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Abstract

Serotonin (5-HT) is a neuromodulator secreted from serotonergic neurons located in the

pons and upper brain stem in a behavioral context-dependent manner. The serotonergic

axon terminals innervate almost the whole brain, causing modulatory actions on various

brain functions including vision. Our previous study demonstrated the visual responses of

neurons in the primary visual cortex (V1) of anesthetized monkeys were modulated by the

activation of 5-HT receptors depending on the response magnitude, in which 5-HT2A recep-

tor-selective agonists enhanced weak visual responses but not strong responses. This

observation suggests that the activation of serotonergic receptors modulates neuronal

visual information processing to improve the behavioral detectability of a stimulus. However,

it remains unknown if 5-HT improves visual detectability at the behavioral level. To investi-

gate this point, visual detectability was measured as contrast sensitivity (CS) in freely mov-

ing rats using a two-alternative forced-choice visual detection task (2AFC-VDT) combined

with the staircase method. The grating contrast was decreased or increased step by step

after a correct choice (hit) or incorrect choice (miss), respectively. CS was evaluated as an

inverse value of the visual contrast threshold. The effect of the intraperitoneal administration

of fluoxetine (FLX, 5 mg/kg), a selective serotonin reuptake inhibitor, on CS was tested. The

CS of rats was significantly higher in FLX than control conditions, and the drug effect

showed specificity for the spatial frequency (SF) of a grating stimulus, in which CS improve-

ment was observed at optimal SF but not non-optimal high SF. Thus, we conclude that

endogenously-secreted serotonin in the brain improves visual detectability, which may be

mediated by vision-related neurons acquiring SF information of the visual stimulus.

Introduction

Information processing in the brain dynamically changes depending on the arousal state and

behavioral context [1,2]. The dynamics are mediated by neuromodulators, including 5-hydroxy-

tryptamine (5-HT, or serotonin) depending on behavioral contexts.

Serotonin is secreted from afferent terminals originating from neurons in the dorsal and

median raphe nuclei, which act on subcortical and cortical areas [3,4] to regulate various brain

functions [5–7]. For example, serotonergic neurons regularly fire at low frequencies (0.2–4
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Hz) during awakening [8,9] to maintain the arousal state by acting on the hypothalamus

[10,11] and cerebral cortex [12,13]. Serotonergic neurons project to the cerebral cortex includ-

ing visual areas [14–16] and are known to modulate neuronal visual responses via various

kinds of 5-HT receptor subtypes [17–20]. For example, Waterhouse et al. (1990) reported that

iontophoretically-administered serotonin decreases the signal-to-noise ratio of the neuronal

activities in the primary visual cortex (V1) of anesthetized rats [17]. On the other hand, seroto-

nin receptor-selective agonists have bi-directional effects of facilitation and inhibition on the

visual response of monkey V1 neurons depending on the response magnitude, an effect con-

sidered to optimize visual information processing [18,20].

However, since all previous studies on serotonergic visual modulation have focused on

neuronal activities, it still remains unclear whether and how endogenous serotonin modulates

visual perception. To examine this point, here we measured contrast sensitivity (CS) as an

index of behavioral visual detectability of freely moving rats using a two-alternative forced

choice-visual detection task (2AFC-VDT) combined with the staircase method, and tested

the effect of fluoxetine (FLX), a selective serotonin reuptake inhibitor, on CS.

Materials and methods

Ethical approval

All experimental protocols were approved by the Research Ethics Committee of Osaka Univer-

sity (Permit Number: 28-074-000). All procedures were carried out in compliance with the

policies and regulations of the guidelines approved by the Animal Care Committee of the

Osaka University Medical School and National Institutes of Health guidelines for the care of

experimental animals.

Animals

Long-Evans rats (male, 200–350 g; Japan SLC Inc., Shizuoka, Japan) were used in this study.

The rats were kept on a 12/12-hour light-dark cycle (lights on at 6:00 AM), and all experiments

including the 2AFC-VDT and training to learn the task were performed only during the light

period. Each week, five days and the remaining two days were assigned to the training/test period

and non-task period, respectively. Rats obtained water only by performing the 2AFC-VDT dur-

ing the training/test period, but were able to access water without any restriction during the non-

task period. Signs of possible dehydration were monitored (reduced skin tension, sunken eyes,

etc.), but none were observed in this study.

2AFC-VDT

An experimental box was used to measure CS. The box was partitioned into three areas by

translucent walls, and a liquid crystal display monitor (mean luminance: 30 cd/m2, maximum

luminance: 60 cd/m2, refresh rate: 60 Hz, screen resolution: 1920×1080 pixels, screen size:

50.9×28.6 cm) was attached to the front side (Fig 1A and 1B). Three task-related levers were

equipped at the center of each area. The trial was initiated by the rat pulling the central lever.

In response, a visual stimulus was presented on either the left or right side of the monitor. The

stimulus was a circular patch of drifting sinusoidal grating with horizontal orientation, tempo-

ral frequency (TF) 4 Hz, and diameter 20 degrees in visual angle. When the rat pulled the lever

on the side where the visual stimulus was presented (correct choice), 4–5 μL of water was

given from the tip of the lever as a reward. On the other hand, when the rat pulled the opposite

lever (incorrect choice), no reward and an audible sound (200–500 Hz) as an error signal were

given. The visual stimulus presentation continued until the rat pulled the choice lever, and the
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stimulus location was pseudo-randomly changed from trial to trial. The rat’s behavior during

the task was monitored and recorded by a web camera. Details of the training protocol of the

2AFC-VDT have been described in our previous study [21]. All systems were controlled by

programs written in MATLAB (Mathworks, Natick, MA) with extensions from the Psycho-

physics Toolbox [22,23].

Fig 1. Schema of the CS measurement using 2AFC-VDT combined with the staircase method. (A) Schema and (B)

photo of the experimental box. (C) Schema of the 2AFC-VDT. A rat pulls up the central lever to begin the task, by which

a grating patch is presented on the right or left side of the display. The rat is rewarded with water by pulling the lever

corresponding to the stimulus location. (D) The contrast changes in one session if the rat pulls the correct lever in all

trials. (E) Typical result from one session in the 2AFC-VDT combined with the staircase method. In this session, the rat

was able to detect 27.3% contrast (horizontal line, Cthreshold = 27.3%), therefore CS was assessed as 3.66.

https://doi.org/10.1371/journal.pone.0230367.g001
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Animal age at the beginning of the task training ranged from 70 to 100 days old, and the

task training was mostly completed within 2 weeks. Experiments for the CS measurements

were conducted over the subsequent 2–3 months.

CS measurements

To measure CS, 2AFC-VDT combined with the staircase method was conducted [24–27]. In

the staircase method, the contrast of the grating stimulus was changed according to the rat’s

choice in the prior trial. Upon pulling the correct choice-lever (hit) or incorrect one (miss), the

grating contrast was decreased or increased, respectively. In one session of the CS measure-

ment, the contrast changed at increments of 10%, 4%, 1%, or 0.2% for high (50–100%), middle

(10–50%), low (4–10%), or very low (1–4%) contrast ranges, respectively (Fig 1D). The session

was finished when the average hit rate in the last 10 trials reached 50% (chance level) (Fig 1E),

and the average stimulus contrast in the last 3 trials of the session was regarded as the contrast

threshold (Cthreshold) of the rat. CS was calculated as CS = 100/Cthreshold [28].

One session was repeated for 1 hour, and the geometric average of the CS obtained from all

sessions was determined as the CS of the rat. CS depends on the spatial frequency (SF) of the

stimulus, with the highest CS occurring at optimal SF in rats as well as in humans [24]. There-

fore, there is a possibility that the effect of serotonin on CS is SF-dependent. To confirm the

possibility, we conducted CS measurements at optimal SF (0.1 cycle/degree (cpd)) and non-

optimal high SF (0.5 cpd).

Open field test

The open field test was used to evaluate the locomotor activity of freely moving rats. In this

test, a 60-cm diameter circular container was used as the open field. The movement of the rat

was monitored by a web camera from above for 5 min. The total moving distance in the 5 min

was calculated by using a custom-made tracking system and evaluated as the locomotor

activity.

Water intake measurement

To examine the motivation for drinking water, water intake was measured. Rats were put in

their home cage and allowed to access the water bottle for 5 min. The weight of the bottle was

measured before and after the 5 min period, and the difference was evaluated as the water

intake of the rat.

Drugs

Fluoxetine hydrochloride (FLX, a selective serotonin reuptake inhibitor dissolved in 0.9%

saline; 5 mg/kg i.p.; Sigma Aldrich, MO) was injected intraperitoneally 30 min before the

2AFC-VDT, open field test and water intake measurement. The dose of the drug was deter-

mined on the basis of a previous study [29].

Statistical analyses

The normally distributed data obtained from the 2AFC-VDT were analyzed using a two-way

analysis of variance (ANOVA) for repeated measures. The factors were drug (control, FLX)

and SF (0.1, 0.5 cpd). When the ANOVA showed a significant interaction between drug and

SF, post hoc analysis using the Holm–Bonferroni method for multiple comparisons was per-

formed. Statistical analyses of other data obtained from the open field test and water intake

measurement were carried out using the paired t-test. These statistic tests were performed
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using MATLAB and R version 3.5.2 (The R Foundation for Statistical Computing, Vienna,

Austria). Significance criterion (alpha) was 0.05 (two- tailed). Data in the text and figures are

mean ± SEM.

Results

To investigate the modulatory effects of serotonin on behavioral visual function, we measured

CS in freely moving rats using the 2AFC-VDT and tested the effects of intraperitoneally-

administered FLX.

Fig 2 shows typical results of the CS measurement. In one session, as the trial number pro-

gressed, the stimulus contrast decreased step-by-step and reached a certain level (Cthreshold)

for any SF or drug condition (Fig 2A and 2B). However, the drug effect on Cthreshold differed

between the two SF conditions (0.1 and 0.5 cpd). Under optimal SF condition (0.1 cpd), FLX

Fig 2. Effects of FLX on CS in the 2AFC-VDT combined with the staircase method. (A)–(B) Typical data from one

session of the 2AFC-VDT at two different SFs: 0.1 cpd (A) and 0.5 cpd (B) for one rat (black circles, control; white

squares, FLX). Solid and dotted horizontal lines indicate the Cthreshold of the control and FLX conditions, respectively.

(C)–(D) Average contrast changes over all sessions for the same rat as (A)–(B). Black circles and white squares indicate

the mean contrast value calculated for each trial number. Horizontal lines indicate the geometric mean of Cthreshold (solid

line, control; dotted line, FLX). Error bars are SEM.

https://doi.org/10.1371/journal.pone.0230367.g002
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decreased Cthreshold from 12.5% to 7.0% and increased CS from 8.0 to 14.4 (Fig 2A). On the

other hand, the CS did not differ between the two drug conditions at non-optimal high SF (0.5

cpd), in which the Cthreshold values were 40.6% and 41.9% for control and FLX conditions,

respectively, and the corresponding CS values were 2.5 and 2.4 (Fig 2B). The averaged results

over all sessions of the same rat showed similar results (Fig 2C and 2D). The contrast values of

the stimulus for all 60 min sessions were averaged over all trial numbers, and the averaged data

were plotted as average transition curves (Fig 2C and 2D). Again, FLX lowered Cthreshold at

optimal SF (control: 11.5%, FLX: 6.3%), but not at non-optimal high SF (control: 44.2%, FLX:

38%). CS at optimal and non-optimal high SF were 8.7 and 2.3, respectively, for the control

condition, and 16.0 and 2.6 for the FLX condition.

The results of the population analysis of the CS for all rats (n = 7) reveal the effects of FLX

on CS are SF-dependent (Fig 3). A two-way ANOVA for repeated measures was used for the

data analysis, and statistical significance was observed for the treatments (F(1, 24) = 14.13,

p = 0.004), SFs (F(1, 24) = 20.18, p = 0.009) and the interaction (F(1, 24) = 6.439, p = 0.044).

The post hoc analysis using the Holm–Bonferroni’s multiple comparison test showed that FLX

improved CS significantly only at optimal SF (SF 0.1 cpd, p = 0.022), but not at non-optimal

high SF (SF 0.5 cpd, p = 1). These results suggest that increasing the serotonin concentration

in the brain improves behavioral sensitivity to stimulus contrast in an SF-dependent manner.

Serotonin in the brain elevates the motivation for drinking water and changes the activity

level of the animal [30,31]. Changes in drinking motivation and activity level could affect per-

formance in the 2AFC-VDT to improve CS. To investigate this point, water intake and activity

Fig 3. Population data of FLX effects on CS. The population data of CS (n = 7) obtained from control and FLX

conditions (black bar, control; white bar, FLX). CS was significantly increased by FLX at 0.1 cpd (�p = 0.022, Holm–

Bonferroni’s multiple comparison test), but not at 0.5 cpd. Error bars are SEM. The vertical axis is shown in

logarithmic scale.

https://doi.org/10.1371/journal.pone.0230367.g003
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level for 5 min were measured after the administration of saline or FLX (Fig 4), but we found

no difference between the two conditions (water intake: control, 5.1 ± 0.7 g, FLX, 4.5 ± 0.7 g,

p = 0.369; average moving distance: control, 24.0 ± 1.25 m, FLX, 22.3 ± 1.75 m, p = 0.570,

paired t-test).

Discussion

In the present study, we examined the effects of FLX, a serotonin-selective reuptake inhibitor,

on the CS of freely moving rats, finding that CS was enhanced only at optimal SF. This finding

suggests that increasing serotonin in the brain improves behavioral visual detectability in an

SF-dependent manner.

The SF dependency of the FLX effect suggests that the candidate target area of FLX is the

visual areas, which represent the SF of a visual stimulus, for example, area V1 [32]. Our previ-

ous neuropharmacological studies [18,33] demonstrated that serotonin affects the contrast-

response function of neurons in monkey V1, where the 5-HT receptor subtypes, 1B and 2A

are present exclusively among neocortical areas. Interestingly, the iontophoretic administra-

tion of DOI, a 2A receptor agonist, directly to the recorded neuron caused bi-directional

modulation on the contrast-response function, in which weak responses at low contrast were

enhanced but strong responses at high contrast were suppressed [18,33]. DOI’s effect at low

contrast is consistent with our finding that FLX enhances CS, that is, reduces the Cthreshold at

which rats become unable to detect a grating stimulus. The activation of 5-HT 2A receptor has

been reported to cause bi-directional modulation in rat V1 neurons depending on the magni-

tude of the visual responses, in which weak visual responses were facilitated but strong ones

Fig 4. Effect of FLX on water intake and activity level. (A) Water intake for 5 min under control and FLX conditions

(black bar, control; white bar, FLX). No significant difference was observed (p = 0.369, paired t-test). (B) Total moving

distance of rats in an open field arena for 5 min was also unaffected by FLX administration (p = 0.570, paired t-test).

https://doi.org/10.1371/journal.pone.0230367.g004
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suppressed [20]. Thus, 5-HT 2A receptors seem to play an important role in the enhancement

of weak visual signals, potentially improving the behavioral CS observed in the present study.

On the other hand, 1B receptor is reported to be located on thalamocortical axons projecting

to area V1 of rats [34], and its activation reduces spontaneous activity, i.e., noise [33], which

would enhance the signal-to-noise ratio responsible for behavioral CS. Further study is

required to elucidate whether and how 5-HT receptors in area V1 contribute to CS

improvement.

Serotonin is released from serotonergic neurons in the dorsal and median raphe nuclei.

The neurons of both regions project their axons to the occipital cortex, but density of the pro-

jection is histologically known to be higher in dorsal raphe nucleus than median raphe nucleus

[35–37]. Therefore, comparing to the median raphe nucleus, the dorsal raphe nucleus seems to

contribute more to the modulatory effect of serotonin in the visual cortex.

In the present study, FLX was intraperitoneally administered to minimize invasiveness, but

this strategy has the disadvantage of wide-ranging effects across the brain areas where seroto-

nergic neurons project to. To determine if brain areas other than visual areas and peripheral

nervous system were influenced by this administration, we examined water intake and activity

levels. Serotonin has been known to induce intake behavior toward food and water via the

accumbens nucleus [31]. However, we found FLX did not change water consumption volume.

Additionally, we found FLX did not change activity level.

In addition, it has been reported that FLX not only inhibits serotonin transporters but also

acts as a 5-HT 2B receptor selective agonist [38]. Therefore, FLX’s modulatory effect on CS

may be mediated through activation of 5-HT 2B receptors as well as increment of serotonin

concentration. In cerebral cortex of adult rat brain, the expression of the 5-HT 2B receptor

mRNA is not observed [39–41]. On the other hand, the immunoreactivity of 5-HT 2B recep-

tors protein was reported to be positive in frontal cortex but not in other cortical areas [42].

Therefore, it is considered that the contribution of activation of 5-HT 2B receptor to the CS

improvement by FLX administration is small in this study.

In conclusion, serotonin endogenously released from the dorsal and median raphe nuclei

during the 2AFC-VDT can improve CS depending on the SF of the visual stimulus, in which

visual detectability at the most sensitive SF (optimal SF) which is considered to carrier the

most valuable and available visual information for behavior, is significantly enhanced.

Acknowledgments

We thank Dr. Hiromichi Sato for discussions and comments, and thank Dr. Peter Karagiannis

for improving the English of the manuscript. A.Y.S. and S.S. designed the research, A.Y.S. col-

lected the data and performed the analyses, A.Y.S., K.T., and R.M. provided technical assis-

tance for the task training and CS measurement, and A.Y.S. and S.S. wrote the paper.

Author Contributions

Conceptualization: Akinori Y. Sato, Satoshi Shimegi.

Data curation: Akinori Y. Sato.

Formal analysis: Akinori Y. Sato.

Funding acquisition: Akinori Y. Sato, Satoshi Shimegi.

Investigation: Akinori Y. Sato, Satoshi Shimegi.

Methodology: Akinori Y. Sato, Keisuke Tsunoda, Ryo Mizuyama, Satoshi Shimegi.

Project administration: Satoshi Shimegi.

PLOS ONE 5-HT modulation in behavioral visual detectability

PLOS ONE | https://doi.org/10.1371/journal.pone.0230367 March 19, 2020 8 / 11

https://doi.org/10.1371/journal.pone.0230367


Resources: Satoshi Shimegi.

Software: Akinori Y. Sato, Keisuke Tsunoda, Ryo Mizuyama.

Supervision: Satoshi Shimegi.

Validation: Akinori Y. Sato, Satoshi Shimegi.

Visualization: Akinori Y. Sato.

Writing – original draft: Akinori Y. Sato, Satoshi Shimegi.

Writing – review & editing: Akinori Y. Sato, Satoshi Shimegi.

References
1. Cooper JR, Bloom FE, Roth RH. The biochemical basis of neuropharmacology. Oxford University

Press; 2003.

2. Harris KD, Thiele A. Cortical state and attention. Nat Rev Neurosci. 2011; 12: 509–523. https://doi.org/

10.1038/nrn3084 PMID: 21829219

3. O’Hearn E, Molliver ME. Organization of raphe-cortical projections in rat: A quantitative retrograde

study. Brain Res Bull. 1984; 13: 709–726. https://doi.org/10.1016/0361-9230(84)90232-6 PMID:

6099744

4. Monti JM. The role of dorsal raphe nucleus serotonergic and non-serotonergic neurons, and of their

receptors, in regulating waking and rapid eye movement (REM) sleep. Sleep Med Rev. 2010; 14: 319–

327. https://doi.org/10.1016/j.smrv.2009.10.003 PMID: 20153670

5. Monti JM. Serotonin control of sleep-wake behavior. Sleep Med Rev. 2011; 15: 269–281. https://doi.

org/10.1016/j.smrv.2010.11.003 PMID: 21459634

6. Prouty EW, Chandler DJ, Waterhouse BD. Neurochemical differences between target-specific popula-

tions of rat dorsal raphe projection neurons. Brain Res. 2017; 1675: 28–40. https://doi.org/10.1016/j.

brainres.2017.08.031 PMID: 28867482

7. Miyazaki KW, Miyazaki K, Doya K. Activation of dorsal raphe serotonin neurons is necessary for waiting

for delayed rewards. J Neurosci. 2012; 32: 10451–7. https://doi.org/10.1523/JNEUROSCI.0915-12.

2012 PMID: 22855794

8. Montagne-Clavel J, Oliveras J-L, Martin G. Single-unit recordings at dorsal raphe nucleus in the awake-

anesthetized rat: spontaneous activity and responses to cutaneous innocuous and noxious stimula-

tions. Pain. 1995; 60: 303–310. https://doi.org/10.1016/0304-3959(94)00129-3 PMID: 7596626

9. Evrard A, Laporte AM, Chastanet M, Hen R, Hamon M, Adrien J. 5-HT1A and 5-HT1B receptors control

the firing of serotoninergic neurons in the dorsal raphe nucleus of the mouse: studies in 5-HT1B knock-

out mice. Eur J Neurosci. 1999; 11: 3823–3831. https://doi.org/10.1046/j.1460-9568.1999.00800.x

PMID: 10583471

10. Portas CM, Bjorvatn B, Ursin R. Serotonin and the sleep/wake cycle: special emphasis on microdialysis

studies. Prog Neurobiol. 2000; 60: 13–35. https://doi.org/10.1016/s0301-0082(98)00097-5 PMID:

10622375

11. Miyamoto H, Nakamaru-Ogiso E, Hamada K, Hensch TK. Serotonergic Integration of Circadian Clock

and Ultradian Sleep-Wake Cycles. J Neurosci. 2012; 32: 14794–14803. https://doi.org/10.1523/

JNEUROSCI.0793-12.2012 PMID: 23077063

12. Puig MV, Gulledge AT. Serotonin and prefrontal cortex function: neurons, networks, and circuits. Mol

Neurobiol. 2011; 44: 449–64. https://doi.org/10.1007/s12035-011-8214-0 PMID: 22076606

13. Celada P, Puig MV, Artigas F. Serotonin modulation of cortical neurons and networks. Front Integr Neu-

rosci. 2013; 7: 25. https://doi.org/10.3389/fnint.2013.00025 PMID: 23626526

14. Koh T, Nakazawa M, Kani K, Maeda T. Investigations of origins of serotonergic projection to developing

rat visual cortex: A combined retrograde tracing and immunohistochemical study. Brain Res Bull. 1991;

27: 675–684. https://doi.org/10.1016/0361-9230(91)90044-k PMID: 1721860

15. Dori I, Dinopoulos A, Blue ME, Parnavelas JG. Regional Differences in the Ontogeny of the Serotoner-

gic Projection to the Cerebral Cortex. Exp Neurol. 1996; 138: 1–14. https://doi.org/10.1006/exnr.1996.

0041 PMID: 8593886

PLOS ONE 5-HT modulation in behavioral visual detectability

PLOS ONE | https://doi.org/10.1371/journal.pone.0230367 March 19, 2020 9 / 11

https://doi.org/10.1038/nrn3084
https://doi.org/10.1038/nrn3084
http://www.ncbi.nlm.nih.gov/pubmed/21829219
https://doi.org/10.1016/0361-9230(84)90232-6
http://www.ncbi.nlm.nih.gov/pubmed/6099744
https://doi.org/10.1016/j.smrv.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20153670
https://doi.org/10.1016/j.smrv.2010.11.003
https://doi.org/10.1016/j.smrv.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21459634
https://doi.org/10.1016/j.brainres.2017.08.031
https://doi.org/10.1016/j.brainres.2017.08.031
http://www.ncbi.nlm.nih.gov/pubmed/28867482
https://doi.org/10.1523/JNEUROSCI.0915-12.2012
https://doi.org/10.1523/JNEUROSCI.0915-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22855794
https://doi.org/10.1016/0304-3959(94)00129-3
http://www.ncbi.nlm.nih.gov/pubmed/7596626
https://doi.org/10.1046/j.1460-9568.1999.00800.x
http://www.ncbi.nlm.nih.gov/pubmed/10583471
https://doi.org/10.1016/s0301-0082(98)00097-5
http://www.ncbi.nlm.nih.gov/pubmed/10622375
https://doi.org/10.1523/JNEUROSCI.0793-12.2012
https://doi.org/10.1523/JNEUROSCI.0793-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23077063
https://doi.org/10.1007/s12035-011-8214-0
http://www.ncbi.nlm.nih.gov/pubmed/22076606
https://doi.org/10.3389/fnint.2013.00025
http://www.ncbi.nlm.nih.gov/pubmed/23626526
https://doi.org/10.1016/0361-9230(91)90044-k
http://www.ncbi.nlm.nih.gov/pubmed/1721860
https://doi.org/10.1006/exnr.1996.0041
https://doi.org/10.1006/exnr.1996.0041
http://www.ncbi.nlm.nih.gov/pubmed/8593886
https://doi.org/10.1371/journal.pone.0230367


16. Janusonis S, Fite KV, Bengston L. Subdivisions of the dorsal raphe nucleus projecting to the lateral

geniculate nucleus and primary visual cortex in the Mongolian gerbil. Neuroreport. 2003; 14: 459–62.

https://doi.org/10.1097/00001756-200303030-00032 PMID: 12634503

17. Waterhouse BD, Ausim Azizi S, Burne RA, Woodward DJ. Modulation of rat cortical area 17 neuronal

responses to moving visual stimuli during norepinephrine and serotonin microiontophoresis. Brain Res.

1990; 514: 276–292. https://doi.org/10.1016/0006-8993(90)91422-d PMID: 2357542

18. Watakabe A, Komatsu Y, Sadakane O, Shimegi S, Takahata T, Higo N, et al. Enriched Expression of

Serotonin 1B and 2A Receptor Genes in Macaque Visual Cortex and their Bidirectional Modulatory

Effects on Neuronal Responses. Cereb Cortex August. 2009; 19: 1915–1928. https://doi.org/10.1093/

cercor/bhn219 PMID: 19056862

19. Seillier L, Lorenz C, Kawaguchi K, Ott T, Nieder A, Pourriahi P, et al. Serotonin Decreases the Gain of

Visual Responses in Awake Macaque V1. J Neurosci. 2017; 37: 11390–11405. https://doi.org/10.1523/

JNEUROSCI.1339-17.2017 PMID: 29042433

20. Michaiel AM, Parker PRL, Niell CM. A Hallucinogenic Serotonin-2A Receptor Agonist Reduces Visual

Response Gain and Alters Temporal Dynamics in Mouse V1. Cell Rep. 2019; 26: 3475–3483.e4.

https://doi.org/10.1016/j.celrep.2019.02.104 PMID: 30917304

21. Soma S, Suematsu N, Shimegi S. Efficient training protocol for rapid learning of the two-alternative

forced-choice visual stimulus detection task. Physiol Rep. 2014; 2: 1–11. https://doi.org/10.14814/phy2.

12060 PMID: 24994895

22. Brainard DH. The Psychophysics Toolbox. Spat Vis. 1997; 10: 433–6. Available: http://www.ncbi.nlm.

nih.gov/pubmed/9176952.

23. Pelli DG. The VideoToolbox software for visual psychophysics: transforming numbers into movies. Spat

Vis. 1997; 10: 437–42. Available: http://www.ncbi.nlm.nih.gov/pubmed/9176953.

24. Soma S, Suematsu N, Shimegi S. Cholinesterase inhibitor, donepezil, improves visual contrast detect-

ability in freely behaving rats. Behav Brain Res. 2013; 256: 362–367. https://doi.org/10.1016/j.bbr.2013.

08.022 PMID: 23994545

25. Mizuyama R, Soma S, Suemastu N, Shimegi S. Noradrenaline Improves Behavioral Contrast Sensitiv-

ity via the β-Adrenergic Receptor. Malmierca MS, editor. PLoS One. 2016; 11: e0168455. https://doi.

org/10.1371/journal.pone.0168455 PMID: 27992510

26. Soma S, Suematsu N, Yoshida J, Rı́os A, Shimegi S. Discretion for behavioral selection affects devel-

opment of habit formation after extended training in rats. Behav Processes. 2018; 157: 291–300.

https://doi.org/10.1016/j.beproc.2018.10.014 PMID: 30366108

27. Tsunoda K, Sato A, Kurata R, Mizuyama R, Shimegi S. Caffeine improves contrast sensitivity of freely

moving rats. Physiol Behav. 2019; 199: 111–117. https://doi.org/10.1016/j.physbeh.2018.11.014 PMID:

30445067

28. Histed MH, Carvalho LA, Maunsell JHR. Psychophysical measurement of contrast sensitivity in the

behaving mouse. J Neurophysiol. 2012; 107: 758–765. https://doi.org/10.1152/jn.00609.2011 PMID:

22049334
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