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Abstract 

Neuromodulators are chemicals that alter the activity of neural networks. They can have -immediate or delayed 

effects on neurons, affecting their properties at both nearby and distant synapses. Neuromodulators can influence 

neurons in various ways, allowing even small neural Networks generate a diverse range of functional outcomes. 

This diversity is crucial for the flexibility and adaptability of neural functions, including sensory processing.  
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Introduction 

Neuromodulators are chemicals that alter the activity of neural networks. 

They can have -immediate or delayed effects on neurons, affecting their 

properties at both nearby and distant synapses. Neuromodulators can 

influence neurons in various ways, allowing even small neural Networks 

generate a diverse range of functional outcomes. This diversity is crucial 

for the flexibility and adaptability of neural functions, including sensory 

processing.  

Serotonin is a widely conserved signaling molecule that influences 

various sensory systems across different species(1-3). It plays a crucial 

role in regulating states such as arousal, mood, and motivation (4-7). 

Serotonergic neurons, similar to other modulatory neurons, can influence 

a cell’s activity without needing to form a direct synapse with it (8, 9). 

Sensory systems gather and process environmental information to create 

a internal representation of external world. Nevertheless, these systems 

must adapt to changes in the environment and the animal's internal state. 

This review aims to discuss how serotonin, a specific neuromodulator, 

influences sensory processing. 

Serotonnin as a modulator of sensory systems 

Serotonin's effects on sensory systems have been extensively studied 

across different species and sensory modalities, making it an prime 

example for illustrating fundamental principles of neuromodulation. The 

sensory processing can modulated by serotonergic system in various 

behavioral scenarios. This influence can be complex and specific to 

particular stimuli(13). The diverse characteristics of serotonergic neurons 

allow serotonin to modulate sensory processing in a nonuniform and 

complex manner. This means that serotonin's effects can vary widely 

depending on the specific neurons and contexts involved.  

Moreover, while the specific receptors involved are not fully understood, 

serotonin has been shown to reduce activity in proprioceptor and 

mechanosensory networks(14, 15). On the other hand, this 

neuromodulator also can increase excitability of photoreceptors by 

stimulation of 5-HT receptors (16-18), and sensitize these sensory 

afferents more than baseline. The influence of serotonin in V1, possibly 

via interactions with other neuromodulatory systems (19-23), might 

therefore aid visual processing during periods of quiet vigilance. This 

influence works by decreasing the spiking response gain to prevent an 

obvious orienting reaction in the animal, which is consistent with 

previously observed effects of serotonin in suppressing the acoustic startle 

response (24). 

In early visual processing of cat, significantly reduced responses were 

observed after serotonin was applied iontophoretically in the lateral 

geniculate nucleus (LGN) (10) and V1 area of rat brain (11). In a more 

recent study involving awake macaques, where serotonin was 

iontophoretically applied and compared with the effects of pH-matched 

saline application, an overall reduction in sensory responses due to 

serotonin was observed (12). 

Diversity of serotonergic neurons 

DRN neurons have diverse pathways through which they send signals to 

other parts of the brain. Besides serotonin, these neurons can contain other 

neurotransmitters. The inherent electrical and chemical properties of these 

neurons vary. DRN neurons receive inputs from various sources, adding 

to their diversity. The genes expressed in these neurons differ, 

contributing to their functional diversity (13). Anatomical projections of 

Serotonergic system are heterogeneous, and this can reveal various 
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functional aspects within specific sensory systems. For example, 

serotonergic neurons do not distribute evenly across the insect visual 

system; instead, they selectively innervate different layers within each 

visual neuropil.(25-30).  

Likewise, the extent of serotonergic innervation differs both intranuclear 

and internuclear in rodent auditory nuclei, such as those in the superior 

olive and the inferior colliculus. (31-33). Collectively, these facts 

demonstrate the diverse nature of serotonergic projections to networks 

that involved in sensory processing. This variability precise targeting of 

different processing layers or stimulus-specific subcircuits. Recent 

advances in technology have shown that subsets of serotonergic neurons 

are diverse in their molecular and anatomical characteristics(34-39). To 

investigate subsequent changes in V1, it is important to consider the 

extensive topographic organization within the DRN (40). Activation of 5-

HT neurons may not only directly affect V1 but also modulate other 

cortical and subcortical regions that could, in turn, influence V1 activity 

(41). Moreover, it's important to note that, in addition to 5-HT neurons, 

some subpopulations of neurons that release glutamate in the raphe nuclei 

also express ePet. (42, 43). 

Receptor Foundations of serotonergic Modulation  

Serotonergic neurons themselves exhibit considerable diversity, and this 

is mirrored in the variety of serotonin receptors (5-HTRs). These 

receptors differ in their serotonin affinity, duration of action, and the 

secondary messenger systems they engage (44). The earliest 5-HTR 

appeared approximately over 500 million years ago (3), and vertebrates 

have seven primary 5-HTR families (5-HT1–7), while invertebrates 

possess at least three families (5-HT1, 2, and 7)(45). 

Types of serotonin  synapses and receptors involved in sensory 

modulation 

Serotonergic projections to primary sensory areas are characterized by 

small, varicose axons that are broadly extented (46).The number of 

synaptic specializations, which are typically asymmetric, is minimal (47), 

indicating that serotonin primarily operates through bolus transmission 

from these varicosities. Although, there is ongoing debate regarding the 

reliance of neuromodulatory systems on "wired" transmission—highly 

localized and typically synaptic—or "volume" transmission, which is 

more spatially diffuse(48-51).  

In the mammalian brain, seven serotonin receptor families, each with 

multiple subtypes, have been identified, contributing to the functional 

diversity of serotonin(52). While a comprehensive review of all receptors 

is beyond this scope, a few key receptors are worth noting. The 5-HT1A 

receptor is found on pyramidal neurons of cortex (53). In the primary 

visual cortex of macaques, the 5-HT1B and 5-HT2A receptors are most 

densely expressed, particularly in layer 4 (54), The 5-HT1B receptor is 

also highly expressed in the LGN but shows weak expression in other 

cortical regions, such as the auditory and somatosensory cortices (54). 

 In mice, GABAergic neurons that have the 5-HT3A receptor do not 

express the calcium-binding proteins parvalbumin or somatostatin, 

suggesting they may form a unique group of inhibitory interneurons (55). 

In anesthetized macaques, when examining the impact of the two most 

prominently expressed receptors in primary visual area, 5-HT1B and 5-

HT2A, using receptor-specific ligands, researchers observed various 

pattern of reciprocal modulation for these receptors (54). In one study 

researchers found that when 5-HT was iontophoretically applied to the 

visual cortical area of wakeful primates, it primarily reduced the gain of 

evoked responses at the population level while leaving ongoing activity 

unchanged.(12).  

This distinct effect of 5-HT on gain response  has been linked to the 

selective activation of 5-HT2A receptors (56) through several approaches, 

such as the subcutaneous injection of a hallucinogenic 5-HT2A receptor 

agonist in mice (57). The findings suggest that 5-HT induces separate 

inhibition of evoked and ongoing activity, influencing the gain of both in 

a divisive manner. simultaneous iontophoretic application of specific 

antagonists for 5-HT1A and 5-HT2A receptors (58-62) suggests that these 

receptors play distinct roles in regulating inhibition rate of ongoing and 

evoked network activity, respectively (63). 

The findings demonstrates that activation of the serotonergic system 

influences two aspects of network activity in the visual cortex (V1): 

ongoing and evoked responses, with both being affected in a distinct and 

divisive manner. Each component is modulated through separate 

inhibitory effects of the 5-HT1A and 5-HT2A receptors, respectively. 

many studies in primary visual cortex, which used specific agonists for 5-

HT1B and 5-HT2A receptors in combination with single-unit recordings 

in anesthetized monkeys, found bi-directional modulation depending on 

instantaneous firing rates. When a 5-HT2A agonist was applied, neurons 

with strong responses were suppressed, while those with weaker 

responses were facilitated, whereas the opposite occurred with the 

application of a 5-HT1B receptor agonist(54, 64). 

Oppositely, the divisive scaling of stimulus driven responses is likely due 

to the dominant activation of excitatory 5-HT2A receptors, as inhibiting 

these receptors significantly lessened the inhibition of the evoked 

component. Furthermore, 5-HT2A receptors are linked to the Gq/11 

signaling pathway (65), which typically increases neuronal firing rather 

than reducing it. This reduction in activity may be mediated by 

GABAergic neurons, which in turn decrease the activity of pyramidal 

neurons (66).  

In fact, divisive modulation of responses in visual cortex has been shown 

to significantly depend on the activation of soma-targeting parvalbumin-

expressing interneurons ((67), although other studies suggest differing 

roles (68, 69) for neurons that predominantly express 5-HT2A receptors 

(70, 71).  

Activation of 5-HT2A receptors may also induce depolarizing currents in 

pyramidal neurons, leading to shunting inhibition, which increases 

conductance and affects both the gain and time constant of neuronal 

responses (72). 

In two studies, selective activation of 5-HT2A receptors consistently 

produced a strong suppressive effect on the gain of visually evoked 

population responses (57, 73), despite cell-type and layer-specific 

differences across single cells (57). These findings support our current 

observations that DRN-triggered scaling of evoked responses is mediated 

by cortical 5-HT2A receptors at the population level. They also suggest 

that the distribution of a single neurotransmitter receptor type, or 

"receptome," can account for a distinct function in sensory processing 

(74-79). While 5-HT2A receptors regulate response gain, the scaling of 

ongoing V1 activity triggered by the DRN appears to be primarily 

controlled by 5-HT1A receptors (11). 

Bidirectional interactions between serotonergic systems and sensory 

systems 



J. Neuroscience and Neurological Surgery                                                                                                                                                      Copy rights @ Mir-Shahram Safari. 

Auctores Publishing LLC – Volume 14(5)-336 www.auctoresonline.org  
ISSN: 2578-8868   Page 3 of 10 

Serotonergic neurons both influence sensory circuits and receive inputs 

from them. This bidirectional interaction allows the impact of serotonin 

on sensory processing to be modulated according to the sensory inputs the 

animal encounters.(45). This reciprocal interaction enables sensory 

networks to adjust to varying stimulus state. Fr example, some studies 

demonstrate that signal-to-noise ratio can altered by serotonin (11, 80, 

81), which helps maintain stable stimulus representation even in a noisy 

environment. Sensory input to serotonergic neurons can lead to specific 

modifications in serotonin release. This means that the release of 

serotonin can be tailored to the specific sensory stimuli being 

experienced. In certain instances, first sensory neurons and serotonergic 

cells are identical, enabling the sensory field to directly trigger releasing 

of serotonin (11, 80-87). 

Sensory Stimulus-Driven Serotonin Release 

Many serotonergic neurons, in addition to projecting to both sensory and 

nonsensory regions (36, 37, 88), also receive inputs from sensory systems. 

In certain cases, these neurons can acquire sensory input locally within 

the very networks they modulate. For example, in Drosophila and moths, 

CSDn activity is affected by odors (89-92) through direct synaptic 

connections with antennal lobe principal neurons (91, 93-95). The pattern 

of local input to a single neuron can differ across sensory networks, as 

CSDns can be both stimulated and suppressed by the same odor due to 

local synaptic inputs targeting various neuronal compartments. (90).  

Serotonergic neurons in the DRN and MRN also receive inputs from 

various cortical and subcortical sensory areas, such as the inferior and 

superior colliculi and brainstem sensory nuclei (96, 97). Morevere, these 

neurons are responsive to stimuli across various sensory modalities (98-

102). Although the strongest sensory responses are often found in 

nonserotonergic raphe neurons, serotonergic neurons themselves have 

been shown to be responsive to sensory inputs (103-105), and 

nonserotonergic DRN neurons may relay indirect sensory input to 

serotonergic neurons. Furthermore, some sensory responses in 

serotonergic DRN neurons exhibit very short latencies, suggesting input 

from early stages of sensory processing (103). Consequently, whether 

they are confined to a single network or span multiple networks, 

serotonergic neurons, by having close access to the history of network 

activity, can adjust their modulatory effects based on the current stimulus 

or circuit state (106). 

Serotonergic Neurons Adjust Based on Behavioral State and Context 

The circumstances surrounding serotonin release are multifaceted, 

encompassing both dependent and independent stimulus state. Researches 

shows that serotonergic neurons react to sensory stimuli but are also 

affected by factors like internal states, movement, and the importance of 

sensory events in relation to past experiences. This implies that serotonin 

helps transmit information to sensory systems regarding both the external 

environment and the internal conditions in which sensory events happen 

(45). 

By using varying stimulus intensities, the normalization of visual 

responses was identified. In anesthetized animals, the ongoing activity 

contributed to response normalization by acting as a subtractive factor. 

However, in the awake state, normalization was governed by the gain of 

the evoked response and was independent of any concurrent suppression 

of ongoing activity. 

Inhibition tends to dominate activity in the awake cortex (107), possibly 

alongside elevated 5-HT levels (108, 109). Consequently, since the 

inhibition of baseline activity depends on initial baseline levels, the 

additional impact of the spontaneous part on normalization in the 

anesthetized condition could be due to significant fluctuations in its 

amplitude, which are less common during wakefulness (107). As a result, 

the extent of serotonin-regulated integration of sensory input and Baseline 

activity dependent to cortical condition and baseline levels of serotonin, 

and this seems to be predominantly controlled by 5-HT1A receptors 

(110). 

In summary, the interplay between 5-HT1A and 5-HT2A receptors leads 

to a notable and significant adjustment in both spontaneous and evoked 

components of population activity in V1. One key observation is that the 

inhibition of gain modulation induced by 5-HT is more pronounced in the 

anesthetized condition compared to the awake state. This suggests that, 

while awake, response normalization depends less on spontaneous 

activity and is less affected by internal cortical signals.  

Given that spontaneous activity reflects top-down expectations, whereas 

Neural responses to stimuli provide bottom-up sensory information, any 

imbalance in the activation of these receptors—whether due to specific 

agonist application or irregular receptor expression—can disrupt the 

integration of these components and thus affect cortical information 

processing. Such an imbalance could lead to an excessive focus on 

internally generated expectations(111, 112) at the expense of sensory 

input, or the reverse (113). 

Serotonergic Modulation of Sensory Computations 

Sensory systems use various strategies to dynamically adjust the range of 

individual stimulus features they encode. Given the widespread presence 

of serotonergic systems, it's unsurprising that serotonin either modulates 

or directly participates in these processes. For example, as animals move 

through their environment, they encounter fluctuations in stimulus 

intensity. In situations where sensory input is intense (such as bright light 

or strong odors), neurons may struggle to properly encode the stimulus 

due to saturation. On the other hand, when stimuli are at low intensities, 

such as the faint scent of a predator, animals may fail to detect them. To 

address these challenges, sensory systems typically employ a range of 

computations, including "gain control" (72), which adaptively adjusts the 

input-to-output ratio of a network. Across different sensory modalities, 5-

HT receptors (5-HTRs) expressed by sensory afferents enable direct 

serotonergic modulation of sensory input gain(45). 

Serotonin can decrease the signal-to-noise ratio by reducing evoked 

activity more than spontaneous activity (11) The concept of serotonergic 

modulation of population codes is relatively recent, and further research 

in this area could help bridge the gap between the effects of monoamines 

on neural codes and sensory-related behaviors (114). This modulation 

involves a reduction in retinotectal transmission mediated by 5HT1B 

receptors selectively expressed by optic afferents, though postsynaptic 

5HT1A receptors may also contribute to a decline in responsiveness 

(115). 

In macaque V1, gain changes are the most frequently reported modulatory 

effect. Both acetylcholine (ACh) and serotonin (and likely 

norepinephrine, NA) modify gain in some way; however, studies vary 

(and possibly the systems themselves) in terms of how many neurons are 

suppressed versus enhanced. Other reviews have presented studies on 

ACh and serotonin (12, 54), that report conflicting findings regarding the 
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dominance of enhancement versus suppression across neurons. Notably, 

serotonin does not alter rate variability or noise correlations in macaque 

V1 (12). 

The reported effects of serotonin on sensory processing have been 

inconsistent(11, 54, 113, 114, 116) making it difficult to develop a 

straightforward computational explanation. However, studies showed that 

across the neuronal population in V1 and across different stimulus 

dimensions, serotonergic modulation is surprisingly simple: serotonin 

primarily reduces the gain of visual responses, with minimal impact on 

tuning properties.  Results suggest that serotonin is well-suited to 

controlling the response gain of neurons in V1, potentially 

complementing existing gain control mechanisms.  

Across various visual stimulus dimensions, serotonergic modulation was 

uniformly characterized by a reduction in response gain, a slight slowing 

of response dynamics, and no systematic changes in neuronal variability, 

co-variability, or stimulus selectivity.  

These effects could be captured by a model in which serotonin induces a 

simple additive change in the threshold-linear spiking nonlinearity. 

Overall, the observed modulation was homogeneous, resulting in a 

straightforward decrease in response gain across the neural population 

(12). Such gain modulation is an essential aspect of cortical computation 

(117) allowing responses to be modulated without altering receptive field 

properties, and making it well-suited to adjust responses according to the 

animal’s internal state, influenced by the context's valence (118). 

The inhibitory effect of serotonin was the predominant pattern observed 

across the large neuronal population. This reduction was mainly attributed 

to a multiplicative change (gain change) in the neuronal tuning curves 

(119). Behaviorally, a recent study that administered a serotonin-reuptake 

inhibitor to enhance serotonin's effect during a color discrimination task 

in macaques found that reaction times slowed and perceptual performance 

deteriorated (120), consistent with the expected outcome of reduced 

visual responses.  

On the other hand, a reduction in the gain of spontaneous responses (113), 

aligns with an increased signal-to-noise ratio (SNR), or a reduction in the 

gain of tuning curves (116). 

The mechanisms and nature of how specific populations of 

neuromodulatory inputs influence sensory processing content remain 

largely unclear.  

Studies shown that Serotonin can modulate the transmission of early 

visual information within critical regions, such as the dorsolateral 

geniculate nucleus (dLGN) (121, 122), the suprachiasmatic nucleus (123, 

124), and the superior colliculus (115), in addition to its effects on early 

olfactory and auditory information (116, 125). 

Serotonergic modulation of retinal processing  

Specifically, in vitro pharmacological administering high dosage of 

serotonin or it’s agonists has been shown to reduce retinal axon 

stimulation-evoked glutamate release via presynaptically expressed 5-

HT1B receptors (121-123). However, it remains uncertain whether 

"endogenous" serotonin release significantly modulates the activity of 

mouse retinal axonal boutons in vivo, and if this modulation is selective 

for particular retinal axons.  

An Study indicates that serotonin preferentially suppresses retinal 

ganglion cell (RGC) axonal boutons with high baseline activity that 

respond to full-field stimuli. This selective suppression by serotonin may 

alter the tuning of the postsynaptic cell toward smaller, more localized 

stimuli, similar to what has been observed in zebrafish(126). 

 In fact, electrical stimulation of the dorsal raphe nucleus (DRN) 

selectively diminishes evoked activity in thalamocortical neurons with 

large receptive fields (127), which aligns with observations of stronger 

suppression of full-field boutons. Also slow fluctuations in serotonin 

release within the dLGN, a small fraction of which could be attributed to 

a weak anti-correlation with arousal levels (128). The behavioral contexts 

that drive these serotonin fluctuations are still largely unknown, as are the 

roles of serotonergic suppression of retinothalamic transmission in 

shaping downstream visual processing and behavior (128). However, 

while serotonin preferentially suppresses RGC axons that are strongly 

responsive to full-field luminance changes, arousal more selectively 

suppresses boutons that are more responsive to localized stimuli. This 

suggests the intriguing possibility that serotonergic axons and other 

modulatory inputs may implement multiple, complementary, state-

dependent selective filters for specific visual information channels at a 

critical bottleneck in the pathway, before these channels reach 

thalamocortical neurons and are further relayed and amplified in brain 

regions responsible for guiding behavior and learning (128).  

Serotonergic modulation of visual processing by various receptors  

The 5-HT1B receptor has been shown to influence neurotransmission in 

various pathways, including the retinocollicular (129) retino-

suprachiasmic nuclear (123), and thalamocortical (130) pathways. Given 

the increased expression of 5-HT1B and 5-HT2A receptor genes in V1, it 

is plausible that these two receptors play significant roles in modulating 

neurotransmission in this region (54). 

Activity-dependent expression of 5-HT1B receptor mRNA has also been 

observed in the LGN. To determine the time needed for monocular 

inactivation to take effect, shorter durations of monocular inactivation (1 

day, 6 hours, and 3 hours) were examined. The downregulation of 5-

HT1B and 5-HT2A receptor mRNAs in V1 was detected even after just 3 

hours of monocular inactivation. These findings suggest that the specific 

expression patterns of 5-HT1B and 5-HT2A receptor mRNAs in V1 are 

maintained by ongoing visual activity. Consequently, it is speculated that 

5-HT1B agonist (CP93129) mainly facilitated visual responses in V1 

neurons, although it tended to suppress neurons with low firing rates. This 

example illustrates that activation of 5-HT1B receptors enhances 

responses to high-contrast (>30%) stimulation but is either suppressive or 

ineffective for low-contrast stimuli. The results indicate that the effect of 

the 5-HT1B receptor agonist is contingent on each neuron's response level 

and that it improves the signal-to-noise ratio of visual input from the LGN 

to the cortex (54). 

In vivo electrophysiological experiments demonstrated that 5-HT1B and 

5-HT2A agonists modulate V1 neuron responses in macaque monkeys. 

This analysis revealed that 5-HT2 agonist (DOI) facilitates visual 

responses in neurons with low firing rates but suppresses those with high 

firing rates (54) . 

They conclude that 5-HT2A receptors exhibit response-dependent 

modulatory effects, but their effects are opposite to those of 5-HT1B 

receptors. Then, they indicate that the laminar distributions of the effects 

of 5-HT1B agonist (CP93129), DOI, and 5-HT2A antagonist (ketanserin). 

This contrasts with the highly layer-specific distribution of 5-HT1B and 

5-HT2A receptor mRNAs (54). 
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Seeburg et al.(122)  shown that each receptor can exert both suppressive 

and facilitative effects depending on the firing rate of the recorded 

neurons. Regarding the 5-HT1B receptor, similar context-dependent 

bidirectional modulation has been observed in vitro using brain slices 

containing the optic tract and LGN (122) or the ventral posterior medial 

nucleus of the thalamus and somatosensory cortex (130). For instance, 

Seeburg et al. in 2004 (122) found that 5-HT1B receptor-mediated 

serotonergic modulation of LGN neuron responses to optic tract 

stimulation depends on the stimulus's temporal frequency.  

The 5-HT1 receptor agonist suppresses retinogeniculate transmission for 

low-frequency inputs but is either ineffective or facilitative for high-

frequency inputs. The authors suggested that alleviation of synaptic 

depression due to high-frequency stimulation might underlie these effects 

of the 5-HT1B receptors. 

 On the other hand, activation of 5-HT2A receptors is known to exert 

direct facilitatory actions on pyramidal neurons and interneurons (131, 

132), indirectly inhibiting neighboring pyramidal neurons (133-135). 

Thus, serotonin likely has complex effects by regulating the relative 

activity of excitatory and inhibitory neurons within local circuits through 

5-HT1B and 5-HT2A receptors (54). 

Serotonin release in V1 could be locally regulated by 5-HT1B 

autoreceptors on the presynaptic terminals of raphe neurons that project 

to V1 or potentially by prefrontal cortex activity (136). Therefore, 

serotonin's cortical effects likely depend on the dynamic regulation of its 

levels and receptors. Although the enhanced expression of 5-HT1B 

receptor mRNA in the LGN and V1 suggests its primary role in the visual 

system, it is also widely expressed in the thalamus. In a study, it was 

demonstrated that activating 5-HT1B receptors in V1 generally enhances 

visual responses but tends to suppress weak responses. This suggests that, 

in geniculocortical transmission, non-synchronized spontaneous activity 

(noise) from LGN neurons is reduced by 5-HT1B receptor-mediated 

suppression, while visually evoked synchronized signals are preserved or 

efficiently transmitted to V1, thereby enhancing the signal-to-noise ratio 

in the input-output relationship. 

 Conversely, neurons in V1's input layers, which express the 5-HT2A 

receptor abundantly, may act as gain controllers by enhancing weak signal 

responses and suppressing excessive responses. Therefore, we suggest 

that serotonin release in V1 exerts coordinated modulatory effects through 

5-HT1B and 5-HT2A receptors on V1 neurons. It is thus possible that the 

serotonin system has contributed to the evolution of the primate visual 

system's sophisticated function (54). 

In a study, it was investigated visual processing and experience-

dependent learning in SERT-deficient mice. They did not find significant 

alterations in orientation, spatial frequency, and contrast tuning in naive 

mice, consistent with a previous operant conditioning study that found 

intact learning in visual discrimination tasks in SERT-deficient mice 

(137). Additionally, compensatory mechanisms may partially correct for 

the lack of functional SERT to maintain cortical development (138). 

However, they observed a lack of bias toward cardinal orientations in V1 

of SERT-deficient mice before visual experience, which partially 

recovered in SERT heterozygous mice after perceptual experience but not 

in knockout animals. Observations of prolonged oscillatory activity 

following perceptual experience in SERT-deficient mice further support 

the hypothesis that 5-HT may play a role in cortical plasticity. They also 

found decreased orientation selectivity and broadened orientation tuning 

in SERT knockout mice. Interestingly, these changes resemble those seen 

in Fmr1 knockout mice, which are known to result from hypoactivation 

of parvalbumin-positive fast-spiking interneurons and corresponding 

circuit alterations (139, 140). 

Heterogenous actions of serotonin on interneurons in visual cortex 

It is interesting that serotonergic modulation of inhibitory neurons is cell-

type specific. Xiang and Prince (141) suggest that serotonergic activation 

exerts complex influences on cortical inhibitory networks, potentially 

leading to alterations in cortical information processing (141). The impact 

of serotonin (5-HT) on the excitability of two cortical interneuron 

subtypes, fast-spiking (FS) and low-threshold spiking (LTS) cells, as well 

as on spontaneous inhibitory postsynaptic currents (sIPSCs) in layer V 

pyramidal cells, was examined in rat visual cortical slices using whole-

cell recording methods (141). It was observed that the application of 5-

HT induced excitation in half of the FS cells and a small portion of LTS 

cells, while it caused inhibition in roughly half of the FS cells and the 

majority of LTS cells. In a few FS and LTS cells, serotonin application 

triggered excitation followed by inhibition (141). 

Serotonergic modulation of spatial attention and receptive field  

Patel et al. (142) explore the effects of serotonergic modulation on local 

network processing in the primary visual cortex (V1) of awake macaques. 

Their research provides valuable insights into how serotonin influences 

sensory processing, drawing parallels with the effects of spatial attention. 

The authors highlight that serotonin application leads to a reduction in 

local field potential (LFP) power and spike-field coherence, indicating 

decreased functional connectivity within the local network.  

This reduction in synchronization is thought to enhance the signal-to-

noise ratio, thereby improving the efficiency of sensory processing. 

Interestingly, these effects mirror those observed with spatial attention, 

suggesting that serotonin may play a similar role in modulating sensory 

inputs. 

Patel et al.(142) propose that serotonin's modulation of V1 contributes to 

a state of "quiet vigilance," where the brain remains alert but less reactive 

to distracting stimuli. This state is beneficial for maintaining focus on 

relevant visual inputs while minimizing the impact of irrelevant stimuli 

that this mechanism allows for a more stable and focused perception, 

which is crucial for tasks requiring sustained attention. The study also 

discusses the broader implications of serotonergic modulation across 

different sensory modalities.  

The authors speculate that the effects observed in V1 might extend to 

other sensory systems, highlighting serotonin's role in fine-tuning sensory 

processing and maintaining perceptual stability. This cross-modal 

influence underscores the importance of serotonin in optimizing sensory 

perception and attention. Their study provides valuable evidence that 

serotonin, much like spatial attention, can shape sensory experiences by 

modulating local network dynamics. This insight is crucial for our 

understanding of how neuromodulators influence sensory modalities, 

particularly vision. 

Serotonin (5-HT) generally diminished the effectiveness of synaptically 

mediated excitation and inhibition, resulting in a reduction or complete 

loss of neuronal responsiveness to visual stimuli. Regarding the effects of 

5-HT on receptive field characteristics, a simple difference in threshold 

versus subthreshold synaptic inputs appears insufficient to explain cases 

where the area of the visual field that could activate a cell significantly 
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changed during 5-HT application. The reduction in evoked response 

magnitude observed in many instances could be attributed to the 

suppressive influence of 5-HT. However, the observed shift in the 

receptive field within visual space, likely involves a more intricate 

reconfiguration of synaptic balances that establish receptive field 

boundaries (11). Serotonin (5-HT) inhibits stimulus-evoked neuronal 

firing in the sensory regions of the cerebral cortex (11, 143, 144), while 

having a lesser impact on the background activity of these neurons. 

Additionally, 5-HT reversibly modifies the receptive fields of visual 

cortical neurons, causing a shift in the visual field towards the temporal 

zone(11). 

Future directions: 

Serotonergic system seems to be one of complicated brain modulatory 

systems. Different kind of serotonin receptors, difference in serotonergic 

neurons properties and non-homogenous projection to different sensory 

areas, are some of the complex aspects of this system. Considering role 

of before mentioned factors in various time points of visual processing in 

a cell-type and layer/area specific manner in multiple aspects of vision are 

necessary. These studies would be possible by more advanced 

neuroscience techniques with micro/nano meter spatial resolution and 

micro/nano second temporal reolution of recording of activities of many 

neurons, in multiple areas of animal brain, in vivo.  

References 

1. Gaspar P, Lillesaar CJPTotRSBBS. (2012). Probing the 

diversity of serotonin neurons. 367(1601):2382-2394. 

2. Hay-Schmidt AJPotRSoLSBBS. (2000). The evolution of the 

serotonergic nervous system. 267(1448):1071-1079. 

3. Peroutka S, Howell TJN. (1994). The molecular evolution of G 

protein-coupled receptors: focus on 5-hydroxytryptamine 

receptors. 33(3-4):319-324. 

4. Cools R, Roberts AC, Robbins TWJTics. (2008). 

Serotoninergic regulation of emotional and behavioural control 

processes. 12(1):31-40. 

5. Luo M, Li Y, Zhong WJNol, memory. (2016). Do dorsal raphe 

5-HT neurons encode “beneficialness”? 135:40-49. 

6. Miyazaki KW, Miyazaki K, Doya KJEJoN. (2011). Activation 

of the central serotonergic system in response to delayed but not 

omitted rewards. 33(1):153-160. 

7. Monti JMJSmr. (2011). Serotonin control of sleep-wake 

behavior. 15(4):269-281. 

8. Eid L, Champigny MF, Parent A, Parent MJEJoN. (2013). 

Quantitative and ultrastructural study of serotonin innervation 

of the globus pallidus in squirrel monkeys. 37(10):1659-1668. 

9. Fuxe K, Agnati LF, Marcoli M, Borroto-Escuela DOJNr. 

(2015). Volume transmission in central dopamine and 

noradrenaline neurons and its astroglial targets. 40:2600-2614. 

10. Phillis J, Tebēcis AJTJoP. (1967). The responses of thalamic 

neurones to iontophoretically applied monoamines. 

192(3):715-745. 

11. Waterhouse BD, Azizi SA, Burne RA, Woodward DJJBr. 

(1990). Modulation of rat cortical area 17 neuronal responses to 

moving visual stimuli during norepinephrine and serotonin 

microiontophoresis. 514(2):276-292. 

12. Seillier L, Lorenz C, Kawaguchi K, Ott T, Nieder A, Pourriahi 

P, et al. (2017). Serotonin decreases the gain of visual responses 

in awake macaque V1. 37(47):11390-11405. 

13. Okaty BW, Commons KG, Dymecki SMJNRN. (2019). 

Embracing diversity in the 5-HT neuronal system. 20(7):397-

424. 

14. Gaudry Q, Kristan Jr WBJNn. (2009).  Behavioral choice by 

presynaptic inhibition of tactile sensory terminals. 

12(11):1450-1457. 

15. Nagata A, Nakayama K, Nakamura S, Mochizuki A, Gemba C, 

Aoki R, et al. (2019). Serotonin1B receptor-mediated 

presynaptic inhibition of proprioceptive sensory inputs to jaw-

closing motoneurons. 149:260-267. 

16. Cheng KY, Frye MAJJoCPA. (2020). Neuromodulation of 

insect motion vision. 206(2):125-137. 

17. Han L, Zhong Y-M, Yang X-LJBrb. (2007). 5-HT2A receptors 

are differentially expressed in bullfrog and rat retinas: a 

comparative study. 73(4-6):273-277. 

18. Pootanakit K, Prior KJ, Hunter DD, Brunken WJJVn. (1999). 

5-HT2a receptors in the rabbit retina: potential presynaptic 

modulators. 16(2):221-230. 

19. Dayan PJN. (2012). Twenty-five lessons from computational 

neuromodulation. 76(1):240-256. 

20. Flavell SW, Gogolla N, Lovett-Barron M, Zelikowsky MJN. 

(2022). The emergence and influence of internal states. 

110(16):2545-2570. 

21. Krueger J, Disney AAJJoCN. (2019). Structure and function of 

dual‐source cholinergic modulation in early vision. 527(3):738-

750. 

22. Lőrincz ML, Adamantidis ARJPin. (2017). Monoaminergic 

control of brain states and sensory processing: existing 

knowledge and recent insights obtained with optogenetics. 

151:237-253. 

23. Marder EJN. (2012). Neuromodulation of neuronal circuits: 

back to the future. 76(1):1-11. 

24. Davis M, Strachan DI, Kass EJS. (1980). Excitatory and 

inhibitory effects of serotonin on sensorimotor reactivity 

measured with acoustic startle. 209(4455):521-523. 

25. Hamanaka Y, Kinoshita M, Homberg U, Arikawa KJPo. 

(2012). Immunocytochemical localization of amines and 

GABA in the optic lobe of the butterfly, Papilio xuthus. 

7(7):e41109. 

26. Homberg U, Hildebrand JJJoCN. (1989). Serotonin 

immunoreactivity in the optic lobes of the sphinx moth 

Manduca sexta and colocalization with FMRFamide and SCPB 

immunoreactivity. 288(2):243-253. 

27. Nässel D, Ohlsson L, Sivasubramanian PJTJocn. (1987). 

Postembryonic differentiation of serotonin-immunoreactive 

neurons in fleshfly optic lobes developing in situ or cultured in 

vivo without eye discs. 255(3):327-340. 

28. Paulk AC, Phillips-Portillo J, Dacks AM, Fellous J-M, 

Gronenberg WJJoN. (2008). The processing of color, motion, 

and stimulus timing are anatomically segregated in the 

bumblebee brain. 28(25):6319-6332. 

29. Schürmann F, Klemm NJJoCN. (1984). Serotonin‐

immunoreactive neurons in the brain of the honeybee. 

225(4):570-580. 

30. Vallés AM, White KJJoCN. (1988). Serotonin‐containing 

neurons in Drosophila melanogaster: Development and 

distribution. 268(3):414-428. 

https://royalsocietypublishing.org/doi/abs/10.1098/rstb.2011.0378
https://royalsocietypublishing.org/doi/abs/10.1098/rstb.2011.0378
https://royalsocietypublishing.org/doi/abs/10.1098/rspb.2000.1111
https://royalsocietypublishing.org/doi/abs/10.1098/rspb.2000.1111
https://www.sciencedirect.com/science/article/pii/0028390894900604
https://www.sciencedirect.com/science/article/pii/0028390894900604
https://www.sciencedirect.com/science/article/pii/0028390894900604
https://www.cell.com/AJHG/fulltext/S1364-6613(07)00305-1
https://www.cell.com/AJHG/fulltext/S1364-6613(07)00305-1
https://www.cell.com/AJHG/fulltext/S1364-6613(07)00305-1
https://www.sciencedirect.com/science/article/pii/S1074742716301514
https://www.sciencedirect.com/science/article/pii/S1074742716301514
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1460-9568.2010.07480.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1460-9568.2010.07480.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1460-9568.2010.07480.x
https://www.sciencedirect.com/science/article/pii/S1087079210001334
https://www.sciencedirect.com/science/article/pii/S1087079210001334
https://onlinelibrary.wiley.com/doi/abs/10.1111/ejn.12164
https://onlinelibrary.wiley.com/doi/abs/10.1111/ejn.12164
https://onlinelibrary.wiley.com/doi/abs/10.1111/ejn.12164
https://link.springer.com/article/10.1007/s11064-015-1574-5
https://link.springer.com/article/10.1007/s11064-015-1574-5
https://link.springer.com/article/10.1007/s11064-015-1574-5
https://physoc.onlinelibrary.wiley.com/doi/abs/10.1113/jphysiol.1967.sp008327
https://physoc.onlinelibrary.wiley.com/doi/abs/10.1113/jphysiol.1967.sp008327
https://physoc.onlinelibrary.wiley.com/doi/abs/10.1113/jphysiol.1967.sp008327
https://www.sciencedirect.com/science/article/pii/000689939091422D
https://www.sciencedirect.com/science/article/pii/000689939091422D
https://www.sciencedirect.com/science/article/pii/000689939091422D
https://www.sciencedirect.com/science/article/pii/000689939091422D
https://www.jneurosci.org/content/37/47/11390?utm_source=TrendMD&utm_medium=cpc&utm_campaign=JNeurosci_TrendMD_1
https://www.jneurosci.org/content/37/47/11390?utm_source=TrendMD&utm_medium=cpc&utm_campaign=JNeurosci_TrendMD_1
https://www.jneurosci.org/content/37/47/11390?utm_source=TrendMD&utm_medium=cpc&utm_campaign=JNeurosci_TrendMD_1
https://www.nature.com/articles/s41583-019-0151-3
https://www.nature.com/articles/s41583-019-0151-3
https://www.nature.com/articles/s41583-019-0151-3
https://www.nature.com/articles/nn.2400
https://www.nature.com/articles/nn.2400
https://www.nature.com/articles/nn.2400
https://www.sciencedirect.com/science/article/pii/S0361923019301169
https://www.sciencedirect.com/science/article/pii/S0361923019301169
https://www.sciencedirect.com/science/article/pii/S0361923019301169
https://www.sciencedirect.com/science/article/pii/S0361923019301169
https://link.springer.com/article/10.1007/s00359-019-01383-9
https://link.springer.com/article/10.1007/s00359-019-01383-9
https://www.sciencedirect.com/science/article/pii/S0361923007001268
https://www.sciencedirect.com/science/article/pii/S0361923007001268
https://www.sciencedirect.com/science/article/pii/S0361923007001268
https://www.cambridge.org/core/journals/visual-neuroscience/article/5ht2a-receptors-in-the-rabbit-retina-potential-presynaptic-modulators/2C989F8F7FDF2A85BBA9DA6832D2F8AA
https://www.cambridge.org/core/journals/visual-neuroscience/article/5ht2a-receptors-in-the-rabbit-retina-potential-presynaptic-modulators/2C989F8F7FDF2A85BBA9DA6832D2F8AA
https://www.cambridge.org/core/journals/visual-neuroscience/article/5ht2a-receptors-in-the-rabbit-retina-potential-presynaptic-modulators/2C989F8F7FDF2A85BBA9DA6832D2F8AA
https://www.cell.com/neuron/fulltext/S0896-6273(12)00862-8
https://www.cell.com/neuron/fulltext/S0896-6273(12)00862-8
https://www.cell.com/neuron/fulltext/S0896-6273(22)00407-X
https://www.cell.com/neuron/fulltext/S0896-6273(22)00407-X
https://www.cell.com/neuron/fulltext/S0896-6273(22)00407-X
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.24590
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.24590
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.24590
https://www.sciencedirect.com/science/article/pii/S030100821630034X
https://www.sciencedirect.com/science/article/pii/S030100821630034X
https://www.sciencedirect.com/science/article/pii/S030100821630034X
https://www.sciencedirect.com/science/article/pii/S030100821630034X
https://www.cell.com/neuron/fulltext/S0896-6273(12)00817-3
https://www.cell.com/neuron/fulltext/S0896-6273(12)00817-3
https://www.science.org/doi/abs/10.1126/science.7394520
https://www.science.org/doi/abs/10.1126/science.7394520
https://www.science.org/doi/abs/10.1126/science.7394520
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0041109
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0041109
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0041109
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0041109
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902880204
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902880204
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902880204
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902880204
https://europepmc.org/article/med/3546409
https://europepmc.org/article/med/3546409
https://europepmc.org/article/med/3546409
https://europepmc.org/article/med/3546409
https://www.jneurosci.org/content/28/25/6319.short
https://www.jneurosci.org/content/28/25/6319.short
https://www.jneurosci.org/content/28/25/6319.short
https://www.jneurosci.org/content/28/25/6319.short
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902250407
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902250407
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902250407
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902680310
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902680310
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.902680310


J. Neuroscience and Neurological Surgery                                                                                                                                                      Copy rights @ Mir-Shahram Safari. 

Auctores Publishing LLC – Volume 14(5)-336 www.auctoresonline.org  
ISSN: 2578-8868   Page 7 of 10 

31. Hurley LM, Thompson AMJJoCN. (2001). Serotonergic 

innervation of the auditory brainstem of the Mexican free‐tailed 

bat, Tadarida brasiliensis. 435(1):78-88. 

32. Keesom SM, Morningstar MD, Sandlain R, Wise BM, Hurley 

LMJBr. (2018). Social isolation reduces serotonergic fiber 

density in the inferior colliculus of female, but not male, mice. 

1694:94-103. 

33. Thompson GC, Thompson AM, Garrett KM, Britton BHJOH, 

Surgery N. (1994). Serotonin and serotonin receptors in the 

central auditory system. 110(1):93-102. 

34. Calizo LH, Akanwa A, Ma X, Pan Y-z, Lemos JC, Craige C, et 

al. (2011). Raphe serotonin neurons are not homogenous: 

electrophysiological, morphological and neurochemical 

evidence. 61(3):524-543. 

35. Fernandez SP, Cauli B, Cabezas C, Muzerelle A, Poncer J-C, 

Gaspar PJBS, et al. (2016). Multiscale single-cell analysis 

reveals unique phenotypes of raphe 5-HT neurons projecting to 

the forebrain. 221:4007-4025. 

36. Huang KW, Ochandarena NE, Philson AC, Hyun M, Birnbaum 

JE, Cicconet M, et al. (2019). Molecular and anatomical 

organization of the dorsal raphe nucleus. 8:e46464. 

37. Ren J, Isakova A, Friedmann D, Zeng J, Grutzner SM, Pun A, 

et al. (2019). Single-cell transcriptomes and whole-brain 

projections of serotonin neurons in the mouse dorsal and 

median raphe nuclei. 8:e49424. 

38. Spaethling JM, Piel D, Dueck H, Buckley PT, Morris JF, Fisher 

SA, et al. (2014). Serotonergic neuron regulation informed by 

in vivo single-cell transcriptomics. 28(2):771. 

39. Templin JS, Bang SJ, Soiza-Reilly M, Berde CB, Commons 

KGJBr. (2012). Patterned expression of ion channel genes in 

mouse dorsal raphe nucleus determined with the Allen Mouse 

Brain Atlas. 1457:1-12. 

40. Muzerelle A, Scotto-Lomassese S, Bernard JF, Soiza-Reilly M, 

Gaspar PJBS, Function. (2016). Conditional anterograde 

tracing reveals distinct targeting of individual serotonin cell 

groups (B5–B9) to the forebrain and brainstem. 221:535-561. 

41. Gilbert CD, Li WJNrn. (2013).Top-down influences on visual 

processing. 14(5):350-363. 

42. McDevitt RA, Tiran-Cappello A, Shen H, Balderas I, Britt JP, 

Marino RA, et al. (2014). Serotonergic versus nonserotonergic 

dorsal raphe projection neurons: differential participation in 

reward circuitry. 8(6):1857-1869. 

43. Sos KE, Mayer MI, Cserép C, Takács FS, Szőnyi A, Freund TF, 

et al. (2017). Cellular architecture and transmitter phenotypes 

of neurons of the mouse median raphe region. 222:287-299. 

44. Nichols DE, Nichols CDJCr. (2008). Serotonin receptors. 

108(5):1614-1641. 

45. Sizemore TR, Hurley LM, Dacks AMJJon. (2020). 

Serotonergic modulation across sensory modalities. 

123(6):2406-2425. 

46. Hornung J-P. (2010). The neuronatomy of the serotonergic 

system.  Handbook of Behavioral Neuroscience. 21: Elsevier; 

p. 51-64. 

47. Descarries L, Riad M, Parent M. (2010). Ultrastructure of the 

serotonin innervation in the mammalian central nervous 

system.  Handbook of behavioral neuroscience. 21: Elsevier; p. 

65-101. 

48. Rice ME, Cragg SJJBrr. (2008). Dopamine spillover after 

quantal release: rethinking dopamine transmission in the 

nigrostriatal pathway. 58(2):303-313. 

49. Sarter M, Parikh V, Howe WMJNRN. (2009) Phasic 

acetylcholine release and the volume transmission hypothesis: 

time to move on. 10(5):383-390. 

50. Fuxe K, Borroto-Escuela DOJNrr. (2016). Volume 

transmission and receptor-receptor interactions in 

heteroreceptor complexes: understanding the role of new 

concepts for brain communication. 11(8):1220-1223. 

51. Sulzer D, Cragg SJ, Rice MEJBg. (2016). Striatal dopamine 

neurotransmission: regulation of release and uptake. 6(3):123-

148. 

52. Mengod G, Cortés R, Vilaró MT, Hoyer D. (2010). Distribution 

of 5-HT receptors in the central nervous system.  Handbook of 

behavioral neuroscience. 21: Elsevier; p. 123-138. 

53. DeFelipe J, Arellano JI, Gómez A, Azmitia EC, Muñoz 

AJJoCN. (2001) Pyramidal cell axons show a local 

specialization for GABA and 5‐HT inputs in monkey and 

human cerebral cortex. 433(1):148-155. 

54. Watakabe A, Komatsu Y, Sadakane O, Shimegi S, Takahata T, 

Higo N, et al. (2009). Enriched expression of serotonin 1B and 

2A receptor genes in macaque visual cortex and their 

bidirectional modulatory effects on neuronal responses. 

19(8):1915-1928. 

55. Rudy B, Fishell G, Lee S, Hjerling‐Leffler JJDn. (2011). Three 

groups of interneurons account for nearly 100% of neocortical 

GABAergic neurons. 71(1):45-61. 

56. Zhang G, Stackman Jr RWJFip. (2015). The role of serotonin 

5-HT2A receptors in memory and cognition. 6:225. 

57. Michaiel AM, Parker PR, Niell CMJCr. (2019). A 

hallucinogenic serotonin-2A receptor agonist reduces visual 

response gain and alters temporal dynamics in mouse V1. 

26(13):3475-3483. e4. 

58. Dyck RH, Cynader MSJPotNAoS. (1993). An interdigitated 

columnar mosaic of cytochrome oxidase, zinc, and 

neurotransmitter-related molecules in cat and monkey visual 

cortex. 90(19):9066-9069. 

59. Jakab RL, Goldman-Rakic PSJPotNAoS. (1998). 5-

Hydroxytryptamine2A serotonin receptors in the primate 

cerebral cortex: possible site of action of hallucinogenic and 

antipsychotic drugs in pyramidal cell apical dendrites. 

95(2):735-740. 

60. Leysen JJCDT-C, Disorders N. (2004). 5-HT2 receptors. 

3(1):11-26. 

61. Riga MS, Bortolozzi A, Campa L, Artigas F, Celada PJN. 

(2016). The serotonergic hallucinogen 5-methoxy-N, N-

dimethyltryptamine disrupts cortical activity in a regionally-

selective manner via 5-HT1A and 5-HT2A receptors. 101:370-

378. 

62. Shukla R, Watakabe A, Yamamori TJFinc. (2014). mRNA 

expression profile of serotonin receptor subtypes and 

distribution of serotonergic terminations in marmoset brain. 

8:52. 

63. Azimi Z, Spoida K, Barzan R, Wollenweber P, Mark MD, 

Herlitze S, et al. (2018). Subtraction and division of visual 

cortical population responses by the serotonergic system. 

444943. 

https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.1194
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.1194
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.1194
https://www.sciencedirect.com/science/article/pii/S0006899318302567
https://www.sciencedirect.com/science/article/pii/S0006899318302567
https://www.sciencedirect.com/science/article/pii/S0006899318302567
https://www.sciencedirect.com/science/article/pii/S0006899318302567
https://aao-hnsfjournals.onlinelibrary.wiley.com/doi/abs/10.1177/019459989411000111
https://aao-hnsfjournals.onlinelibrary.wiley.com/doi/abs/10.1177/019459989411000111
https://aao-hnsfjournals.onlinelibrary.wiley.com/doi/abs/10.1177/019459989411000111
https://www.sciencedirect.com/science/article/pii/S0028390811001535
https://www.sciencedirect.com/science/article/pii/S0028390811001535
https://www.sciencedirect.com/science/article/pii/S0028390811001535
https://www.sciencedirect.com/science/article/pii/S0028390811001535
https://link.springer.com/article/10.1007/s00429-015-1142-4
https://link.springer.com/article/10.1007/s00429-015-1142-4
https://link.springer.com/article/10.1007/s00429-015-1142-4
https://link.springer.com/article/10.1007/s00429-015-1142-4
https://elifesciences.org/articles/46464
https://elifesciences.org/articles/46464
https://elifesciences.org/articles/46464
https://elifesciences.org/articles/49424
https://elifesciences.org/articles/49424
https://elifesciences.org/articles/49424
https://elifesciences.org/articles/49424
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3898651/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3898651/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3898651/
https://www.sciencedirect.com/science/article/pii/S0006899312006233
https://www.sciencedirect.com/science/article/pii/S0006899312006233
https://www.sciencedirect.com/science/article/pii/S0006899312006233
https://www.sciencedirect.com/science/article/pii/S0006899312006233
https://link.springer.com/article/10.1007/s00429-014-0924-4
https://link.springer.com/article/10.1007/s00429-014-0924-4
https://link.springer.com/article/10.1007/s00429-014-0924-4
https://link.springer.com/article/10.1007/s00429-014-0924-4
https://www.nature.com/articles/nrn3476
https://www.nature.com/articles/nrn3476
https://www.cell.com/cell-reports/fulltext/S2211-1247(14)00713-X
https://www.cell.com/cell-reports/fulltext/S2211-1247(14)00713-X
https://www.cell.com/cell-reports/fulltext/S2211-1247(14)00713-X
https://www.cell.com/cell-reports/fulltext/S2211-1247(14)00713-X
https://link.springer.com/article/10.1007/s00429-016-1217-x
https://link.springer.com/article/10.1007/s00429-016-1217-x
https://link.springer.com/article/10.1007/s00429-016-1217-x
https://journals.physiology.org/doi/abs/10.1152/jn.00034.2020
https://journals.physiology.org/doi/abs/10.1152/jn.00034.2020
https://journals.physiology.org/doi/abs/10.1152/jn.00034.2020
https://www.sciencedirect.com/science/article/pii/S1569733910700710
https://www.sciencedirect.com/science/article/pii/S1569733910700710
https://www.sciencedirect.com/science/article/pii/S1569733910700710
https://www.sciencedirect.com/science/article/pii/S1569733910700722
https://www.sciencedirect.com/science/article/pii/S1569733910700722
https://www.sciencedirect.com/science/article/pii/S1569733910700722
https://www.sciencedirect.com/science/article/pii/S1569733910700722
https://www.sciencedirect.com/science/article/pii/S0165017308000246
https://www.sciencedirect.com/science/article/pii/S0165017308000246
https://www.sciencedirect.com/science/article/pii/S0165017308000246
https://www.nature.com/articles/nrn2635
https://www.nature.com/articles/nrn2635
https://www.nature.com/articles/nrn2635
https://journals.lww.com/nrronline/fulltext/2016/11080/volume_transmission_and_receptor_receptor.7.aspx
https://journals.lww.com/nrronline/fulltext/2016/11080/volume_transmission_and_receptor_receptor.7.aspx
https://journals.lww.com/nrronline/fulltext/2016/11080/volume_transmission_and_receptor_receptor.7.aspx
https://journals.lww.com/nrronline/fulltext/2016/11080/volume_transmission_and_receptor_receptor.7.aspx
https://www.sciencedirect.com/science/article/pii/S2210533615300411
https://www.sciencedirect.com/science/article/pii/S2210533615300411
https://www.sciencedirect.com/science/article/pii/S2210533615300411
https://www.sciencedirect.com/science/article/pii/S1569733910700746
https://www.sciencedirect.com/science/article/pii/S1569733910700746
https://www.sciencedirect.com/science/article/pii/S1569733910700746
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.1132
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.1132
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.1132
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.1132
https://academic.oup.com/cercor/article-abstract/19/8/1915/412473
https://academic.oup.com/cercor/article-abstract/19/8/1915/412473
https://academic.oup.com/cercor/article-abstract/19/8/1915/412473
https://academic.oup.com/cercor/article-abstract/19/8/1915/412473
https://academic.oup.com/cercor/article-abstract/19/8/1915/412473
https://onlinelibrary.wiley.com/doi/abs/10.1002/dneu.20853
https://onlinelibrary.wiley.com/doi/abs/10.1002/dneu.20853
https://onlinelibrary.wiley.com/doi/abs/10.1002/dneu.20853
https://www.frontiersin.org/articles/10.3389/fphar.2015.00225/full
https://www.frontiersin.org/articles/10.3389/fphar.2015.00225/full
https://www.cell.com/cell-reports/fulltext/S2211-1247(19)30290-6
https://www.cell.com/cell-reports/fulltext/S2211-1247(19)30290-6
https://www.cell.com/cell-reports/fulltext/S2211-1247(19)30290-6
https://www.cell.com/cell-reports/fulltext/S2211-1247(19)30290-6
https://www.pnas.org/doi/abs/10.1073/pnas.90.19.9066
https://www.pnas.org/doi/abs/10.1073/pnas.90.19.9066
https://www.pnas.org/doi/abs/10.1073/pnas.90.19.9066
https://www.pnas.org/doi/abs/10.1073/pnas.90.19.9066
https://www.pnas.org/doi/abs/10.1073/pnas.95.2.735
https://www.pnas.org/doi/abs/10.1073/pnas.95.2.735
https://www.pnas.org/doi/abs/10.1073/pnas.95.2.735
https://www.pnas.org/doi/abs/10.1073/pnas.95.2.735
https://www.pnas.org/doi/abs/10.1073/pnas.95.2.735
https://www.sciencedirect.com/science/article/pii/S0028390815301398
https://www.sciencedirect.com/science/article/pii/S0028390815301398
https://www.sciencedirect.com/science/article/pii/S0028390815301398
https://www.sciencedirect.com/science/article/pii/S0028390815301398
https://www.sciencedirect.com/science/article/pii/S0028390815301398
https://www.frontiersin.org/articles/10.3389/fncir.2014.00052/full
https://www.frontiersin.org/articles/10.3389/fncir.2014.00052/full
https://www.frontiersin.org/articles/10.3389/fncir.2014.00052/full
https://www.frontiersin.org/articles/10.3389/fncir.2014.00052/full
https://www.biorxiv.org/content/10.1101/444943.abstract
https://www.biorxiv.org/content/10.1101/444943.abstract
https://www.biorxiv.org/content/10.1101/444943.abstract
https://www.biorxiv.org/content/10.1101/444943.abstract


J. Neuroscience and Neurological Surgery                                                                                                                                                      Copy rights @ Mir-Shahram Safari. 

Auctores Publishing LLC – Volume 14(5)-336 www.auctoresonline.org  
ISSN: 2578-8868   Page 8 of 10 

64. Shimegi S, Kimura A, Sato A, Aoyama C, Mizuyama R, 

Tsunoda K, et al. (2016). Cholinergic and serotonergic 

modulation of visual information processing in monkey V1. 

110(1-2):44-51. 

65. Hannon J, Hoyer DJBbr. (2008). Molecular biology of 5-HT 

receptors. 195(1):198-213. 

66. Gellman RL, Aghajanian GKJBr. (1993). Pyramidal cells in 

piriform cortex receive a convergence of inputs from 

monoamine activated GABAergic interneurons. 600(1):63-73. 

67. Wilson NR, Runyan CA, Wang FL, Sur MJN. (2012). Division 

and subtraction by distinct cortical inhibitory networks in vivo. 

488(7411):343-348. 

68. Lee S-H, Kwan AC, Zhang S, Phoumthipphavong V, Flannery 

JG, Masmanidis SC, et al. (2012). Activation of specific 

interneurons improves V1 feature selectivity and visual 

perception. 488(7411):379-383. 

69. Seybold BA, Phillips EA, Schreiner CE, Hasenstaub ARJN. 

(2015). Inhibitory actions unified by network integration. 

87(6):1181-1192. 

70. Puig MV, Gulledge ATJMn. (2011). Serotonin and prefrontal 

cortex function: neurons, networks, and circuits. 44:449-464. 

71. Weber ET, Andrade RJFin. (2010). Htr2a gene and 5-HT2A 

receptor expression in the cerebral cortex studied using 

genetically modified mice. 4:36. 

72. Carandini M, Heeger DJJNrn. (2012). Normalization as a 

canonical neural computation. 13(1):51-62. 

73. Eickelbeck D, Karapinar R, Jack A, Suess ST, Barzan R, Azimi 

Z, et al. (2019). CaMello-XR enables visualization and 

optogenetic control of Gq/11 signals and receptor trafficking in 

GPCR-specific domains. 2(1):60. 

74. Akimova E, Lanzenberger R, Kasper SJBp. (2009). The 

serotonin-1A receptor in anxiety disorders. 66(7):627-635. 

75. Carhart-Harris RL, Muthukumaraswamy S, Roseman L, 

Kaelen M, Droog W, Murphy K, et al. (2016). Neural correlates 

of the LSD experience revealed by multimodal neuroimaging. 

113(17):4853-4858. 

76. Deco G, Cruzat J, Cabral J, Knudsen GM, Carhart-Harris RL, 

Whybrow PC, et al. (2018). Whole-brain multimodal 

neuroimaging model using serotonin receptor maps explains 

non-linear functional effects of LSD. 28(19):3065-3074. e6. 

77. Goldberg HL, Finnerty RJJTAjop. (1979). The comparative 

efficacy of buspirone and diazepam in the treatment of anxiety. 

136(9):1184-1187. 

78. González-Maeso J, Weisstaub NV, Zhou M, Chan P, Ivic L, 

Ang R, et al. (2007). Hallucinogens recruit specific cortical 5-

HT2A receptor-mediated signaling pathways to affect behavior. 

53(3):439-452. 

79. Tauscher J, Bagby RM, Javanmard M, Christensen BK, Kasper 

S, Kapur SJAJoP. (2001). Inverse relationship between 

serotonin 5-HT1A receptor binding and anxiety: a [11C] WAY-

100635 PET investigation in healthy volunteers. 158(8):1326-

1328. 

80. Hurley LM, Pollak GDJJoN. (1999). Serotonin differentially 

modulates responses to tones and frequency-modulated sweeps 

in the inferior colliculus. 19(18):8071-8082. 

81. Waterhouse BD, Moises HC, Woodward DJJBrb. (1986). 

Interaction of serotonin with somatosensory cortical neuronal 

responses to afferent synaptic inputs and putative 

neurotransmitters. 17(4):507-518. 

82. Iwanir S, Brown AS, Nagy S, Najjar D, Kazakov A, Lee KS, et 

al. (2016). Serotonin promotes exploitation in complex 

environments by accelerating decision-making. 14:1-15. 

83. Liu H, Qin L-W, Li R, Zhang C, Al-Sheikh U, Wu Z-

XJPotNAoS. (2019). Reciprocal modulation of 5-HT and 

octopamine regulates pumping via feedforward and feedback 

circuits in C. elegans. 116(14):7107-7012. 

84. Shao J, Zhang X, Cheng H, Yue X, Zou W, Kang LJPA-EJoP. 

(2019). Serotonergic neuron ADF modulates avoidance 

behaviors by inhibiting sensory neurons in C. elegans. 471:357-

363. 

85. Watanabe H, Shimohigashi M, Yokohari FJJoCN. (2014). 

Serotonin‐immunoreactive sensory neurons in the antenna of 

the cockroach Periplaneta americana. 522(2):414-434. 

86. Nielsen K, Brask D, Knudsen GM, Aznar SJS. (2006). 

Immunodetection of the serotonin transporter protein is a more 

valid marker for serotonergic fibers than serotonin. 59(5):270-

276. 

87. Vyas P, Wu JS, Jimenez A, Glowatzki E, Fuchs PAJSr. (2019). 

Characterization of transgenic mouse lines for labeling type I 

and type II afferent neurons in the cochlea. 9(1):5549. 

88. Gaudry QJTYJoB, Medicine. (2018). Focus: Sensory Biology 

and Pain: Serotonergic Modulation of Olfaction in Rodents and 

Insects. 91(1):23. 

89. Hill ES, Iwano M, Gatellier L, Kanzaki R. (2002). Morphology 

and Physiology of the Serotonin-immunoreactive Putative 

Antennal Lobe Feedback Neuron in the Male Silkmoth 

Bombyx mori. Chemical Senses. 27(5):475-483. 

90. Zhang X, Coates K, Dacks A, Gunay C, Scott Lauritzen J, Li F, 

et al. (2019). Regulation of modulatory cell activity across 

olfactory structures in Drosophila melanogaster. 522177. 

91. Zhang X, Gaudry QJE. (2016). Functional integration of a 

serotonergic neuron in the Drosophila antennal lobe. 5:e16836. 

92. Zhao XC, Berg BGJCs. (2009). Morphological and 

physiological characteristics of the serotonin-immunoreactive 

neuron in the antennal lobe of the male oriental tobacco 

budworm, Helicoverpa assulta. 34(5):363-372. 

93. Berck ME, Khandelwal A, Claus L, Hernandez-Nunez L, Si G, 

Tabone CJ, et al. (2016). The wiring diagram of a glomerular 

olfactory system. 5:e14859. 

94. Coates KE, Majot AT, Zhang X, Michael CT, Spitzer SL, 

Gaudry Q, et al. (2017). Identified serotonergic modulatory 

neurons have heterogeneous synaptic connectivity within the 

olfactory system of Drosophila. 37(31):7318-7331. 

95. Sun X, Tolbert L, Hildebrand JJJoCN. (1993). Ramification 

pattern and ultrastructural characteristics of the serotonin‐

immunoreactive neuron in the antennal lobe of the moth 

Manduca sexta: a laser scanning confocal and electron 

microscopic study. 338(1):5-16. 

96. Ogawa SK, Cohen JY, Hwang D, Uchida N, Watabe-Uchida 

MJCr. (2014). Organization of monosynaptic inputs to the 

serotonin and dopamine neuromodulatory systems. 8(4):1105-

1118. 

97. Dorocic IP, Fürth D, Xuan Y, Johansson Y, Pozzi L, Silberberg 

G, et al. (2014). A whole-brain atlas of inputs to serotonergic 

neurons of the dorsal and median raphe nuclei. 83(3):663-678. 

https://www.sciencedirect.com/science/article/pii/S0928425716300043
https://www.sciencedirect.com/science/article/pii/S0928425716300043
https://www.sciencedirect.com/science/article/pii/S0928425716300043
https://www.sciencedirect.com/science/article/pii/S0928425716300043
https://www.sciencedirect.com/science/article/pii/S0166432808001526
https://www.sciencedirect.com/science/article/pii/S0166432808001526
https://www.sciencedirect.com/science/article/pii/0006899393904029
https://www.sciencedirect.com/science/article/pii/0006899393904029
https://www.sciencedirect.com/science/article/pii/0006899393904029
https://www.nature.com/articles/nature11347
https://www.nature.com/articles/nature11347
https://www.nature.com/articles/nature11347
https://www.nature.com/articles/nature11312
https://www.nature.com/articles/nature11312
https://www.nature.com/articles/nature11312
https://www.nature.com/articles/nature11312
https://www.cell.com/neuron/fulltext/S0896-6273(15)00770-9
https://www.cell.com/neuron/fulltext/S0896-6273(15)00770-9
https://www.cell.com/neuron/fulltext/S0896-6273(15)00770-9
https://link.springer.com/article/10.1007/s12035-011-8214-0
https://link.springer.com/article/10.1007/s12035-011-8214-0
https://www.frontiersin.org/articles/10.3389/fnins.2010.00036/full
https://www.frontiersin.org/articles/10.3389/fnins.2010.00036/full
https://www.frontiersin.org/articles/10.3389/fnins.2010.00036/full
https://www.nature.com/articles/nrn3136
https://www.nature.com/articles/nrn3136
https://www.nature.com/articles/s42003-019-0292-y
https://www.nature.com/articles/s42003-019-0292-y
https://www.nature.com/articles/s42003-019-0292-y
https://www.nature.com/articles/s42003-019-0292-y
https://www.sciencedirect.com/science/article/pii/S0006322309003928
https://www.sciencedirect.com/science/article/pii/S0006322309003928
https://www.pnas.org/doi/abs/10.1073/pnas.1518377113
https://www.pnas.org/doi/abs/10.1073/pnas.1518377113
https://www.pnas.org/doi/abs/10.1073/pnas.1518377113
https://www.pnas.org/doi/abs/10.1073/pnas.1518377113
https://www.cell.com/current-biology/fulltext/S0960-9822(18)31045-5
https://www.cell.com/current-biology/fulltext/S0960-9822(18)31045-5
https://www.cell.com/current-biology/fulltext/S0960-9822(18)31045-5
https://www.cell.com/current-biology/fulltext/S0960-9822(18)31045-5
https://europepmc.org/article/med/382878
https://europepmc.org/article/med/382878
https://europepmc.org/article/med/382878
https://www.cell.com/neuron/fulltext/S0896-6273(07)00028-1
https://www.cell.com/neuron/fulltext/S0896-6273(07)00028-1
https://www.cell.com/neuron/fulltext/S0896-6273(07)00028-1
https://www.cell.com/neuron/fulltext/S0896-6273(07)00028-1
https://ajp.psychiatryonline.org/doi/abs/10.1176/appi.ajp.158.8.1326
https://ajp.psychiatryonline.org/doi/abs/10.1176/appi.ajp.158.8.1326
https://ajp.psychiatryonline.org/doi/abs/10.1176/appi.ajp.158.8.1326
https://ajp.psychiatryonline.org/doi/abs/10.1176/appi.ajp.158.8.1326
https://ajp.psychiatryonline.org/doi/abs/10.1176/appi.ajp.158.8.1326
https://www.jneurosci.org/content/19/18/8071.short
https://www.jneurosci.org/content/19/18/8071.short
https://www.jneurosci.org/content/19/18/8071.short
https://www.sciencedirect.com/science/article/pii/0361923086902182
https://www.sciencedirect.com/science/article/pii/0361923086902182
https://www.sciencedirect.com/science/article/pii/0361923086902182
https://www.sciencedirect.com/science/article/pii/0361923086902182
https://link.springer.com/article/10.1186/s12915-016-0232-y
https://link.springer.com/article/10.1186/s12915-016-0232-y
https://link.springer.com/article/10.1186/s12915-016-0232-y
https://www.pnas.org/doi/abs/10.1073/pnas.1819261116
https://www.pnas.org/doi/abs/10.1073/pnas.1819261116
https://www.pnas.org/doi/abs/10.1073/pnas.1819261116
https://www.pnas.org/doi/abs/10.1073/pnas.1819261116
https://link.springer.com/article/10.1007/s00424-018-2202-4
https://link.springer.com/article/10.1007/s00424-018-2202-4
https://link.springer.com/article/10.1007/s00424-018-2202-4
https://link.springer.com/article/10.1007/s00424-018-2202-4
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.23419
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.23419
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.23419
https://onlinelibrary.wiley.com/doi/abs/10.1002/syn.20240
https://onlinelibrary.wiley.com/doi/abs/10.1002/syn.20240
https://onlinelibrary.wiley.com/doi/abs/10.1002/syn.20240
https://onlinelibrary.wiley.com/doi/abs/10.1002/syn.20240
https://www.nature.com/articles/s41598-019-41770-5
https://www.nature.com/articles/s41598-019-41770-5
https://www.nature.com/articles/s41598-019-41770-5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5872637/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5872637/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5872637/
https://academic.oup.com/chemse/article-abstract/27/5/475/309095
https://academic.oup.com/chemse/article-abstract/27/5/475/309095
https://academic.oup.com/chemse/article-abstract/27/5/475/309095
https://academic.oup.com/chemse/article-abstract/27/5/475/309095
https://www.biorxiv.org/content/10.1101/522177.abstract
https://www.biorxiv.org/content/10.1101/522177.abstract
https://www.biorxiv.org/content/10.1101/522177.abstract
https://elifesciences.org/articles/16836
https://elifesciences.org/articles/16836
https://academic.oup.com/chemse/article-abstract/34/5/363/302655
https://academic.oup.com/chemse/article-abstract/34/5/363/302655
https://academic.oup.com/chemse/article-abstract/34/5/363/302655
https://academic.oup.com/chemse/article-abstract/34/5/363/302655
https://elifesciences.org/articles/14859
https://elifesciences.org/articles/14859
https://elifesciences.org/articles/14859
https://www.jneurosci.org/content/37/31/7318.abstract
https://www.jneurosci.org/content/37/31/7318.abstract
https://www.jneurosci.org/content/37/31/7318.abstract
https://www.jneurosci.org/content/37/31/7318.abstract
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.903380103
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.903380103
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.903380103
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.903380103
https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.903380103
https://www.cell.com/cell-reports/fulltext/S2211-1247(14)00526-9
https://www.cell.com/cell-reports/fulltext/S2211-1247(14)00526-9
https://www.cell.com/cell-reports/fulltext/S2211-1247(14)00526-9
https://www.cell.com/cell-reports/fulltext/S2211-1247(14)00526-9
https://www.cell.com/neuron/fulltext/S0896-6273(14)00583-2
https://www.cell.com/neuron/fulltext/S0896-6273(14)00583-2
https://www.cell.com/neuron/fulltext/S0896-6273(14)00583-2


J. Neuroscience and Neurological Surgery                                                                                                                                                      Copy rights @ Mir-Shahram Safari. 

Auctores Publishing LLC – Volume 14(5)-336 www.auctoresonline.org  
ISSN: 2578-8868   Page 9 of 10 

98. Fornal CA, Metzler CW, Marrosu F, Ribiero-do-Valle LE, 

Jacobs BLJBr. (1996). A subgroup of dorsal raphe serotonergic 

neurons in the cat is strongly activated during oral-buccal 

movements. 716(1-2):123-133. 

99. Gao K, Mason PJJoN. (2000). Serotonergic raphe magnus cells 

that respond to noxious tail heat are not ON or OFF cells. 

84(4):1719-1725. 

100. Moriya S, Yamashita A, Nishi R, Ikoma Y, Yamanaka A, 

Kuwaki TJIr. (2019). Acute nociceptive stimuli rapidly induce 

the activity of serotonin and noradrenalin neurons in the brain 

stem of awake mice. 7:1-9. 

101. Rasmussen K, Heym J, Jacobs BLJEn. (1984). Activity of 

serotonin-containing neurons in nucleus centralis superior of 

freely moving cats. 83(2):302-317. 

102. Rasmussen K, Strecker RE, Jacobs BLJBr. (1986). Single unit 

response of noradrenergic, serotonergic and dopaminergic 

neurons in freely moving cats to simple sensory stimuli. 369(1-

2):336-340. 

103. Ranade SP, Mainen ZFJJon. (2009). Transient firing of dorsal 

raphe neurons encodes diverse and specific sensory, motor, and 

reward events. 102(5):3026-3037. 

104. Ren J, Friedmann D, Xiong J, Liu CD, Ferguson BR, 

Weerakkody T, et al. (2018). Anatomically defined and 

functionally distinct dorsal raphe serotonin sub-systems. 

175(2):472-487. e20. 

105. Waterhouse BD, Devilbiss D, Seiple S, Markowitz RJBr. 

(2004). Sensorimotor-related discharge of simultaneously 

recorded, single neurons in the dorsal raphe nucleus of the 

awake, unrestrained rat. 1000(1-2):183-191. 

106. Lizbinski KM, Dacks AMJFicn. (2018). Intrinsic and extrinsic 

neuromodulation of olfactory processing. 11:424. 

107. Haider B, Häusser M, Carandini MJN. (2013). Inhibition 

dominates sensory responses in the awake cortex. 

493(7430):97-100. 

108. Mukaida K, Shichino T, Koyanagi S, Himukashi S, Fukuda 

KJA, Analgesia. (2007). Activity of the serotonergic system 

during isoflurane anesthesia. 104(4):836-839. 

109. Portas CM, Krakow K, Allen P, Josephs O, Armony JL, Frith 

CDJN. (2000). Auditory processing across the sleep-wake 

cycle: simultaneous EEG and fMRI monitoring in humans. 

28(3):991-999. 

110. Azimi Z, Barzan R, Spoida K, Surdin T, Wollenweber P, Mark 

MD, et al. (2020). Separable gain control of ongoing and 

evoked activity in the visual cortex by serotonergic input. 

9:e53552. 

111. Berkes P, Orbán G, Lengyel M, Fiser JJS. (2011). Spontaneous 

cortical activity reveals hallmarks of an optimal internal model 

of the environment. 331(6013):83-87. 

112. Fiser J, Berkes P, Orbán G, Lengyel MJTics. (2010). 

Statistically optimal perception and learning: from behavior to 

neural representations. 14(3):119-130. 

113. Lottem E, Lörincz ML, Mainen ZFJJoN. (2016). Optogenetic 

activation of dorsal raphe serotonin neurons rapidly inhibits 

spontaneous but not odor-evoked activity in olfactory cortex. 

36(1):7-18. 

114. Hurley L, Devilbiss D, Waterhouse BJCoin. (2004). A matter 

of focus: monoaminergic modulation of stimulus coding in 

mammalian sensory networks. 14(4):488-495. 

115. Mooney R, Huang X, Shi M-Y, Bennett-Clarke C, Rhoades 

RJPibr. (1996). Serotonin modulates retinotectal and 

corticotectal convergence in the superior colliculus. 112:57-69. 

116. Petzold GC, Hagiwara A, Murthy VNJNn. (2009). Serotonergic 

modulation of odor input to the mammalian olfactory bulb. 

12(6):784-791. 

117. Salinas E, Thier PJN. (2000). Gain modulation: a major 

computational principle of the central nervous system. 

27(1):15-21. 

118. Cohen JY, Amoroso MW, Uchida NJE. (2015). Serotonergic 

neurons signal reward and punishment on multiple timescales. 

4:e06346. 

119. Jacob SN, Nienborg HJFinc. (2018). Monoaminergic 

neuromodulation of sensory processing. 12:51. 

120. Costa VD, Kakalios LC, Averbeck BBJBn. (2016). Blocking 

serotonin but not dopamine reuptake alters neural processing 

during perceptual decision making. 130(5):461. 

121. Chen C, Regehr WGJJoN. (2003). Presynaptic modulation of 

the retinogeniculate synapse. 23(8):3130-3135. 

122. Seeburg DP, Liu X, Chen CJJoN. (2004). Frequency-dependent 

modulation of retinogeniculate transmission by serotonin. 

24(48):10950-10962. 

123. Pickard GE, Smith BN, Belenky M, Rea MA, Dudek FE, 

Sollars PJJJoN. (1999). 5-HT1B receptor–mediated 

presynaptic inhibition of retinal input to the suprachiasmatic 

nucleus. 19(10):4034-4045. 

124. Smith BN, Sollars PJ, Dudek FE, Pickard GEJJobr. (2001). 

Serotonergic modulation of retinal input to the mouse 

suprachiasmatic nucleus mediated by 5-HT1B and 5-HT7 

receptors. 16(1):25-38. 

125. Fitzgerald KK, Sanes DHJJon. (1999). Serotonergic 

modulation of synapses in the developing gerbil lateral superior 

olive. 81(6):2743-2752. 

126. Filosa A, Barker AJ, Dal Maschio M, Baier HJN. (2016). 

Feeding state modulates behavioral choice and processing of 

prey stimuli in the zebrafish tectum. 90(3):596-608. 

127. Yoshida M, Sasa M, Takaori SJBr. (1984). Serotonin-mediated 

inhibition from dorsal raphe nucleus of neurons in dorsal lateral 

geniculate and thalamic reticular nuclei. 290(1):95-105. 

128. Reggiani JD, Jiang Q, Barbini M, Lutas A, Liang L, Fernando 

J, et al. (2023). Brainstem serotonin neurons selectively gate 

retinal information flow to thalamus. 111(5):711-26. e11. 

129. Mooney RD, Shi MY, Rhoades RWJJoN. (1994). Modulation 

of retinotectal transmission by presynaptic 5-HT1B receptors in 

the superior colliculus of the adult hamster. 72(1):3-13. 

130. Laurent A, Goaillard J-M, Cases O, Lebrand C, Gaspar P, 

Ropert NJJoN. (2002). Activity-dependent presynaptic effect of 

serotonin 1B receptors on the somatosensory thalamocortical 

transmission in neonatal mice. 22(3):886-900. 

131. Araneda R, Andrade RJN. (1991). 5-Hydroxytryptamine2 and 

5-hydroxytryptamine1A receptors mediate opposing responses 

on membrane excitability in rat association cortex. 40(2):399-

412. 

132. Tanaka E, North RAJJon. (1993). Actions of 5-

hydroxytryptamine on neurons of the rat cingulate cortex. 

69(5):1749-1757. 

133. Sheldon PW, Aghajanian GKJS. (1991). Excitatory responses 

to serotonin (5‐HT) in neurons of the rat piriform cortex: 

https://www.sciencedirect.com/science/article/pii/0006899396000066
https://www.sciencedirect.com/science/article/pii/0006899396000066
https://www.sciencedirect.com/science/article/pii/0006899396000066
https://www.sciencedirect.com/science/article/pii/0006899396000066
https://journals.physiology.org/doi/abs/10.1152/jn.2000.84.4.1719
https://journals.physiology.org/doi/abs/10.1152/jn.2000.84.4.1719
https://journals.physiology.org/doi/abs/10.1152/jn.2000.84.4.1719
https://www.sciencedirect.com/science/article/pii/S2451830118300797
https://www.sciencedirect.com/science/article/pii/S2451830118300797
https://www.sciencedirect.com/science/article/pii/S2451830118300797
https://www.sciencedirect.com/science/article/pii/S2451830118300797
https://www.sciencedirect.com/science/article/pii/S0014488684901006
https://www.sciencedirect.com/science/article/pii/S0014488684901006
https://www.sciencedirect.com/science/article/pii/S0014488684901006
https://www.sciencedirect.com/science/article/pii/0006899386905469
https://www.sciencedirect.com/science/article/pii/0006899386905469
https://www.sciencedirect.com/science/article/pii/0006899386905469
https://www.sciencedirect.com/science/article/pii/0006899386905469
https://journals.physiology.org/doi/abs/10.1152/jn.00507.2009
https://journals.physiology.org/doi/abs/10.1152/jn.00507.2009
https://journals.physiology.org/doi/abs/10.1152/jn.00507.2009
https://www.cell.com/cell/fulltext/S0092-8674(18)30971-1
https://www.cell.com/cell/fulltext/S0092-8674(18)30971-1
https://www.cell.com/cell/fulltext/S0092-8674(18)30971-1
https://www.cell.com/cell/fulltext/S0092-8674(18)30971-1
https://www.sciencedirect.com/science/article/pii/S0006899303040174
https://www.sciencedirect.com/science/article/pii/S0006899303040174
https://www.sciencedirect.com/science/article/pii/S0006899303040174
https://www.sciencedirect.com/science/article/pii/S0006899303040174
https://www.frontiersin.org/articles/10.3389/fncel.2017.00424/full
https://www.frontiersin.org/articles/10.3389/fncel.2017.00424/full
https://www.nature.com/articles/nature11665
https://www.nature.com/articles/nature11665
https://www.nature.com/articles/nature11665
https://journals.lww.com/anesthesia-analgesia/fulltext/2007/04000/activity_of_the_serotonergic_system_during.17.aspx
https://journals.lww.com/anesthesia-analgesia/fulltext/2007/04000/activity_of_the_serotonergic_system_during.17.aspx
https://journals.lww.com/anesthesia-analgesia/fulltext/2007/04000/activity_of_the_serotonergic_system_during.17.aspx
https://www.cell.com/neuron/fulltext/S0896-6273(00)00169-0?_returnURL=http://linkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0896627300001690%3Fshowall%3Dtrue&cc=y
https://www.cell.com/neuron/fulltext/S0896-6273(00)00169-0?_returnURL=http://linkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0896627300001690%3Fshowall%3Dtrue&cc=y
https://www.cell.com/neuron/fulltext/S0896-6273(00)00169-0?_returnURL=http://linkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0896627300001690%3Fshowall%3Dtrue&cc=y
https://www.cell.com/neuron/fulltext/S0896-6273(00)00169-0?_returnURL=http://linkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0896627300001690%3Fshowall%3Dtrue&cc=y
https://elifesciences.org/articles/53552
https://elifesciences.org/articles/53552
https://elifesciences.org/articles/53552
https://elifesciences.org/articles/53552
https://www.science.org/doi/abs/10.1126/science.1195870
https://www.science.org/doi/abs/10.1126/science.1195870
https://www.science.org/doi/abs/10.1126/science.1195870
https://www.cell.com/trends/cognitive-sciences/fulltext/S1364-6613(10)00004-5
https://www.cell.com/trends/cognitive-sciences/fulltext/S1364-6613(10)00004-5
https://www.cell.com/trends/cognitive-sciences/fulltext/S1364-6613(10)00004-5
https://www.jneurosci.org/content/36/1/7.short
https://www.jneurosci.org/content/36/1/7.short
https://www.jneurosci.org/content/36/1/7.short
https://www.jneurosci.org/content/36/1/7.short
https://www.sciencedirect.com/science/article/pii/S0959438804000960
https://www.sciencedirect.com/science/article/pii/S0959438804000960
https://www.sciencedirect.com/science/article/pii/S0959438804000960
https://www.sciencedirect.com/science/article/pii/S0079612308633208
https://www.sciencedirect.com/science/article/pii/S0079612308633208
https://www.sciencedirect.com/science/article/pii/S0079612308633208
https://www.nature.com/articles/nn.2335
https://www.nature.com/articles/nn.2335
https://www.nature.com/articles/nn.2335
https://www.cell.com/neuron/fulltext/S0896-6273(00)00004-0
https://www.cell.com/neuron/fulltext/S0896-6273(00)00004-0
https://www.cell.com/neuron/fulltext/S0896-6273(00)00004-0
https://elifesciences.org/articles/6346
https://elifesciences.org/articles/6346
https://elifesciences.org/articles/6346
https://www.frontiersin.org/articles/10.3389/fncir.2018.00051/full
https://www.frontiersin.org/articles/10.3389/fncir.2018.00051/full
https://psycnet.apa.org/record/2016-39042-001
https://psycnet.apa.org/record/2016-39042-001
https://psycnet.apa.org/record/2016-39042-001
https://www.jneurosci.org/content/23/8/3130.short
https://www.jneurosci.org/content/23/8/3130.short
https://www.jneurosci.org/content/24/48/10950.short
https://www.jneurosci.org/content/24/48/10950.short
https://www.jneurosci.org/content/24/48/10950.short
https://www.jneurosci.org/content/19/10/4034.short
https://www.jneurosci.org/content/19/10/4034.short
https://www.jneurosci.org/content/19/10/4034.short
https://www.jneurosci.org/content/19/10/4034.short
https://journals.sagepub.com/doi/abs/10.1177/074873040101600104
https://journals.sagepub.com/doi/abs/10.1177/074873040101600104
https://journals.sagepub.com/doi/abs/10.1177/074873040101600104
https://journals.sagepub.com/doi/abs/10.1177/074873040101600104
https://journals.physiology.org/doi/abs/10.1152/jn.1999.81.6.2743
https://journals.physiology.org/doi/abs/10.1152/jn.1999.81.6.2743
https://journals.physiology.org/doi/abs/10.1152/jn.1999.81.6.2743
https://www.cell.com/neuron/fulltext/S0896-6273(16)30003-4?code=cell-site&_return=
https://www.cell.com/neuron/fulltext/S0896-6273(16)30003-4?code=cell-site&_return=
https://www.cell.com/neuron/fulltext/S0896-6273(16)30003-4?code=cell-site&_return=
https://www.sciencedirect.com/science/article/pii/000689938490739X
https://www.sciencedirect.com/science/article/pii/000689938490739X
https://www.sciencedirect.com/science/article/pii/000689938490739X
https://www.cell.com/neuron/fulltext/S0896-6273(22)01079-0
https://www.cell.com/neuron/fulltext/S0896-6273(22)01079-0
https://www.cell.com/neuron/fulltext/S0896-6273(22)01079-0
https://journals.physiology.org/doi/abs/10.1152/jn.1994.72.1.3
https://journals.physiology.org/doi/abs/10.1152/jn.1994.72.1.3
https://journals.physiology.org/doi/abs/10.1152/jn.1994.72.1.3
https://www.jneurosci.org/content/22/3/886.short
https://www.jneurosci.org/content/22/3/886.short
https://www.jneurosci.org/content/22/3/886.short
https://www.jneurosci.org/content/22/3/886.short
https://www.sciencedirect.com/science/article/pii/030645229190128B
https://www.sciencedirect.com/science/article/pii/030645229190128B
https://www.sciencedirect.com/science/article/pii/030645229190128B
https://www.sciencedirect.com/science/article/pii/030645229190128B
https://journals.physiology.org/doi/abs/10.1152/jn.1993.69.5.1749
https://journals.physiology.org/doi/abs/10.1152/jn.1993.69.5.1749
https://journals.physiology.org/doi/abs/10.1152/jn.1993.69.5.1749
https://onlinelibrary.wiley.com/doi/abs/10.1002/syn.890090307
https://onlinelibrary.wiley.com/doi/abs/10.1002/syn.890090307


J. Neuroscience and Neurological Surgery                                                                                                                                                      Copy rights @ Mir-Shahram Safari. 

Auctores Publishing LLC – Volume 14(5)-336 www.auctoresonline.org  
ISSN: 2578-8868   Page 10 of 10 

Evidence for mediation by 5‐HT1C receptors in pyramidal cells 

and 5‐HT2 receptors in interneurons. 9(3):208-218. 

134. Marek GJ, Aghajanian GKJJoP, Therapeutics E. (1996). LSD 

and the phenethylamine hallucinogen DOI are potent partial 

agonists at 5-HT2A receptors on interneurons in rat piriform 

cortex. 278(3):1373-1382. 

135. Zhou F-M, Hablitz JJJJon. (1999). Activation of serotonin 

receptors modulates synaptic transmission in rat cerebral 

cortex. 82(6):2989-2999. 

136. Celada P, Puig MV, Casanovas JM, Guillazo G, Artigas FJJoN. 

(2001). Control of dorsal raphe serotonergic neurons by the 

medial prefrontal cortex: involvement of serotonin-1A, 

GABAA, and glutamate receptors. 21(24):9917-9929. 

137. Brigman JL, Mathur P, Harvey-White J, Izquierdo A, Saksida 

LM, Bussey TJ, et al. (2010). Pharmacological or genetic 

inactivation of the serotonin transporter improves reversal 

learning in mice. 20(8):1955-1963. 

138. Zhou FC, Lesch K-P, Murphy DLJBr. (2002). Serotonin uptake 

into dopamine neurons via dopamine transporters: a 

compensatory alternative. 942(1-2):109-119. 

139. Goel A, Cantu DA, Guilfoyle J, Chaudhari GR, Newadkar A, 

Todisco B, et al. (2018). Impaired perceptual learning in a 

mouse model of Fragile X syndrome is mediated by 

parvalbumin neuron dysfunction and is reversible. 

21(10):1404-1411. 

140. Kissinger ST, Wu Q, Quinn CJ, Anderson AK, Pak A, 

Chubykin AAJCr. (2020). Visual experience-dependent 

oscillations and underlying circuit connectivity changes are 

impaired in Fmr1 KO mice. 31(1). 

141. Xiang Z, Prince DAJJoN. (2003). Heterogeneous actions of 

serotonin on interneurons in rat visual cortex. 89(3):1278-1287. 

142. Patel AM, Kawaguchi K, Seillier L, Nienborg HJEJoN. (2023). 

Serotonergic modulation of local network processing in V1 

mirrors previously reported signatures of local network 

modulation by spatial attention. 57(8):1368-1382. 

143. Azizi S, Waterhouse B, Burne R, Woodward DJIOVS. (1983). 

Modulatory actions of norepinephrine and serotonin on 

responses of simple and complex cells in rat visual cortex. 

24(228):407-416. 

144. Ferron A, Descarries L, Reader TAJBR. (1982). Altered 

neuronal responsiveness to biogenic amines in rat cerebral 

cortex after serotonin denervation or depletion. 231(1):93-108. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 This work is licensed under Creative    
   Commons Attribution 4.0 License 
 

 

To Submit Your Article Click Here: Submit Manuscript 

DOI:10.31579/2578-8868/336

 

 

 

 

Ready to submit your research? Choose Auctores and benefit from:  
 

➢ fast, convenient online submission 

➢ rigorous peer review by experienced research in your field  

➢ rapid publication on acceptance  

➢ authors retain copyrights 

➢ unique DOI for all articles 

➢ immediate, unrestricted online access 

 

At Auctores, research is always in progress. 

 

Learn more https://auctoresonline.org/journals/neuroscience-and-neurological-

surgery  

https://onlinelibrary.wiley.com/doi/abs/10.1002/syn.890090307
https://onlinelibrary.wiley.com/doi/abs/10.1002/syn.890090307
https://jpet.aspetjournals.org/content/278/3/1373.short
https://jpet.aspetjournals.org/content/278/3/1373.short
https://jpet.aspetjournals.org/content/278/3/1373.short
https://jpet.aspetjournals.org/content/278/3/1373.short
https://journals.physiology.org/doi/abs/10.1152/jn.1999.82.6.2989
https://journals.physiology.org/doi/abs/10.1152/jn.1999.82.6.2989
https://journals.physiology.org/doi/abs/10.1152/jn.1999.82.6.2989
https://www.jneurosci.org/content/21/24/9917.short
https://www.jneurosci.org/content/21/24/9917.short
https://www.jneurosci.org/content/21/24/9917.short
https://www.jneurosci.org/content/21/24/9917.short
https://academic.oup.com/cercor/article-abstract/20/8/1955/405909
https://academic.oup.com/cercor/article-abstract/20/8/1955/405909
https://academic.oup.com/cercor/article-abstract/20/8/1955/405909
https://academic.oup.com/cercor/article-abstract/20/8/1955/405909
https://www.sciencedirect.com/science/article/pii/S0006899302027099
https://www.sciencedirect.com/science/article/pii/S0006899302027099
https://www.sciencedirect.com/science/article/pii/S0006899302027099
https://www.nature.com/articles/s41593-018-0231-0
https://www.nature.com/articles/s41593-018-0231-0
https://www.nature.com/articles/s41593-018-0231-0
https://www.nature.com/articles/s41593-018-0231-0
https://www.nature.com/articles/s41593-018-0231-0
https://www.cell.com/cell-reports/fulltext/S2211-1247(20)30364-8
https://www.cell.com/cell-reports/fulltext/S2211-1247(20)30364-8
https://www.cell.com/cell-reports/fulltext/S2211-1247(20)30364-8
https://www.cell.com/cell-reports/fulltext/S2211-1247(20)30364-8
https://journals.physiology.org/doi/abs/10.1152/jn.00533.2002
https://journals.physiology.org/doi/abs/10.1152/jn.00533.2002
https://onlinelibrary.wiley.com/doi/abs/10.1111/ejn.15953
https://onlinelibrary.wiley.com/doi/abs/10.1111/ejn.15953
https://onlinelibrary.wiley.com/doi/abs/10.1111/ejn.15953
https://onlinelibrary.wiley.com/doi/abs/10.1111/ejn.15953
https://www.sciencedirect.com/science/article/pii/0006899382900105
https://www.sciencedirect.com/science/article/pii/0006899382900105
https://www.sciencedirect.com/science/article/pii/0006899382900105
file:///C:/C/Users/web/AppData/Local/Adobe/InDesign/Version%2010.0/en_US/Caches/InDesign%20ClipboardScrap1.pdf
https://www.auctoresonline.org/submit-manuscript?e=22
https://auctoresonline.org/journals/neuroscience-and-neurological-surgery
https://auctoresonline.org/journals/neuroscience-and-neurological-surgery

