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General introduction

Chapter 1

Snapshot overview of what this thesis is about
Why does a patient with one mental disorder tend to have other mental disorders as
well? When investigating the pathogenesis of mental disorders, we have the mindset to
classify mental disorders according to symptoms. Perhaps we should change this mindset
to understand the pathogenesis of mental illness: what is the common biological basis for
comorbid mental disorders? Previous studies found that a rat model lacking the serotonin
transporter (5-HTT) showed anxiety-like, depression-like, drug addiction-like, and autismlike behaviors. There may be a common dimension observed at behavior level across these
disorders. Such a common dimension might be generalization. Appropriate generalization
is fundamental for organisms to adapt to the changes in the environment. It requires the
brain to mobilize multiple resources (genes, neurotransmitters, neural circuits, etc.) to
encode perceptual information from the environments, decode stored information, and
finally generate behavior as output. By establishing a touchscreen based task presenting
visual stimuli, generalization can be measured in rats. Using state-of-art computational
models, behaviors can be described or predicted by mathematical formulas. This thesis
aims to detect generalization in rats by designing novel behavioral paradigms and using
computational models to understand the effect of 5-HTT knockout on generalization.

A biological framework to understand mental disorders
Mental disorders, such as depression, anxiety, drug addiction and autism, are classified
according to the symptoms described in the Diagnostic and Statistical Manual of Mental
Disorders (DMS) or International Statistical Classification of Diseases and Related Health
Problems (ICD) (World Health Organization, 2005; American Psychiatric Association,
2013). Importantly, patients with one disease tend to have another disease (Regier et
al., 1998; Aarts et al., 2014; Wu and Fang, 2014). The high comorbidity among these
disorders suggests that each mental disorder is not a unitary disease, but a specific range
in the overall disease gradient (Craddock and Owen, 2010). In addition, high mortality
of these diseases (Who and World Health Organization, 2015) indicate that perhaps the
classification methods based on the symptoms and signs (e.g in DMS and ICD) cannot
capture the basic underlying mechanism of mental dysfunction (Insel et al., 2010a). For this
reason, a biological framework (Research Domain Criteria, RDoC) has been constructed.
It aims to understand dimensions of observable behavior and neurobiological measures
that cut across the current psychiatric disorders classified by DMS or ICD and are shaped
by a specific constellation of molecules, cells and behaviors (Insel et al., 2010b). The
biological framework can be the basis for objective measurements of psychopathology and
can provide leads for personalized treatments (Insel and Cuthbert, 2015). One possible
common behavioural dimension across depression, anxiety, drug addiction and autism
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is generalization (Stoleman, 1991; Herzallah et al., 2013b; Müller and Homberg, 2015;
Lopresto et al., 2016; Mahlberg et al., 2017; Nguyen et al., 2020).

Generalization and category learning
Generalization is a brain process to transfer the learned situation/information to similar
but not identical situations/types of information. It reduces the effort for individuals
to learn the prediction of the outcome of each stimulus from scratch, and can use the
learned information to guide behavior. However, too broad or too narrow generalization
may lead to mal-adaptation, as this may cause approaching stimuli indiscriminately
(Homberg et al., 2014; Kahnt and Tobler, 2016), avoiding stimuli (Lopresto et al., 2016;
Norbury et al., 2018) or non-responding to stimuli (Herzallah et al., 2013a; Nguyen et
al., 2020). This approach is unlikely to allow individuals to optimally or efficiently apply
the stimuli-outcome association obtained for specific stimuli to other related stimuli,
resulting in the occurrence of mental disorders (Kahnt and Tobler, 2016). In stimulus
generalization, the relationship between stimuli is determined by the similarity of stimuli
at one or more perceptual dimensions (e.g. frequency of sound, frequency of object
vibration, tactile feel of the material, or angle of grating) (Nguyen et al., 2020). According
to this relationship, one stimulus is associated with a valence (e.g. reward conditioned
stimulus, CS +), while the second stimulus is different from the first stimulus in one
dimension (e.g. different grating angles) and may associate with a different valence (more
attractive reward conditioned stimulate, CS ++). The two CSs can be distinguished via
discrimination learning. When using a series of stimuli (Generalization stimuli, GS) that
vary along with the defined stimulus dimension (the angles of gratings), generalization
performance can be tested. As mentioned, generalization refers to the process of adaptation
to novel, but comparable situations or information by transferring stored information
inferred from learned information to the present situation (Norbury et al., 2018). To
store information, an individual may learn what values the stimuli predicted by means of
categorization. For example, organisms categorize the sound of a predator versus wind;
or poisonous versus editable food. In nature, animals are able to classify objects or events
to distinct categories through learning. In the laboratory, we usually train animals to
associate a natural stimulus (conditioned stimulus, CS) with a food reward (unconditioned
stimulus, US). This is termed Pavlovian learning (Pavlov 1927). The CSs usually vary in
one dimension of either frequency of tone or illumination of light. Indeed, information
in nature is complex consisting of multiple dimensions: e.g a combination of sound
frequency, shape, size, brightness, color etc. Individuals may categorize information based
on a specific rule, namely rule-based categorization (Ashby et al., 2011). For example,
food can be categorized as being more nutritious based on its shape rather than its color
(e.g round shape and red color are more nutritious), or the fertility of the opposite sex
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Table 1. Overview of the experiment setups and statistics
References

Action strategy Outcome

(Harding et al.,
Go/no-go
2004)
(Burman et al.,
Go/ no-go
2008)
(Burman et al.,
Go/ no-go
2009)
(Enkel et al.,
Go/go
2010)
(Brydges et al.,
Go/go
2011)
(Brydges et al.,
Go/go
2012)
(Richter et al.,
2012)
(Anderson et
al., 2013)

Go/ no-go
Go/go

(Chaby et al.,
2013)

Go/go

(Ginsburg and
Lamb, 2013)

Go/go

(Papciak et al.,
2013)
(Rygula et al.,
2013)
(Kloke et al.,
2014)
(Bethell and
Koyama, 2015)
(Hales et al.,
2016)
(Novak et al.,
2016)
(Rygula and
Popik, 2016)
(Drozd et al.,
2017)
(Hales et al.,
2017)
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Go/go
Go/go
Go/no-go
Go/no-go
Go/go
Go/go
Go/go
Go/go
Go/go

Sugar and Foot-shock

Stimuli property
Frequency of
tones

Distances of
location
Palatable food and the Distances of
other with aversive food location
Sweetened condensed
Frequency of
milk and foot-shock
tones
High-value reward
Texture of sand(choc- olate)/ lower-vapaper
lue reward (cereal)
High-value reward
Texture of sand(choc- olate)/ lower-vapaper
lue reward (cereal)
Palatable food and the Distances of
other with aversive food location
Food pellet and foot
Frequency of
shock
tones
High-value reward (3
Texture of sandCheerios), low-value
paper
reward (1 Cheerio).
No reward or reward

Food and ethanol

Frequency of
tones

Sucrose solution and
foot shock
Sucrose solution and
foot shock
Location of home cage
and air-puff
Sugar water and quinine hydrochloride
Four food pellets and
one food pellet

Frequency of
tones
Frequency of
tones
Distances of
location
Distances of
location
Frequency of
tones

High value of almond,
low value of oatflake

Texture of sandpaper

Sucrose water and foot
shock
Sucrose water and foot
shock
Four sucrose pellets and
one sucrose pellet

Frequency of
tones
Frequency of
tones
Frequency of
tones

Statistic
Repeated measures
analysis of variance
(RM-ANOVA)
General Linear Model
(GLM)
GLM
Multivariate analysis of
variance (MANOVA)
GLM
Mixed effects ANOVA’s
GLM
RM-ANOVA
Univariate general
linear models
RM-ANOVA and a
non-linear logistic
regression
RM-ANOVA
RM-ANOVA
RM-ANOVA
Linear mixed effects
models
Drift Diffusion model
and RM-ANOVA
Logit link function was
used to fit generalized
linear mixed effects
models
RM-ANOVA
RM-ANOVA
Drift diffusion model;
and RM-ANOVA
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can be categorized based on body weight rather than appearance. Animals that correctly
and quickly learn to recognize/categorize the key dimensions of stimuli will get more
food or breeding opportunities. This also requires animals’ ability of generalization that
the similar round shape but other colors of food are also more nutritious than the other
shape of food. In the laboratory, the Gabor patch is widely used as visual stimulus to assess
categorization and generalization. It also contains multiple dimensions of information
(e.g spatial frequency, orientation and contrast) and can be parameterized.

Rodent behavioral paradigms for generalization test
There are various rodent behavioral paradigms to test generalization, as summarized in
Table 1. The paradigms vary in terms of the action strategy (go/go or go/no-go), the
type of outcome used (reward, neutral or aversive), and the physical property stimuli
(frequency of sound, frequency of object vibration, tactile feel of the material, or angle
of grating). In the experiments with a “go/no-go” strategy, subjects learn to distinguish
between different types of perceptual information through active approach and inhibitory
behavior (Harding et al., 2004; Burman et al., 2008, 2009; Richter et al., 2012; Kloke
et al., 2014; Bethell and Koyama, 2015). In contrast, when a “go/go” strategy is used
subjects learn to distinguish different types of perceptual information through the same
positive actions. Under the experimental design of the “go/no-go” strategy, there are two
possible combinations of outcomes, namely “reward/no-reward” and “reward/punishment.”
Subjects learn to be rewarded for positive action-type activities and to avoid punishment
by suppressing action. In the experimental design employing the “go/go” strategy, there
are also two combinations of outcomes, “reward/reward” and “reward/punishment.”
Subjects learn to take positive action to get rewards, and they also have to take positive
action to avoid punishment. A disadvantage of “go/no-go” tasks is that they cannot
determine whether generalization results from a decrease in positive and/or negative
responses. In addition, “no-go” as a response indicator cannot be distinguished from
miss responses. Based on this, I believe that the detection of generalization in the “go/go”
paradigm is more reliable for measuring emotional valence. In the experiments using a
“go/go” strategy with a “reward/punishment” combination, rodents learn to avoid being
punished proactively when faced with perceptual information associated with aversive
outcome (e.g., foot-shock conditioned sound). And rodents proactively get rewards such as
sucrose pellets when faced with reward perceptual information (e.g., sucrose conditioned
sound) (Enkel et al., 2010; Anderson et al., 2013; Papciak et al., 2013; Rygula et al.,
2013; Rygula and Popik, 2016; Drozd et al., 2017). In “reward/reward” combinations,
one reward is more attractive to another reward for rodents (Brydges et al., 2011, 2012;
Chaby et al., 2013; Ginsburg and Lamb, 2013; Novak et al., 2016; Hales et al., 2017). In
this paradigm, rodents proactively get rewards by distinguishing the conditioned stimuli
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(e.g., two frequencies of sound). The two combinations of “reward/reward” and “reward/
punishment” under the “go/go” strategy have their own advantages and disadvantages.
In the “reward/reward” combination it is obvious that the detection strength of negative
direction is weakened, as all outcomes are all rewarding. Because the subjects have the
possibility of being punished (for example, electric shock), the “reward/punishment”
combination is a kind of stress derived from the experimental design itself, which would
weaken the detection intensity of the research subject in the positive direction.

Frequentist statistics and Bayesian statistics
As shown in Table 1, most of the statistical tests favored repeated measure analysis of
variance (ANOVA) or general linear model analysis. Others favored the generalized linear
mixed-effect model or drift diffusion model combined with null hypothesis significance
tests. Besides, all the statistics listed in Table 1 were based on frequentist inference. The
school of frequentist inference dominated the statistical practice during the 20th century
and continues to dominate in our research field of life sciences and animal behavioral
neuroscience. This is mainly because frequentist inference is objective (Efron, 2005).
However, shortcomings of favoring frequentist inference emerges and likely contributes
to the wide debate about the failure to replicate findings in neuroscience (Szucs and
Ioannidis, 2017). A pre-registered study including the design of the experiment may
overcome this issue (Szucs and Ioannidis, 2017). Notably, fully described experiments
before testing can also lead to paradoxical results, since the frequentist inference only
depends on what actually happened, not on what could have happened (Edwards, 1984).
Edwards brought a “voltmeter story” to describe this issue:
“An engineer draws a random sample of electron tubes and measures their voltages. The
measurements range from 75 to 99 Volts. A statistician computes the sample mean and a
confidence interval for the true mean. Later the statistician discovers that the voltmeter reads
only as far as 100 Volts, so technically, the population appears to be “censored”. If the statistician
is orthodox this necessitates a new analysis. However, the engineer says he has another meter
reading to 1000 Volts, which he would have used if any voltage had been over 100. This is
a relief to the statistician, because it means the population was effectively uncensored after
all. But later, the statistician ascertains that the second meter was not working at the time
of the measurements. The engineer informs the statistician that he would not have held up
the original measurements until the second meter was fixed, and the statistician informs him
that new measurements are required. The engineer is astounded. “Next you'll be asking about
my oscilloscope! ”
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In contrast to frequentist inference, Bayesian inference requires a subjective prior and the
result provides the posterior of both data and hypothesis (Efron, 2005). This is illustrated
by the Bayes’ formula:

where
is the prior probability of hypothesis H before observing the data D and H
is the probability of the data D given the hypothesis H;
is the
is true;
posterior probability of hypothesis H after observing the data D and H is true. The main
critique about this formula is that the prior is subjective and may vary from one researcher
to another. Selecting a different prior produces a different posterior outcome. However,
we can update our probability (or belief ) about the hypothesis when new data comes in.
The debate about the use of frequentist or Bayesian inference in science is legitimate (Efron,
2005). In the current 21th century, it is necessary to combine Bayesian and frequentist
ideas to deal with our increasingly fierce scientific environment. A strong movement away
from subjective to objective prior in Bayesian inference has developed during the past
30 years (Efron, 2005; Bürkner, 2017). Especially the improvement of computational
capacity and efficient algorithms (such as Markov chain Monte Carl) facilitated the trend
towards an uninformative prior in Bayesian statistics (Efron, 2005; Bürkner, 2017).

Computational modeling
Computational modeling is a mathematical way to present the hypothesis. It can be very
useful to precisely describe or predict a certain phenomenon. For example, physicists
described and predicted the phenomenon of an apple falling down from a tree to the
ground using Newton’s law of universal gravitation. Specific animal behavior could also
be described by a computational model. For instance, animals’ behavior reinforced by
reward can be explained by a computational model of reinforcement-learning (RL), which
can deal with the ability of associated learning, state, actions and reward in animals (Niv,
2009; Lee et al., 2012). The expected value
for a selected action is updated
according to the rule of prediction errors:

where the action-value function
is the average reward at trial , is the reward value
received for the action taken , and is the parameter of learning rate. The prediction
error is weighted by the learning rate . A larger leads to faster adaptation for value
expectations while a smaller close to 0 leads to slower adaption for value expectations.
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The RL model captures the dynamic learning process across trials but fails to capture the
dynamics within a trial such as the response time (Pedersen et al., 2017). Conversely, a
class sequential-sampling model, such as the widely used drift diffusion model (DDM),
captures the response time and accuracy within a trial (Ratcliff, 1978). It assumes that a
choice was made by accumulating the noisy information about the stimulus. Once the
accumulated evidence reached a decision boundary, a choice between two alternatives will
occur (Smith and Ratcliff, 2004; Ratcliff and McKoon, 2008; Wiecki et al., 2013). The
simulation of the diffusion model is visualized in figure 1. The drift rate (v) indicates how
fast the accumulated information towards a decision boundary was required. A higher v
leads to fast response time (RT) while a lower drift rate leads to slow RT. A wider threshold
of decision boundary ( ) results in a slower but more accurate decision, while a narrower
boundary results in a faster but error-prone decision: there is thus a trade-off between
speed and accuracy. The threshold has an upper limit (or response criterion) and a lower
limit (or response criterion). The upper boundary represents the correct feedback, and
the lower boundary represents the wrong feedback. Given the drift rate, the accumulated
evidence (or stimulus information) will drift towards a boundary (either upper or lower
boundary). Once the accumulated evidence exceeds threshold, the corresponding response
is executed. The non-decision time (t ) is the duration between the stimulus onset and
the time point at which the stimulus information starts to accumulate. The model
might contain a bias or starting point (v ), which indicates a hypothesis about a result
towards either the upper or lower boundary before the stimulus had been presented. The
termination time of this process (from stimulus onset to the action executed) results in the
response time (RT) distribution of the two responses (Smith and Ratcliff, 2004; Ratcliff
and McKoon, 2008; Wiecki et al., 2013). An analytic expression for the probability of
RT distribution is provided by Feller (Feller, 2008):

Serotonin transporter knockout rats
Dysfunction of the serotonin transporter (5-HTT) represents one of the risk factors for the
development of disorders such as depression, anxiety, drug addiction and autism (Nakamura
et al., 2010; Schipper et al., 2011; Homberg et al., 2014; Bleys et al., 2018; Ormel et al.,
2019). Rodent studies have demonstrated that 5-HTT KO rodents show anxiety-like and
depression-like behaviors (Olivier et al., 2008; Schipper et al., 2011), drug addiction-like
behaviors (Homberg et al., 2008; Verheij et al., 2018) and autism-like behaviors (Kiser et
al., 2012; Kroeze et al., 2016). Serotonin transporter is a key factor regulating the amount
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1
RT distribution of correct response
upper boundary

Threshold of decision
boundary (a)

Time
bias (z)

stimulus onset

drift rate (v)
non-decision
time (t)

lower boundary
RT distribution of wrong response

Figure 1. Visualization of the drift diffusion model (DDM) to model the response time. Five simulated
traces (or trials) of DDM behavior with drift rate (v ), threshold of decision boundary ( ), non-decision
time (t ) and bias (z ) parameters. Three of the traces terminate at the upper boundary (correct response) and
two of them terminate at the lower boundary (wrong response). With the noise of accumulating stimulus
information, the information processing terminates at different time points and produces the probability
distribution of response time (RT).

of serotonin. It is located on the presynaptic nerve terminal and facilitates the reuptake of
serotonin from the synaptic cleft back into the presynaptic serotonergic neurons. Within
the presynaptic serotonergic neurons, serotonin is either taken up into the storage vesicles
of presynaptic nerve terminals or degraded to 5-hydroxyindoleacetic acid (Deneris and
Wyler, 2012). The number of serotonergic neurons in the rodent brain is estimated to be
26,000 (Ishimura et al., 1988) and, in the human brain, there are approximately 300,000
neurons in total (Baker et al., 1991; Hornung, 2003). The exceedingly small proportion
of serotonergic neurons innervate almost every region of the brain (Jacobs and Azmitia,
1992; Ren et al., 2019). Not surprisingly, with the broad range of target brain regions,
malfunction of the serotonin system leads to multiple mental disorders (Olivier, 2015;
Muller, Christian P and Cunningham, Kathryn A, 2020). The prevailing hypothesis for
the role of serotonergic neurons in mental disorders is that the interaction between genetic
determinants and the environment can lead to too little or too much serotonin, which
consequently increases susceptibility to mental disorders such as anxiety, depression,
drug addiction and autism. As described above about the biological framework, one of
the possible common dimensions of observable behavior across these mental disorders is
generalization, but whether generalization is influenced by changes in synaptic serotonin
levels remains to be determined.
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Outline of the thesis
This thesis aims to understand the effect of serotonin transporter knockout in rats on
stimulus generalization. The serotonin transporter knockout rat model displays anxiety-like,
depression-like, drug addiction-like and autism-like behavioral phenotypes, and is thus
ideally suitable to study whether and to what extent generalization serves as a common
behavioral dimension linking these disorders. To be able to test stimulus generalization
in rats, stimuli were presented on a touchscreen, which the rats could touch for obtaining
rewards. Through manipulation of the stimuli and associated rewards, I tested generalization.
In the following chapters, the effect of area sizes of stimuli, the values predicted by the
stimuli and the dimensions of stimuli on generalization in rats are described.
In Chapter 2 of this thesis, we performed a systematic review to summarize the rodent
behavioral studies on generalization. To this end, the articles were selected based on a
search string focussing on generalization and rodent studies. The systematic review was
qualitatively assessed according to the values of the information provided by the reviewed
articles, and categorized and discussed according to the physical properties of perceptual
information that was used in the different rodent studies for generalization. All types of
perceptual information from the environment that individuals interact with are important
to learn. Yet, the generalization studies in rodents summarized in Table 1 show that visual
information in generalization studies was lacking. In Chapter 3, I attempted to develop
a touchscreen based visual perception task to test the effect of serotonin transporter
knockout on the generalization of visual information in rats. The visual information
included the physical property of white squares and their conditioned high and low
reward value. The generalization performance in this task was statistically analyzed by the
use of frequentist mixed-effect linear model. The task allowed us to assess the ability of
the animals to 1) discriminate between two reward-related conditioned stimuli (CSs) to
measure the value property of stimuli, and 2) generalize the learned information from CSs
to generalization stimuli (GSs) to measure the physical property (ambiguity) of stimuli.
During CS discrimination, rats were provided chances to acquire the maximum amount
of rewards by paying effort to memorize the discrepancy between CSs and make optimal
decisions based on the single CS temporarily presented. During stimulus generalization,
rats paid efforts to categorize the GSs into the two CSs and to make decisions based on
the stimulus temporarily presented.
The stimuli applied in Chapter 3 involved squares of different sizes, which differed from
each other in two ways: the size of the square and intensity of illumination. Illumination
of the stimuli may serve as a confounding factor. To better control the physical property
of the stimuli, I upgraded in Chapter 4 the task by replacing the squares of different sizes
by Gabor patches, which are widely used stimuli in human studies. The use of Gabor
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patches greatly increases the translational value of the animal data. More importantly,
only the physical property of orientation varied between the stimuli that were applied.
The Gabor patches thus allowed us to eliminate confounding factors as for instance the
intensity of illumination associated with the squares of different sizes. In this chapter I
used the Gabor patches to measure generalization in rats and I studied whether changes
in stimulus value (conditioned stimuli with or without reward contingencies) altered
generalization. Considering that the data did not fit well in a Gaussian data distribution,
data were statistically analyzed using a Bayesian mixed-effect linear model with brms
package in R that provides better distributions for data fit.
Stimuli in the environment have multiple dimensions, and some dimensions contain key
information (e.g the shape of food as mentioned above) but some other dimensions do
not (e.g the color of food). In Chapter 5, I extended the task I established in Chapter 4,
by introducing spatial frequency and orientation dimensions of Gabor patches. All Gabor
patch stimuli were sampled from a population of bivariate normal distribution, in which
orientation and spatial frequency were the two variants. Rats learned that the orientation
dimension of the stimuli contained the key information, allowing them to categorize
the stimuli correctly. After the rats had learned this, they were tested for generalization
by extending the orientation dimension of the Gabor patches. To better understand
the learning procedure within and across trials, the performance of categorizing stimuli
was statistically analyzed using the Bayesian mixed-effect reinforcement learning drift
diffusion model (RLDDM), a model combining reinforcement learning and drift diffusion
models. Subsequently, generalization performance was analyzed using the so-called general
recognition theory model.
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Abstract
Background: Generalization bias refers to emotional influences on cognition and
provides a cognitive measure of negativity- or positivity-bias through assessment of the
behavioral responses to ambiguous stimuli. Thus, under negative conditions an animal
is more likely to judge ambiguous stimuli as negative, and under positive conditions as
positive. The transfer of experiences to novel but similar situations is highly adaptive,
as it allows the animal to anticipate on the most likely outcome of the ambiguous cues.
Methods: We conducted a systematic review to summarize the current state of evidence
on generalization bias in rodents under adverse and rewarding or supportive conditions.
Results: In total 20 studies were identified, in which auditory, spatial, tactile or visual
tasks were used. Stressed rodents generally made fewer positive responses than their nonstressed conspecifics. Housing enrichment made rodents more positive in anticipation of
ambiguous cues. Ethanol seeking rats generalized the ambiguous cues to sucrose and less
to ethanol if sucrose was available. Amphetamine, fluoxetine and ketamine shifted the bias
towards positivity, while reboxetine elevated negative bias. Conclusion: The auditory tasks
have been most extensively validated, followed by the tactile and spatial tasks, and finally
the visual tasks. The tactile and spatial tasks use latency as readout, which is sensitive to
confounding factors. It is yet uncertain whether spatial tasks measure cognitive bias. Across
all tasks, with some exceptions, rodents exposed to stress show less positivity-bias when
exposed to ambiguous cues, whereas rodents exposed to rewarding substances or treated
with antidepressant drugs are biased towards reward. Considering the methodological
heterogeneity and risk of bias, the present data should be interpreted with caution.
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Introduction
Rationale. Cognitive bias focuses on the behavior elicited by ambiguous cues that are
intermediates of two types of cues associated with punishment or reward (Enkel et al.,
2010). Cognitive bias is therefore crucial for fast and efficient adaption to the environment
that can be either dangerous or rewarding (Enkel et al., 2010; Norbury et al., 2018).
Furthermore, as cognitive bias is strongly influenced by emotional state across species
from birds to rodents to primates (Roelofs et al., 2016), the assessment of cognitive bias
provides a readout of emotion and well-being with high translational value. An important
component of cognitive bias is conditioning. Conditioning is the process through which
behavior is associated with an unconditioned motivationally relevant stimulus. Such a
stimulus can trigger approach or avoidance behavior. Rodents can store conditioned
stimuli in their working memory and assess stimulus differences and similarities (Fassihi
et al., 2014). When stimuli are ambiguous, generalization can occur. Generalization refers
to the process of adaption to novel, but comparable situations or objects (ambiguous
cue) by transferring stored information inferred from learned behavior to the present
situation (Norbury et al., 2018). In humans, cognitive biases can come in three flavors,
namely attentional bias (e.g. speeded reaction times towards negative or positive stimuli
versus neutral stimuli), memory (e.g. enhanced recall of negative or positive words),
and interpretation bias (e.g. resolution of ambiguous cues in a negative or positive way)
(Platt et al., 2017). There is the general hypothesis that negative conditions lead to
negative cognitive biases, and that positive conditions lead to positive cognitive biases.
In support, in individuals suffering from major depression show a negative interpretation
bias (Everaert et al., 2017), for instance when they have to form a sentence from a set
of words and write it down. This results in more negatively framed sentences among
the alternative sentences that could be formed compared to those produced by healthy
subjects. This is not only seen in depressed individuals, but also individuals who are at
risk for developing depression (Sfärlea et al., 2019). While studies on interpretation bias
in substance use disorder patients are lacking, it has been demonstrated that cannabis,
opioid and stimulant dependent subjects show a positive cognitive attention bias (Zhang
et al., 2018). For instance, in a dot probe task, in which participants are presented with
images including drug-related pictures, drug dependent individuals display a significant
shorter reaction time to a dot that is presented at the location were the drug-related pictures
were previously shown compared to non-drug related pictures (Frankland et al., 2016).
Objective. Cognitive bias is seen across species, indicating that it has an important role
in daily life functioning. Here, we focus on interpretation bias, because it relies on the
assignment of valence to neutral stimuli, a cognitive ability that is common across species.
Rodents, which are widely used as a disease model, have significantly contributed to
emotion-related research (Malakoff, 2000). Rodent models of cognitive interpretation
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bias (hereafter referred to as cognitive bias) are emerging, but different types of tasks have
been developed. This raises the question as to whether the effects of negative and positive
events on generalization bias are comparable across tasks. To assess the current state of
evidence in rodent studies, we conducted a systematic review. To the best of our knowledge,
a systematic review on cognitive bias tasks does not exist yet for rodents. For narrative
reviews that more deeply explain various principles of cognitive bias measurements in
rodents we refer to (Hales et al., 2014; Roelofs et al., 2016).

Materials and Methods
Systematic review protocol and search strategy
A systematic search strategy was developed. Published papers were identified in PubMed
in cooperation with a methodologist in literature mining of the medical and science
library. MeSH terms for depression, addiction, generalization and (cognitive) bias were
used (Table S1). All rodent studies were detected by the animal search filter developed
for PubMed (Hooijmans et al., 2010).
The search was performed on 19 December 2018. The references were imported to
Early Review Organizing Software (EROS; Institute of Clinical Effectiveness and Health
Policy, Buenos Aires, Argentina). In the first stage of screening, papers about the effect
of depression and addiction on cognitive bias and generalization were screened based on
title and abstract. There was exclusive reliance on English language studies. Studies were
excluded if they were: (1) duplicated, (2) not a behavioral study, (3) not about depression
or addiction, (4) included co-morbidities other than depression and addiction, (5) not
about generalization or cognitive bias, and/or (6) not a rodent study. The articles were
then sorted out for reviews that were used to find additional publications. Two reviewers
independently performed the screening on title and abstract according to the selection
criteria. If disagreement appeared, decisions were made by informal consensus. During the
screening phase, included articles found by the systematic search and known articles were
screened on full text with the same criteria. Full- text screening and further assessment
were conducted by one reviewer.
Study Characteristics and Data Extraction
Data were extracted to give a comprehensive overview of all included studies (Table S2).
Items include information about the rodent (number of animals, species, strain, gender,
age, body mass, intervention, testing frequency), the type of behavioral task, nature of
stimuli (e.g. visual, auditory), and stimulus presentation procedure (length and frequency
stimuli exposure, nature of reference and ambiguous cues). It was checked if reasons for
fallouts of animals were reported adequately. Author and year of publication are listed.
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Any outcome measure was included if clearly showing the incidences of cognitive bias
with a measurable unit. Authors were not contacted in case of unclear reporting
Assessment Risk of Bias
The risk of bias of the included studies was assessed according to Hooijmans et al (2014)
(Hooijmans et al., 2014), with slight modifications (the number of criteria was reduced to
the most critical 10 criteria applicable to the current papers selected). An adapted bias tool
was used to give an overview of the risk of bias of all included studies. Items assessed are: (1)
Study objective is described, (2) Main outcomes are described, (3) Rodent characteristics
are clear, (4) Experimental task is described, (5) Outcomes are valid and reliable (criteria
1, 2, 3, 4, 6, 7, 8, 9 are marked as sufficient), (6) Cofounders are described and corrected
(counterbalancing was set as criterion), (7) Statistics was used properly (data tested
for normal distribution, transformation applied when necessary, proper application of
parametric or non-parametric tests, p-hacking made clear (number of dependent variables,
number of tests, exclusion of animals/outliers)), (8) Power-analysis is provided, (9) Main
findings are reported, (10) Dropouts are described and explained. Three different scores
were used (yes: low risk of bias, insufficient: high risk of bias, unclear: unknown risk of
bias) (Table S3). Authors were not contacted in case of unclear reporting.
Comparison of Studies
Since no meta-analysis was performed and authors were not contacted in case of unclear
reports, we analyzed the data by clustering the comparisons of the studies by their behavioral
task. Results were compared if possible. By doing so, we increased the methodological
similarity and decreased heterogeneity of study results among included comparisons.
We assessed whether contradictions or similarities were reported. Finally, a descriptive
synthesis of the different subgroups for an overall estimation was performed if feasible.

Results
Literature Search and Study Characteristics
The search strategy (Table S1) yielded 2,664 unique papers in PubMed. 20 studies
compromising 79 comparisons investigated generalization bias in rodents (Figure 1).
Studies used different methods (Table S2, Part 1, 2). Male rodents are dominating in 82%
of the comparisons, while females are participating in 14% of the comparisons. In 4%
of the comparisons, unclear indications are made. Rats are most commonly used (82%),
whereas mice appear in 15% of the comparisons and hamsters in 2.5% of the comparisons.
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Among all comparisons, different interventions or strains have been used to manipulate
the emotional state of the laboratory rodents. Two comparisons (one study) use serotonin
transporter (5-HTT) knockout mice (Kloke et al., 2014). Six comparisons (four studies)
introduced stress chronically (Chaby et al., 2013; Papciak et al., 2013; Rygula et al.,
2013; Novak et al., 2016). In two comparisons (two studies), enrichment of housing was
removed (Burman et al., 2008; Bethell and Koyama, 2015). One comparison randomly
intervened with the housing of rats using different treatments (Hales et al., 2014) that
may be comparable to the interventions in rats where stress was enforced over a longer
period (Chaby et al., 2013; Papciak et al., 2013; Rygula et al., 2013; Novak et al., 2016).
Drug interventions were given to rats in 39 comparisons (Enkel et al., 2010; Anderson
et al., 2013; Hales et al., 2017; Drozd et al., 2019).
The comparisons can be divided into three subgroups according to their behavioral task.
Six studies that included 17 comparisons use spatial orientation of the cues (Burman
et al., 2008, 2009; Richter et al., 2012; Kloke et al., 2014; Bethell and Koyama, 2015;
Krakenberg et al., 2019). Ten studies including 55 comparisons use auditory cues
(Harding et al., 2004; Enkel et al., 2010; Anderson et al., 2013; Ginsburg and Lamb,
2013; Papciak et al., 2013; Rygula et al., 2013)(Rygula and Popik, 2016; Drozd et al.,
2017, 2019; Hales et al., 2017). Four studies including six comparisons rely mainly on
tactile cues (Brydges et al., 2011, 2012; Chaby et al., 2013; Novak et al., 2016). One
study including one comparison implemented visual cues (Krakenberg et al., 2019).
Risk of Bias in Prevalent Studies
Most articles reported main outcomes (95%) (Figure 2) (Harding et al., 2004; Burman
et al., 2008, 2009; Enkel et al., 2010; Brydges et al., 2011, 2012; Richter et al., 2012;
Anderson et al., 2013; Chaby et al., 2013; Ginsburg and Lamb, 2013; Papciak et al.,
2013; Rygula et al., 2013; Kloke et al., 2014; Bethell and Koyama, 2015; Novak et al.,
2016; Rygula and Popik, 2016; Drozd et al., 2017; Hales et al., 2017; Krakenberg et
al., 2019). Rodent characteristics were missing and unclear in 90% of the papers, while
sufficient report was presented in 10% of the papers (Anderson et al., 2013; Krakenberg
et al., 2019). The experimental task was clear in 90% of the papers, but in two studies
reporting was unclear (5%) (Novak et al., 2016)(Drozd et al., 2019). 35% of the studies
provided reliable outcomes (Richter et al., 2012; Chaby et al., 2013; Ginsburg and Lamb,
2013; Rygula et al., 2013; Kloke et al., 2014; Rygula and Popik, 2016; Krakenberg et al.,
2019). Confounders have been described appropriately (85%) and insufficiently (15%)
(Harding et al., 2004; Burman et al., 2008, 2009). Statistics was conducted adequately
(60%) or remains unsure (40%) (Harding et al., 2004; Burman et al., 2008; Anderson
et al., 2013; Papciak et al., 2013; Drozd et al., 2017, 2019; Hales et al., 2017). Only
one study provided a power analysis (5%) (Drozd et al., 2019). All studies described the
main findings (100%). Animal dropout has been reported in 65% of the studies, while in
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30% of the studies reporting is unclear (Harding et al., 2004; Enkel et al., 2010; Brydges
et al., 2011; Anderson et al., 2013; Ginsburg and Lamb, 2013; Novak et al., 2016). As
sum of the found biases, it was unclear (due to limited information on the experimental
design and data analysis) whether the outcomes were valid and reliable (65%) (Harding
et al., 2004; Burman et al., 2008, 2009; Enkel et al., 2010; Brydges et al., 2011, 2012;
Anderson et al., 2013; Papciak et al., 2013; Bethell and Koyama, 2015; Novak et al.,
2016; Drozd et al., 2017, 2018; Hales et al., 2017).
Comparison of Studies
Auditory task

Cognitive bias under negative conditions
No treatment intervention
In depression-related research it is assessed whether negativity-biased animals are biased
toward tones predicting punishment. Healthy negativity-biased animals expect punishment
when confronted with ambiguous tones. Most of the auditory studies are derived from the
same research groups (Papciak et al., 2013; Rygula et al., 2013; Rygula and Popik, 2016;
Drozd et al., 2017, 2018) and are referring to the methods of Enkel et al. (2010). The
general procedure is similar for all studies using the auditory paradigm. The generalization
bias test is preceded by a discrimination training of two different tones (high and low
frequency) signaling the delivery of a sucrose pellet or an electric footshock. Animals
have to press one of two levers, which are associated to one of the two tones, to either
avoid the electric shock or to receive a sucrose pellet. The cognitive bias test consists of
trials presenting ambiguous frequencies in between the high and low learned reference
frequencies. After rats have been tested in a first session, several studies proceeded to
categorize the rats into negativity-biased or positivity-biased rats based on a bias index
(Papciak et al., 2013; Rygula et al., 2013; Rygula and Popik, 2016; Drozd et al., 2017,
2018). It is found that negativity-biased animals make less positive lever presses and more
negative lever responses in anticipation of the ambiguous sound (Papciak et al., 2013;
Rygula et al., 2013; Rygula and Popik, 2016; Drozd et al., 2017) and the negative tone
(Rygula et al., 2013) than positivity-biased rats. Furthermore, healthy negativity-biased
animals make more correct choices than positivity-biased animals when confronted with
tones signaling predominantly punishment and reward.
To assess sensitivity to negative and positive feedback in negativity-biased and positivitybiased rats the probabilistic reversal learning task (PRL) has been used. In this task
animals are trained to lever press. Correct lever pressing predicts sucrose in 80% of the
trials and electric shock in 20% of the trials. The incorrect lever predicts electric shock
in 80% of the trials and sucrose in 20% of the trials. After eight consecutive correct lever
presses, the correct lever becomes the incorrect lever and vice versa (Rygula and Popik,
2016). It has been found that negativity-biased rats respond more often correctly than
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Figure 1. Flow diagram of the systematic review. Two thousand six hundred sixty-six articles are found.
Twenty studies including 79 comparisons are included in the final review. Two groups (e.g., one control and
one treatment group) are defined as a comparison (Liberati et al., 2009).

positivity-biased rats in the PRL task, because they more frequently change their response
after being punished for making an incorrect choice if the lever predicted predominantly
punishment. Negativity-biased rats, therefore, differentiate between the lever signaling
punishment and the lever signaling reward to avoid electric shocks more often. It is possible
that the negativity-biased rats make more correct decisions because they change their
response upon true punishment more compared to the positivity-biased rats. Alternatively,
negativity-biased rats may take less risk than positivity-biased rats. Rats taking less risk
are more precise in following the rules and they can “calculate” probabilistic chances
of reward and punishment. The latter hypothesis better explains why the general PRL
performance does not differ significantly between positivity-biased and negativity-biased
groups (Rygula and Popik, 2016).
Physical stress treatment
It is assumed that stressed animals are less motivated to gain reward and expect more
punishment when hearing ambiguous tones. Animals undergoing physical treatment to
introduce stress make more negative responses than positive responses using the same task
as described previously in healthy rats. It has been demonstrated that stressed negativitybiased animals are taking more time to respond than non-stressed positivity-biased and
negativity-biased rats, implying that stressed negativity-biased rats have less motivation
to approach stimuli linked to sucrose (Drozd et al., 2017). Tests on anhedonia that were
conducted next to the cognitive bias tests show that chronic stress diminishes sucrose
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intake in negativity-biased and positivity-biased rats (Rygula et al., 2013). Anhedonia
was observed in helpless rats as well (Enkel et al., 2010). Reduced sucrose preference
was more prominent and prolonged in negativity-biased rats (Papciak et al., 2013). It
has also been confirmed that rats socially defeated made more negative and less positive
lever responses than non-stressed rats upon presentation of the ambiguous tone. Subjects
were more negative after stress and more negative than undefeated rats (Papciak et al.,
2013). Furthermore, rats living under unpredictable housing conditions were slower in
making positive responses and tended to respond less to food tone and near-positive
tone (Harding et al., 2004). Similarly, helpless rats less often pressed the positive lever in
anticipation of the mid and near negative tone. They more frequently pressed the negative
lever in response to the mid tone (Enkel et al., 2010). The overall response preference
was more negative in helpless than in non-helpless subjects as it is detected in untreated
negativity-biased rats (Enkel et al., 2010; Papciak et al., 2013; Rygula et al., 2013; Rygula
and Popik, 2016; Drozd et al., 2017).
Several studies assume that animals are inherently positively or negatively biased toward
the auditory cues since the reference tones are believed to be “reward/positive” or
“punishment/negative” (Papciak et al., 2013; Rygula et al., 2013; Rygula and Popik,
2016; Drozd et al., 2017, 2018). It is assumed that there is no neutral behavior or cooccurrence of negative and positive bias within an individual's decision-making process.
There is, however, a fluctuation within a group implying that cognitive biases alter across

Figure 2. Risk of bias is assessed for included studies with 10 items. The percentage for each item is given
with three options. Green, yes; blue, insufficient; orange, unclear reporting.
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time (Rygula et al., 2013; Rygula and Popik, 2016). Animals shift between positive or
negative bias across different days without intervention. Although a significant difference
between positivity-biased and negativity-biased groups remained, future studies need
to investigate fluctuations within a subject. This should be investigated without having
predefined rats based on their cognitive bias score to avoid treatment and analysis bias.
Antidepressant treatment
Because depression is associated with negativity-bias and antidepressants decrease (in a
certain subject of individuals) negativity-bias (Warren et al., 2015), it is likely that they
contribute to a shift toward positivity-bias. A few studies tested the effects of antidepressant
drugs on cognitive bias (Enkel et al., 2010; Anderson et al., 2013; Hales et al., 2017).
In these studies, two reference tones again predicted punishment or reward. Rats had to
press one of two levers, which linked to one of the tones, to either avoid punishment or
receive reward. Cognitive bias was subsequently tested with ambiguous tones (Enkel et al.,
2010; Anderson et al., 2013). Upon co-administration of reboxetine (a norepinephrine
reuptake inhibitor) and corticosterone, rats showed less positive lever presses for all tones
compared to controls. More omissions of positive, near positive and mid tones occurred
(Enkel et al., 2010). Reboxetine treatment replicated the response rate of positive lever
presses upon ambiguous tone presentation of helpless rats (Enkel et al., 2010). In
contrast, Anderson et al. (2013) could not find a negative bias in reboxetine treated rats
(Anderson et al., 2013). There was, however, a trend to an enhanced negative bias in
anticipation of the midpoint tone. A decrease in reward lever presses and an increase in
omissions was observed. Rats treated with reboxetine spent more time in anticipation of
the positive tone (Anderson et al., 2013). Hales et al. (2017) trained rats to discriminate
two tones predicting sugar reward, one with a higher and the other with a lower sugar
value. They found that reboxetine also tended to enhance negative bias (Hales et al.,
2017). In contrast to acute intraperitoneal reboxetine injection, 3 weeks of subcutaneous
fluoxetine injection led to a shift toward positive bias upon presentation of the ambiguous
tone during the time of treatment (Hales et al., 2017). Summarized, both helpless rats
and reboxetine treated rats are negatively biased (Enkel et al., 2010), whereas chronic
fluoxetine treatment contributes to a positive bias (Hales et al., 2017). Antidepressant
treatment thus does not necessarily induce a shift toward positivity bias in animals. The
inability of reboxetine to induce positivity-bias seems to contradict antidepressant effects
on cognitive bias in humans (Warren et al., 2015), asking for further tests to assess the
predictive validity of auditory tasks.
Cognitive bias under positive conditions
It is hypothesized that exposure to rewarding stimuli shifts bias to a positive interpretation
of ambiguous cues. This is because repeated experience with reward becomes tied to the
prediction that future outcomes are also rewarding (Alessandri et al., 2008). Hales et al.
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(2017) trained rats to discriminate two tones predicting sugar reward with high or low
sugar value by pressing one of two levers before generalization bias was tested with an
ambiguous tone (Hales et al., 2017). Rats, additionally, were treated with amphetamine,
ketamine and cocaine. The researchers found that amphetamine and ketamine induced
a positive bias upon presentation of the ambiguous tone.
Some studies used multiple ambiguous tones (Harding et al., 2004; Enkel et al., 2010;
Anderson et al., 2013), while other studies used one ambiguous tone (Papciak et al.,
2013; Rygula et al., 2013; Rygula and Popik, 2016; Drozd et al., 2017). An advantage of
using multiple ambiguous tones is that a response curve can be generated illustrating the
extent to which generalization occurs according to its steep and asymptote. Thereby, the
width of the generalization curve can be measured. Ginsburg and Lamb (2013) developed
an ethanol seeking model to assess the change of cognitive bias in rats and derived a
function from the curve (Ginsburg and Lamb, 2013). More specifically, Ginsburg and
Lamb (2013) trained rats to discriminate between two tones (8, 16 kHz), both of which
predicted ethanol and sucrose by pressing one of two available levers (Ginsburg and
Lamb, 2013). One lever was linked to ethanol and the other lever was linked to sucrose
delivery. Rats were rewarded with sucrose or ethanol if one of the levers was pressed five
times upon presentation of 8 kHz. Sixteen kilohertz predicted sucrose if the corresponding
lever was pressed 150 times or ethanol if the other lever was pressed five times. Rats were,
subsequently, confronted with multiple ambiguous tones (6, 10, 12, 14, 18 kHz) to test
generalization. During discrimination, rats more often responded to the sucrose associated
lever when 8 kHz was presented, while 16 kHz led to more ethanol lever presses. This
response behavior remained even after rats were conditioned to link 8 kHz and 16 kHz
with a higher fixed ratio to gain sucrose and a lower fixed ratio to gain ethanol. Rats,
therefore, discriminate the tones and link them to a specific reward. It is possible that this
discrimination is necessary for “orientation” to predict sucrose and ethanol availability.
Upon presentation of the ambiguous cues, rats generalized the ambiguous tones less to
ethanol, but more to sucrose after the 8 kHz trial had been presented several times at
the beginning of the session. Ethanol withdrawal did not change the response curve and
sucrose was preferred when the ambiguous tones were presented. These results indicate
that the presence of a second reward, here sucrose, reduces ethanol consumption, even
after ethanol withdrawal. However, whether sucrose is truly more positive than ethanol
cannot be derived from this study. In summary, amphetamine and ketamine induce a
positive bias in rats. Furthermore, sucrose can diminish the bias toward alcohol by shifting
the positive bias of reward to sucrose.
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Spatial Task

Cognitive bias under baseline, negative and positive conditions
In the spatial paradigm two locations are provided that are separated from each other's
by distance. One location contains a stimulus that is positive or preferred by the animal
and the other location contains a stimulus that is negative or less preferred by the animal.
The ambiguous cue is an unknown location that is located in between these two reference
locations, so that generalization bias is assessed based on the spatial distance. Like in the
auditory paradigm, some studies used one, while others used more than one ambiguous
cue, here referred to as the ambiguous location.
Bethell and Koyama (2015) manipulated the emotional state of hamsters by adding or
removing housing objects (Bethell and Koyama, 2015). The hamsters were confronted
with the two reference spouts located on the opposite sides of one wall in an arena. One
spout was conditioned to sucrose and the other spout to quinine hydrochloride, which is
aversive to hamsters. The cognitive bias test consisted of the same setting with three more
spouts located near the sucrose, near the quinine hydrochloride and one spout located at
the midpoint between the reference spouts. Hamsters in enriched housing approached the
two reference spouts associated with sucrose or quinine hydrochloride more frequently
than hamsters in which enrichment was removed. There was, nevertheless, no difference
in approaching the ambiguous locations between enrichment and removed enrichment
group. It was, moreover, not entirely clear whether there was a difference within the group
before adding (or after removing) enrichment.
Richter et al. (2012) tested rats in a radial maze with five arms (Richter et al., 2012).
During testing, three ambiguous arms located between the two outer arms, which were
separated by a distance of 180° from each other, were accessible. The positive arm contained
a fruit-loop, while the negative arm contained a quinine fruit-loop. Congenitally helpless
and non-helpless rats were compared and housing conditions were altered. It was found
that helpless rats spent less time to reach the pots of the negative and ambiguous locations
than non-helpless rats, but housing enrichment did not have an influence on generalization
and latencies between groups. There was still a greater difference in latencies between the
negative arm and ambiguous arms in non-helpless than in helpless rats. The results imply
that helpless rats are impulsive or hyperactive and that helpless rats tend to generalize the
outcome of the ambiguous arms to the negative arm.
Kloke et al. (2014) used wild-type mice and serotonin transporter (5-HTT) knockout
mice, which display increased anxiety, and in the presence of stress elevated levels of
depression-like behavior (Homberg and van den Hove, 2012). The researchers investigated
whether 5-HTT knockout mice were cognitively biased toward negativity using a radial
maze with multiple arms in two independent experiments (Kloke et al., 2014). In one
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experiment, it was assessed whether 5-HTT knockout in mice had an influence on
reaching the end of an ambiguous location in a maze with three arms from which two
arms were the negative (air-puff) and positive (access to home-cage) arm and the third
arm was located centrally functioning as ambiguous location. 5-HTT knockout mice were
slower to reach the end of the central arm than controls, but this was not significantly
different between the two genotype groups. This indicates that lacking 5-HTT does not
influence cognitive bias of spatial location in mice. In another experiment, the researchers
investigated whether wild-type mice were cognitively biased using a maze with five arms
from which two arms were the negative (air-puff) and positive (access to home-cage) arm.
Three arms functioned as ambiguous arms. In this experiment, animals were divided
into three groups, so that one of the three ambiguous arms were accessible to one group
(near-positive, near-negative, central arm). Mice reached the near positive-arm faster than
the central and near-negative-arm, indicating that wild-type mice are positively biased
to the near-positive location. Mice also reached the end of the central arm faster and
spent more time at the central arm than in the near-negative arm, supporting that the
near-negative location is generalized to the negative arm. A limitation of this experiment
was that wild-type mice had no access to all three ambiguous locations at the same time.
Mice showed individual fluctuations in the latency to reaching the positive and negative
arm. It is, thus, possible that the latencies of reaching the arms between the three groups
are over- or underestimated (Kloke et al., 2014).
Burman et al. (2008) performed experiments with an unrewarded and rewarded pot and
three ambiguous pots in between in a radial arena with rats (Burman et al., 2008). The
latency to reach the near-unrewarded pot was longer in the rats living under unenriched
housing conditions than rats of enriched housing. No significant difference of reaching
the ambiguous pots between the groups was detected. It is worth mentioning that the
researchers filtered the rats based on the latency time of the reference cues. Animals that
spent less time on arriving to the negative pot than the positive pot were excluded from the
study. Furthermore, animals that spent less time on reaching the location/pot associated
with “no-reward/negative stimuli” than the location linked to “reward/positive stimuli”
were not included. It is, therefore, not surprising that the time to reach the rewarding
pot significantly differed from the time to approach the unrewarded pot. If the animals
that spent less time on reaching the “negative/unrewarded” location would have been
included, studies could have still assessed whether animals carry a cognitive bias despite
their preference toward the “negative/unrewarded” location and avoidance toward the
“positive/rewarded” location. The cognitive bias of animals preferring the “negative/
unrewarded” location could be compared to the cognitive bias of animals preferring the
“positive/rewarded” location. It could have been hypothesized that cognitive bias occurs
in both groups, but in opposite directions so that the ambiguous cues are generalized to
the preferred location.
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In another study Burman et al. (2009) exposed rats to a central illuminated arena with
high or low intensity in a radial maze containing five arms (Burman et al., 2009). One
arm was associated with reward containing food pellets and the aversive arm, that was
located 180° away from the reward arm, contained a quinone-soaked pellet. The three
arms in between were the ambiguous arms. No treatment difference between high and
low illumination in latencies to reach the pots of the arms was observed. Rats reached
the doors of the three ambiguous arms in the same time range emphasizing that there
was no generalization of the locations.
In the study of Krakenberg et al. (2019), mice entered a tunnel with a specific length
connected to a goal-box with two pots located at either the left or right side (Krakenberg
et al., 2019). Mice associated a 50 cm tunnel with a large almond piece on the left side of
the goal-box (positive tunnel), while a 10 cm tunnel was linked to a small piece of almond
on the right side (negative tunnel). During the test, one of three available ambiguous
tunnels of different lengths (20, 30, or 40 cm) were entered by the mice and bias was
tested according to their choice. Mice were positivity-biased when they entered the nearpositive tunnel and negativity-biased when they entered the near-negative tunnel, while
there was no bias when mice crossed the central tunnel. This paradigm shows that using
different tunnel lengths can be used as the cues to test cognitive bias in mice.
In summary, current evidence on cognitive bias using spatial tasks is contradictory since
rodents are not biased upon presentation of the ambiguous locations. They have learned
to associate one reference location with a negative and the other location with a positive
outcome in some studies (Burman et al., 2008, 2009; Richter et al., 2012; Bethell and
Koyama, 2015), but it is not clear whether mice are truly positivity-biased when the
ambiguous location is located close to the positive location (Kloke et al., 2014). Only
one study showed that mice were positivity-biased when the ambiguous location was
comparable to the positive location (Krakenberg et al., 2019). Moreover, helpless rats
tended to generalize ambiguous locations to the negative location (Richter et al., 2012).
Furthermore, housing enrichment did not alter cognitive bias when animals were exposed
to enriched housing conditions as compared to rats that has been exposed to unenriched
housing (Burman et al., 2008; Richter et al., 2012; Bethell and Koyama, 2015), but rats
took less time to check the objects of the ambiguous locations after their standard housing
was changed to enriched housing. This emphasizes that housing conditions affect the
state of mood (Richter et al., 2012).
Tactile

Cognitive bias under baseline, negative and positive conditions
Among the studies employing a tactile paradigm the study of Novak et al. (2016) was
excluded since the experimental task was unclear and results were therefore unreliable
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(Novak et al., 2016). The general procedure of the remaining studies was comparable
(Brydges et al., 2011, 2012; Chaby et al., 2013). Rats had to cross a tunnel connected
to a goal-box signaling a reward on the left or right side of the goal-box. The walls of the
tunnels were covered with a specific sandpaper predicting the location of the reward. The
coarse-sandpaper covered tunnel predicted a black pot containing a high-reward and was
located on the left side of the goal-box. The fine-sandpaper covered tunnel predicted a
white pot containing a low-reward and was located on the right side of the goal-box. In the
cognitive bias test, the ambiguous tunnel was covered with an intermediate sand texture.
The researchers tested whether animals chose the low or high reward pot to assess bias.
Brydges et al. (2011) exposed male rats to standard housing conditions and moved them
to standard/unenriched or enriched environments after the first cognitive bias test session
(Brydges et al., 2011). Rats that were moved to enriched housings significantly increased
positivity-biased choices for the ambiguous tunnel and they were more positivity-biased
than rats living in unenriched housings. Strikingly, rats of both groups predominantly
foraged in the low-reward location when the ambiguous tunnel was presented, implying
that a negativity-biased state was inherent in all rats of standard housing conditions.
Next, Brydges et al. (2012) introduced juvenile stress in female and male rats (Brydges et al.,
2012). It was found that female rats learned the task quicker than their male counterparts,
but when confronted with the ambiguous probe, females needed more time to reach the
gold-box than males. This suggests that males were more impulsive than females when
they entered the ambiguous tunnel. Unfortunately, the effect of juvenile stress on the
performance of the ambiguous tunnel in male and female rats remained unclear. All rats,
however, exposed to juvenile stress made, unexpectedly, more positivity-biased choices
than non-stressed animals. Unstressed rats needed more time to choose a pot than stressed
subjects during ambiguous trials. A confounding effect might have been that the stressed
rats had less mass than the controls. In concordance with the results of Richter et al.
(2012), it is possible that stressed animals increased risk taking whilst foraging, in order
to obtain food, and therefore took less time to check the new environment, the tunnel
covered with the intermediate sandpaper texture, than unstressed rats.
Chaby et al. (2013) introduced unpredictable social and physical stress in adolescent rats
(Chaby et al., 2013). They used same methods as Brydges et al. (2011, 2012) used, but
the left black pot contained one cheerio (low reward) and the right pot three cheerios
(high reward) in this study. On the first day of the cognitive bias test, all stressed rats
interpreted the ambiguous trial as negative, while in the non-stressed group, half of
the rats interpreted the ambiguous trial as positive and the other half as negative. In
subsequent tests, there was overall no difference between stress and non-stressed rats in
the interpretation of the ambiguous location, but there was a tendency toward a negative
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bias in the stressed group. Stressed rats, additionally, tended to have a shorter latency to
correct and re-orientate to the correct bowl during discrimination training. Similar to the
findings of Brydges et al. (2012) and Richter et al. (2012), animals were more impulsive.
That is, they left the shelter quicker than their non-stressed conspecifics in this study
(Brydges et al., 2012; Chaby et al., 2013).
In conclusion, non-stressed animals make more positivity-biased choices than stressed
animals and enriched housing induces a shift toward positive bias in studies using tactile
cues (Brydges et al., 2011, 2012; Chaby et al., 2013).
Visual

Cognitive bias under baseline conditions
Krakenberg et al. (2019) performed a visual task with mice to assess cognitive bias
(Krakenberg et al., 2019). Animals were presented with a touch screen framed in plastic
so that three windows were accessible. If a bar was presented at the bottom of the central
window, mice had to touch the right window to obtain a high reward. If a bar was shown
at the top of the central window, mice had to touch the left window to obtain a low
reward. The ambiguous cues were three bars appearing in between these reference bars
(near-high reward, midpoint, near-low reward). Their responses to choose either left or
right window upon appearance of one of the ambiguous cues predicted their cognitive bias
toward high (positivity-bias) or low reward (negativity-biased). The author calculated the
optimism scores in response to the five bar positions, and found significant differences in
the cognitive bias test. The score response to the ambiguous cue of mid-point was lying
in between the reference cues. Mice generalized the near-positive cue to the positive and
the near-negative cue to the negative cue since the number of responses to choose the
window that was associated to the reference cue were similar. It is, nevertheless, possible
that mice were not able to visually discriminate between the near-negative and negative
cue (or near-positive and positive cue) because of the similar response rates. It was not
clear whether there was a cognitive bias when confronted with the visual cue located
at the midpoint of the reference cues since the study was probably underpowered and
individual data points were not shown. As mentioned previously in the chapter of spatial
task, Krakenberg et al. (2019) conducted a second experiment using a paradigm based
on actual tunnel distance, in which the width of generalization is narrow. However, the
generalization curves obtained by the actual and visual paradigms on distances have not
been statistically compared.
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Discussion and conclusions
Figure 3 provides a summary of the main findings. Stressed rodents are less positivitybiased when confronted with an ambiguous probe as they decrease the positive response
and increase the negative response in auditory tasks (Papciak, Popik et al. 2013, Rygula,
Papciak et al. 2013, Rygula and Popik 2016, Drozd, Rojek-Sito et al. 2017, Drozd,
Rychlik et al. 2018). There are indications that stressed animals make less positive choices
in tactile tasks (Chaby, Cavigelli et al. 2013). Interestingly, negativity-biased rodents are
more realistic than positivity-biased rodents since they make more correct choices (Rygula
and Popik 2016). This is consistent with the hypothesis of depressive realism proposing
that depressed individuals make more accurate judgments, perceive their performance
more accurately, and are able to better assess or recall their performance than nondepressed individuals (Moore and Fresco, 2012). Non-stressed rodents, in contrast, are
positively biased compared to stressed animals when using tactile stimuli (Brydges, Leach
et al. 2011, Brydges, Hall et al. 2012, Chaby, Cavigelli et al. 2013). A meta-analysis in
human study from Moore & Fresco support this finding by showing that non-depressed
individuals show a significant positive bias (Moore and Fresco 2012). Positive bias is also
observed after environmental enrichment animals shift towards a positive cognitive bias
in a tactile task (Brydges, Hall et al. 2012). In rats exposed to amphetamine and ketamine
a shift in cognitive bias towards positive decision-making was found. The availability of
an alternative reward prevents the generalization of ambiguous cues towards alcohol and
therefore diminishes alcohol consumption in rodents (Anderson, Munafò et al. 2013,
Ginsburg and Lamb 2013, Hales, Houghton et al. 2017). Reboxetine treatment shifts
cognitive bias towards negative expectations, whereas chronic fluoxetine administration
shifts cognitive bias towards positive expectations (Enkel, Gholizadeh et al. 2010, Hales,
Houghton et al. 2017).
The risk of bias clearly emphasizes that a golden standard for rodent studies is missing.
Rodent characteristics were often not reported concisely, and outcomes were not reliable,
thereby hampering the comparison of study results. Overall, the data suggest that
cognitive bias was inferred by spatial, tactile, visual and auditory ability. Considering the
methodological heterogeneity and risk of bias, the present data should be interpreted
with caution.
The auditory and tactile tasks seem to measure negative cognitive bias under negative
conditions, and positive cognitive bias under positive conditions, with the auditory task
being most extensively validated. The tactile tasks using latency as readout do seem to
be associated with potential confounding factors, as conditions like stress can influence
latency (e.g. due to decreased body mass and an increased motivation to forage for food)
and thereby influence the assessment of cognitive bias. Unlike the auditory and tactile
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tasks, the visual task has only been validated under baseline conditions, where it remains
uncertain whether the animals were actually able to visually discriminate between the nearnegative/positive and negative/positive cue. Further studies are thus required determine
the visual discrimination abilities of the animals (e.g. by associating the conditioned cues
to the same reward (or punishment), and to determine whether the negative cognitive
bias turns more negative under negative conditions, and the positive cognitive bias more
positive under positive conditions. Finally, in the spatial tasks it remains questionable
whether spatial cues are suitable to measure cognitive bias. Although it was shown that
spatial ambiguous locations induce a negative bias if located near the negative location
and a positive bias if located near the positive location in mice (Krakenberg, Woigk et al.
2019), cognitive bias was not confirmed (Burman, Parker et al. 2008, Burman, Parker
et al. 2009, Richter, Schick et al. 2012). Further, as the spatial tasks also employ latency
as readout for cognitive bias, factors that influence latency can interfere with cognitive
bias measurements. Overall, the auditory tasks seem to be most validated and thereby
to be most ready for use. However, in case of antidepressant drug effects, specifically
the negativity-bias induced by reboxetine, predictive validity seems to be suboptimal.
Further studies addressing the predictive validity of the auditory tasks, e.g. using other
classes of antidepressant drugs, are warranted for future studies. Despite that other tasks
appear less well-developed compared to the auditory tasks, we would like to encourage
the validation of the tactile, spatial and visual tasks as well. When comparing the effects
of comparable conditions across tasks, such as stress exposure, both the auditory and
tactile tasks reveal that animals show a shift towards negative cognitive biases, albeit this
appears to be more convincing in auditory tasks. However, one study reported that stress
exposure in the juvenile period increased positivity-biased interpretation of ambiguous
locations in a tactile task at a later age (Brydges, Hall et al. 2012). This confound is
probably because animals under stress and subsequent weight loss increase their risk of
foraging, leading to increased food intake and compensatory growth (Hodos, 1961; Killen
et al., 2011). Therefore, evidence of anhedonia-like or less motivation-like behavior as
assessed by sucrose assumption is not enough (Hodos 1961, Enkel, Gholizadeh et al.
2010, Papciak, Popik et al. 2013, Rygula, Papciak et al. 2013). Additional measures such
operant responding under a progressive ratio schedule of reinforcement is important to
assess motivation (Hodos, 1961). Furthermore, while stress in auditory tasks was found to
increase responses for positive stimuli, stress seemed to decrease overall response latencies
in tactile tasks. Whether this depends on the specific experimental conditions of the
experiments, or on the tasks, remains to be resolved. Furthermore, it was found that in
both the auditory and spatial tasks, helpless animals interpret ambiguous sounds/locations
are more negative compared to non-helpless animals. Finally, while animals living under
enriched conditions do not alter cognitive bias compared to animals living in unenriched
housing in the spatial task (Bethell and Koyama 2015) this type of housing does shift
cognitive bias towards positivity in a tactile task (Brydges, Hall et al. 2012). Summarized,
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the different cognitive bias tasks presumably measure comparable processes, but this is yet
uncertain because of the variable findings across tasks and the limited studies applying
comparable experimental conditions.
In order to correctly interpret the findings in the present systematic review, the experimental
design should be noted, especially the potential cofounds such as the decision strategy
of tasks (e.g. go/go or go/no-go style), the type of outcome used (e.g. reward, neutral
or aversive), and the physical property of novel probes (only one type of novel probes
or several different type of probes). In the articles we collected, six of them used an
experimental design with a ‘go/no-go’ strategy (Harding, Paul et al. 2004, Burman, Parker
et al. 2008, Burman, Parker et al. 2009, Richter, Schick et al. 2012, Kloke, Schreiber et
al. 2014, Bethell and Koyama 2015). In these experiments, subjects learned to distinguish
between different types of perceptual information through active approaching behavior
and inhibitory behavior. In contrast to the ‘go / no-go’ strategy, the remaining articles used
the ‘go / go’ strategy, in which subjects learned to distinguish different types of perceptual
information through the same positive actions. Under the experimental design of the “go
/ no-go” strategy, there are two possible combinations of outcomes, ‘reward / no-reward’,
‘reward / punishment’. Subjects learned to be rewarded for positive action-type activities

Figure 3. Summary of main findings of animal generalization studies. Drug treatment, traits and
environmental conditions influence cognitive bias in rodents. During chronic subcutaneous injection of
fluoxetine and after acute injection of amphetamine and ketamine rodents are more positive when confronted
with ambiguous cues. Acute intraperitoneal reboxetine injection, make rodents more negativity-biased.
Animals that are non-stressed, “positivity-biased” and living in housing enrichment make more positive
choices, while negativity-biased, stressed and helpless rodents make fewer positive choices. In addition, an
alternative reward replaces the positive bias toward alcohol in rodents.
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and to evade punishment by suppressing action. In the experimental design of the ‘go /
go’ strategy, there are also two combinations of outcomes, ‘reward / reward’ and ‘reward
/ punishment’. Subjects learned to take positive action to get rewards, and they needed
to take positive action to avoid punishment. A disadvantage of ‘go/no-go’ tasks is that
they cannot determine whether cognitive bias results from a decrease in positive and/or
negative responses. In addition, ‘no-go’ as a response indicator cannot be distinguished
from missing responses. Based on this, we believe that the detection of cognitive bias in
the ‘go / go’ paradigm is more reliable for measuring emotional valence. In the experiments
using a ‘go/go’ strategy with ‘reward / punishment’ combination, rodents learned to avoid
being punished proactively when faced with perceptual information associated with aversive
outcome (e.g foot-shock conditioned sound). And rodents proactively get rewards such as
sucrose when faced with reward perceptual information (e.g. sucrose conditioned sound)
(Enkel, Gholizadeh et al. 2010, Anderson, Munafò et al. 2013, Papciak, Popik et al. 2013,
Rygula, Papciak et al. 2013, Rygula and Popik 2016, Drozd, Rojek-Sito et al. 2017, Drozd,
Rychlik et al. 2018). In ‘reward / reward’combinations, one reward is more attractive to
another reward for rodents (Brydges, Leach et al. 2011, Brydges, Hall et al. 2012, Chaby,
Cavigelli et al. 2013, Ginsburg and Lamb 2013, Novak, Stojanovski et al. 2016, Hales,
Houghton et al. 2017, Krakenberg, Woigk et al. 2019). In this paradigm, rodents proactively
get rewards by distinguishing the two conditioned information (e.g. two frequencies of
sound). The two combinations of ‘reward / reward’ and ‘reward / punishment’ under the
“go / go” strategy have their own advantages and disadvantages. In the ‘reward / reward’
combination it is obvious that the detection strength of negative bias is weakened, as all
outcomes are all rewarding. Because the subjects have the possibility of being punished.
In the ‘reward / punishment’ combination, this punishment (for example, electric shock)
is a kind of stress derived from the experimental design itself, which would weaken the
detection intensity of the research subject in the positive bias direction. Of course, this
requires new experiments to prove. In addition, when measuring subjects’ judgments to
ambiguous cues, the possible adaptation to the cues when repeatedly presented during
the ambiguous cue test can lead to a loss of novelty due to learning effects (Doyle et
al., 2010). At the same time, the advantage of using a wider range of ambiguity cues is
that it records near-positive and negative responses and midpoint tones, and provides a
possibility to investigate the mechanism of generalization function underlying cognitive
bias (Ginsburg and Lamb 2013, Norbury, Robbins et al. 2018).
There are some limitations to mention. First, we did not contact authors when unclear
reporting was detected. Furthermore, at least two independent reviewers should have
conducted data extraction and the risk of bias assessment. The concepts used in the search
strategy were very abstract. Behavioral concepts, especially their definition in psychology
and neuroscience, are not clear or incoherent, which prevents researchers to capture all
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papers. Finally, we assume that the animals used in the studies reviewed had the sensory
capabilities to detect the stimuli used in the auditory, spatial, tactile and visual tasks.
Despite these limitations, we show that the current search strategy yielded studies of interest
to develop a comprehensive overview about the current state of research investigating
generalization bias in rodents. We argue that measuring cognitive bias in rodents should
become a golden standard in behavioral science research in order to assess the affectivecognitive state of animals. In the future, a random effects model for the meta-analysis
would be appropriate to extrapolate the overall effect sizes of the different subgroups
categorized according to their behavioral task.
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Supplementary material
Table S1: Search strategy in database
PubMed
1. Depression
"Depression"[Mesh] OR "Depressive Disorder"[Mesh] OR Depression*[tiab] OR depressive[tiab] OR
Melancholia*[tiab] OR stress behaviour*[tiab] OR stress behavior*[tiab] OR
2. Addiction
"Behavior, Addictive"[Mesh] OR "Substance-Related Disorders"[Mesh] OR addiction[tiab] OR addictive behaviour*[tiab] OR addictive behavior*[tiab] OR Drug Abuse[tiab] OR Drug Dependence[tiab]
OR Substance Use Disorder*[tiab] OR Drug Use Disorder*[tiab] OR Substance Abuse*[tiab] OR
Substance Dependence[tiab] OR Drug Habituation[tiab] AND
3. Generalization 1
Attention bias*[tiab] OR Attentional bias*[tiab] OR avoidance learning[tiab] OR cognitive bias*[tiab]
OR negative bias*[tiab] OR positive bias*[tiab] OR learning bias*[tiab] OR conditioning[tiab] OR
conditioned response*[tiab] OR avoidance behaviour[tiab] OR avoidance behavior[tiab] OR perception
bias*[tiab] OR discrimination learning[tiab] OR specific memory[tiab] OR generalized memory[tiab]
OR generalised memory[tiab] OR emotional bias*[tiab] OR judgement bias*[tiab] OR memory bias*[tiab] OR interpretation bias*[tiab] OR
4. Generalization 2
"Generalization (Psychology)"[Mesh] OR Generalization OR Generalisation OR Overgeneralization
OR Undergeneralization OR Overgeneral OR Overgenerality OR Over-generalization OR Under-generalization OR Over-general OR Over-generality AND
5. animal filter (1)

Table S2. Characteristics of included studies.
https://www.frontiersin.org/articles/10.3389/fnbeh.2020.00014/full#supplementary-material
Table S3. Risk of bias assessment.
https://www.frontiersin.org/articles/10.3389/fnbeh.2020.00014/full#supplementary-material
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Abstract
Serotonin transporter gene variance has long been considered an essential factor contributing
to depression. However, meta-analyses yielded inconsistent findings recently, asking for
further understanding of the link between the gene and depression-related symptoms.
One key feature of depression is anhedonia. Anhedonia is not one united feature but
involves consummatory, anticipatory, and decisional aspects. These different aspects of
anhedonia can be particularly well investigated in rodents. While data exist on the effect
of serotonin transporter gene knockout in rodents on consummatory and anticipatory
anhedonia, with mixed outcomes, the effect on decisional anhedonia has not been
investigated thus far. Here, we tested whether serotonin transporter knockout (5-HTT-/-)
contributes to decisional anhedonia. To this end, we established a novel touchscreen-based
task employing a “go/go” task for decision-making. During the stimulus discrimination,
5-HTT+/+ rats performed more optimal decision-making compared to 5-HTT-/- rats
for the conditioned stimulus associated with higher reward value at the beginning.
During stimulus generalization, 5-HTT+/+ rats were learning to increase response time
to generalization stimuli across the test sessions, while 5-HTT-/- rats tended to decrease
response time. However, the monotonic graded responses towards the stimuli were similar
between both genotypes and did not alter as the sessions progressed. The results suggest
that 5-HTT ablation may alter the responsivity to the reward value of stimuli but may
not alter the responsivity to the ambiguity/similarity of stimuli. It indicates that the cost
of efforts for responding to the stimuli is similar between 5-HTT-/- and 5-HTT+/+ rats,
while the subjective reward value (benefits) for responding to the stimuli may be impaired
in 5-HTT-/- rats. Therefore, the absence of the 5-HTT might partially contribute to the
development of decisional anhedonia.
Keywords: decisional anhedonia; ambiguity, stimulus generalization; serotonin transporter
knockout rat
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Introduction
According to the World Health Organization (WHO), depression is the leading cause
of disability worldwide, and a major contributor to the global burden of disease. More
than 264 million people worldwide suffer from depression (James et al., 2018). Some
people are more vulnerable to develop depression than others (Caspi et al., 2010),
and multiple factors shape this vulnerability. The serotonin transporter (5-HTT) gene
polymorphism presents one of these factors, specifically the short allelic variant of the
serotonin-transporter-linked polymorphic region (5-HTTLPR). Some genetic metaanalyses studies reported statistical evidence for a relation between the 5-HTTLPR short
allele and depression in the presence of life stress (Karg et al., 2011; Bleys et al., 2018)
although others did not find this relationship (Culverhouse et al., 2018; Border et al.,
2019). The discrepancies ask for a more behavioral approach and thus the identification
of mechanisms that may link the 5-HTT gene to depression (Ormel et al., 2019). By
regulating the function of the 5-HTT gene in animals, such as knocking out 5-HTT, it
is possible to shed light on the nature of the potential relation between the 5-HTT gene
and various aspects of depression.
Anhedonia is one of the essential features of depressive disorder and may bridge the link
between the 5-HTT gene and depression. Anhedonia has been conceptualized in multiple
aspects, including consummatory (“liking”), anticipatory (“wanting”), and decisional
(“choosing”) anhedonia (Treadway and Zald, 2011; Der-Avakian and Markou, 2012; Ho
and Sommers, 2013; Wu et al., 2017). While studies targeting anhedonia mostly address
consummatory (“liking”) and anticipatory (“wanting”) anhedonia, decisional (“choosing”)
anhedonia is less often considered. Decisional anhedonia of “choosing” highlights
impaired decision-making in the context of reward and may refer to the impairment of
balancing costs and benefits when selecting among multiple positive/rewarding options
(Denk et al., 2005; Treadway and Zald, 2011). Usually, such options are ambiguous in
the real-world (Lauriola and Levin, 2001; Huettel et al., 2006). Making decisions under
ambiguity may trigger negative emotions, not only in humans (Rustichini, 2005) but
also in animals (Nguyen et al., 2020).
To test the relationship between the down-regulation of 5-HTT and anhedonia, 5-HTT-/rodents have been subjected to various anhedonia-related measurements. In an experiment
where animals could freely choose in their homecage between water and a sucrose solution,
5-HTT knockout rats (Olivier et al., 2008), but not 5-HTT knockout mice (Kalueff
et al., 2006) show increased consummatory (“liking”) anhedonia. In fixed ratio and
progressive ratio tasks where rewards were presented to reinforce behavior, anticipatory
(“wanting”) anhedonia-like behavior has been observed in 5-HTT-/- mice (e.g. pay less
effort to press the lever) (Sanders et al., 2007). Controversially, 5-HTT-/- rats showed
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anticipatory addiction-like behavior when rewards were not presented to reinforce behavior
(e.g. pay more effort to press the lever) (Nonkes et al., 2010; Nonkes and Homberg,
2013). Taken together, it suggests that 5-HTT-/- rodents may pay less effort to what they
will gain if stimulus-associated-reward remains stable, but more effort to what they lost
if stimulus-associated-reward is devalued. It also indicates that 5-HTT deficiency in rats
might affect the processing of reward in predicting conditioned stimuli. However, it is
unclear whether and how 5-HTT deficiency affects the processing of the value properties
of stimuli (e.g. subjective reward value) and/or the physical properties of stimuli (e.g.
ambiguity). This insight is critical as anhedonia does not just involve hedonic capacity
but also responsivity to pleasant stimuli (Der-Avakian and Markou, 2012).
In the current study, we designed a “reward/reward” paradigm of a “go/go” decisionmaking task in a touchscreen operant box, which maximizes the translational value into
human studies. Both the responsivity to the reward value of stimuli and the ambiguity of
the stimuli were measured in this task. Rats were first required to discriminate between
two reward conditioned stimuli (CSs, two different sizes of the white square): one CS
was associated with a lower value of the reward, the other CS was associated with a higher
value of the reward. To acquire the maximum amount of rewards, animals had to optimize
their decision-making for each CS during stimulus discrimination. However, animals
suffering from decisional anhedonia may pay less effort to acquire the maximum amount
of rewards. After reaching a criterion of discriminating between the two CSs correctly, rats
were required to make decisions under the ambiguity of generalization stimuli (GSs). The
relationship between CS and the GS, in the current task, is determined by the similarity
of stimuli at the size of white squires. If the physical property (similarity or ambiguity)
of a GS is close to one of the CSs, the decision on the GS is typically closer to the CS,
resulting in a monotonic graded response to the stimuli (Ghirlanda and Enquist, 2003).
The responsivity to the ambiguity of the GSs was measured during stimulus generalization.
Generalizing the GSs to either lower reward value or higher reward value indicates the
level of subjective value that the animals attribute to the stimulus. Rats suffering from
decision anhedonia may attribute a lower subjective reward value to the GSs (Peters and
Büchel, 2010). Similar “go/go” tasks have been established to test cognitive bias, which
focused on negative versus positive interpretations of ambiguous information in rodents
(Roelofs et al., 2016). These animal studies conceptualize both “reward/reward” and
“reward/punishment” paradigms of the “go/go” decision-making in the same framework
of cognitive bias (Roelofs et al., 2016; Nguyen et al., 2020). The information from the
“reward/punishment” paradigm contains both negative and positive values and therefore
the paradigm has been validated to test cognitive bias in depression as depressed subjects
exhibit an information processing bias towards negative information (Gotlib et al., 2004;
Joormann et al., 2006; Roelofs et al., 2016; Nguyen et al., 2020). However, anhedonia
is not about the interpretation of negatively valenced stimuli, but rather about the
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interpretation of positively valenced stimuli. Therefore, to measure decisional anhedonia
a “reward/reward” paradigm of the “go/go” decision-making task is most suited to test
decision-making in the context of reward processing (Treadway and Zald, 2011; DerAvakian and Markou, 2012).

Materials and Methods
Subjects
Ten wild-types (5-HTT+/+) and ten serotonin transporter knockout (5-HTT-/-) male Wistar
rats aged between 68 and 84 days were served as subjects. The sample size was calculated
based on our previous study (Nonkes et al., 2013). All rats were generated through
homozygous breeding. The homozygous parents were derived from heterozygous 5-HTT
knockout rats that had been outcrossed for at least 10 generations with commercial Wistar
rats (Homberg et al., 2007). All animals were housed in pairs under a reversed day/night
cycle (light on from 19:00 to 7:00). From 7:00 to 19:00, animals were housed under dim
red light conditions. The animals had ad libitum access to chow and water in their home
cages. All experimental procedures were approved by the Central Committee on Animal
Experiments (Centrale Commissie Dierproeven, CCD, The Hague, The Netherlands).
Apparatus
Training and testing were performed in 10 operant chambers (Med Associates, USA)
placed within sound-attenuated boxes. Each chamber was equipped with a pellet dispenser
that delivered 45 mg sucrose pellet (TestDiet, USA) to a magazine when triggered. The
boxes contained a magazine equipped with a light to indicate pellet delivery. A house
light for illuminating the chamber was mounted on the same wall above the magazine.
The chambers contained a touchscreen positioned opposite the pellet dispenser. The
screen was equipped with a metal plate containing three windows. See Figure 1A for an
illustration of a rat in the chamber facing the touchscreen presenting a stimulus image
in the middle and choice images on both sides. The highest intensity of illumination
in the operant chambers was about 35 lux (Lutron, LX-1108, TW). Computers were
installed with K-limbic software which controlled the equipment and collected data from
subjects’ responses.
Behavioral procedures
General

Each day before starting the experiment, rats stayed in a separate room for about 2 hours
for habituation. At the same time, their chow was removed from their homecages. Rats
had ad libitum access to chow in their homecages after behavioral training and testing.
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All rats were handled for 3 days before instrumental conditioning. Details about the
conditioning are described as below:
Pre-training: Instrumental conditioning

Rats freely explored the touchscreen box during one session per day. Each session consisted
of 30 trials. Each trial lasted for 30 seconds and trials were separated by a random intertrial interval (ITI) between 15 and 30 seconds. During each trial, a small white circular
disc (2.88 cm2) was presented on the screen in the middle of the central window. Each
time the rat touched the circular disk, a sucrose pellet was dispensed into the magazine
as a reinforcer. This trial was marked as a successful trial. Rats could constantly touch
the disc and pellets were dispensed continuously within the period of a trial. If a rat did
not touch the disc during the trial period, the house-light was illuminated for 5 seconds
starting at the end of the trial. Rats received sequential instrumental conditioning (see
below) once they completed at least 10 successful trials in the last session.
Pre-training: Sequential instrumental conditioning

Rats in this stage were trained to associate touching a conditioned stimulus (CS) and
a reporter stimulus (RS) located at different positions of the screen sequentially with
acquiring rewards. The CSs were either a white square of 25.2 or 10.8 cm2 (70% or 30%
size of 36 cm2) and therefore were named CS70 and CS30 respectively. The RS was the
Chinese character ‘靈’. Figure 1B represents the trial sequence. Each trial contained three
sequential phases. For example, CS70 was presented in phase 1, and if it was touched, RS
was presented randomly on the left or right side in phase 2. Randomization may eliminate
position bias. If the RS was touched, two sucrose pellets were dispensed immediately in
phase 3. Completion of a trial with a reward as an outcome was marked as a successful trial.
CS30 trials were similar to CS70 trials, except that rats were rewarded with one sucrose
pellet in each successful trial. Each trial lasted for 40 seconds and trials were separated by
a random range of ITIs lasting between 15 seconds and 30 seconds. Rats were subjected
to 20 CS70 trials and 20 trials CS30 per session in total and received one session per
day. The order of each trial type was randomly assigned. CSs associated with one or two
sucrose pellets were counterbalanced across groups so that half of the CS70 trials were
associated with two sucrose pellets and the other half of CS30 trials were associated with
one sucrose pellet. After receiving five consecutive sessions, rats were shifted to the next
stage of discrimination conditioning.
Stimulus discrimination

In this stage, rats had to pay efforts to memorize the discrepancy between CS70 and CS30
to acquire the rewards. To earn rewards, they had to make decisions based on the CS
temporarily presented within a trial. Each trial contained three sequential phases. Figure
1C represents a trial sequence. For example in a CS70 trial, the CS70 was presented in
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Figure 1. Schematic view of the experimental procedures of a rat. (A) A schematic view of a rat in an
operant chamber with a touch screen. (B) Sequential instrumental conditioning. The sequence of events
during CS30 and CS70 trials in the stage of instrumental conditioning. A rat was allowed to touch the white
square image (phase one), which was followed by the random presentation of a reporter stimulus (RS) of
靈 on either the left or the right side of the screen (phase two). Then, a rat was allowed to touch this single
RS, leading to the delivery of one sucrose pellet for CS30, and two sucrose pellets for CS70, stimuli (phase
three). (C) Stimulus discrimination. The sequence of events during the CS30 and CS70 trials in the stage of
stimulus discrimination. A rat was required to touch CS70 and a touch on the right-side RS only to acquired
two sucrose pellets. The rat was required to touch CS30 and a touch on the left-side RS only to acquire one
sucrose pellet. An incorrect response initiated a correction trial. (D) Stimulus generalization. A representation
of all the stimuli during the stage of stimulus generalization. CS30 and CS70 are the same as above (see
figures 1B and 1C). The white square image of the GS40 is larger than the CS30 while the white square
image of the GS60 stimulus is smaller than of the CS70. The size of GS50 is between the GS40 and GS60.

phase 1, and if it was touched, two RSs were presented on both left and right sides in phase
2. Subsequently, if the RS was presented on the right side of the screen was touched, two
sucrose pellets were immediately dispensed in phase 3. Completing a trial with acquiring
a reward was marked as a successful trial. The sequence of phases for the CS30 trial was
similar as for the CS70 trial, except that rats were rewarded with one sucrose pellet in a
successful trial by touching the RS presented on the left side of the screen (see Fig 1C,
CS30). Correction trials were applied if rats touched the wrong RS or omitted the trial.
During correction trials, the same trial was repeated until rats made the correct response.
Both the CS and the position of the target RS were counterbalanced across the rats. Rats
were subjected to 40 trials (20 CS30 and 20 CS70 trials) per session. The order of the
two CS trials was randomized in each session and no more than four consecutive trials
were the same. Rats received one session per day until they correctly completed at least
70% of trials in each session of the last three consecutive sessions.
Stimulus generalization

The animals received three identical generalization sessions, conducted on three separate
days. To make sure the discrimination accuracy was not declined before each generalization
test, the discrimination accuracy of the CSs was tested between the generalization tests. If
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accuracy was less than 70%, rats were exposed to more sessions of stimulus discrimination
until the accuracy was higher or equal to 70% at the last two sessions before the next
day of the generalization test. In the stimulus generalization test, two CSs and three GSs
were introduced. The square size of the GSs was 40% (GS40), 50% (GS50), and 60%
(GS60) of 36 cm2, respectively. The sequence of GS trials was similar to CS trials except
that no reward outcome was delivered in phase 3 to reduce a reward conditioned effect
on the ambiguity of the GSs. Figure 1D presented the CS and GS trials applied during
the stimulus generalization test. Each session consisted of 72 trials, in which GS40,
GS50, GS60 each was presented during 12 trials and CS30, CS70 each during 18 trials.
The 72 trials were divided into 12 blocks resulting in 6 trials per block. The inter-block
interval was one minute. The order of the trials in each block was a CS followed by a GS
to guard against the sequential effects of the same stimulus. The CSs and GSs were evenly
distributed in each block and counterbalanced across blocks and groups.
Data analysis
Data were statistically analyzed using JASP (version 0.11.1) for t-tests and logistic
regression. Linear mixed-effect regression modeling was run in software R (version 3.6.2)
and package lme4 (Bates et al., 2015) to reduce the probability of false positives (Aarts et
al., 2014). Genotype, stimuli, and session were entered as fixed effects, and subjects and
the date of the experiment were entered as random effects in the model. Visual inspection
of the residual plot was used to check the heteroskedasticity of data distribution between
fitted data and residuals. The P-value was derived from Wald chi-square tests using the
package car (Fox and Weisberg, 2018) for the mixed-effect analysis. P-values less than
0.05 were defined as significant.

Results
Stimulus discrimination
Rats had to pay efforts to memorize the discrepancy between CS30 and CS70 to acquire
the maximum number of rewards by making optimal decisions when a single CS was
temporally presented. Their decisions resulted in a discrimination performance during
a session, which we termed the discrimination accuracy. It is defined as the percentage
of correct trials in a session (correction trials were not included). The performance of
discrimination accuracy across the sessions is presented in Figure 2A. A t-test indicated that
5-HTT-/- and 5-HTT+/+ rats needed a similar amount of sessions to reach the 70% accuracy
of pooled CSs for consecutive three sessions (t(18)=-1.204, p=0.244, d=0.538). Although the
accuracy for pooled CSs across 3 consecutive sessions was 70%, rats achieved an accuracy
higher in CS70 than in the CS30 trials (see Figure 2B, 2(1)=168.880, p<0.001). There
were no other significant effects (genotype: 2(1)=0.176, p = 0.674; session: 2(1)=0.171,
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p=0.679; genotype*session: 2(1)=0.0315, p=0.859). CSs were associated with either one
sucrose pellet or two sucrose pellets. To acquire the maximum number of pellets, rats
had to make optimal decisions across sessions during both CSs trials. Logistic regression
was performed to assess rats’ performance of discrimination accuracy for each of the
CS30 and CS70 trials. For the CS trials associated with higher reward value (CS70) (see
Figure 2C), the logistic regression model was statistically significant ( 2(251)=104.150,
p<0.001, McFadden’s R2=0.315). Both session and genotype had a significant effect on
the outcome of 70% accuracy (p<0.001 and p=0.036 respectively). Increasing sessions was
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Discrimination accuracy (%)

Discrimination accuracy (%)

A

CS70
CS30

3rd-last

last

D

P (CS30)

P (CS70)

C

2nd-last

Figure 2. Stimulus discrimination. (A) Solid lines represent the mean of discrimination accuracy of pooled
CSs in each genotype. The transparent stripes are 95% confidence intervals. Figures embedded in panel A
are the individual performance data for discrimination accuracy of pooled CSs in every session. (B) Blue and
red solid curves represent the mean accuracy for CS70 and blue and red dashed curves the mean accuracy
for CS30. The transparent strips around the mean estimators are 95% confidence intervals. (C) As sessions
progressed the probability of reaching 70% accuracy increased for CS associated with higher reward value
(CS70). The probability of reaching 70% accuracy for the CS associated with high reward value was lower
in 5-HTT-/- versus 5-HTT+/+ rats. A dot in the top denotes a subject that reached 70% accuracy in a session,
a dot in the bottom denotes a subject that failed to reach 70% accuracy in a session. (D) The probability of
reaching the discrimination criterion for the CS associated with the lower reward value (CS30) increased as
the session progressed. There were no significant differences between 5-HTT-/- versus 5-HTT+/+ rats for CS30.
A dot in the top denotes a subject that reached 70% accuracy in a session, a dot in the bottom denotes a
subject that failed to reach 70% accuracy in a session.
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associated with an increased likelihood of 70% accuracy for CS70 trials per session, but
5-HTT-/- rats reduced the probability of responding to the stimulus correctly to 50.1%
compared to 5-HTT+/+ rats. For the CS trials associated with one sucrose pellet (CS70)
(Figure 2D), the logistic regression model was also statistically significant ( 2(251)=7.574,
p=0.023, McFadden’s R2=0.033) and sessions had a significant effect on the outcome of
70% accuracy (p=0.007), but no significant effect of genotype was observed (p=0.968).
In summary, 5-HTT+/+ rats performed more optimal decision-making compared to
5-HTT-/- rats during stimulus discrimination for CS with a higher reward value (CS70).
Yet, both genotypes were able to reach the 70% accuracy criterion of pooled CSs across
three consecutive sessions at the end.
Stimulus generalization
Rats generalize the learned information from CS30 and CS70 to GS40, GS50, and GS60
based on the physical property (similarity or ambiguity) among the stimuli by making
decisions on the stimulus currently presented on the screen. If the physical property of a
GS is close to one of the CSs, the decision on the GS is typically closer to the CS, resulting
in a monotonic graded response to the stimuli (Ghirlanda and Enquist, 2003). Figure
3A and 3B present a linear mixed-effect model showing that there is a significant effect
of stimulus similarity on decision-making. Thus, as the physical property (similarity)
was closer to CS70 (associated with two sucrose pellets), the decisions were more
robust ( 2(4)=7733.518, p<0.001). Furthermore, the individual performance of stimulus
generalization shows monotonic graded responses (see Supplemental Figure 1). However,
no significant genotype or stimulus*genotype effect was observed (genotype: 2(1)=0.0022,
p=0.962; stimulus*genotype: 2(4)=3.0004, p=0.558). As shown in Figure 3C and 3D,
session and session*genotype effects were also not significant (session: 2(1)=0.0619, p=
0.803; session*genotype: 2(1)=0.265, p=0.606). On the other hand, rats’ responses to
the stimuli were also more robust as their physical property was closer to CS30 (see
Supplemental Figure 2A, 2(4)=719.627, p<0.001). Again, no significant genotype or
stimulus*genotype effect was found (genotype: 2(1)=0.491, p=0.483; stimulus*genotype:
2
=6.081, p=0.193). The session and sessions*genotype effects were also not significant
(4)
(see Supplemental Figure 2B, session: 2(1)=0.807, p=0.369; session*genotype: 2(1)=0.516,
p=0.472).
Before taking optimal actions on the stimulus, the response time (RT) plays a crucial
role in information processing both in rats and humans (Donders, 1969; Blokland,
1998). A linear mixed-effect model showed a significant effect of the stimuli on the RT
(see Figure 4A, 2(4)=57.917, p<0.001). As shown in Figure 4B, there was a significant
effect of genotype ( 2(1)=11.432, p < 0.001), but no stimulus*genotype interaction
effect ( 2(4)=1.936, p=0.747). There was no significant effect of the session ( 2(1)=0.299,
68
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Figure 3. Stimulus generalization. The decisional anhedonia of responding to GSs was similar between
5-HTT-/- and 5-HTT+/+ rats. (A) The percentage of responses towards CS70 increased with the similarity
of the GS closer to the CS70. Solid lines represent the mean percentage of performance. Stripes represent
95% confidence intervals. (B) The percentage of responses towards CS70 in each session. (C) The interaction
between session and genotype. The solid lines are the linear regression with the 95% confidence intervals
around. (D) The interaction between session and genotype in each stimulus. A dot denotes the individual
performance in a session.

p=0.584). However, a significant effect of session*genotype was observed (see Figure
4C; 2(1)=21.1967, p<0.001). A follow-up analysis shows that there was also a significant
effect of sessions in 5-HTT +/+ rats ( 2(1))=10.210, p=0.001) but a trend was found for
5-HTT-/- rats ( 2(1)=3.391, p=0.0656), revealing that as sessions progressed 5-HTT+/+ rats
took more time to react while 5-HTT -/- rats tended to take less time.
As shown in Fig 4D, the significant effect of session*genotype was observed for GS60
( 2(1)=5.435, p=0.0197). However, follow-up analysis revealed that there was no significant
effect of session in 5-HTT-/- rats ( 2(1)=2.242, p=0.134), while there was a trend for
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Supplemental Figure 1. Stimulus generalization in individuals. A single line represents a generalization
curve of a rat per session. Red lines represent the performance of 5-HTT-/- rats, blue lines represent the
performance of 5-HTT+/+ rats.
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similar between 5-HTT-/- and 5-HTT+/+ rats. (A) The percentage of responses towards CS30 decreased with
the similarity of the GS closer to CS70. The solid lines are the linear regression with the 95% confidence
intervals around. A dot denotes the individual performance in a session. (B) The interaction between session
and genotype. The solid lines are the linear regression with the 95% confidence intervals around. A dot
denotes the individual performance in a session.
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Figure 4. Response time (RT) during the stimulus generalization. 5-HTT-/- rats gradually decreased, over
sessions, RT to GSs compared to 5-HTT+/+ rats who showed an increase in RT over sessions. (A) The stimuli
effect on RT was significantly different. Solid lines represent the mean of RT. Stripes are 95% confidence
intervals. (B) Linear regression of RT for each stimulus in each session. The solid lines are the linear regression
with the transparent stripes of 95% confidence intervals around. A dot denotes the individual performance
in a session. (C) The interaction between session and genotype. The solid lines are the linear regression with
the transparent stripes of 95% confidence intervals around. A dot denotes the individual performance in a
session. (D) The interaction between session and genotype in each stimulus. The solid lines are the linear
regression with the transparent stripes of 95% confidence intervals around. A dot denotes the individual
performance in a session.

5-HTT+/+ rats ( 2(1)=3.193, p=0.0740). Furthermore, a trend towards a session*genotype
interaction effect for GS50 ( 2(1)=2.916, p=0.0877) was observed, but not for GS40
( 2(1)=0.623, p=0.430), CS70 ( 2(1)=0.0701, p=0.791) and CS30 ( 2(1)=2.0236, p=0.155).
Taken together, 5-HTT+/+ rats gradually increased RT across the three generalization test
sessions while 5-HTT-/- rats tended to decrease RT, while the generalization curves were
similar between them.
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Discussion
We found that both 5-HTT-/- and 5-HTT+/+ rats were able to reach 70% accuracy across
three consecutive sessions during stimulus discrimination. Also, the number of sessions
needed to reach such a criterion was similar between the two genotypes. However,
5-HTT+/+ rats performed more optimal decision-making compared to 5-HTT-/- rats during
stimulus discrimination for the conditioned stimulus associated with high reward value
at the beginning. Further, we found that 5-HTT+/+ rats gradually increased response time
to generalization stimuli across the three generalization test sessions, while 5-HTT-/- rats
tended to decrease response time. The monotonic graded responses towards the stimuli
were similar between the two genotypes and did not alter as the sessions progressed.
During stimulus discrimination, all 5-HTT-/- and 5-HTT+/+ rats reached 70% accuracy
across the last three consecutive sessions, which indicates that both genotypes were able to
pay efforts to discriminate between the two CSs with similar accuracy. However, 5-HTT/rats displayed a lower probability to respond CS70 (higher reward) correctly during
stimulus discrimination compared to 5-HTT+/+ rats, suggesting that 5-HTT-/- are less well
able to acquire maximum rewards based on the information of the stimulus during the
early stage. This indicates that 5-HTT-/- rats have a reduced capability to balance the cost
of efforts and benefit of reward outcome during stimulus discrimination (i.e. decisional
anhedonia) in the early stage. It is also possible that 5-HTT-/- rats are more flexible and thus
distracted from making optimal decisions (Nonkes et al., 2013). However, for responses
to CS30 (which was counterbalanced with CS70 within each group), no such effect
was detected. It could also be that 5-HTT-/- rats have a learning deficit during stimulus
discrimination. However, in previous sucrose-reinforced operant testing no evidence for
this was found (Nonkes et al., 2013; Karel et al., 2019). The discrepancy of accuracy
between CS30 and CS70 might be because rats were more engaged in “habit behavior”
when responding to CS70. Whether this discrepancy of lower and higher reward can
be eliminated through continuous training may need further research. In other similar
experiments, different accuracy criteria were applied (for example, accuracy for each of the
two CSs is higher than 60% or accuracy for two CSs pooled is higher than 80%) (Hales
et al., 2016; Krakenberg et al., 2019a, 2019b). Even when the higher criterion was set at
80% accuracy for stimulus discrimination, no genotype differences were found between
5-HTT-/- and 5-HTT+/+ rodents (Krakenberg et al., 2019a). Since depressive patients are
more accurate in making decisions without being over-controlled by a preference for the
outcome of higher reward value (Alloy and Abramson, 1979; Moore and Fresco, 2012), it
may be that the physical difference between stimuli is more salient to depressed subjects
rather than the differences between reward values of the stimuli.
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The responsivity to the ambiguity of stimuli was subsequently measured during stimulus
generalization. Both stimulus generalization and response time (RT) were analyzed during
the stimulus generalization. 5-HTT-/- and 5-HTT+/+ rats categorized the GSs and CSs
similarly during decision-making under ambiguity. This indicates that the ablation of
5-HTT in rats didn’t change the capacity of generalization to process the ambiguity of
the stimuli. The capacity of generalization between 5-HTT+/+ and 5-HTT-/- mice was
also similar in a touch-screen based task where the discrepancy of physical property
(ambiguity) was the location of visual stimuli (Krakenberg et al., 2019a). These findings
suggest that 5-HTT-/- and 5-HTT+/+ rodents pay similar efforts to the categorization of the
stimuli. However, we found that 5-HTT+/+ rats increased their RT with the progression
of sessions, while 5-HTT-/- rats tended to decrease in RT but not significantly. Possibly,
5-HTT-/- rats were less trustworthy to the ambiguous stimuli (subjective value) especially
at the beginning which may reflect an aversive emotion (FeldmanHall et al., 2018). This is
in line with the anxious phenotype of these animals (Olivier et al., 2008), and depressed
patients also responded faster when processing positive information (Goeleven et al.,
2006). Alternatively, the findings may suggest that 5-HTT+/+ rats were better to update the
reward information from the ambiguity of GSs which were not associated with rewards
and thus taking more time to make a better balance between cost (taking actions) and
benefit (rewards outcome) during stimulus generalization, while the 5-HTT-/- rats were less
able to update reward information from the ambiguity of GSs and thus taking less time to
consider the balance between cost and benefit as the sessions progressed. Consistently, we
previously found that when the value of a conditioned stimulus was discounted, 5-HTT/rats were less able to update the stimulus value (Nonkes et al., 2010). This learning
deficit could be embedded into decisional anhedonia, as the animals were learning to
update the reward information to balance costs and benefits (Vessey, 1994; Der-Avakian
and Markou, 2012). Despite these genotype differences in RT, both genotypes made
similar efforts (the costs) to categorize the stimuli, as shown by the similar monotonic
curves for both genotypes. Taken together, 5-HTT-/- may have difficulties in updating
the reward value of the stimuli (benefits) but the cost of efforts to categorize the stimuli
was similar to 5-HTT+/+ rats.
Response time (RT) plays a crucial role in information processing both in humans and
rodents (Donders, 1969; Blokland, 1998). Previous in vivo studies in rodents support
the notion that serotonergic neurons encode the time for reward-related information
processing. Serotonergic neurons have been found to fire tonically when the animal is
waiting for the reward and then phasically when the animal received a reward (Li et al.,
2016). Also, optogenetic activation of serotonergic neurons has been found to promote
waiting (Fonseca et al., 2015). 5-HTT-/- mice show under resting-state conditions a reduced
firing rate of serotonergic neurons (Gobbi et al., 2001; Lira et al., 2003), which may lead
to changes in waiting or the perception of reward. These findings indicate that serotonin
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controls the time needed for reward-related information processing and represents an
interesting substrate for the mechanistic understanding of decisional anhedonia before
taking action.
In summary, 5-HTT ablation may alter the responsivity to the reward value of stimuli
but may not alter the responsivity to the ambiguity/similarity of stimuli. This suggests
that the cost of efforts for responding to the stimuli is similar between 5-HTT-/- and
5-HTT+/+ rats, while the subjective reward value (benefits) for responding to the stimuli
may be impaired in 5-HTT-/- rats. Therefore, the absence of the 5-HTT might partially
contribute to the development of decisional anhedonia.
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Abstract
Understanding the common dimension of mental disorders (such as anxiety, depression, and
drug addiction) might contribute to the construction of biological frameworks (Research
Domain Criteria, RDoC) for novel ways of treatment. One common dimension at the
behavioral level observed across these disorders is a generalization. Testing generalization
in serotonin transporter (5-HTT) knockout (KO) rats, an animal model showing
depression/anxiety-like behaviors and drug addiction-like behaviors, could therefore
provide more insights into this framework. We tested the outcome generalization and
stimulus generalization in wild-type (WT) and 5-HTT KO rats. Using a newly established
touchscreen-based task, in which subjects directly responded to visual stimuli (Gabor
patch images). We measured the response time and response outcome in a precise
manner. We found that 5-HTT KO rats processed visual information faster than WT
rats during outcome generalization. Interestingly, during stimulus generalization, WT
rats gradually responded faster to the stimuli as the sessions progressed, while 5-HTT
KO rats responded faster than WT in the initial sessions and didn’t change significantly
as the sessions progressed. This observation suggests that KO rats, compared to WT rats,
may be less able to update information changes. Taken together, KO 5-HTT modulates
information processing when the environment changes.
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Introduction
Mental disorders, such as depression, anxiety, and drug addiction are classified according
to the symptoms described in the Diagnostic and Statistical Manual of Mental Disorders or
International Statistical Classification of Diseases and Related Health Problems (World Health
Organization, 2005; American Psychiatric Association, 2013). However, patients with one
disorder tend to also have other disorders (Regier et al., 1998; Aarts et al., 2014; Wu and
Fang, 2014). This comorbidity combined with the high burden and mortality of these
disorders (Who and World Health Organization, 2015) urged researchers to focus on the
common dimensions of the disorders. This ultimately may foster the development of new
treatments (Cuthbert and Insel, 2013). For this reason, a biological framework (Research
Domain Criteria, RDoC) has been constructed that aims to understand dimensions that
cut across psychiatric disorders and are shaped by a specific constellation of molecules,
cells, and behaviors (Insel et al., 2010). The biological framework can be the basis for
objective measurements of psychopathology and can provide leads for personalized
treatments (Insel and Cuthbert, 2015).
One common dimension of the biological framework observed across anxiety, depression,
and drug addiction in both humans and animals is a generalization (Stoleman, 1991;
Herzallah et al., 2013b; Müller and Homberg, 2015; Lopresto et al., 2016; Mahlberg
et al., 2017; Nguyen et al., 2020). Generalization has recently been proposed as one
dimension in the RDoC framework(Crocq, 2017). The processing of familiar stimuli
with less predictable outcomes was termed as outcome generalization; while stimulus
generalization refers to the ability to transfer the learned information predicted by stimuli
to novel information predicted by other stimuli. Generalization reduces the effort for
individuals to learn the prediction of the outcome of each stimulus from scratch, but
can use it to guide behavior. However, too broad or too narrow generalization may lead
to mal-adaptation, as this may cause approaching stimuli indiscriminately (Homberg et
al., 2014; Kahnt and Tobler, 2016), avoiding stimuli (Lopresto et al., 2016; Norbury et
al., 2018) or non-responding to stimuli (Herzallah et al., 2013a; Nguyen et al., 2020).
This approach is unlikely to allow individuals to optimally or efficiently apply the stimulioutcome association obtained for specific stimuli to other related stimuli, resulting in the
occurrence of a disorder (Kahnt and Tobler, 2016).
In stimulus generalization, the relationship between conditioned stimuli (CS) and
generalization stimuli (GS) is determined by the similarity of stimuli at one or more
perceptual dimensions (e.g. frequency of sound, frequency of object vibration, tactile
feel of the material, or angle of grating) (Nguyen et al., 2020). The response choice to
GS is typically more robust as its similarity is closer to the CS (Roelofs et al., 2016).
Before making choices, it requires subjects’ response time (RT) to process the external
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and internal information of stimuli during both stimulus generalization and outcome
generalization. Response time was initially proposed as a key readout by F.C Donders
(Donders, 1969) and is considered to play a crucial role in information processing both
in humans and animals (Blokland, 1998; Merens et al., 2007). Early research in humans
found that stress shortened RT, anxious personalities had faster RT and drug users
reduced RT to drug-related signals (Kosinski, 2013). Moreover, serotonin transporter
(5-HTT) inhibition shortened RT without altering discrimination in healthy humans
(Hasbroucq et al., 1997; Rihet et al., 1999) but impaired generalization in depressive
patients (Herzallah et al., 2013b). Besides, the lower expression of 5-HTT in humans
is associated with higher generalized anxiety and depression (You et al., 2005; Bleys et
al., 2018). Rodent studies have demonstrated that 5-HTT KO rodents show increased
anxiety-like and depression-like behavior (Olivier et al., 2008; Schipper et al., 2011),
whereas they also self-administer higher amounts of cocaine (Homberg et al., 2008; Verheij
et al., 2018). However, no impairment of visual discrimination was observed(Nonkes et
al., 2013). Accordingly, it has been suggested that 5-HTT related disorders may be caused
by maladaptive information processing (Homberg and Lesch, 2011; Homberg et al.,
2014). The (mal)adaptation in 5-HTT KO animals can be directly measured by testing
their stimulus generalization ability. In a simple visual generalization task, 5-HTT KO
mice exhibited a similar generalization curve compared to wild-type (WT) control mice
(Krakenberg et al., 2019). However, only one type of generalization stimulus was presented
and the RT to the stimuli was not reported in this experiment. In another experiment,
in which space (arm) generalization was measured, 5-HTT KO mice showed a tendency
towards an increase in RT to the generalization arm (Kloke et al., 2014). However, only
the RT was measured and the generalization curve was not reported in this task. Other
serotonin relevant studies showed that serotonergic neurons are encoding reward-related
information processing. Both expected and unexpected rewards activate serotonergic
neurons and the serotonergic neurons fired tonically when the animal was waiting for
the reward (Li et al., 2016). In addition, optogenetic activating the serotonergic neurons
promotes waiting duration (Fonseca et al., 2015). Also, our previous study showed that
5-HTT KO rats spent more time exploring the CS especially when there was no expected
reward outcome (Nonkes et al., 2010). These findings indicate that serotonin affects RT
in rats during information processing.
In the current study, we tested the effect of knocking out 5-HTT in rats on outcome
generalization and stimulus generalization performance. By testing generalization in
5-HTT KO rats, an animal model showing depression/anxiety-like behaviors and drug
addiction-like behaviors (Olivier et al., 2008; Schipper et al., 2011; Homberg et al., 2014),
we could provide more insights into constructing generalization as one of the dimensions
in the biological framework of RDoc. The visual conditioned stimuli and generalization
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stimuli used in the experiment were presented on a touchscreen so that subjects could
directly respond to the stimuli and the RT could be measured in a precise manner.

Materials and methods
Subjects
Twenty male rats weighing 325-400 g and aged 80-100 days were served as subjects (10
5-HTT KO and 10 WT rats). Sample sizes were based on our previous studies (Guo et
al.; Nonkes et al., 2013). Both investigators and caregivers were blinded to the groups
during experiments. The KO rats (Slc6a41Hubr) have been generated by target-selected
ENU-induced mutagenesis and had been outcrossed for at least 15 generations with
commercial Wistar rats (Homberg et al., 2007a). All rats were housed by pairs of the
same group in a temperature-controlled room (21 ± 1 °C) with 40–50% humidity under
a 12/12 h reversed light-dark cycle (bright light on 19:00 to 7:00) at regular Eurostandard
type III H cages including shelter. Rats had ad libitum access to water and chow in their
home cages. Experiments were approved by the Animal Welfare Committee of Radboud
University Medical Centre, Nijmegen, the Netherlands. Rats were sacrificed at the end
of the study and their brains were preserved for further analysis.
Behavioral procedures
Apparatus

The behavioral training and tests were performed in eight computer-controlled operant
chambers (Med Associates). Each chamber was equipped with a house-light for illuminating
the chamber, a touchscreen for presenting stimuli, a metal panel for dividing the screen
into three windows, and a dispenser for delivering sucrose pellets (TestDiet, St. Louis,
USA). Each chamber was cleaned right at the start and after the experiment every day.
The experimental procedures and data acquisition were programmed in K-limbic software
(Med Associates, Hertfordshire, UK). Images presented on the screen were all generated
by using Python (version 3.7) with the package of PsychoPy (version 3.0). A schematic
view of a rat in a chamber is presented in Figure 1A.
Training and test

All rats were handled for 3 days before training in the touchscreen box. Rats were trained
and tested every day. The behavioral procedure was modified from a previous touchscreen
task developed by us (Guo et al.). Briefly, animals were trained well to associate touching
stimuli with acquiring rewards in the stage of instrumental conditioning. In the next stage,
the animals were trained to discriminate visual stimuli predicting lower reward (LR) and
higher reward (HR). Instrumental conditioning took place when only one reporter stimulus
(靈) was present, whereas discrimination took place when two reporter stimuli (靈) were
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present at the same time. Once rats were trained well in visual discrimination, they were
tested in an additional visual discrimination stage during which the expected reward
outcome was reduced, based on a probability of 75% instead of 100% to test outcome
generalization. Finally, rats were tested for stimulus generalization. The flowchart of the
training and testing is shown in Figure 1 E. The procedures of each stage are thoroughly
described in the Supplementary Methods section. All stimuli used in the study can be
downloaded from Donders Institute for Brain, Cognition and Behavior Repository at
http://hdl.handle.net/11633/aadis56o.
Data analysis
Data were analyzed using t-tests in software JASP and using mixed-effects linear models in
R software (version 3.6) with package brms(Bürkner, 2018). Using mixed-effects models to
analyze the data reduces the possibility of false positives (Aarts et al., 2014). The numbers
of sessions to reach the learning criterion, learning rate (the slope for the animals reaching
the learning criterion) were analyzed using a Bayesian t-test. If the normality assumption
was violated before performing the t-test, a Bayesian Mann-Whitney U test was applied.
Data were plotted with the library DABEST (Ho et al., 2019) in Python (version 3.7).
And statically examined by estimating a Bayes factor(Wagenmakers, 2007) by comparing
the fit of the data under the null-hypothesis and the alternative hypothesis. The Bayes
factor provides the information: which hypothesis is favored by the given data. To obtain
the parameters for the generalization curve for each rat, data (proportion towards HR
response of each rat) were fitted to the psychometric function using the Palamedes Matlab
toolbox(Prins and Kingdom, 2018). The psychometric function is given by

where represents the proportion towards HR responses, and are two free parameters
that denote the location (threshold) and slope of the psychometric function separately,
accounts for stimulus independent lapses and was fixed to 0.01. x denotes the grating
orientation difference between left and right stimuli. F is a cumulative Gaussian distribution
which is given by

Crucially, corresponds to the point of subjective equality (PSE). The PSE was defined
as the midpoint of the psychometric function, at which the stimulus was perceived
equally often as tilted to the right and the left. Discrimination accuracy was defined as the
percentage of correct responses during the stage of discrimination (correction trials were
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Figure 1. A representative schematic view of the experimental procedures. (A) A representative rat in an
operant chamber equipped with a touchscreen. (B) A high reward (HR) trial and a low reward (LR) trial
sequence in the stage of instrumental learning. The rat was allowed to touch the stimulus of white and lack
gratings (phase one), which was followed by the random presentation of a reporter image ‘靈’ on either the
left or the right side of the screen (phase two). Then, the rat was allowed to touch this single reporter image,
leading to the delivery of one sucrose pellet for LR, and two sucrose pellets for HR, trials (phase three). (C)
An HR trial and an LR trial sequence in the stage of discrimination learning. During an HR trial, the rat
was allowed to touch the 65° gratings stimulus (phase one). Then, if it was touched two reporter images were
presented on the left and right side of the screen simultaneously (phase two). A correct response (reporter
image on the right screen was touched) produced two sucrose pellets (phase three). During an LR trial, the
rat was allowed to touch the 25° gratings stimulus (phase one). Then if it was touched two reporter images
were presented on the left and right side of the screen simultaneously (phase two). A correct response (reporter
image on the left screen was touched) produced one sucrose pellet (phase three). An incorrect response initiated
a correction trial for both LR and HR trials. Correction trial is the same type of trial as the previous trial
during which the subject responded incorrectly. (D) A representation of all the stimulus images during the
generalization phase. The degree of LR and HR stimuli are 25° and 65° respectively. The near-LR stimulus is
5°, the near-HR stimulus is 85°, and the ambiguous (Amb) stimulus is 45°. (E) The experiment flowchart.
Each vertical line represents one session and the horizontal line represents the timeline. The dash horizontal
lines denoting the sessions between the two vertical lines are the same. Solid lines between two vertical lines
denoting the two sessions represented by the lines took place on two consecutive days. Blue lines represent
sessions during instrumental conditioning and discrimination. Light blue vertical lines represent the sessions
that the ratio of correct response is below the criterions (90% correct trials per session for instrumental
conditioning, 70% correct trials per session for discrimination). Dark blue vertical lines represent the sessions
that rats reached the criterions. Yellow vertical lines represent sessions during stimulus generalization.
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not included). In stimulus generalization, the percentage of correct responses to LR and
HR stimulus was defined as generalization accuracy. The percentage of incorrect responses
to near-LR and near-HR stimuli was defined as generalization error. The percentage of
interpreting the ambiguous stimulus as LR or HR in ambiguous trials was defined as
generalization bias. Data were then statistically analyzed using the Bayesian mixed-effect
linear model with the brms package. This model provides multiple distribution families
including Gaussian, Beta and shifted log-normal distributions for our data fitting (see
the distribution of model fitted and observed values in Supplementary Figure 1). In
these tests, genotype, session, and stimuli factors were entered as fixed effects; subject and
date of the experiment were entered as random effects; the session was also entered as a
random slope; unless stated otherwise. The priors were set as default and their influence
on the results will be negligible(Bürkner, 2018). The contrast was set to sum-to-zero
(deviation coding). Significant effects were calculated by 95% credible intervals (CrI)
and the estimate (E) of the effect was given. If the 95% CrI did not include 0, the effect
was deemed “significant”.
Three KO and two WT rats were excluded from the mixed-effect analysis for the
discrimination stage since they didn’t reach the discrimination criterion after 45 days
of training (at least 70% correct responses for 3 consecutive days). Considering that
readers in the field of biological neuroscience might not be familiar with Bayesian mixedeffects models, we provide the maximal statistical information by producing robust and
transparent data illustration (Allen et al., 2019) for probability density (violin plot);
individual observations and outliers (dot plot); mean, median and quantile of data (box
plot), unless stated otherwise. All data and code are available from the Donders Institute
for Brain, Cognition and Behavior Repository at http://hdl.handle.net/11633/aadis56o.

Results
KO and WT rats might acquire the instrumental task at a similar speed.
We trained rats to learn to associate touching sequential stimuli with acquiring rewards.
All rats reached the learning criterion (>= 90% correct trials in the last session). To assess
whether both KO and WT rats can learn the task at the same speed overall, the total
number of sessions needed to reach the criterion was compared between the two genotypes
(see Figure 2A). An estimated Bayes factor from Bayesian Mann-Whitney U test (BF01
= 1.488) suggested that it was 1.488 times more likely there was no genotype difference
than there was genotype difference. In addition, the learning rate between the KO and
WT rats were plotted in Figure 2C. An estimated Bayes factor from Bayesian t-test (BF01
= 1.463) suggested that it was 1.067 times more likely there was no genotype difference
of learning rate than there was genotype difference (see Figure 2C). Both Bayes factors
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were below 3, indicating that the evidence for supporting the hypothesis of no genotype
difference was weak. Therefore, we concluded that rats from both genotypes might learn
the instrumental task at a similar speed.
The discrimination performance might be similar between WT and KO
rats.
Next, we trained rats to perform a visual discrimination task categorizing Gabor patches as
either HR or LR stimulus. The number of training sessions needed to reach the learning
criterion of at least 70% accuracy for 3 consecutive days or on the 45th day (when all
rats were sacrificed) was analyzed. The number of sessions needed is presented in Figure
2B. An estimated Bayes factor (BF01 = 1.691) suggested that it was 1.691 times more
likely there was no genotype difference than there was genotype difference. In addition,
a Bayesian t-test for the learning rate revealed that the estimated Bayes factor was BF01
= 1.463. The factor suggests that it was 1.463 times more likely there was no genotype
difference than there was a genotype difference (see Figure 2D). Both Bayes factors were
below 3, indicating that the evidence supporting the hypothesis of no genotype difference
was weak. Therefore, we concluded that both KO and WT rats could learn to discriminate
the LR and HR stimuli, possibly at a similar speed.
The training session effect on discrimination accuracy and response time were further
analyzed. As shown in Figure 2E, as the sessions proceeded the discrimination accuracy
increased significantly (E = 0.05, CrI = [0.03, 0.09]). This test was not significantly
different between KO and WT rats (E = -0.17, CrI = [-0.44, 0.1]), and no significant
genotype*session interaction effect was found (E = 0.01, CrI = [-0.04, 0.06]). This indicates
that both KO and WT rats learned to discriminate the stimuli with similar accuracy.
The average response time of each session for touching the stimuli across the whole training
sessions was also analyzed, which is presented in Figure 2F. As the session progressed
the response time decreased significantly (E = -0.09, CrI = [-0.13, -0.06]). No other
significant differences were found in this test (genotype: E = -0.22, CrI = [-0.66, 0.20];
genotype*sessions: E = 0.01, CrI = [-0.06, 0.07]). This indicates that KO and WT rats
processed the signal of conditioned stimuli similarly.
Taking the results above, we conclude that KO and WT rats might acquire the ability to
discriminate the LR and HR stimuli similarly.
Less reward predictable context altered response time.

The above results are consistent with previous findings that there is no impairment in visual
discrimination in 5-HTT KO versus WT rats if individuals are in a stable environment
(Nonkes et al., 2013). When the environment changes maladaptive behavior may
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Figure 2. Instrumental learning and discrimination learning: all sessions. (A~D) Individual data are shown
as dots. The effect size and 95% confidence intervals obtained from bootstrapping are plotted on separate axes
beneath the individual data points. For each genotype, mean ± standard deviations are shown as vertical gaped
lines. (A, B) The number of sessions. (A) Instrumental learning. The number of sessions the rats needed to
reach the learning criterion. There was no difference in the number of sessions needed between WT and KO
rats. (B) Discrimination learning. The number of sessions the rats needed to reach the learning criterion
or quit. There was no difference in the number of sessions needed between them. (C, D) learning rate. (C)
Instrumental learning. The instrumental learning rate was not significantly different between KO and WT
rats. (D) Discrimination learning. The discrimination learning rate was not significantly different between
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KO and WT rats. (E) Discrimination accuracy. Mean percentage with 95% confidence intervals of correct
responses across all learning sessions. The stimulus discrimination accuracy increased significantly as learning
progressed in both WT and KO. There was no significant difference in correct responses across all learning
sessions between KO and WT rats. (F) Response time during discrimination. Mean with 95% confidence
intervals of response time across all learning sessions. The response time decreased significantly as learning
progressed in both WT and KO rats. Genotypes were not significantly different. (E, F) WT(N=8), KO(N=7).

become overt in 5-HTT KO rats(Homberg and Lesch, 2011). To test this, we analyzed
the discrimination accuracy and response time when the animals reached the learning
criterion with and without the change in reward contingencies. As shown in Figure 3A,
when the reward contingencies were not changed, there were no significant effects on
discrimination accuracy in this test (genotype: E = -0.02, CrI = [-0.24, 0.28]; session: E
= -0.01, CrI = [-0.16, 0.13]; genotype*session: E = -0.08, CrI = [-0.19, 0.36]). Figure 3B
shows that there were also no significant effects on RT (genotype: E = -0.08, CrI =[-0.84,
0.65]; session: E = -0.16, CrI = [-0.49, 0.12]; genotype*session: E = 0.08, CrI=[-0.52,
0.69]). The results indicate that both WT and KO rats had a similar discrimination
performance when reward contingencies were not changed.
The discrimination accuracy was also not significantly different between KO and WT
rats when probabilistic reward contingencies were reduced (E =0.08, CrI = [-0.19, 0.36];
session: E = 0.09, CrI = [-0.01, 0.20]; genotype*session: E = -0.14, CrI = [ -0.34, 0.08].
see Figure 3C). However, the RT was significantly lower in KO rats than in WT rats (E
= -0.47, CrI = [-0.82, -0.13]; see Figure 3D). No other significant effects were observed
(session: E = 0.03, CrI = [-0.07, 0.14]; genotype*sessions: E = -0.03, CrI = [-0.22, 0.16]).
The data indicate that KO rats responded to the stimuli faster than WT rats when the
reward outcome was less predictable.
Generalization accuracy, error, bias, and generalization curve are similar
between KO and WT rats.

The generalization accuracy measured across three sessions for both KO and WT rats is
presented in Figure 4A. We found that rats displayed a significantly higher generalization
accuracy to the HR conditioned stimulus than to the LR conditioned stimulus (E = 0.18,
CrI = [0.05, 0.32]). No other significant effects were observed in this test (genotype:
E = 0.23, CrI = [-0.27, 0.71]; session: E = 0.11, CrI = [-0.18, 0.40]; genotype*session:
E = -0.07, CrI = [-0.66, 0.5]; genotype*stimulus: E = 0.06, CrI = [-0.35, 0.22]). The
generalization error measured across three sessions for both KO and WT rats is presented
in Figure 4B. The data show that rats made less generalization errors in response to the
near-HR generalization stimulus than to the near-LR generalization stimulus (E = -0.40,
CrI = [-0.59, -0.21]). Other effects were not significantly different (genotype: E = 0.16,
CrI = [-0.27, 0.57]; session: E = -0.15, CrI = [-0.44, 0.13]; genotype*sessions: E = 0.14,
CrI = [-0.40, 0.67]; genotype*stimulus: E = 0.01, CrI = [-0.37, 0.36]). The generalization
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Figure 3. Discrimination with and without the change in reward contingencies (accuracy ≥ 70 %). (A,
B) Discrimination performance without change in reward contingencies. (A) Discrimination accuracy.
Percentage of correct responses across the last three sessions. The discrimination accuracy stayed similar as
the session progressed in both WT and KO rats. There was no significant difference of correct responses
across the last three sessions between them (B) Discrimination RT. The response time stayed similar as the
session progressed in both KO and WT rats. There was no significant difference in RT across the sessions
between them. (C, D) Discrimination performance when probabilistic reward contingencies were
reduced (outcome generalization). (C) Discrimination accuracy. Percentage of correct responses across
sessions. No significant difference between KO and WT rats, and no significant difference across sessions.
(D) Discrimination RT. The RT was significantly lower in KO than WT rats. There was no significant
effect of the sessions. Note: WT (N=7); KO (N=8); The points between solid lines represent the mean of the
group; The dots represent individual data; The hills represent the probability distribution of the individual
data; The range of the colored box represents the interquartile range; The vertical line in the colored box
represents the group median; The range of colored box with whiskers on both sides represent the minimum
and maximum data range; Data outside the whiskers are outliers denoted by the symbol .

bias across three sessions for both KO and WT rats is presented in Figure 4C. We found
that rats had a higher generalization bias to HR than LR in response to ambiguous stimuli
(E = 0.53, CrI = [0.36, 0.66]). No other effects were significantly different (genotype: E
= -0.06, CrI = [-0.34, 0.22]; session: E = 0.01, CrI = [-0.17, 0.21]; genotype*sessions: E
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= -0.07, CrI = [-0.43, 0.3]; genotype*stimulus: E = -0.17, CrI = [-0.43, 0.30]). Figure
4D shows that KO and WT rats have similar generalization curves. Both genotypes
responded to the GS in a more robust manner as its similarity was closer to CS. The
locations (PSE) of the curves between WT and KO rats were similar (genotype: E =
-0.5, CrI = [-0.63,5.06]; session: E = 0.64, CrI = [-2.76, 4.01]; genotype*session: E =
1.4, CrI = [-4.86,7.54]) and the slopes of the curves between WT and KO rats were also
similar (genotype: E = -0.04, CrI = [-0.57, 0.49]; session: E = 0.24, CrI = [0.00, 0.47];
genotype*session: E = -0.04, CrI = [-0.49, 0.42]).
The results indicate that generalization accuracy, generalization error, and generalization
bias were similar in KO and WT rats and that both KO and WT displayed a bias to HR
when responding to ambiguous stimuli. Also, generalization curves were similar between
KO and WT rats and as the similarity was closer to CS the responses to GS were more
robust.
Response time tends to converge between KO and WT rats during stimulus
generalization

RT is considered to play a crucial role in information processing both in humans and
animals(Blokland, 1998; Merens et al., 2007). To examine the effect of genotype on
information processing during generalization, RT was analyzed. There was no significant
effect of genotype over the three sessions in all stimulus conditions on RT as shown in
Supplementary figure 2A (E = -0.28, CrI = [-0.92, 0.36]), and no significant effect of
session on RT overall (Supplementary figure 2B, E = -0.04, CrI = [-0.22, 0.13]). However,
every stimulus had a significant effect on RT as shown in Supplementary Figure 2C
(near-LR: E = 1.17, CrI = [0.81, 1.51]; LR: E =0.23, CrI = [0.11, 0.36]; Ambiguous: E
= -0.21, CrI = [-0.33, -0.10]; HR: E = 0.31, CrI = [0.18, 0.43]; near-HR: E = -0.14, CrI
= [-0.26, -0.02]). As shown in Figure 4E there was a significant interaction effect between
genotype and session across the stimuli (E =0.46, CrI = [0.13, 0.83]). The follow-up
analysis showed that there was a significant effect of session in WT rats. RT decreased in
WT rats as sessions increased (E= -0.36, Crl = [-0.66, -0.06]). In 5-HTT KO rats we only
observed an increased tendency (not significantly) for an increase in RT (E = 0.22, Crl
= [-0.14, 0.56]). To further examine the interaction effect between genotype and session
on RT under each stimulus, analysis of RT function on each stimulus was modelled.
For the LR stimulus (Figure 4F), there was a significant interaction effect between
genotype and session (E = 0.76, CrI = [0.15, 1.47]). Genotype and session main effects
were not significant when the LR stimulus was presented (genotype: -0.59, CrI = [-1.45,
0.26]; session: E = -0.07, CrI = [-0.39 0.27]). For the HR stimulus (Figure 4G), there
was a significant interaction effect between genotype and session (E = 0.79, CrI = [0.18,
1.48]). However, genotype and session effects were not significant under the LR condition
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Figure 4. Stimulus generalization. (A) The generalization accuracy. Percentage of correct responses across
sessions to LR and LR stimuli. Rats showed a significantly higher generalization accuracy to the HR conditioned
stimulus than to the LR conditioned stimulus in both WT and KO rats but no significant genotype effect.
(B) Generalization error. The percentage of incorrect responses to near-LR and near-HR stimuli. Rats
made significantly fewer generalization errors in response to the near-HR generalization stimulus than the
near-LR generalization stimulus but not genotype effects. (C) Generalization bias. Percentage of responses
to interpret the ambiguous stimulus as LR or HR. Rats displayed a significantly higher generalization bias
to HR in response to ambiguous stimuli, but there was no significant genotype effect. (D) Generalization
curve. WT and KO rats had similar generalization curves. Error bars: mean with 95% confidence intervals.
∆PSE = KO–WT. (E-J) Response time (RT) during generalization. (E) Interaction (session and genotype)
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effect on RT. The response time between the genotype of KO and WT rats to each session across all stimuli.
There was a significant interaction difference between genotype and session across all stimuli. (F) RT to LR
stimulus. There was a significant genotype*session interaction for the RT assessed across three sessions. The
main effect of genotype or session was not significant. (G) RT to HR stimulus. The RT in KO and WT rats
across three sessions. There was a significant interaction effect between genotype and session. The main effect
of genotype or session was not significant. (H) RT to near-LR stimulus. The RT between KO and WT rats
across three sessions. There was no significant interaction effect between genotype and session. The main effect
of genotype or session was not significant. (I) RT to near-HR stimulus. The RT between KO and WT rats
across three sessions. There was no significant interaction effect between genotype and session. The main effect
of genotype or session was not significant. (J) RT to ambiguous stimulus. The RT between KO and WT
rats across three sessions. There was a significant interaction effect between genotype and session. The main
effect of genotype or session was not significant. Note: KO (N=7); WT (N=8). The point between solid lines
are mean of the group; The dots represent individual data; The hills represent the probability distribution of
the individual data; The range of the colored box represents the interquartile range; The vertical line in the
colored box represents the group median; The range of colored box with whiskers on both side represent
the minimum and maximum data range; Data outside the whiskers are outliers denoted by the symbol .

(genotype: -0.45, CrI = [-1.30, 0.41]; session: E = 0.08, CrI = [-0.24, 0.41]). For the
near-LR stimulus (Figure 4H), no significant effects were found (genotype: E = -0.26,
CrI = [-1.2, 0.69]; session: E = -0.17, CrI = [-0.49, 0.13]; genotype*session: E = 0.31,
CrI = [-0.27, 0.93]). For the near-HR stimulus (Figure 4I), there were no significant
effects (genotype: E = -0.07, CrI = [-0.75, 0.66]; session: E = 0.01, CrI = [-0.30, 0.36];
genotype*session: E = 0.47, CrI = [-0.14, 1.09]). For the ambiguous stimulus (Figure
4J), there was a significant interaction effect between genotype and session (E = 0.74,
CrI = [0.09, 1.49]). No other significant effects were found (genotype: E = -0.47, CrI =
[-1.15, 0.29]; session: E = 0.00, CrI = [-0.33, 0.36]). We concluded that when processing
the information from the HR and LR conditioned stimuli and ambiguous generalization
stimulus during generalization, KO rats may have a faster response time than WT rats
at the initial sessions.

Discussion
We presented Gabor patches to rats in our newly developed touchscreen-based task.
The Gabor patches are widely used visual stimuli in human experiments (He et al.,
2018). Combining touchscreen and Gabor patch stimuli in the same experiment greatly
increases the translational value of the animal data to humans (Horner et al., 2013). Our
study found that 5-HTT KO rats responded faster to the stimulus than WT rats during
outcome generalization where reward contingencies were probabilistically reduced. After
responding to the generalization stimuli, WT rats appeased to increase response speed to
the stimuli as the sessions progressed, while 5-HTT KO rats responded faster than WT
rats in the initial sessions. KO rats didn’t change response speed significantly but might
tend to decrease during the stage of stimulus generalization. Notably, no significant
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differences in response accuracy and the generalization curves were observed between
KO and WT rats.
The present findings are similar to the previous finding that there is no difference in
reward instrumental conditioning and discrimination between KO and WT rats (Nonkes
et al., 2013). The present results show that BFs during instrumental conditioning and
discrimination were slightly more than 1. This indicates that the evidence to support the
null-hypothesis (WT=KO) is according to Jeffreys’ classification (1961) weak. A recent
paper also indicated that the BF01 should be at least more than 3 to have moderate
evidence to support the null-hypothesis (Keysers et al., 2020). Indeed, Bayesian t-testing
provides increasing evidence for the absence of an effect (effect size equals to 0) with
increasing sample size. However, evidence for the null-hypothesis becomes substantially
harder to provide and requires larger sample sizes when applying a two-tailed t-test
(Keysers et al., 2020). We used a two-tailed t-test based on the null-hypothesis that KO
rats could perform similarly as WT rats in our discrimination task: a previous study also
didn’t observe group differences in a different version of discrimination learning but a
significant effect in reversal learning(Nonkes and Homberg, 2013). Increasing the sample
size to at least 100 might be needed when expecting that the effect size equals 0 (Keysers
et al., 2020). However, 100 rats per group as a sample size might not be practical in one
experiment when considering animal welfare and ethics. Rather, considering the large
individual differences in generalization in humans (Stegmann et al., 2019), it might be
beneficial to understand what other possible molecular mechanisms drive the individual
differences in WT rats in a big sample size.
Fast information processing is crucial for organisms to adapt to changes in the external
environment(Mizumori and Baker, 2017). 5-HTT KO rats were faster in information
processing than WT rats under the less predictable context of uncertainty. Serotonin may
play a critical role in tracking uncertainty in both rodents (Iigaya et al., 2018) and humans
(Bang et al., 2020). The uncertainty of the outcome may trigger a state of stress (Peters et
al., 2017). Elevated serotonin via the pharmacological inhibition of the 5-HTT and KO
of 5-HTT (serotonin is elevated in the brain of 5-HTT KO rats (Homberg et al., 2007b;
Verheij et al., 2014)) promotes movement when coping with stress in rodents (Diniz et
al.; Cryan et al., 2002). KO of 5-HTT may facilitate motor activity when coping with
the stress of uncertainty (Jacobs, 1994). Besides faster movement, 5-HTT KO rats may
also be faster in decision-making as serotonin is speculated to encode reward loss-related
prediction error (Daw et al., 2002; Moran et al., 2018). Further, excitation of serotonergic
neurons increases the learning rate (as a function of the degree of uncertainty (Dayan
et al., 2000)) in a probabilistic choice task (Iigaya et al., 2018). Also, prior research
demonstrated that serotonin modulates flexible behavior in changing environments (Clarke
et al., 2004; Nonkes et al., 2013). Based on the current work we cannot dissociate the
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role of serotonin in non-decision (motor activity) time and decision time during outcome
generalization. It would be an important topic for future research. In sum, elevated 5-HT
might facilitate the adaptation of individuals to the changing environments faster. Faster
outcome generalization is important to survive in changing environments, but it is not
enough to live healthily. In humans, a faster RT to stimuli was observed in both anxious
and drug-using individuals(Kosinski, 2013). For example, highly anxious individuals were
found to process negative information faster at the initial phase of the experiment they
were tested in (Pflugshaupt et al., 2005). Depressed patients also responded faster when
processing negative as well as positive information (Goeleven et al., 2006). Also, individuals
carrying the short allelic variant of the serotonin transporter-linked polymorphic region
showed a faster RT to positive stimuli (Fox et al., 2009).
In the initial sessions of stimulus generalization, KO rats responded to the stimuli faster
than WT rats. However, as the sessions increased, RT in WT rats gradually decreased
while KO rats didn’t change significantly. There might be a learning effect explaining
why KO rats were less able to update the changes in the environment. It is important
to note that although the RT had changed, the generalization accuracy, generalization
error, generalization bias and generalization curve stayed similar between KO and WT
rats. Furthermore, the generalization curve showed that both KO and WT rats were able
to generalize the GSs properly, in which responses to the GSs were more robust when
the similarity of the GSs was closer to the CSs. Taking together, WT rats might learn to
adapt to changes in environmental stimuli while KO rats need more training (stimulus
exposures) to adapt(Homberg and Lesch, 2011; Mizumori and Baker, 2017). In our
previous experiment (Guo et al.), the stage of reduced reward contingencies was not
introduced to the animals. It was found that 5-HTT KO rats’ RT gradually decreased as
the sessions increased during stimulus generalization, while the RT gradually increased
in WT rats. Since GSs were not associated with rewards but are physically similar to
CSs, responding to GSs repeatedly may be another source of stress, in which KO rats
respond faster than WT rats. Taking the current and previous results into account, 5-HTT
knockout in rats might lead to a reduced ability to update information from novel but
similar environmental stimuli.
Generalization is the ability of animals, including humans, to adapt to the environment.
Proper generalization is the key to survival. If this basic ability is disturbed, it will lead to
inadequate adaptation to environmental changes and can cause brain disorders. Under the
biological framework of RDoc, generalization may serve as one of the common dimensions
of comorbidity(Crocq, 2017). Animal models displaying comorbidities can be useful
to reveal the common biological mechanisms of the comorbidity. For example, 5-HTT
knockout affects rodent models of anxiety/depression-like behaviours and modulates drug
self-administration (Olivier et al., 2008; Schipper et al., 2011; Homberg et al., 2014).
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The current study investigated the pattern of information processing in 5-HTT KO rats
when the environment changes in two aspects, the features of the stimulus itself and the
outcome predicted by the stimulus. During the outcome generalization, 5-HTT KO rats
processed the perceptual information faster than WT rats. During stimulus generalization,
KO rats responded to the stimuli faster than WT rats initially. However, as the sessions
increased, WT rats appeared to increase their response speed. We conclude that not only
stimulus generalization, but also outcome generalization can serve as a basic dimension
of disorders, in the RDoC framework, caused by 5-HTT down-regulation.
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Supplementary information
Training and test
General

Before every training and test day, rats were moved to the testing room from their housing
room with their cages covered by a black blanket to avoid light. They stayed in the room
for at least thirty minutes for habituation to the novel environment. All rats were handled
for 3 days before training in the touchscreen box. Rats were trained and tested every day.
The behavioral procedure was modified from a previous touchscreen task developed by
us 1. A schematic view of a rat in a chamber and trial procedure are presented in Figure
1. To better control the parameters of the stimulus, we used disc-shaped black and white
gratings (size: 36cm2, contrast: 1.0, special frequency: 2.0, degree of the angles: varied)
as the stimulus images in this study. All images/stimuli can be downloaded at http://hdl.
handle.net/11633/aadis56o. Rats were trained and test stage-by-stage, including pretraining, instrumental conditioning, discrimination training, additional discrimination
training with an artificial negative effect, and generalization test.
Pre-training

To train the rats to obtain rewards by touching the screen, they had to associate the
experience of touching an image (a white circular disc, size: 2.88 π cm2) on the screen
with sucrose pellet delivery. Rats received one session per day during training. Each session
consisted of 30 trials with an inter-trial interval (ITI) of 10 seconds. Each trial lasted
for 30 seconds. When rats successfully earned the sucrose by touching the image on the
screen after seven days of training, they passed through to the next stage of instrumental
conditioning.
Instrumental conditioning

To train the rats that they could only be rewarded if they sequentially touched two pictures
at different positions, they were allowed to associate the experience of touching a stimulus
image presented on the central window with a subsequent touch on another reporter
image (a Chinese character ‘靈’) presented on either the left or the right window. Then
they received a sucrose pellet as a reward. The image of ‘靈’ was, because of its complex
but the symmetric shape, potentially attractive to rats without bias. Figure 1B presents
a representative picture demonstrating reward conditioning. The stimulus consisting of
65° gratings signaling two sucrose pellets was termed the high reward (HR) stimulus,
and the stimulus consisting of 25° gratings signaling one sucrose pellet was termed the
low reward (LR) stimulus. The two stimulus images, which served as LR stimulus or
HR stimulus, were counterbalanced between rats and within each genotype. There were
three substages. In the first substage rats were subjected to 30 LR trials; in the second
substage rats were subjected to 30 HR trials; in the last substage rats were subjected to
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20 LR trials and 20 HR trials. The position of the reporter image was randomized in all
three substages, and in the last substage also the order of the trials was random. The ITI
ranged from 15 to 30 seconds between trials. Once a rat successfully completed 90%
of the trials in one session, it proceeded to the next (sub)stage of training the next day.
Discrimination training

To train rats to remember that the two stimulus images represent HR and LR values,
respectively, they were trained to distinguish between the stimuli of 25° and 65° until
reaching a criterion. Different from the previous stage is that, after touching the stimulus
image, two reporter images ‘靈’ were subsequently displayed on the left and right windows
at the same time (see figure 1C). Rats earned one sucrose pellet by touching ‘靈’ on the
left in a trial presenting the LR stimulus. Correspondingly, rats earned two sucrose pellets
by touching ‘靈’ on the right in a trial presenting the HR stimulus. If no selection was
made within 40 seconds, no sucrose pellet was delivered and the house-light was turned
on for 5 seconds. The position of the correct reporter image was counterbalanced across
animals and within each genotype. Correction trials were applied when rats made the
wrong choice or omitted the prior trial but were not calculated in the total 40 trials. Rats
were trained one session per day. Each session consisted of 20 LR trials and 20 HR trials.
The order of trials was random and no more than three consecutive trials were of the same
type. Once a rat reached 70% correct trials out of the in total 40 trials in a session for three
consecutive days, the rat proceeded to additional discrimination training (see Figure 1).
Additional discrimination training with artificial negative affect

To artificially increase the chance of experiencing the negative affect, 25% of trials with
correct responses were not reinforced by rewards. The additional training was identical as
described above for discrimination training, except that every fourth correct trial of each
trial type was not rewarded with sucrose, resulting in a reduced probability of reinforcement
to 75%. In this additional training, the house-light (as a punishment) was not turned on
during incorrect or omitted trials to potentially decrease the experience of negative affect
from self-mistake. Rats were trained until reaching 70% of trials were made correctly in
a session for two consecutive days (see Supplementary Figure 1). Successfully trained
rats were tested for generalization (see below).
Generalization test

Rats received three identical generalization sessions on three separate days. Between each
day, rats had to maintain the discrimination accuracy (at least 70%) as same as during the
additional discrimination training stage. If the accuracy was lower than 70%, extra training
was taken until 70% of trials were executed correctly in a session for two consecutive
days. Each session consisted of seventy-two trials across twelve blocks separated by one
minute. Each block consisted of six trials presenting five different stimuli. The ITI ranged
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from 15 seconds to 30 seconds randomly. The order of the trials was a trial presenting
a trained stimulus followed by a trial presenting a novel stimulus. The sequence of the
trials in each block was counterbalanced across the twelve blocks. As shown in Figure
1D, stimuli consisting of 65° and 25°gratings, the HR and LR stimuli applied during the
discrimination stage, were termed “trained stimuli”. The other three novel stimuli were
identical to the trained stimuli with an exception that the gratings degree was 5°, 45° or
85°, respectively. The procedure of the trials presenting the novel stimuli was similar to
the trials presenting the trained stimuli, but no rewards could be earned after a reporter
image was touched by the rats.
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Supplementary Figure 1. Data distributions. Density estimation of original data (dark blue curve) and the density estimates from 100 generated
data sets from the posterior predictive distribution (light blue curves). Observed data and predictive data have similar distributions. (A) RT in the
stage of discrimination (B) the ratio of correct responses in the stage of discrimination. (C) RT in the stage of discrimination with artificial negative
affect. (D) the ratio of correct responses in the stage of discrimination with artificial negative affect. (E) RT during generalization. (F) the ratio of
generalization accuracy. (G) the ratio of generalization error. (H) the ratio of generalization bias. RT: response time.
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Supplementary Figure 2. Response time (RT) during generalization. (A) Genotype effect on RT. The response time between KO and WT rats across all sessions
and stimuli. There was no significant effect of genotype. (B) Session effect on RT. The response time across three sessions in all stimuli and genotypes. There was no
significant effect of the session. (C) Stimulus effect on RT. The response time to each stimulus in all sessions and genotypes. There were significant effects of each
stimulus. Note: KO (N=7); WT(N=8). The points between solid lines represent the mean of the group; The dots represent individual data; The hills represent the
probability distribution of the individual data; The range of the box represents the interquartile range; The vertical line in the colored box represents the group median;
The range of colored box with whiskers on both sides represent the minimum and maximum data range; Data outside the whiskers are outliers denoted by the symbol .
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Abstract
Lower function of the serotonin transporter (5-HTT) has a strong relationship with the
development of autism spectrum disorder (ASD) in humans. A salient characteristic of
ASD is the repetitive and restrictive behavior, which is the basis for many people with
ASD that have better capacity of memory and form savant skills from learning. This
characteristic in ASD may reflect a tendency towards an exploitation strategy rather than
an exploration strategy during learning. We developed a touchscreen based stimulus
category learning task for rats, in order to test 5-HTT knockout effects on category
learning. By analyzing the data with a reinforcement learning drift diffusion model,
we find that 5-HTT knockout rats show a lower learning rate and apply more of an
exploitation versus exploration strategy compared to WT rats during category learning.
The decision bound of decision-making during stimulus generalization indicates that
more 5-HTT knockout rats than WT rats exploit irrelevant information to categorize
stimuli. The touchscreen based task we developed greatly increases the translational value
from animals to humans and helps to understand the behavioral mechanisms underlying
repetitive behavior in ASD.
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Introduction
Direct evidence from a human study showed that the functional efficiency of serotonin
transporter (5-HTT) in the brain of people with autism spectrum disorder (ASD) is
relatively lower compared to that of healthy control (Nakamura et al., 2010). Further,
pharmacological inhibition of 5-HTT during the maternal period increases the risk for
ASD in offspring (Singal et al., 2017; Gemmel et al., 2018), and inhibition of 5-HTT
in children with ASD makes them even worse in repetitive behaviors (King et al., 2009).
All these humane studies implies that lower function of 5-HTT has a strong relationship
with the development of ASD.
A salient characteristic of ASD is repetitive and restrictive behavior (American Psychiatric
Association, 2013). This behavior is meaningless to most healthy people, but it seems
meaningful to people with ASD. It has been speculated that their repetition of things of
interest is not repetition (Happé and Frith, 2009). People with ASD are able to discriminate
the subtle differences of objects they are interested in. The consequence of this ability
is that one category of objects for most people, may be multiple categories for people
with ASD. This allows people with ASD to have a novel experience in every “repetitive”
behavior and be “restricted” to this behavior without getting bored. The “repetitive and
restrictive” behavior may be the basis for many people with ASD that have better capacity
of memory and form savant skills (also known as talent) (Happé and Vital, 2009).
Cognitive superiority and repetitive behavior has also been observed among individuals
carrying the low activity short allele of the serotonin transporter-linked polymorphic
region (5-HTTLPR), in both humans and monkeys (Homberg and Lesch, 2011). For
example, short alleles carriers show a better performance in reversal learning (Jedema et
al., 2010). Experiments in rodents also confirmed that the loss function of 5-HTT causes
a better performance in reversal learning (Brigman et al., 2010; Nonkes et al., 2013).
One explanation is that ablation of 5-HTT increases cognitive flexibility. An alternative
explanation might be that individuals characterized by reduced 5-HTT availability are
better able to categorize the target stimulus and have a consistent approach to choose the
target stimulus during reversal learning, namely through repetitive and restrictive behavior.
Indeed, 5-HTT knockout (KO) rats show increased repetitive behavior when exploring
objects and a developmental delay (Kroeze et al., 2016). The consistency of “repetitive
and restrictive” behavior in ASD may reflect a tendency towards an exploitation strategy
rather than an exploration strategy during learning (Wu et al., 2018). Exploitation refers
to an explicitly chosen strategy to make decisions. In contrast, exploration refers to a
strategy that might change or is not consistent when making a decision. During category
learning, subjects enter a situation of exploitation-exploration trade-off.
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5-HTT KO rats and people with ASD have the capacity to form categorization correctly
during rule-based category learning (Guo et al.; Klinger and Dawson, 2001; Nonkes et
al., 2013). However, people with ASD have a robust impairment in generalizing the
learned information to novel situations/stimuli (de Marchena et al., 2015; Radley et al.,
2015). Generalization is the process by which the brain processes information before
taking actions. During this processing, the transfer of the stored information to novel
situations/stimuli is required (Guo et al. 2020). Typically, the novel stimuli are similar
to the categorized stimuli to some extent, such as the frequency of sound, tactile feel of
the material, or orientation of gratings (Nguyen et al., 2020). According to the similarity
relationship, one stimulus is associated with a valence (e.g. reward conditioned stimulus,
CS), while the second stimulus is different from the first stimulus in one dimension (e.g.
different orientation of gratings) and associated with another valence. The two CSs can be
distinguished at the perceptual dimension. When using a series of stimuli (Generalization
stimuli, GS) that vary along with the defined stimulus dimension (the orientation of
gratings), generalization performance can be tested in rodents (Guo et. al. 2020).
In the current study, we investigated the effect of 5-HTT knockout in rats on exploitation
and exploration learning strategies to categorize stimuli using a novel paradigm. In this
paradigm, stimuli were presented on a touchscreen and subjects responded to stimuli
directly by touching the screen. Presenting stimuli on the screen as targets is a widely used
approach in human studies. Typically, disc-shape grating stimuli are used in humans to
investigate rule-based category learning, in which subjects apply hypotheses to testing
rules for forming stimulus categorization (Minda and Miles, 2010). We also investigated
rule-based category learning in the present study employing rats. This increases the crucial
translational value from animal to human studies. During the category learning task,
the stimuli differ from each other in two dimensions, namely orientation and frequency.
Subjects were required to focus on the orientation of the gratings while ignoring the
frequency of the gratings in order to categorize the two preset categories correctly. In the
orientation dimension, the standard deviation (SD) is the same in the two categories of
grating stimuli, but the mean is different. The mean of stimuli is 25 in one category and
65 in the other category. In the frequency dimension the mean and SD parameters of
the spatial frequency of the stimuli in the two categories are the same. People with ASD
perform well in specific category learning but have a robust impairment in generalization
(de Marchena et al., 2015; Radley et al., 2015). We therefore further tested whether 5-HTT
knockout affects generalization in rats after sufficient training in stimulus categorization.
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Materials and methods
Subjects
Eighteen male rats aged 95-110 days were served as subjects. Nine of them were homozygous
5-HTT KO rats, the others were wild-type (WT) siblings. Sample sizes were based on
previous experiments (Nonkes et al., 2013)(Guo et al. 2020). The KO rats (Slc6a41Hubr)
had been generated by target-selected ethylnitrosourea induced mutagenesis and outcrossed
for at least 15 generations with commercial Wistar (albino) rats (Homberg et al., 2007).
All rats were housed in a temperature-controlled room (21 ± 1 °C) with a humidity of
40-50% under a 12/12 h reverse light and dark cycle (lighting from 19:00 to 7:00). Rats
were housed in pairs in regular European standard III H-type cages including a shelter.
They had ad libitum access to water and food chow in home cages. Housing conditions
and experiments were approved by the Animal Welfare Committee of Radboud University
Medical Center, Nijmegen, the Netherlands.
Stimuli
All stimuli used in the experiments were generated by using python (version 3.7) with
the package of PsychoPy (version 3.0). Stimuli were presented on a touchscreen. The
touchscreen is placed on one side of the wall of an operant box (more details about the
operant box is described in Guo et al. 2020). The stimuli presented during category
learning and generalization were black and white gratings of varying orientation (Orit)
and spatial frequency (SF). Orit ranged from 0 to 1.5708 radians (rad) and SF ranged
from 0.1202 to 0.4952 cycles per degree (cpd). These values are within the visual acuity
of albino rats (Prusky et al., 2002). Linear transformations normalized the dimensions
of SF and Orit to create a two-dimensional space ranging from 0 to 90. For example,
0.4952 cpd was converted to 90; 1.5708 rad was also converted to 90. The formula for
the conversion are as follows:
Normalized SF:
Normalized Orit:
The diameter of the stimulus was set to 320 pixels so that the actual diameter distance
of the stimulus was 6 cm presented on the screen. The specific stimuli parameters of SF
and Orit dimensions during category learning and generalization are described below.
Stimuli in category learning

The stimuli were divided into two categories during category learning. One type of stimulus
fell into Learning Category 25 (LC25) and the other into Learning Category 65 (LC65).
All stimuli were sampled from a population of bivariate normal distribution, in which
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Orit and SF were the two variants. As shown in Figure. 1 a, points on the left side are
members of LC25 and points to the right are members of LC65. The mean value of Orit
is 25 degrees, and the SD is 2 for LC25 stimuli. The SD of Orit for LC65 is also 2, but
the mean value is 65. In the dimension of SF, the mean values of SF for LC25 and LC65
stimuli are both 45, and the SDs are 18. The summary value of each category is as follows:

Stimuli in generalization

Stimuli presented during the generalization test had identical means of Orit and SDs of SF
as the stimuli presented in category learning. The means along the Orit dimension were
also identical, but the SDs were increased to 10. Figure 1b shows the stimuli distributions
of both Generalization Category 25 (GC25) and Generalization Category 65 (GC65).
The distribution parameters of the two stimuli sets were summarized as below:

The test stimuli could be categorized into two stimulus types based on the Orit SD. The
value of Orit within the two SDs of stimuli in Generalization Category are equal to the
stimuli in category learning. These stimuli are termed ‘trained stimuli’. The remaining
stimuli beyond the two SD ranges of Orit dimension are termed ‘generalization stimuli’.
Experiment setup and task
Training stage

Rats were subjected to a simple instrumental learning task. The task included two stages:
instrumental conditioning and sequential instrumental conditioning. Each learning stage
had a passing criterion. Only when the rat reached the passing criterion it was allowed
to proceed to the next learning stage.
Instrumental conditioning

Rats were allowed to freely explore the operant box. A white disc-shaped stimulus (size:
2.88 cm2) was displayed in the center of the touchscreen. When the stimulus was touched,
rats received a sucrose pellet as reward. Rats were trained during one session per day
(except Sunday). Each session consisted of 30 trials, each trial was 30 seconds long, and
the inter-trial interval (ITI) was 10 seconds. Touching the stimulus during each trial
period was marked as completing a trial correctly. When 70% of the trial in a session
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Generalization Categories
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5
Figure 1. Distributions of stimuli and trial procedure. (a) The bivariate normal distribution of stimuli from
the Learning Category 25 (blue) and learning Category 65 (orange). (b) The bivariate normal distribution
of stimuli from the Generalization Category 25 (blue) and Generalization Category 65 (orange). (c) Trial
procedure for category learning and generalization. If a subject assigns a stimulus to the corresponding
category within a trial duration, a sucrose pellet is delivered as a reward.

was completed, the animal was allowed to enter the stage of sequential instrumental
conditioning the next session.
Sequential instrumental conditioning

During this stage, target stimuli from the learning category were presented in the center of
the touchscreen. If a stimulus was touched, a reporter stimulus (RS) was randomly presented
on either the left or right side of the screen sequentially. The symmetric Chinese character
“靈” served as RS. If the RS was touched, a sucrose pellet was immediately delivered.
Rats were trained for one session per day (except Sunday). Each session consisted of 60
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trials, 30 for stimuli in LC25 and 30 for stimuli in LC65. Each trial lasted for 30 seconds
at maximum, and the ITI was random from 10 to 15 seconds. The order of displaying
the LC25 and LC65 trials was random. The same trial would not appear more than 3
times consecutively. If the target stimulus and RS were touched during a trial period, the
trial was marked as completed correctly. If a rat completed at least 90% of the trials in a
session, it would enter the stage of category learning the next day.
Category learning

Rats were subjected in this stage to one session per day except Sunday. Each session consisted
of 60 trials, with 30 trials presenting LC25 target stimuli and 30 presenting LC65 target
stimuli. Each trial lasted for 30 seconds at maximum, and the ITI was random, ranging
from 10 to 15 seconds. The order of the trials presenting LC25 or LC65 stimuli was
random. The same type of trial would not appear more than 3 times consecutively. The
difference from sequential conditioning was that when the target stimulus was touched,
two identical RSs were presented on the left and right side of the screen at the same time.
The representative trial sequence is shown in Figure 1c. If the target stimulus presented
on the screen was from LC25, the rat would only receive a sucrose pellet as a reward after
touching the RS presented on the left side of the screen. No reward was obtained when
the RS on the right side was touched. In contrast, if the target stimulus was from LC65,
the rat would only receive a sucrose pellet as a reward after touching the RS presented
on the right side of the screen. Trials that ended with delivering a sucrose pellet were
marked as completed correctly. With this experimental design, rats were able to report
to the experimenter a stimulus category in each trial. Rats were trained until reaching
the learning criterion of completing at least 80% of the trials in a session correctly and
across the last three consecutive sessions. Once the rat had reached criterion, it entered
the next stage of stimulus generalization during the next session.
Stimulus generalization

Rats were tested during one session per day. Each session consisted of 60 trials, of which
30 trials presented GC25 stimuli and 30 GC65 stimuli. Each trial lasted for 30 seconds
at maximum, and the ITI was random ranging from 10 to 15 seconds. Each rat was tested
for 5 sessions. The trial sequence was the same as the sequence applied during category
learning except for that the LC25 target stimuli were replaced by GC25 stimuli and the
LC65 stimuli were replaced by GC65 stimuli.
Data analysis
Linear mixed-effect models

Data were statistically analyzed using JASP (version 0.12) for t-tests. If normality of the
data was violated, student t-test was replaced by the Mann-Whitey test. Linear mixedeffect regression modeling was run in software R (version 3.6.2) with package lme4 (Bates
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et al., 2015) for frequentist analysis, and brms (Bürkner, 2018) for Bayesian analysis.
Genotype, session, and stimuli factors were entered as fixed effects. Subject was entered as
a random effect, and the session was entered as a random slope, unless stated otherwise.
Response time data were fitted in a log-normal distribution, while response choice data
were fitted in a beta distribution. For frequentist analysis, the P-value was derived from
Wald chi-square tests using the package car (Fox and Weisberg, 2018). P-values less than
0.05 were defined as significant. For Bayesian analysis, significant effects were calculated
by 95% credible intervals (CrI) and the estimate (E) of the effect was given. If the 95%
CrI did not include 0, the effect was deemed significant.
Reinforcement learning and drift-diffusion model analysis for discriminative
conditioning

Trial-by-trial analysis could reflect the dynamic complexities of decision-making and
learning during discriminative conditioning. To capture both the within- and acrosstrial dynamics, data were analyzed by a combined model of reinforcement learning (RL)
and drift diffusion model (DDM), namely reinforcement learning drift diffusion model
(RLDDM). The parameters in RLDDM were estimated in a mixed-effect Bayesian
framework using the HDDM package (version 0.8) (Wiecki et al., 2013) with the
HDDMrl module (Pedersen and Frank, 2020) in python (version 3.6).
RLDDM included the drift rate scaling (v), decision threshold (a), non-decision time
(t), positive learning rate (pos_alpha), and negative learning rate (neg_alpha) parameters.
A higher drift rate scaling means an increased sensitivity to rewards or an increase in the
degree of exploitation relative to exploration. A wider decision boundary results in a slower
but more accurate decision, while a narrower boundary results in a faster but error-prone
decision. A higher learning rate results in rapid adaptation to reward expectations, while
a lower learning rate results in slow adaptation. The non-decision time parameter records
the time spent on stimulus coding and movement processes (Pedersen et al., 2017).
Group-level parameters of the genotype effects were used to assess discrimination
performance. The posterior density plots of each parameter are presented. We also report
the posterior means (E) and 95% credible intervals (Crl). If the 95% CrI did not include
0, the effect was deemed significant. The proportion of the posteriors (P) in which the
parameters for one genotype is greater/less than the other were examined. Model validation
was assessed by posterior predictive checks, in which we checked by visual inspection
whether the observed patterns of data were within the predicted range.
Decision bound analysis for generalization test

General recognition theory (or decision-bound theory) was used to analyze the decision
bound for stimulus generalization. In order to categorize stimuli, the General Recognition
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Theory (GRT) postulates that the perception space is divided into multiple areas. These
regions are separated by decision boundaries and category labels (such as the learned
categories of LC25 and LC65). When observers regard the stimulus as falling within
a specific area (LC25 or LC65), they take action according to the learned categories.
When the category is defined by a bivariate normal distribution (such as the distribution
for LC25 and LC65), the optimal division of the perception area is a linear decision
boundary (Maddox and Ashby, 1993; Alfonso-Reese, 2006). Within a trial, the distance
between the stimulus and the decision bound determines the possibility of a response
,
choice. Specifically, the decision bound is defined as:
where Ori and SF are orientation and spatial frequency of a given stimulus, and ,
are
parameters. For the general linear classifier model, which is one of the models within the
general recognition theory, the noise parameter ( ) is included. represents perceptual
and criterial variance (Ashby and Townsend, 1986). Parameters were obtained by using
maximum likelihood estimation for each subject. Whether a subject was influenced by
the interference information from spatial frequency was estimated by Akaike Information
Criterion (AIC; (Akaike, 1974)). Specifically, the subject’s response choices were fitted
in the model based with single orientation information (Ori model) and both spatial
frequency and orientation (Ori-Fre model). The best fit was scored by AIC value. The
model with the lowest AIC value had the best fit. If the best fit model is the one without
spatial frequency information, it means that the subject’s response choice was controlled
exclusively by orientation. The model was run in R with the package grt.

Results
5-HTT KO and WT rats reached the criterion of (sequential) instrumental
conditioning similarly.

Rats touched the stimuli presented on the screen exploratorily during the instrumental
conditioning. Independent t-test analysis revealed no significant difference between
5-HTT KO and 5-HTT WT rats regarding the numbers of sessions needed to reach
the criterion of instrumental conditioning (t(16)=0.943, p=0.360, d=0.444, see Figure.
2a). An estimated Bayes factor (BF01 = 1.791) suggested that it was 1.791 times more
likely that there was no genotype difference than there was genotype difference. During
sequential instrumental conditioning, rats touched a target stimulus and subsequently a
reporter stimulus to acquire a sucrose pellet. Mann-Whitey U test revealed that there was
no significant genotype difference in reaching the criterion of sequential instrumental
conditioning (U(16) = 47.5, p = 0.467, rB= 0.173, see FIgure. 2b). An estimated Bayes
factor (BF01 = 1.835) suggested that it was 1.835 times more likely that there was no
genotype difference than there was genotype difference during the sequential instrumental
conditioning. Both BFs obtained in the stage of (sequential) instrumental conditioning
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Figure 2. Number of sessions needed to reach criteria across different stages. Individual data are shown
as dots. The effect size and 95% confidence intervals obtained from bootstrapping are plotted on separate
axes beneath the individual data points. For each genotype, mean ± standard deviations are shown as vertical
gaped lines. (a) Instrumental conditioning. (b) Sequential instrumental conditioning. (c) Category learning.

are below 3, suggesting that the evidence for supporting no genotype differences is weak.
Taken together, these analyses indicate that 5-HTT KO and WT rats likely associated
touching the stimuli with acquiring rewards at a similar speed.
Linear mixed-effect models reveal that 5-HTT KO and WT rats reached the
criterion for category learning similarly

All rats were gradually able to categorize the two types of stimuli appropriately and
reached the category learning criterion of at least 80% correctly across the last three
consecutive sessions. An independent t-test showed that both KO and WT rats needed
a similar number of sessions to reach the criterion (t(16)=0.150, p=0.883, d=0.071, see
Figure 2c). An estimated Bayes factor (BF01 = 2.411) suggested that it was 2.411 times
more likely that there was no genotype difference than there was genotype difference for
discriminative accuracy. Frequentist linear mixed-effect model analysis revealed that as the
sessions progressed the percentage of correct response per session increased significantly
( 2(1) = 158.7801, p<0.001). The effect of genotype and interaction between genotype
and sessions were not significant (genotype: 2(1) = 1.6071, p = 0.2049; genotype*session:
2
= 0.8327, p = 0.3615). Bayesian linear mixed-effect analysis showed the same effects
(1)
of session, genotype and genotype*session (genotype: E(KO-WT) = -0.322, Crl = [-0.857,
0.288]; session: E = 0.11, Crl = [0.09, 0.14]; genotype*session: E = 0.01, Crl = [-0.04,
0.05], see Figure 3a). The mean response time (RT) of each session was also analyzed by a
linear-mixed effect model. According to frequentist analysis the RT decreased significantly
as the sessions progressed ( 2(1) = 24.9077, p < 0.001). The effects of genotype and the
interaction between genotype and session were not significant (genotype: 2(1) = 0.8535,
p = 0.3556; genotype*session = 2.2893, p = 0.1303). When applying Bayesian analyses,
similar results were found; the effect of session was significant, but no effect of genotype
and interaction between genotype and session (genotype: E(KO–WT) = 0.0961, Crl = [-0.26,
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Figure 3. Linear Mixed-effect model analysis of category learning and stimulus generalization. Solid
lines represent the mean of discriminative accuracy per session in each genotype. The transparent stripes are
95% confidence intervals. (a) The discriminative accuracy in each session. Figures embedded in panel a are
the individual data of discrimination accuracy. (b) Response time (RT) in each session. Solid lines represent
the mean of RT per session in each genotype. The transparent stripes are 95% confidence intervals. Figures
embedded in panel c are the individual RT. (c) The percentage of response choice towards category 65 in
each bin of orientation. (d) Response time in each bin of orientation.

0.431]; sessions: E = -0.03, Crl = [-0.05, -0.02]; genotype*session: E = -0.02, Crl = [-0.05,
0.01], see Figure 3b) was found.
Summarized, session-by-session analysis revealed that 5-HTTKO and WT rats reached
the criterion in discriminative conditioning similarly.
Linear mixed-effect models reveal that response choice and response time were
similar between WT and KO rats during stimulus generalization

After reaching category learning criterion, rats were subjected to a stimulus generalization
test. Frequentist linear mixed-effect model analysis revealed that 5-HTT KO and WT rats
were not significantly different on the ratio of response choices ( 2(1) = 0.0651, p =0.799).
Bayesian linear mixed-effect analysis showed that there was no significant genotype effect
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for their response choice (E(KO-WT) = 0.124, Crl = [-0.209, 0.484], see Figure. 3c). For
response time, a frequentist linear mixed-effect model showed that KO rats responded
slightly faster than WT rats ( 2(1) =3.1556, p = 0.0757). However, there was no significant
genotype effect on response time with Bayesian linear mixed-effect analysis (E(KO-WT) =
-0.215, Crl = [-0.505, 0.060], see Figure 3d)
RLDD model reveals that KO rats had a higher drift rate scaling but lower
positive learning rate than WT rats during category learning

To capture both the within- and across-trial dynamics, data were analyzed using the
reinforcement learning drift diffusion model (RLDDM). The RLDDM was run with three
chains with 40,000 samples (2000 was discarded as “burn-in”). Visually compared, the
simulated data with the observed data from rats on both RT and choice proportion are
decent (see Supplementary Figure 1 a, 1b). A joint distribution of parameters is presented
in Supplementary Figure 1c, showing that there was no obvious parameter collinearity
in the model by visual inspection, supporting that the model was fitting the data well.
The RLDMM revealed that the posterior probability of drift rate scaling for the KO rats
was significantly greater than that for the WT rats (see Figure 4 a1 and b1, E(KO-WT) =
0.889, Crl = [0.123, 3.589]; d = 0.500, P(KO>WT) = 0.993, P(WT>KO) = 0.007). In addition,
the posterior probability of positive learning rate for KO rats was less than that for the WT
rats (see Figure 4 a4 and b4, E(KO-WT) = -1.258, Crl = [-2.822, -0.392]; d= 0.226, P(KO>WT)
= 0.001, P(WT>KO) = 0.999). No substantial evidence was found for genotype influences
on the decision threshold (a), negative learning rate (neg_alpha), or non-decision time
(t) (see Figure 4 ; a: E(KO-WT) = 0.110, Crl = [-0.227, 0.445], d= 0.033, P(KO>WT) = 0.755,
P(WT>KO) = 0.245; neg_alpha: E(KO-WT) = 1.40, Crl = [-2.522, 5.004], d= 0.162, P(KO>WT) =
0.792, P(WT>KO) = 0.208; t: E(KO-WT) = 0.013, Crl = [-0.160, 0.235], d = 0.040, P(KO>WT) =
0.517, P(WT>KO) = 0.483). The results above indicate that KO rats had a higher drift rate
scaling but lower positive learning rate than WT rats.
More KO rats were interfered by irrelevant information during stimulus
generalization

We used the general recognition theory to estimate the decision bound in generalization
data (Figure 5a). Subjects’ responses were fitted with the model using orientation as
information (Ori model) and also fitted with the model using both orientation and
frequency as information (Ori-Fre model). Akaike’s information criterion (AIC) value was
used to determine which model fitted to the subject’s responses better. The proportion
of subjects’ responses that best fit with the Ori model is shown in Figure 5b. 0.78 of KO
and 0.89 of WT rats in session one; 0.67 of KO and 0.89 of WT in session two; 0.78
of KO and 1 of WT rats in session three; 0.89 of KO and 0.89 of WT rats in session
four; 0.78 of KO and 1 of WT rats in session five were fit best by a model that assumed
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Supplementary Figure 1. Posterior predictive check. (a) The plot shows the ratio of correctly classified
stimuli throughout the learning process. The predicted data (yellow) closely follows the observed data (blue)
except for over-predicting performance in the early phase. The uncertainty of the predicted data is captured
by the 90% credible interval of the mean across the simulated datasets. (b) Density plot of observed and
predicted response time (RT). The RT of the lower boundary selection (incorrect category selection) is set
to negative so that the upper and lower boundary responses can be separated. (c) Scatter plot and density
of group parameter estimates from posterior distributions. pos_alphs = learning rate for positive prediction
errors (PEs), neg_alpha = learning rate for negative PEs, t = nondecision time, a = decision threshold, v =
drift rate scaling.
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Figure 4. Reinforcement learning drift-diffusion model (RLDDM) analysis on category learning. (a1a5) Density plots showing posterior distributions for WT and KO rats. (a1) drift rate scaling, (a2) boundary
separation, (a3) non-decision time, and (a4) positive and (a5) negative learning rates. The learning rates
were transformed by an inverse logit function to 0<alpha<1 for estimating normal distributions. (b1-b5)
Posterior distributions of differences between KO and WT rats (KO-WT). Contrasts between KO and WT
rats with at least 95% of the posterior distribution on either side of zero are considered significantly different.
The 95% credible intervals are marked with shaded distributions. (b1) drift rate scaling, (b2) boundary
separation, (b3) non-decision time, and (b4) positive and (b5) negative learning rates.
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Proportion of best fitting (%)
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Figure 5. Decision bound analysis on stimulus generalization. (a) Estimated decision bound of each
subject in the best fitted model. Blue dots represent orientation and frequency information of stimuli. The
decision bounds of each rat of each session are denoted as the lines. (b) Proportion of subjects’ responses
that best fit the Ori model in each session. A higher proportion indicates that more subjects favored making
decisions based on orientation information and ignored the frequency information.

a single-orientation-dimensional rule. The results indicate that the responses of KO rats
were less likely to fit with Ori-model than WT rats. In other words, more rats in the
KO group were interfered by the spatial frequency of stimuli, i.e., irrelevant information
(spatial frequency) than WT rats.

Discussion
In the current study, we find that KO rats applied more of an exploitation versus exploration
strategy to make decisions than WT rats. Furthermore, KO rats showed a lower learning
rate than WT rats during category learning. This may be because KO rats focused much
more on details, so that the irrelevant information interfered with their decisions. This is
consistent with the finding that during stimulus generalization more KO rats were worse
in using only relevant stimulus information for generalized choices.
During category learning, both KO and WT rats reached the learning criterion, indicating
that KO 5-HTT in rats were able to categorize the stimuli successfully. This is consistent
with the finding that people with ASD successfully learned to categorize stimuli (in a
rule-based category task) similar to typical developed people (Klinger and Dawson, 2001).
However, the prediction error and exploitation-exploration trade-off may affect category
learning in people with ASD (Wu et al., 2018; Mosner et al., 2019). For 5-HTT KO
rats, a reinforcement learning drift diffusion model revealed that KO rats had a decreased
learning rate for positive feedback compared to wild type rats. This indicates that KO
rats adapted to reward expectations slower than WT rats. In addition, KO rats had a
higher drift rate scaling than WT rats, indicating that the level of exploitation versus
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exploration in KO rats was higher than in WT rats. A reduction in 5-HTT availability
may contribute to the development of ASD through the tendency towards a higher
level of exploitation versus exploration trade-off during rule-based category learning. In
addition, the repetitive behavior associated with reduced function of 5-HTT in people
with ASD (Nakamura et al., 2010) may lead to a preference for an exploitation strategy.
Further studies are needed to confirm such findings in humans.
People with ASD have been shown to exhibit an impairment in generalization (de Marchena
et al., 2015; Radley et al., 2015). We found that KO rats tended to respond faster to
stimuli than WT rats during the stimulus generalization test. Also, more KO rats than
WT rats were likely interfered by irrelevant information during stimulus generalization.
However, the majority of KO rats performed well in stimulus generalization. This indicates
that 5-HTT KO rats may not have a robust impairment in generalization. The alternative
explanation is that KO rats might form a memory trace where the reward irrelevant
information (e.g. frequency of the stimuli) is linked to the reward relevant information
(e.g. orientation of the stimuli). However, KO and WT rats’ accuracy of response choices
were similar. Further, direct experiments are needed to test whether joint information is
impaired if serotonin levels are elevated in the brain during generalization. In summary,
5-HTT KO rats might only have a mild impairment in stimulus generalization.
Serotonergic neurons are thought to signal the average reward information across trials
(Daw et al., 2002). A recent study showed that serotonin neurons are activated by
reward prediction errors during reversal learning (Matias et al., 2017). Further, learning
the reward-predicting stimuli shapes the activity pattern of serotonin neurons gradually
(Zhong et al., 2017). All these findings indicate that serotonin plays an important role
in reward related learning. In our current study, rats were learning to categorize stimuli
to obtain a reward, in which 5-HTT KO rats (leading to elevated serotonin levels in the
brain (Homberg et al., 2007; Verheij et al., 2014)) reduced the learning rate compared to
WT rats. During category learning, rats were facing an exploitation/exploration dilemma
to correctly categorize the stimuli. To learn to distinguish the relevant (orientation) and
irrelevant information (frequency), rats may explore all options to make decisions: a
single source of information (orientation or frequency) or different sources of information
combined (orientation and frequency joined). Rats may also exploit only one option to
make decisions: orientation only, frequency only or orientation and frequency joined.
The current study showed that 5-HTT KO rats applied more of an exploitation versus
exploration decision strategy to categorize stimuli than WT rats did. This is in line with
a recent finding that optogenetic activation of serotonergic neurons promotes an active
exploitation strategy (Lottem et al., 2018). Further generalization tests revealed that more
KO rats’ decisions were interfered by the irrelevant frequency information. The current
model we use only reveals the decision bounds in rats during stimulus generalization.
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Other models are required to analyze generalization, such as whether KO rats have wide
or narrow generalization (Nguyen et al., 2020). With narrow generalization, organisms
might lack the ability to generalize the learned information to relevant situations; while
with wide generalization, organisms might generalize the learned information to irrelevant
situations.
The present findings may explain other phenotypes observed in the 5-HTT KO rats,
such as reduced social interaction (Kiser et al., 2012), lower ultrasonic communication
during food exploration (Golebiowska et al., 2019) and repetitive behavior (Kroeze et
al., 2016), which are characteristic of ASD-like behaviors. More specifically, KO rats
may have a reduced tendency to explore novel stimuli in their environment, and instead
exploit stimuli they are familiar with, such as themselves (leading to less social interaction),
previous food location and known objects, respectively.
Taken together, our study revealed that 5-HTT KO rats displayed more of an exploitation
versus exploration strategy for decision during category learning. With this strategy,
5-HTT KO rats also displayed a mild impairment in stimulus generalization.
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Chapter 6

The work presented in this thesis provides fundamental knowledge on the effect of
5-HTT knockout on generalization and category learning in rats. All touchscreen visual
tasks that were used have been newly established. By presenting visual stimuli on a
touchscreen, the translational value of the rat derived data greatly increased. Through
the use of computational models to analyze the behavior of rats, I provided in depth
insights into the effect of 5-HTT knockout on generalization and category learning.
5-HTT KO rats display depression-like, anxiety-like, autism-like, and drug addictionlike behaviors. The underlying common biological framework across these disorders/
behaviors is constructed as generalization. Overall, it is the first time to reveal that KO
5-HTT modulates generalization and category learning in rats.

Previous work on generalization in rodent studies
In Chapter 2, I performed a systematic review on generalization in rodent studies. The
studies reviewed generally show that factors that induce depression-like and drug addictionlike phenotypes affected generalization towards either negative or positive interpretation of
ambiguous stimuli. The conclusions from these studies were not always consistent, perhaps
because the methods applied in these studies varied from each other, especially regarding
the type of perceptual information the animals had to process. In these studies, the specific
physical property (e.g. frequency of sound, tactile feel of the material, distance of objects)
of the perceptual information was associated with positive and/or negative valence. While
all types of perceptual information are important for individuals to learn to interact with,
only one study presented the animals visual information. More specifically, the animals
were required to discriminate between two visual stimuli presented on a touchscreen
dependent on their location. While the animals displayed generalization it was not clear
whether the mice tested in the task properly discriminated between the visual stimuli in
the first place. In addition, data collected in this study was not thoroughly analyzed. To
work towards an improved visual task to measure generalization, I designed in Chapter
3 and 4 novel versions of visual generalization tasks and investigated the effect of 5-HTT
KO on it in rats.

Reward value in generalization
In Chapter 3 I designed a touchscreen based task in which rats were required to learn
associations between the size of squares and the size of rewards. I found that 5-HTT
KO rats show a lower accuracy of response choices than WT rats when categorizing the
stimuli-predicting higher reward value. No such effect was observed when categorizing
the stimuli-predicting lower reward value. Probably, KO rats show anhedonia, a feature of
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depression-like behavior (Denk et al., 2005; Treadway and Zald, 2011) when processing
higher value stimuli. This might be because KO of the 5-HTT reduces the subjects’ ability
to update information about reward value during category/discrimination learning.
The work in Chapter 3 contains some limitations that are important to consider when
interpreting the findings. The different sizes of the stimulus resulted in different intensities
of illumination. Although the maximum intensity of illumination was only about 35 lux,
it is not clear whether changes in intensity of illumination affect the accuracy of learning.
In Chapter 4, after learning well to categorize the reward conditioned stimuli, rats were
tested for outcome generalization. The stimuli were the same as during discrimination
learning but the probabilistic reward contingencies were reduced. In other words, the
level of stimuli-predicting reward values was reduced. I found that the response time of
5-HTT KO rats was lower than of WT rats. This suggests that 5-HTT KO rats indeed
have some impairment in updating the information about reward values. This might be
because the experience of unpredictable reward values is “annoying”. For example, elevated
serotonin via pharmacological inhibition of the 5-HTT and KO of 5-HTT (serotonin
is elevated in the brain of KO 5-HTT rats (Homberg et al., 2007; Verheij et al., 2014))
promotes movement in rats during forced swim (Diniz et al.; Cryan et al., 2002a), an
annoying situation. Also, serotonergic neurons increase in activity when animals are moving
during tail suspension, another annoying situation, but not when exposed to threat of
footshocks (Seo et al., 2019a). It could be that WT and KO rats cope with annoying
situations oppositely. 5-HTT KO rats might be urged to acquire rewards by taking efforts
to get rid of experiencing annoying situations while maintaining the response accuracy.
Therefore, it requires animals to process the information faster to respond to the stimuli.
Getting rid of the annoying situation by moving faster with elevated 5-HT in rodents
might facilitate the animals to adapt to the changes of environment (Cryan et al., 2002b;
Seo et al., 2019b). In contrast, WT rats might be cautious and wanting to prevent the loss
of rewards by taking efforts to continue to have the experience of reward pleasure while
maintaining the response accuracy. Therefore, it requires animals to take more time to
process the information. In sum, lower function of 5-HTT might facilitate adaptation
of individuals to changing environments faster. Faster generalization is important to
survive in changing environments, but it is not enough to live healthily. In humans, a
faster response time to stimuli was observed in both anxious and drug-using individuals
(Kosinski, 2013). For example, highly anxious individuals were found to process negative
information faster at the initial phase of the experiment they were tested in (Pflugshaupt
et al., 2005). Depressed patients also responded faster when processing negative as well
as positive information (Goeleven et al., 2006). Also, individuals carrying the short
allelic variant of the serotonin transporter linked polymorphic region showed a faster
response time to positive stimuli (Fox et al., 2009). The studies described in Chapter 3
and 4 are the first attempts to investigate 5-HTT KO effects on generalization when the
stimuli-predicting reward value changes. If this basic ability is disturbed, it will lead to
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inadequate adaptation to environmental changes and can cause brain disorders. Under the
biological framework of RDoc, generalization may serve as one of the common dimensions
of comorbidity (Crocq, 2017). When interacting with the changes in the reward value
predicted by stimuli, 5-HTT KO rats respond faster than WT rats. Generalization of
stimuli-predicting reward is interfered in 5-HTT KO rats.

Stimuli in generalization
If the physical property of a generalization stimulus is close to one of the conditioned
stimuli, the decision choice on the generalization stimulus is typically closer to the
conditioned stimulus, resulting in a monotonic graded response to the stimuli (Ghirlanda
and Enquist, 2003). Both KO and WT rats display a monotonic grade response to the
stimuli. I didn’t find a significant difference between WT and KO rats on stimulus
generalization in Chapter 3 and 4, despite that the response time was altered in KO
rats compared with WT rats during stimulus generalization. It is unclear whether this
is because the ambiguity of the generalization stimuli or because the generalization
stimuli were not conditioned by reward. To overcome such cofound, the generalization
stimuli were in Chapter 5 also conditioned by reward. Furthermore, every generalization
stimulus was sampled from a Gaussian distribution. I used Gabor patches as stimuli, for
which both orientation and spatial frequency varied between stimuli. In Chapter 5, KO
and WT rats performed similarly (response time and response curve) during stimulus
generalization via a session by session analysis. However, a trial-by-trial analysis involving
the testing of the decision-bound revealed that more KO rats than WT rats were interfered
by the irrelevant information during stimulus generalization. Since the majority of KO
rats performed well in stimulus generalization, I conclude that there was no robust
impairment in stimulus generalization in the KO rats. To further analyze whether KO
rats have wider or narrow generalization (Nguyen et al., 2020) in used other models.
When generalization is narrow, organisms might lack the ability to generalize the learned
information to relevant situations; when generalization is wide, organisms might generalize
the learned information to irrelevant situations (Kahnt and Tobler, 2016). People with
autism spectrum disorder (ASD) have a robust impairment in generalizing the learned
information to novel social or linguistic stimuli (de Marchena et al., 2015; Radley et al.,
2015). And lower function of 5-HTT in the brain may contribute to the development
of (ASD) in humans (Nakamura et al., 2010; Singal et al., 2017; Gemmel et al., 2018).
I tested stimulus generalization under the context of food reward in rats in Chapter 5.
Perhaps, the social or linguistic relevant stimuli might be different from the food related
stimuli. Nonetheless, it is possible that 5-HTT KO rats have an impairment in stimulus
generalization in the context of social behavior and communication. This is implied by
a recent rodent study, in which 5-HTT KO rats displayed a reduction in the number of
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social contacts and a reduction in emotion expression via ultrasonic vocalization compared
to WT rats (Golebiowska et al., 2019). In summary, no matter whether the generalization
stimuli were conditioned by food reward (Chapter 5) or not (Chapter 3 and 4), the
response curves of 5-HTT KO and WT rats were similar during stimulus generalization.

Category learning
Generalization refers to the process of adaptation to novel, but comparable situations or
information by transferring stored information inferred from learned information to the
present situation/stimuli (Gluck et al., 2013; Norbury et al., 2018). To store information,
an individual may learn what values the stimuli predicted by means of categorization
(Gluck et al., 2013). Rats learned to categorize the stimuli based on the size of squares
that were used as stimuli (Chapter 3) or the orientation of the Gabor patches (Chapter 4).
Frequentis linear mixed-effect model (Chapter 3) or Bayesian linear mixed-effect model
(Chapter 4) session-by-session analysis revealed that both KO and WT rats learned
well to categorize the stimuli. Perhaps, the stimuli used were too simple for the rats.
Square size and orientation information both involve one dimension. Information in
nature is much more complex, consisting of multiple dimensions: e.g a combination of
sound frequency, shape, size, brightness, color etc. Individuals may categorize stimuli
based on one of the dimensions and ignore other dimensions (Ashby et al., 2011).
Some dimensions contain key information, and some other dimensions not. To avoid
confounds (e.g illumination in Chapter 3) but add other information into the stimuli,
the Gabor patches used in Chapter 5 were also varied in spatial frequency. Rats learned
to categorize the stimuli based on their orientation and ignored the spatial frequency of
the stimuli. Bayesian linear mixed-effect modeling of session-by-session analyses revealed
that KO and WT rats performed similarly during category learning. Both KO and WT
rats learned to discriminate/categorize the stimuli and reached the learning criterion. The
average accuracy of response choice and response time from session-by-session may not
reflect the dynamic decision of the responses across trials and within a trial. To capture
both the within- and across-trial dynamics, data were analyzed by a combined model of
reinforcement learning (RL) and drift diffusion model (DDM), namely reinforcement
learning drift diffusion model (RLDDM)(Wiecki et al., 2013; Pedersen and Frank,
2020a). This model revealed that 5-HTT KO rats had a lower learning rate and higher
drift rate scaling than WT rats during category learning, indicating 5-HTT KO reduced
the adaptation to reward expectation and increased level of exploitation versus exploration
strategy of decision during category learning. Perhaps, 5-HTT KO rats failed to integrate
the relevant and irrelevant information to make the decision. Previous studies showed
that pharmacological inhibition of 5-HTT and genetic KO 5-HTT decreased novel
objects exploration (Rodriguez-Porcel et al., 2011; Kiryanova et al., 2013; Kroeze et al.,
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2016) and reduced latent inhibition to the stimuli (Nonkes et al., 2012), suggesting that
loss of 5-HTT function may impair the ability to integrate the stimulus and outcome
information in rats. A recent study confirmed that 5-HTT inhibition and 5-HTT KO
rats fail to integrate motor behaviour with recent sensory information (Azarfar et al.).
Taken together, a lower learning rate but higher level of exploitation versus exploration
in 5-HTT KO rats may be the cause of their impairment in information-integration.
A direct information-integration task (Ashby et al., 2011) is needed to test the effect of
5-HTT KO on category learning.

Computational model
A big advantage of using a linear mixed-effect model compared to traditional statistical
methods (ANOVA, paired t-test) is that a single model can simultaneously consider all
variances such as group, condition, session, etc. (Bates et al., 2015). In addition, using
mixed-effects models to analyze the data reduces the possibility of false positives (Aarts et
al., 2014). In the frequentist school of statistics, the inference is objective (Efron, 2005).
In contrast, Bayesian inference requires a prior belief and the result provides the posterior
distributions of both the data and the hypothesis (Efron, 2005). For instance, we had
the belief that the response time data would not fit well in a Gaussian distribution. The
expected distribution of average response time across trials usually had a long-tail on the
right side of the distribution (Chapter 4). Also, the expected distribution of response time
within a trial had a long-tail on the right side (Chapter 5). Within a trial, rats require a
certain response time to accumulate the evidence to make a decision. A drift diffusion
model (DDM) may capture rats’ response time for each choice (Smith and Ratcliff, 2004;
Wiecki et al., 2013). However, DDM usually does not consider how to change or adjust
the process of decision-making when learning progresses across trials (Miletić et al., 2020).
During the progress of learning, rats’ behavior reinforced by reward can be explained by
a computational model of reinforcement-learning (RL), which deals with the ability of
associated learning, state, actions and reward (Niv, 2009; Lee et al., 2012). The model
assumes that subjects were learning to match their expectation and the actual outcome
via trial and error manner. However, RL models usually do not account for the changes
in response time for each choice (Miletić et al., 2020). According to this perspective, the
RL and DDM models can be complementary. A joint RL with DDM model is better in
explaining the latent mechanisms of behavior and improves learning parameters (Ballard
and McClure, 2019; Pedersen and Frank, 2020b). In Chapter 5, the joint RL and DDM
model revealed that KO rats had a lower learning rate and higher drift rate scaling than
WT rats. The model helps to understand the 5-HTT KO effect on category learning:
slow to adapt to the reward expectation and more likely exploiting a specific rule rather
than exploring other rules for decision-making. In sum, by applying a computational
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model to understand the 5-HTT KO effect on category learning provides more insights
on the underlying mechanism of serotonin in learning.

Future Perspective
The aim of constructing biological frameworks (such as Research Domain Criteria, RDoc)
is to understand dimensions of observable behavior and neurobiological measures that
cut across the current psychiatric disorders classified by Diagnostic and Statistical Manual
of Mental Disorders or International Statistical Classification of Diseases and Related Health
Problems and the framework is shaped by a specific constellation of molecules, cells and
behaviors (Insel et al., 2010). Generalization is a fundamental ability in humans and
animals. It can be constructed in RDoc as a behavioral assessment that cuts across mental
disorders such as anxiety, depression, drug addiction and autism. A dysregulation of
serotonin signaling is thought to lead to these mental disorders. The 5-HTT plays a key
role in the regulation of serotonin levels in the synaptic cleft. When lacking 5-HTT, rats
display anxiety-like, depression-like, drug addiction-like and autism-like behaviors. By
detecting the generalization performance of an animal model lacking 5-HTT, I believe that
we can obtain more insights in behavioral assessments and ultimately potential personalized
treatments. In this thesis, I designed different tasks to detect the generalization performance
of rats. The tasks play different roles in this research. The first task (Chapter 3), I believe,
is the easiest one to learn for rats. It was also when I first understood how rats work on
the touchscreen. One of the original intentions of applying a touchscreen to design tasks
is that I can easily convert it to detecting human generalization in the future. With the
deepening of the research, I found that I can further control different parameters in the
task to detect different types of generalization. I found that dysregulation of serotonin
had a robust effect on outcome generalization (Chapter 4). By using a computational
model, I also found that the dysregulation of serotonin affected learning, especially in the
early stages of learning. However, rats can learn to categorize stimuli in the end (Chapter
5). From the knowledge gained so far in this thesis, it can be inferred that serotonin
dysregulation affects generalization performance. When the reward value carried by
the environment changes, individuals characterized by a change in serotonin signaling
are less able to adjust or generalize the feelings brought about by the value change in
time. This can result in maladaptive disorder, and consequently mental illness such as
anxiety, depression, drug addiction or autism. However, the rats can learn to categorize
stimuli in the end, suggesting that after continuous training or guidance, individuals
can adapt to the changes of the environment. Thus, extensive training may reduce the
risk to develop mental disorders. Designing some tasks or games for touchscreen tablets
or other touchscreen based devices allows children with autism to learn interactively,
which has been successful for these children to adapt to the environment (Allen et al.,
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2016; An et al., 2017). Perhaps in this way, mental illnesses caused by environmental
changes can be successfully prevented or treated. However, the individual differences of
generalization performance are large. Some people display a wide (or flat) generalization
pattern and some a narrow (steep) one (Stegmann et al., 2019). Both too wide or too
narrow generalization may lead to a failure to adapt to the changes in the environment
and may increase risk for mental disorders. Only when being in an adaptive balance the
individual can maintain health. From this perspective, designing a personalized treatment
according to the differences of each individual should raise attention in clinics, rather
than just treating the patients according to the classification of diseases. The various
dimensions constructed in RDoc can provide data-based support for personalized
medicine in the future. Learning from ancient Chinese philosophy, we can see that the
essence of health is the balance between Yin (阴) and Yang (阳) (Aikawa, 2007). The
concept of Yin and Yang highlights the interplay between these two opposite forces, but
not the conflict between them. Not only that, the traditional Chinese medicine theory,
starting from "Huang Di Nei Jing (黄帝内经), 475-221 BCE to 206 BCE–220 CE",
established a dialectical system with eight principles. Yin (阴) and Yang (阳) are the
two general principles; Biao (表) and Li (里), Han (寒) and Re (热), Xu (虚) and Shi (
实) are the other six sub-principles. The philosophy of these principles might represent
the dynamic biological system, such as the interplay of high and low serotonin levels.
Importantly, these principles intersect with people and the environment, constituting a
three-dimensional dynamic system (张伟荣 and 李靖, 2006; Unschuld and Tessenow,
2011). In this thesis, we have glimpsed three dimensions: changes at the molecular level
(5-HTT expression), changes in the environment (stimuli and reward), and changes in
behavior (generalization). With the continuous improvement of computing power to
process big data, we are able not only to parameterize these changes, but also to include
more parameters (such as various neurotransmitters, neuromodulators, brain circuits, gene
expression, etc.) for the purpose of understanding the relationship between individuals and
their environment. It is challenging to fully understand this relationship. But, maybe in
the future this relationship would become more straightforward as people now understand
why apples fall to the ground. All changes flow dynamically over time. In the future, we
may be able to develop a dynamic personalized medical system.
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Appendix

Samenvatting
Het werk dat in dit proefschrift wordt gepresenteerd, verschaft fundamentele kennis
over het effect van serotonine transporter (5-HTT) knock-out (KO) op generalisatie en
categorie leren bij ratten. Alle gebruikte touchscreen-visuele taken die in dit proefschrift
zijn gebruikt zijn nieuw. Door visuele stimuli op een touchscreen te presenteren, neemtm
de translationele waarde van de gegevens van de rat enorm toe. Door het gebruik van
computationele modellen om het gedrag van ratten te analyseren, heb ik diepgaande
inzichten verschaft in het effect van 5-HTT KO op generalisatie en categorie leren.
5-HTT KO ratten vertonen depressie-achtig, angstig, autisme-achtig en drug verslavend
gedrag. Het onderliggende gemeenschappelijke biologische kader voor deze gedragingen
is geconstrueerd als generalisatie. Dit proefschrift laat voor het eerst zien dat KO 5-HTT
generalisatie en categorie leren bij ratten moduleert.

Eerder werk over generalisatie in knaagdierstudies
In Hoofdstuk 2 heb ik een systematische review uitgevoerd naar generalisatie in knaagdier
studies. De studies lieten in het algemeen zien dat factoren die depressie-achtig en drug
verslaving-achtig gedrag induceren gepaard gingen met generalisatie richting negatieve of
positieve interpretatie van ambigue stimuli. In deze studies werden verschillende vormen
van perceptuele informatie gebruikt, waaronder auditieve, ruimtelijke, tactiele en visuele
informatie. Terwijl in de natuur alle vormen van perceptuele informatie van belang is
voor generalisatie, werd visuele informatie in slechts een studie toegepast. Alhoewel de
dieren generalisatie vertoonden, was het niet duidelijk of de dieren in staat waren om een
onderscheid te maken tussen de verschillende visuele stimuli in de taak. Ook waren de
gebruikte data analyse technieken beperkt. Om te komen tot betere taken om generalisatie
te meten in knaagdieren heb ik in Hoofdstuk 3 en 4 nieuwe versies van visuele generalisatie
taken ontwikkeld, en het effect van 5-HTT KO op generalisatie in ratten onderzocht.

Beloningswaarde in generalisatie
In Hoofdstuk 3 had ik een touchscreen taak ontwikkeld waarbij ratten leerden dat er
een associatie was tussen de grootte van een vierkant (=stimulus) en de grootte van de
beloning. Ik ontdekte ik dat 5-HTT KO ratten een lagere nauwkeurigheid van respons
keuzes lieten zien dan wild-type (WT)-ratten bij het categoriseren van de vierkante stimuli
die een hogere beloningswaarde voorspelden. Een dergelijk effect werd niet waargenomen
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bij het categoriseren van de vierkanten stimuli die een lagere beloningswaarde voorspelde.
Waarschijnlijk vertonen KO-ratten anhedonie, een kenmerk van depressie-achtig gedrag
(Denk et al. 2005; Treadway en Zald 2011) bij het verwerken van stimuli met een hogere
waarde. Dit kan zijn omdat KO van de 5-HTT het vermogen vermindert om informatie
over de beloningswaarde bij te werken tijdens het leren van de verschillen tussen twee
stimuli (discriminatie leren). Het werk in Hoofdstuk 3 bevat enkele beperkingen die
belangrijk zijn om rekening mee te houden bij het interpreteren van de bevindingen. De
verschillende groottes van de stimulus resulteerden in verschillende verlichtingsintensiteiten.
Hoewel de maximale verlichtingsintensiteit slechts ongeveer 35 lux bedroeg, is het niet
duidelijk of veranderingen in de verlichtingsintensiteit de nauwkeurigheid van het leren
beïnvloeden. In Hoofdstuk 4, na goed te hebben geleerd om de stimuli met beloning te
categoriseren, werden ratten getest op uitkomst generalisatie. De stimuli waren hetzelfde
als tijdens het discriminatie leren, maar de probabilistische onvoorziene beloningen waren
verminderd. Ik ontdekte dat de reactietijd van 5-HTT KO ratten lager was dan van WT
ratten. Dit suggereert dat 5-HTT KO ratten inderdaad enige beperking hebben bij het
bijwerken van de informatie over beloningswaarden.

Stimuli in generalisatie
Als de fysieke eigenschap van een generalisatie stimulus dicht bij een van de geconditioneerde
stimuli ligt, ligt de keuze voor de generalisatie stimulus doorgaans dichter bij de
geconditioneerde stimulus, wat resulteert in een monotone graduele respons op de
stimuli (Ghirlanda en Enquist 2003). Zowel KO als WT ratten vertonen een monotone
respons op de stimuli. Ik vond geen significant verschil tussen WT en KO ratten op
het gebied van stimulus generalisatie in Hoofdstuk 3 en 4, ondanks het feit dat de
reactietijd veranderd was in KO-ratten in vergelijking met WT ratten tijdens stimulus
generalisatie. Het is onduidelijk of dit komt door de ambiguïteit van de generalisatie
stimuli of omdat de generalisatie stimuli niet geconditioneerd waren door beloning. Om
dit verder uit te zoeken werden de generalisatie stimuli in Hoofdstuk 5 ook bepaald
door beloning. Bovendien werd elke generalisatie stimulus bemonsterd uit een Gaussverdeling. Ik gebruikte zogenaamde Gabor-patches als stimuli, waarvoor zowel oriëntatie
als ruimtelijke frequentie varieerden tussen stimuli. In Hoofdstuk 5 presteerden KO- en
WT ratten vergelijkbaar (responstijd en responscurve) tijdens stimulusgeneralisatie via een
sessie-voor-sessie-analyse. Een trial-by-trial-analyse waarbij de beslissings gebondenheid
werd getest, onthulde echter dat meer KO-ratten dan WT ratten werden gestoord door
irrelevante informatie tijdens stimulus generalisatie. Aangezien de meerderheid van de
KO-ratten goed presteerde in stimulus generalisatie, concludeer ik dat er geen robuuste
verslechtering was in stimulus generalisatie bij de KO ratten.
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Categorie leren
Generalisatie verwijst naar het proces van aanpassing aan nieuwe, maar vergelijkbare
situaties door opgeslagen informatie die is afgeleid van geleerde informatie over te dragen
naar de huidige situatie (Norbury et al. 2018; Gluck et al. 2013). Om informatie op te
slaan, kan een individu leren welke waarden de stimuli voorspelden door middel van
categorisatie (Gluck et al. 2013). Ratten leerden de stimuli te categoriseren op basis
van de grootte van de vierkanten die als stimuli werden gebruikt (Hoofdstuk 3) of de
oriëntatie van de Gabor-patches(Hoofdstuk 4). Sessie-voor-sessie analyse van de data
middels een Frequentis lineair mixed-effect model (Hoofdstuk 3) of via een Bayesiaans
lineair mixed-effect model (Hoofdstuk 4) onthulde dat zowel KO als WT ratten goed
in staat warenom de stimuli te categoriseren. Misschien waren de gebruikte stimuli te
simpel voor de ratten. Vierkant-formaat en Gabor patch oriëntatie informatie hebben
beide betrekking op één dimensie. Informatie in de natuur is echter veel complexer en
bestaat uit meerdere dimensies: bijvoorbeeld een combinatie van geluidsfrequentie,
vorm, grootte, helderheid, kleur etc. Individuen kunnen stimuli categoriseren op basis
van een van de dimensies en andere dimensies negeren (Ashby et al. 2011). Sommige
dimensies bevatten belangrijke informatie en sommige andere dimensies niet. Om de
complexiteit van stimuli in de natuur beter na te bootsen , werden de Gabor-patches die
in Hoofdstuk 5 werden gebruikt gevarieerd in zowel orientatie als ruimtelijke frequentie.
Ratten leerden de stimuli te categoriseren op basis van de oriëntatie van de Gabor patches
en negeerden de ruimtelijke frequentie van de stimuli. Bayesiaanse lineaire mixed-effectmodellering van sessie-voor-sessie-analyses onthulde dat KO- en WT ratten op dezelfde
manier presteerden tijdens het leren van categorieën. Zowel KO als WT ratten leerden de
stimuli te categoriseren en bereikten het leer criterium. De gemiddelde nauwkeurigheid
van respons keuze en responstijd van sessie tot sessie weerspiegelt mogelijk niet de
dynamische beslissing van de reacties tussen sessies en binnen een sessie. Om zowel de
dynamiek binnen als tussen de sessies vast te leggen, werden de gegevens geanalyseerd
door een gecombineerd model van reinforcement learning (RL) en drift diffusion model
(DDM), namelijk het reinforcement learning drift diffusion model (RLDDM)(Pedersen
en Frank 2020; Wiecki et al. 2013). Dit model onthulde dat 5-HTT KO ratten een
lager leer percentage en een hogere drift snelheidsschaal hadden dan WT ratten tijdens
het leren van categorieën, wat aangeeft dat 5-HTT KO ratten zich minder goed konden
aanpassen aanpassen veranderingen in de verwachte beloning en zich meer lieten leiden
tot irrelevante informatie tijdens categorie leren.
Alles bij elkaar heeft 5-HTT invloed KO op de generalisatie van stimuli en het leren
van categorieën.
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Research data management
This thesis is based on the results of rodent studies, which was approved by the animal
welfare committee of Radboud University Medical Centre, Nijmegen. Data obtained
during my PhD in this thesis at Radboud University Medical Centre, Donders Institute
for Brain, Cognition and Behavior are stored at the Donders Repository.
All data are archived at https://doi.org/10.34973/9jtb-yn96. Data are available upon
reasonable request.
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Awarded Open-Microscope grant to Okinawa Institute of Science and Technology
Japan. Got trained in bio-image analysis. 2018.11

•

Awarded Radboud University travel grant for PhD students. Attended the European
neuroscience conference Berlin, Germany. 2018.11

•

Awarded a scholarship from China Scholarship Council for Chinese Ph.D Candidates.
Supported my Ph.D research at the Donders Institute for Brain, Cognition, and
Behaviour, Nijmegen, Netherlands. 2016.06
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Workshops/Courses
•

Computational modelling, NeuroMatch summer school, online (interactive track),
2020.07

•

Mixed effect regression in R (statistics), Radboud University Netherlands, 2020.04

•

An introduction to Data visualization and Cluster analysis (using R), Radboud
University Summer School Netherlands, 2019.07

•

Bioimage analysis, Okinawa Institute of Science and Technology Japan, 2018.11

•

PsychoPy tool box, Donders Institute for Brain, Cognition and Behavior Netherlands,
2018.08

•

Python, Beijing Institute of Technology MOOC, 2018.07

•

Advanced Neuroscience Techniques, Radboud University Netherlands, 2018.07

•

Scientific writing, Radboud University Netherlands, 2018.02

•

Achieving your goals, Radboud Univeristy Netherlands, 2017.12

•

Scientific integrity, Donders Graduate School Netherlands, 2017.09

•

Neuroanatomy, Radboud University Netherlands, 2017.09

•

Addiction, Utrecht University Summer School Netherlands, 2017.08

•

The art of presenting science, Radboud University Netherlands, 2017.06

•

Advanced Communication, Radboud University Netherlands, 2017.05

•

Laboratory Animal Science (Articl 9), Radboud University Medical Center,
Netherlands 2017.01
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子在川上曰：“逝者如斯夫，不舍昼夜。”

– –《论语》

Standing on the bank of a running river, the Master says, ‘Time is just like the running water
in the river, going farther and farther away into indefinite distance continuously, without
letup day and night’.
– – Analects of Confucius
The experience of my past four years as a PhD student has become to be my unforgettable
memory and precious treasure. This treasure consist of all the supports from my family,
my friends and colleagues. I would like to thank people who have supported me during
my journey of obtaining PhD.
Judith Homberg, my dear supervisor. Back to the time when I was about to graduate with
a master’s degree, I was very exciting to receive my Scholarship to collaborate with you
for 4 years. Thanks for having me as your PhD student. Under your supervision in the
past four years, I’ve learned a lot from your personality, the way you supervised students
and your attitude towards your work. One of the most important thing I learn from you
is that you are always there when I need you. “Learning from doing”, I will inherit your
way to be a supervisor. Doing a PhD, especially learning to be independent when doing
PhD in a foreign country and different context of culture is unbelievably differed from
my expectation. I had the dark/hard time of loneliness, stress, anxiety, depression during
my past 4 years of PhD journey. However, thanks for your kindly support, I’ve survived.
I still remember the scene that you encouraged me and believed me that I can overcome
my fears when I was expressing my stress and anxiety about future career in academia.
During that time, I even didn’t notice that I was in a state of being irritated easily that I
was in a negative state. Without your support on my side, I couldn’t save myself. Without
your support of doing my PhD, I couldn’t know how to become independent in academia.
Thanks for your encouragement when I was down. Thank you for giving me freedom
to exploring my own topic of research. Thank you for providing your quick and useful
feedback when writing my thesis.
Benno Roozendaal, my dear co-supervisor. Thank you for providing me precise feedback
on my experimental design. You always can provide solutions when I was doubting
myself on the design of the experiment I set up. Thank you for your support when I was
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presenting my work in public. It was a great time to discuss with you about the broad
scientific questions. I’m looking forward to further collaborations.
Michel Verheij, thank you for taking your time on helping me out and figuring out all
the difficulties in performing the experiments in TNU. Thanks for promising having
constant meetings with you to discuss with my experiments. I was grateful for including
you in my project. Discussion with you about my project helped me figure out what I
should focus on and what I should abandon. Time is always not enough. Without your
support, I couldn’t figure out what is the core in my project.
Paul Minda, thank you for having me visiting your group. I’ve learned a lot about the topic
of categorization in your group. Thanks for guiding me and provide your advices to me
on the programming R. Thank you for the gift of your book. It enhances my knowledge
in the file of computational model of categorization. Well, I’m still like a student and
have many things to learn in this broad field.
Joanes Grandjean, thank you for your enthusiasm in our group and your critical view in
data analysis. Your point of view inspired me a lot. Under your advices, I quickly grew
up in the field of data analysis. Thank you for providing your efficient advices to me.
Guillen Reumann, it was my pleasure to talk with you about my situation and the
obstacles during my PhD. Thank you for your wisdom to solve the issues. Also, I would
like to thank Femke Maij for helping me solve the difficulties I met. Your time and effort
really have supported me.
I would like to thank all the members of my manuscript reading committee: Roshan
Cools, Tansu Celikel, and Tommy Pattij for showing your interest in my work and taking
your time and effort on reading my manuscript.
Guisseppe, Giorgy, Giacomo and Sandra, I had a great time with you. Thanks for taking
me with you guys and having fun in the Netherlands. Guisseppe, bitter beer makes me
grow up. I enjoy the bitter flavor of beer now, but still prefer sweet sometimes (hhh).
Giogy, when do you get merry with Guisseppe? It was lovely to see you again. Giacomo
and Sandra, it was my great time going out for beer festival, having pancake in a forest,
visiting other city in the Netherlands etc with you and Guisseppe and Giogy. You guys
make my life more wonderful. Deborah, Peter, Yvet and Marloes and Sabrina, thanks
for having me together for the movie/dinner night. I really enjoyed the time with you.
Still, English subtitle (hah) is important for both of us. Italian cuisine is great, and Canton
cuisine of dumpling is still one of my favorites. Drinking fragrant wine is also better than
drinking bitter beer during dinner. Yacine, you are now becoming more and more like a
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philosopher. I was really enjoying talking with you about all those ancient wisdom from
“Tao Te Ching 道德经” or “Laozi 老子”. Danielle Mendes, thanks for caring me when I
was frustrated. You and your husband are so warmly that I enjoyed talking with you two.
Mina, you are such a nice colleague. Thank you for inviting me to your place and seeing
your little baby. Anthonieke, Anne-Marie and Sjef, with your supports in TNU, my
experiments went more smoothly. Shaha, thanks for your coordinate in wetlab. Dewi,
thanks for your understanding my situation as a PhD student. Talking with you can always
encourage me (including Korean TV Series). You will be a good leader. Bart, you are
not only the most handsome boy among all the Donderians, but also a very professional
researcher. I was glad to talk with you about all the scientific questions. Casper, you
are always enthusiastic in your work. Your attitude towards your work encouraged me.
Xianzong, you will get your right way to obtaining your PhD. Alejandro, what a positive
boy you are. You’ve brought so many positive energies to us. I would like to thank all the
others Homberg’s group: Sylvia, Maxime, Danielle Houwing, Kari, Dorien, Archana,
Morgane, Elisavet, Marcia.
Martine, I always can see you around in the Trigon. It was my good time to talk with
you. Seeing your current body type is extremely encouraging. Henrik Eckermann,
thanks for sending me the statistics book. They are very helpful. Thank all my neighbors:
Nader, Sevgi, Qi, Chunan, Floriana, Sabrina van Heukelum, Arthur, Paul. It was my
pleasure to working nearby with you in Trigon. Nader, Betty, Lorenzo, Mora, Alberto.
Thanks all that inviting me having dinner, drinks, parties etc. You all made my life more
exciting in Nijmegen. Dear Erna, thank you not only for your work support, but also
for your emotional support. I also would like to thank all people in administration office
in our CNS department: Nino, Inge, Annemarie, Ellen. Thank you all people I met in
Donders Institute.
In addition, I would like to thank all the animals sacrificed for human health.
感谢引领我进入神经科学大门的梅兵老师和孟博老师。感谢在Donders Institute
遇见的各位道友。孔祥祯，感谢师兄在Nijmegen创造了给我们华人圈创造的良
好的学术氛围，让我倍感亲切。张文君，感谢师姐给给师弟的鼓励。一切都不
容易。龚栩，感谢师姐对师弟所做实验的肯定。戴博涵，感谢师姐抽空一起聊
天，谈学术。陈艳芬师姐，感谢在donders一起聊天的时光，以及您给予的关心
和帮助。何涛，刘威，宋奇，郭楚南，王欢，刘瑞。同志们，有你们在一起度
过的PhD的日子，真好。孟宪宗，孙梦寒，李伟卓，感谢师弟和师妹的关心与
支持。感谢孙师妹不远万里帮忙带我的毕业礼服过来。Kwok-Shing and Joey, 多
谢命运将我同你哋拉埋喺Nijmegen，一齐讲白话，一起打机，一起打边炉。等
疫情过后，来我度哋继续啦。感谢在Radboud的遇见的各位朋友们： 段红霞，
付丽，韩彪，单凌，梅婷，张祯，朱艳楠，刘瑞，蔡梦飞，谢英迪，Ashley，
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彭晗 ，唐超，马荣康，都督，柴梦乔，石莹洁，陈平，傅瑶，谢小小，张腾，
张杨，赵爱栋，赵勇，邹燚，左培颖，张轶平，石岩，邵金龙等等。你们的存
在，使得我在Radboud的生活多姿多彩。感谢在Vossendijk遇见的各位朋友和邻
居，汤春铃与小兰，张敏与孙溪，何涛和孙明媚，朱玉玺，李可阳，李爽，杨
金骉，严楚尧，严轩，王磊，李晋蒙，陈岘，王鹏，沈晨等等。因为你们的存
在，让我在小河边的生活充满了色彩。
父母把我生下来时的那一张白纸，正在不断地被世界填充着色彩斑斓的笔墨。
每一笔都可以是浓墨重彩， 每一次也可以有不一样的色彩， 每一个停留可能
都在思索下一笔的走势。“父母在，不远游，游必有方”。教育和文化的力量对
我的影响深入刻骨，我也延续着这样的文化基因。感谢父母的理解和支持，
因为有你们的支持，我才能不断的成长。也因为，有你们的支持，我才能坚
持到现在。当然，我还要感谢我姐对我的理解和支持。最后，感谢在我生命
中遇见的每一个浪漫的你。
Last but not least, I would like to thank all people who are doing their best to save lives
during the Covid-19 pandemic. Without your hard work, I couldn’t know how I can
finish my thesis during this global crisis.
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Donders Graduate School for Cognitive
Neuroscience
For a successful research Institute, it is vital to train the next generation of young scientists.
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established
the Donders Graduate School for Cognitive Neuroscience (DGCN), which was officially
recognised as a national graduate school in 2009. The Graduate School covers training at
both Master’s and PhD level and provides an excellent educational context fully aligned
with the research programme of the Donders Institute.
The school successfully attracts highly talented national and international students in
biology, physics, psycholinguistics, psychology, behavioral science, medicine and related
disciplines. Selective admission and assessment centers guarantee the enrolment of the
best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni
show a continuation in academia with postdoc positions at top institutes worldwide, e.g.
Stanford University, University of Oxford, University of Cambridge, UCL London, MPI
Leipzig, Hanyang University in South Korea, NTNU Norway, University of Illinois,
North Western University, Northeastern University in Boston, ETH Zürich, University of
Vienna etc.. Positions outside academia spread among the following sectors: specialists in
a medical environment, mainly in genetics, geriatrics, psychiatry and neurology. Specialists
in a psychological environment, e.g. as specialist in neuropsychology, psychological
diagnostics or therapy. Positions in higher education as coordinators or lecturers. A
smaller percentage enters business as research consultants, analysts or head of research
and development. Fewer graduates stay in a research environment as lab coordinators,
technical support or policy advisors. Upcoming possibilities are positions in the IT sector
and management position in pharmaceutical industry. In general, the PhDs graduates
almost invariably continue with high-quality positions that play an important role in
our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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