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Abstract 
 

Serotonin most often acts as an inhibitory neurotransmitter which also modulates 

post-synaptic activity within other neurotransmitter systems. Serotonin is synthesized 

from the essential amino acid tryptophan in Raphe complex neurons which innervate 

extensive brain regions including the cerebral cortex, hippocampus, basal ganglia  

and cerebellum. Cognitive information is processed through synaptic connections with 

other regions of the brain, forming neural circuits as well as sub-serving systems that 

influence behavior.  

Previously investigations have concluded that serotonin has a modulatory role in 

neural systems, causing functional activity in the organization of various processes that 

relate to cognitive activity such as learning, memory, maintaining attention and 

behavioral switching. Serotonergic modulatory mechanisms include plastic changes at 

different biological organizational levels ranging from the molecular level, to adaptive 

behavior. Several psychopathological entities are associated with abnormal variations in 

brain serotonin levels.  

However, these involve other neurotransmitter systems such as dopamine, 

norepinephrine or acetylcholine. Therefore, an experimental study of the physiological 

interaction between serotonin and other neurotransmitter systems in normal and atypical 
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cognitive abilities would be crucial for the improvement of therapeutic strategies applied 

to patients showing psychopathologies associated with dysfunctional serotonin 

neurotransmission. 

 

 

Introduction 
 

Cognition allows an individual to process environmental information, both internally, or 

externally, at either cortical or sub-cortical level. Cognitive processes include attention, 

learning, memory and the capacity for problem solving based on making decisions. Language 

represents a crucial link between perceptual schemes and verbal expression of responses to 

the environmental demands. Based on this, language -as a psychoneural quality- could be 

considered an interface between cognitive and instrumental processes. 

Individuals constantly interact with diverse internal and external environmental 

situations. The information is processed by the brain and used with mental reference 

frameworks. These schemes are re-coded by contrasting them to previous experiences and 

analyzing the intrinsic nature of the circumstances from which they are obtained; as a result, a 

series of motor responses are prepared according to those specific environmental situations. 

Motor activity, or conversely, the absence of motor activity, resulting from processing 

information obtained during an interaction between the individual and their environment can 

be defined as ‘behavior’. Thus, behavior would be the series of messages emerging from the 

nervous system in response to environmental input [1]. Brain activity represents the link 

between environmental information and the motor response. Normal psychoneural activity 

leads to adaptation whereas abnormal processing of environmental information produces 

aberrant motor activity observed as abnormal behavior [2].  

Empirical psychobiological studies focusing on the way that contextual information is 

cognitively processed has often involved experimental models which have been based on the 

use of lab animals. However, scientists should be extremely cautious of any conclusions 

obtained from experimental studies of cognitive abilities in animals, by virtue of the obvious 

evolutionary distance between species. Thanks to this methodological approach, the 

relationship between the wide variety of variables related to both normal and abnormal brain 

activity has been discovered, even though we are far from a complete understanding of this 

complex situation. Cognitive skills such as attention, learning and memory allow the 

individual to perceive, acquire, analyze, contrast and integrate to previous reference schemes 

the environment-proceeding information necessary for resolving a specific problem. Affective 

as well as instrumental abilities such as motor behavior and speech combine with cognitive 

skills to strengthen the individual’s ability to adapt to their environment. They cooperatively 

participate in both comprehension of the surrounding and integration of adequate behavioral 

responses to environmental demands through balanced activation of diverse brain 

neurotransmitter systems, along with other neurobiological events. An imbalance of these 

systems could produce cognitive disorders that would, in turn, impair the ability to adapt to 

situations. In this context, serotonin (5-HT) is a biogenic amine showing both 

neurotransmitter and neuromodulatory activity in numerous regions of a mammals’ central 

nervous system related to cognition. Serotonin exerts its postsynaptic effects by activation of 

a wide variety of 5-HT receptors grouped into seven families and sub-families. Synaptic 

activation of specific classes of 5-HT receptors located on neurons pertaining to 
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circumscribed neural regions and /or nuclei has specific effects on the psychobiological 

organization of acquisition, consolidation, retention and retrieval of mnemonic traces. Since 

memory is referenced as a cognitive process whose psychobiological organization depends on 

the type of information acquired during the learning process, the environmental context in 

which the information surges as well as the time during which the information is retained, the 

differential involvement of 5-HT receptors underscores the great variety of behavioral effects 

mediated by serotonergic synaptic activity. 

Based on this and on the fact that serotonin often exerts its effects in close association 

with other neurotransmitter systems, cause-and-effect relationships between serotonin activity 

and behavioral performance is relatively difficult to establish. As a result of this, it is crucial 

to carefully design correlative experimental studies in order to clarify serotonin involvement 

in cognition-related behavior.  

 

 

Cognitive Abilities 
 

Several neuropsychological processes such as attention, learning and memory are often 

categorized as cognitive skills. They are theoretical constructs referring to the psychoneural 

processes in which the individual is able to “extract” the physical characteristics forming both 

their internal and external environment.  

As a very simplified neural processing route of contextual information and behavioral 

response necessary for adaptation to the environment, it can be concluded that both general 

and special somatic sensation-related organs receive internal and external stimulation from 

context, leading to perceptual schemes codified in associative cortical areas of the brain. 

These recently interpreted schemes are then compared and contrasted with previously 

consolidated references, leading to configuration of behavioral responses, ideally according to 

environmental demands. 

 

 

Attention 
 

Attention focused processes define an organism’s receptivity to internal or external 

excitation which is mediated by various stimuli, causing probable engagements with stimuli 

based on their significance.  

This implies that an organism must have the ability to selectively enhance the detection 

of, and response to, certain stimuli at the expense of others. This may occur in one of two 

forms: enhanced responses are caused by a previously determined expectation defining which 

stimuli will be important, or the physical properties of an intrinsically salient stimulus which 

in itself, directs an animal’s attention. In both attentive processes the cerebral cortex is 

preponderant [3] and in particular, neural activity in the prefrontal cortex is significant and 

directly involved [4-5]. 

Although attention is often considered as a cognitive function, it could also be thought of 

as a neuropsychological pre-requisite underpinning the organization of other cognitive 

processes such as learning and memory [6]. Psychoneural mechanisms forming part of the 

attention process select and integrate incoming sensory information which is considered 
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essential for effective remembering and learning. There are three sequential processes needed 

in order for attention to be maintained: 

 

1) Selection of pertinent information; 

2) Vigilance for attentional persistence during the time needed, and;  

3) Inhibitory control of concurrent activities or information [7].  

 

If psychological or neural processing of attention-related information is impaired then 

inattention, distractibility, memory impairment, confusion, perseveration or disinhibition of 

control mechanisms can occur [6].  

 

 

Learning and Memory 
 

Learning may be defined as the capacity to acquire information from internal and/or 

external environments which can potentially alter behavioral responses. Considering this, 

memory could be a process by which information acquired during learning is stored and 

retrieved at a later point [8]. A mnemonic trace involves three basic stages:  

 

1) Acquisition of information;  

2) Consolidation of acquired information; and  

3) Storage of information.  

 

Environmental context information is incorporated into a type of elementary cerebral 

‘buffer’ through sensory organs until it reaches the primary cortex (visual, auditory, etc.) [9]. 

This information is then structured into generally referenced schematic representations in 

order to ultimately create an “information archive” through mnemonic traces that are stable 

for a specific period of time. This implies that learning cannot be considered -or studied- as 

an isolated process. In fact, learning becomes apparent after evidence of motor actions which 

can demonstrate the ability to recover previously learned information. Therefore it is possible 

to assume that the learning-and-memory process consists of the capacity to acquire, encode, 

store, maintain and recover information coming from an individual’s surroundings, starting 

from an interactive relationship between the individual and their internal / external 

environment [1]. Scientific understanding of the psychoneural processes that form the basis of 

learning or memory needs to be enhanced by designing and conducting appropriate 

correlative behavioral studies. 

The learning-based memory process has been classified as explicit, declarative or 

conscious, and implicit, non-declarative or unconscious [8]. 

Explicit memory refers to events (episodic memory), facts or isolated data (semantic 

memory). It includes conscious associative conditioning and spatial learning, and there is 

evidence that both cerebral cortex and the hippocampal formation are significantly involved 

in the organization of explicit memory. 

Information storage relating to implicit memory is unconscious, but its recall can be 

either conscious or unconscious. Consciously -but not unconsciously- evoking information 

coming from the unconsciously-formed implicit memory is involved in operant conditioning 

tasks. Neural systems implicated in its organization include the prefrontal cortex, the nucleus 
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accumbens and the amygdala. On the other hand, unconsciously-evoked implicit memories 

such as habituation, dishabituation and sensitization are included with non-associative 

learning; in these types of implicit memories, the participation of reflex pathways is 

preponderant.  

Simple classical conditioning, a type of associative learning, is also included in the 

unconsciously-evoked implicit memory, and some sensory thalamic nuclei, the amygdala 

(involved in emotive and motivational content) and some cerebellar regions involved in motor 

control are strongly related to its organization. Another type of implicit memory, procedural 

memory, involves the capacity to acquire habits and motor skills and repetition tends to 

increase the dexterity of their execution; the corpus striatum, cerebellum, thalamus and motor 

cortex are involved in this process. 

Furthermore, phyletic memory refers to patterns of perceptual references inherited during 

the evolutionary process of primary sensory and motor cortical areas of the brain, which are 

evoked by specific stimuli or by the ‘need to act’. Finally, perceptual memory is another form 

of implicit non-declarative memory that is unconsciously activated, referring to the 

neocortical representation of events, objects, people, animals, facts, names and concepts, 

ranging from basic sensations to the formation of abstract concepts [1]. 

According to Squire [10], only the declarative and explicit memories have a temporal 

dimension. Based on this, declarative memory is distinguished as long-term and short-term 

memory, in accordance with the time over which information is stored, until it is recovered 

and recalled at a later date [11]. 

In comparative terms, long-term memory is more stable and the information can be 

maintained for hours, days or even years. In contrast, short-term memory is self-storage of 

information that provides continuity between our immediate past and our present situation, 

allowing us to plan for the immediate future. The short-term memory storage capacity is 

limited, so it can only temporarily store a small amount of information and recent memories 

can be easily altered by further experiences. In addition, we use short-term memory to verify 

the memories of recent past experiences which allow us to recall information that is useful to 

perform a given task in the short term. Finally, as a kind of conscious declarative memory, 

short-term memory requires free associations between stimulus and response. 

As a specialized form of short-term memory, working memory (or active short-term 

memory) refers to - in addition to the previously mentioned characteristics for short-term 

memory - the actualization of pieces of information that are specifically necessary during the 

completion of a specified task in the short term. Working memory involves a process of 

"active" storage, whereby the neural system reads information from the area where it is stored 

and then brings it back, causing trace memory to be continuously updated which allows 

individuals to use appropriate, and ignore irrelevant, information at any specific moment in 

time [12].  

The working memory psychoneural dynamic is maintained by dynamic networks 

between prefrontocortical neurons termed as ‘memory fields’; these are alternating, 

temporally reverberant and remain active and stable until the behavioral action is executed 

[13]. Supporting the idea that explicit memory is conscious, evoking memories and executing 

motor actions leading to task executions related to working memory (also called operant 

memory) requires the fully conscious processing of the information [8]. 
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Serotonin in the Brain 
 

Extensive areas of the central nervous system receive serotonergic fibers arising from cell 

bodies of the B1-B9 cell groups located in the caudal medulla oblongata to midbrain [14]. 

Serotonergic neurons from the dorsal (B6-B7 cell groups), median (B8 cell group) and 

supralemniscal (B9) raphe nuclei send dense innervations to prefrontal cortex [15], while both 

dorsal and median raphe nuclei do the same to the hippocampus [16-17]. With reference to 

the role of serotonin innervation to the cerebral cortex, in particular, the innervation of the 

dorsal raphe seems to be more closely related with the coordinated excitability of functionally 

related cortical areas, whilst the innervation of the medial raphe probably exerts a global 

influence over cortical activity due to its widespread innervation patterns [18]. In fact, based 

on its wide distribution throughout the cerebral cortex (including the hippocampus), serotonin 

activity is highly involved in the organization of several cognitive abilities.  

 

 

Serotonin Receptors 
 

Serotonin exerts a wide range of effects on cognition-related functions due in part, to its 

postsynaptic activity on a wide range of serotonin receptors. These have been classified into 

at least seven classes [1-19] and furthermore, can be subdivided into subclasses based on their 

pharmacological profiles, cDNA-deduced primary sequences and signal transduction 

mechanisms. Considering this, serotonergic nerve terminals may have excitatory, inhibitory 

or modulatory effects depending on the postsynaptic receptor which has been stimulated [19]. 

In addition, the presynaptic terminals that release serotonin do so both within the synaptic 

cleft and also as free terminals [20]. Specifically, 28% of the serotonergic terminals afferent 

to the prefrontal cortex establish synaptic contacts predominantly with dendritic spines and 

with dendritic shafts, while the remainder are made up of free terminals [21].  

With the exception of the ionotropic 5-HT3 receptor, all other 5-HT receptors are  

G-protein coupled metabotropic receptors [22]. The 5-HT1 receptor consists of five subtypes 

(5-HT1A-B-D-E-F) while 5-HT2 has three subtypes (5-HT2A-B-C). The 5-HT3 receptor has two 

subtypes (5-HT3A-B) and the 5-HT5 receptor may be of two subtypes too: 5-HT5A and 5-HT5B. 

The 5-HT4, 5-HT6 and 5-HT7 classes currently have one subtype each [23-25]. 

All 5-HT receptor subtypes are localized at postsynaptic sites on 5-HT target cells. In 

addition, the 5-HT1A and 5-HT1B subtypes are also located presynaptically on 5-HT neurons. 

The 5-HT1A receptor is located on the soma and dendrites of 5-HT neurons, which is 

considered to be an autoreceptor. Stimulation of the 5-HT1A autoreceptor inhibits the firing 

rate of serotonergic neurons, whereas activation of the postsynaptic receptor induces 

inhibitory responses on target structures [26-27]. 5-HT1A receptors have a significant presence 

in the cerebral cortex and the hippocampus where they are predominantly found in pyramidal 

cells [28]. In addition, prefrontal cortex 5-HT1A receptors are highly co-localized with 5-HT2A 

receptors [29-30]. As well as the cerebral cortex and hippocampus, the hypothalamus, septal 

nuclei and some amygdaloid and raphe nuclei also exhibit high densities of 5-HT1A receptors 

[31-34]. In the raphe nuclei, 5-HT1A receptors are located on 5-HT cell bodies and dendrites 

where they function as autoreceptors. In addition, the 5-HT1B receptors express 

presynaptically on 5-HT nerve terminals where they serve to regulate the release of 5-HT  
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[22, 24, 28]. 5-HT1B receptors are located both on presynaptic terminals (autoreceptors)  

and postsynaptically (heteroreceptors) relative to the 5-HT neurons. Autoreceptors control  

the release of 5-HT, while heteroreceptors control the release of non-5-HT neurotransmitters 

[35-36]. The 5-HT1B receptor modulates the synaptic release of 5-HT and other 

neurotransmitters, including acetylcholine, noradrenaline, GABA and glutamate. 5-HT1B 

receptors are widely distributed throughout the central nervous system; they are present in the 

cerebral cortex and several regions of the limbic system, including the amygdala, lateral 

septal nucleus and hippocampus. In addition, 5-HT1B receptors are abundant in the basal 

ganglia, hypothalamus, thalamus, substantia nigra, ventral tegmental area, locus coeruleus 

and the dorsal raphe nucleus [37-40]. 5-HT1D receptors seem to be co-localized with 5-HT1B 

receptors, although they are found in reduced densities [41]. The mRNA for the 5-HT1E 

receptor subtype is present in the caudate, the putamen and the amygdala as well as cortical 

areas, likewise the mRNA for the 5-HT1F receptor subtype has been detected in the 

hippocampus as well as in cortical areas [37]. 

5-HT2 subfamily receptors (5-HT2A, 5-HT2B and 5-HT2C) form a subgroup of 

postsynaptic G-protein-coupled receptors predominantly located on proximal and distal 

dendritic shafts [22, 42-43]. Both 5-HT2A and 5-HT2C receptors have been found in the 

cerebral cortex and hippocampus. Besides this, they are also present in septal nuclei, 

amygdala, the Broca diagonal band nucleus, bed nucleus of the stria terminalis, ventral 

pallidum, nucleus accumbens, caudate-putamen, thalamus, several hypothalamic nuclei, 

substantia nigra, the ventral tegmental area, ventral periaqueductal gray matter and dorsal and 

median raphe nuclei as well as the locus coeruleus [44-48].  

The 5-HT3 receptor is present in cortical and subcortical structures such as the 

hippocampus, amygdala, lateral septal nucleus, nucleus accumbens, caudate-putamen, ventral 

tegmental area, ventral periaqueductal gray matter and the dorsal raphe nucleus [49-51].  

5-HT3 receptors were found to be mainly expressed on GABA-containing cells in the rat 

neocortex, hippocampus, olfactory cortex and amygdala, which also often contains 

cholecystokinin [51-52], suggesting the participation of 5-HT3 receptors in the excitation of 

inhibitory neurons in these brain regions [19] which would be in agreement with the fact that 

5-HT3 is an ion channel-coupled receptor [22]. 

Among other cerebral structures, the highest densities of the 5-HT4 receptor within the 

CNS are located in limbic regions related to cognitive functions, including the hippocampus 

[53-55]. 

5-HT5 receptors are classified as 5-HT5A and 5-HT5B subtypes. The 5-HT5A receptor has 

been identified in the mice, rats and humans [22, 24] while the 5-HT5B receptor is also 

expressed in mice and rats, but not in humans [56]. The 5-HT5A receptor has been identified 

in the Onuf nucleus [57], suprachiasmatic nucleus, hippocampus and cerebral cortex [58-59]. 

The highest levels of 5-HT6 receptors are found in the striatum, olfactory tubercle, 

nucleus accumbens and subfields of the hippocampus, and lesser expression is detected in the 

cerebral cortex [60-62]. Activation of hippocampal [63] or striatal [64] 5-HT6 receptors 

facilitates GABAergic neurotransmission, leading to varying effects on memory performance 

[65]. High levels of 5-HT7 mRNA have been detected in the brainstem and the hippocampus, 

and lower levels in the cerebral cortex, striatum, olfactory bulb and olfactory tubercle  

[62, 66]. Particularly, 5-HT7 receptor activity has been shown to be highly involved in 

working [67] and spatial reference [68] memory performance. 
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Serotonin and Cognition 
 

Serotonin activity has been implicated in diverse psychoneural processes including motor 

function, motivation, timing behavior, behavioral inhibition and response to stress [69-71], as 

well as learning and memory [1, 72]. Several reported correlative studies over recent decades 

have led to the general notion that reduction of serotonin activity in adult rodents increases or 

facilitates the acquisition and / or retention of information, whereas manipulations that 

increase the serotonergic function produce deficiencies in learning and memory [16, 69,  

73-77]. However, some studies have shown that decreases in serotonergic activity may indeed 

impair learning-and-memory-related performance in several behavioral paradigms [78-80]. In 

this sense, the detrimental effects on behavior caused by serotonin depletion have been shown 

to be more associated with short-term memory than with long-term memory [81], although it 

has also been reported that tryptophan restriction impairs long-term memory consolidation 

[82]. This would agree with later findings that serotonin activity could be more related with 

the information encoding phase as opposed to recall [83]. Together, these findings suggest 

that information inherent to both long- and short-term memory is independently processed 

[84]. Overall, the apparent contradictory role of serotonin on learning and memory could be 

due to neurobiological or methodological factors. Serotonin exerts its neurotransmitter effects 

on diverse 5-HT receptors located in a wide variety of brain regions which are integrated in 

complex neural circuits and systems. On the other hand, the specific apparatus used and the 

behavioral paradigm selected, among other methodological factors, determine the animal’s 

behavioral performance. Thus, such “contradictory” results may be more related to our lack 

of evidence as to how to interpret experimental findings, rather than to real contradictions 

which, in fact, must be clarified with additional studies. 

 

 

Serotonin and Learning-and-Memory 
 

Several experimental models have been designed to investigate the involvement of 

serotonin in learning and the different modalities of memory. These include some models 

based on manipulation of 5-HT receptor activity, the reduction of serotonin synthesis by 

tryptophan restriction, or pharmacological lesion of serotonergic nuclei and pathways. 

As to manipulation of serotonin receptors, a growing body of evidence points to 

involvement of the different 5-HT receptor classes and sub-classes in the cerebral 

organization of different types of learning and memory. 5-HT1A receptors have been shown to 

be involved in spatial working memory, a type of explicit short-term memory. Both systemic 

[85-86] and local administration of 8-OH-DPAT - a 5-HT1A receptor agonist - lead to 

impairment of spatial working memory in the eight-arm radial maze. This effect was 

prevented by infusing the 5-HT1A antagonist NAN-190 or WAY-100635 [87]. On the other 

hand, spatial reference memory, an explicit type of memory evaluated in the Morris water 

maze, was impaired after systemic administration of 8-OH-DPAT. In agreement, such 

impairment was prevented by blocking the 5-HT1A receptor with the antagonist NAD-299 

[88]. Both cholinergic and GABAergic as well as glutamatergic neurotransmission are 

influenced by 5-HT activity on 5-HT1A receptors in several cognition-related brain regions 

such as raphe complex, amygdale, septum, hippocampus and cerebral cortex [89]. For 
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instance, it has been reported that blockade of 5-HT1A receptors produces a pro-cognitive 

effect by facilitating glutamatergic neurotransmission [90], which is in agreement with 

findings in humans showing that 5-HT1A receptor activation has negative effects on explicit 

verbal (semantic) memory [91]. On the other hand, some authors have shown that 5-HT 

interacts with other neurotransmitter systems, such as the dopaminergic system, to regulate 

memory performance. In this sense, striatal serotonin depletion produces a dopamine  

(DA)-dependent facilitation of egocentric learning, which depends on the own movement to 

find a non-visible place or object in space [92]. Altogether, the evidence strongly suggests 

that the cognitive alterations associated to 5-HT1A receptor activity could result from their 

actions on other neurotransmitter systems.  

5-HT1B, 5-HT1D, 5-HT2A, 5-HT2B and 5-HT2C receptors have been most specifically 

related to the acquisition and consolidation of learning [93]. It has been reported that 

blockade of 5-HT2 receptors produces retrograde amnesia in rats, affecting the consolidation 

of memory [94]. 

5-HT3 receptors are the only 5-HT receptor coupled to ion channels [95]. The 5-HT3 

receptor modulates both cholinergic and glutamatergic system activity in amygdala, 

hippocampus and entorhinal cortex [89], affecting learning and memory [96]. 5-HT3 receptor 

activity ameliorates the cognitive deficits caused by acetylcholine depletion [97]. 

Passive avoidance, a type of implicit memory, is partially modulated by 5-HT4 receptor 

activity. Pre-testing stimulation of 5-HT4 receptors with the agonist SL650155 led to a better 

passive avoidance response in mice. Moreover, this agonist was able to reverse the amnesic 

effects of galanin [98] which, when administered in the lateral ventricles, inhibits 

acetylcholine release and produces deficits in learning and memory [99].  

In accordance, 5-HT4 receptor antagonists produce amnesic effects in mice trained in a 

passive avoidance paradigm, and this effect is prevented by 5-HT4 receptors agonists [100]. 

Likewise passive avoidance, autoshaping is a modality of behavioral conditioning. Recent 

evidence has shown that autoshaping is also facilitated by 5-HT4 receptor activity in both 

short-term and long-term behavioral paradigms [101]. 

Serotonin is synthesized from tryptophan obtained through diet. Tryptophan restriction in 

the diet has been reported to improve short-term memory in rats tested in the Biel maze. The 

Biel maze paradigm consisted of a route to be traveled in five trials, in the presence of fixed 

objects in an external environment. The route to be traveled in each trial included two turns to 

the right and four turns to the left, in a constant egocentric order. The solution to this maze 

paradigm implied the ability to learn to turn to the left or to the right in the correct sequence 

avoiding turning into the “closed” side at each turning point. The tryptophan-restricted 

animals were more efficient than the controls; that is to say, the number of errors was reduced 

during the maze trials in the course of the five experiments [102]. The dorsolateral portion of 

the human and non-human primate prefrontal cerebral cortex is involved in processing short-

term memory [103]. The dorsomedial prefrontal cerebral cortex of a rat is considered to be 

the homologous area to the dorsolateral prefrontal cerebral cortex of primates [104] and, 

accordingly, involvement of the rat’s medial prefrontal cerebral cortex in the egocentric [105] 

short-term memory is well documented. Additional behavioral studies conducted in the same 

Biel maze-based paradigm have shown that a 5,7-dihydroxytryptamine-mediated 

pharmacological lesion to the anteroventral region of the dorsal raphe nucleus -which 

innervates the prefrontal cortex in rats [106]-, has also improved learning in the Biel maze 

[77]. These findings suggest that low serotonin levels in the prefrontal cortex are associated 
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with highly effective short-term memory performance [1]. However, as the Biel maze is 

based on several turns to the left or right, the high behavioral efficiency seen both in 

tryptophan-restricted and pharmacologically lesioned animals would be supported in part by 

the ability to alternate spontaneously. Previous studies have shown that the percentage of 

spontaneous alternation was higher in animals fed with a tryptophan-restricted diet, when 

evaluated in an egocentric strategy-based version of the T-maze [74]. The T-maze has been 

commonly used in experimental studies relating serotonin system activity and obsessive-

compulsive disorders [107-109]. A close relationship between serotonin system dysfunctions 

underlying obsessive-compulsive disorder and short-term memory impairments has been 

recently reported [110]. It is known that serotonergic fibers establish direct presynaptic 

contacts with cholinergic terminals [111-112] and that the former have inhibiting and 

facilitating effects over the latter, both in the hippocampus and in the frontal cerebral cortex 

[20, 113].  

On the other hand, it is well known that excitatory cholinergic activity has a suppressing 

effect on useless motor actions [114-115]. Based on these findings, serotonergic input lesions 

in prefrontal cortex could lead to down-modulation of excitatory cholinergic activity leading 

in turn to favor spontaneous alternation-related behavioral performance. However, these 

effects should be investigated in the light of activity of the different 5-HT receptors. In the 

prefrontal cortex, 5-HT1A and 5-HT2A receptors are expressed in high density [116-117] and it 

has been shown that these two sub-groups have an abundance of 5-HT receptors in the 

prefrontal cortex. 5-HT1A receptors are inhibitory whereas the 5-HT2A receptors are excitatory 

[48, 117]. Agonistic stimulation on 5-HT1A receptors led to perseveration in rats [118-119]. 

Based in a similar scheme of 5,7-dihydroxytryptamine-mediated prefrontal serotonergic 

denervation like that used to evaluate short-term memory [77, 102], the density and 

expression levels of 5-HT2A receptors were evaluated, and an increase in the number of 

receptors and 5-HT2A receptor mRNA resulted and may be an adaptive plastic change,  

i.e., denervation-mediated hypersensitivity [120]. This effect would help to elucidate the 

unclear role of the 5-HT2A receptor at least at the prefrontal level and in its relationship with 

short-term (active) memory [121], as the 5-HT2A receptor has been closely related to visual 

recognition memory and the ability to plan in schizophrenic patients [122].  

Thus, serotonin activity may cause variable effects on exploratory behavior underlying 

the learning / memory-based adaptive capability, depending on the 5-HT receptor stimulated, 

on the behavioral paradigm utilized [107] and even if 5-HT receptor expression is affected by 

different gene polymorphisms in healthy subjects or schizophrenic patients [123]. 

Serotonergic fibers innervate all prefrontocortical layers, although serotonergic 

innervation is particularly dense in layers 1 and 4. In layers 1, 3 and 5, only 23% of terminals 

form synapses, establishing excitatory contacts with the dendritic shaft of interneurons; a 

small proportion (8%) of these later establish excitatory synapses with the dendritic shaft of 

pyramidal neurons [21]. This strongly suggests that variations in serotonin activity could lead 

to modifications in dendritic spine-mediated processing of cognitive-related afferent 

information to postsynaptic neurons. Based on this, an additional approach to the knowledge 

regarding psychobiological events involving serotonin activity in learning / memory 

processes, a cytoachitectonic study, was conducted on the three-layer pyramidal neurons of 

the dorsomedial prefrontal cortex of rats subjected to either tryptophan restriction or 

pharmacologically lesioned afterwards. In both cases, the rats were subjected to the Biel maze 

challenge. Tryptophan restriction led to reduced dendritic arborization and to increased 
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dendritic spine density in third-layer pyramidal neurons [124]. Corroborative studies based on 

prefrontal serotonergic denervation showed dendritic shortening and a greater number of 

spines in both the proximal segment of the apical dendrite and in the oblique and basilar 

dendrites of pyramidal neurons of rats selected to solve the Biel maze. In addition, the 

number of thin spines in both apical oblique dendrites and basal dendrites was higher, as well 

as the number of stubby spines in the proximal segment of the apical dendrite. Electrical spine 

resistance to transmit the synaptic impulse modulates the excitatory information afferent to 

the postsynaptic element [125-126]. In this sense, modifications in the spine shape would 

result in significant changes to the post-synaptic potential, the postsynaptic cell excitability 

and ultimately, to the mnemonic information coming from the corresponding afferent 

systems. Long, thin spines with a small head require a smaller presynaptic stimulus to reach 

the threshold faster than a spine with a shorter neck and a larger head or, even a small spine 

with a thicker neck [for review, see 127]. In addition, thin spines have been recognized as 

those more closely related with the acquisition of information, that is, learning [128-130]. On 

the other hand, stubby spines offer no resistance to current flow to the same extent as thin 

spines, because their neck diameter is larger than their length. The greater quantity of thin 

spines observed in the basilar dendrites and the larger number of thin spines in the oblique 

dendrite suggests an enhancement in neuron excitability. If true, the greater density of stubby 

spines seen on the proximal third of the apical dendrite to the soma could be considered as a 

compensatory plastic response tending to regulate neuron hyperexcitability. This could be 

supported by the fact that a pyramidal neuron apical dendrite is chiefly involved in the 

regulation of the cortical excitability threshold [131], and that inhibitory synaptic contacts are 

preferentially located on the dendritic shaft close to the neuronal soma [132]. The increase in 

the density of dendritic spines observed after prefrontal serotonin denervation could imply an 

increase in the reception of presynaptic excitatory stimulation. Furthermore, while afferents 

are more concentrated in confined dendritic regions, the response of the neuron is greater 

[133]. Therefore, the increased spine density, together with a reduction in observed dendritic 

length observed after serotonin depletion suggests possible alterations in the neuron firing 

pattern. In addition, if a neuron undergoes a rearrangement of its general cytoarchitecture, 

including modifications in the number and shape of spines and especially those found in 

larger numbers as thin spines, then its bioelectrical properties may be modified. 

Consequently, the information they put together would be abnormally processed and 

transmitted. Accordingly, further electrophysiological studies were conducted in serotonin 

depleted animals at the prefrontal level and these animals were challenged to resolve the Biel 

maze. The multiunit activity was greater in the final arm of the maze [134]. The predominant 

effect of 5HT in the prefrontal cortex is inhibitory [135] and in agreement with this, serotonin 

depletion could provoke partial disinhibition of concurrent excitatory inputs to prefrontal 

pyramidal cells, facilitating excitation of the pyramidal neuron and leading in turn to the 

increase in the neuronal firing pattern. The increase in the firing pattern could also be due to a 

possible role of serotonin on the expectancy to obtain the reward, since the prefrontal cortex 

is closely involved in this process [136-137]. To clarify if the increase in the multiunit activity 

was indeed associated to a mnemonic trace, further electrophysiological experiments were 

designed to record multiunit activity of prefrontal third-layer pyramidal neurons in serotonin-

depleted rats, concomitantly to the resolution of the Olton eight-arm maze, which is 

commonly used to evaluate spatial working memory [138]. Starting from the design of a 

delayed and non-matching-to-sample paradigm, spatial working memory errors were reduced 
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concurrently with an increase of multiunit activity recorded in the delay period. These 

findings suggested that serotonin depletion-mediated disinhibitory effects on prefrontal 

neurons could facilitate the temporal storage of mnemonic information needed to resolve the 

task [139]. 

For the resolution of a working memory-requiring task, allocentric- and egocentric-based 

strategies can be used. An egocentric strategy is based on the individual’s own movement 

allowing it to perform better as the number of trials increases, whereas an allocentric strategy 

is based on the use of visuospatial signals available in the physical context in order to 

orientate the subject to reach the goal. Both strategies lead to a configuration of a cognitive 

spatial map [140] through interactive or competitive psychoneural interactions, depending on 

the environmental context, to produce accurate working memory-related motor responses 

[141-147]. Recent experimental studies suggest that only the egocentric strategy is influenced 

by serotonin activity, whereas allocentric working memory seems to be unaffected [148]. 5-

HT receptor-mediated neurochemical mechanisms underlie such effects however the very 

likely associative neurochemical interaction with other neurotransmitter systems remains to 

be seen. 

 

 

Conclusion 
 

Serotonin exerts its neurotransmitter and neuromodulatory actions through a wide family 

of receptors as well as through receptor subgroups. Serotonin-mediated postsynaptic activity 

translates into several biological effects impacting the organization of several instrumental 

and cognitive psychoneural processes. The attention-facilitating learning and memory 

processes are indeed influenced by serotonin activity and specifically, the behavioral 

performance of prefrontal cortex-mediated short-term active (working) memory is facilitated 

by serotonin depletion from both tryptophan restriction and pharmacological lesion of the 

prefrontal serotonin afferents. Such effects seem to be mediated by several cytoarchitectural 

changes including increases in dendritic thin and stubby spines in third-layer pyramidal 

neurons, which produce an enhancement in the neuronal firing pattern, in turn, leading to 

more efficient working memory. Even more, serotonin seems to be particularly involved in 

the behavioral expression of egocentric - but not allocentric - strategies to solve a working 

memory task. Interdisciplinary studies are needed to define the possible roles that different 5-

HT receptors and other neurotransmitter systems could play in the cerebral organization of 

learning and memory. 
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