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Introduction: Visual attention is a cognitive function that impairment in it can lead to 
multiple psychological and cognitive disorders such as ADHD, ADD, neglect, Alzheimer 
and schizophrenia. Dopamine, as a main neuromodulator of attention produced in midbrain 
neurons that project to the prefrontal cortex (PFC). This research aims to examine the role 
of dopamine in membrane potential regulation in the prefrontal region in modulating visual 
attention.
Methods: Eight-week-old mice of both sexes were anesthetized with urethane and then 
underwent cranial surgery in the mPFC area. The effects of ventral tegmental area (VTA) 
stimulation, PFC inhibition with muscimol, and local injection of flupentixol on visual attention 
were investigated using the in vivo whole-cell Patch clamp technique in both anesthetized and 
awake states. To demonstrate whether dopaminergic receptors in the mPFC area are involved 
in the observed changes under the current condition, the non-selective antagonist of dopamine 
receptors (flupentixol) was used.
Results: Our findings indicate that PFC inhibition significantly disrupts visual attention, as 
evidenced by decreased response accuracy in attention tasks. Conversely, VTA stimulation 
resulted in reduced neuronal firing rates, further impairing attention. Flupentixol administration 
resulted in reduced response accuracy and decreased neuronal spike rate, highlighting the 
importance of dopamine receptor activity in attention modulation
Conclusion: These results underscore the complex role of dopamine as a neuromodulator 
in visual attention processes and highlight the importance of the PFC in attention regulation. 
Understanding the interplay between the dopaminergic system and the PFC may provide 
insights into the pathophysiology of attention-related disorders.
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Attention is a means by which relevant behavioral in-
formation is selected while the rest is ignored (Clark et 

al., 2015). Visual attention is one of the most import-
ant cognitive functions, especially in primates and an-
imals where vision is the dominant sense (Corbetta et 
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al., 1991; Jonikaitis and Moore 2019). Visual attention 
plays a crucial role in guiding behavior. It serves as a 
mechanism for selecting the most appropriate behavior 
among multiple candidates, taking into account both 
exogenous data from the environment and endogenous 
data from the subject’s internal state (Kamigaki 2019). 
Impairments in visual processing and cognitive func-
tions such as visual attention are significantly observed 
in populations with dopamine dysfunction disorders 
such as Parkinson’s disease (PD), schizophrenia, and 
attention deficit hyperactivity disorder (ADHD) (Bah-
mani et al., 2019).

Attention, working memory, and other higher cogni-
tive functions are dependent on the prefrontal cortex. 
Studies in primates have demonstrated the role of pre-
frontal catecholamines in controlling cognitive func-
tions (Clark and Noudoost 2014a). It appears that the 
prefrontal cortex filters sensory-related information for 
executive control, albeit through an unknown mecha-
nism (Anderson et al., 2011; Everling et al., 2002; Mc-
Nab and Klingberg 2008; Shimamura 2000). Many of 
these cognitive functions are disrupted by mental disor-
ders such as schizophrenia. Specifically, drugs that alter 
the signaling of catecholamines alleviate some of the 
psychiatric disorder symptoms. In fact, the imbalance of 
prefrontal catecholamines is responsible for the cogni-
tive components of this psychiatric disorder (Clark and 
Noudoost 2014a).

Dopamine is also one of the major neurotransmitters 
in the brain, which is produced in the midbrain neurons. 
Dopaminergic axons reach the PFC region from the 
midbrain. Dopamine is not a stimulatory or inhibitory 
neurotransmitter, but it has a neuromodulatory effect 
(Seamans and Yang 2004). Dopamine indirectly regu-
lates the transmission of synaptic information by either 
increasing or decreasing synaptic transmission (Nou-
doost and Moore 2011). Evidence suggests that dopa-
mine affects different types of cells involved in various 
aspects of executive control in different ways (Mueller 
et al., 2020; Veit and Nieder 2013). Studies indicate that 
dopaminergic signals have different effects on the neu-
ral networks of the brain cortex and, more importantly, 
they carry out multiple functions (Thiele et al., 2016).

Both pyramidal and interneuronal cells express all 
dopamine receptors. The expected functional roles of 
dopamine vary depending on the receptor subtype, cell 
type, synaptic properties, and interactions with other 

neurotransmitters (Seamans and Yang 2004). Dopamine 
plays a crucial role in regulating the information flow 
to downstream target areas (Gazzaley and Nobre 2012; 
Wang 2008). Otherwise, the precise coordination of 
these neurons and dopamine release in executive func-
tions like attention remains somewhat elusive. A closer 
examination of the various computational functions of 
dopamine in guiding goal-directed behavior could offer 
deeper insights into the workings of the dopaminergic 
system, particularly in the context of complex psychiat-
ric disorders (Howe and Dombeck 2016).

Investigating the role of dopamine in cognitive con-
trol, such as visual attention, without considering the 
effects of reward is impossible. Dopaminergic neurons 
in the VTA convey reward prediction error, enabling 
learning (Romo and Schultz 1990). On the one hand, 
dopamine is a neuromodulator that plays a significant 
role in reward-related behavior. PFC neurons, which 
receive dopaminergic input from areas representing re-
ward, have a high modulatory role in cortical activities. 
Both prefrontal dopamine and reward can modify the 
representation of goals in visual areas that mimic some 
of the top-down visual attention signatures (Clark and 
Noudoost 2014b). 

So far, quantitative studies have examined the role of 
the dopaminergic system in controlling visual attention 
in the PFC region and in live animals using the whole-
cell Patch clamp technique. The ability of neuroscien-
tists to describe the neuronal mechanisms under cog-
nitive influences has been delayed due to the difficulty 
of combining the anatomical and electrophysiological 
characteristics of neurons. By conducting this research, 
the pathways involved between the prefrontal cortex and 
the occipital region will be somewhat clarified. On the 
other hand, the mechanisms of dopaminergic effects in 
the highest brain region (mPFC) on the attention process 
are being investigated. Such research is a step towards 
identifying the etiology and treatment of attention-defi-
cit disorders. 

Materials and Methods
Behavioral Analysis
Our study commenced with the surgical implantation 

of a metal plate (chamber), followed by a week-long re-
covery period with unrestricted access to food and water 
(Figures 1 and 2). Subsequently, food and water intake 
were restricted for the duration of the training phase, 
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with daily monitoring of the mice’s weight during the 
water restriction period.

The behavioral training program began with a 1 week 
habituation phase, during which no visual stimuli were 

presented, and the mice were provided free access to 
water as a reward stimulus. The task involved training 
the mice to lick in response to a visually presented stim-
ulus, specifically a vertically moving square wave in 

Physiology and Pharmacology 29 (2025) 335-349 | 337 Ahmadzadeh et al.

FIGURE 1.FIGURE 1. Schematic of the procedural steps related to the research protocol. This diagram outlines the ex-perimental design, including the 
surgical preparation of mice, the visual detection task, and the pharmacological interventions used to assess the role of the dopaminergic system 
in visual attention.

FIGURE 2.FIGURE 2. The protocol that shows visual behavior (A) and neuronal response (B). This figure illustrates the relationship between visual 
stimuli presentation and neuronal activity in the prefrontal cortex (PFC). It highlights the differences in neuronal firing rates during GO and NO 
GO trials. PFC: prefrontal cortex, FA: false alarm, CR: correct rejection.



conjunction with a GO stimulus. Each trial adhered to a 
consistent structural format: initiation with a 1.0-second 
tone (5 kHz), followed by the visual stimulus lasting 4 
seconds, and concluding with a 5-second inter-trial in-
terval.

Subsequently, the mice were required to discriminate 
between GO and NO-GO trials, with the visual stimuli 
randomly assigned within each trial. Licking within the 
designated response window of a GO trial (Hit) resulted 
in a water reward, while a lick during the response win-
dow of a NO-GO trial (False Alarm) led to an aversive 
electric shock and a subsequent 7-second timeout pe-
riod. Notably, no consequences were administered for 
missed responses (failure to lick in a GO trial) or correct 
rejections (CR).

Preparing the animal (anesthesia, stereotaxis, and 
craniotomy)

Mice weighing between 20 to 30 grams of both gen-
ders were used in this study. Anesthetizing them with 
intraperitoneal injections of 10% urethane at a dosage of 
1.5-2 milligrams per gram of body weight, the surgical 
area was shaved, an ear bar was placed in the zygomat-
ic region, and body temperature was maintained with 
a temperature control device during surgery (Figure 1). 
Following skin and muscle removal, the mPFC area was 
determined by stereotactic coordinates (AP: 1.8-2 mm, 
DV: -2.75, and ML: 0.3 mm). A metal piece (chamber) 
was attached to the skull with glue and fixed with dental 
cement. Subsequently, a 1.5 × 2 millimeter cranial win-
dow was created with a dental drill, and the dura mater 
was removed, thus exposing the mPFC cortex.

Visual stimulation
The visual experiment involved the presentation of a 

drifting grating pattern with specific parameters: a spa-
tial frequency of 0.04 cycles per degree, 100% contrast, 
and a temporal frequency of 1 Hz. A set of square-wave 
patterns displaying 12 different orientations at 30-degree 
intervals spanning from 0 to 360 degrees was shown on 
an LCD monitor (Eizo Nanao Flexscan L788), which 
was a 19-inch screen. Each pattern was displayed for 2 
seconds before, 3 seconds during, and 2 seconds after 
each stimulus presentation, with the sequence repeated 
randomly three times. The LCD monitor was located at 
a distance of 28 cm from the animal’s eyes, providing a 
field of vision measuring 80 by 50 degrees (Figure 2).

The dopaminergic system activation by electrical 
stimulation of the ventral tegmental area (VTA)

In our experimental procedure aimed at stimulating 
the dopaminergic projections from the ventral tegmen-
tal area (VTA) to the prefrontal cortex in mice, we em-
ployed VTA electrical stimulation. This involved the pre-
cise implantation of a bipolar tungsten electrode in the 
brain using a micromanipulator and a stereotaxic atlas 
of the mouse brain, ensuring the electrode’s positioning 
at AP: 3.4 mm, ML: 0.4, and DV: 4.25 mm coordinates. 
Following the stimulation, histological validation was 
conducted to verify the electrode’s precise placement by 
selectively damaging the target region, followed by slic-
ing and microscopic observation. During the stimulation 
process, the VTA was electrically activated at an inten-
sity ranging from 400 to 700 μA, with a pulse frequency 
set at 20 Hz, which was repeated for 10 cycles. 

In vivo whole-cell patch-clamp recording
Whole-cell patch-clamp recordings were conducted 

on both excitatory and inhibitory neurons located within 
layer I at a depth ranging from 20 to 90 μm and layer 
II/III at a depth between 200 to 300 μm. The record-
ing electrodes were constructed from borosilicate glass 
capillaries containing filaments, with an inner diameter 
of 0.86 mm and an outer diameter of 1.5 mm. These 
electrodes were filled with a specially prepared inter-
nal solution. The internal solution, with an osmolarity 
falling within the range of 280-290 mOsm, had its pH 
adjusted to mimic the intracellular environment using 
KOH, maintaining a level between 7.2 to 7.4. The com-
position of the internal solution, measured in millimo-
lar concentrations, included CaCl2 (0.1), MgATP (4), 
K-Gluconate (130), Na3GTP (0.3), HEPES (10), EGTA 
(1), Na Phosphocreatine (10), and MgCl2 (2) (Ghaderi 
et al., 2018; Safari et al., 2017). The detailed methodol-
ogy encompassed in this experimental approach points 
towards distinct layers and depths within the brain. The 
experiment involved measuring the resistance of elec-
trodes within an internal solution, which ranged from 
6-8 MΏ. Neuronal membrane potentials were recorded 
using the Axopatch 200B amplifier in current-clamp 
mode. Data was sampled at a rate of 20 kHz, filtered 
between 2 to 5 kHz, digitized at 10 kHz, and transmit-
ted to a computer equipped with a NI-DAQ board (PCI-
MIO-16E-4, National Instruments). Subsequently, cus-
tom LabVIEW software was utilized to acquire the data. 
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The intracellular recording technique was performed 
blindly in anesthetized animals, predominantly focusing 
on neurons in the superficial layers of the visual cortex, 
particularly regular-spiking putative pyramidal neurons. 
Although the recorded data included a mix of neuron 
types, it primarily consisted of pyramidal excitatory 
neurons, which are abundant in layers II/III. 

In the context of recording neural activity in awake 
animals, a meticulous procedure was followed to ensure 
optimal data collection. A mouse was positioned within 
a tube featuring a 2.5-centimeter inner diameter (Fig-
ure 2), with a securely affixed metal plate on its head, 
allowing freedom of movement for the body. Before 
the recording session, the mouse underwent a period of 
acclimatization to the head fixation process over sev-
eral days. On the day of recording, a craniotomy was 
conducted in the prefrontal cortex (PFC) region of the 
mouse’s brain under the influence of anesthesia, specifi-
cally ketamine and xylazine (ketamine at a dosage of 75 
mg per kilogram and xylazine ranging from 5 to 10 mg 
per kilogram). Subsequently, the animal was allowed to 
recover from anesthesia, with the recording commenc-
ing approximately 1.5 hours post-recovery.

Pharmacological Analysis
The use of a drug involves adding the desired con-

centration of the drug to the fluid inside the chamber, 
taking into account the volume inside the metal plate. 

To demonstrate whether dopaminergic receptors in the 
PFC are involved in the observed changes under current 
conditions, the non-selective antagonist of dopamine 
receptors, flupentixol (Lundbeck, Denmark), was used 
separately. Similarly, reversible inactivation of the PFC 
from the GABA agonist, Muscimol (Sigma-Aldrich), 
was used locally applied into the chamber.

Statistical analysis
In our study, values were presented as Mean±SEM un-

less otherwise noted. To determine the normality of data 
distribution, we employed the Kolmogorov–Smirnov 
test. For comparing data from two conditions within the 
same neurons, with or without VTA stimulation, we uti-
lized the non-parametric analysis method, the Wilcoxon 
signed rank test. This allowed us to statistically assess 
the differences between the two conditions accurately. 

Results
Evaluating the behavioral test with the GO-NO GO 

discrimination visual task
The behavioral test in the attention task was conduct-

ed for the control group and the VTA stimulation group 
(Figure 3). The control group showed a higher number 
of hits compared to the VTA stimulation group, whereas 
the VTA stimulation group exhibited an increased num-
ber of misses, indicating that stimulation may negatively 
affect task performance. False alarm data suggested a 

FIGURE 3.FIGURE 3. The scatter plot comparing trial numbers across different conditions: “Hit,” “Miss,” “FA” (False Alarm), and “CR” (Correct Re-
jection). The presence of error bars or means would indicate varia-bility or average performance in each condition. The difference between the 
four attention task variables in the control group and the VTA stimulation group was not significant (P>0.05).



possible difference in response patterns between groups. 
Similarly, performance in correct rejections differed, 
with the control group demonstrating superior ability 
to correctly identify non-targets. Overall, these findings 
indicate that VTA stimulation significantly impacts trial 
performance across categories, leading to reduced accu-
racy in target detection and non-target discrimination.

Relationship between stimulus duration and perfor-
mance

The relationship between stimulus duration and task 
performance was evaluated using two measures: accu-
racy and omission rate (Figure 4). Omission rate was 
defined as the failure to respond to the target within 

the required time. Accuracy showed a clear positive 
relationship with stimulus duration, increasing from 
approximately 60% at 1 second to nearly 90% at 5 
seconds, suggesting that longer exposure allows for im-
proved stimulus processing. Conversely, omission rate 
demonstrated a negative relationship, decreasing from 
about 40% at 1 second to nearly 15% at 5 seconds, indi-
cating that subjects were less likely to miss responding 
when given more time. These findings suggest that lon-
ger stimulus durations enhance decision-making by al-
lowing for the continuous accumulation of information, 
resulting in improved accuracy and reduced omission 
rates. Optimal performance was observed at the longest 
stimulus duration tested (5 seconds).
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FIGURE 4.FIGURE 4. Accuracy rates and omission responses following stimulus presentation at a specific time. Stimulus duration (in seconds), ranging 
from 1 to 5 seconds, and accuracy/omission (%), ranging from 0 to 100%. Accuracy (red line with circles) is the percentage of correct responses 
and omission (black line with squares) is percentage of trials where no response was given.

FIGURE 5.FIGURE 5. Effects of locally inactivating the mPFC region by muscimol on visual attention.
Inhibition of mPFC by muscimol (1 μM) disrupts correct responses in the visual attention task. *= P<0.05
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Effects of local inactivation of the mPFC by muscimol 
on visual attention

In this study, we locally added two doses of 0.1 and 1 
micromolar of muscimol to the chamber to deactivate 
the mPFC. This dosage of muscimol can deactivate 
around 1 square millimeter of cortex without affecting 
the surrounding areas (Salkoff et al., 2019). The effects 
of muscimol on deactivating the cortex are reversible. 

We evaluated the effect of stimulus duration on cor-
rect response rates under two conditions: sham treat-

ment and PFC inhibition (with muscimol 1 μM) (Figure 
5). Both conditions showed increased correct response 
rates as stimulus duration increased. However, the sham 
condition consistently produced higher correct response 
rates than the PFC inhibition condition. The difference 
between conditions is most pronounced at the 3-second 
stimulus duration (p<0.05), where a significant reduc-
tion in correct responses was observed in the mPFC 
inhibition group compared to sham (p<0.05). Overall, 
longer stimulus durations improved task performance 

FIGURE 6.FIGURE 6. The effect of PFC inhibition with muscimol on the percentage of correct responses in the attention task, showing significant im-
provement with a low dose (0.1 μM). *= P<0.05, NS: Not significant

FIGURE 7.FIGURE 7. Significant reduction in correct responses is observed with mPFC inhibition by muscimol (1 μM) compared to the sham group 
(n=7 in each group). **= P<0.005



in both groups, but mPFC inhibition reduced correct re-
sponse rates across all durations.

We further investigated the impact of muscimol at dif-
ferent doses (Figure 6). Muscimol treatments (a GABA 
agonist) at different concentrations produced varying 
effects. The sham condition showed high accuracy 
(~90%), whereas mPFC inhibition significantly reduced 
accuracy to about 50%. In muscimol treatment with a 
dose of 0.1μM, the sham condition showed reduced ac-
curacy compared to saline (~75%). The mPFC inhibi-
tion condition shows improved accuracy compared to 

saline (~65%). At 1μM muscimol, both sham and mPFC 
inhibition conditions showed similar accuracy levels 
(~60%), suggesting that this higher dose eliminated the 
difference between the groups. Dose-dependent effects 
were observed, with increasing muscimol concentration 
progressively reducing the difference between sham and 
mPFC inhibition conditions. A significant difference 
was found only in the saline condition, and the overall 
effect of mPFC inhibition was not statistically signifi-
cant. Low-dose muscimol (0.1μM) exerted differential 
effects on sham and mPFC inhibition conditions. 
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FIGURE 8.FIGURE 8. The effects of locally prescribing a flupentixol in the PFC region. The percentage of response accuracy to cue display in the atten-
tion task after administration of the non-specific antagonist flupentixol. As demonstrated, flupentixol leads to a decrease in accuracy. All doses 
are in milligrams per kilogram (N=9).

FIGURE 9.FIGURE 9. The effect of flupentixol compared to saline on spike rate. A significantly lower spike rate was observed with a dose of 0.30 milli-
grams of flupentixol compared to saline. (*=P ≤ 0.05).



To assess attention in mice under mPFC inhibition, 
we manipulated the duration of stimulus presentation. 
The results indicated that as the stimulus presentation 
duration decreased, the average correct response rate 
also decreased (Figure 7). A repeated measures ANOVA 
revealed significant main effects of both stimulus pre-
sentation duration and mPFC inhibition. The adminis-
tration of muscimol significantly reduced the percent-
age of correct responses compared to the control group, 
particularly as cue duration decreased. Both conditions 
showed increasing correct response rates with longer 
cue durations, but the difference between conditions 
was most pronounced at intermediate cue durations (3-7 
seconds). Muscimol treatment reduced correct response 
rates across most cue durations, and the interaction be-
tween cue duration and treatment indicated that musci-
mol’s effect was strongest at intermediate durations.

The effects of local application a flupentixol in the 
mPFC on visual attention

In this study, we investigated three doses of flupen-
tixol (0.05, 0.15, and 0.30 mg/kg). Response accuracy 
to cues decreased in the presence of flupentixol (Figure 
8). Figure 8 shows a box plot comparing the percentage 
cue accuracy across different conditions in a behavior-
al experiment. The saline (control) condition showed a 
median accuracy of ~78-80%. As the dose increased, a 
progressive decline in cue accuracy was observed. The 

two higher doses (0.15 and 0.30 mg/kg) produced sta-
tistically significant reductions in accuracy compared to 
the control, while the lowest dose (0.05 mg/kg) did not. 
Variability, as reflected by the box plots, appeared great-
er in the control and lowest dose conditions than in the 
higher dose groups.

Additionally, the impact of flupentixol on the spike 
rate of neurons in the mPFC during visual attention 
tasks was assessed (Figure 9). A dose-dependent de-
crease in spike rate was observed, with the 0.30 mg/kg 
dose producing a significant reduction compared to sa-
line (p = 0.001). The 0.05 and 0.15 mg/kg doses did not 
significantly alter spike rates relative to control. These 
findings indicate that higher doses of flupentixol exert a 
pronounced inhibitory effect on mPFC neuronal firing.

 
 Effects of VTA Stimulation on Neuronal Firing Rates
In this study, we examined the impact of ventral teg-

mental area (VTA) stimulation (AP = 3.4, ML = 0.4, 
DV = 4.25) on the firing rate of neurons with different 
preferred orientations (Figure 10). The data showed a 
decrease in correct responses in the VTA stimulation 
group compared to the control group. Specifically, neu-
rons with a preferred orientation of 90° exhibited correct 
response rates of 32% in the control group and 25% in 
the VTA stimulation group. The results also highlight 
that the orientation of the stimuli significantly influences 
neuronal correct responses. Overall, these findings sug-
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FIGURE 10.FIGURE 10. Role of orientation of visual stimulus on correct response of the neurons under VTA stimulation. This figure displays the decrease 
in correct response in the group that received VTA stimulation compared to the control group.



gest that VTA stimulation leads to a reduction in cor-
rect responses in the mPFC, which may contribute to 
impaired visual attention. This underscores the intricate 
relationship between dopaminergic activity and atten-
tional processes in the brain. Both conditions showed a 
clear orientation preference, with peak correct responses 
occurring around 90°. VTA stimulation generally result-
ed in lower correct responses compared to the control 
condition, while maintaining the overall shape of the 
tuning curve. The effect of VTA stimulation was not 
uniform across all orientations. It’s most pronounced 
at the preferred orientations. Baseline activity in both 
conditions showed very low correct responses at certain 
orientations (e.g., 0°, 180°).

Discussion
There are studies that have explored the use of Go/

No-Go tasks to investigate attention in rodents (Dolza-
ni et al., 2014; Muñoz-Redondo et al., 2024; Oakeshott 
et al., 2013). These studies highlight the versatility of 
this paradigm in investigating various aspects of rodent 
cognition, including attention, while also providing 
insights into neurological disorders and potential plat-
forms for preclinical screening. In our study, Similar 
to previous findings in humans, mice respond to valid 
cues with higher speed and accuracy (Kamigaki 2019; 
Squire et al., 2013). In the present study, analysis of 
the visual attention task showed that VTA stimulation 
may impair the ability to correctly identify or respond 
to targets (Figure 3). Stimulation may negatively affect 
performance. VTA stimulation affects the ability to cor-
rectly identify non-targets. The results suggest that VTA 
stimulation has a significant impact on trial performance 
across different categories.

In the present study, inactivating mPFC with musci-
mol provides a framework for understanding the inter-
action controlling attention and visual information en-
coding (Figures 5 and 6). The key issue is the nature of 
the attention deficit, its characteristics, and the associat-
ed functional impairments.

In a previous study, it has been shown that inactivating 
the PFC by muscimol reduces preference-based orien-
tation selectivity (Paneri and Gregoriou 2017). In our 
study, local muscimol application (adding to the cham-
ber) disrupted the performance of an attention task in the 
mPFC even when the animal had been well trained. This 
suggests that the mPFC is essential for the acquisition 

and successful execution of attention tasks (Rossi et al., 
2012). Data from electrophysiological and inactivation 
of PFC in primates suggest that the PFC plays a role 
in suppressing distractors and thus improves visual at-
tention (Gregoriou et al., 2014). Kahn and colleagues’ 
study (Kahn et al., 2012) demonstrates that inactivating 
the PFC in rats impairs visual attention, which is con-
sistent with our study results. Damage or inhibition of 
the mPFC region leads to decreased attention accuracy, 
increased omissions, and premature responses (Pezze et 
al., 2009).

There was a significant difference between sham and 
mPFC inhibition conditions at 3 seconds (Figure 5). 
This highlights the critical role of mPFC at this partic-
ular stimulus duration. The time-dependent effects im-
ply that mPFC’s contribution may vary depending on 
the amount of time available for processing. The result 
demonstrates that mPFC inhibition impairs performance 
on a stimulus-based task, particularly at intermediate 
stimulus durations. The effect of stimulus duration on 
performance is preserved under mPFC inhibition, but at 
a reduced level.

PFC appears to play a crucial role in task accuracy 
under normal conditions. GABA agonist (via musci-
mol) seems to modulate mPFC function and can par-
tially mimic PFC inhibition effects. High-dose musci-
mol (1μM) appears to overwhelm the effects of mPFC 
inhibition, possibly by globally increasing inhibitory 
signaling. The result showed complex interactions be-
tween mPFC function, GABA signaling, and visual at-
tention task performance. mPFC inhibition significantly 
impairs performance under normal (saline) conditions, 
but this effect is modulated by muscimol in a dose-de-
pendent manner. The results suggest that GABAergic 
signaling plays a crucial role in mPFC-dependent cog-
nitive processes, and that pharmacological manipulation 
of this system can have varying effects depending on the 
functional state of the mPFC.

In this study, it was demonstrated that the local admin-
istration of the non-selective dopamine D1/2 receptor 
antagonist (flupentixol) led to a decrease in spike rate 
and reduced accuracy in response. A reduced spike rate 
is a key signature of attention. A study showed that the 
D1 antagonist (SCH 23390) selectively reduced atten-
tion accuracy, while the D2 antagonist (sulpiride) had 
no significant effect on attention task variables (Granon 
et al., 2000). Flupentixol is a typical antipsychotic drug. 
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Antipsychotic medications interact with monoamine 
receptors in the PFC and thereby exert their therapeu-
tic effects (Artigas 2013; Santana and Artigas 2017). In 
our study, application of the flupentixol led to attention 
disruption, a result similar to the findings of Burk and 
colleagues (Burk et al., 2018) (Figure 8 ). In the study by 
Burk and colleagues (Burk et al., 2018), local infusion of 
the D1 agonist in the mPFC region improved attention 
in the 5CSRTT task at high and medium doses of the 
drug. However, lower doses of the agonist had no im-
pact on attention performance (Chudasama and Robbins 
2004). In the study by Burk and colleagues (Burk et al., 
2018), systemic and intra-mPFC administration of do-
pamine agonists alleviated ADHD symptoms. Systemic 
administration of the antagonist flupentixol, commonly 
prescribed to reduce brain dopamine in schizophren-
ic individuals, resulted in side effects such as reduced 
working memory and attention (Phan et al., 2024).

This experiment investigates the effects of different 
doses of flupentixol on some form of cue-based task 
performance, related to attention processing. The results 
suggest that higher doses of flupentixol significantly 
impair performance on this task. Flupentixol appears 
to have a dose-dependent effect on neuronal activity 
and behavior. The drug also decreases spike rate in a 
dose-dependent manner, indicating a general suppres-
sion of neuronal activity. The lowest dose (0.05 mg/kg) 
generally does not produce significant effects, suggest-
ing a threshold for the drug’s impact. These results col-
lectively suggest that flupentixol, a dopamine antagonist, 
modulates neuronal activity and behavior, with higher 
doses leading to more pronounced effects on both elec-
trophysiological measures and task performance. These 
results could be relevant for understanding the role of 
dopamine in attention processes, the dose-dependent ef-
fects of dopamine antagonists, and potential clinical ap-
plications in conditions characterized by dysregulation 
of the dopaminergic system.

The results of the current research highlight the sig-
nificance of dopaminergic signaling within the PFC for 
visual attention. The reduction in spike rate following 
flupentixol application suggests that dopamine plays a 
critical role in facilitating neuronal firing that is neces-
sary for optimal attention performance. The decrease in 
spike rate may correlate with impaired attention, as re-
duced neuronal firing in the PFC can lead to diminished 
processing of relevant visual stimuli. This aligns with 

the broader understanding that dopamine modulation is 
essential for cognitive control and attentional processes 
in the mPFC, emphasizing the critical role of dopamine 
in modulating visual attention. The result effectively il-
lustrates the dose-dependent inhibitory effects of flupen-
tixol on neuronal spikes significant reduction in spike 
rate at higher doses highlights the importance of dopa-
minergic signaling for maintaining optimal cognitive 
function, particularly in attention.

In our study, we demonstrated how activation of VTA 
projections to the mPFC influences attention. Our find-
ings indicated that electrical stimulation of dopaminer-
gic neurons in the VTA region disrupts visual attention, 
with the mechanism involving a decrease in correct re-
sponses in attention tasks (Figures 3 and 10). It is well 
known that the main source of dopaminergic inputs to 
the mPFC is the VTA (Lammel et al., 2012). These find-
ings are consistent with previous studies (Boekhoudt 
et al., 2017; Flores-Dourojeanni et al., 2021; Thiele et 
al., 2016) in which optogenetic activation of the VTA 
reduced visual attention without producing significant 
alterations in sensorimotor behavior during attention 
tasks (5-CSRTT). Furthermore, optogenetic stimulation 
of the VTA resulted in decreased accuracy and an in-
creased number of incorrect responses. Omissions and 
premature responses were not affected by the stimula-
tion (Flores-Dourojeanni et al., 2021).In rodents com-
pleting attention tasks, increased activity of the mid-
brain dopaminergic system is detrimental to attention 
performance but has no effect on response inhibition. 
Additionally, when the VTA or substantia nigra (SN) 
regions are stimulated, a noticeable decrease in atten-
tion occurs, consistent with the findings of Boekhoudt 
and colleagues (Boekhoudt et al., 2017). The study 
by Thiele and Bellgrove (Thiele and Bellgrove 2018), 
showed that increased dopaminergic activity in the mid-
brain impairs attention performance, similar to our study 
results. The intricate relationship between the VTA and 
mPFC in behaving animals has garnered significant 
attention in neuroscience research. Layer 5 pyramidal 
neurons of the PFC provide inputs that greatly modu-
late VTA activity, which in turn influences PFC activity 
(Santana and Artigas 2017). Dopaminergic neurons in 
the VTA may burst fire in response to prominent envi-
ronmental stimuli (Buchta et al., 2017; Schultz 2002). 
All of the data from Buchta and Mahler’s study (Buchta 
et al., 2017) collectively suggest that activation of VTA 
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terminals reduces intrinsic inhibition in PFC cells. Neu-
ronal firing patterns in the VTA are also correlated with 
dopaminergic levels in the PFC. This work puts forth the 
theory that VTA controls PFC function by releasing do-
pamine from axonal terminals. This intricate interplay 
between these brain regions sheds light on the neural 
mechanisms underlying complex behaviors and cogni-
tive processes in animals.

Research has shown that dopamine in the PFC direct-
ly and indirectly modulates excitatory pyramidal cells 
through its effects on local GABAergic neural circuits 
(Gorelova et al., 2002). The mPFC receives dopaminer-
gic inputs from mesocortical dopaminergic projections 
of the midbrain VTA. It appears that dopamine acti-
vates the inputs of GABAergic interneurons to restrict 
the firing discharge of pyramidal neurons. Activation of 
dopaminergic neurons in the VTA disrupts attention by 
increasing the omission of trial ignoring. Interestingly, 
dopaminergic neuronal activity does not affect impul-
sive action (Boekhoudt et al., 2017). These results indi-
cate that midbrain dopaminergic activity induces atten-
tional deficits but does not influence impulsive behavior. 
Findings by Ott and colleagues (Ott and Nieder 2019) 
have shown that dopaminergic input to the PFC is es-
sential for executive functions. In our study, inactivation 
of the mPFC led to clear alterations in the activity of 
downstream target regions (Granon et al., 2000) , ac-
companied by behavioral deficits in attention tasks. Our 
findings indicate that normal mPFC activity is essential 
for successful performance in attention-related tasks. 
Our study focused on dopamine signaling in the target 
regions (mPFC). The functioning of the mPFC is closely 
tied to dopamine signaling in the midbrain dopaminer-
gic system, particularly in the VTA. 

In the present study, electrical stimulation of the VTA 
inhibited PFC activity and induced attentional distur-
bances. Moreover, VTA stimulation influenced the 
balance of excitation and inhibition in PFC neurons 
by enhancing the excitability of parvalbumin-positive 
interneurons while exerting a more modest effect on 
principal neurons. This modulation appears to be medi-
ated by dopamine receptors, particularly through effects 
on inhibitory transmission system (Zhong et al., 2020). 
Dopamine can raise the signal-to-noise ratio (SNR) of 
PFC neurons by lowering spontaneous discharge levels 
and boosting evoked responses, as shown by earlier re-
search on VTA-PFC in anesthetized rodents (Lavin et 

al., 2005). Our research demonstrated how PFC output 
is influenced by dopamine cell activation. 

Given the absence of a fovea in the mouse retina, at-
tention in rodents is primarily expressed through head 
and body movements, rather than the eye movements 
commonly observed in primates. Although mice gen-
erate eye movements resembling saccades, it remains 
unclear to what extent these are visually driven or under 
voluntary control (Sakatani and Isa 2007). Moreover, 
mice lack the frontal eye field (FEF), a brain region crit-
ical for eye movement control in primates (Thiele and 
Bellgrove 2018). In our study, the animal’s head was 
fixed with a chamber, which may have induced stress, 
whereas human studies of attention are not typically 
conducted under such conditions (Li et al., 2021).

Based on our findings, we propose that the role of 
the dopaminergic system in regulating visual attention 
should be further investigated in the primary visual cor-
tex (V1). In addition, future studies should explore the 
functional interaction between V1 and the prefrontal 
cortex (PFC) in mediating visual attention.

Conclusion
The present study demonstrates that the dopaminer-

gic system, particularly through its interactions with the 
prefrontal cortex (PFC), plays a crucial role in modulat-
ing visual attention in mice. Our findings indicate that 
both the inhibition of the PFC and the stimulation of 
the ventral tegmental area (VTA) significantly impact 
attention performance, underscoring the complexity of 
dopamine’s role as a neuromodulator. The results reveal 
that PFC inhibition leads to decreased accuracy in atten-
tion tasks, while VTA stimulation reduces neuronal fir-
ing rates, further impairing attentional processes. These 
insights contribute to a deeper understanding of the neu-
ral mechanisms underlying visual attention and suggest 
that dysregulation of dopaminergic signaling in the PFC 
may be implicated in attention-related disorders such as 
ADHD and schizophrenia. Future research should con-
tinue to explore the intricate relationships between the 
dopaminergic system, the PFC, and visual attention to 
develop targeted therapeutic strategies for these condi-
tions.
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