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Serotonin or 5-hydroxytryptamine (5-HT) is a monoamine 
neurotransmitter [1].  Biochemically derived from tryptophan, 
serotonin is primarily found in the gastrointestinal tract, platelets, and 
in the central nervous system (CNS) of animals including humans [2-4].

 The hippocampus is a major component of the CNS, belongs to 
the limbic system and plays important roles in the consolidation of 
information from short-term memory to long-term memory as well 
as in spatial memory. Neurons in the hippocampus receive a strong 
serotonergic projection from the raphe nuclei and the majority of 
5-HT receptor subtypes are expressed there: they can have either 
complementary or opposing effects on cell function, adding to the 
complexity of 5-HT neurotransmission. Indeed, the hippocampus 
plays an important role in emotional and cognitive processing, 
and both of these domains are affected in patients with major 
depressive disorder (MDD) [5].  Among the molecular, cellular, and 
systemic events that have been proposed to modulate the function 
of the hippocampus one of the most frequently cited possibilities 
is the activation of the serotonergic system [6]. Several preclinical 
research and clinical observations that modulation of serotonin (5-
HT) neurotransmission plays a key role in the therapeutic efficacy 
of selective serotonin reuptake inhibitors (SSRIs) on MDD support 
the assumption that 5-HT is important for hippocampal function in 
normal and disease-like conditions [5]. Neurons in the hippocampus 
receive a strong serotonergic projection from the raphe nuclei and the 
majority of 5-HT receptor subtypes are expressed there: they can have 
either complementary or opposing effects on cell function, adding to 
the complexity of 5-HT neurotransmission. 

In particular, in vivo preclinical research has been performed 
mainly with the electrochemical methodology of micro-dialysis. Here a 
brief review on the 5-HT detection following different conditions and 
treatments affecting the 5-HT system and the various 5-HT receptors 
is proposed.

Already, in 1989, Sharp and Coll. [7] had proposed the feasibility 
of monitoring changes of 5-hydroxytryptamine (5-HT) release in 
the ventral hippocampus of the chloral hydrate-anaesthetized rat in 
response to systemic administration of a variety of 5-HT1 receptor 
agonists. However, basal levels of 5-HT in the dialysates were close 
to  detection limits when using HPLC with electrochemical detection. 
Addition of the selective 5-HT reuptake inhibitor (SSRI) citalopram 
(10−6Mol) to the perfusion medium produced readily measurable 
amounts of dialysate 5-HT. Therefore it was used throughout the 

experiment and under such conditions.  Injection of the 5-HT1A agonist 
8-hydroxy-2-(di-n-propylamino) tetralin (8-OHDPAT, 0.5 and 2.5 μg) 
into the dorsal raphe nucleus caused a dose-related fall in hippocampal 
output of 5-HT compared to saline-injected controls. Accordingly, the 
putative 5-HT1A agonists gepirone (5 mg kg−1, s.c.), ipsapirone (5 mg 
kg−1, s.c.) and buspirone (5 mg kg−1, s.c.) significantly reduced levels 
of 5-HT in hippocampal perfusates, whereas their common metabolite 
1-(2-pyrimidinyl) piperazine (5 mg kg−1, s.c.), which does not bind to 
central 5-HT1A recognition sites, had no effect.

Performing similar experiments, Hutson and Coll. (1989) [8] 
obtained similar data i.e. infusion of 8-OHDPAT (0.5, 1.0 and 2.0 μg) 
into the dorsal raphe decreased extracellular 5-HT levels as measured by 
dialysis in the ventral hippocampus and also decreased 5-HT synthesis 
in both the hippocampus and the rest of the brain, as measured by 
5-hydroxytryptophan (5-HTP) accumulation following decarboxylase 
inhibition by NSD 1015.

Sharp and Coll. (1989b) [9] also showed that electrical stimulation 
(1-ms pulse width, 300 μA, 2–20 Hz) of the dorsal raphe nucleus for 20 
minutes caused a rapid increase in hippocampal 5-HT output, which 
immediately declined on cessation of the stimulus and was frequency-
dependent. Addition of tetrodotoxin (10−6M) to the perfusion medium 
reduced 5-HT levels to 75% compared to pre-drug values. Their 
conclusion is that the spontaneous output of endogenous 5-HT to 
hippocampal dialysates predominantly originates from central 5-HT 
neurones and changes in accordance to their electrical activity.

In contrast to such conclusions includes data from Adell and Coll. 
(1993) [10]. These authors used in vivo micro-dialysis to monitor basal 
output of 5-HT in the dorsal and median raphe nuclei of the rat and 
showed the increase in this after KCl was added to the perfusion fluid. 
In contrast, neither the omission of calcium ions nor the addition of 
0.5 nM tetrodotoxin affected dialysate 5-HT or 5-hy-droxyindoleacetic 
acid (5-H1AA). Reserpine did not decrease the output of 5-HT or 
5-HIAA 24 h later and p-chloroamphetamine increased 5-HT in both 
vehicle and reserpine-treated rats. 8-OH-DPAT at 1 or 10 μM, when 
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perfused into the raphe did not change the outputs of 5-HT or 5-HIAA. 
Higher doses (up to 10 mM) increased extracellular 5-HT in the raphe, 
probably via an inhibition of uptake. In animals bearing two probes 
(raphe nuclei and ventral hippocampus), only the 10 mM dose of 8-OH-
DPAT perfused into the raphe decreased the hippocampal output of 
5-HT and 5-HIAA. The systemic injection of 0.1 mg/kg 8-OH-DPAT 
decreased dialysate 5-HT and 5-HIAA in the raphe and hippocampus. 
These results suggest that extracellular 5-HT in raphe nuclei originates 
from a cytoplasmic pool and is not dependent on either nerve impulse 
of 5-HT neurons or local activation of 

5-HT1A receptors. similar data and conclusions have been obtained 
by means of differential pulse voltammetry with microbiosensors 
(DPV-mCFE) i.e. the second major in vivo electrochemical 
methodology for in vivo analysis of central serotoninergic activities 
[11].  Again, as well as DPV-mCFE [12] the micro-dialysis technique 
has also been functional to analyse the efficacy of the serotonin (5-HT) 
releaser d-fenfluramine and its active metabolite d-norfenfluramine, 
or the 5-HT-uptake inhibitor citalopram, to increase synaptic 5-HT 
availability [13]. Furthermore, it was observed that this facilitated 
an in vivo release of acetylcholine (ACh) from dorsal hippocampi 
of freely moving rats. This increase in extracellular ACh content 
induced by d-norfenfluramine (5 mg/kg i.p.) was antagonized by the 
combination of 5-HT3 receptor antagonists tropisetron (0.5 mg/kg 
i.p.) and DAU 6215 (60 μg/kg i.p.), but not by the mixed 5-HT1 and 
5-HT2 receptor antagonist metergoline (2 mg/kg s.c.). Accordingly, the 
selective 5-HT3 receptor agonist 2-methyl-serotonin (250 μg i.c.v., or 
10 μM applied by reverse dialysis) raised ACh release. The effect of the 
intracerebroventricular drug was prevented by the 5-HT3 antagonists 
DAU 6215 (60 μg/kg i.p.) and ondansetron (60 μg/kg s.c.). These 
antagonists by themselves did not modify basal ACh release, indicating 
that 5-HT does not tonically activate the 5-HT3 receptors involved. The 
conclusion was that the overall regulatory control exerted by 5-HT in 
vivo  facilitates hippocampal ACh release. This is mediated by 5-HT3 
receptors, thought to be located in the dorsal hippocampi.

Observation that 5-HT release in the ventral hippocampus is 
modulated by 5-HT3 receptors has been supported by the evidence 
that infusion into the hippocampus for 15 min of the selective 5-HT3 
receptor agonist, 2-methyl-5-hydroxytryptamine (2-methyl-5-HT; 
0.1–10 μm) increased dialysate 5-HT levels in a concentration-related 
manner, an effect which was abolished by concurrent infusion of 
3-tropanyl-3,5-dichlorobenzoate (1 μm, MDL 72222), a selective 5-HT3 
antagonist [14].  In contrast, RU 24969 a selective 

5-HT1B receptor agonist, decreased 5-HT release in a dose- and 
concentration-related manner when administered i.p. (1 and 5 mg 
kg−1) or via the dialysis probe (0.1 and 1 μm) respectively. The effect 
of RU 24969 infusion (1 μm) was attenuated by concurrent infusion 
of metitepine (10 μm) into the hippocampus. These data show that 
5-HT3 and 5-HT1B receptors have opposing roles in the control of 
5-HT release in the hippocampus, with 5-HT3 receptors facilitating and 
5-HT1B receptors inhibiting 5-HT efflux. It is also indicated that the 
facilitatory 5-HT3 receptors are not tonically activated.

In vivo micro-dialysis experiments by Trillat and Coll. (1997) [15] 
did show in the frontal cortex and ventral hippocampus that basal and 
K+-evoked 5-HT release did not differ between conscious wild-type 
mice and homozygous mutant mice lacking the gene encoding the 
5-HT1B receptor. The infusion via reverse micro-dialysis of the selective 
5-HT1B receptor agonist CP-93,129 (500 nM) decreased significantly 
K+-evoked 5-HT release in the frontal cortex (by −44%) and ventral 

hippocampus (by −32%) of wild-type mice, but had no effect in 
mutants. In a similar manner, the mixed 5-HT1B-5-HT1D receptor 
agonist sumatriptan (800 nM) decreased K+-evoked 5-HT release 
significantly in the frontal cortex (by −46%) of wild-type mice, but had 
no effect in mutants. These results demonstrated that 5-HT1B knockout 
mice are not as sensitive to full (CP-93,129) and mixed (sumatriptan) 
5-HT1B receptor agonists as wild-type mice. These data provide in vivo 
evidence that, in mice, 5-HT1B, but not 5-HT1D, autoreceptors inhibit 
5-HT release at nerve terminals located in the frontal cortex and ventral 
hippocampus.

In rats prepared for micro-dialysis and subjected to the Vogel type 
conflict test, significant increase of 5-HT release was monitored in the 
dorsal hippocampus, while pre-treatment with Midazolam (0.75 and 
1.5 mg/kg i.p.) suppressed the dosage-dependently increased 5-HT 
release and attenuated conflict behaviour. These findings suggest 
that the activation of serotonergic neuronal activity in the dorsal 
hippocampus is linked to mediation of anxiety-related behaviour [16].

Possibly conflicting data about the modulation of 5-HT  release 
by opioid receptors in the hippocampus evaluated by use of in vivo 
micro-dialysis were proposed: i) Tao and Hauerbach (1995) [17] 
showed increased extracellular serotonin in ventral hippocampus after 
systemic morphine (10 mg/kg, s.c.); ii) in contrast when hippocampus 
was perfused with morphine, (0.1 to 10 μM, with K+ 120 mM) 
cresconcentration-dependent reduction of 5-HT release was produced, 
that was blocked in a dose-dependent manner by naltrexone (0.03 to 3 
mg/kg, i.p.), a relatively selective μ-opioid receptor antagonist.

By using a micro-dialysis approach, it has been shown that 
High-Frequency Stimulation [HFS] of the Subthalamic Nucleus 
and l-3,4-Dihydroxyphenylalanine (l-DOPA) (i.e. the most used 
therapeutic approaches in Parkinson’s disease) inhibited 5-HT levels 
in the prefrontal cortex (PFC) and hippocampus of sham-lesioned 
and 6-hydroxydopamine (6-OHDA)-lesioned anesthetized rats [18].  
In particular, HFS did not further decrease 5-HT levels induced by 
l-DOPA 6 and 12 mg/kg, but attenuated l-DOPA-induced dopamine 
release in the PFC and hippocampus. These data may suggest that the 
decrease in 5-HT levels induced by l-DOPA may be related to l-DOPA-
induced dopamine release in the PFC and hippocampus, two brain 
regions involved in the regulation of mood and cognition, although it 
does not exclude its direct action inside serotonergic neurons.

A study by Matsumoto et al., (1995) [19] indicates the possibility 
that both exogenous and endogenous 5-HT inhibits NE release 
occurring from the rat hippocampus, and that functional modulation 
of NE release occurs via 5-HT3 receptors. Indeed they showed that 
K(+)-evoked NE release was inhibited in a concentration-dependent 
manner when serotonin (5-HT, 0.01-10 μM) was co-perfused with 
K+. A selective 5-HT3 receptor agonist, 2-methyl-5-HT, mimicked the 
5-HT response at a concentration of 0.01 to 10 μM. The 5-HT-induced 
(1 μM) inhibition of NE release was blocked by pre-treatment with 
ondansetron (1 and 10 μM), a 5-HT3 receptor antagonist. K(+)-evoked 
NE release was also reduced by co-perfusion with the 5-HT reuptake 
inhibitor, fluoxetine (10 μM), which caused an increase in the dialysate 
5-HT concentration. The fluoxetine-induced inhibitory effect was 
furthermore abolished by pre-treatment with ondansetron (1 and 10 
μM).

Activation of  Hippocampal 5-HT1A autoreceptors i.e. with the 
5-HT1A agonist (+)8-OH-DPAT as well as with antipsychotics such 
as SSR181507, SLV313, sarizotan results in decreased 5-HT and with 
enhanced treatment of negative symptoms and cognitive deficits. 
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These 5-HT1A agonists increased dopamine levels in medial prefrontal 
cortex. These effects on Hippocampal 5-HT or on cortical dopamine 
were reversed by the selective 5-HT1A antagonist, WAY100635 
supporting the mediation by 5-HT1A receptors [20].

Further research has shown that when coupled with weak 
D2 antagonism 5-HT2A antagonism may also produce atypical 
antipsychotic drugs (APDs such as quetiapine, olanzapine, risperidone, 
i.e. drugs able to achieve an antipsychotic effect with lower rates of 
extrapyramidal side effects compared to first-generation APDs such as 
haloperidol). 

APDs act preferentially on5-HT2A and 5-HT1A receptors located 
on glutamatergic pyramidal neurons in the cortex and hippocampus, 
5-HT2A receptors on the cell bodies of DA neurons in the ventral 
tegmentum and substantia nigra and GABAergic interneurons in the 
cortex and hippocampus, and 5-HT1A receptors in the raphe nuclei. 
Evidence has accumulated also for the important modulatory role of 
5-HT2C and 5-HT6 receptors for some of the effects of some of the 
current APDs [21].

In particular, the non-selective 5-HT2 receptor antagonist 
ketanserin produced a robust augmentation of citalopram-, fluoxetine-, 
and sertraline-induced elevations of  extracellular serotonin levels 
in the hippocampal as well as cortical microdialysate in rats: two 
regions that have been strongly implicated in the pathophysiology of 
depressive disorders and in responses to antidepressant drugs. Similar 
potentiation of SSRI-induced increases in hippocampal serotonin 
levels was reproduced by the 5-HT2C receptor-selective antagonists SB 
242084 and RS 102221. [22].

Antagonists at 5-HT3 receptors (tropisetron, ondansetron) 
produced antidepressant-like effects in rodents [23], they  may mimic a 
direct receptor interaction of some clinically effective antidepressants, 
including fluoxetine, that have been reported to functionally block 
5-HT3 receptors [24]. On the other hand, the 5-HT3 receptor agonist 
1-( m-Chlorophenyl)-biguanide attenuated the effects of antidepressant 
compounds in the rat forced swimming test (FST) [25]. 

The 5-HT4 receptor is distributed widely in limbic regions of 
the brain and pharmacological blockade or genetic deletion of the 
5-HT4 receptor result in anxiolytic effects [26,27]. Combination of 
5-HT4 receptor agonists such as RS 67333 with SSRIs [i.e. citalopram, 
fluoxetine] result in rapid onset of a number of adaptations usually 
requiring chronic treatment with SSRIs alone [28]. They also regulate 
acetylcholine release [29] so that they may act as memory facilitators. 

The highest density of 5-HT6 receptors are located in the striatum, 
nucleus accumbens, olfactory tubercle, and cortex.  They regulate the 
release of a number of neurotransmitters. This may play a role in their 
effectiveness in treating psychiatric disorders. Indeed, i] selective 5-HT6 
receptor agonists and antagonists have both been reported to produce 
cognitive enhancing effects in rodents [30]; ii]  agonists such as EMDT 
produce antidepressant and anxiolytic effects in a number of tests in mice 
and rats [i.e.reduced immobility] while antagonists such as SB271046 
prevented the antidepressant effects of EMDT and fluoxetine [31]. 
Furthermore, both 5-HT6 receptor agonists and antagonists produce 
similar effects in animal tests for antidepressant activity [32] that may 
pass via facilitation of the release of norepinephrine or dopamine as 
they persisted after 5-HT depletion, suggesting that the effects were 
not dependent on endogenous serotonergic neurotransmission. In 
particular, the selective 5-HT6 receptor antagonist SB-399885 (1–3 
mg/kg i.p.) caused an anxiolytic-like activity comparable to that of 
diazepam (2.5–5 mg/kg i.p.) in the Vogel conflict drinking test in 

rats i.e. behavioural test sensitive to clinically effective anxiolytic- and 
antidepressant-compounds. In FST, SB-399885 (10 mg/kg i.p. in rats; 
20–30 mg/kg i.p. in mice) significantly shortened the immobility time 
and the effect was stronger than [in rats] or similar to [in mice] that of 
imipramine (30 mg/kg i.p.). Again, SB-399885 (3-20 mg/kg i.p. in rats; 
30 mg/kg i.p. in mice) reduced the locomotor activity in the open field 
while did not affect motor coordination in mice and rats tested in the 
rota-rod test. [33]. 

In the medial thalamic nuclei, limbic, and cortical regions is the 
highest density of  the 

5-HT7 receptor suggesting their role in sensory and affective 
processes [34]. The selective expression of 5-HT7 receptors in the 
suprachiasmatic nucleus is consistent with a role in sleep or circadian 
rhythmic activity: indeed 5-HT7 receptor antagonists increased REM 
sleep in rats [35]. 

Reducing the function of 5-HT7 receptors i.e. via  genetic deletion 
or administration of 5-HT7 receptor antagonists may produce AD-like 
behavioral effects in rodents [36,37].  More recently, antagonism to 
5-HT7 receptors via atypical antipsychotic combined to antidepressants 
has been proposed as alternative therapy for refractory patients as well 
as to overlie the unwanted weeks delay in the onset of therapeutic 
action [38]. 
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