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Abstract
Background  Zebrafish are growing in use as a model for understanding drug dependence and addiction. Sensitization para-
digms have been a useful tool in identifying mechanisms involved in drug-induced behavioral and neurological changes, but 
in zebrafish have tended to focus on locomotor, rather than cognitive, endpoints.
Methods  Here, we used a novel method, the FMP Y-maze, which measures continuous performance through a series of 
repeated binary choices (L vs R), to establish a model for assessing parameters associated with psychostimulant-induced 
behavioral and cognitive sensitization in adult zebrafish.
Results  Repeat, intermittent exposure to d-amphetamine (AMPH) for 14 days increased alternations (LRLR) in the maze, 
suggesting improved working memory, which was enhanced further following drug challenge after a short withdrawal 
period, suggesting behavioral sensitization. However, this cognitive enhancement coincided with a reduction in the use of 
other exploration strategies, hypolocomotion, and inhibition of cognitive flexibility. Like AMPH, exposure to nicotine (NIC) 
increased alternations following drug challenge after chronic treatment. Repeat NIC exposure appeared to induce both cogni-
tive and psychomotor sensitization, as evidenced by increased working memory performance (alternations) and locomotor 
activity, without negatively impacting other search strategies or cognitive flexibility.
Conclusion  Chronic treatment with AMPH or NIC boosts cognitive performance in adult zebrafish. Cognitive sensitization 
occurred with both drugs, resulting in enhanced working memory; however, repeat AMPH exposure, following a withdrawal 
period, resulted in inhibited cognitive flexibility, an effect not evident with repeat NIC exposure. Cognitive and behavioral 
sensitization paradigms in zebrafish could serve as a useful tool for assessing cognitive states which result in cognitive 
enhancing or impairing effects of drugs.
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Introduction

Psychostimulants, such as amphetamine (AMPH), nicotine 
(NIC), and cocaine, are known to increase extracellular 
synaptic dopamine (DA) concentrations and activate DA 
neurotransmission, resulting in altered behavioral and loco-
motor responses (Brown and Kolb 2001; Cunningham et al. 
1997; Dela Peña et al. 2015; Di Chiara and Bassareo 2007; 
Niculescu et al. 2005; Volkow et al. 1999). Repeated admin-
istration of a psychostimulant drug enhances psychomotor 

responsiveness to the drug. This is mediated by enhance-
ment of dopaminergic activation and modification of den-
dritic morphology, which can last for extended periods 
(Robinson and Berridge 1993). This long-term ability of 
previously encountered drugs to activate DA neurotrans-
mission and modify behavioral outputs is known as drug-
induced sensitization. Sensitization to repeated, intermit-
tent drug exposure in humans is theorized to be a critical 
driver in maintaining drug use and escalation from casual 
experimentation to craving and abuse. Furthermore, those 
attempting to withdraw from their habit can relapse fol-
lowing long periods of abstinence (Robinson and Berridge 
2008; Vezina 2007). The psychostimulants AMPH and 
NIC have been well documented for modulating locomotor 
responses (Buenrostro-Jáuregui et al. 2016; Cunningham 
et al. 1997; Pisera-Fuster et al. 2019; Valjent et al. 2010), as 
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well as cognitive altering effects in both animals and humans 
(Kuhn et al. 2019; Steketee and Kalivas 2011; Vezina 2007; 
Vezina and Leyton 2009). Expanding our understanding 
of the mechanisms underlying drug-induced sensitization 
may boost the efficiency of therapies used to treat substance 
abuse and reduce the probability of relapse.

Conservation of the ascending midbrain dopaminer-
gic pathways between mammals and teleost fish, such as 
zebrafish, has resulted in the increasing use of zebrafish 
as a neurobehavioral model for assessing the effects of 
pharmaceutical and illicit drugs (Antunes and Biala 2012; 
Barros et al. 2008; Goldsmith 2004; Kalueff et al. 2014). 
Behavioral responses of zebrafish to psychostimulant drug 
exposure (e.g. amphetamine (Parker et al. 2012), cocaine 
(Lopez Patino et al. 2008), or nicotine (Suen et al. 2013)) 
have corroborated findings in rodents and humans, thus sup-
porting the suitability of zebrafish as a translational model of 
psychostimulant abuse (Parker and Brennan 2012; Stewart 
et al. 2015). There have been several studies that have dem-
onstrated drug-induced sensitization in zebrafish (Blaser et al. 
2010; Pisera-Fuster et al. 2019). Although these studies have 
been a useful starting point, they have yet to further our under-
standing of the mechanisms underpinning sensitization, and 
the relationship between sensitization, addiction, and relapse. 
In addition, despite extensive investigation into psychomotor 
sensitization, few studies have investigated the role of cognitive 
sensitization (Castner and Goldman-Rakic 2004; Muhammad 
and Kolb 2011; Peleg-Raibstein et al. 2009) and none, to our 
knowledge, has done so in zebrafish.

Here, we aimed to establish  whether young-adult 
zebrafish develop cognitive or psychomotor sensitization to 
repeated administrations of AMPH and NIC, as assessed 
through the impact on working memory, locomotor activity, 
and cognitive flexibility. To do this, we used an established 
behavioral assay for zebrafish that has high translational rel-
evance to humans, the FMP Y-maze (Cleal et al. 2020). We 
assessed locomotor activity, working memory, and behavio-
ral flexibility at four time points: baseline (prior to any drug 
exposure), chronic exposure (14 days of drug exposure), 
withdrawal (2 days without drug), and finally following 
drug challenge (single, repeat drug exposure). Changes in 
cognitive performance and motor activity were determined 
relative to baseline, pre-drug exposure levels. To our knowl-
edge, this is the first study to examine the cognitive effects 
of psychostimulant sensitization in zebrafish.

Materials and methods

Subjects and drugs

Thirty-six adult, AB wild-type, mixed sex (50:50 M:F) 
zebrafish (Danio rerio), aged 3 months old at the start of 

treatment, were used for this study. Sample size (N = 36 
(n = 12/treatment group) [50:50 M:F]) was determined by 
power analyses based on large effect sizes (f2 > 0.3) observed 
in extensive previous experiments in our group using the 
FMP Y-maze. Housing conditions were maintained on a 
re-circulating system (Aquaneering Inc., San Diego, CA, 
USA); tank water was maintained at pH 8.4 (± 0.4), tem-
perature 25–27 °C, on a 14-h:10-h light/dark cycle. From 
free-feeding (5 days post fertilization (dpf)), fish were fed on 
ZM fry food until adulthood when they were fed on a daily 
diet of live brine shrimp (maintained at the fish facility) and 
dried flake food (ZM Systems, UK) 3 times/day during the 
week and once/day at weekends. All fish used in this study 
were experimentally naïve. Ethical approval was granted by 
the University of Portsmouth Animal Welfare and Ethical 
Review Board and conducted in accordance to the Animals 
(Scientific Procedures) Act 1986. Drugs were obtained from 
Sigma-Aldrich (Dorset, UK). Drug solutions were made up 
in aquarium water at pH 8–9. Moderate doses of AMPH and 
NIC were based on previous studies which found these con-
centrations to have reinforcing effects on zebrafish, assessed 
in the conditioned placed preference (CPP) task (Brock et al. 
2017; Kalueff 2017; Kily et al. 2008; Ninkovic and Bally-
Cuif 2006; Parker et al. 2013a, b). All experiments were 
carried out in line with ARRIVE guidelines (NC3Rs, UK).

FMP Y‑maze

The FMP Y-maze has been previously shown to be a use-
ful method for assessing working memory, behavioral 
flexibility, and locomotion, and has been described in 
detail elsewhere (Cleal et al. 2020; Cleal and Parker 2018; 
Fontana et al. 2019). Briefly, fish were placed individually 
in white acrylic maze inserts (arms: L50 × W20 × D140 
mm). Each arm of the maze was set at 120° angles. There 
were two inserts per tank, allowing two individuals to 
be tested simultaneously. The inserts were fitted into a 
tank containing 3L of aquarium water (Fig. 1). The FMP 
Y-maze comes as a standard protocol within the commer-
cially available automated behavioral tracking unit (Zantiks 
AD system for adult zebrafish, Zantiks Ltd, Cambridge, 
UK). Fish were free to explore all arms of the maze for 
1 h (h). Entries and exits from each arm were automati-
cally recorded and logged in an excel file for the duration 
of the task. Arm entry data was extrapolated to obtain a 
time series of left and right turns, which were subsequently 
divided into 16 overlapping sequences of tetragrams (four 
consecutive turn choices, e.g. left, left, right, right [LLRR] 
or right, left, right, left [RLRL]; for details of analysis of 
tetragrams, see the “Data analysis” section below). Analy-
ses of temporal dynamics of search patterns have demon-
strated that zebrafish show flexibility in their behavior dur-
ing the search parameters. Pharmacological analyses have 
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demonstrated that alternations (LRLR, RLRL) are reduced 
by memory-blocking drugs in zebrafish (Cleal et al. 2020), 
suggesting that alternations are linked to working mem-
ory. Locomotion was measured by the total number of arm 
entries.

Experimental design

First, all fish were screened for baseline performance in the 
FMP Y-maze for 1 h of free exploration. Zebrafish were 
then allocated randomly into treatment groups (n = 12 
AMPH [25 µM]; n = 12 NIC [5 µM]; n = 12 control) and 
pair-housed in treatment groups for identification purposes. 
Experimenters were blinded to treatment-group allocation. 

We pair-housed the fish 4 days prior to the start of repeated 
intermittent exposure to drugs in order to ensure they had 
habituated to the new housing system, and during this 
time, technical staff were blinded to treatment allocation. 
Acquisition of AMPH or NIC sensitization was established 
over three treatment phases (Fig. 2). Phase I: each fish was 
given 14 consecutive 30-min daily sensitizing exposures to 
their respective treatment. On day 14, following their final 
30-min exposure, fish were immediately placed into the 
FMP Y-maze for 1 h of free exploration. Phase II: zebrafish 
had 2 days without treatment wherein they remained in 
their home tanks, in pair-housed conditions. After 48 h of 
withdrawal, zebrafish were recorded in the FMP Y-maze for 
1 h. Phase III: each group received a challenge dose of their 

Fig. 1   Schematic showing 
dimensions of individual 
Y-mazes (left), two Y-maze 
inserts (middle), and two 
Y-mazes inserted into a water-
tight tank (right). One zebrafish 
per Y-maze

Fig. 2   Schematic representation of working memory, cognitive flex-
ibility, and locomotor assessments during pre-treatment phase to 
establish baseline performance, following 14 days of daily drug treat-

ment (intermittent exposure), after 2  days of rest (withdrawal) and 
following repeat drug treatment (drug challenge) to examine AMPH 
and NIC sensitization
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respective treatment for 30 min. Immediately following drug 
challenge, zebrafish were recorded in the FMP Y-maze for 
1 h.

Data analysis

All analyses were carried out using IBM SPSS Statis-
tics (v26) and graphical representations were completed 
using GraphPad Prism (v8). Studentized residuals were 
generated from statistical models and screened for out-
liers. Any data point identified as an extreme value 
(> 3*IQR) was removed from further analysis. Previous 
work from our lab has identified two regular tetragram 
patterns (alternations [LRLR + RLRL] and repetitions 
[RRRR + LLLL]) that appear disproportionately regu-
larly (compared to other sequences) throughout the dura-
tion of the trial. In order to study locomotor responses, 
we analysed each treatment stage based on the total num-
ber of turns completed during 1 h of exploration in the 
maze. LMM analysis was carried with “total turns” as the 
dependent variable, “treatment (AMPH, NIC, control)” 
and “treatment stage” (baseline, sensitizing, withdrawal, 
challenge) as the within-subjects factor, and “ID” as a 
random effect. Analysis was followed by the Bonferroni-
corrected post hoc test comparing each stage to baseline.

Cognitive flexibility was based on changes in alter-
nation strategy during trial progression. The percentage 
of alternations used during each 10-min time bin for 
six successive time bins was analysed using LMM with 
“alternations” as the dependent variable, “time” (6 lev-
els, 10-min time bins), “treatment” and “treatment stage” 

as the within-subjects factors, “total turns” as a covari-
ate, and “ID” as a random effect. Analysis was followed 
by the Bonferroni-corrected post hoc analysis comparing 
each time bin to every other time bin for each treatment 
group. Data are represented as mean + standard error of 
the mean for bar charts and mean ± SEM for scatter plots. 
Alpha values of p ≤ 0.05 were considered statistically 
significant.

Results

Development of sensitizing effects of AMPH and NIC 
on working memory and stereotypic behavior 
in adult zebrafish

Use of alternation strategy in the FMP Y-maze has 
been linked with changes in working memory. Adult 
zebrafish were assessed at pre-treatment stage, prior 
to drug exposure and then subsequently after 14-day 
intermittent exposure, withdrawal, and finally, follow-
ing drug challenge, to assess sensitization effects in 
water-treated (n = 12), AMPH-treated (n = 12), and NIC-
treated (n = 12) adult zebrafish. LMM showed a signifi-
cant effect of treatment stage (F3, 683 = 10.23, p < 0.001) 
and a significant treatment × treatment stage interaction 
(F3, 684 = 6.84, p < 0.01). There was no effect of treat-
ment alone (F2, 30 = 1.16, p = 0.33). Control fish treated 
with water showed no difference in alternation use 
between any treatment stage (p = 0.12). AMPH-treated 
fish demonstrated a significant effect of treatment stage 
with increased alternations after sensitization (95% CI, 
12.24–30.60, p < 0.001), returning to near baseline levels 
after withdrawal (although this effect fell short of signifi-
cance: 95% CI, − 0.141 to 16.75, p = 0.06). Drug chal-
lenge with AMPH caused alternation levels to increase 
significantly above baseline level (95% CI, 18.87–37.48, 
p < 0.001), demonstrating an increase in alternation use 
by ~ 11% after sensitization and ~ 19% following acute 
drug exposure. NIC has a significant effect on treatment 
stage (p = 0.03). Similarly to AMPH, NIC-treated fish 
showed no difference between sensitization and baseline 
(95% CI, − 0.814 to 16.45, p = 0.09) or withdrawal and 
baseline (95% CI, − 1.98 to 14.46, p = 0.21) alternation 
levels, but demonstrated a significant increase in alterna-
tions from ~ 25% at baseline to ~ 36% following sensitiza-
tion (95% CI, 1.889–20.376, p = 0.01) compared to pre-
treatment levels (Fig. 3A). Neither controls (p = 0.92) nor 
NIC-treated fish (p = 0.29) showed changes in repetition 
use at any treatment stage; however, AMPH-treated fish 
showed a significant effect of repetitions on treatment 
stage following drug challenge compared to baseline 
(95% CI, − 10.64 to − 2.67, p < 0.001) (Fig. 3B).

Fig. 3   Behavioral response to repeat drug exposure in adult zebrafish 
treated with NIC or AMPH. Analysis of drug-induced sensitization 
of AMPH- and NIC-induced cognitive enhancement. Working mem-
ory and stereotypic behavior were determined during several stages 
of drug exposure using a repeated measure analysis of pre-treatment 
(baseline) abilities compared to cognition following 14 days of sen-
sitization to either water (control/control), AMPH (AMPH/AMPH), 
or NIC (NIC/NIC), 2  days of withdrawal and after challenge with 
either water, AMPH, or NIC (n = 11 control, n = 11 AMPH, n = 12 
NIC treated). All animals were given an acute dose of the same treat-
ment that they were sensitized to. Data are expressed as mean + SEM 
of total percentage use of (A) alternations for assessment of work-
ing memory, (B) repetitions for the assessment of stereotypic behav-
ior and mean ± SEM of (C) locomotor activity based on total turns 
completed during 1  h of exploration. Data were analysed using a 
LMM analysis followed by the Bonferroni post hoc analysis compar-
ing each stage to baseline. (D) Analysis of total locomotor activity 
after repeated administration of water, AMPH, or NIC. Analysis of 
percentage use of alternations over time for each treatment stage per 
treatment group was analysed using LMM followed by the Bonferroni 
post hoc analysis using pairwise comparison of each 10-min time bin 
for a total of 6 time bins for (E) controls treated with water, (F) condi-
tioned to AMPH followed by acute AMPH challenge, and (G) condi-
tioned to NIC followed by acute NIC challenge. Data are expressed as 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant

◂
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Locomotor sensitization induced by AMPH and NIC

Locomotor activity was assessed by number of turns 
completed during 1  h of exploration. LMM revealed 
a significant effect on locomotor activity of treatment 
(F2, 122 = 4.47, p = 0.01) and treatment × treatment stage 
interaction (F3, 122 = 4.0, p < 0.01), but no main effect of 
treatment stage (F3, 122 = 1.15, p = 0.33). NIC demonstrated 
psychomotor sensitization following acute NIC challenge, 
resulting in hyperlocomotion compared to baseline (95% 
CI, − 4.41 to 16.13, p = 0.03) (Fig. 3C), while AMPH chal-
lenge caused significant hypolocomotion compared to con-
trols (95% CI, 99.99–539.8, p < 0.001) (Fig. 3D).

AMPH treatment inhibits cognitive flexibility

To assess cognitive flexibility, the percentage use of alterna-
tions was analysed as a factor of time. For each treatment 
group, LMM was used to examine the effect of treatment 
stage on alternations per time bin for six successive 10-min 
time bins. For controls, there was a significant effect on alter-
nations of time (F5, 208 = 4.06, p < 0.01), but no main effect 
of treatment stage (F3, 210 = 2.12, p = 0.10), or treatment 
stage × time interaction (F5, 208 = 0.55, p = 0.91) (Fig. 3E). 
NIC caused a significant effect on alternations of time 
(F5, 222 = 7.01, p < 0.01) of treatment stage (F3, 223.7 = 2.70, 
p = 0.05), but no effect of treatment stage × time interac-
tion (F5, 222 = 0.70, p = 0.79) (Fig. 3G). AMPH-treated fish 
showed a significant effect on alternations of treatment 
stage (F3, 191 = 20.91, p < 0.001), but no effects of time 
(F5, 190 = 1.42, p = 0.22) or a treatment stage × time interac-
tion (F5, 190 = 1.35, p = 0.18). Collectively, this demonstrated 
a significant impairment to alter use of alternations over time 
in fish treated with AMPH (Fig. 3F).

Discussion

Here, we investigated the sensitizing effects of the psy-
chostimulants AMPH and NIC on both cognitive abilities 
and locomotor responses in zebrafish. Psychostimulants 
have performance-enhancing effects, best characterized in 
subjects with low baseline levels of cognitive abilities or 
pre-existing disorders that cause cognitive deficits, such 
as schizophrenia or attention deficit hyperactivity disorder 
(ADHD) (for reviews, see Valentine and Sofuoglu 2017; 
Wood et al. 2014). AMPH is therefore the front-line phar-
maceutical treatment for ADHD, with many studies report-
ing improvements in attention and concentration (Faraone 
and Biederman 2002; James et al. 2001; Spencer et al. 
2006). Nicotine has similarly been found to ameliorate 
cognitive impairment in ADHD (Levin et al. 1996, 2006; 
Liebrenz et al. 2014; Rezvani and Levin 2001; Wilens 

2003). Although less conclusive, improvement in certain 
cognitive domains has also been reported in healthy sub-
jects treated with nicotine or “clinically relevant” doses of 
AMPH (Bagot and Kaminer 2014; Barch and Carter 2005; 
Heishman et al. 2010; Jasinska et al. 2014; Mattay et al. 
2000; Turner et al. 2003; Valentine and Sofuoglu 2017; 
Wood and Anagnostaras 2009). Here, we demonstrate 
that administering a moderate dose of AMPH, but not 
NIC, directly into the water of healthy adult zebrafish, for 
14 days of intermittent, daily exposure, improved working 
memory compared to baseline levels. In addition, unlike 
AMPH, NIC did not cause degradation of cognitive flex-
ibility, suggesting that it might have fewer unwanted nega-
tive effects compared to AMPH.

Repeat administration of psychostimulants induces 
behavioral sensitization when exposed to a subsequent 
drug challenge, and this often manifests as an enhance-
ment of cognitive function (Berridge et  al. 2012). Fol-
lowing repeated intermittent exposure, both AMPH- and 
NIC-treated adults showed cognitive sensitization, as evi-
denced by enhancement of performance, with alternation 
use increasing by ~ 11% for AMPH and ~ 8% for NIC (com-
pared to baseline) immediately following chronic dosing. A 
further increase of ~ 8% and ~ 3%, respectively, was reported 
following the challenge dose. Decreased alternations in the 
FMP Y-maze have been pharmacologically characterized as 
a reduction of working memory, suggesting that increased 
alternations may be indicative of improved working memory 
(Cleal et al. 2020). The sensitization of certain cognitive 
domains, such as working memory, is likely due to altered 
neurotransmission in ascending DA pathways from the stria-
tum (Berke and Hyman 2000). Previous studies have shown 
that after chronic administration of a psychostimulant, sub-
sequent doses cause increased DA release (Herman and Rob-
erto 2015). The duration of this increased DA response can 
be several weeks or, as demonstrated here, can be evoked 
after 48 h of withdrawal from sensitization treatment.

AMPH and NIC increase striatal DA release (Krause 
et al. 2002), which can enhance striatum-dependent tasks, 
such as those requiring working memory and memory con-
solidation (Brown et al. 2000; Landau et al. 2009), and 
subsequently potentiate performance of a previously estab-
lished pattern of behaviors, in this case, the increased use 
of alternations. Elevated striatal DA increases the use of 
“habits”, blocking the extinction of established behaviors 
following devaluation of the goal (Berke and Hyman 2000). 
This may provide a possible mechanism for the persistent 
use of alternations, at the expense of other strategies, after 
AMPH-induced sensitization. This response strategy may 
also represent persistent behavioral changes that are associ-
ated with drug addiction, in which the persistent seeking and 
taking of drugs of abuse come at the expense of other nor-
mal and necessary behaviors. The fact that this habitual use 
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of alternations, in favour of other search strategies, is only 
evident in AMPH-treated fish could be suggestive of the dif-
ferent mechanisms of increasing extracellular DA through 
dopaminergic or cholinergic pathways. Alternatively, the 
differences we observed between AMPH and NIC could be 
a result of the concentration used, and thus future studies 
should examine the sensitizing effects of a range of drug 
concentrations.

Psychomotor stimulants are known for their motor activ-
ity–altering effects (Cunningham et al. 1997). Repeated, 
intermittent exposure to psychostimulants causes progres-
sive enhancement of locomotor activity with subsequent 
challenge exposures (Adriani et al. 2006; Kuczenski and 
Segal 2002; Peleg-Raibstein et al. 2009; Pisera-Fuster et al. 
2019). Here, NIC treatment caused sensitized hyperloco-
motion, whereas AMPH-treated fish demonstrated hypolo-
comotion. Treatment with AMPH has been reported to 
have a paradoxical effect of cognitive enhancing attentional 
increases and behavioral-calming reductions of hyperac-
tivity. Many studies have shown that these effects are evi-
dent not only in patients diagnosed with ADHD but also 
in healthy subjects (Bagot and Kaminer 2014; Holze et al. 
2020; Roberts et al. 2020). Human studies with healthy par-
ticipants have shown that dosing with AMPH can cause an 
overall decrease in activity levels in healthy boys and adults 
and similar decreases in hyperactive boys. At low–moderate 
concentrations of AMPH (as used here), increased hypoac-
tivity is correlated with improved memory performance in 
cognitive tasks (Rapoport et al. 1980; Spencer et al. 2015). 
Here, we demonstrate improved cognitive performance cor-
responding to hypolocomotion in zebrafish.

NIC has regularly been reported as causing hyperlocomo-
tion. Progressive long-lasting increases in locomotor and 
DA-activating effects are generally associated with mod-
erate exposure regimens, whereas high doses of NIC for 
prolonged periods are more closely associated with signs 
of withdrawal and typically do not demonstrate locomotor 
sensitization (Pisera-Fuster et al. 2019). Several studies have 
shown that a single low dose of NIC is ineffective at induc-
ing locomotor or dopaminergic activation; however, daily 
low doses can induce locomotor sensitization after days of 
withdrawal from drug treatment (Fennell et al. 2020; Pisera-
Fuster et al. 2019). These conclusions are in line with our 
findings here, demonstrating no differences in locomotor 
effects following intermittent dosing; however, after just 
2 days of withdrawal, drug challenge resulted in psychomo-
tor sensitization, demonstrated by a significant rise in motor 
activity from baseline to repeat drug challenge.

The goal of exploring the FMP Y-maze could be per-
ceived as information seeking or foraging behavior. As fish 
become familiar with and continue to explore the test arena, 
they are continuously updating their knowledge of the envi-
ronment and this can subsequently be used to alter search 

strategies. In the FMP Y-maze, the absence of reward dur-
ing the 1 h of exploration has been shown to instigate a 
change in alternation use in healthy adult zebrafish. Many 
studies have investigated the relationship between DA ago-
nists, such as AMPH and methylphenidate (MPH), and the 
relationship between different cognitive domains such as 
working memory, attention, and cognitive flexibility (Bagot 
and Kaminer 2014). The inverted U–shaped response to psy-
chostimulants has often been reported to result in the simul-
taneous enhancement and impairment of multiple cognitive 
functions (Wood et al. 2014). Studies investigating effects 
of psychostimulants on cognitive function have reported that 
high levels of sustained attention correlate with lowered lev-
els of cognitive flexibility, assessed using set shifting tasks 
(Berridge et al. 2012).

The PFC has been found to be a key region for the regu-
lation of cognitive flexibility (Rougier et al. 2005). Both 
high prefrontal D1 receptor stimulation and low prefron-
tal D1 receptor stimulation have been linked with impaired 
flexibility responding in humans, using the Wisconsin Card 
Sorting Task (WCST) (Klanker et al. 2013; Takahashi et al. 
2008, 2012). In a previous study conducted by our lab, we 
administered a serial dilution of acute doses of the D1-like 
antagonist SCH-23390 prior to testing in the FMP Y-maze. 
We found that SCH-23390 severely impaired cognitive flex-
ibility in the FMP Y-maze at the highest dose (1.5 mg/L), but 
not at the lower doses (0.5–1.0 mg/L) which still maintained 
an effect of time on alternations. Additionally, all doses of 
SCH-23390 caused a significant reduction in overall use 
of alternations, hypolocomotion, and, at the highest dose, 
an increase in stereotypic behavior, shown by a significant 
increase in repetitions (Cleal et al. 2020). These findings, 
in conjunction with the present work, demonstrate a com-
plex role for D1 in modulating cognitive flexibility. Further 
work is required to disentangle the relationship between DA 
receptor activation and extracellular levels of DA to fully 
understanding the mechanisms involved in maintaining cog-
nitive flexibility and other cognitive functions.

Conclusion

We investigated the sensitizing effects of AMPH and NIC 
on working memory, locomotion, and cognitive flexibil-
ity. We demonstrated that non-contingent exposure to the 
psychostimulant AMPH, but not NIC, improved working 
memory performance in the FMP Y-maze after 14 days of 
intermittent dosing, returning to basal levels after 2 days 
of abstinence. Subsequent challenge resulted in sensitiza-
tion of both drugs, resulting in greater use of alternations, 
demonstrating an increase in the preference for this explora-
tion strategy. In AMPH, this increase in alternation use was 
accompanied by a decrease in the use of other strategies, 

2197Psychopharmacology (2021) 238:2191–2200



1 3

demonstrating a focused increase, bordering on stereotypic 
behavior. Only NIC demonstrated increased locomotor sen-
sitization compared to pre-drug exposure levels. AMPH 
caused significant hypolocomotion during challenge. Addi-
tionally, our findings suggest a role for dopaminergic, but 
not cholinergic, overactivation in the inhibition of cogni-
tive flexibility. Although the protocol for psychostimulant-
induced motor sensitization is substantially less cumbersome 
to establish than other models of addiction, it is not a precise 
homologue for psychostimulant addiction in humans (Berke 
and Hyman 2000). Understanding drug-induced changes in 
neurotransmitter systems and neural plasticity by studying 
cognitive sensitization may provide a useful model with 
high face validity. These results demonstrate that previous 
exposure of fish to AMPH or NIC can enhance cognitive 
performance, but this may come at a cost, with improved 
performance in one cognitive domain potentially resulting 
in disruption in another domain. This may demonstrate the 
first signs of drug-induced maladaptive activities. The dis-
tinction between cognitive enhancement and inhibition of 
normal behaviors may be dependent on cognitive flexibility, 
the loss of which has been strongly linked with substance 
abuse disorders which are often characterized by deficits 
in cognitive flexibility and may underlie the persistence of 
harmful, drug seeking and taking behaviors.

Finally, this paper is the first to demonstrate robust 
test–retest reliability for the FMP Y-maze. In previous stud-
ies, we have only looked at single exposures of animals to 
the maze. Our control animals showed no significant changes 
in total turns, alternations, repetitions, or general search pat-
terns in the maze between their four test periods, suggesting 
that the FMP Y-maze can be used longitudinally to examine 
changes in memory or behavioral flexibility over time.

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Adriani W, Deroche-Gamonet V, Le Moal M, Laviola G, Piazza PV 
(2006) Preexposure during or following adolescence differently 
affects nicotine-rewarding properties in adult rats. Psychopharma-
cology. https://​doi.​org/​10.​1007/​s00213-​005-​0125-1

Antunes M, Biala G (2012) The novel object recognition memory: 
Neurobiology, test procedure, and its modifications. Cogn Process 
13(2):93–110. https://​doi.​org/​10.​1007/​s10339-​011-​0430-z

Bagot KS, Kaminer Y (2014) Efficacy of stimulants for cognitive 
enhancement in non-attention deficit hyperactivity disorder youth: 
a systematic review. Addiction 109(4):547–557. NIH Public 
Access. https://​doi.​org/​10.​1111/​add.​12460

Barch DM, Carter CS (2005) Amphetamine improves cognitive func-
tion in medicated individuals with schizophrenia and in healthy 
volunteers. Schizophr Res 77(1):43–58. https://​doi.​org/​10.​1016/j.​
schres.​2004.​12.​019

Barros TP, Alderton WK, Reynolds HM, Roach AG, Berghmans S 
(2008) Zebrafish: an emerging technology for in vivo pharmaco-
logical assessment to identify potential safety liabilities in early 
drug discovery. Br J Pharmacol 154(7):1400–1413. https://​doi.​
org/​10.​1038/​bjp.​2008.​249

Berke JD, Hyman SE (2000) Addiction, dopamine, and the molecular 
mechanisms of memory. Neuron 25(3):515–532. https://​doi.​org/​
10.​1016/​s0896-​6273(00)​81056-9

Berridge CW, Shumsky JS, Andrzejewski ME, McGaughy JA, Spencer 
RC, Devilbiss DM, Waterhouse BD (2012) Differential sensitivity 
to psychostimulants across prefrontal cognitive tasks: differential 
involvement of noradrenergic α 1- and α 2-receptors. Biol Psychiat 
71(5):467–473. https://​doi.​org/​10.​1016/j.​biops​ych.​2011.​07.​022

Blaser RE, Koid A, Poliner RM (2010) Context-dependent sensitization 
to ethanol in zebrafish (Danio rerio). Pharmacol Biochem Behav 
95(3):278–284. https://​doi.​org/​10.​1016/j.​pbb.​2010.​02.​002

Brock AJ, Goody SMG, Mead AN, Sudwarts A, Parker MO, Bren-
nan CH (2017) Assessing the value of the zebrafish conditioned 
place preference model for predicting human abuse potential. J 
Pharmacol Exp Ther 363(1):jpet.117.242628. https://​doi.​org/​10.​
1124/​jpet.​117.​242628

Brown RW, Kolb B (2001) Nicotine sensitization increases dendritic 
length and spine density in the nucleus accumbens and cingu-
late cortex. Brain Res 899(1–2):94–100. https://​doi.​org/​10.​1016/​
S0006-​8993(01)​02201-6

Brown RW, Bardo MT, Mace DD, Phillips SB, Kraemer PJ (2000) 
D-amphetamine facilitation of Morris water task performance is 
blocked by eticlopride and correlated with increased dopamine 
synthesis in the prefrontal cortex. Behav Brain Res 114(1–2):135–
143. https://​doi.​org/​10.​1016/​S0166-​4328(00)​00225-4

Buenrostro-Jáuregui M, Ciudad-Roberts A, Moreno J, Muñoz-Ville-
gas P, López-Arnau R, Pubill D, Escubedo E, Camarasa J (2016) 
Changes in CREB and deltaFosB are associated with the behav-
ioral sensitization induced by methylenedioxypyrovalerone. J 
Psychopharmacol 30(7):707–712. https://​doi.​org/​10.​1177/​02698​
81116​645300

Castner SA, Goldman-Rakic PS (2004) Enhancement of working 
memory in aged monkeys by a sensitizing regimen of dopamine 
D1 receptor stimulation. J Neurosci 24(6):1446–1450. https://​doi.​
org/​10.​1523/​JNEUR​OSCI.​3987-​03.​2004

Cleal M, Parker MO (2018) Moderate developmental alcohol exposure 
reduces repetitive alternation in a zebrafish model of fetal alco-
hol spectrum disorders. Neurotoxicol Teratol. https://​doi.​org/​10.​
1016/j.​ntt.​2018.​09.​001

Cleal M, Fontana BD, Ranson DC, McBride SD, Swinny JD, Red-
head ES, Parker MO (2020) The free-movement pattern Y-maze: 
a cross-species measure of working memory and executive 

2198 Psychopharmacology (2021) 238:2191–2200

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00213-005-0125-1
https://doi.org/10.1007/s10339-011-0430-z
https://doi.org/10.1111/add.12460
https://doi.org/10.1016/j.schres.2004.12.019
https://doi.org/10.1016/j.schres.2004.12.019
https://doi.org/10.1038/bjp.2008.249
https://doi.org/10.1038/bjp.2008.249
https://doi.org/10.1016/s0896-6273(00)81056-9
https://doi.org/10.1016/s0896-6273(00)81056-9
https://doi.org/10.1016/j.biopsych.2011.07.022
https://doi.org/10.1016/j.pbb.2010.02.002
https://doi.org/10.1124/jpet.117.242628
https://doi.org/10.1124/jpet.117.242628
https://doi.org/10.1016/S0006-8993(01)02201-6
https://doi.org/10.1016/S0006-8993(01)02201-6
https://doi.org/10.1016/S0166-4328(00)00225-4
https://doi.org/10.1177/0269881116645300
https://doi.org/10.1177/0269881116645300
https://doi.org/10.1523/JNEUROSCI.3987-03.2004
https://doi.org/10.1523/JNEUROSCI.3987-03.2004
https://doi.org/10.1016/j.ntt.2018.09.001
https://doi.org/10.1016/j.ntt.2018.09.001


1 3

function. Behav Res Methods 1–22.https://​doi.​org/​10.​3758/​
s13428-​020-​01452-x

Cunningham ST, Finn M, Kelley AE (1997) Sensitization of the loco-
motor response to psychostimulants after repeated opiate expo-
sure: Role of the nucleus accumbens. Neuropsychopharmacology 
16(2):147–155. https://​doi.​org/​10.​1016/​S0893-​133X(96)​00166-2

Dela Peña I, Gevorkiana R, Shi WX (2015) Psychostimulants affect 
dopamine transmission through both dopamine transporter-
dependent and independent mechanisms. Eur J Pharmacol 
764:562–570. https://​doi.​org/​10.​1016/j.​ejphar.​2015.​07.​044

Di Chiara G, Bassareo V (2007) Reward system and addiction: what 
dopamine does and doesn’t do. Curr Opin Pharmacol 7(1):69–76. 
https://​doi.​org/​10.​1016/j.​coph.​2006.​11.​003

Faraone SV, Biederman J (2002) Efficacy of adderall® for attention-
deficit/hyperactivity disorder: a meta-analysis. J Atten Disord 
6(2):69–75. https://​doi.​org/​10.​1177/​10870​54702​00600​203

Fennell AM, Pitts EG, Sexton LL, Ferris MJ (2020) Phasic dopamine 
release magnitude tracks individual differences in sensitization 
of locomotor response following a history of nicotine exposure. 
Sci Rep 10(1):1–10. https://​doi.​org/​10.​1038/​s41598-​019-​56884-z

Fontana BD, Cleal M, Clay JM, Parker MO (2019) Zebrafish (Danio 
rerio) behavioral laterality predicts increased short-term avoid-
ance memory but not stress-reactivity responses. Anim Cogn 
22(6):1051–1061. https://​doi.​org/​10.​1007/​s10071-​019-​01296-9

Goldsmith P (2004) Zebrafish as a pharmacological tool: the how, why 
and when. Curr Opin Pharmacol 4(5):504–512. https://​doi.​org/​10.​
1016/j.​coph.​2004.​04.​005

Heishman SJ, Kleykamp BA, Singleton EG (2010) Meta-analysis of 
the acute effects of nicotine and smoking on human performance. 
Psychopharmacology 210(4):453–469. https://​doi.​org/​10.​1007/​
s00213-​010-​1848-1

Herman MA, Roberto M (2015) The addicted brain: understanding 
the neurophysiological mechanisms of addictive disorders. Front 
Integr Neurosci 9(March):18. https://​doi.​org/​10.​3389/​fnint.​2015.​
00018

Holze F, Vizeli P, Müller F, Ley L, Duerig R, Varghese N, Eckert 
A, Borgwardt S, Liechti ME (2020) Distinct acute effects of 
LSD, MDMA, and d-amphetamine in healthy subjects. Neu-
ropsychopharmacology 45(3):462–471. https://​doi.​org/​10.​1038/​
s41386-​019-​0569-3

James RS, Sharp WS, Bastain TM, Lee PP, Walter JM, Czarnolewski 
M, Xavier Castellanos F (2001) Double-blind, placebo-controlled 
study of single-dose amphetamine formulations in ADHD. J Am 
Acad Child Adolesc Psychiatry 40(11):1268–1276. https://​doi.​
org/​10.​1097/​00004​583-​20011​1000-​00006

Jasinska AJ, Zorick T, Brody AL, Stein EA (2014) Dual role of nico-
tine in addiction and cognition: a review of neuroimaging studies 
in humans. Neuropharmacology 84:111–122. https://​doi.​org/​10.​
1016/j.​neuro​pharm.​2013.​02.​015

Kalueff AV (ed) (2017) The rights and wrongs of zebrafish: behavioral 
phenotyping of zebrafish. Springer International Publishing, Swit-
zerland. https://​doi.​org/​10.​1007/​978-3-​319-​33774-6

Kalueff AV, Stewart AM, Gerlai R (2014) Zebrafish as an emerging 
model for studying complex brain disorders. Trends Pharmacol 
Sci 35(2):63–75. https://​doi.​org/​10.​1016/j.​tips.​2013.​12.​002

Kily LJM, Cowe YCM, Hussain O, Patel S, McElwaine S, Cotter FE, 
Brennan CH (2008) Gene expression changes in a zebrafish model 
of drug dependency suggest conservation of neuro-adaptation 
pathways. J Exp Biol 211(10):1623–1634. https://​doi.​org/​10.​
1242/​jeb.​014399

Klanker M, Feenstra M, Denys D (2013) Dopaminergic control of cog-
nitive flexibility in humans and animals. Front Neurosci 7:201. 
https://​doi.​org/​10.​3389/​fnins.​2013.​00201

Krause KH, Dresel SH, Krause J, Kung HF, Tatsch K, Ackenheil M 
(2002) Stimulant-like action of nicotine on striatal dopamine 

transporter in the brain of adults with attention deficit hyperac-
tivity disorder. Int J Neuropsychopharmacol 5(2):111–113. https://​
doi.​org/​10.​1017/​S1461​14570​20028​21

Kuczenski R, Segal DS (2002) Exposure of adolescent rats to oral 
methylphenidate: preferential effects on extracellular norepineph-
rine and absence of sensitization and cross-sensitization to meth-
amphetamine. J Neurosci 22(16):7264–7271. https://​doi.​org/​10.​
1523/​jneur​osci.​22-​16-​07264.​2002

Kuhn BN, Kalivas PW, Bobadilla AC (2019) Understanding addiction 
using animal models. Front Behav Neurosci 13.https://​doi.​org/​10.​
3389/​fnbeh.​2019.​00262

Landau SM, Lal R, O’Neil JP, Baker S, Jagust WJ (2009) Striatal dopa-
mine and working memory. Cereb Cortex 19(2):445–454. https://​
doi.​org/​10.​1093/​cercor/​bhn095

Levin ED, Conners CK, Sparrow E, Hinton SC, Erhardt D, Meck WH, 
Rose JE, March J (1996) Nicotine effects on adults with attention-
deficit/hyperactivity disorder. Psychopharmacology 123(1):55–63. 
https://​doi.​org/​10.​1007/​BF022​46281

Levin ED, McClernon FJ, Rezvani AH (2006) Nicotinic effects on 
cognitive function: behavioral characterization, pharmacological 
specification, and anatomic localization. Psychopharmacology 
184(3–4):523–539. https://​doi.​org/​10.​1007/​s00213-​005-​0164-7

Liebrenz M, Frei A, Fisher CE, Gamma A, Buadze A, Eich D (2014) 
Adult attention-deficit/hyperactivity disorder and nicotine use: 
a qualitative study of patient perceptions. BMC Psychiatry 
14(1):141. https://​doi.​org/​10.​1186/​1471-​244X-​14-​141

Lopez Patino MA, Yu L, Yamamoto BK, Zhdanova IV (2008) Gender 
differences in zebrafish responses to cocaine withdrawal. Physiol 
Behav 95(1–2):36–47. https://​doi.​org/​10.​1016/j.​physb​eh.​2008.​
03.​021

Mattay VS, Callicott JH, Bertolino A, Heaton I, Frank JA, Coppola 
R, Berman KF, Goldberg TE, Weinberger DR (2000) Effects of 
dextroamphetamine on cognitive performance and cortical activa-
tion. Neuroimage 12(3):268–275. https://​doi.​org/​10.​1006/​nimg.​
2000.​0610

Muhammad A, Kolb B (2011) Prenatal tactile stimulation attenuates 
drug-induced behavioral sensitization, modifies behavior, and 
alters brain architecture. Brain Res 1400:53–65. https://​doi.​org/​
10.​1016/j.​brain​res.​2011.​05.​038

Niculescu M, Ehrlich ME, Unterwald EM (2005) Age-specific behav-
ioral responses to psychostimulants in mice. Pharmacol Biochem 
Behav 82(2):280–288. https://​doi.​org/​10.​1016/j.​pbb.​2005.​08.​014

Ninkovic J, Bally-Cuif L (2006) The zebrafish as a model system for 
assessing the reinforcing properties of drugs of abuse. Methods 
39(3):262–274. https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​
S1046​20230​60006​85

Parker MMO, Brennan CCH (2012) Zebrafish (Danio rerio) models of 
substance abuse: harnessing the capabilities. Behavior 149(10–
12):1037–1062. https://​doi.​org/​10.​1163/​15685​39X-​00003​010

Parker MO, Millington ME, Combe FJ, Brennan CH (2012) Develop-
ment and implementation of a three-choice serial reaction time 
task for zebrafish (Danio rerio). Behav Brain Res 227(1):73–80. 
https://​doi.​org/​10.​1016/j.​bbr.​2011.​10.​037

Parker MO, Brock AJ, Millington ME, Brennan CH (2013a) Behavio-
ral phenotyping of Casper mutant and 1-pheny-2-thiourea treated 
adult zebrafish. Zebrafish. https://​doi.​org/​10.​1089/​zeb.​2013.​0878

Parker MO, Brock AJ, Walton RT, Brennan CH (2013b) The role of 
zebrafish (Danio rerio) in dissecting the genetics and neural cir-
cuits of executive function. Front Neural Circuits 7.https://​doi.​org/​
10.​3389/​fncir.​2013.​00063

Peleg-Raibstein D, Yee BK, Feldon J, Hauser J (2009) The ampheta-
mine sensitization model of schizophrenia: Relevance beyond psy-
chotic symptoms? Psychopharmacology 206(4):603–621. https://​
doi.​org/​10.​1007/​s00213-​009-​1514-7

2199Psychopharmacology (2021) 238:2191–2200

https://doi.org/10.3758/s13428-020-01452-x
https://doi.org/10.3758/s13428-020-01452-x
https://doi.org/10.1016/S0893-133X(96)00166-2
https://doi.org/10.1016/j.ejphar.2015.07.044
https://doi.org/10.1016/j.coph.2006.11.003
https://doi.org/10.1177/108705470200600203
https://doi.org/10.1038/s41598-019-56884-z
https://doi.org/10.1007/s10071-019-01296-9
https://doi.org/10.1016/j.coph.2004.04.005
https://doi.org/10.1016/j.coph.2004.04.005
https://doi.org/10.1007/s00213-010-1848-1
https://doi.org/10.1007/s00213-010-1848-1
https://doi.org/10.3389/fnint.2015.00018
https://doi.org/10.3389/fnint.2015.00018
https://doi.org/10.1038/s41386-019-0569-3
https://doi.org/10.1038/s41386-019-0569-3
https://doi.org/10.1097/00004583-200111000-00006
https://doi.org/10.1097/00004583-200111000-00006
https://doi.org/10.1016/j.neuropharm.2013.02.015
https://doi.org/10.1016/j.neuropharm.2013.02.015
https://doi.org/10.1007/978-3-319-33774-6
https://doi.org/10.1016/j.tips.2013.12.002
https://doi.org/10.1242/jeb.014399
https://doi.org/10.1242/jeb.014399
https://doi.org/10.3389/fnins.2013.00201
https://doi.org/10.1017/S1461145702002821
https://doi.org/10.1017/S1461145702002821
https://doi.org/10.1523/jneurosci.22-16-07264.2002
https://doi.org/10.1523/jneurosci.22-16-07264.2002
https://doi.org/10.3389/fnbeh.2019.00262
https://doi.org/10.3389/fnbeh.2019.00262
https://doi.org/10.1093/cercor/bhn095
https://doi.org/10.1093/cercor/bhn095
https://doi.org/10.1007/BF02246281
https://doi.org/10.1007/s00213-005-0164-7
https://doi.org/10.1186/1471-244X-14-141
https://doi.org/10.1016/j.physbeh.2008.03.021
https://doi.org/10.1016/j.physbeh.2008.03.021
https://doi.org/10.1006/nimg.2000.0610
https://doi.org/10.1006/nimg.2000.0610
https://doi.org/10.1016/j.brainres.2011.05.038
https://doi.org/10.1016/j.brainres.2011.05.038
https://doi.org/10.1016/j.pbb.2005.08.014
https://www.sciencedirect.com/science/article/pii/S1046202306000685
https://www.sciencedirect.com/science/article/pii/S1046202306000685
https://doi.org/10.1163/1568539X-00003010
https://doi.org/10.1016/j.bbr.2011.10.037
https://doi.org/10.1089/zeb.2013.0878
https://doi.org/10.3389/fncir.2013.00063
https://doi.org/10.3389/fncir.2013.00063
https://doi.org/10.1007/s00213-009-1514-7
https://doi.org/10.1007/s00213-009-1514-7


1 3

Pisera-Fuster A, Rocco L, Faillace MP, Bernabeu R (2019) Sensitiza-
tion-dependent nicotine place preference in the adult zebrafish. 
Prog Neuropsychopharmacol Biol Psychiatry 92:457–469. https://​
doi.​org/​10.​1016/j.​pnpbp.​2019.​02.​018

Rapoport JL, Buchsbaum MS, Weingartner H, Zahn TP, Ludlow C, 
Mikkelsen EJ (1980) Dextroamphetamine: Its cognitive and 
behavioral effects in normal and hyperactive boys and normal 
men. Arch Gen Psychiatry 37(8):933–943. https://​doi.​org/​10.​
1001/​archp​syc.​1980.​01780​21009​1010

Rezvani AH, Levin ED (2001) Cognitive effects of nicotine. Biol Psy-
chiat 49(3):258–267. https://​doi.​org/​10.​1016/​S0006-​3223(00)​
01094-5

Roberts CA, Jones A, Sumnall H, Gage SH, Montgomery C (2020) 
How effective are pharmaceuticals for cognitive enhancement 
in healthy adults? A series of meta-analyses of cognitive perfor-
mance during acute administration of modafinil, methylphenidate 
and D-amphetamine. Eur Neuropsychopharmacol 38:40–62. Else-
vier B.V. https://​doi.​org/​10.​1016/j.​euron​euro.​2020.​07.​002

Robinson TE, Berridge KC (1993) The neural basis of drug craving: 
an incentive-sensitization theory of addiction. Brain Res Rev 
18(3):247–291. Elsevier. https://​doi.​org/​10.​1016/​0165-​0173(93)​
90013-P

Robinson TE, Berridge KC (2008) The incentive sensitization theory of 
addiction: Some current issues. Philos Trans R Soc Lond B Biol 
Sci 363(1507):3137–3146. https://​doi.​org/​10.​1098/​rstb.​2008.​0093

Rougier NP, Noelle DC, Braver TS, Cohen JD, O’Reilly RC (2005) 
Prefrontal cortex and flexible cognitive control: Rules without 
symbols. Proc Natl Acad Sci USA 102(20):7338–7343. https://​
doi.​org/​10.​1073/​pnas.​05024​55102

Spencer RC, Devilbiss DM, Berridge CW (2015) The cognition-
enhancing effects of psychostimulants involve direct action in the 
prefrontal cortex. Biol Psychiatry 77(11):940–950. Elsevier USA. 
https://​doi.​org/​10.​1016/j.​biops​ych.​2014.​09.​013

Spencer TJ, Wilens TE, Biederman J, Weisler RH, Read SC, Pratt R 
(2006) Efficacy and safety of mixed amphetamine salts extended 
release (adderall XR) in the management of attention-deficit/
hyperactivity disorder in adolescent patients: a 4-week, rand-
omized, double-blind, placebo-controlled, parallel-group study. 
Clin Ther 28(2):266–279. https://​doi.​org/​10.​1016/j.​clint​hera.​2006.​
02.​011

Steketee JD, Kalivas PW (2011) Drug wanting: Behavioral sensiti-
zation and relapse to drug-seeking behavior. Pharmacol Rev 
63(2):348–365. https://​doi.​org/​10.​1124/​pr.​109.​001933

Stewart AM, Ullmann JFP, Norton WHJ, Parker MO, Brennan CH, 
Gerlai R, Kalueff AV (2015) Molecular psychiatry of zebrafish. 
Mol Psychiatry. https://​doi.​org/​10.​1038/​mp.​2014.​128

Suen MFK, Chan WS, Hung KWY, Chen YF, Mo ZX, Yung KKL 
et al (2013) Assessments of the effects of nicotine and ketamine 
using tyrosine hydroxylase-green fluorescent protein transgenic 
zebrafish as biosensors. 42:177–185. https://​doi.​org/​10.​1016/j.​
bios.​2012.​09.​042

Takahashi H, Kato M, Takano H, Arakawa R, Okumura M, Otsuka 
T, Kodaka F, Hayashi M, Okubo Y, Ito H, Suhara T (2008) 

Differential contributions of prefrontal and hippocampal dopa-
mine D 1 and D2 receptors in human cognitive functions. J Neu-
rosci 28(46):12032–12038. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​
3446-​08.​2008

Takahashi H, Yamada M, Suhara T (2012) Functional significance 
of central D1 receptors in cognition: beyond working memory. J 
Cereb Blood Flow Metab 32(7):1248–1258. SAGE Publications. 
https://​doi.​org/​10.​1038/​jcbfm.​2011.​194

Turner DC, Robbins TW, Clark L, Aron AR, Dowson J, Sahakian BJ 
(2003) Cognitive enhancing effects of modafinil in healthy vol-
unteers. Psychopharmacology 165(3):260–269. https://​doi.​org/​10.​
1007/​s00213-​002-​1250-8

Valentine G, Sofuoglu M (2017) Cognitive effects of nicotine: recent 
progress. Curr Neuropharmacol 15(4):403. https://​doi.​org/​10.​
2174/​15701​59x15​66617​11031​52136

Valjent E, Bertran-Gonzalez J, Aubier B, Greengard P, Hervé D, 
Girault JA (2010) Mechanisms of locomotor sensitization to drugs 
of abuse in a two-injection protocol. Neuropsychopharmacology 
35(2):401–415. https://​doi.​org/​10.​1038/​npp.​2009.​143

Vezina P (2007) Sensitization, drug addiction and psychopathology 
in animals and humans. Prog Neuro-Psychopharmacol Biol Psy-
chiatry 31(8):1553–1555. NIH Public Access. https://​doi.​org/​10.​
1016/j.​pnpbp.​2007.​08.​030

Vezina P, Leyton M (2009) Conditioned cues and the expression of 
stimulant sensitization in animals and humans. Neuropharma-
cology 56(SUPPL. 1):160–168. https://​doi.​org/​10.​1016/j.​neuro​
pharm.​2008.​06.​070

Volkow ND, Wang GJ, Fowler JS, Logan J, Gatley SJ, Wong C, 
Hitzemann R, Pappas NR (1999) Reinforcing effects of psy-
chostimulants in humans are associated with increases in brain 
dopamine and occupancy of D2 receptors. J Pharmacol Exp Ther 
291(1):409–415. http://​jpet.​aspet​journ​als.​org/​conte​nt/​291/1/​409.​
long

Wilens TE (2003) Drug therapy for adults with attention-deficit hyper-
activity disorder. Drugs 63(22):2395–2411. https://​doi.​org/​10.​
2165/​00003​495-​20036​3220-​00002

Wood SC, Anagnostaras SG (2009) Memory and psychostimulants: 
modulation of Pavlovian fear conditioning by amphetamine in 
C57BL/6 mice. Psychopharmacology 202(1–3):197–206. https://​
doi.​org/​10.​1007/​s00213-​008-​1185-9

Wood S, Sage JR, Shuman T, Anagnostaras, S. G. (2014). Psycho-
stimulants and cognition: a continuum of behavioral and cognitive 
activation. Pharmacol Rev 66(1):193–221. American Society for 
Pharmacology and Experimental Therapeutics. https://​doi.​org/​10.​
1124/​pr.​112.​007054

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

2200 Psychopharmacology (2021) 238:2191–2200

https://doi.org/10.1016/j.pnpbp.2019.02.018
https://doi.org/10.1016/j.pnpbp.2019.02.018
https://doi.org/10.1001/archpsyc.1980.01780210091010
https://doi.org/10.1001/archpsyc.1980.01780210091010
https://doi.org/10.1016/S0006-3223(00)01094-5
https://doi.org/10.1016/S0006-3223(00)01094-5
https://doi.org/10.1016/j.euroneuro.2020.07.002
https://doi.org/10.1016/0165-0173(93)90013-P
https://doi.org/10.1016/0165-0173(93)90013-P
https://doi.org/10.1098/rstb.2008.0093
https://doi.org/10.1073/pnas.0502455102
https://doi.org/10.1073/pnas.0502455102
https://doi.org/10.1016/j.biopsych.2014.09.013
https://doi.org/10.1016/j.clinthera.2006.02.011
https://doi.org/10.1016/j.clinthera.2006.02.011
https://doi.org/10.1124/pr.109.001933
https://doi.org/10.1038/mp.2014.128
https://doi.org/10.1016/j.bios.2012.09.042
https://doi.org/10.1016/j.bios.2012.09.042
https://doi.org/10.1523/JNEUROSCI.3446-08.2008
https://doi.org/10.1523/JNEUROSCI.3446-08.2008
https://doi.org/10.1038/jcbfm.2011.194
https://doi.org/10.1007/s00213-002-1250-8
https://doi.org/10.1007/s00213-002-1250-8
https://doi.org/10.2174/1570159x15666171103152136
https://doi.org/10.2174/1570159x15666171103152136
https://doi.org/10.1038/npp.2009.143
https://doi.org/10.1016/j.pnpbp.2007.08.030
https://doi.org/10.1016/j.pnpbp.2007.08.030
https://doi.org/10.1016/j.neuropharm.2008.06.070
https://doi.org/10.1016/j.neuropharm.2008.06.070
http://jpet.aspetjournals.org/content/291/1/409.long
http://jpet.aspetjournals.org/content/291/1/409.long
https://doi.org/10.2165/00003495-200363220-00002
https://doi.org/10.2165/00003495-200363220-00002
https://doi.org/10.1007/s00213-008-1185-9
https://doi.org/10.1007/s00213-008-1185-9
https://doi.org/10.1124/pr.112.007054
https://doi.org/10.1124/pr.112.007054

	The cognitive and behavioral effects of D-amphetamine and nicotine sensitization in adult zebrafish
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Subjects and drugs
	FMP Y-maze
	Experimental design
	Data analysis

	Results
	Development of sensitizing effects of AMPH and NIC on working memory and stereotypic behavior in adult zebrafish
	Locomotor sensitization induced by AMPH and NIC
	AMPH treatment inhibits cognitive flexibility

	Discussion
	Conclusion
	References


