of Ido1

KO using IntelliCageTM, which automatically measures distance trav-

eled and frequency of entry into a rewarding water corner in a famil-

iar environment. In contrast, most of our tests were conducted in a

novel environment, and this difference might have caused the appar-

ent inconsistency between our results and those reported by Too

et al Another possible cause of this inconsistency might be the differ-

ent genetic background or the number of backcrosses to the B6

background of the mice used in this study.27–29 Too et al used Ido1

KO mice derived from 129/SvJ ES cells mated with B6 or CBA mice

without a sufficient number of backcrossings, whereas we used Ido1

KO mice derived from 129/SvJ ES cells mated with B6 females and

backcrossed with more than 10 generations of B6 mice. Genetic

background may have a profound influence on behavioral

phenotypes, and flanking genes might be responsible for the different

phenotypes observed in mutant mice.30,31

Activated IDO, after immune stimuli, increases KP metabo-

lites,3,4,7 and these metabolites cause a behavioral alteration.32,33

This behavioral alteration is suppressed by treatment with inhibitors

of KP metabolism.13,33 WT mice treated with lipopolysaccharide

(LPS) or Bacille Calmette-Guerin (BCG) showed depression-like

behavior and cognitive impairment, but Ido1-knockout mice did not

show these alterations.12,32,33 It is of interest to investigate the

behavioral phenotypes of Ido1 KO mice under inflammatory stimuli

or treatment with an inhibitor of KP metabolism using our compre-

hensive behavioral test battery in the future.

The essential amino acid tryptophan is metabolized by TDO2

(expressed in the kidney and liver) and IDO1 (distributed in many tis-

sues, including brain).10 Normally, the oxidizing ability of TDO2, that

is its ability to metabolize tryptophan, is approximately threefold

greater than that of IDO1.34 Tdo2 deletion disturbs the KP and

causes more behavioral alterations, such as lower anxiety-like behav-

ior and higher locomotor activity under basal conditions, than Ido1

deletion.11,35 IDO1 activity is quite low in the absence of immune

stimuli,36,37 which may underlie the lack of an obvious behavioral

phenotype in Ido1 KO mice.

In conclusion, our comprehensive behavioral analysis showed

that no significant differences between Ido1 KO and WT mice in any

of the tests, except in the T-maze spontaneous alternation test,

where the KO mice showed nominally significant working memory

deficit. These results indicate that Ido1 may not play significant roles

in behavior regulation under normal conditions.
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