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Abstract  
Serotonin (5-HT) is a neurotransmitter that is mainly expressed in brain where 

serves a wide array of physiological and behavioural functions. Literature 

described that some mediators of inflammation (i.e. cytokines) have been 

implicated in the modulation of monoaminergic response and this may be 

associated with pathophysiology of depression and in the responsiveness of 

antidepressant treatment in both humans and animals (Capuron and Miller, 

2011). A hypothesis suggests that cytokines may affect the serotonergic system 

through p38 MAP kinase dependent mechanisms particularly at the serotonin 

transporters (Zhu et al., 2006) and 5HT7 receptors (Lieb et al., 2005; Mahe et 

al., 2005). The aim of this study was to show the interaction of Interleukin 1β 

(IL-1β) or p38 MAP kinase on serotonin transporter (SERT) and 5HT7 receptors 

in cells lines and native tissue, highlighting the biochemical mechanism of this 

system. The IL-1β and p38 MAP kinase activator, anisomycin, did not show any 

effect on 5-HT uptake and p38 MAPK activation in rodent native brain tissue, in 

human platelets and in cell lines in contrast to literature reports (Zhu et al., 

2010).  A different method was then used in which a release of cytokines was 

induced directly in the rat brain through an i.c.v. LPS treatment. Although pro-

inflammatory cytokines involved in the change of animal mood, such as IL-1ß 

and TNFα, showed a significant increase in cortex and striatum, a modulation of 

SERT activity in term of Km and Vmax was not detected, confirming again that no 

interaction between cytokines, p38 MAP kinase and SERT function in vitro nor 

in vivo was evident. In contrast, this study revealed a positive interaction 

between 5HT7 receptors and p38 MAP kinase in glia cells. However, this 

pathway was not present in cortical neurons where 5HT7 receptors did not 

activate p38 MAP kinase but instead increased the AMPAR subunit, GluR1 and 

CREB phosphorylation. The effect on GluR1 was reversed by the specific 5HT7 

antagonist, SB258719, and the PKA inhibitor, H89, confirming the specificity of 

response for 5HT7 receptors and the involvement of PKA in the mediation of 

GluR1 phosphorylation. In conclusion, this study displayed a lack of interaction 

between IL-1β and p38 MAP kinase on rat SERT while highlighting the effect of 

5HT7 receptors on p38 MAP kinase, with different functions between glial and 



neuronal cells. Noteworthy, this is the first report that showed a positive 

interaction between 5HT7 receptors and AMPA which stimulates new 

investigation into the role of 5HT7 receptors in neuronal plasticity.  
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Chapter 1      Introduction  

 

Section 1.1 Serotonergic system overview 

  
 
Serotonin (5HT) is a neuromodulatory neurotransmitter expressed in brain 

where it serves a wide array of physiological and behavioral functions. 5HT is 

also present, at a high concentration, in platelets from where it is released as a 

result of blood coagulation; this leading to its initial discovery (Zucker et al., 

1953). The first histological localization of 5HT was performed by 

histofluorescence techniques, which revealed the preferential localization of 

serotonergic neurons in cell body groups along the midline of the brainsteam 

(Dahlström and Fuxe, 1964). Nine groups of 5HT containing cell bodies were 

designated, B1-B9 (see diagram below). Development of immunohistochemical 

techniques made more accurate the detection of serotonergic neurons which 

were classified in two groups: the rostral group, confined to the mesencephalon 

and rostral pons, with major projections to the forebrain, and the caudal group, 

extending from the caudal pons to the caudal portion of the medulla oblongata, 

with major projections to the caudal brainstem and to the spinal cord. The 

rostral group includes the dorsal raphé nucleus (DRN) and median raphé 

nucleus (MRN) and together provides the majority of 5HTergic innervation to 

forebrain areas including the cerebral cortex, hippocampus, limbic system.  

5HTergic innervations were also observed in hypothalamus (Jacobs and 

Azmitia, 1992).  5HT is stored in vesicles and is released into the synaptic cleft 

following the stimulus.  5HT transmission is regulated through the 5HT 
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transporter (SERT, also known as SLC6A4), which transports 5HT from the 

extracellular to the  intracellular space, tryptophane hydroxylase which is the 

enzyme that regulates 5HT synthesis and monoamine oxidases (MOA, MOB) 

which regulate the degradation of 5HT and to its metabolites. Once 5HT is 

released, the synaptic signal is translated into the cell through specific receptors 

that are classified in seven families, 5HT1-7 receptors, comprising a total of 14 

structurally and pharmacologically distinct mammalian 5HT receptor subtypes.  

All these receptors regulate the complexity of serotonergic transmission and its 

involvement in a number of psychiatric conditions and behavioural traits.   

 

Schematic drawing depicting the localization of serotonergic cell body groups in a 
parasagittal section of the rat central nervous system and their major projections. OT, 
olfactory tubercolum; Sept, septum; C. Put, nucleus caudate –putamen; G. Pal, globus 
pallidus; T, Thalamus; H, habenula. Diagram obtained from Basic Neurochemistry: 
Molecular, Cellular and Medical Aspects. 6th edition. Siegel GJ, Agranoff BW, Albers 
RW, et al., editors. Philadelphia: Lippincott-Raven; 1999   
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Section 1.2 Effect of neuroinflammation on the serotonergic system 

 

Cytokines are messenger molecules with low molecular weight mainly involved 

in the regulation of the immune response. They are mostly produced by immune 

competent cells such as lymphocytes, macrophages, astrocytes and microglia 

and can be distinguished in two general groups: pro-inflammatory molecules 

that activate the immune response stimulating the defense system and anti-

inflammatory molecules which counteract the action of pro-inflammatory 

mediators thus dampening the immune response. The primary role of cytokines 

is therefore the regulation of the inflammatory response system. However, 

many clinical and preclinical studies have revealed that mediators of 

inflammation are also active in the CNS since an abnormal regulation of 

cytokine secretion may be associated with a negative effect on brain function 

which is a causative factor of behavioural, neuroendocrine and neurochemical 

features of major depressive disorder (MDD)(Raison et al, 2006; Schiepers et 

al.,2005; Capuron and Miller, 2011). Several clinical studies have suggested 

that depressive disorders are associated with an abnormal increase of pro-

inflammatory cytokines, while this level is often normalized with treatment 

response (Anisman et al.,2005; Dantzer et al., 2005; Lanquillon et al., 2000; 

Kulmatcycki and Jamali, 2006; Brien et al., 2006).  

Study to assess whether cytokines may be used as biological biomarkers for 

depression showed that mRNA expression of four pro-inflammatory cytokines 

IL-1β, IL-6, IFNγ, TNFα were significantly elevated in 20 depressed patients 

with respect to 22 healthy controls (table 1).  
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Table1. Cytokines in depressed patients and healthy controls (Tsao et al., 2006). 

 Total participants   
 Healthy control n=22 Patients (n=20) P values (t-test) 
IL-1β 0.14  1.18 0.74  0.95 0.0113 
IL-6 0.04   0.10 0.61   0.70 0.0017 
IFNγ 0.10  0.17 1.12  1.43 0.0047 
TNFα 0.02  0.04 0.58  0.70 0.0020 
All results were expressed as mean  S.D. and compared between controls and 
patients at baseline by Student t-test 

 

After a treatment with SSRI fluoxetine (20 mg daily for 3-month) which caused a 

reduction of 45% of the depression rate score in all subjects, only the IFNγ 

mRNA expression decreased significantly (Tsao et al., 2006). 

In a different study, quantitative measurement of IL-6, IL-8, TNFα, was 

performed in blood sample collected from 15 normal volunteers and 28 patients 

with major depression. As results, serum TNFα, IL-8 increased significantly in 

depressive patients compared to normal control whether IL-6 showed no 

significant difference between the two groups (Table 2).  

Table 2. Measurement of the inflammatory marker in normal controls and patients with 
depression (Mikova et al., 2001). 

 Total participants   
 Healthy control n=15 Patients (n=28) P values* 
IL-8 (pg/ml) 60  68 110  147 0.03 
IL-6 (pg/ml) 9.6   11.3 15.6   28.4 0.7 
TNFα (pg/ml) 14.7   8.0 33.4   27.4 0.005 
All results were expressed as mean  S.D. * Statistical analysis was performed using 
ANOVA, ANCOVA and Fisher’s least significant difference (LSD).  

 

Literature also revealed as the pro-inflammatory cytokine, IL-12, may have a 

role in the psychopathology. Recent clinical study involved 30 patients with 
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MDD showed a significant increase of IL-12 in plasma of depressive patients 

compared to normal control (Lee and Kim, 2006). Twenty cytokines were 

simultaneously assessed in 49 individuals with MDD and 49 healthy subjects. 

Multiple proinflammatory and two antinflammatory cytokines were significantly 

elevated in the MDD sample. The appearance of depressive symptoms seems 

to be more robustly associated with the increase of plasma concentrations of IL-

1β, IL-1α, IL-2, IL-6, IL-8, IFNy (Simon et al., 2007).   

The link between cytokines and depression was also supported by the use of 

cytokines in the treatment of some pathological conditions. IFNα, well known for 

its antiviral properties, is currently used in the treatment of diseases like 

hepatitis C, malignant melanoma and renal cell carcinoma. Administration of 

cytokines to non-depressed humans often induces a number of 

neuropsychiatric effects. Some of these effects can be directly associated with 

behavioural states of depressive patients such as cognitive impairment, 

decreased appetite, fatigue and loss of libido (Scheibel et al., 2004; Lieb et al., 

2006; Capuron et al., 2002). These symptoms almost immediately disappear 

after the termination of cytokine treatment, suggesting again an important role 

of cytokines in mediating these effects. 

When cytokines are administered to animals, a number of behaviours termed 

“sickness behaviour” are induced, mimicking some effects observed in humans 

after cytokine therapy and in MDD (Dunn et al., 2005; Yirmiya et al., 2006; 

Sudom et al., 2004). The most common features are hyperthermia, hypomotility, 

hypophagia, hyperalgesia, decreased interest in exploring the environment, 

decreased libido and increased time spent in sleeping.  Rats treated with a 
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lipopolysaccharide (LPS) bacterial cell wall component which stimulates a 

hyper-activation of the immune system, revealed a dose-related reduction of 

saccharin consuming, suggesting that the activation of immune functions 

induces anhedonia in rats.  LPS treatment induced other depressive-like 

symptoms, such as anorexia and reduced body weight, as well as reduction of 

social exploration (Yirmiya et al, 1996). The behavioural changes induced by 

LPS are indeed similar to those induced by a direct administration of cytokines 

(Sudom et al., 2004).  

More evidences of a link between the effect on animal behaviours and the 

depressive status induced by cytokines have been highlighted by the effect of 

common antidepressant compounds on animals treated with LPS or cytokines.  

LPS effects were reversed by an i.p. chronic administration of DAT and NET 

inhibitor, imipramine (Yirmiya R., 1996). The anhedonic effect (diminution in 

perceived reward or pleasure from otherwise rewarding stimuli or responses) 

induced by a single administration of LPS in rats was also prevented by a 

chronic treatment with selective inhibitor of noradrenalin transporters, 

Desipramine. In contrast, treatment with selective SERT inhibitor, paroxetine 

and serotonin/noradrenalin re-uptake inhibitor, Venlafaxine failed to alter LPS-

induced behaviours, underlining the complexity of the mechanisms that regulate 

antidepressant efficacy in attenuating LPS-induced behaviours. In the same 

study, desipramine reversed a rise of plasma TNFα secretion following LPS 

treatment, suggesting that desipramine protective effect may be due to its ability 

to inhibit the release of pro-inflammatory cytokines (Shen et al., 1999). The 

behavioural and physiological responses to a single administration of LPS in 
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rats have also been shown to be counteracted by chronic treatment with 

fluoxetine, which reversed the LPS-induced reduction of food consumption and 

body weight and also blocked the LPS-induced activation of the hypothalamic-

pituitary-adrenal (HPA) axis. (Yirmiya et al., 2001). Studies in rats have shown 

that a single i.p. administration of IL-1β decreased the consumption of “free” 

chow, which reflects anorexia, and also reduced responding for “earned 

sucrose rewards”, which reflects anhedonia. In the same investigation, 

fluoxetine abolished the effects of IL-1β on “earned” rewards, but was inactive in 

the reduction of chow intake, suggesting that this antidepressant drug was more 

active in preventing IL-1β-induced anhedonia (Merali et al., 2003). Further 

effects of antidepressant drugs in cytokine-induced sickness behaviours in 

animal models were reviewed in Dunn et al., 2005. 

Once cytokines enter the CNS, possible mechanisms that have been suggested 

to explain the alteration of neuronal functions is the modulation of monoamine 

concentrations especially 5HT with an effect that occurs in different brain 

regions and is dependent on the cytokines used. The focus of this PhD on the 

effect of cytokines on serotonergic neurotransmission is generated by the fact 

that this interaction has been largely supported by many in vitro and in vivo 

studies (see below). Moreover, some antidressant drugs such as fluoxetine and 

paroxetine which target SERT showed to reverse the depression symtoms and, 

in parallel, normalized the inflammatory response confirming the presence of an 

interaction between serotonergic system and cytokines (Kenis and Maes, 

2002). Moreover, some cytokines can direct modulate the expression and/or 

catalytic activity of SERT reflecting a change of 5HT level at the synapses as 
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described in the section 1.3.1.    In vivo microdialysis experiment in freely 

moving rats revealed that i.p. administration of IL-6 affected 5HT metabolism in 

the nucleus accumbens as shown by a significant rise of the principal 5HT 

metabolite, 5-Hydroxyindoleacetic acid (5-HIAA). Cytokine-treated rats showed 

also a decrease of dopamine (DA) concentration with a high concentration of 

the DA metabolite, dihydroxyphenylacetic acid (DOPAC) maintained over time 

(Song et al., 1999). Measurements of monoamine levels in mouse brain after 

repeated i.p IL-2 administrations showed a significant change on DA and 5HT 

metabolism with a reduction of DA and DOPAC in the caudate and substantia 

nigra, 5HT reduction in the medial prefrontal cortex and 5HT elevation in the 

hippocampus (La costa, 2000). In the nucleus accumbens, IL-1β did not affect 

DA concentrations but it significantly increased extracellular 5-HIAA 

accumulation, suggesting an increase of 5HT activity (Song et al., 1999). 

Peripheral IFNα chronic treatment caused changes in both DA and 5HT levels 

in many brain areas.  However, the most considerable effect was a depletion of 

5HT in frontal cortex, hippocampus, amygdala, thalamus, and hypothalamus, 

suggesting that these brain areas may be involved in IFN-α-induced rat 

sickness behavior (Sato et al., 2006). 

In an in vivo microdialysis study, i.p. LPS treatment displayed a significant dose-

dependent increase of extra-cellular 5HT levels and 5-HIAA in the rat 

hippocampus. This increase also correlated well with a decrease in active 

behavioural activity (locomotion, grooming, eating, drinking) and an increase in 

extracellular corticosterone levels. I.c.v. application of human IL-1β mimicked 

the effect of LPS on serotonergic neurotransmission, behavioural activity and 
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corticosterone levels. However, co-treatment with an IL-1 receptor antagonist 

reversed only the effect on extra-cellular 5HT concentration, suggesting that IL-

1β may mediate LPS effect on hippocampal serotonergic transmission 

(Linthorst et al., 1995). All these studies therefore support a role for cytokines in 

the regulation of monoaminergic neurotransmission into the CNS, in particular 

in the change of serotonergic concentrations in brain. 

    

Section 1.3 5HT transporter expression and structure  

 

One of the most important targets involved in regulating levels of 5HT in the 

brain, is the 5HT transporter (SERT, also known as SLC6A4), which transports 

5HT from the extracellular space and then regulates 5HT levels in the 

synapses.  In the mature animal, it is located perisynaptically on presynaptic 

5HT nerve terminals as well as on axons and 5HT cell bodies in the Raphe 

nucleus (Rudnick and Clark, 1993; Barker & Blakely, 1996; Blakely et al., 1998). 

The localization of 5HT transporter immunoreactivity in terminal endings and its 

concentration within varicosities are in good agreement with the high levels of 

5HT and 5HT uptake found at these sites. SERT is predominantly expressed in 

caudate-putamen, cerebral cortex, amygdaloid complex, substantia nigra and 

Raphe nuclei, and low levels in the cochlear and vestibular nuclei and the 

cerebellum (Sur et al., 1997). Antisense oligonucleotide probes derived from the 

cloned human placental SERT cDNA (Ramamoorthy et al. 1993) reveal dense 

SERT hybridization signals overlying neurons, but not glia, of the dorsal and 
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median raphe nuclei and the serotonergic caudal linear nucleus in post-mortem 

human brain sections (Austin et al.1994).  

SERTs are also expressed on non-neuronal cells including platelets, 

lymphoblasts, monocytes, enterochromaffin cells, endothelial cells and 

placental syncitiotrophoblasts (Daws and Gould, 2011). Human SERT (hSERT) 

is localized in the chromosome 17q11.2 (Ramamoorthy et al., 1993) and 

encodes a protein of 630 amino acids.  The structure predicted for brain SERT 

is similar to the other monoamine transporters such as noradrenalin transporter 

(NET), and dopamine transporter (DAT) and belongs to the single gene SLC6 

family. The molecular structure is a dimer of 60-70 KDa characterized by 12 

hydrophobic transmembrane domains with cytoplasmic NH2 and COOH termini 

bearing greatest sequence identity to other gene family members in TMDs 1–2 

and 5–8. It has been suggested that these conserved regions are involved in 

general transport functions while less conserved regions such as the COOH 

and NH2 terminal are mainly involved in the pharmacological selectivity. Other 

studies where some regions of SERT were exchanged with NET did not show a 

loss of substrate or antagonism specificity suggesting that COOH and NH2 were 

not important in target recognition (Zahniser et al., 2001). Transmembranes 3 

and 4 are separated by a large, hydrophilic loop that bears two canonical sites 

for N-linked glycosylation (Ramamoorthy et al., 1993). SERT exists also in 

homo-multimeric complexes and contains potential phosphorylation sites for 

PKC, PKA and p38 MAP kinases as indicated in the diagram below 

(Ramamoorthy et al., 2010).   
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Pre-synaptic receptors and intracellular signal pathways are linked with kinases 

regulating the activity of SERT in term of expression, functionality and transport 

in the plasma membranes. For example, activation of adenosine receptors 

(AR), 5HT1B, histamine receptors (H3R) and BDNF/TrkB stimulates 5HT uptake 

(Launay et al., 1994; Zhu et al., 2004; Benmansour et al., 2008), whereas α2 

adrenergic receptor stimulation reduces 5HT uptake (Ansah et al., 2003). The 

mechanism of the different efficiency of amine transport following SERT 

Putative structures of the rat 5HT transporter (SERT) showing homologous amino acids 
with the rat dopamine transporter (DAT), human norepinephrine (NET) or both. Possible 
phosphorylation (P) sites are shown, as are possible glycosylation sites on the large 
second extracellular loop. 
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phosphorylation is explained by a change of SERT recycling in the plasma 

membranes and its surface expression (Ramamoorthy et al., 2010).   

Moreover, different human SERT variants associated with the risk of developing 

brain diseases showed an altered sensitivity to be activated by cGMP-

dependent protein kinase (PKG) and p38 MAP kinase suggesting that an 

altered regulation of SERT by kinases may be associated with the risk of 

developing depression (Prasad et al.,2005). However, the degree to which 

kinases regulate SERT surface expression is controversial due to many 

discrepancies across different laboratories and unclear evidence supportive 

trafficking but also non-trafficking dependent mechanisms (Miller & Hoffman, 

1994; Kilic et al., 2003). 

5HT transport operates by using the gradient of Na+ and Cl- ions as the driving 

force to accumulate 5HT inside the cells against gradient.  Basically, the influx 

of 5HT is coupled with the influx of Na+ and Cl- ions and the efflux of K+ ion in 

each cycle. The rapid reuptake of 5HT in the synapses plays an important role 

in determining duration and intensity of 5HT transmission with post-synaptic 

receptors placed in limbic region mediating emotion and pre-synaptic receptors 

that exert inhibiting control of 5HT neurons. The interest for this 

neurotransmitter transporter is highlighted by the number of drugs targeting this 

protein that have relevant benefits in the treatment of psychiatry disorders such 

as depression and anxiety. For example, tricyclic antidepressants, a large class 

of anti-depressive compounds, are actually 5HT reuptake inhibitors (SSRI). In 

an attempt to understand the molecular mechanism of the positive effect of 

SSRI in depression, many publications highlighted that SSRIs increase the level 
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of 5HT by directing inhibition of transporter but also can alter SERT expression 

(White et al., 2005). Changes to the expression level of SERT in response to 

drugs could contribute to neuroadaptive changes associated with chronic 

antidepressant administration. However, the effects of antidepressants on the 

regulation of SERT expression remain largely unclear. It has been identified that 

a polymorphism in the promoter region of the human SERT gene resulted in a 

deletion of a 44-basepair repeat. Activity of the form with longer sequence (l) 

was three fold increased compared to the short form (s). Moreover PKC- and 

cAMP-activated transcription was significantly greater at the “l” SERT gene 

promoter versus the “s” promoter. This change reflects a different response to 

antidressant activity and response; for example patients with an “l” allele (either 

as “l / l” or “l / s”) exhibited an increase in the response to fluoxetine and 

placebo compared to subject with the “s” genotype (Lesch et al., 1996).  

   

Section 1.3.1 Effect of cytokines and their signal pathways on SERT  
 

A mechanism proposed that may describe how cytokines alter 5HT levels in 

brain is by the modulation of 5HT transporter expression and then a change of 

re-uptake of 5HT at the synaptic cleft. Exposure of JAR human chotiocarcinoma 

cells to IL-1β for at least 16 hours at 37°C increased 5HT uptake two fold and 

this effect was mainly due to an increase of maximal velocity of uptake rate 

while effect on affinity was minimal. Further RTI-55 binding experiments 

confirmed an increase of density of SERT in the plasma membranes following 

treatment and Northern blot studies also showed an increase of 5HT transporter 
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mRNA in treated cells compared to control confirming an activation of SERT 

expression induced by IL-1β (Ramamoorty et al., 1995). The effect of other 

cytokines were revealed by additional kinetic analysis of SERT on JAR human 

chotiocarcinoma cells treated with 50ng/ml TNFα for at least 48 hours at 37°C 

which revealed a significant increase of the maximal velocity of uptake 

compared to non-treated cells whereas an effect on Km was absent suggesting 

a change of only SERT expression. The same publication reported no effect 

when cells were treated with increasing concentrations of IL-6 (0.1-100ng/ml; 

Mossner et al., 1998).  In contrast to previous reports, TNFα and INF  

decreased 5HT uptake when incubated for 72 hours with immortalized human 

intestinal epithelial cell line (Caco2 cells) due to a decrease in SERT expression 

(Foley et al., 2007). Treatment with INFα or  for 3–6 h, but not for 30 min, 

increased the uptake activity of the 5HT transporter in human placental 

choriocarcinoma cells (BeWo cells) and this effect was accompanied by an 

increase of SERT mRNA. The same treatment increased the level of SERT 

mRNA in the midbrain and adrenal gland from mice suggesting that SERT 

espression is modulated also in vivo. Uptake rate in IFN-treated mice was not 

measured. The finding that treatment with interferons for a short time (30 min) 

did not alter 5HT uptake suggests that the uptake function of the 5HT 

transporter is not enhanced by short-term interferon-mediated signalling which 

involved a direct tyrosine phosphorylation of the 5HT transporter (Morikawa et 

al., 1998).  A different response in rat is suggested by an in situ hybridization 

study where a chronic i.p. administration of INFα (20000 up to 2000000 IU/kg 

for 14 days) did not produce any significant change in the 5HT transporter 
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mRNA levels in rat dorsal raphe nucleus (Sato T et al, 2006). The discrepancy 

observed in these findings may be due to a different effect of a chronic vs acute 

treatment with cytokines. Analysis of the effect of acute vs chronic IL-1β 

administration showed that despite the acute effect of cytokines being 

attenuated, the chronic IL-1β administrations showed an increase alteration of 

5HT and NE utilization with an elevation of 5HT2C, 5HT1B receptor expression 

(Anisman et al., 2008).  Moreover, the levels of monoamines and associated 

metabolites after chronic and acute i.p. IFNα administration were measured in 

various regions of the rat brain using a high-performance liquid 

chromatography–electrochemical detection system. A depletion of 5HT in the 

frontal cortex, hippocampus, amygdala, thalamus and hypothalamus was 

observed in rats given a moderate-dose of IFNα for 14 days while acute IFNα 

did not change 5HT level (Sato et al., 2006). The importance of chronic 

exposure of cytokines on depression was confirmed by some particular 

situations characterized by a chronic low-grade inflammatory such as chronic 

stress, obesity and aging which appear as  vulnerability factors for development 

neuropsychiatric diseases (Capuron et al., 2011).   

The effect on SERT was not only due to the alteration of expression but also by 

a change of biophysical characteristics at the synapses. A paper revealed that 

IL-1β and tumor necrosis factor alpha (TNF-α) stimulated 5HT uptake in both 

the rat embryonic raphe cell line, RN46A, and in mouse synaptosomes. In 

RN46A cells, both cytokines stimulated 5HT uptake in a concentration- and 

time-dependent manner with a maximum effect at 100 ng/ml and after an 

incubation of 20 min with cells. Similarly, an increase of 5HT uptake was also 



16 

 

produced in mouse midbrain and striatal synaptosomes although the maximum 

effect occurred at lower concentrations (10 and 20 ng/ml for IL-1  and TNF-α 

respectively) and over a shorter incubation time (10 min). Interestingly, 

experiments on RN46A cell demonstrated that IL-1β and TNF-α treatments 

decreased Km  (uptake parameter which reflects the affinity of 5HT for 

transporter) whereas the Bmax (uptake parameter which reflects expression of 

SERT in the membrane) was not changed by IL-1β and just partially affected by 

TNFα. Finally, in both RN46A cells and synaptosomes, the effects of these 

cytokines were completely (IL-1β) or partially (TNF-α) blocked by a selective 

p38 MAPK inhibitor, SB203580 suggesting that the regulation of neuronal SERT 

activity induced by cytokines may be mediated by p38 MAPK-linked pathways 

(Zhu et al., 2006). Interestingly, the role of p38 MAP kinase in the modulation of 

SERT had been already demonstrated in recombinant cells expressing human 

SERT and in RN46A cells. Measurement of 5HT uptake in these cells treated 

with the indirect unselective p38 MAP kinase activator, anisomycin (1µM), 

revealed an increased uptake rate due to a reduction in the Km. This study also 

revealed that anisomycin increased the 5HT uptake rate in human platelets 

(Zhu et al, 2005).  

Literature has also reported that in CHO cells stably expressing human SERT, 

NET and DAT, activation of p38 MAP kinase increased 5HT and noradrenalin 

(NA) uptake but decreased DA uptake. This suggests that p38 MAP kinase 

mediates a catalytic activation or deactivation of all human monoamine 

transporters.  
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Taking together, these findings suggest that the regulation of neurotransmission 

by cytokines may depend on a direct change of the transporters functionality 

causing a different efficiency in the reuptake of monoamines, especially 5HT.  

 

Section 1.4 5HT7 receptor structure and function  

 

5HT7 receptors represent the most recently identified target within the big class 

of 5HT receptors (Barnes and Sharp et al., 1999). Structural studies showed 

that this receptor is a protein of about 445 amino acids and with the 

characteristic seven putative membrane spanning regions with a high degree of 

homology with other species. The human 5HT7 receptor gene is located on 

chromosome 10 (10q21-q24) (Gelernter et al., 1995), and contains several 

introns (Gellynck et al., 2008). The second intron corresponds to the carboxyl 

terminus of the 5HT7 receptor, from which at least four splice variants were 

reported.  Human and rat tissue appear to express only three isoforms. In 

particular, rats express 5HT7A, 5HT7B, 5HT7C because the exon responsible for 

the fourth isoform 5HT7D is absent.  Humans express 5HT7A, 5HT7B, 5HT7D 

which are proteins of 445, 432 and 479 amino acids respectively (Gellynck et 

al., 2008). Investigation of the distribution of the different splice variants led to 

the observation that all variants were present in most tissues examined, 

although relative expression levels differ considerably. In man and rat, the 

5HT7A and 5HT7B splice variants are the most abundant splice variants, whilst 

the rat 5HT7C and human 5HT7D splice variants represent 4% of the total brain 

5HT7 mRNA (Vanhoenacker et al., 2000; Guthrie et al., 2005). 
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Many studies used in situ hybridization to determine where the 5HT7 receptor 

mRNA was expressed within the brain. These studies detected a high 

expression of 5HT7 receptor mRNA in mice and rats within regions of the 

thalamus, hypothalamus and hippocampus with generally lower levels in areas 

such as the cerebral cortex and amygdala (Neumaier et al., 2001). 

Immunocytochemistry analysis of 5HT7 receptor protein confirmed the 

distribution obtained with in situ hybridization, highlighting its expression in cell 

bodies and fibres of all CA fields (CA1, CA2, CA3) in the hippocampus and in 

the suprachiasmatic nucleus (SCN) of the hypothalamus (Muneoka et al., 

2003). The distribution of 5HT7 receptors was also analyzed using the selective 

5HT7 receptor antagonist radioligand [3H]SB-269970 in various rodent (mouse, 

rat)  and non-rodent (pig, marmoset) species (Thomas et. al., 2002) and human 

brain whole hemisphere autoradiography (Varnas K et. al., 2004). The results 

confirmed that 5HT7 receptors are most abundantly localized in the anterior 

thalamus and in the dentate gyrus. Other regions containing intermediate levels 

of 5HT7 receptors included the hypothalamus, anterior cingulate gyrus, 

hippocampus, amygdala and certain brainstem nuclei. A similar binding pattern, 

but with some notable difference, was found in rats, guinea-pigs and humans 

using [3H]mesulergine as the radioligand (Hemedah et al., 1999). These data 

highlighted a relatively high binding density in the caudate-putamen in rats, 

guinea-pigs and human, although other studies did not report binding in this 

regions. In other regions, these findings confirmed the immunohistochemistry 

data.  



19 

 

Since the 5HT7 receptor is positively coupled with Gs protein, its activation 

stimulates an increase of intracellular adenylate cyclase (AC). This effect 

generally leads to important changes of cellular activity through an activation of 

various intracellular kinases (PKA and PKC) that trigger a series of down-

stream signalling cascades and a consequent modulation of gene expression. 

Increase of cAMP induced by 5HT7 receptors was reported in various 

recombinant cell systems transfected with human and rat 5HT7 receptors (Mahe 

et al., 2004; Romero et al., 2006). Moreover, accumulation of cAMP induced by 

5HT7 receptors was also discovered in many glioblastoma cell lines (Mahe et 

al., 2004), rat cultured astrocytes (Hirst et al., 1997) and guinea-pig 

hippocampal membranes (Thomas et al., 1999). Physiological functions of 5HT7 

receptors in the central nervous system are various and depend on the area in 

which they are expressed. Overall, the expression of these receptors in the 

hypothalamus could be associated with the modulation of circadian rhythm, 

thermoregulation and endocrine regulation. The presence in thalamus, cortex 

and hippocampus might be important for sleep and mood regulation, and it has 

been suggested that thalamic 5HT7 receptors might be important in epilepsy. 

Finally, 5HT7 receptors in the hippocampus are of interest in synaptic plasticity 

which is important for learning and memory.   

The role of 5HT in thermoregulation was well reported when Li et al (2001) 

showed that 8-OH-DPAT (non selective 5HT1A and 5HT7 agonists) reduced 

body temperature in mice and this effect was preliminarily associated just to 

5HT1A receptors. The involvement of to 5HT7 receptors in the control of body 

temperature was assessed when further studies showed that selective 5HT7 
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receptor antagonists reversed the hypothermia induced by 5CT and 8-OH-

DPAT (Hedlund et al.,2004). Recently, this finding was confirmed in mutant 

5HT7 receptors knockout mice which were injected i.p. with the 5HT7 receptor 

agonist LP-211. This compounds seemed to dose-dependently reduce body 

temperature in 5HT7+/+ mice but not in 5HT7−/− mice confirming the capacity of 

5HT7 receptor agonist to regulate body temperature in vivo. 

Other investigations were focused to understand the role of 5HT7 receptors in 

the control of circadian rhythm.  A first evidence of this modulation was provided 

in rat hippocampal slices where 8-OH-DPAT induced a phase shifts of the 

circadian rhythm of spontaneous neuronal activity within the SCN (Lovenberg et 

al., 1993). Further studies highlighted that this effect was reversed by 

unselective 5HT7 receptor antagonist, SB-269979 supporting the involvement of 

5HT7 receptors (Sprouse et al., 2004). However, in one study, the selective 

5HT7 receptor agonist AS19 administered in rats at one concentration failed to 

produce the effect observed with 8-OH-DPAT but the partial agonism of AS19 

could make difficult the comparison (Cuesta et al., 2009).  Moreover, studies 

availing of 5HT7 receptor knock-out mice and selective antagonists showed that 

5HT7 is also involved in the photic regulation of retinohypothalamic input to the 

SCN (Gardani  and Biello ,  2008).  

Studies highlighted expression of 5HT7 receptors in the hippocampus 

suggesting that 5HT7 receptors may play an important part in neuronal 

plasticity. Further studies were then performed to understand the physiological 

function of 5HT7 receptors in the control of neuronal firing and Long term 

potentiation (LTP) in hippocampus. Intracellular recording in area CA3 of 
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hippocampal slice showed that 5HT7 receptors reduced the amplitude of slow 

afterhyperpolarization (sAHP) in pyramidal neurons in a reversible, 

concentration-dependent manner. Mechanistically, this effect appeared to occur 

through an inhibition of Ca2+ activated K+ channels (Bacon WL et al., 2000). The 

reduction of sAHP induced by 5HT7 receptors was the mechanism that 

explained the increase of bursting frequency induced by 5CT in the same region 

(Gill at al., 2002).  Moreover, the same study revealed that 5CT did not affect 

AMPA receptor mediated synaptic transmission as assessed by the effect of 

this 5HT7 receptor agonist on stimulus evoked field and intracellular recorded 

Excitatory PostSynaptic Potential (EPSPs).            

In CA3 pyramidal slices the effect was similar to that reported in the CA1 region 

where 5CT activates 5HT7 receptors to increase neuronal excitability (Tokarski 

el al., 2003). A role of 5HT7 receptors in neuronal plasticity was confirmed in 

mutant 5HT7 knock-out mice which showed a reduced ability to induce long-

term potentiation (LTP) within the CA1 region of hippocampal slices (Roberts 

et.al., 2004). In hippocampal cultured neurons, 5HT7 receptors activated the 

mitogen-activated kinases ERK1 and ERK2 which may be relevant for the effect 

on LTP (Errico et al., 2001). 

The effect of 5HT7 receptor antagonists on neuronal physiology increased the 

interest to understand the role of 5HT7 receptors in brain. In particular, the 

interaction between antidepressants with 5HT7 receptors has forwarded a link 

with the control of mood. Several antidepressants induced  c-fos expression in 

SCN and this effect was consistent with the expression of c-fos after the 

activation of 5HT7 receptors (Mullins et. al., 1999). Moreover  chronic 
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antidepressant drug treatment led to a reduction of 5HT7 receptors binding sites 

in the brain (Mullins et. al., 1999). Activity in the forced swim test and the tail 

suspension test suggested a potential link between 5HT7 receptors and mood. 

Pharmacological blockade of the 5HT7 receptor or inactivation of the receptor 

gene led to an antidepressant-like behavioural profile, that is, reduced 

immobility (Hedlund et al. 2005; Guscott et al. 2005; Bonaventure et al. 2007; 

Wesolowska et al. 2006a, b, 2007). A synergistic interaction was also apparent 

between the 5HT7 receptor antagonist SB-269970 and antidepressants leading 

to reduced immobility in both the forced swim test and the tail suspension test 

(Bonaventure et al. 2007; Wesolowska et al. 2007). Thus, concurrent 

administration of citalopram, an antidepressant of the SSRI type, and SB-

269970 has been shown to reduce immobility in the tail suspension test in 

C57BL/6 J mice (Bonaventure et al. 2007). This synergistic effect was also 

detected in the rat frontal cortex measuring the 5HT concentration after the 

exposure to citalopram and SB-269970. At a higher dose, SB-269970 alone 

reduced immobility in the mouse tail suspension test without any change of 5HT 

concentration in the rat frontal cortex (Hedlund et al. 2005; Bonaventure et al. 

2007), However, the combination of a low dose of SB-269970 and a low dose of 

citalopram increased the level of 5HT in the frontal cortex (Bonaventure et al. 

2007). A similar synergistic interaction between SB-269970 and citalopram has 

also been demonstrated in the forced swim test (Wesolowska et al. 2007). 

Other classes of antidepressants used in this study gave a similar positive 

interaction. Thus, when sub-threshold doses of imipramine, desipramine, and 

moclobemide were injected in the mouse in combination with SB-269970, 
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animals revealed reduced immobility in the forced swim test (Wesolowska et al. 

2007). The interaction between SB-269970 and imipramine has also been 

shown in the forced swim test using Wistar rats in which the effect on immobility 

was accompanied with an increase in 5HT levels in the prefrontal cortex 

(Wesolowska and Kowalska 2008).  

Another model to study mood disorders is the exposure to chronic unpredictable 

mild stress that generate a depression-like state in laboratory animals (Willner 

et al. 1992). In a recent study, rats exposed to such stress showed 5HT7 

receptor mRNA upregulation in the hippocampus and hypothalamus, but not 

cortex (Li et al. 2009). The change in mRNA levels could be inhibited by 

treatment with fluoxetine and curcumin, an active ingredient in turmeric extracts 

(Li et al. 2009).  Interestingly, a clinical study has shown that the 5HT7 receptor 

is relevant for the treatment of depression. Amisulpride is an atypical 

antipsychotic that is also a proven antidepressant (Smeraldi 1998). The 

antidepressant effect of amisulpride was firstly associated to somehow rely on 

its properties as a dopamine D2/D3 receptor antagonist, although the 

mechanism has never been satisfactorily explained. It has now been 

demonstrated that amisulpride has high affinity for 5HT7 receptors and that 

amisulpride reduces immobility in both the tail suspension test and the forced 

swim test in 5HT7 +/+ mice but not in 5HT7−/− mice (Abbas et al. 2009). These 

findings provide at least indirect evidence that the antidepressant effect of 

amisulpride is mediated by the 5HT7 receptor. It should also be noted that 

aripiprazole, another atypical antipsychotic that is successfully used to augment 
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the effect of traditional antidepressants (Berman et al. 2009), has high affinity 

for the 5HT7 receptor (Shapiro et al. 2003).  

 

Section 1.4.1 5HT7 receptors and neuroinflammation 
 

Microglial cells and astrocytes represent the cellular sources of cytokines in the 

CNS. Microglia cells secrete Th1 cytokines (T helper type 1 cells) while 

astrocytes preferentially release Th2 cytokines (T helper type 2 cells). Since 

some psychiatric diseases seems to be associated with an Th1/Th2 imbalance 

with a shift to Th1, the equilibrium between microglial and astrocytes cytokine 

release may be an important feature in abnormal regulation of 

neuroinflammation leading to depression (Muller & Schwarz, 2007).  

5HT7 receptor expression functionally coupled with cAMP accumulation was 

confirmed in rat brain astrocytes (Hirst et al., 1997), in human microglia cells 

(Mahe et al., 2005) and in human glioblastoma cell lines (U-373 MG, DBTRG-

05MG, T98G, H4, U-138 MG, U-87 MG, CCF-STTG1, Hs 683) (Mahe et al., 

2004). Moreover, 5HT has been shown to stimulate the expression and release 

of IL-6 in a human glioblastoma cell line U-373 MG and microglial MC-3 cell line 

(Lieb et al., 2005; Mahe et al., 2005). In human glioblastoma cell line U-373 

MG, IL-6 release induced by 5HT was mediated by 5HT7 receptors. The time 

course experiment revealed two peaks, one after 4 hours and the second after 

48 hours with a high level of IL-6 till 72 hours from stimulus. This data may 

suggest two transduction pathways are involved, one rapid and transient and 

other delayed but persistent. This effect was blocked in the presence of the 
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selective 5HT7 receptor antagonist, SB269970, while selective 5HT2A and 5HT3 

receptor antagonists were unable to reverse the 5HT induced IL-6 release. IL-6 

release induced by 5HT was also blocked by p38 MAP kinase and PKC 

inhibitors (SB202190 and GF109203X, respectively) while p42/44 MAPK 

inhibitor PD98059 did not change the response suggesting that this effect is 

mainly mediated by p38 MAP kinase and PKC. Western blot analysis of cells 

lysates treated with 5HT showed that activation of p38 MAP kinase started at 5 

min with a peak at 10 and 15 min and disappeared after 60 min, while activation 

of PKC stared at 2.5 min lasting untill 10min. In the attempt to further explore 

which PKC isoforms that were involved, a variety of PKC inhibitors were used. 

These data indicated that atypical PKCs (PKC  and ) were involved but not 

classical PKC (PKCα,β, ). No consistent evidence for the involvement of 

transcription nuclear factor kappa B was reported. Within the human microglial 

MC-3 cell line, stimulation with the non-selective agonist of 5HT7 receptors, 

5CT, caused an increase in IL-6 mRNA which was also abolished by the 

presence of the 5HT7 receptor antagonist SB269970 (Mahe et al., 2005). 

Considering that in this cell line, 5HT7 receptors increase cAMP increase and 

forskolin mimicked the effect of 5CT or 5HT on IL-6 expression, it has been 

suggested that  cAMP intracellular signal pathway is involved.  

Overall, these evidences suggest that 5HT7 receptors may play an important 

role in the regulation of cytokine release in the CNS. However, since four splice 

variants of 5HT7 have been identified, it is not yet known how different splice 

variants of the 5HT7 receptor may differentially modulate cytokine release.   
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Section 1.5 Alternative mechanisms of action of cytokine-induce 
depression.  
 

As described in the previous section, clinical and preclinical studies suggested 

that the abnormal regulation of cytokines in the CNS may cause a change of 

neurotransmission which is strongly associated with the development of 

depression. Apart from the effect of cytokines on serotonergic system described 

above, alternative mechanisms seem relevant in the correlation between 

immune response with depression.  

The main resource of cytokines in the brain are microglia and astrocyte which  

produce brain cytokines belonging to the Th1 (such as IFN , IL-1, TNF )  and 

Th2 (such as IL-4 and IL-10) class respectively. An inappropriate balance of 

microglia and astrocyte as found in some patients with depression (Johnston-

Wilson et al., 2000; Miguel-Hidalgo et al., 2000; Rajkowska et al., 2007) could 

determine an abnormal regulation of these cytokines. Moreover, microglia and 

astroglia play a role through the secretion of neurotoxic substance and 

neurotrophic factors which influence the neuronal plasticity and neuronal toxicity 

confirming the importance of appropriate numbers of microglia/astrocyte in the 

CNS (Leah McNally et al., 2008)   

In microglia, there is an induction of neuronal cytotoxicity via the cytokines-

dependent stimulation of enzyme indoleamine 2,3-dioxygenease (IDO). IDO 

that converts the main precursor of serotonin, tryptophan (TRP), into kynurenine 

(KYN), has been demonstrated to be activated by cytokines, reducing TRP 

availability and consequently decreasing 5-HT concentrations in the brain. In 

parallel, a cytokine-induced augmentation of KYN produces an increase of the 
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NMDA receptor agonist quinolinic acid in the brain (Dantzer et al., 2010). A 

depletion of TRP along with an increase of quinolinic acid and consequently an 

altered glutamatergic neurotransmission are strongly associated with 

depression (Muller & Schwarz MJ, 2007).  

Hyperactivity of the HPA axis induced by cytokines including increased 

production and release of CRH in response to stress, has been proposed as an 

alternative mechanism that associates inflammation with the developing of 

neuropsychiatric disorders (Raison et al., 2006). This hypothesis was confirmed 

in patients who developed depressive behaviours after INFα therapy and an 

exaggerated increase in adrenocorticotropic hormone and cortisol levels in 

response to INFα treatment (Capuron et al., 2003) 

 This hyperactivity of the HPA axis response may derive from the capacity of 

cytokines to alter GR expression and/or GR function (Pace et al., 2007, Miller et 

al., 1999 & 2001, Wang et al., 2004) which are very important to dampen the 

neuroendocrine and inflammatory responses induced by stress and pathogen 

exposure.  

Another hypothesis, which links inflammation to neuroplasticity, is the regulation 

of the nerve growth factors like BDNF by cytokines. BDNF plays an important 

role in the control of neuronal differentiation, neuroplasticity and 

neuroprotection, therefore a loss of BDNF is increasingly being implicated in the 

pathophysiology of depression (Groves, 2007; Martinowich and Lu, 2007; 

Palomino et al., 2006). A production of BDNF was detected in 

immunecompetent cell lines and in inflammatory brain lesions, highlighting the 

possibility of a neuronal protective role of the immune system (Hohlfeld et al., 
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2007). In the CNS, human cultured adult astrocytes stimulated with TNFα and 

IL-1ß showed two-fold increased mRNA expression of BDNF (Meeuwsen et al., 

2003). Moreover, intra-hippocampal admistration of IL-1β and IL-1β receptor 

antagonist antibody (Amgen) into rat brain modulate the level of BDNF mRNA 

expression following learning and memory tasks and social isolation (Barrientos 

et al., 2003). Peripheral inflammation induced by LPS injection led to a 20% 

transient decrease of BDNF protein expression in mouse brain synaptosomes 

(Schnydring et al., 2007). In conclusion, these findings suggest that cytokines 

may regulate the level of BDNF within the CNS level that can ultimately alter 

synaptic plasticity and hence brain function though this hypothesis is young in 

its evolution (Raison et al., 2006). 

 

Section 1.6 Aims 

 

Overall, these studies suggest a correlation between immune activation and 

psychiatry symptoms but the number of mechanisms described indicates that 

the nature of interaction among cytokines, the brain function and the change of 

behavior is still not well identified. Understanding the mechanism that better 

described this interaction may help to create new prospects for developing new 

drugs with increased efficacy for the treatment of psychiatric diseases.          

The mechanism stated in this thesis is a modulation of the 5HT transport as 

consequence of a direct modulation of SERT function induced by TNFα and IL-

1β at the synapses level. This effect may have an important impact on 5HT 

post-synaptic signalling which links with cytokines release because the 5HT7 
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receptors expressed in glial cells potentiate the release of cytokines in the brain. 

It means that serotonin has a dual interaction with the cytokine pathway: on one 

hand increasing the 5HT transport, cytokines may induce critical changes of 

serotonin level at the synapses that may link to the development of depressive-

like behaviors. On the other hand, serotonin may have a role in the release of 

cytokines in the brain and then an imbalance of Th1:Th2 types with 

consequently dysregulation of neuronal physiology. 

All these processes involve a signalling cascade that have a common mediator, 

p38 MAP kinase, which is activated by numerous cytokines as well as by 

environmental and chemical stressors in many cases triggering inflammatory 

and apoptotic pathways (see figure below).  .    

This work was then focused on understanding the regulation of SERT induced 

by cytokines; in particular, studying if activation of p38 MAP kinase induced by 

IL-1β or anisomycin induced a significant change of rat SERT function and 

expression. The use of IL-1β and anisomycin was justified by the literature 

showing that IL-1β and anisomycin treatment induce a direct activation of SERT 

(Zhu et al., 2006) and the sickness behavior after LPS challenge is mainly 

mediated by IL-1β receptors via p38 MAP kinase (Zhu et al., 2010, Dunn et al., 

2005). In order to correlate the proposed in vitro mechanism and the effect 

observed in animal model, this in vitro approach was followed by ex vivo studies 

in which SERT function was also measured in rats treated with LPS, a potent 

stimulator of inflammation. Moreover, additional studies were performed to 

characterize the expression and function of 5HT7 receptors in primary cultured 
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astrocytes and neurons and then explore the signalling cascade at downstream 

of 5HT7 receptor activation with regards the interaction with p38 MAP kinase.    

The impact of this proposed study will be a clarification of the relationship 

between the serotonergic signal and cytokines pathway, in particular the 

interaction among cytokines, p38 MAP kinase, SERT and 5HT7 receptors in the 

context of immune response and psychiatry disorders. Understanding the 

mechanism of this interaction and which targets are more involved, will give the 

possibility to develop new antidepressant therapies based on the modulation of 

these pathways.  
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Chapter 2      Materials and Methods  
 

Section 2.1 Measurement of 5HT uptake in rat and mouse brain 
synaptosomes  
  

The assay currently adopted to measure the SERT function is an [3H]5HT 

uptake assay. This assay can be performed in both recombinant cells and in 

native tissue and give the measurement of 5HT uptake rate mediated by SERT. 

The native tissue has to be processed to obtain brain synaptosomes which are 

vesicles generated by the synaptic termination containing the targets present in 

the synaptic cleft. [3H]5HT uptake was measured in brain synaptosomes 

prepared from Sprague Dawley rats (Charles river, 225-250g) housed in groups 

of 4 animals per cage and from C57BL/6N mice (Harlan, 12 weeks) housed in 

groups of 5 animals or in single animals per cage. The assay was performed 

using two different protocols. “Protocol 1” was based on those reported by 

Thomas et al., (1987). “Protocol 2” was based on those reported by Zhu et al., 

(2007).  

Protocol 1  

Brain tissue from single animal was dissected from different animalson ice and 

put into a tube containing 10ml cold 0.32M sucrose. The content of the tube 

was homogenised using 8 strokes of a Potters-Manheim homogeniser set at 50 

rpm. The homogenate was centrifuged for 5 min at 1000xg at 4°C. Supernatant 

containing synaptosomes was collected, transferred into a new tube and diluted 

1:2 (V/V) in 0.32M sucrose. 10 l of synaptosomes were stored at -20°C and 
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use for protein determination. 100 l of synaptosomes (30-40 g/well) were pre-

warmed in a bath at the assay temperature of 30°C for 10 min. 350 l assay 

buffer (118mM NaCl, 4.9mM KCl, 1.5mM CaCl2*2H2O, 1.2mM MgSO4*7H2O, 

25mM NaHCO3, 1.2mM NaH2PO4, 0.06mM L-ascorbate, 10mM glucose, 

0.01mM pargyline) with vehicle (0.1% DMSO in assay buffer) or compounds 

were then added to 100 l synaptosomes for 5-30 min. 5HT uptake was initiated 

by adding 50µl of [3H]5HT (10-20 nM final concentration) and after 10 min the 

reaction was stopped and synaptosomes separated by rapid filtration through 

GF/B Whatman paper using Brandel harvester. Filter was washed there times 

with ice-cold assay buffer. After immersing filters in scintillation liquid for 6 

hours, radioactivity was evaluated by scintillation counting. Counts were 

normalized per min and per mg of protein detected in the frozen samples.  

Protocol 2 

 The brain tissue from single animal was dissected out on ice as above and 

homogenized in 10 volumes of cold 0.32M sucrose using 8 strokes of a Potters-

Manheim homogeniser set at 400 rpm. The homogenate was centrifuged for 10 

min at 800xg at 4°C. The supernatant was transferred into a new tube and 

centrifuged at 10000xg for 15 min at 4°C. The pellet with synaptosomes was 

resuspended in 40 volumes of assay buffer containing 130mM NaCl, 1.3 mM 

KCl, 2.2mM  CaCl2*2H2O,  1.2mM MgSO4*7H2O,  1.2mM KH2PO4, 0.1mM  L-

Ascorbate, 10mM Glucose, 0.1mM Pargyline. 10 l of synaptosomes were 

stored at -20°C and use for protein determination. 100 l of synaptosomes (30-

40 g/well) were pre-warmed in a bath at the assay temperature of 37°C for 10 
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min and then incubated with vehicle (0.1% DMSO in assay buffer) or 

compounds  which were p38 MAP kinase activator, anisomycin (0.2-5 M), p38 

MAP kinase inhibitor, SB203580 (0.2-5 M)  or IL-1β (10-200ng/ml) for 5-30 min 

in assay buffer. 5HT uptake was initiated by adding 50µl of [3H]5HT (10-20nM 

final concentration) and after 5 min at 37°C, the reaction was stopped by rapid 

filtration as described in the protocol 1.  

Total counts obtained by filters were corrected for non specific signal obtained 

by parallel samples incubated with the selective SERT inhibitor Fluoxetine 

(10 M, Tocris). Analysis of protein concentration was performed by Bradford 

standard method.   

  

Section 2.2 Measurement of p38 MAP kinase phosphorylation in rat and 
mouse brain synaptosomes  
    

100 l of striatum or cortex synaptosomes were added to 400 l assay buffer 

(protocol 2) containing drugs and incubated in a bath at 37°C for 10-30 minutes. 

Samples were not standardized for protein. Synaptosomes were then 

centrifuged at 10000g for 20 min at 4°C, and pellet was re-suspended in 100µl 

1X Lysis buffer containing 20mM Tris-HCl (pH 7.5), 150mM NaCl, 1mM 

Na2EDTA, 1mM EGTA, 1% Triton, 2.5mM Na4P2O7, 1mM β-Glycerophosphate, 

1mM Na3VO4, 1µg/ml Leupeptine. Samples were then kept on ice for 20 min, 

centrifuged 13000g for 20 minutes and than the supernatant was transferred in 

a new tube. 10µl was stored at -20°C and use for protein determination and the 

left solutionwas finally analysed in duplicate with phospho-p38 MAP Kinase 
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ELISA kit (Cell Signalling, Cat#7946) according to the instructions 

provided.Briefly, sample was diluted 1:1 with Sample Diluent (supplied in each 

PathScan® Sandwich ELISA Kit). 100μl of each diluted cell lysate was added to 

the appropriate well and incubate over night at 4°C. Plate was then washed four 

times with 1X Wash Buffer (200μl each time for each well) and incubates with 

Detection antibodies for 1 hour at 37°C. Each well was washed as described 

before and 100μl HRP-link secondary antibodies was the added for 30 min at 

37°C. Washes were repeated as before and 100μl of TMB substrate was added 

each well for 10 min at 37°C. Reaction was stopped by addition of 100μl Stop 

solution and adsorbance at 430nm was detected using spectrophotometer 

(SpectraMax, Molecular Devices).   

    

Section 2.3 Maintenance of HeLa, RBL2H3 and hSERT-LLCPK 

  

Hela cells (HeLa) and Rat basophilic leukemia cells, RBL2H3, have become 

readily accessible commercially and were received frozen in dry-ice from 

ECACC. Epithelial cell line from pig kidney (LLC-PK) expressing human SERT 

(hSERT-LLCPK) was kindly provided by GSK starting at passage 10. Cells 

were cultured in 75 cm2 tissue culture flask at 37°C in an atmosphere with 5% 

CO2, 100% relative humidity. All cells were grown in Dulbecco’s Modified 

Eagles Medium (DMEM, Gibco 41966-029) with 10% (v/v) foetal bovine serum 

(FBS) supplemented with 100 IU/ml penicillin and 100µg/ml streptomycin (HeLa 

and RBL-2H3) or 400µg/ml Hygromycin-B (LLCPK). To maintain healthy 

proliferation, the cells were routinely passaged every two days At approximately 
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100% confluency, media was aspirated off the cell monolayer and the cells 

washed in 5ml Phosphate-Buffered Saline (PBS; Sigma). Cells were then 

dissociated from a flask with 2 ml 0.05% Trypsin/EDTA solution (Gibco) for 2-5 

mins. The reaction was quenched with media containing 10% serum and spit in 

new flasks. All cell culture was completed in a microbiological safety cabinet, 

preventing contamination with bacteria, fungi and viruses. Before using cell in 

the assay, cells were cultured for at least two weeks in normal conditions (at 

least 4 passages) and then Hela cells and RBL2H3 were used between 

passage 4 and 8 and hSERT-LLCPK were used between passage 12 and 15.   

 

Section 2.4 Measurement of 5HT uptake in recombinant cell lines 
 

Cells were placed in 96-well plate one day before the experiment at the 

concentration of 20000 cell/well. After 24 hours, medium was aspirated and 

replaced with 100µl assay buffer (10mM HEPES, 130mM NaCl, 1.3mM KCl, 

2.2mM  CaCl2*2H2O,  1.2mM MgSO4*7H2O,  1.2mM KH2PO4, 0.1mM  L-

Ascorbate, 10mM Glucose, 0.1mM Pargyline) containing vehicle (0.1% DMSO 

in assay buffer) or compounds for 5-30 min at 37°C. 5HT uptake was initiated 

by adding 100µl of [3H]5HT (100 nM final concentration) and after 10 min at 

37°C, buffer was aspirated and cells were washed there times with ice-cold 

assay buffer. Cells were solubilised in 50µl Microscint 20 (PerkinElmer, cat# 

6013621) and radioactivity was counted with TopCount plate scintillation 

counter (PerkinElmer).   
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Section 2.5 Measurement of 5HT uptake in human blood platelets 
 

Human blood was collected in K3-EDTA tubes and centrifuged at 200xg for 10 

min at room temperature. The supernatant, that corresponds to platelet rich 

plasma (PRP) was collected and platelets were counted by flow cytometry and 

diluted in Krebs assay buffer (130mM NaCl, 1.3mM KCl, 2.2mM  CaCl2*2H2O,  

1.2mM MgSO4*7H2O,  1.2mM KH2PO4, 0.1mM  L-Ascorbate, 10mM Glucose, 

0.1m Pargyline) up to 20 million platelets /ml. 100 l assay buffer containing 

2x106 platelets were pre-warmed in a bath at 37°C for 10 min. 100µl assay 

buffer with vehicle (0.1% DMSO) or anisomycin was then added for 5-30 min.  

5HT uptake was initiated by adding 50 nM [3H]5HT and after 10 min, the 

reaction was stopped by rapid filtration through GF/B. Whatman paper washing 

three times with ice-cold assay buffer. Radioactivity was counted as described 

above.   

 

Section 2.6 Measurement of p38 MAP kinase phosphorylation in 
recombinant cell lines  
 

Cells were placed in 6-well plates one day before the experiment at the 

concentration of 1x106 cell/well. On the day of experiment, cells were treated 

with vehicle (DMSO final 0.1%) or compounds for 5-20 minutes in medium and 

then lysed with 100µl 1X Lysis buffer described above. In some experiment, 

cells were pre-treated with p38 MAPK inhibitor, SB203580 for 30 min before the 
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stimulation with drugs. All samples were then kept on ice for 20 min, centrifuged 

at 13000g for 20 minutes and finally analysed with phospho-p38 MAP Kinase 

ELISA kit (Cell Signalling) according to the instructions provided.  

 

Section 2.7 LPS treatment and sample preparation for the ex vivo 
experiment 
 

A intracerebroventricular cannula was implanted in Sprague Dawley rat 

(Charles river, 225-250g) to allow injection of LPS in the brain. After 1 week of 

recovery, rats were i.c.v. treated with vehicle (artificial cerebrospinal fluid, ACF, 

containing 125mM NaCl, 2.5mM KCl, 2.5mM MgCl2, 1.7mM CaCl2, 2mM 

Na2HPO4*7H2O) or LPS from Escherichia coli serotype 0111:B4 (20µg/dose in 

5µl ACF). After 2 hours, rat brains (four animals/group) were removed and cut 

into parasagittal halves. One half was dissected to prepare synaptosomes from 

cortex and striatum as described in the section 2.1 (protocol 1)Pre-frontal 

cortex, hippocampus and striatum were dissected from the other half, quickly 

frozen on dry ice and stored at -80°C to measure cytokine levels by multiplex 

technology (see section 2.7.1).  

 

Section 2.7.1 Assessment of cytokine level in the brain tissue by multiplex 
technology  

 

IL-1β, IL-6, IL-10, TNFα and IFN , levels were measured in cerebral 

homogenate with a Luminex instrument, using a multiplex suspension array 

technology. Basically, specific primary antibodies recognizing a cytokine are 
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conjugated with beads emitting different fluorescence. Once added to the 

samples, analyte and primary antibodies form immunocomplexes that are 

recognized as well by secondary antibodies (Detection antibody) which are 

coniugated with another fluorescent dye. The quantification was performed by 

the Luminex instruments, which identifies the type of beads and the 

fluorescence intensity of Detection antibody.  Concentrations were obtained 

from fluorescence values by comparison with a standard curve. The assay was 

carried out using Bioplex instruments (Biorad). Kit and reagents were 

purchased from Millipore (MILLIPLEX MAP Rat Cytokine/Chemokine Panel, cat 

N° RCYTO-80K). Brain tissues were placed in a tube and weighed.   5µl lysis 

buffer (Saniquin) for mg of tissue was added to the tube andthen samples were 

homogenized with minipestles, (Blu PP pestle Cod. Z359947 Sigma, Cordless 

motor Cod. Z359971 Sigma), incubated for 10 min on ice and centrifuged at 

13200 RPM at 4°C for 2 minutes. Supernatant was diluted 1:3 in assay buffer 

and 50µl/well were loaded on the kit plate in duplicate. The assay was 

performed following the instructions provided. Protein concentrations of 

samples were not detected and then cytokines concentration was not 

standarized to protein. Cytokines measured were IFN , TNFα, IL-1α, IL-1β, IL-6 

and IL-10.  

 

Section 2.8 Rat astrocytes preparation 
 

Rat cortical astrocytes were obtained from twelve 2-3 day old Sprague-Dawley 

pups. Rat brains were dissected out and placed in Petri dish with cold HBSSH 
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buffer (pH 7.3) containing 5mM potassium chloride (KCl), 0.44mM potassium 

phosphate monobasic anhydrous (KH2PO4 an.), 137mM sodium chloride 

(NaCl), 0.34mM sodium phosphate dibasic anhydrous (Na2HPO4 an), 4.2mM 

sodium bicarbonate (NaHCO3), 0.1% D-Glucose, 10mM Hepes, 100 U/ml 

penicillin and 100µg/ml Streptomycin. Under stereo microscope, peel off the 

meninges and transfer cortex to a tube containing cold HBSSH buffer. Cortices 

were minced with needle-sharp tweezers and transferred into three 50ml Falcon 

tubes containing 30ml of enzymatic dissociation solution (0.1% trypsin and 

0.02% DNase I type IV, D5025, Sigma). The tube was incubated for 20 min at 

37°C. After a centrifugation at 228g for 5 min, the pellet was filtrated through a 

cell strainer filter of 70µM (BD Falcon) into a new 50ml tube. Cells were 

centrifuged again and resuspended in medium 15% FBS (500ml of DMEM, 

75ml of FBS, 5ml of Pen/Strep, 2.2ml of Glucose).      

Cells were then placed in Poly-D-lysine (30000-70000) coated T175 flask 

(Nunc) for one night at 37°C, 5% CO2.  Medium was changed with new medium 

15% FBS at 2 days in vitro (DIV) and 10%FBS at 5 DIV. Rat astrocytes were 

detached with 0.05% trypsin plus 10mM EDTA, centrifuged and resuspended in 

freezing medium (DMEM, 15% FBS, 10% DMSO). Purity of culture was not 

detected. Aliquots were then stored at -80°C. Rat astyrocytes used in the assay 

were placed in 96 or 6-well plate at the density of 700-800 cells/mm2 and 

cultured for 12-14 DIV.    

 

 



40 

 

Section 2.8.1. Rat neuronal cultures preparation  

 

Cortical and hippocampal neuronal cultures were obtained from embryos at day 

18/19 of gestation (E18/19) of Sprague-Dawley rats. Rat brains were dissected 

out and hippocampi were quickly isolated at 4°C in HBSS pH 7.3 buffer 

containing 10mM Hepes, 100U/ml penicillin and 100µg/ml Streptomycin (HBSS 

buffer). Hippocampal and cortical cells were treated with HBSS buffer added 

with Trypsin 0.1% at 37°C for 10 min. In the last 5 min of incubation, cortical 

cells required an addition of 166µg/ml of DNAse I which facilates the cell 

dissociation. After a single wash with HBSSH buffer containing 10% FBS and 

two additional washes with HBSSH buffer, cells were mechanically dissociated 

by triturating with Pasteur pipets. Cells were than placed in Poly-L-lysine 

(P9404, MW >30000 kDa) coated 12- or 96-well plates at the density of 700-

800 cells/mm2 in serum-free Neurobasal medium supplemented with B27 

supplement, 500µM Glutamine, 100U/ml penicillin and 100µg/ml Streptomycin. 

In the hippocampal neurons, medium was supplemented with 12.5µM glutamate 

(Sigma, St. Louis, MO, USA). Cells were grown at 37°C, 5% CO2 and half the 

volume of the medium was changed after 4 days with complete medium without 

glutamate. In all assays, neuronal primary cultures were used after 8-10 days in 

culture. All reagents were purchased from Gibco/Invitrogen (Paisley, UK) except 

those in which supplier were indicated.   
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Section 2.8.2. Purity of cultured neuronal preparations 

 

Purity of cultured neuronal cells was assessed by immunoflorescence. Cells 

were grown on 12-well plate in coverslips at the density of 500 cell/mm2  under 

normal cultured conditions (see above).Onthe day of analysis the cells were 

processed at room temperature as described below.  Cultured medium was 

aspirated, washed once in a small volume of PBS buffer and then incubated for 

fixation in PBS containing 4% paraformaldehyde and 4% sucrose for 20 min. 

Cells were then washed for 5 min in PBS and then incubated in PBS with 5% 

FBS (quenching solution) for 30 min for blocking non-specific binding sites. In 

order to allow the permeabilization of antibodies, cells were incubated with PBS 

containing 0.1% Triton X-100 and 5% FBS for 10 min and then washed for 5 

min with quenching solution. Cells were incubated with astrocyte primary 

antibodies anti-GFAP (Sigma G9269, 1:1000, from rabbit) or neuron-specific 

nuclear protein primary antibodies anti-NeuN (Chemicon, MAB377, 1:200, from 

mouse) diluted in quenching solution for 1h, Unbound antibodies were eliminate 

by three washes of 5 min and then secondary antibodies anti-rabbit AlexaFluor 

594 (Molecular Probes/Invitrogen, 1:1000, from donkey) or anti-mouse 

AlexaFluor 488 (Molecular Probes/Invitrogen, 1:1000, from goat) was diluted in 

quenching solution and added for 45 min. After two washes with quenching 

solution and one with distilled water, coverslips were mounted with one drop of 

VECTASHIELD® Mounting Medium with DAPI (H-1200, Vector 

Laboratories,UK) and closed with nail polish. In order to quantify the purity of 

culture, 5 fields per coverslip are acquired using LEICA microscope (IM 50 
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program) and 20x objective. For each field, 3 pictures (blue, green and red 

channels) are acquired with the following parameter settings:  

 

DAPI (blu channel): exposure time 56.4 msec, gain/offset threshold: 26/1.17/6 

NeuN (green channel): exposure time 11 sec, gain/offset threshold: 22/1.10/9 

GFAP (red channel): exposure time: 1.1 sec, gain/offset threshold: 45/0.58/9 

 

The number of cells positive for each of the three markers was manually 

counted from the acquired pictures.     

 

Section 2.9. RNA extraction and quantification 
 

Total mRNA from primary neurons and astrocyte was extracted using RNeasy 

mini kit from Qiagen (Qiagen Inc, Valencia, CA, USA). Briefly, cells were grown 

in 12-well plate in normal conditions. Medium was aspirated and cells were 

washed two times with ice-cold PBS. 350μl RLT buffer was added to cells for 

the lysis. 350μl of 70% ethanol was added to cell lysate which was then putted 

in a RNeasy spin column.  Samples were centrifuged for 15sec at 10000xg. 

700μl Buffer RW1 was added to the RNeasy spin column and centrifuged for 

15sec at 10000xg to wash the spin column. The RNeasy spin column was 

washed two other times with Buffer RPE using the same procedure described 

previously and finally mRNA was eluated with 50μl Rnase-free water. Genomic 

DNA contaminants were removed from each samples using an RNAse-free 

Dnase I supplied by Applied Biosystem (Foster City, CA, USA). Briefly, samples 
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were incubated with RNAse-free Dnase I for 30min at 37°C. Samples were then 

centrifuged at 16000xg for 5 min and the pellet was resuspended in 50μl 

Rnase-free water. Purified RNA was quantified using an Agilent 2100 

Bioanalyzer following the Agilent RNA 6000 Nano kit protocol (Agilent 

Technologies Inc., Santa Clara, CA, USA). Briefly, the gel was prepared by 

mixing 65μl filtered gel with 1μl of dye and the tube was centrifuged at 13000Xg 

for 10 min at room temperature.9.0 μl of gel-dye mix was added to the RNA 

6000 Nano chip. 5 μl of RNA 6000 Nano marker was loaded in all sample wells 

following by 1μl of sample in each well. The chip was now ready to quantify the 

mRNA by the Agilent 2100 bioanalyzer within 5 min.  

 

Section 2.10 Reverse Transcribed PCR 

 

Complementary DNA (cDNA) was generated by reverse transcription of 100ng 

of total RNA using TaqMan Reverse Transcription Reagents (Applied 

Biosystem). The reaction consisted of 1X RT buffer, 2.5mM MgCl2, 1mM 

dNTPs, 2.5µM random hexamers, 0.4U/µl RNase Inhibitor, 1.25U/µl MultiScribe 

RT. The mixture was incubated consecutively at 25°C for 10 min, 48°C for 30 

min and finally 95°C for 5 min. PCR was carried out in a reaction volume of 30µl 

using HotStarTaq(R) PCR from Qiagen using this protocol: 10ng cDNA, 1X 

PCR buffer, 200µm dNTP’s, 300nM Primers, 1 unit Taq in Dnase-free water. 

After an initial incubation of 15 min at 95°C, 40 cycles of amplification were 

performed consisting of 30 sec denaturation at 95°C, 30 sec annealing at 60°C 
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and 40 sec extension at 72°C. The reaction was terminated with a final 

extension of 10 run  min at 72°C. Primer pairs were reported in Table 3.     

Table 3. Primers for 5HT7, 5HT6 and 5HT4 receptors  

Gene Sequence 

5HT7 
Forward: ATCTTCGGCCACTTCTTCTGCAACG 

Reverse: CAGCACAAACTCGGATCTCTCGGG 

5HT6 
Forward: CCATCTGCTTCACCTACTGC 

Reverse: TCTGAATCTGAGTTTGGCGG 

5HT4 
Forward: TTGGCTGCTTTGGTCTCTGTCCGC 

Reverse: TGCAAGGCTGGAACAACATCGGC 

    

PCR products were separated electrophoretically with 1.5% agarose gels. 

Agarose 1.5% in 1X TAE buffer (Tris 40mM, 1mM Glacial acetic acid, 0.1% 

EDTA pH 8) was heated in microwave until fully dissolved. After a brief cooling, 

a 1X SYBR safe DNA gel stain (Invitrogen) was added that binds to the DNA 

and allows visualization under UV illumination. Samples were mixed with a 6X 

DNA loading buffer composed by Bromofenol Blue 0.25% w/v, Xylene cyanol 

FF 0.25% w/v and Ficoll (Type 400) 15% and ran alongside DNA molecular 

weight markers (100bp ladder, Invitrogen) for 1 hour at 100V.      

 

Section 2.11 cAMP assay   

 

Intracellular cAMP accumulation was measured in neurons using cAMP Hi 

Range kit supplied by Cisbio (Bagnols-sur-Cèze, France). This assay is based 

on two fluorophores, a donor (Europium cryptate) and an acceptor (d2). 
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Excitation of the donor by an energy source (e.g. flash lamp or fluorometer 

laser) triggers an energy transfer to the acceptor if they are within a given 

proximity to each other. The acceptor in turn emits light at its given wavelength. 

This phenomenon is called FRET (Fluorescence Resonance Energy Transfer). 

In this specific case, the assay is a competitive immunoassay using cryptate-

labeled anti-cAMP and d2-labeled cAMP. When cAMP is present in solution, it 

displaces the d2-labeled cAMP determining a decrease of emit light. A standard 

curve with cAMP solutions of known concentrations is run in parallel.  The 

protocol described by suppliers was adapted to neurons cultured in adhesions. 

Neurons cultured in 96 well plates were incubated with vehicle (0.1% DMSO) or 

antagonists for 15 min at 37°C in medium before an addition of 5HT or forskolin 

(FSK) in the presence of 500µM 3,7-Dihydro-1-methyl-3-(2-methylpropyl)-1H-

purine-2,6-d ione (IBMX). After 30 min, medium was fully replaced with 100µl 

lysis buffer containing cryptate-labelled anti-cAMP and d2-labelled cAMP. After 

3 hours, europium cryptate fluorescence and time-resolved fluorescence 

emitted from acceptor  were measured 400µs after excitation at 340 nm at both 

615 and 665 nm using a Victor V fluorimeter (Perkin Elmer). Results were 

calculated from the 665nm / 620nm ratio and expressed in Delta F% following 

this equation:  

     

 

 

 

Sample ratio – Ratio neg
Ratio neg

DeltaF%= Sample ratio – Ratio neg
Ratio neg

Sample ratio – Ratio neg
Ratio negRatio neg

DeltaF%=
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Where “sample ratio” was the 665nm/620nm ratio of each sample and “ratio 

neg” was the 665nm/620nm ratio calculated in wells where d2-labeled cAMP 

was not added. Sample cAMP concentrations were calculated from a standard 

curve.   

 

Section 2.12 Analysis of expression, phosphorylation and transport of 
expressed protein  
 

Section 2.12.1 Treatment and sample preparation  
 

Cultured neurons and astrocytes grown in 12-well or 6 well plates were treated 

with different compounds in medium at 37°C for the indicated time points. After 

a brief wash with ice-cold phosphate buffered saline (PBS, Invitrogen), cells 

were scraped into 100µl/well (12 well) or 200µl/well  (6 well) Lysis Buffer 

containing 10mM Tris (pH 7.4), 100mM NaCl, 1mM EDTA, 1mM EGTA, 1mM 

NaF, 20mM Na4P2O7, 2mM Na3VO4, 1% Triton X-100, 10% glycerol, 0.1% 

Sodium dodecyl sulfate (SDS), 0.5% deoxycholate, 1mM 

phenylmethanesulfonyl fluoride (PMSF), one tablet of complete mini protease 

inhibitors (Roche, Indianapolis, IN, USA) and 1% phosphatase inhibitors I and II 

(Sigma). Cells lysates were transferred to tubes and kept at 4 °C for 30 min. 

Lysates were then centrifuged for 10 min at 13,000 x g, supernatants were 

transferred to new tubes and stored at -80°C. Samples were analysed by 

western blot to quantify total and phosphorylated protein expression (see 

section 2.12.4 and 2.12.5.).  
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Section 2.12.2.  Cell surface protein isolation  
 

Protein present at the cell surface can be purified using EZ-link sulfo-NHS-SS-

Biotin, a thiol-cleavable amine-reactive biotinylation reagent. Basically, this 

procedure uses a cell-impermeable, cleavable biotinylation reagent (Sulfo-NHS-

SS-Biotin) to label exposed primary amines of proteins on the surface of intact 

cells. Treated cells are then harvested, lysed and the labeled surface proteins 

are affinity-purified using the capacity of biotin to bind streptavidin and avidin 

with high specificity.   

In this biotinylation procedure, cultured neurons grown in 6-well plates were 

transferred onto a pre-chilled platform and all subsequent steps were conducted 

at 4ºC. Cells were washed with ice-cold PBS and then incubated for 20min with 

1mg/ml biotin (EZ-Link Sulfo-NHS-SS-Biotin; Pierce, Rockford, IL, USA) 

dissolved in PBS. After three rinses in ice-cold 50mM glycine in PBS to quench 

biotin, cells were rinsed in PBS and then scraped in 200µl/petri dish of 

homogenization buffer (0.1% SDS, 0.5% NP40, 0.5% sodium deoxicolate, 

150mM NaCl, complete mini protease inhibitors, phosphatase inhibitors cocktail 

I and II in PBS, pH 7.4). Homogenates were centrifuged at 10,000 x g for 20min 

to pellet the insoluble fraction. The supernatant (total extract) was analyzed for 

total protein content with a Micro BCA kit (Pierce). For purification of the 

biotinylated surface protein fraction, 50µg of total proteins were incubated with 

80µl of 50% slurry Neutravidin resin (Pierce) for 2h at 4ºC, by using spin 

columns with top and bottom caps. After washings with homogenization buffer 

(1min centrifugation of spin columns at 1,000 x g at 4ºC for three times), 
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biotinylated surface proteins were eluted by application of 100µl of elution buffer 

(Invitrogen NuPage LDS sample buffer 4x diluted to 1x with H2O and added 

with 50mM ditiothreitol as reducing agent) to the resin, heating at 95ºC for 5 

min, and centrifugation for 2min at 1,000 x g. Eluted fractions represented the 

purified biotinylated surface proteins (surface fraction) and were ready for gel 

loading (see section 2.12.4 and 2.12.5.). 

 

Section 2.12.3.  Protein sample quantification 

 

Section 2.12.3.1. Bradford standard method 
 

The protein concentration of samples was determined using Bio-rad reagent 

(Bio-Rad, UK) thet was based on an assay first described by Bradford in 1976 

(Bradford 1976, Anal Biochem. May 7;72:248-54. Bio-rad reagent was diluted 

1:5 with ddH20, and filtered through chromatography paper (Whatman, UK) to 

remove particulate matter. Bovine serum albumin (BSA) was diluted to 0, 0.2, 

0.4, 0.6, 0.8 and 1 mg/ml with H2O for use as protein standards. Filtered Bio-rad 

reagent (200µl) and 4µl of each sample were added to well of 96-well plate. The 

plate was mixed and incubated for 10 minutes at room temperature in a dark 

place. Coomassie® Brilliant Blue G-250, included within the reagent, shifts 

absorbance from 465 nm to 595 nm in the presence of protein. Absorbance was 

measured at 595 nm in a spectrophotometer (Spectramax 400) and BSA 

standards used to calculate a protein concentration/absorbance curve. Protein 
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concentration of each sample was calculated from the BSA standard curve, 

from the absorbance reading at 595 nm. 

Section 2.12.3.2. Micro BCA 
 

An alternative assay was used to determine protein concentration when protein 

concentration was very low or alternatively when small volumes were available. 

It was based on the micro BCA kit (Pierce). Micro BCA working reagent was 

prepared by mixing 25 parts of Micro BCA reagent MA, 24 parts Reagent MB 

with 1 part of Reagent MC. Bovine serum albumin (BSA) was diluted to 0, 0.7, 

1.5, 3, 6, 12, 25 and 50µg/ml with H2O for use as protein standards.  Micro BCA 

Reagent (150µl) and 150µl of each sample were added to a well of a 96-well 

plate. The plate was mixed and incubated for 2 hours at 37°C in a dark place.  

Bicinchoninic acid included within the reagent has a strong absorbance at 562 

nm in the presence of protein. Absorbance was measured then at 562 nm in a 

spectrophotometer and BSA standards used to calculate a protein 

concentration/absorbance curve as above.  

    

Section 2.12.4. Sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE) 
 

Protein were separated according to the molecular weight using  dodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).  The 

equipment used to run this assay was a XCell SureLock™ Mini-Cell (Invitrogen) 
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which allows SDS-PAGE to run in pre-cast mini-gels. The gels usedwere 1.5 

mm 4-12% Novex Bis-Tris Pre-Cast Mini Gels (Invitrogen). 

Equal amounts of cell lysates (~6-10µg protein) prepared in an equal volume of 

4X NuPAGE® LDS Sample Buffer and 10X NuPAGE® Sample Reducing 

Agent, were boiled for approximately 10 minutes, and centrifuged briefly to 

remove particulates prior to loading; 25-30µls for 10 well combs, 15-20µls for 15 

well combs. Prestained protein molecular weight markers (Novex® Sharp Pre-

stained Protein Standard) were loaded (10µl) to visualise migration, and identify 

approximate the molecular weight of protein bands. Electrophoresis was 

performed at 50V for 1 hour per gel.     

 

Section 2.12.5. Western blot  
 

To detect specific proteins resolved in polyacrylamide gels, polyclonal or 

monoclonal antibodies were used to label the antigenic region of the target 

protein. After separation, proteins were transferred to polyvinylidene difluoride 

membranes (Amersham plc., Buckinghamshire, UK) using a Mini Trans-Blot 

module (Bio-rad). Polyvinylidene fluoride (PVDF) was used during this study 

which can retain approximately 170µg protein/cm2 (Millipore). Pre-soaked fiber 

pads and correctly sized Whatman paper were stacked ensuring air bubbles did 

not form. One fiber pad, and one papers were layered, before polyacrylamide 

gel (soaked briefly in transfer buffer) was placed on the stack, followed by the 

PVDF membranes and one fiber pad and one Whatman papers. Proteins 
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transferred towards the anode; an optimal transfer required 40-50V for 

approximately 2 hour (see diagram below). 

 

 

 

       

 

 

 

 

 

 

 

 

 

 

Table 4. Constituents of Western blot transfer buffer (stored at room temperature). 

 

Transfer Buffer pH 8.3 

Tris 25mM 
Glycine 192mM 

Methanol 20% 

Filter Paper 

Filter Paper 

SDS-PAGE Gel 

CATHODE (-) 

CATHODE (+) 

Transfer membranes 

Fiber pad 

Fiber pad 
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Before incubation with primary antibody, PVDF membrane was placed in 

blocking buffer, for approximately 1 hour at room temperature to reduce non-

specific background binding.  

 

 

 

 

Table 5. Constituents of Western blot wash buffer. N.B. 1 ml of Tween 20 was added to 
the 1 litre of 1x TBS to make TBS-T.  5% low-fat dry milk was added to TBS-T to make 
blocking buffer (stored at room temperature). 

 

Blocking buffer was Tris Buffered Saline (Table 5) added with 5% low fat 

skimmed milk and 0.1% Tween-20. Membranes were subsequently processed 

with primary antibodies rabbit anti-GluR1 Ser845P (Sigma A4477; 1:1000), 

rabbit anti-GluR1 (Millipore #04-855; 1:1000), rabbit anti-pan Cadherine 

(Abcam, Ab6528, dilution 1:1000) and mouse anti-GAPDH (SC-32233 from 

Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:10000). Membranes were 

washed three times in 0.1% Tween-20 in TBS (10 min every wash) and 

reincubated with the peroxidase-conjugated secondary antibodies goat anti-

rabbit IgG-HRP and goat anti-mouse IgG-HRP for 1 hour (both from Santa 

Cruz; 1:5000). The chemiluminescence reaction was developed with ECL Plus 

(Amersham) and detected with Luminescent Image Analyzer LAS-4000mini 

(Fujifilm, Tokyo, Japan). Optical densities were determined by densitometric 

10x Tris-Buffered Saline (TBS) 
pH 7.6 

Tris  0.5 M 
NaCl 2.8 M 
KCl 27 mM 
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analysis with Quantity One software (Bio-Rad Laboratories Inc., Hercules, 

California, USA).  

 

Section 2.12.6. Measurement of levels of total CREB, phospho CREB[133] 
and phospho p38 MAP kinase using ELISA kit 
 

Neurons cultured in 12 well plates were treated with antagonist or 0.1% DMSO 

for 15 min at 37°C in medium before the addition of agonist or forskolin. After 

stimulation, medium was aspirated and cells were scraped in to a lysis buffer 

containing 10mM Tris (pH 7.4), 100mM NaCl, 1mM EDTA, 1 mM EGTA, 1mM 

NaF, 20mM Na4P2O7, 2mM Na3VO4, 1% Triton X-100, 10% glycerol, 0.1% SDS, 

0.5% deoxycholate, 1mM PMSF, protease inhibitors (1 table in 10ml, ROCHE) 

and 1% phosphatase inhibitors I and II (Sigma). Cells lysates were transferred 

in tubes and kept at 4 °C for 30 min. Lysates were then centrifuged for 10 min at 

13000 g, supernatants were transferred into new tubes and stored at -80°C. 

ELISA kits were used to quantify total CREB and phospho CREB at serine 133 

were supplied by Invitrogen (Cat#KHO0241), while those used for phospho p38 

MAP kinase at tyrosine 180/182 were from Cell Signaling. Briefly, samples 

containing CREB [pS133] or CREB protein were diluted with Standard Diluent 

Buffer 1:10. Plates were covered and incubated 2 hours at room temperature. 

The liquid in each well was then aspirated following by four washings. After the 

addition of 100 μL of CREB [pS133] Detection Antibody solution into each well, 

the plate was incubated for 1 hour at room temperature. Liquid was aspirated 

and wells were washed as before. 100 μL Anti-Rabbit IgG HRP Working 

Solution was added to each well and incubated for 30 min at room temperature. 
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Liquid was aspirated and wells were washed as before. 100 μL of Stabilized 

Chromogen was added to each well and the liquid in the wells turned blue. After 

an incubation of 30 minutes at room temperature, in the dark, 100 μL of Stop 

Solution was added and absorbance of each well was read at 450 nm. Samples 

containing phospho p38 MAP kinase, were diluted with Sample Diluent Buffer 

1:10 and processed ad described in the section 2.2.   

 

Section 2.13. FLIPR/[Ca2+]i assay 
 

Intracellular Ca2+ ([Ca2+]i ) measurements were made using the FLIPR TETRA 

fluorescent imaging plate reader (Molecular Devices, Sunnyvale, CA). On the 

assay day, cultures were washed two times with Physiological Salt Solution 

(PSS; composition 145mM NaCl, 1g/L glucose, 5mM KCl, 2 mM CaCl2, 20mM 

HEPES) supplemented with 2.5mM probenecid (Sigma-Aldrich). Then, cells 

were added with the cytoplasmic calcium indicator, Fluo-4 (Invitrogen) in the 

acetoxylmethyl ester form (2μM) in PSS containing 5mM probenecid and 0.04% 

Pluronic F-127 (Sigma-Aldrich). After 40 min at 37 °C, cells were washed 3 

times as above and treated with compounds at 37 °C for different time points. 

When [Ca2+]i responses were measured, plates were transferred to the 

FLIPRTETRA equipped with a cooled CCD camera with excitation at 470–

495nM and emission at 515–575nM. Camera gain and intensity were adjusted 

for each plate to yield a minimum of 300 relative light units (RLU) baseline 

fluorescence. To assess the effect of 5HT and FSK receptor antagonists on the 

AMPA-triggered [Ca2+]i response, cultures were exposed to different 
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concentrations of 5HT and FSK for 10 min, then exposed to increasing 

concentrations of AMPA for 120s. Prior to addition of stimulators, 5 

fluorescence readings were taken to measure baseline. [Ca2+]i responses were 

quantified as area under the curve of the time-response data over baseline. 
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Section 2.14. Compounds  

 

Details of agonists and antagonists used across these assays were reported in 

the table below: 

*Tocris= Tocris Bioscience, Ellisville, MO, USA,  Sigma Aldrich= St. Luise, MO, USA 

 

Compunds Supplier* Catalog 
number 

Specificity Reference 

5HT Sigma-
Aldrich H9523 

Selective 5HT receptors 
agonist   

Mahe et al, 2004 

 SB258719 
Tocris, 2726 

Selective 5-HT7 antagonist Thomas et al., 1999 

GR113808 
Tocris 1322 

Potent and selective 5-HT4 
receptor antagonist 

Mikami et al., 2008 

SB399885 
Tocris 3189 

Potent and selective 5-HT6 
receptor antagonist pA2= 

7.85±0.04 

Hirst et al., 2007 

AS19 
Tocris 1968 

Potent 5-HT7 receptor 
agonist, IC50 = 9±1 nM 

Brenchat et al., 2009 

Anisomycin 

Tocris 1290 

Protein synthesis inhibitor 
(blocks translation). Potent 
activator of stress-
activated protein kinases 
(JNK/SAPK) and p38 MAP 
kinase  

Xiong et al., 2006 

SB203580 
Tocris 1402 

Selective inhibitor of p38 
MAP kinase  

Kumar et al., 1999 

Rolipram 
Tocris 0905 

Selective PDE4 inhibitor 
Selective inhibitor of cAMP 
phosphodiesterase PDE4,  
IC50 = 2.0 μM 

Teixeira et al., 1997 

Papaverine 
 

Sigma-
Aldrich P3510 

Unselective PDE10 
inhibitor 

Nihsi et al., 2008 

H89 

Tocris 2910 

Protein kinase A inhibitor 
that also inhibits several 
other kinases (IC50 values 
are 80, 120, 135, 270, 
2600 and 2800 nM for 
S6K1, MSK1, PKA, 
ROCKII, PKBα and 
MAPKAP-K1b). 

Chijiwa et al., 1989  
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Section 2.15. Data Analysis 
 

Statistical analysis of the data was performed using STATISTICA 8 (Statsoft, 

Inc., Tulsa, OK, USA). The model used to analyse uptake, ELISA and 

densitometry data was an ANOVA test analysis of variance in which the 

different treatment groups   were compared. These data were expressed as 

percentage or folds respect to the control.  As post hoc analysis, a Dunnett’s 

test was performed. In addition, when two groups needed to be compared, 

planned comparison of Least Squares means (LSD method) was performed. 

Transformation of average into square root was deemed necessary in order to 

improve compliance with normality assumption required for the mixed model. P-

values lower than 0.05 are considered statistically significant.  

 

Drug concentration-response curves from cAMP and FLIPR assay were fitted to 

a four parameter logistic equation using GraphPad Prism 5 (GraphPad Software 

Inc, San Diego, CA). Agonist potency was expressed as pEC50 (-log EC50). The 

inhibition of antagonists was expressed as the pIC50 (–logIC50), where IC50 

represents the concentration of drug inhibiting 50% of agonist maximal 

response. pKB values for antagonists were determined using the equation: pKB 

=(-log([antagonist]/(concentration ratio-1)) where concentration ratio = ratio of 

the agonist EC50 in the presence and in the absence of antagonist.  
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Chapter 3      Results 
 
 
Section 3.1 Effect of interleukin 1ß (IL-1ß) and p38 MAP kinase activator, 
anisomycin, on SERT function in rat cortex synaptosomes 
 

The assay adopted to measure if the pro-inflammatory cytokine IL-1ß could 

modulate the functionality of SERT in rat native tissue was an in vitro [3H]5HT 

uptake assay. This was performed in cerebral cortex synaptosomes due to the 

relatively high expression of SERT in this brain region, which improves the 

specific to non-specific signal. A basic pharmacological characterization of 

SERT was performed by measuring the uptake rate after incubation of 

increasing concentrations of 5HT. Cerebral cortex synaptosomes were 

prepared as described in protocol 1 (section 2.1), according to Thomas et al., 

(1987). The saturation curve fitted to a one-site hyperbola, giving Km and Vmax 

values of 37.2 ±6.0 nM (n=3) and 0.68 ± 0.11 fmol/µg/min (n=3), respectively 

(Figure 1).  

 

Figure 1. Representative saturation 5HT uptake curve on rat cerebral cortex 

synaptosomes.  The curve represents the specific [3H]5HT uptake measured in a 
single animal in triplicate. 5HT was incubated for 10 min before stopping reaction by 
rapid filtration Non specific uptake was identified by the addition of citalopram (10 µM). 
Experiment was replicated three times.  
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In order to verify if IL-1ß could modulate SERT function, 10 or 200 ng/ml IL-1ß 

were incubated with rat cerebral synaptosomes over incubation times of 10-30 

minutes and then [3H]5HT uptake rate was measured (figure 2). 

 

 

  

 

 

 

 

Figure 2. 5HT uptake on rat cortex synaptosomes in the presence of IL-1ß. (a) 
increasing concentrations of IL-1β (10, 200 ng/ml) incubated for 10 min. (b) 10 ng/ml 
IL-1β incubation at different end points (10, 20, 30 min). Values are expressed as the 
mean of three independent experiments  SEM (n=3; one-way ANOVA). 

 

 

Data analysis showed that IL-1ß did not produce any effect on 5HT uptake, 

suggesting that IL-1ß was not involved in the regulation of SERT function under 

these assay conditions. Since the activation of SERT seems to be mediated by 

p38 MAP kinase (Zhu et al., 2005), which is also a main mediator of cytokine 

responses (Roux and Blenis, 2004), a further study was performed using a 

direct activator of p38 MAP kinase, anisomycin; increasing concentrations of 

anisomycin in a range that showed an activation of 5HT uptake in previous 
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study (Zhu et al., 2004), were incubated for 5, 10, 20 minutes and impact upon 

[3H]5HT uptake was assessed.  

 

Figure 3. 5HT uptake on rat cortex synaptosomes in the presence of anisomycin  
incubated for different time periods. 0.2, 1, 5 µM anisomycin was incubated for 5, 
10, 20 min with synaptosomes before measuring 5HT uptake. Values are expressed as 
the mean  SEM of three experiments (n=3; one-way ANOVA). 

 

Graphs reported in Figure 3 showed that anisomycin did not produce any 

significant effect at all conditions tested. This finding was not in agreement with 

literature in which an activation of p38 MAP kinase induced by IL-1ß showed an 

increase of 5HT uptake in mouse synaptosomes (Zhu et. al. 2006). 

In an attempt to produce comparable data with those reported in the literature 

where SERT activation was observed, the experiments were replicated 

following the same experimental method (protocol 2, method section) described 

by Zhu et al., (2006). Moreover, in the literature, it was reported that inhibition of 

basal p38 MAP kinase activity induces SERT down-regulation in synaptosomes 

(Samuvel et al., 2005). In this group of experiments therefore, not only 

anisomycin but also the p38 MAP kinase inhibitor, SB203580, was assessed for 

impact on 5HT uptake.  
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Figure 4. 5HT uptake on rat cortex synaptosomes in the presence of anisomycin 

and SB203580 incubated at different end points. 0.2, 1, 5 µM anisomycin and 
SB203580 were incubated for 5, 10, 20 min with synaptosomes before measuring 5HT 
uptake. Values are expressed as the mean SEM of three experiments (n=3; one-way 
ANOVA; LSD method  Control Vs SB 5µM *P<0.05). 

 

No impact upon 5HT uptake, however, was identified by anisomycin incubation, 

confirming a lack of effect of p38 MAP kinase activation on SERT activity in rat 

cortex irrespective of the methodology used. In contrast, a slight but significant 

reduction of 5HT uptake was detected when SB203580 was tested at the 

concentration of 5 µM. This last piece of data was in agreement with literature 

results suggesting that constitutive activation of p38 MAP kinase may maintain 

SERT basal activity: hence when this activation was inhibited by SB203580 a 

reduction in SERT function was observed.    
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Section 3.1.1 Effect of anisomycin on 5HT uptake in mouse brain 
synaptosomes 

 

Rat brain synaptosomes treated with anisomycin did not show any modulation 

of SERT function. However, literature reported an increase of 5HT uptake rate 

when mouse brain synaptosomes were treated with anisomycin (Zhu et al., 

2007). In order to understand if the lack of effect was due to species differences 

in the modulation of SERT, the rate of 5HT uptake was also measured in mouse 

brain synaptosomes with or without anisomycin treatment, using identical assay 

conditions and brain areas (striatum, midbrain) as described (Zhu et al., 2007). 

 

Figure 5. 5HT uptake on mouse brain synaptosomes incubated with anisomycin 

at different end points. 0.2, 1, 5 µM anisomycin was incubated with synaptosomes for 
5, 10, 20 min before measuring 5HT uptake. Values are expressed as the mean±SEM 
of three experiments (n=3; one-way ANOVA) 
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No effect on 5HT uptake was detected in the presence of increasing 

concentrations of anisomycin in mouse synaptosomes with 5 to 20 min pre-

incubations (Figure 5). 

In the attempt to understand the reasons that led to the lack of effect of 

anisomycin or IL-1β on SERT function, further experiments were performed 

using striatal synaptosomes of individually-housed mice (Figure 6). These 

studies aimed to clarify if animal housing conditions, provoking a stress, could 

interfere with cytokine or anisomycin modulation of 5HT uptake. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 5HT uptake in synaptosomes of single housed mice pre-incubated with 

anisomycin at different end points. 1 µM anisomycin was incubated with 
synaptosomes for 5, 10, 20 min before measuring 5HT uptake. Values are expressed 
as the mean±SEM of three experiments (n=3; One-way ANOVA) 
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In these conditions, no significant effect on 5HT transport was observed as well 

suggesting that housing conditions did not influence the results.  

 

Section 3.1.2 Influence of interleukin 1ß and anisomycin on p38 MAP 
kinase activation in rat synaptosomes 

 

Data reported demonstrated that IL-1ß and p38 MAP kinase did not influence 

SERT function in rat and mouse synaptosomes. The activated form of p38 MAP 

kinase has a dual phosphorylation in two tyrosine residues (Tyr 180 and Tyr 

182). This form is able to phopshorylate and then activate a wide range of 

substrates that can be classified into protein kinases (MK2, MK3, MNK1/2, 

PRAK) and transcription factors (ATF1/2/6, Sap1, CHOP etc.). The level of 

activated p38 MAP kinase can be easily quantified by using specific antibodies 

that recognize this double phosphorylation. p38 MAPK activation has been 

shown to occur in response to extracellular stimuli such as UV light, heat, block 

of protein synthesis, osmotic shock, pro-inflammatory cytokines (TNF- & IL-1) 

and growth factors (CSF-1) (Roux PP and Blenis J, 2004). In order to assess if 

p38 MAP kinase could be activated in synaptosomal preparations, rat 

synaptosomes from cortex and striatum were incubated with IL-1ß (10 ng/ml) or 

anisomycin (1 µM) for 10, 20, 30 minutes and then phospho-p38 MAP kinase 

was quantified using an ELISA method. As a positive control, phospho-p38 

MAP kinase was also measured in HeLa cells treated with 50 ng/ml IL-1ß or 1 

µM anisomycin for 20 minutes. HeLa cells were recommended by the ELISA kit 

supplier as a cell line where anisomycin treatment results in high activation of 

p38 MAP kinase.  
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Figure 7. Measurement of phospho-p38 MAP kinase in rat synaptosomes from 

cortex (n=3) and striatum (n=2) treated with 1 µM anisomycin or 10 ng/ml IL-1ß over 
an incubation time of 10-30 minutes. Data are expressed as mean±SEM (cortical) or 
mean±range (striatal) of % activated p38 MAPK Vs control. No significant difference 
between samples (One-way ANOVA) 
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Figure 8. Measurement of phospho-p38 MAP kinase in HeLa cells treated with 1 
µM anisomycin or 50 ng/ml IL-1ß over an incubation time of 20 minutes (n=3). Values 
are expressed as average of % activated p38 MAPK Vs control. ***= p<0.001 Vs 
Control One-way Anova, Dunnett’s test). 

 

IL-1ß and anisomycin did not stimulate the activation of p38 MAP kinase in rat 

synaptosomes irrespective of the brain region or incubation time (figure 7). In 

contrast, HeLa cells treated with anisomycin or interleukin 1ß displayed 

enhanced levels of activated p38 MAP kinase, about 15 fold and 3 fold 

respectively, compared to control (figure 8). These data supported the 

hypothesis that in brain synaptosomes, p38 MAP kinase cannot be activated by 

IL-1ß or anisomycin under these conditions.  

 

Section 3.1.3 Lack of effect of anisomycin on 5HT uptake in human 
platelets 

 

5HT is expressed and released by many cells that belong to the CNS but also 

to the immune system. Human blood platelets represent an alternative 

biological system in which SERT is functionally expressed and can be 

modulated by anisomycin, as previously reported (Zhu et al., 2005). For this 
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reason, 5HT uptake was measured in human platelets incubated with 

increasing concentrations of anisomycin at different end points. (Figure 9) 

 

Figure 9. 5HT uptake on human platelets pre-incubated with anisomycin at 

different end points and concentrations. 1 µM anisomycin was incubated with 
synaptosomes for 5, 10, 20 min before measuring 5HT uptake. Values are expressed 
as the mean of two experiments performed in triplicate (n=3; one-way ANOVA). 

 

In agreement with results in brain synaptosomes, 5HT uptake rate was 

unmodified by anisomycin, suggesting that no modulation on SERT function in 

human platelets was associated with anisomycin treatment under these 

conditions. 

Section 3.1.4 Effect of anisomycin on 5HT uptake and p38 MAP kinase in 
rat and human cell lines expressing SERT   

 

Another system in which anisomycin has demonstrated a modulation of SERT 

function is in a rat basophilic leucemia (RBL-2H3) cell line (Zhu et al., 2005). 

These cells have a native expression of SERT and some stimuli activating p38 

MAP caused an increase in 5HT uptake. In order to understand if these cells 

responded to anisomycin with a SERT modulation, I reproduced the same 
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experiment using the same assay conditions. In parallel, anisomycin was also 

tested in a LLC-PK cell line expressing human SERT; where the high SERT 

expression could amplify small changes of transporter function induced by the 

kinase.  

Increasing concentration of anisomycin (0.2-5 µM) was incubated at different 

end-points and subsequently 5HT uptake and phosphorylation of p38 MAP 

kinase was measured. 

 

 

 

 

 

 

 

 

 

 

Figure 10. 5HT uptake on rat basophilic leukemia cells (RBL-2H3) and LLCPK 

expressing human SERT pre-incubated with anisomycin at different end points. 
Values are expressed as the mean of at least three experiments performed in triplicate 
(n=3; one-way ANOVA). 
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Anisomycin up to 5 µM did not show any effect upon both cell lines, thus 

confirming the absences of SERT modulation irrespective of the cell line used 

(figure 10). In contrast, anisomycin treatment induced a significant increase of 

p38 MAP kinase phopshorylation in hSERT-LLCPK cells after 30 min from 

addition. This effect was reversed by SB203580, confirming the specific 

activation of p38 MAP kinase when cells were incubated with anisomycin (figure 

11). 

 

 

 

 

 

Figure 11. Measurement of phospho-p38 MAP kinase in hSERT-LLCPK cells 
treated with anisomycin. a) 1 µM anisomycin was added over an incubation time of 
30 min. b) addition of 10 µM SB203580 for 30 min before the stimulation with 1 µM 
anisomycin for 30 min.  Values generated by three different experiments (n=3) are 
expressed as average of % activated p38 MAPK Vs control (*= p<0.05 Vs Control; 
#p<0.05 Vs 1 µM Anisomycin; One-way Anova, Dunnett’s test). 

 

This finding therefore highlighted that the lack of effect of anisomycin on 5HT 

uptake was not caused by the absence of p38 MAPK activation as it was 

reported in synaptosomes but it may be due to a lack of interaction between 

p38 MAPK and SERT  
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Section 3.2. Effect of LPS on SERT function in an ex-vivo experiment 

 

Data generated with the aim of demonstrating the effect of IL-1ß on SERT 

function through p38 MAP kinase were negative. However, this mechanism 

could be complex and tightly regulated so that a simplified in vitro system such 

as synaptosomes or isolated cells may have limited sensitivity. For this reason, 

a more physiological model was also investigated, in which an inflammatory 

response was induced directly in the intact brain avoiding tissue manipulation 

that could alter the interaction. The stimulation was performed by LPS, a potent 

activator of the inflammatory response that, when injected in the brain, 

produces a release of pro-inflammatory cytokines for a few hours (Roche et al., 

2006). This model is widely used to investigate the effect of neuroinflammation 

on brain function. Moreover, intraperitoneal administration of LPS stimulates an 

increase of activated p38 MAP kinase in rat cortex and hippocampus by the 

formation of reactive oxygen species (Nolan Y et. al., 2003).   Taken together 

these findings suggest that injection of LPS was a suitable intervention for the 

purpose of this study because it activates both cytokines and the p38 MAP 

kinase response.  

Rats were injected (i.c.v.) with vehicle (artificial cerebral spinal fluid; aCSF) or 

LPS (20ug/rat) and after two hours, animals were killed and the cerebral cortex, 

striatum and hippocampus harvested. These tissues were then used to prepare 

synaptosomes and subsequently 5HT uptake parameters Km and Vmax rate 

were assessed between treated and control animals. In order to confirm that 

LPS injection evoked a cytokine release, part of the brain tissues were analysed 
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by Luminex technology to determine the level of IFN , TNFα, IL-1α, IL-1β, IL-6, 

and IL-10.     

Animals treated with LPS revealed a [3H]5HT uptake with Km and Vmax values of 

102.2±19.5 nM and 20.7±2 pmol/min/mg, respectively, in striatum and 34.8±1.9 

nM and 7.8±0.7 pmol/min/mg, respectively, in cortex.  Animals treated with 

vehicle showed Km and Vmax values of 118.5±27.9 µM and 24.1±6.7 

pmol/min/mg in striatum and 33.2±1.1 nM and 7.3±0.4 pmol/min/mg in cortex 

(Figure 12).  Comparison of uptake parameters between the two groups 

revealed no significant differences, suggesting no change of 5HT uptake rate 

(Student’s t-Test). However, LPS administration caused considerably higher 

levels of interleukin 1α and TNFα in comparison to vehicle treatment in striatum, 

cerebral cortex and hippocampus. Interleukin 1ß and IL-6 were also significantly 

increased in cortex and in hippocampus. In contrast, interleukin 10 and 

interferon-γ levels did not undergo any significant change in any region 

investigated (Table 6). Overall, these data revealed that SERT function was not 

changed in a rat intact brain system during central exposure to inflammatory 

mediators.           
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Figure 12. 5HT uptake on rat synaptosomes in animals treated with vehicle or 

LPS (i.c.v. 20 µg/rat). Each curve represents the specific [3H]5HT uptake measured in 
a single animal. Values are expressed as the mean±sem of three uptake 
measurements. 

 

 

 Striatum Cortex Hippo 
 Vehicle LPS Vehicle LPS Vehicle LPS 

IL-1α 228±86 2028 ±1057
#
 103±22 1428±404** 226±116 2188±629** 

IL-1ß 668±123 1402±468 602±41 1049±128** 671±121 1559±306* 

IL-6 690±26 787±61 528±38 684±61
#
 659±37 1005±92** 

TNFα 56±8 284±132
#
 33±2 262±72** 40±5 412±129** 

IFN  70±16 75±7 41±4 49±2 56±2 53±2 

IL-10 530±49 519±4.2 392±35 432±23 409±29 363±39 
  #p<0.06, *p<0.05, **p<0.01 Vs Vehicle  

Table 6. Comparison of cytokine levels between animals treated with vehicle and LPS.  
Values are expressed as mean±sem of pg/ml cytokines measured in the brain tissue of 
four animals per group (n=4; Student’s T-test).         

 

 

Section 3.3 Expression of 5HT7 receptors in rat cortical astrocytes and 
activation of p38 MAP kinase 

 

Studies reported in the previous sections indicate that the p38 MAP kinase 

activator, anisomycin, and the pro-inflammatory cytokine, interleukin-1ß, do not 
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produce an activation of 5HT uptake in rat and mouse brain, suggesting that 

SERT function is not altered by inflammatory processes involving p38 MAP 

kinase. 5HT itself regulates serotonergic transmission in the CNS through a 

number of auto- and hetero-receptors (Barnes & Sharp, 1999). One such 

receptor involved not only in the serotonergic transmission but also in the 

regulation of neuroinflammation appears to be the 5HT7 receptor. Some 

investigations have reported that 5HT7 regulates p38 MAPK activation and 

consequently cytokine release in human U-373 astrocytoma cells (Lieb et al., 

2005). This mechanism seems present also in human microglia cells where 

5HT7 receptors regulate IL-6 release (Mahe et. al. 2004). Taken together, it 

would seem that pro-inflammatory cytokines via p38 MAP kinase mechanisms 

can be regulated by 5HT7 receptors, providing a plausible mechanistic link 

between the immune and serotonergic systems. Experiments described in this 

section aimed to establish the presence of 5HT7 receptors in rat cortical 

astrocytes and, if their activation produced an increase of cAMP with a 

consequent activation of p38 MAP kinase, the release of cytokines was 

assessed.   

 

Section 3.3.1 Increase of intracellular cAMP induced by 5HT7 receptors in 
rat cortical astrocytes  

 

Since 5HT7 receptor is positively coupled with Gs proteins, its activation 

stimulates an increase of intracellular cyclic adenosine monophosphate (cAMP) 

through adenylate cyclase (AC) activation. This phenomenon was reported in 
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various recombinant cell systems transfected with human and rat 5HT7 

receptors (Mahé C et al., 2004; Romero G et al., 2006). Indeed previous 

investigations showed that 5HT induced an increase of cAMP in 

thalamic/hypothalamic rat astrocytes while no response was detected in cortex 

and cerebellum, suggesting no expression of 5HT7 receptors in these two 

areas. However further PCR analysis revealed the presence of mRNA for 5HT6 

and 5HT7 receptors in cortex suggesting the expression of 5HT7 receptors in 

cortex that was too weak to be detected (Hirst WD et al., 1997). The use of a 

specific assay based on Fluorescence Resonance Energy Transfer (FRET) 

technology could increase the sensitivity to quantify cAMP at low 

concentrations. Therefore, to confirm the presence of 5HT7 receptors in plasma 

membranes of rat cortical astrocytes, a measurement of intracellular cAMP was 

performed with this method. Rat cortical astrocytes were obtained from 2-3 day 

old pups following the procedure described in the “material and methods” in 

section 2.8. Previous investigations showed 5HT7 receptors expression in 

astrocytes after 12 days in vitro and therefore cells were plated in 96-well plates 

and cultured for 15 days in normal condition before running the assay (Hirst WD 

et al., 1997). Since FBS could interfere with 5HT receptor expression due to the 

presence of serotonin, cells were cultured in normal medium and in dialysed 

FBS medium. Moreover, cells cultured in normal medium were also kept in 

FBS-free medium for 24 hours before running the assay.  

The specificity of signal was assessed using the selective 5HT7 receptor 

antagonist, SB258719. Cells were treated with 10 µM SB258719 for 15 min at 

37°C before the addition of 1 µM 5HT. As positive control, cells were treated in 
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parallel with 1 µM forskolin. After 30 min, cells were lysed and cAMP 

concentration was measured.    

 

 

Figure 13. Measurement of intracellular cAMP in rat cortical astrocytes. Cells were 
treated with 10 µM SB258719 (ant) prior to stimulation with 1 µM 5HT for 30 min . As 
positive control, 10 µM forskolin (FSK) was also tested.  Data were the mean ± SEM of 
three individual experiments (n=3). Results are expressed as % response vs. basal 
cAMP levels (one-way ANOVA; Dunnett’s test *p<0.05).    

 

Rat cortical astrocytes treated with 5HT showed a significant increase in cAMP 

levels when cells were cultured in medium without FBS or with dialysed FBS; 

increase of 178±33% and 131±13% vs. basal, respectively. No effect was 

observed in normal 10% FBS medium, conforming the impact of FBS on the 

5HT receptor response.  FSK increased cAMP levels across all conditions, as 

expected. SB258719 (10 µM) reversed completely the effect of 5HT, confirming 

that this response was mediated by 5HT7 receptors. Culturing cells for 24 hours 

in the absence of FBS gave a higher cAMP increase, demonstrating a better 

response of 5HT7 receptors under this condition (figure 13). 
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Section 3.3.2. p38 MAP kinase phosphorylation and interaction with 5HT7 
receptors in rat cortical astrocytes  

 

On confirmation of the expression of 5HT7 receptors in rat cultured astrocytes, 

the interaction between p38 MAP kinase and 5HT7 receptors was investigated 

by measuring specific p38 MAP kinase phosphorylation after 5HT stimulation. 

Rat astrocytes cultured for 15 days and kept in FBS-free medium for 24 hours 

were pre-treated with SB258719 for 15 min at 37°C and then 1 µM 5HT was 

added. Cells were lysated after 5 min and the amount of phosphorylated p38 

MAP kinase was quantified using a specific ELISA assay. 

 

   

Figure 14. Effect of 5HT on p38 MAP kinase phosphorylation on rat astrocytes. 
Cells were treated with 10 µM SB258719 for 10 min before stimulation with 1 µM 5HT 
for 5 min.  Data were the mean ± SEM of at least seven individual experiments (n=7; 
one-way ANOVA followed by post-hoc comparisons (LSD method) between Basal Vs 
5HT and 5HT Vs SB+5HT; *p<0.05 Vs Basal; #p=0.05 Vs 5HT).    

 

Rat astrocytes showed a significant increase of p38 MAP kinase 

phosphorylation after 1 µM 5HT addition and the effect was reversed by 10 µM 
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SB258719 (figure 14). These findings revealed an interaction between 5HT7 

receptors and p38 MAP kinase not only in astrocytoma and microglia as 

previous reported in the literature (Lieb et al., 2005; Mahe et al., 2004) but also 

in cultured astrocytes, supporting the role of 5HT via 5HT7 receptors in the 

regulation of brain inflammation. 

 

Section 3.4 Expression of 5HT7 receptors in hippocampal and cortical 
neurons 

 

The interaction between 5HT7 receptors and p38 MAP kinase in rat astrocytes 

supports the hypothesis of a role of 5HT7 receptors in the regulation of neuro-

inflammation. The literature reported that this interaction was observed in 

microglia cells and in astrocytomas and the current study confirmed this 

mechanism in rat astrocytes. 5HT7 receptors are also expressed in neurons 

expecially in hippocampus  with a link to neuronal excitability (Tokarski el al., 

2003) and LTP (Roberts AJ et al., 2004). However, no data have been reported 

on the interaction between 5HT7 receptors and p38 MAP kinase in neurons and 

if this mechanism may be linked with neurotrasmission. Therefore, this potential 

interaction was investigated in rat primary neurons obtained from rat 

hippocampus and cortex. In order to obtain a pure culture of neurons, rat 

embryos at day 18/19 of gestationwere used according to the procedure 

described in “materials and methods” section. The purity of the rat primary 

neurons cultures after 8-10 days in vitro was evaluated using the neuronal 

marker NeuN, the astrocyte marker, GFAP and the general nuclear marker, 



79 

 

DAPI. The percentage of cortical NeuN and GFAP positive cells vs DAPI cells 

was 66% and  1.7% respectively while the percentage of hippocampal NeuN 

and GFAP positive cells vs DAPI was 78.3% and 10.2% respectively.  

In these brain regions, serotonergic neurons express different subtypes of 5HT 

receptor.  Oligonucleotides recognising the sequence of 5HT7, 5HT4, 5HT6 

receptor transcripts were used to investigate expression of Gs-protein coupled 

5HT receptors subtypes. 

Neurons were grown for 8-10 days in normal medium at 37°C, 5% CO2 and 

then total mRNA was extracted and analysed by RT-PCR. Positive controls 

represented amplification of cDNA obtained from hippocampus of adult rat brain 

and negative controls represented an amplification of cDNA from cultured 

neurons in which the RT enzyme was excluded from the reverse transcriptase 

step. Data revealed that negative controls did not result in any product, thus 

confirming the absence of DNA from genome or other non-specific 

contaminations.  PCR products of positive controls and both cultured 

hippocampal and cortical neurons yielded bands of the correct size 

corresponding to 5HT7, 5HT4 and 5HT6 receptors’ cDNA (Figure 15).    
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Figure 15. Representative reverse transcriptase PCR of cDNA from adult rat 
hippocampus (lanes 5,6,11,12,17 and 18) and cultured neurons obtained from 
hippocampus (lanes 3,4,9,10, 15 and 16) and cortex (lanes 1,2,7,8, 13 and 14) of 
E18/19 rat embryos. Primers specific for 5HT7 receptor gene (lanes 1-6), 5HT4 receptor 
gene (lanes 7-12) and 5HT6 receptor gene (lanes 13-18) were used to amplify DNA 
fragments of 850, 303 and 538 bp respectively. Lanes 2,4,6,8,10,12,14,16,18 show 
negative controls where the RT enzyme was excluded from the RT step.  Each line of 
ladder (M) represents a band size of 100 bp. Identical results were obtained by three 
independent neurons preparations (n=3).   

 

Although PCR is not a quantitative analysis of mRNA expression, this piece of 

data confirms the presence of mRNA for 5HT7, 5HT4 and 5HT6 receptors in 

cortical and hippocampal primary neurons. The characterization of functional 

5HT7 receptor expression in membranes was assessed subsequently.  
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Section 3.4.1 Characterization of 5HT7 response in cortical and 
hippocampal embryonic derived neurons by measuring intracellular cAMP 
levels 

 

In order to verify if 5HT receptors coupled to Gs protein were functionally 

expressed in cortical and hippocampal embryonic derived neurons, intracellular 

cAMP concentration was measured in neurons after treatment with 5HT (1 µM) 

for 30 minutes. In parallel, neurons were also treated for 30 minutes with 

Forskolin (10 µM), a potent activator of adenylate cyclase.  

 

 

 

Cortical neurons did not show a robust response to 5HT, while an increase in 

cAMP levels of about 1618±140% compared to the basal level was measured 

Figure 16. Measurement of intracellular cAMP in cortical and hippocampal 

neurons stimulated with 5HT (1 µM) or forskolin (10 µM) for 30 min. Data are 
the mean ± SEM of three individual experiments (n=3). Results are expressed as 
% response vs. basal cAMP levels (one way ANOVA, Dunnett’s test; **p<0.01, 
***p<0.001).    
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after forskolin treatment. Hippocampal neurons displayed a consistent response 

when treated with 5HT or with forskolin and the increase of intracellular cAMP 

vs. basal levels was 145±15% and 1462±324%, respectively (Figure 16, one-

way ANOVA, response vs. basal, **P<0.01, ***P<0.001). This result indicated 

that cortical neurons did not express detectable functional 5HT receptors 

coupled to adenylate cyclase, although a considerable mRNA expression was 

detected, while hippocampal neurons expressed 5HT receptors able to increase 

intracellular cAMP.  

The presence of 5HT receptors in hippocampal neurons was further 

investigated by measuring cAMP levels after treatment with increasing 

concentrations of 5HT for 30 min. 5HT showed a concentration-dependent 

increase of cAMP. Data was fitted to a four-parameter logistic equation giving a 

pEC50 of 7.2±0.2 and Hill slope of 1.2±0.2  The maximal response to 5HT was 

an increase of cAMP of 180% compared to basal levels (Figure 17).  
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Figure 17. Concentration-response curve to 5HT in hippocampal cultured 

neurons. Hippocampal cultured neurons were treated with increasing concentrations 
of 5HT (10 µM-0.1nM). Intracellular cAMP was measured 30 min after addition. Data 
were generated in three different experiments (n=3) and represent the percentage of 
accumulated cAMP±SEM vs. basal levels.   

      

In order to understand which Gs protein-coupled 5HT receptors were involved 

in this response, the selective 5HT7 receptor antagonist SB258719, the 5HT4 

receptor antagonist SB399885 and the 5HT6 receptor antagonist GR113808 

were tested. cAMP increase induced by 5HT (0.1 µM) was fully reversed by 

SB258719, with a pIC50 of 7.95 ±0.09 (n=3). In contrast, the selective 

antagonists SB399885 and GR113808 (either at 1 µM) did not reverse 5HT 

impact upon cAMP levels, suggesting that cAMP increase induced by 5HT was 

principally mediated by 5HT7 receptors (Figure 18). The selective 5HT7 receptor 

antagonist SB258719 also antagonized in an apparently competitive manner 

the response to 5HT with a pKb of 8.23±0.1 (Figure 19), confirming a profile of 
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competitive antagonism for this compound, as previously observed (Thomas et 

al., 1999).   

 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 Effect of selective 5HT receptor subtype antagonists SB258719 (5HT7), 

SB399885 (5HT4) and GR113808 (5HT6) on the increase of cAMP levels induced 

by 5HT. Hippocampal neurons were treated with  antagonists for 15 min followed by 
the addition of 0.1 µM 5HT. Intracellular cAMP was measured 30 min after agonist 
addition. Data were generated by three different experiments (n=3) and represent the 
percentage of increase of cAMP±SEM after 5HT addition.   
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Figure 19. Concentration-response curve of 5HT alone and in the presence of 

SB258719. Hippocampal cultured neurons were treated 15 min with 100nM SB258719 
before the stimulation with 5HT. Data were generated by three different experiments 
(n=3) and represent the percentage of accumulated cAMP±SEM vs. basal levels.        

 

 

 

Section 3.4.2 Influence of 5HT7 receptors on CREB expression and 
phosphorylation in hippocampal neurons 

 

One of the most relevant effects following an increase of intracellular cAMP is 

the phosphorylation of CREB at serine 133 (CREB[133]), which is necessary for 

the activation of CRE-dependent gene expression. In order to evaluate if the 

increase of cAMP induced by 5HT7 receptors is translated in a signal 

transduction pathways, the phosphorylation of CREB was evaluated. Cultures 

were treated with 1 µM 5HT at different time points ranging between 5 and 60 

min. In parallel, cultures were also incubated with 10 µM forskolin for 30 min. 
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After treatment, cells were lysed and the amount of phospho-CREB[133] and 

total CREB were measured using ELISA assays.  

The time course analysis of 5HT response showed a significant increase of 

phospho-CREB[133] of about 168±23% vs. basal 5 min after addition. This 

signal was transient and returned to basal level after 10 min. Forskolin also 

induced an increase of CREB phosphorylation of about 193±7% vs. basal levels 

30 min after addition (Figure 20).                  

 

   

 

Figure 20. Effect of 5HT on CREB phosphorylation at different time points. 5HT 
was added to cultures for different incubation times (5, 10, 30, 60 min) and then the 
amounts of phospho CREB[133] and total CREB were measured using an ELISA 
assay. 10 µM forskolin incubated for 30 min was used as control. Data were the 
mean±SEM. of three different experiments (n=3) and represent the pCREB[133]/ total 
CREB ratio of treated neurons vs. basal (one-way ANOVA; Dunnett’s test.  *p<0.05 Vs 
Basal).  
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In order to investigate if the increase of CREB phosphorylation induced by 5HT 

was mediated by 5HT7 receptors, cultured hippocampal neurons were treated 

for 15 min with increasing concentrations of the 5HT7 antagonist SB258719 

prior to stimulation with 1 µM 5HT for 5 min. Data analysis revealed that 

SB258719 significantly reduced CREB phosphorylation induced by 5HT in a 

concentration-dependent manner confirming the mediation of 5HT7 receptors 

(Figure 21). Interestingly, SB258719 did not reverse completely the 5HT 

response even at 10 µM although the calculated inhibition of 10 µM SB258719 

should be around the 99% (value extrapolated by pKb generated in the cAMP 

assay).   

 

   

Figure 21. Effect of the selective 5HT7 antagonist SB258719 on CREB 

phosphorylation induced by 5HT. Cultured neurons were treated with SB258719 for 
15 min and then 1 µM 5HT was added for 5 min. The amount of phospho CREB[133] 
and total CREB were then measured using ELISA assays. Data were the mean±SEM 
of three different experiments (n=3) and represent the pCREB[133]/ total CREB ratio of 
treated neurons vs. basal (one-way ANOVA; post doc comparison (LSD method) Vs 
Basal and Vs 5HT. *p<0.05 Vs Basal, #p<0.05 Vs 1 µM5HT).  
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Section 3.5  Influence of 5HT7 receptors on p38 MAPK expression and 
phosphorylation in hippocampal neurons 

 

Once the pharmacological characterization of 5HT7 receptors in hippocampal 

cultured neurons was completed, the interaction between 5HT7 receptors and 

p38 MAP kinase in hippocampal neurons was investigated. Hippocampal 

neurons were treated with 1 µM 5HT at different end points ranging between 5 

and 60 min. In parallel, cells were also treated with Forskolin for 30min as 

positive control. Cells were then lysated and the amount of phosphorylated p38 

MAP kinase was quantified using an ELISA assay.  

 

Figure 22. Effect of 5HT on p38 MAP kinase phosphorylation at different time 

points. 5HT was added to cultured neurons for various incubation times (5, 10, 30, 60 
min) and then the amount of phospho p38 MAP kinase was measured using an ELISA 
assay. In parallel, neurons were treated with 10 µM forskolin incubated for 30 min. Data 
were the mean±SEM of three different experiments (n=3) and represent the percentage 
of response vs. basal levels (one-way ANOVA).  
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Data showed that neither 5HT nor Forskolin (FSK) changed the level of 

phospho p38 MAP kinase at any of the tested time points, suggesting that 

although 5HT7 receptors are expressed in hippocampal neurons and produce a 

functional response (increase of cAMP level and CREB phosphorylation), they 

do not interact with p38 MAP kinase under these conditions (Figure 22).      

 

Section 3.6 Influence of 5HT7 receptors on GluR1 expression and its post-
translational modification 

 

The fact that 5HT7 receptors do not interact with p38 MAP kinase in neurons 

suggests a cell-dependent function of 5HT7 receptors with a different role in 

neurons compared to that observed in astrocytes. The presence of 5HT7 

receptors in hippocampus was previously described as a regulator of synaptic 

transmission (LTP) and neuronal excitability (Tokarski el al., 2003). Synaptic 

strength is tightly regulated by the phosphorylation of GluR1 receptors 

(AMPAR) and their cellular distribution (Santos et al., 2009). Basically, AMPA 

receptors are formed by different subunits which are encoded by four genes 

(such as GluR1, GluR2, GluR3, and GluR4, Hollmann, and Heinemann, 1994). 

Hippocampal neurons expressed mainly GluR1, GluR2 and GluR3 and the 

preferred configurations were two identical heterodimers of GluR1/2 and 

GluR2/3. When AMPAR received the stimulus, GluR1 was phosphorylated at 

multiple sites (Ser831, Ser845 etc) and this determined a migration of AMPAR 

to the synapses. The amount of AMPARs at the level of synapses determined 

the modulation of glutamatergic transmission.         
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In order to understand if 5HT7 receptors may affect GluR1 phosphorylation or 

expression in hippocampal neurons, cultures were treated with 1 µM 5HT or 10 

µM FSK for 5 min. Cells were lysed and proteins in the extract were separated 

by SDS-PAGE.  Immunoblot analysis was then performed with antibodies that 

recognize phopshorylated GluR1 at Ser845, GluR1 and GAPDH.  

 

 

 

 

 

 

 

 

 

Figure 23 Effect of 5HT and FSK on phopshorylated GluR1 at Ser 845 and total 

GluR1 in primary hippocampal neurons. (a) Representative western blot of neurons 
treated with 5HT and FSK for 5 min. Cells extracts were analysed with anti-
phosphoGluR1(845), anti-GluR1, and anti-GAPDH antibodies. (b-c-d) Quantification of 
phosphorylated GluR1(Ser845) and total GluR1. Ratio of GluR1(Ser845P)/GAPDH, 
totGluR1/GAPDH and GluR1(Ser845P)/totGluR1 are expressed as fold increase±SEM. 
with respect to basal levels in three different experiments (n=3; ANOVA followed by 
post hoc comparisons (LSD method) Vs basal *P<0.05 vs. Basal). 
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These experiments showed that both 5HT and FSK significantly increased the 

amount of phosphorylated GluR1 by about 14.7±1.7 and 42.7.1±14.9 fold 

compared to basal levels. Moreover, both compounds induced an increase of 

total GluR1 of 1.73±0.5 and 2.8±1.7 compared to basal levels, respectively. The 

graph in figure 23d represents the ratio between phosphorylated and total 

GluR1 reflected the data reported above.  

Since the PCR analysis suggested that different kinds of 5HT receptors were 

expressed under these conditions, a further group of experiments was 

performed to assess if this effect was specific to the activation of 5HT7 

receptors.  

Before the stimulation with 1 µM 5HT for 5 min, neurons were treated with 

increasing concentrations of different classes of 5HT antagonists (the selective 

5HT7 receptor antagonist SB258719, the selective 5HT4 receptor antagonist 

GR113808 and the selective 5HT6 receptor antagonist SB399885) for 15 min 

and then analysis of phosphorylated GluR1 expression was performed. In 

addition, neurons were also treated with the selective 5HT7 receptor partial 

agonist, AS-19 (1 µM) for 5 min in the presence or in the absence of 10 µM 

SB258719 pre-incubation as above. 
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Figure 24 Effect of agonists and antagonists of 5HT receptor subtype es on 

phosphorylated GluR1 at Ser 842 and total GluR1. (a) Representative western blot 
of neurons treated for 15 min with vehicle (DMSO 0.1%), 1 µM SB399885 (5HT6 ant.), 
1 µM GR113808 (5HT4 ant.) or 10 µM SB258719 (5HT7 ant.) followed by treatment with 
1 µM 5HT (left hand panel) or 1 µM AS19 (right hand panel) for 5 min. (b-c) 
Quantification of phosphorylated GluR1(Ser845) and total GluR1. Ratio of 
GluR1(Ser845P)/GAPDH, totGluR1/GAPDH and GluR1(Ser845P)/totGluR1 are 
expressed as fold increase±SEM with respect to basal levels in three different 
experiments (n=3; ANOVA followed by post hoc comparisons (LSD method) Vs basal 
Vs 5HT or AS-19, . *P<0.05 vs. Basal; #p<0.05 Vs 1 µM 5HT or AS-19;  
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These data revealed an increase of GluR1 phosphorylation when 5HT was 

added (11.6 ±1.1 fold vs basal) and this effect was not changed by GR113808 

(13.1 ±2.4 fold vs basal) nor SB399885 (14.4 ±2.4 fold vs. basal), while it was 

reversed by SB258719 (5.3 ±1.2 fold vs basal). In addition, 5HT induced a 

significant increase of total GluR1 expression that was not reversed by the 

investigated antagonists, suggesting that 5HT7, 5HT6, 5HT4 receptors were not 

involved in this latter effect. Moreover, the selective 5HT7 receptor agonist AS-

19 induced a significant increase of GluR1 phosphorylation (3.4±0.2 fold vs 

basal) that was reversed by SB258719 (1.1±0.2 fold vs basal). No effect was 

observed on total GluR1 expression.  Overall, this data suggest that 5HT 

increased GluR1 phosphorylation at Ser 845 and this modulation was mediated 

by 5HT7 receptors.    

 

Section 3.6.1 Influence of 5HT7 receptors on AMPAR trafficking 

 

One of the effects produced by GluR1phosphorylation at Ser 845 is a 

modulation of receptor trafficking. Recent studies suggested that GluR1 

phosphorylation at Ser 845 primes AMPAR for synaptic incorporation because it 

induces a transport of AMPA on the surface membrane of synapses (Gomes et 

al., 2004). In order to understand if the increase of GluR1 phosphorylation 

induced by 5HT7 receptors changed GluR1 expression in the plasma 

membrane, a biotinylation assay was performed. Basically, hippocampal 

neurons were treated with 5HT at different time points (5, 10 and 30 min) at 

37°C. After one wash with cold PBS, cells were treated with biotin, which is a 
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membrane-impermeable reagent that hence labels all proteins present at the 

cell surface. These proteins were then isolated by affinity chromatography on 

streptavidin columns followed by an analysis of membrane-associated GluR1 

and phosphorylated GluR1 at Ser 845.  Membranes-associated GluR1 was 

normalized for pan-Cadherine proteins which are a family of single chain 

glycoprotein receptors mediating calcium dependent cell-cell adhesion. They 

are expressed principally in the plasma membranes and then anti pan-

Cadherine antibodies are used as a specific plasma membrane marker (Geiger 

et al., 1990).    
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Figure 25 Effect of 5HT on surface phopshorylated GluR1 at Ser 842 and surface 

total GluR1. (a) Representative western blot of neurons treated with 1 µM 5HT at 
different time points.  Surface proteins were isolated using biotinylation assay as 
described in the methods. Extracts were analysed using anti-phosphorylated GluR1 at 
Ser845, anti-GluR1, anti-pan cadherine and anti-GAPDH antibodies. (b) Quantification 
of phosphorylated GluR1(Ser845) and total GluR1 in the total extract and in the surface 
fraction. Amount of proteins were normalised using GAPDH and pan-cadherine in the 
total extract and in the surface fraction respectively. Value are expressed as fold 
increase±SEM. respect to basal of three different experiments (n=3; One-way ANOVA, 
Dunnett’s test; *P<0.05 vs. Basal).  

 

C
ontr

ol

5 
m

in
 

10
 m

in
 

30
 m

in
 

0

5

10

15 1µM 5HT

*
*

*

T
o

ta
l 

G
lu

R
1
 S

e
r8

4
5
P

/G
A

P
D

H

(f
o

ld
 V

s
 b

a
s
a
l 

le
v
e
l)

C
ontr

ol

5 
m

in
 

10
 m

in
 

30
 m

in
 

0

5

10

15

* *
*

S
u

rf
a
c
e
 G

lu
R

1
 S

e
r8

4
5
P

/P
a
n

 c
a
d

h
e
ri

n
e

(f
o

ld
 V

s
 b

a
s
a
l 

le
v
e
l)

 

Surface

Pan Cadherine

Total extract

GAPDH

GluR1 Ser845P Total GluR1

 

C
ontr

ol

5 
m

in
 

10
 m

in
 

30
 m

in
 

0.0

0.5

1.0

1.5

2.0 1µM 5HT

T
o

ta
l 

G
lu

R
1
/G

A
P

D
H

(f
o

ld
 V

s
 b

a
s
a
l 

le
v
e
l)

C
ontr

ol

5 
m

in
 

10
 m

in
 

30
 m

in
 

0.0

0.5

1.0

1.5

2.0

S
u

rf
a
c
e
 G

lu
R

1
/P

a
n

 c
a
d

h
e
ri

n
e

(f
o

ld
 V

s
 b

a
s
a
l 

le
v
e
l)



96 

 

5HT produced a clear increase of phopshorylated GluR1 both in total extract 

and in surface fraction at all time points. This effect was already detectable at 5 

min after addition and was stable up to 30 min. In contrast, no difference in 

GluR1 expression was detected in both extracts, suggesting that GluR1 

phosphorylation induced by 5HT was not followed by a change of GluR1 

expression in the plasma membrane.    

Literature described that GluR1 phosphorylation at Ser845 is mediated by 

protein kinase A (PKA). which isnormalyc activated by an increase of 

intracellular cAMP. Further analysis had the aim to confirm if the increase of 

phopshorylated GluR1 at Ser845 was due to 5HT7 receptors through the 

activation of PKA.  Hippocampal neurons were treated with H89, a potent 

inhibitor of PKA, and SB259719 for 15 min before stimulation with 5HT for 5 min 

at 37°C.   Biotinylation assay and analysis of GluR1 phosphorylation were then 

performed as described before. 
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Figure X Effect of SB258719 and H89 on surface phopshorylated GluR1 at Ser 842. (a)  

Figure 26. Representative western blot of neurons treated with SB258719 and H89 

for 15 min followed by 1 µM 5HT treatment for 5 min. Surface proteins were isolated 
using biotinylation assay as described in the methods. (b) Quantification of 
phosphorylated GluR1(Ser845) in total extract and in surface fraction. Amount of 
proteins were normalised using GAPDH and pan-cadherine in the total extract in the 
surface fraction, respectively. Value are expressed as fold increase±SEM. with respect 
to basal of three different experiments (n=3; One-way ANOVA followed by post hoc 
comparisons (LSD method) Vs Basal or 5HT,*P<0.05 vs. Basal, #P<0.05 Vs 1 µM 
5HT;).  

 

5HT increased GluR1 phosphorylation in the surface fraction (8.1±0.8 vs. basal) 

and the effect was blocked by SB258719 (2.2±0.3 vs. basal) and H89 (0.9±0.3 

vs. basal). Similarly, a significant increase of phosphorylated GluR1 induced by 
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5HT in the total extract (7.1±0.4 vs. Basal) was reversed by SB258719 (2.0±0.3 

vs. Basal) and by H89 (1.0±0.4 vs. Basal). These results show that GluR1 

phosphorylation in plasma membranes of hippocampal neurons was mainly 

induced by 5HT7 receptors via PKA activation. 

 

Section 3.6.2 PDE4 and PDE10 regulate GluR1 phopshorylation induced by 
5HT7 receptors  

 

PDEs are a family of enzymes that control the degradation of intracellular cAMP 

and cGMP. They present specific subcellular compartmentalizations and 

modulate the signalling cascades triggered by these two molecules. Previous 

experiments demonstrated that activation of 5HT7 receptors in hippocampal 

neurons altered cAMP levels resulting in increased GluR1 phosphorylation. A 

further investigation was then performed to understand if PDE4 and PDE10 

may modulate GluR1 phosphorylation induced by 5HT7 receptors in 

hippocampal neurons, since these enzymes are expressed in the hippocampus 

of adult rat brain (Menniti et al., 2006). Neurons were treated with rolipram (10 

µM; PDE4 inhibitor) or papaverine (10 µM; PDE 10 inhibitor) for 30 min and 

then stimulated with 5HT (1 µM) for 5 min. 
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Figure 27 Effect of rolipram and papaverine on phopshorylated GluR1 at Ser 842 

and total GluR1. (a) Representative western blots of neurons treated for 30 min with 
10 µM Rolipram or 10 µM Papaverine followed by 1 µM 5HT treatment for 5 min. (b) 
Quantification of phosphorylated GluR1 and total GluR1. Ratio of 
GluR1(Ser845P)/GAPDH, totGluR1/GAPDH and GluR1(Ser845P)/totGluR1 are 
expressed as fold increase±SEM with respect to basal levels of three different 
experiments (n=3; One-way ANOVA followed by post hoc comparisons (LSD method) 
Vs Basal or 5HT,*P<0.05 vs. Basal,#P<0.05 Vs 1 µM 5HT (). 
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Rolipram, papaverine and 5HT significantly increased phosphorylated GluR1 of 

1.9±0.4, 4.0±0.3 and 13.3±1.8 folds compared to basal levels, respectively. Pre-

incubation with rolipram or papaverine potentiated 5HT-induced 

phosphorylation by 18.5±3.4 and 25.8±6.0 fold, respectively. Rolipram and 

papaverine did not show any effect on total GluR1 and the increase of total 

GluR1 induced by 5HT was not affected by PDE inhibitors. These data identify 

that PDE4 and PDE10 are actively involved in GluR1 phosphorylation induced 

by 5HT7 receptors in hippocampal neurons.    

 

Section 3.6.3 Influence of 5HT7 receptors on Ca2+ intake mediated by 
AMPA  

 

AMPAR is a ionotropic transmembrane receptor activated by glutamate that 

controls cell permeability to calcium, sodium and potassium ions. PKA 

activation and consequent increase of GluR1 phosphorylation at Ser 845 could 

affect receptor trafficking and potentiate AMPA function (Oh MC et. al., 2006). 

To understand if GluR1 phosphorylation modulated by 5HT7 receptors affect 

physiological function of AMPAR, Ca2+ intake induced by AMPA was measured 

in hippocampal neurons after exposure to 5HT or FSK.  

Labelling was performed by incubating neurons with the Ca2+ indicator dye 

Fluo4 for 45 min at 37°C in HBSS buffer. Once labelled, cells were incubated 

with 10 µM 5HT or 10 µM FSK for 10 min at 37°C and then stimulated with 

increasing concentrations of AMPA (10 nM – 15  µM).    
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Figure 28. Effect of 5HT and FSK in [Ca2+]i influx induced by AMPA.  10 µM 5HT or 
10 µM FSK were added to cultured neurons for 10 min and then the increase of 
intracellular [Ca2+]i  induced by AMPA was measured with FLIPR TETRA ([Ca2+]i). Data 
are expressed as percentage of basal counts and represent the mean±SEM of at least 
three experiments (n=3). 

 

AMPA produced a concentration-dependent increase of Ca2+ with a pEC50 of 

6.14±0.05 which was not altered by 5HT (6.12±0.07) nor FSK (6.20±0.07). 

Similarly, maximal response to AMPA was not changed after the exposure to 

5HT or FSK (one-way ANOVA, Dunnett’s test).       
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Chapter 4 Discussion 
 

Section 4.1 Interaction between interleukin 1, p38 MAP kinase and SERT 
in native tissue and recombinant cell lines 

 

Available evidence supports the notion that an altered immune response may 

influence CNS function, resulting in the development of depressive illness 

(Raison at al., 2006). One of the mechanisms that may explain this link is that 

pro-inflammatory cytokines, elevated in depressed patients, have been shown 

to have a direct modulation of SERT function by p38 MAP kinase activation in 

vitro (Zhu et al., 2005, 2006). Mitogen-activated protein (MAP) kinases are 

serine/threonine-specific protein kinases which respond to extracellular stimuli 

and regulate various cellular activities, such as gene expression, mitosis, 

differentiation, and cell survival/apoptosis (Cuenda & Rousseau, 2007). The role 

of cytokines via p38 MAP kinase in the modulation of SERT has been 

demonstrated in mice synaptosomes, in rat embryonic raphe RN46A cells and 

in recombinant cells expressing human SERT. where  p38 MAP kinase may 

activate SERT by directly changing functional activity rather than expression 

levels. Such effects were reversed in the presence of the p38 MAP kinase 

selective inhibitor, SB203580, confirming that the regulation of neuronal SERT 

activity induced by cytokines is mediated by p38 MAP kinase linked pathways 

(Zhu et al., 2007). 

p38 MAP kinase belong to the MAPK superfamily and is activated by numerous 

cytokines as well as by environmental and chemical stressors in many cases 

triggering inflammatory and apoptotic pathways. Anisomycin, a protein 
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synthesis inhibitor derived from Streptomyces griseolus, induces an activation 

of p38 MAP kinase phosphorylation in a variety of cells including neutrophils 

(Nahas et al., 1996), mast cells (Zhang et al., 1997), and myocardial cells 

(Mcnicol, 1996). This p38 MAP kinase activation induced by anisomycin was 

followed by the activation of SERT in an SB203580-sensitive manner in 

recombinant cell line and in native tissue mimic the effect observed on SERT by 

cytokines (Zhu et. al. 2005). Other studies demonstrated that inhibition of p38 

MAP kinase by PD169316 or SB203580 reduced 5HT transport in rat midbrain 

synaptosomes and that the constitutive active form of MKK3b (upstream kinase 

that phosphorylates p38 MAP kinase) co-transfected with SERT in HEK-293 

cells increased the 5HT transport. Additionally, decreasing p38 MAP kinase 

expression by siRNAs in this recombinant HEK-293 reduced 5HT transport and 

surface SERT expression, indicating a basal SERT activity maintained by an 

constitutively active form of p38 MAP kinase (Samuvel et al., 2005).    

Based on what was reported in the literature, in the present studies rat and 

mouse cortical synaptosomes were treated with IL-1  and anisomycin at 

different concentrations and time points followed by a measurement of 5HT 

uptake. In contrast to literature reports, the current work has failed to see such 

effects in both rat and mouse synaptosomes irrespective of methodology and 

brain area used. Two possible hypothesis for this discrepancy were evaluated in 

mice brain synaptosomes in which literature reported this activation. The first 

involved animal housing that may induce sufficient stress to endogenously 

activate p38 MAP kinase thus masking the effects of IL-1  and anisomycin on 

5HT uptake. Therefore, further 5HT uptake studies were performed by using 
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brain synaptosomes from striatum and midbrain of individually-housed mice. 

Using these conditions, still no effect was observed, suggesting that there was 

no activation of SERT function by anisomycin irrespective to the housing 

conditions.   

On the other hand, it could be that the synaptosome preparation itself altered 

the activation of p38 MAP kinase. Literature has reported that the anisomycin 

effects in rat raphe cells and human platelets were more pronounced (~100 and 

~ 60% above basal) than those observed in mouse brain synaptosomes (~20% 

above basal), supporting the hypothesis that the mechanics of synaptosomal 

preparations may indeed alter the basal activity of p38 MAP kinase and hence 

limit the responsiveness to anisomycin (Zhu et al., 2007).   

In order to assess if the treatment with anisomycin was able to promote the 

change in the status of p38 MAP kinase from non active (non-phosphorylated) 

to active form (dual tyrosin-phosphorylated), synaptosomes were treated with 

IL-1β or anisomycin and then analysed by ELISA to quantify the phospho-MAP 

kinase in various samples. The data revealed that neither IL-1ß nor anisomycin 

could activate p38 MAP kinase in rat synaptosomes from cortex and striatum, 

while in a parallel experiment performed in HeLa cells, both compounds 

produced a large effect. These new findings suggested that in my synaptosome 

preparation, neither IL-1ß nor anisomycin have the capacity to induce p38 MAP 

kinase activation and consequently no downstream signal is produced that 

could act on transporter function. 
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Alternative biological systems in which SERT function was modulated by 

anisomycin in vitro were human blood platelets and rat basophilic leukemia cells 

RBL-2H3 (Zhu et al., 2005). Platelets treated with 1µM anisomycin for 10 min 

showed an increase of 5HT uptake which was reversed by the presence of p38 

MAP kinase inhibitor, SB203580. RBL-2H3 treated with 1µM anisomycin for 10 

min showed a reduction of SERT Km for 5HT (1057 ±145 versus 628 ±70µM, 

p<0.05) without a significant change in maximal transport capacity (Vmax). In 

order to understand if the reduction of Km reflected a change of 5HT affinity, the 

Ki of 5HT was estimated in the [125I]RTI-55 competitive binding assay in whole 

cell. Under this conditions, 1µM anisomycin incubated for 10 min reduced 

significantly the apparent 5HT Ki for [125I]RTI-55 (1.31 ± 0.26 µM in the vehicle 

control, 0.24 ± 0.005 µM in the presence of anisomycin, p<0.05) and this effect 

was blocked by SB203580. The study then supported the hypothesis that p38 

MAP kinase impacts SERT not by a change in surface trafficking but by a 

catalytic modulation of pre-existing surface-resident transporters. These 

findings were then used to set up an in vitro human blood platelet and RBL-2H3 

cell uptake assays to assess the effects of the p38 MAP kinase on 5HT uptake 

in a system perhaps less prone to mechanical and behavioural stress. In 

addition, anisomycin was also tested in LLC-PK cells expressing human 

recombinant SERT (hSERT-LLCPK). This cell line was used because the high 

expression of SERT could better highlight the possible interaction with p38 MAP 

kinase. In all these in vitro systems, anisomycin did not potentiate the SERT 

function, comparable to results observed in synaptosomes. The analysis of p38 

MAP kinase phosphorylation in the hSERT-LLCPK confirmed that anisomycin 
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induced an activation of p38 MAP kinase; nevertheless, a change of SERT 

function was not induced. The conditions used in these assays were identical to 

those used in the literature on RBL-2H3 cell line in which a change of SERT 

function was observed.  

Overall, the discrepancy between the literature and these results in the present 

thesis were not clarified although many approaches were used. SERT is likely 

to be phosphorylated on multiple domains and different kinase and 

phosphatase may act in concert at different steps in the trasporter’s life cycle to 

change the trafficking or the catalytic activity. The lack of effect of anisomycin in 

brain synaptosomes, platelets and cell lines could be then explained by the fact 

that crucial factors for the activation of p38 MAP kinase and its modulation on 

SERT are not present in these systems. 

 Moreover, p38 MAP kinase is regulated by stress and little changes of this 

status during sample manipulation could interfere with its activity. For these 

reasons an in vivo or ex vivo study could be more suitable to further explore this 

complex mechanism. However, the fact that p38 MAP kinase activation 

observed in hSERT-LLCPK did not produce a change of SERT function may 

suggest a different regulation of human SERT compared to rodents which may 

involve different secondary mediators other than p38 MAP kinase 
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Section 4.2 Infiammatory cytokines do not link with a regulation of 
serotonin transporter in rats treated with LPS  

 

In animal models, treatment with LPS can elicit a series of behavioural changes 

called “sickness behaviour” such as reduction of food intake and withdrawal 

from the physical and social environment. Sickness is an adaptive response to 

infection by pathogens and fully reversible once the pathogen has been cleared. 

Considering the temporal aspects of symptom expression, sickness behaviour 

develops rapidly after administration of LPS in animals and usually peaks 2–6 h 

post-treatment. These effects are always associated with an increase of plasma 

cytokines and then the activation of inflammatory response. Sickness behaviour 

gradually resolves after 6h but this high level of cytokines in the brain evolves 

into depressive-like behaviour 24h post-LPS (Dantzer et al., 2008, Capuron and 

Miller, 2011). The indications that depression-like behaviour remained after 

sickness behaviour came from experiments in which LPS-treated mice 

displayed increased immobility in the tail-suspension test and in the forced-

swim test 24 hours after treatment, a time point when motor activity had 

returned to normal (Frenois et al., 2007). The effect of cytokines on behaviour 

are similar to those showed by depressive patients such as anhedonia, fatigue, 

loss of energy and then this model, is often used to understand the link between 

cytokines and the pathophysiology of psychiatry disease. An expansive 

literature has proposed that cytokines can alter serotonergic neurotransmission 

in in vitro systems by the modulation of SERT function. However, a clear link 

between inflammation effectors and 5HT transporter activity in in vivo or ex vivo 

experiments was not well documented. Moreover, my previous in vitro 
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investigations showed no link between IL1β, p38 MAP kinase activation and 

SERT suggesting that a different approach had to be used to better understand 

this mechanism.  A  recent study reported that LPS induced a dose- and time-

dependent alteration in SERT activity, measured ex-vivo in synaptosomes from 

C57BL/6 (inbred) and CD-1 (outbred) mice (Zhu et al., 2010). This effect was 

similar across different brain areas (frontal cortex, hippocampus, striatum and 

midbrain) and then was not dependent on tissue used. Moreover, SERT 

stimulation by LPS induced depressive-like behaviours because it was 

paralleled by increased immobility in both the tail suspension test (TST) and the 

forced swim test (FST). The stimulation of SERT activity and induced immobility 

were absent when LPS was administered to interleukin-1 receptor (IL-1R)-

deficient mice and in the presence of SB203580. These data therefore 

confirmed that p38 MAP kinase and IL-1β receptors pathway are involved in the 

modulation of SERT and this caused a depressive-like behaviour in mice.    

The same ex vivo approach was used in this PhD study where LPS was 

injected directly into the rat brain and then, after two hours, SERT function was 

measured in parallel with cytokine levels. Although pro-inflammatory cytokines 

involved in the modulation of SERT, such as IL-1ß and TNFα, showed a 

significant increase, a modulation of SERT activity in term of Km and Vmax was 

not detected, confirming again that a signalling cascade induced by cytokines 

does not affect the rat SERT function in vitro and in vivo.   The results obtained 

using these different methodologies were quite unexpected because no effect 

on SERT was induced by the cytokines signalling pathways or p38 MAP kinase 

activation. These negative data can be explained by a potential influence of the 
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specific approaches chosen in this study, for example, the use of IL-1  as the 

reference cytokine in the modulation of SERT activity. This cytokine has an 

important role as mediator of the neurochemical alterations that occur in 

response to an immunological challenge (Dantzer et al 2006). Indeed, literature 

reported this direct modulation of SERT function (Zhu et al, 2005). However, 

clinical and preclinical evidence shows that other potential cytokines (IL-6, IL-2 

and IFN ) are important in the development of depressive-like symptoms and 

can modulate the level of some monoamines including 5HT (Song et al., 2002, 

La costa 2000, Anisman et al., 2007; Sato et al., 2006) Moreover, TNFα 

demonstrated a direct activation of SERT in a cell line (Mossner et al., 1998) 

and in mice synaptosomes (Zhu et al 2005).These findings suggest that IL-6, IL-

2, IFN  and TNFα may also modulate significantly serotonergic transmission in 

particular SERT function/expression. Another variable of this study was the 

brain regions (cortex, hippocampus and midbrain) in which the in vitro and in 

vivo study was conducted. They are relevant for many psychiatry diseases and 

monoamine transporters are highly expressed in these areas. Moreover, many 

effects following LPS or cytokines injection in animals were reported in these 

regions (Anisman et al., 2008, Hayley et al 2001). However, other regions may 

be more involved in the interaction with cytokines such as the basal ganglia. 

Basal ganglia and the subgenual and dorsal aspects of the anterior cingulate 

cortex (ACC) seem to be areas in which neurocircuits are affected by cytokines 

(Capuron et al., 2011). In particular, IFN  increased glucose metabolism in 

nasal ganglia and cerebellum while it was decreased in dorsal prefrontal cortex 

(Capuron et al., 2007). Dopamine neurons are present in basal ganglia 
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especially in striatum (Smith and kieval 2004) and p38 MAP kinase showed a 

direct interaction with the dopamine transporter (Zhu et. al, 2005) suggesting a 

possible modulation of the dopaminergic system induced by cytokines in basal 

ganglia. The time of treatment both in in vitro and ex vivo experiments could be 

another important variable that needs to be discussed. Many In vitro data 

suggest a time dependent-effect of cytokines and p38 MAP kinase activation on 

monoamine transporter function (Zhu et. al., 2005) Moreover, in animal models, 

the duration of treatment seems a key factor in the change of neurochemistry 

induced by cytokines administration. For example, this was reported for IFNα 

and IL-1  where acute vs chronic administrations showed a different changes of 

monoaminergic levels and their metabolites in mice brain (Sato et al., 2006; 

Anisman et al., 2008). LPS treatment performed in this PhD lasted two hours 

and this produced a big cytokine increase without effect on serotonin uptake. 

However, it may be that a longer incubation or chronic treatment with LPS 

induced long-lasting change of the serotonergic system including change of 

SERT expression and consequently modification of 5HT level in the brain.     

Despite the number of variables described above, the important finding 

emanating from this study is that the hypothesis in which cytokines alter the 

serotonergic system by modulation of SERT function through p38 MAP kinase 

was not confirmed and then this may be not a relevant mechanism in the 

pathology of depression induced by altered immune response. We 

demonstrated that direct activation of p38 MAP kinase or the stimulation of 

immune response in brain by LPS did not change the function or the expression 

of SERT. Serotonin is certainly connected with the effect of cytokines in the 
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alteration of brain function but probably 5HT participates more actively to the 

control of cytokines level which is the object of the second part of this PhD and 

will be discussed later (section 4.6). The hyphothesis describing the modulation 

of SERT and other monoamine transporters by cytokines lead to consideration 

of  the selective serotonin reuptake inhibitors (SSRI) such as fluoxetine as a 

potential therapy in the treatment of psychiatry diseases associated with the 

abnormal immune response. However, this hypothesis should be revisited since 

findings generated in this study did not confirm the interaction between 

cytokines, p38 MAP kinase and SERT. A mechanism that can suggest an 

alternative efficient therapy in the pathophysiology of depression induced by 

cytokines which is well supported by in vivo and in vitro study is the activity of 

cytokines on indoleamine 2,3-dioxygenease (IDO). This enzyme converts the 

main precursor of serotonin, tryptophan (TRP), into kynurenine (KYN) and it has 

been demonstrated to be activated by cytokines, reducing TRP availability and 

consequently decreasing 5HT concentrations in the brain. In parallel, a 

cytokine-induced augmentation of KYN increases the neurotoxic components 

that may also produce an increase in the NMDA receptor agonist quinolinic acid 

in the brain. A depletion of TRP along with an increase of quinolinic acid and 

consequently an altered glutamatergic neurotransmission are strongly 

associated with depression (Muller & Schwarz, 2007).  

Recently, literature reported that peripheral administration of LPS to mice led to 

increased expression of IDO in the brain along with IL-1β, TNFα, IFN  and this 

effect was associated with an evidence of sickness behaviours measured by 

increased duration of immobility in both the forced-swim and tail suspension 
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tests. This effect was abolished by the administration of 1MT, a competitive 

inhibitor of IDO that normalized IDO expression without changing the increase 

of cytokine levels. The increase of the level of kynurenic acid after LPS 

administration strongly suggested that the increased ratio between kynurenic 

acid and tryptophan rather than a change in tryptophan levels was involved in 

causing the sickness behaviour. This hypothesis was also confirmed by the 

finding that KYN injected in rat brain dose dependently caused depressive-like 

behaviour (O’Connor et al., 2008).    

A significant effect on TRP concentration was highlighted in patients with 

malignant melanoma treated with IFNα and IL-2 where TRP blood concentration 

significantly decreased during the therapy. This reduction was consistent with 

the development and intensity of mood and cognitive impairment symptoms 

(Capuron et al., 2002).  Moreover, clinical studies of patients with chronic 

hepatitis C (HCV) infection treated with IFN-α showed that in blood TRP 

availability was significantly reduced over the therapy although IFN-α had no 

effect on CSF TRP concentrations.. The concentration of KYN increased 

significantly and there was a correlation between the increasing level of KYN 

and the rise in the severity of depressive symptoms, suggesting that IDO 

activated by IFN-α is involved in the pathophysiology of depression changing 

TRP levels (Raison et al., 2010).   
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Section 4.3 Interaction between 5HT7 receptors and p38 MAP kinase in 
glial cells  

 

The neurotransmitter serotonin is involved in a number of processes through 

the central nervous system and this function is mediated by a large family of 

receptors. The 5HT7 receptor was the last addition to the large serotonin 

subfamily of G-protein coupled receptors. Considering the number of papers 

published in the serotonin receptor subtypes field, the 5HT7 receptor is not the 

most studied, being surpassed by 5HT1A, 5HT2A, 5HT3, and 5HT4 receptors. 

This might be explained by the lack for a long time period of selective 5HT7 

receptor ligands that would help researchers to understand the 

pathophysiological role of this receptor. Thus, since antagonists and, to some 

extent, agonists became available as well as 5HT7 receptor-knockout mice, our 

understanding of the role of the 5HT7 receptor in normal and pathological 

processes has improved. One of the mechanisms that has been recently 

described but is not still clear is the involvement of 5HT7 receptors in the 

inflammatory process and this effect on the CNS functions.  Previous 

investigations in primary rat hippocampal astrocytes treated with 5HT showed 

inductions of mRNA of IL-6 gene after 1 hour but the receptors subtypes 

involved were not explored in details (Pousset et al., 1996). The induction of IL-

6 synthesis by 5HT was shown also in human vascular smooth muscle cells (Ito 

et al., 2000). Finally, other investigations suggested that 5HT7 receptors 

regulate the release of IL-6 from astrocytoma and microglia via p38 MAP kinase 

(Lieb et al., 2005; Mahe et al., 2004).  
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Lieb et al. (2005) showed that astrocytoma U373 MG treated with 100nM 5HT 

for a period of 120 min showed a significant increase of phospho p38 MAP 

kinase with a maximal response at 10 min. The release of IL-6 induced by 5HT 

and the p38 MAP kinase activation was fully reversed by 10µM 5HT7 receptors 

antagonist SB202190 confirming the interaction between 5HT7 receptors and 

p38 MAP kinase in U373 MG cells. Experiments performed in this PhD study 

revealed that 5HT7 receptors were expressed in rat cortical astrocytes and were 

functionally coupled with an increase of intracellular cAMP. Moreover, serotonin 

via 5HT7 receptors increased the p38 MAP kinase phosphorylation after 5 min 

from stimulus confirming that the signalling cascade of 5HT7 receptors involved 

p38 MAP kinase activation. All these data confirmed the importance of 5HT7 

receptors in the regulation of serotonergic function in astrocytes and suggested 

an important role in the control of cytokine release through p38 MAP kinase.  

p38 MAP kinase is an important regulator of cytokine intracellular signals 

especially in those processes that induce interleukin release. p38α was first 

isolated as a 38-kDa protein rapidly tyrosine phosphorylated in response to LPS 

stimulation (Han et al., 1994). Four splice variants of the p38 MAP kinase family 

have been now identified: p38α, p38β, p38γ (ERK6, SAPK3) and p38δ (SAPK4) 

(Zarubin and Han, 2005). The ELISA used was not selective for a specific p38 

MAP kinase isoform and hence it is unknown which isoforms interact with 5HT7 

receptors. The biological consequence of p38 MAP kinase activation can be 

various because different kinases, transcription factors and gene expression are 

activated downstream of p38 MAP kinase. A strong link has been established 

between p38 MAP kinase pathway and apoptosis, control of cell cycle, 
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cardiomyocyte hypertrophy, development and cell differentiation (Zarubin and 

Han, 2005). However the principal pathway involved with p38 MAP kinase is 

inflammation. Rheumatoid arthritis, Alzheimer’s disease and inflammatory 

bowel disease are all postulated to be regulated in part by the p38 MAPK 

pathway (Johnson and Bailey, 2003; Hollenbach et al., 2004). The activation of 

the p38 MAPK pathway induces the production of proinflammatory cytokines 

(IL-1β, TNF-α and IL-6)(Salituro et al., 1999; Lee et al., 2000); induction of 

enzymes such as COX-2 (Badger et al., 1998); expression of intracellular 

enzymes such as iNOS, a regulator of oxidation (Da silva et al., 1997). In order 

to further confirm the role of 5HT7 receptors in the release of inflammatory 

factors in brain via p38 MAP kinase, studies are ongoing to determine the level 

of IL-6 in medium of cortical astrocytes after a stimulus with serotonin or AS19 

at different time points. These results will be the basis of further investigations 

to indentify which cytokines are secreted following the activation of 5HT7 

receptors in cortical astrocytes and the pathways involved such as PKA, PKC, 

Erk1.  

Little is known about the role of 5HT7 receptors in inflammatory events 

especially in the CNS system. Considering the influence of cytokines on 

neuronal transmission associated with behavioural changing, it can be 

speculated that the role of 5HT7 receptors in the regulation cytokines may be 

linked with the antidepressive effect of 5HT7 receptors antagonists in in vivo 

models. Further experiments would be focused to better understand if a 

treatment with 5HT7 receptor antagonists could therefore decrease the level of 

cytokines in the brain and then dampen the negative impact of inflammatory 



117 

 

events in brain function. Moreover, microglia cells, derived from peripheral 

macrophages, secrete Th1 cytokines such as IL-12, whereas astrocytes inhibit 

the production of IL-12 and other type 1 cytokines and secrete the Type 2 

cytokine IL-10. The type1/type2 imbalance in the CNS which could be caused 

by the imbalance in the activation of microglia and astrocytes, has already been 

observed in depression (Muller & Schwarz, 2007). 5HT7 antagonist could then 

have an effect in the balance of type1/tyep2 cytokines which is may be linked 

with depressive status.   

 

Section 4.4 Expression of 5HT7 receptors in hippocampal neurons which 
control the activation of CREB but not p38 MAP kinase    

 

Literature reports that a number of 5HT receptors subtypes that are positively 

coupled with adenylate cyclase, such as 5HT4 and 5HT6 and 5HT7 receptors, 

and these are expressed in hippocampus. The increase of cAMP induced by 

these 5HT receptors and the following signalling cascade may generally affect 

neuronal activity through a protein kinase activation, or change of gene 

expression. Previous studies revealed the expression of 5HT7 receptors in 

cortical astrocytes with a positive link with cAMP pathway and p38 MAK kinase.  

So far, no published data are available concerning the role of 5HT7 receptors in 

neurons and its possible interaction with inflammatory processes involving p38 

MAP kinase. 

 The study performed in this PhD thesis characterized the expression of Gs-

coupled 5HT receptors in primary cultured neurons, showing that the mRNAs 



118 

 

encoding for 5HT6, 5HT4, 5HT7 receptors are expressed in cortical and 

hippocampal neurons after one week in culture. However, further explorations 

revealed that cortical neurons did not respond to a treatment with 5HT, while 

hippocampal neurons showed a significant increase of cAMP levels with a 

pEC50 of 7.2±0.2. This value is in agreement with previous reports showing a  

5HT-induced cAMP increase with a potency of 6.68±0.08 in rat cultured 

astrocytes (Hirst  et al, 1997) and of 7.7±0.1 in guinea-pig hippocampal 

membranes (Thomas et al., 1999).  In order to better define which receptors 

were actively involved in mediating 5HT stimulation of adenylate cyclase in 

hippocampal neurons, different antagonists were tested. The selective 5HT6 

and 5HT4 receptors antagonists SB399885 (Mikami et al., 2008) and GR113808 

(Hirst  et al., 2006) did not antagonize the effect of 5HT, thus suggesting that 

neither 5HT4 nor 5HT6 receptors were involved. In contrast, 5HT7 receptor 

antagonist SB258719 completely blocked this response with a pIC50 of 

7.95±0.09. Moreover, a shift of 5HT response curve produced by SB258719 

confirmed a pKB value of 8.23±0.1 with a competitive antagonist profile. This 

compound was fully characterized in various assays both in recombinant cells 

and native tissue. In binding experiments on HEK293 expressing recombinant 

human 5HT7 receptors and in guinea-pig hippocampal membranes, affinity 

values of SB258719 were 7.5 (n=2) and 7.2±0.1 (n=3) respectively (Thomas et 

al.,1998 and 1999) In cAMP functional experiments, SB258719 reversed the 

5HT response with pKb of 7.57±0.08 and 7.21±0.12 and 7.2 ±0.1 at human, rat 

rand guinea-pig 5HT7 receptors respectively (Mahe et al., 2004, Thomas et al., 
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1999).  All these data are in line with those obtained in this study, confirming the 

functional expression of 5HT7 receptors in hippocampal neurons. 

 All these data confirmed the expression of 5HT7 receptors in hippocampal 

neurons while 5HT6 and 5HT4 receptors do not appear to contribute to the 

cAMP signalling under these conditions. In this study, PCR primers did not 

discriminate the splice variants and therefore it is uncertain which 5HT7 

isoforms are expressed which could have a different interaction with adenylate 

cyclase.  The lack of 5HT response in cortical neurons could be explained by 

two reasons: the absence of Gs-coupled 5HT receptors expression in 

membranes under these conditions or the presence of Gi-coupled 5HT 

receptors that are negatively associated with adenylate cyclise balancing out an 

overall response. The lacks of selective agonists for the different classes of 5HT 

receptors complicate this analysis. However, the use of uncoupling agents such 

pertussis toxin (PTX) that blocks the responses mediated by protein Gi or 

selective antagonists for the different families of 5HT receptors, for example 

5HT1 receptor antagonists,  may help to explore these hypotheses.     

In the attempt to understand the events downstream of 5HT stimulation, CREB 

and p38 MAP kinase phosphorylation were also measured. These experiments 

revealed an increase of phosphoCREB[133] induced by 5HT with a maximal 

effect  5 min after stimulation. The 5HT7 receptor antagonist, SB258719 

significantly inhibited this response, confirming that 5HT7 receptors not only 

activated adenylate cyclase but were also directly involved in the 

phosphorylation of CREB[133]. This data confirmed the role of 5HT7 receptors 

in the regulation of CREB phosphorylation in hippocampal neurons (Mahgoub et 
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al., 2006). It can be noted that 10 µM SB258719 did not block completely the 

increase of CREB suggesting the presence of secondary signalling pathways 

activated by 5HT that are not inhibited by SB258719. In contrast, p38 MAP 

kinase was not affected by 5HT7 receptors stimulation over a period of 60 min. 

All these findings generated by using pharmacological and biochemical tools 

demonstrated that 5HT7 receptors regulate cAMP signalling in hippocampus 

with a modulation of CREB function. Increasing CREB phsphorylation and then 

its activation would be expected to alter the expression of specific target genes. 

Among the many potential target genes regulated by CREB are those for brain-

derived neurotrophic factor (BDNF) and its receptor, TrkB (Duman et al.,1995, 

Condorelli et al., 1994). Taking into account these findings, it would be 

interesting to understand if serotonin via 5HT7 receptors alters the levels of 

BDNF and TrkB in hippocampus.  

The analysis of p38 MAP kinase phosphorylation after the activation of 5HT7 

receptors revealed lack of activation of this kinase in neurons over a period of 

60 min.  This was in contrast with those reported in astrocyte and astrocytoma 

cells that showed an activation of p38 MAP kinase 5 min after 5HT addition.  

Status of p38 MAP kinase was also unchanged  using forskolin suggesting that 

an increase of cAMP was not an upstream signal for p38 MAP kinase activation 

in neurons. These data suggested that in both neurons and glia cells 5HT7 

receptors couple with an increase of intracellular cAMP and activation of CREB, 

whereas  the activation of 5HT7 receptors induced an activation of p38 MAP 

kinase only in glial cells and not in neurons. As described before, p38 MAP 

kinase exists in different isoforms and their activation can be specifically 
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controlled through different regulators and coactivated by various combinations 

of upstream regulators. In addition, the activation mechanisms of p38 MAP 

kinase may vary in different cells under various physiological or pathological 

conditions (Zarubin and Han., 2005). For this reason, it is complex to 

understand why in neurons p38 MAP kinase is not influenced by 5HT7 

receptors. However, it may be hypothesized that neurons and glial cells express 

different cofactors that specifically link 5HT7 receptors with the activation of p38 

MAP kinase. Finally, this work highlighted a different cell signalling of 5HT7 

receptors in the CNS between glial cells and neurons.    

 

Section 4.5 Serotonin induced a post-transcriptional modulation of AMPA 
receptors by 5HT7 receptors  

 

The previous studies reported the expression of 5HT7 receptors in neurons and 

that their activation results in accumulation of intracellular cAMP and activation 

of CREB.  The present study investigated also the interaction between 5HT7 

receptors and AMPA receptors (AMPAR). 5HT7 receptors are involved in the 

synaptic transmission regulating the neuronal excitability and LTP in 

hippocampus (Roberts et al., 2004).  Synaptic strength is tightly regulated by 

mechanisms that include a change in AMPA receptor (AMPAR) phosphorylation 

and their cellular distribution (Santos et al., 2009).    

Phosphorylation of AMPAR occurs at three serine residues located in the 

intracellular C-terminus: serine 831 (ser831) can be phosphorylated by protein 

kinase C (PKC), and CaMKII; serine 845 (ser845) is a protein kinase A (PKA) 
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and cGMP-dependent protein kinase II phosphorylation site and serine 818 

(ser818) is a substrate for PKC. Both Ser831 and Ser845 are important signals 

to deliver AMPARs into synapses and then determine the duration of synaptic 

activity. LTP induction increases the CaMKII-dependent phosphorylation of 

GluR1 at Ser831 (Mammen et al., 1997). However, mutation on GluR1-Ser831 

that prevented this phosphorylation, did not change the delivery of the receptor 

to synapses by active CaMKII (Hayashi et al., 2000). In contrast, mutation of 

Ser845 prevented the delivery of GluR1 to synapses (Esteban et al., 2003a) 

suggesting that Ser845 is critical for the delivery of AMPAR into synapses. In 

hippocampal neurons, I did not demonstrate a direct activation of PKA by 5HT7 

receptors but cAMP increase and the following CREB phosphorylation observed 

after the stimulus suggested that PKA could be activated as well by 5HT7 

receptors. This activation may trigger the Ser845 phosphorylation on AMPAR 

and then induce a change of AMPAR trafficking or expression which may be 

important for the control of neuronal plasticity in hippocampus. This study 

revealed that 5HT and AS-19 increased GluR1 phosphorylation at PKA site 

(Ser845) of about 12 and 3.5 folds respectively.  These levels of activity 

reflected the intrinsic activity of these agonists established in the cAMP assay, 

suggesting a direct correlation between the level of cAMP and GluR1 

phosphorylation. These effects were reversed by SB258719 but not by 

SB399885 and GR113808, confirming the involvement of 5HT7 receptors. The 

total GluR1 expression was also increased by 5HT but the above antagonists 

did not reverse this effect, suggesting that 5HT7, 5HT6 and 5HT4 were not 

involved. To the best of our knowledge this study was the first to demonstrate 
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an activation of GluR1 phosphorylation by 5HT7 receptors. Time course 

revealed that the GluR1 phosphorylation was maximal after just 5 min and 

remained at this level up to 30 min. The duration and onset of phosphorylation 

is regulated by the kind of kinase and phosphatase which are carried close to 

the effectors when receptors are activated.  Previous work showed that 5HT7 

receptors increased CREB phosphorylation in hippocampal neurons but these 

effects lasted maximum 5 min from stimulation. The different duration observed 

in the increase of GluR1 phosphorylation compared to CREB phopshorylation 

may suggests that 5HT7 receptors activate different kinase or phosphatase 

pathways specific for CREB or GluR1. The functional role of Ser 845 

phosphorylation has not been fully understood although studies from literature 

hypothesized a specific mechanism by which phosphorylation of ser845 should 

increase AMPAR in the synaptic site which is important for the control of LTP 

(Wang et al., 2005).  Basically, under basal conditions, GluR1 is expressed in 

the internal pools and on the surface membranes of neurons. The amplitude of 

synaptic potentiation is regulated by the distribution of these receptors that shift 

from the extrasynaptic to synaptic region during neuronal transmission 

(Passafaro et al., 2001). Ser845 phosphorylation induces an increase of surface 

GluR1 in the extrasynaptic AMPAR and then modulates the synaptic plasticity 

by regulating the pool of AMPARs available for synaptic incorporation (Oh et al., 

2006). GluR1 phosphorylation was induced by D1 dopamine receptors which 

are coupled with AC. D1 receptor agonist increases GluR1 phosphorylation at 

the protein kinase A phosphorylation site (Ser845) in nucleus accumbens cell 

cultures (Chao et al., 2002), and cultured hippocampal neurons (Gao et al., 
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2006). Moreover, a D1 receptor agonist on hippocampal pyramidal neurons 

accelerates AMPAR externalization in extrasynaptic sites through a pathway 

that depends mainly on PKA but also involves CaMKII (Gao et al., 2006). The 

effect of D1-PKA pathway on AMPAR trafficking plays an important role in the 

modulation of long-term synaptic changes observed in rats and in mice by 

dopamine (Huang et al.,2004). Based on these findings, further studies were 

designed to understand if 5HT7 receptors may mimic the effect of D1 receptors 

in hippocampus to control AMPA trafficking. After the stimulation with 5HT, 

proteins expressed on the surface of neurons were isolated and analysed by 

western blot. Results showed a significant increase of GluR1 phosphorylation in 

the surface pool while expression of total surface GluR1 was not altered. 

Moreover, the increase of surface GluR1 phosphorylation induced by 5HT was 

reversed by SB258719 and H89 confirming the involvement of 5HT7 receptors 

through the activation of PKA. These data then showed that 5HT7 receptors 

activate GluR1 phosphorylation at Ser845 in the surface pool via PKA without 

inducing GluR1 migration to the plasma membrane. The impact of this 

phosphorylation on AMPAR function in hippocampus remains to be explored 

since it did not seem to have an apparent effect on AMPAR trafficking. 

However, it may have an effect on AMPAR function determining a change of 

synaptic plasticity. This is better discussed in the section 4.5.2.   
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Section 4.5.1. PDE4 and PDE10 potentiate the effect of 5HT7 receptors on 
AMPAR in hippocampal neurons  

 

Activation of adenylate cyclase and following accumulation of cAMP takes place 

in specific microdomains in the cells. These microdomains are created by 

physical interaction between different components of these signal cascade and 

structural elements of the cells. PDEs are a family of enzymes that degrade the 

cAMP and cGMP and dampen quickly the signal cascades induced by cAMP or 

cGMP as second messengers. PDE participate in the regulation of temporal 

and spatial dimension of these microdomains because they are sequestered 

and anchored to sites near the receptors that trigger the signal cascade. PDE’s 

expression in the brain is tightly regulated and it is distributed in many regions 

where serotonin is present, such as hippocampus and cortex (Menniti et al., 

2006). PDE4 is the principal family involved in the degradation of cAMP 

throughout the body (Houslay et al., 2003). In the CNS, PDE4 is expressed in 

striatum, cortex and hippocampus within soluble intracellular compartments 

(Perez-Torrez et al., 2000).  Studies aimed to understand the physiological role 

of PDE4 described that, in hippocampus, it regulates the increase of CREB 

phosphorylation (Monti et al., 2006) and facilitate the induction of LTP (Barad et 

al., 1998). PDE10 enables to metabolize cAMP and cGMP and it is bound to the 

membranes (Menniti et al., 2006). It is expressed principally in striatum but is 

also present at low density in extrastriatal neurons, including those of the cortex 

and hippocampus (Seeger et. al., 2003). Further studies confirmed the 

expression of PDE4 and PDE10 in hippocampus where the chronic 

administration of rolipram (PDE4 inhibitor) and papaverine (PDE10 inhibitor) 
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increased CREB mRNA levels suggesting a role in the modulation of cAMP 

cascade. Moreover, a co-administration of rolipram with the 5HT reuptake 

inhibitor, imipramine induced a more rapid increase of CREB than either 

treatment alone suggesting an interaction between PDE and serotonergic 

system (Nibuya et al., 1996). However, the molecular mechanism that 

described the interaction between PDEs and serotonergic system and the 

functional significance in hippocampus were not clearly described. The present 

studies had the aim to understand if 5HT7 receptors expressed in hippocampal 

neurons interact with PDE4 and PDE10 in the regulation of GluR1 

phosphorylation. Experiments showed that rolipram and papaverine increased 

the level of GluR1 phosphorylation and when they were co-incubated with 5HT 

there was a significant potentiation of 5HT response. This study revealed 

therefore a positive interaction between PDE4 and PDE10 with 5HT7 receptors 

in hippocampus.  

Considering the key role of PDE4 and PDE10 in the modulation of cellular 

signalling pathway in the brain, they are a target for many CNS diseases. In 

particular PDE4 participates actively to cognitive process such as long-term 

memory formation, attention and executive function while there are some 

indications for the use of PDE10A inhibitors for the treatment of schizophrenia 

(Menniti et al., 2006). Increasing evidence suggests a role of PDE4 in 

depression since rolipram showed an antidepressant effect in humans (Zeller, 

1984). Subsequent work in preclinical models suggests that the antidepressant 

effects of PDE4 inhibition results from an up-regulation of brain-derived 

neurotrophic factor (BDNF) and the subsequent facilitation of neurogenesis in 
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the hippocampus (Nakagawa et al., 2002). However, this PhD study suggested 

that behavioural effects induced in in vivo by PDE4 and PDE10 inhibitors may 

result in part by an increase in 5HT7 receptor function in hippocampus.  

 

Section 4.5.2. Physiological effect of Ser845 phopshorylation induced by 
5HT7 receptors on AMPAR function   

 

The physiological impact of AMPAR phosphorylation induced by 5HT7 receptors 

on hippocRl neurons remains to be explored. Moreover, a recent publication 

reported that Ser845 phosphorylation on AMPAR induced by D1 receptors 

changed the AMPA current and channel open probability in spinal motoneurons 

using a whole-cell patch clamp techniques (Han and Whelan, 2009). This 

mechanism was independent of AMPAR mobilization because these effects 

were not blocked by the use of botulinum toxin C which is a blocker of receptor 

insertion. Moreover, inhibiting PKA with H89 completely abolished the effect of 

D1 agonist, which confirmed the involvement of PKA in the effect of D1 

receptors stimulation on AMPAR current (Han and Whelan., 2009). The 

physiological effect of PKA phosphorylation on AMPAR was previously 

investigated in transiently transfected HEK-293 cells with human GluR1 using 

whole-cell patch clamp recording techniques. Perfusion of glutamate onto the 

transfected HEK-293 cells resulted in the rapid activation of inward current that 

desensitized in the continuous presence of agonist. Once stable baseline 

recordings was obtained, purified PKA was perfused into the recording pipette. 

This intracellular perfusion of PKA resulted in 40% potentiation of the peak 

amplitude of the whole cell glutamate-gated current. This potentiation 
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developed over 15 min after introduction of PKA into the pipette and remained 

stable for the duration of the recording. No change in the rate of desensitization 

or in the steady state response was seen following the addition of PKA. These 

findings suggest that PKA phosphorylation may modulate not only AMPAR 

trafficking but also AMPAR function.  Hence, it can be speculated that 

phosphorylation induced by 5HT7 receptors act on AMPAR conductance rather 

than effecting AMPAR trafficking. AMPAR is an ionotropic glutamate receptor 

allowing the passage of sodium and potassium. The AMPAR also is permeable 

to calcium (Ca2+) and hence regulates Ca2+ influx into neurons. This is the 

mechanism responsible for the NMDA receptor-indipendent long term 

potentiation in  amygdala (Mahanty and Sah, 1998) and hippocampus 

(Feldmeyer et al., 1999). An assay that allows measurement of Ca2+ influx 

mediated by AMPAR uses a fluorometric imaging plate reader (FLIPR)/Ca2+ 

assay. I developed a FLIPR/Ca2+ assay on cultured hippocampal neurons with 

the aim to measure the effect of AMPA on Ca2+ influx and then understand if 

5HT via 5HT7 receptors influences this activity.  In parallel, FSK was also tested 

on Ca2+ influx evoked by AMPA because FSK showed a stronger GluR1 

phosphorylation compared to 5HT and hence an effect on AMPAR function may 

be more evident. AMPA showed a concentration dependent increase in Ca2+ 

influx with a pEC50 of 6.14±0.05. Neither 5HT nor FSK changed significantly the 

pEC50 of AMPA or the maximal AMPA response suggesting that although the 

activation of 5HT7 receptors changed AMPAR phosphorylation, it did not have a 

specific effects on Ca2+ influx evoked by AMPA under the current assay 

conditions.  
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A different approach should be used to better understand the impact of 5HT7 

receptors activation on AMPAR function.  One possible method could be the 

use of a whole-cell patch clamp techniques that allows the fine measurement of 

AMPAR current in hippocampal neurons in the presence of 5HT7 receptor 

agonist or antagonist. However, it cannot be excluded that the effect of 5HT7 

receptors on AMPAR function may require the involvement of additional signals 

such as the phoshorylation of Ser818 by PKC or Ser831 by CaMKII (Santos et 

al., 2009).  

 

Section 4.6.  Different functions of serotonin in hippocampus: 
neuroinflammation and synaptic plasticity.  

 

 The hypothesis of the interaction between inflammation and serotonergic 

transmission has been long discussed but the mechanism involved in this 

complex pathway has not been well clarified yet. The role of p38 MAP kinase 

and cytokines in the modulation of SERT function for the control of serotonin 

level was not supported by this study. Instead, important findings have been 

generated that confirmed the hypothesis of the influence of serotonin on p38 

MAP kinase function in primary astrocytes via  5HT7 receptor activation. This 

activation is principally mediated by an increase of intracellular cAMP which 

determined a direct activation of PKA. Previous studies in mouse embryonic 

fibroblasts, NIH 3T3, showed that PKA represented the predominant pathway 

after cAMP increase and p38 MAP kinase becomes activated by PKA in the 

activation of CREB (Delghandi et al., 2005). These findings suggested that PKA 

may mediate p38 MAP kinase and then participate in the control of serotonin-
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dependent cytokines release in primary astrocyte. The pathway suggested is: 

5HT7 receptors cAMP PKA p38 MAP kinase cytokines release. This 

mechanism then suggests that 5HT7 antagonists may work as anti-inflammatory 

drugs and may contrast the negative effects of abnormal regulation of the 

immune response on behavior. There are many data that suggest that  anti-

inflammatory drugs have a positive impact on antidepressive therapy. For 

example the COX-2 inhibitor, celecoxib, increased significantly the 

antidepressant efficacy of the norepinephrine reuptake inhibitor, reboxetine 

(Muller et al., 2006). This study then suggested that 5HT7 antagonists alone or 

in combination with  antidepressives may dampen the immune response in the 

brain and finally ameliorate depressive symptoms associated with inflammation. 

The influence of p38 MAP activation induced by 5HT7 receptors may be also 

connected with the serotonin synthesis, since a report showed an increase of 

p38 MAP kinase activity was associated with  decreased cerebrospinal fluid 

(CSF) concentrations of the serotonin metabolite, 5-HIAA, in early life stress of 

juvenile rhesus monkeys (Sanchez et al., 2007). 5HT7 receptor antagonists may 

block the p38 MAP kinase activation induced by cytokines to prevent  the 

decrease of serotonin levels.  

Not only microglia and macroglia but also neuronal cells release cytokines 

(Bergamaschi et al., 2006). However, 5HT7 receptors expressed in hippocampal 

neurons did not induce  p38 MAP kinase activation suggesting no control of 

cytokines release from neurons. Instead, this study highlighted a different role of 

5HT7 receptors in neurons which was associated to a modulation of GluR1 

phosphorylation at Ser845 with the contribution of PKA, PDE4 and PDE10. The 
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pathway suggested then is: 5HT7 receptors cAMP PKA GluR1[Ser831]. 

Despite, this, the study did not demonstrate clearly an altered expression of 

AMPAR induced by  5HT7 receptors, so it can be speculated that GluR1 

phosphorylation may increase the presence of AMPAR at the synaptic level and 

then modulate  synaptic plasticity. Since PDE4 and PDE10 are involved in this 

mechanism, this effect can be potentiated by the use of specific PDE4 or PDE10 

inhibitors such as Rolipram. Manipulating synaptic AMPAR trafficking has 

significant effect on learning, memory and drug addiction (Kessels and Malinow, 

2009) and a dysfunction of the regulation of extracellular glutamate levels has 

been implicated in a number of neurological and psychiatric diseases including 

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, schizophrenia, 

obsessive-compulsive disorder, and mood disorders (major depressive 

disorders and bipolar disorder) (Zarate and Manji et al., 2008). Moreover, 

chronic therapy with antidepressives showed an increase of AMPA expression 

in neurons (Martinez-Turrillas et al., 2002) and positive AMPA modulators has 

been suggested as an effective treatment for major depression. There is not a 

clear mechanism explaining why positive AMPA modulators may be useful in 

depression although they should slow the desensitization and/or deactivation of 

AMPA in the presence of an agonist (Hashimoto 2009). Finally,  a hypothesis 

can be formulated that 5HT7 receptor agonists increase AMPA receptor 

phosphorylation thus increasing the glutamatergic neurotransmission mediated 

by AMPAR at the synaptic level and this can be beneficial for neurocognitive 

disorders involving the glutamatergic response. However, it can not be excluded 

that an exaggerated stimulation of AMPAR can produce also an excessive 
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glutamate response which may induce the development of cytotoxicity via 

NMDA or non-NMDA receptors as suggested by literature (Larm et al., 1997). 

Overall, further investigations need to be performed to better understand the 

potentiality of 5HT7 receptors as novel targets for neuropsychiatric disorders.    

 

Section 4.6. Conclusion 

 

The present study had the principal aim to demonstrate the molecular 

interaction between some mediators of inflammation (cytokines and p38 MAP 

kinase) with the serotonergic system in vitro and in vivo. Two different pathways 

were investigated: SERT modulation induced by cytokines and the role of 5HT7 

receptors in the control of cytokines release via p38 MAP kinase. The present 

study demonstrated that incubation with IL-1β or the activation of p38 MAP 

kinase did not have any effect on 5HT uptake in rodent native brain tissue 

(cortex, midbrain and striatum), in human platelets and in cell lines, in contrast 

to literature reports (Zhu et al., 2010). The lack of effect may be due to the 

absence of key factors for the activation of p38 MAP kinase in these systems 

and the consequent modulation on SERT. For this reason a different approach 

was then used in which a release of cytokines was induced directly in the rat 

brain through an i.c.v. LPS treatment followed by the analysis of SERT function. 

Although pro-inflammatory cytokines are involved in the change of animal mood 

such as IL-1ß and TNFα and displayed a significant increase in cortex and 

striatum, a modulation of SERT activity in term of Km and Vmax was not 

detected, confirming again that no interaction between cytokines, p38 MAP 
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kinase and SERT function in vitro nor in vivo was evident. However, this study 

revealed a positive interaction between 5HT7 receptors and p38 MAP kinase in 

glial cells supporting the role of 5HT via 5HT7 receptors in the regulation of 

cytokines release in the brain. However, this pathway was not present in 

hippocampal neurons where 5HT7 receptors did not activate p38 MAP kinase 

but instead increased the AMPAR and CREB phosphorylation at PKA 

dependent phosphorylation sites. The effect on AMPAR was reversed by the 

specific 5HT7 antagonist, SB258719 and PKA inhibitor, H89, confirming the 

specificity of response for 5HT7 receptors and the involvement of PKA in the 

mediation of AMPAR phosphorylation.  PDE4 and PDE10, which are expressed 

in hippocampus, impact 5HT7 receptors functions since their specific inhibition 

potentiated the effect of 5HT on AMPAR phosphorylation. Further experiments 

highlighted that 5HT7 receptors changed the surface AMPAR phosphorylation 

without a specific effects on Ca2+ influx evoked via AMPAR.  Noteworthy, this is 

the first report that showed a positive interaction between 5HT7 receptors and 

AMPAR which will hopefully stimulates new investigations concerning the role 

of 5HT7 receptors in neuronal plasticity.  

 

 

 

 

 

 



134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 

 

Chapter 5 References 

 

Abbas AI, Hedlund PB, Huang XP, Tran TB, Meltzer HY, Roth BL.  (2009)  Amisulpride is a 
potent 5-HT7 antagonist: relevance for antidepressant actions in vivo. Psychopharmacology. 
Jul;205(1):119-28.  

Anisman H, Merali Z, Poulter MO, Hayley S. (2005) Cytokines as a precipitant of depressive 
illness: animal and human studies. Curr Pharm Des. 11(8):963-972.  

Ansah TA, Ramamoorthy S, Montañez S, Daws LC, Blakely RD. (2003) Calcium-dependent 
inhibition of synaptosomal serotonin transport by the alpha 2-adrenoceptor agonist 5-bromo-N-
[4,5-dihydro-1H-imidazol-2-yl]-6-quinoxalinamine (UK14304). J Pharmacol Exp Ther. 
Jun;305(3):956-65.  

Austin MC, Bradley CC, Mann JJ, Blakely RD. (1994) Expression of serotonin transporter 
messenger RNA in the human brain. J Neurochem. Jun;62(6):2362-7. 81. 

Bacon WL, Beck SG. (2000) 5-Hydroxytryptamine(7) receptor activation decreases slow 
afterhyperpolarization amplitude in CA3 hippocampal pyramidal cells. J Pharmacol Exp Ther. 
Aug;294(2):672-9. 

Badger AM, Cook MN, Lark MW. (1998) SB 203580 inhibits p38mitogen-activated protein 
kinase, nitric oxide production, and inducible nitric oxide synthase in bovine cartilage-derived 
chondrocytes. J Immunol; 161:467-73. 

Barad M, Bourtchouladze R, Winder DG, Golan H, Kandel E. Rolipram, (1998) A type IV-
specific phosphodiesterase inhibitor, facilitates the establishment of long-lasting long-term 
potentiation and improves memory. Proc Natl Acad Sci U S A. Dec 8;95(25):15020-5. 

Barker EL, Blakely RD. (1996)  Identification of a single amino acid, phenylalanine 586, that is 
responsible for high affinity interactions of tricyclic antidepressants with the human serotonin 
transporter. Mol Pharmacol. Oct;50(4):957-65. 

Barnes NM, Sharp T. (1999) A review of central 5-HT receptors and their function. 
Neuropharmacology. Aug;38(8):1083-1152. 

Benmansour S, Deltheil T, Piotrowski J, Nicolas L, Reperant C, Gardier AM, Frazer A, David 
DJ.(2008) Influence of brain-derived neurotrophic factor (BDNF) on serotonin neurotransmission 
in the hippocampus of adult rodents. Eur J Pharmacol. Jun 10;587(1-3):90-8. 

Berman RM, Fava M, Thase ME, Trivedi MH, Swanink R, McQuade RD, Carson WH, Adson D, 
Taylor L, Hazel J, Marcus RN. (2009) Aripiprazole augmentation in major depressive disorder: a 
double-blind, placebo-controlled study in patients with inadequate response to antidepressants. 
CNS Spectr. Apr;14(4):197-206. 

Blakely RD, Ramamoorthy S, Schroeter S, Qian Y, Apparsundaram S, Galli A, DeFelice LJ. 
(1998) Regulated phosphorylation and trafficking of antidepressant-sensitive serotonin 
transporter proteins. Biol Psychiatry. Aug 1;44(3):169-78. Review. 

Bonaventure P, Kelly L, Aluisio L, Shelton J, Lord B, Galici R, Miller K, Atack J, Lovenberg TW, 
Dugovic C. (2007) Selective blockade of 5-hydroxytryptamine (5-HT)7 receptors enhances 5-HT 



136 

 

transmission, antidepressant-like behavior, and rapid eye movement sleep suppression induced 
by citalopram in rodents. J Pharmacol Exp Ther. May;321(2):690-8.  

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal Biochem. 1976 May 7;72:248-54.  

Capuron L, Miller AH. (2011) Immune system to brain signaling: neuropsychopharmacological 
implications. Pharmacol Ther. May;130(2):226-38.  

Capuron L, Ravaud A, Neveu PJ, Miller AH, Maes M, Dantzer R. (2002) Association between 
decreased serum tryptophan concentrations and depressive symptoms in cancer patients 
undergoing cytokine therapy. Mol Psychiatry 7(5):468-473. 
Chandler  S., Miller K.M., Clements J.M., Lury J., Corkill D., Anthony D.C.C., Adams S.E. and 
Gearing A.J.H. (1997), Matrix metalloproteinases, tumor necrosis factor and multiple sclerosis: 
an overview, J. Neuroimmunol. 72, pp. 155–161. 

Chao SZ, Lu W, Lee HK, Huganir RL, Wolf ME. (2002) D(1) dopamine receptor stimulation 
increases GluR1 phosphorylation in postnatal nucleus accumbens cultures. J Neurochem. 
Jun;81(5):984-92. 

Condorelli DF, Dell'Albani P, Mudò G, Timmusk T, Belluardo N. (1994) Expression of 
neurotrophins and their receptors in primary astroglial cultures: induction by cyclic AMP-
elevating agents. J Neurochem. Aug;63(2):509-16. 

Craxton A, Shu G, Graves JD. (1998) p38 MAPK is required for CD40-induced gene expression 
and proliferation in B lymphocytes. J Immunol; 161:3225-36. 

Cuenda A, Rousseau S. (2007) p38 MAP-kinases pathway regulation, function and role in 
human diseases. Biochim Biophys Acta. Aug;1773(8):1358-1375. 

Da Silva J, Pierrat B, Mary JL, Lesslauer W. (1997) Blockade of p38mitogen-activated protein 
kinase pathway inhibits inducible nitric-oxide synthase expression in mouse astrocytes. J Biol 
Chem; 272:28373-80. 

Dahlström A, Fuxe K. (1964) Localization of monoamines in the lower brain stem. Experientia. 
Jul 15;20(7):398-9.  

Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW. (2008)From inflammation to 
sickness and depression: when the immune system subjugates the brain. Nat Rev Neurosci. 
Jan;9(1):46-56. Review. 

Dantzer R. (2006) Cytokine, sickness behavior, and depression. Neurol Clin. Aug;24(3):441-60. 
Review. 

Daws LC, Gould GG.  (2011) Ontogeny and regulation of the serotonin transporter: providing 
insights into human disorders. Pharmacol Ther. Jul;131(1):61-79. Epub 2011 Apr 5. Review. 

Delghandi MP, Johannessen M, Moens U. (2005) The cAMP signalling pathway activates 
CREB through PKA, p38 and MSK1 in NIH 3T3 cells. Cell Signal. Nov;17(11):1343-51. Epub 
2005 Mar 16. 

http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/942051


137 

 

Duman Y, Burak Z, Ercan MT, Dirlik A, Bilkay BC, Akin Y, Taner M, Bekdik CF. (1995) Clinical 
evaluation of metastases of malignant melanoma imaging with 99Tcm-glutathione and 99Tcm-
anti-melanoma antibody: a comparative study. Nucl Med Commun. Nov;16(11):927-35. 

Dunn AJ, Swiergiel AH, de Beaurepaire R. (2005) Cytokines as mediators of depression: what 
can we learn from animal studies? Neurosci Biobehav Rev. 29(4-5):891-909.  

Errico M, Crozier RA, Plummer MR, Cowen DS. (2001) 5-HT7 receptors activate the mitogen 
activated protein kinase extracellular signal related kinase in cultured rat hippocampal neurons. 
Neuroscience 102(2):361-7. 

Esteban JA, Shi SH, Wilson C, Nuriya M, Huganir RL, Malinow R. (2003) PKA phosphorylation 
of AMPA receptor subunits controls synaptic trafficking underlying plasticity. Nat Neurosci. 
Feb;6(2):136-43. 

Feldmeyer D, Kask K, Brusa R, Kornau HC, Kolhekar R, Rozov A, Burnashev N, Jensen V, 
Hvalby O, Sprengel R, Seeburg PH. (1999) Neurological dysfunctions in mice expressing 
different levels of the Q/R site-unedited AMPAR subunit GluR-B. Nat Neurosci. Jan;2(1):57-64. 

Foley KF, Pantano C, Ciolino A, Mawe GM. (2007) IFN-gamma and TNF-alpha decrease 
serotonin transporter function and expression in Caco2 cells. Am J Physiol Gastrointest Liver 
Physiol. Mar;292(3):G779-784.  

Frenois F, Moreau M, O'Connor J, Lawson M, Micon C, Lestage J, Kelley KW, Dantzer R, 
Castanon N.  (2007) Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining 
within the mouse extended amygdala, hippocampus and hypothalamus, that parallel the 
expression of depressive-like behavior. Psychoneuroendocrinology. Jun;32(5):516-31.  

Gao C, Sun X, Wolf ME. (2006) Activation of D1 dopamine receptors increases surface 
expression of AMPA receptors and facilitates their synaptic incorporation in cultured 
hippocampal neurons. J Neurochem. Sep;98(5):1664-77.  

Gardani M, Biello SM. (2008) The effects of photic and nonphotic stimuli in the 5-HT7 receptor 
knockout mouse. Neuroscience. Mar 3;152(1):245-53. 

Geiger B, Volberg T, Ginsberg D, Bitzur S, Sabanay I, Hynes RO. 1990 Broad spectrum pan-
cadherin antibodies, reactive with the C-terminal 24 amino acid residues of N-cadherin. J Cell 
Sci. Dec;97 ( Pt 4):607-14. 

Gelernter J, Rao PA, Pauls DL, Hamblin MW, Sibley DR, Kidd KK (1995) Assignment of the 
5HT7 receptor gene (HTR7) to chromosome 10q and exclusion of genetic linkage with Tourette 
syndrome. Genomics. Mar 20;26(2):207-9. 

Gellynck E, Laenen K, Andressen KW, Lintermans B, De Martelaere K, Matthys A, Levy FO, 
Haegeman G, Vanhoenacker P, Van Craenenbroeck K. (2008) Cloning, genomic organization 
and functionality of 5-HT(7) receptor splice variants from mouse brain. Gene. Dec 15;426(1-
2):23-31.  

Gill CH, Soffin EM, Hagan JJ, Davies CH. (2002) 5-HT7 receptors modulate synchronized 
network activity in rat hippocampus. Neuropharmacology. Jan;42(1):82-92. 

Guscott M, Bristow LJ, Hadingham K, Rosahl TW, Beer MS, Stanton JA, Bromidge F, Owens 
AP, Huscroft I, Myers J, Rupniak NM, Patel S, Whiting PJ, Hutson PH, Fone KC, Biello SM, 
Kulagowski JJ, McAllister G. (2005) Genetic knockout and pharmacological blockade studies of 



138 

 

the 5-HT7 receptor suggest therapeutic potential in depression.  Neuropharmacology. 
Mar;48(4):492-502. 

Guthrie CR, Murray AT, Franklin AA, Hamblin MW. (2005) Differential agonist-mediated 
internalization of the human 5-hydroxytryptamine 7 receptor isoforms. J Pharmacol Exp Ther. 
Jun;313(3):1003-10.  

Han J, Lee JD, Bibbs L, Ulevitch RJ. (1994) A MAP kinase targeted by endotoxin and 
hyperosmolarity in mammalian cells. Science. Aug 5;265(5173):808-11. 

Han P, Whelan PJ. (2009) Modulation of AMPA currents by D(1)-like but not D(2)-like receptors 
in spinal motoneurons. Neuroscience. Feb 18;158(4):1699-707.  

Hashimoto K. (2009) Emerging role of glutamate in the pathophysiology of major depressive 
disorder. Brain Res Rev. Oct;61(2):105-23. Epub 2009 May 28. Review. 

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, Malinow R. (2000)Driving AMPA 
receptors into synapses by LTP and CaMKII: requirement for GluR1 and PDZ domain 
interaction. Science. Mar 24;287(5461):2262-7. 

Hayley S, Lacosta S, Merali Z, van Rooijen N and Anisman H. (2001) Central monoamine and 
plasma corticosterone changes induced by a bacterial endotoxin: sensitization and cross-
sensitization effects. Eur J Neurosci. 2001 Mar;13(6):1155-65. 

Hedlund PB, Huitron-Resendiz S, Henriksen SJ, Sutcliffe JG. (2005) 5-HT7 receptor inhibition 
and inactivation induce antidepressantlike behavior and sleep pattern. Biol Psychiatry. Nov 
15;58(10):831-7.  

Hedlund PB, Kelly L, Mazur C, Lovenberg T, Sutcliffe JG, Bonaventure P. (2004) 8-OH-DPAT 
acts on both 5-HT1A and 5-HT7 receptors to induce hypothermia in rodents. Eur J Pharmacol. 
Mar 8;487(1-3):125-32. 

Hemedah M, Coupar IM, Mitchelson FJ. (2000) Characterisation of a 5-HT7 binding site in 
mouse ileum. Eur J Pharmacol. Jan 17;387(3):265-72. 

Hirst WD, Price GW, Rattray M, Wilkin GP. (1997) Identification of 5-hydroxytryptamine 
receptors positively coupled to adenylyl cyclase in rat cultured astrocytes. Br J Pharmacol. 
Feb;120(3):509-15. 

 
Hirst WD, Stean TO, Rogers DC, Sunter D, Pugh P, Moss SF, Bromidge SM, Riley G, Smith 
DR, Bartlett S, Heidbreder CA, Atkins AR, Lacroix LP, Dawson LA, Foley AG, Regan CM, Upton 
N. (2006) SB-399885 is a potent, selective 5-HT6 receptor antagonist with cognitive enhancing 
properties in aged rat water maze and novel object recognition models. Eur J Pharmacol. Dec 
28;553(1-3):109-19. 

Hollenbach E, Neumann M, Vieth M. (2004) Inhibition of p38 MAP kinase and RICK/NFkappaB-
signaling suppresses inflammatory bowel disease. FASEB J; 13:1550-2. 

Hollmann M. and Heinemann S. (1994) Cloned glutamate receptors. Annu. Rev. Neurosci. 17, 
31–108. 

http://www.ncbi.nlm.nih.gov/pubmed/19481572
http://www.ncbi.nlm.nih.gov/pubmed/19481572
http://www.ncbi.nlm.nih.gov/pubmed/10650171
http://www.ncbi.nlm.nih.gov/pubmed/10650171


139 

 

Houslay MD, Adams DR. (2003) PDE4 cAMP phosphodiesterases: modular enzymes that 
orchestrate signalling cross-talk, desensitization and compartmentalization. Biochem J. Feb 
15;370(Pt 1):1-18. Review. 

Huang YY, Simpson E, Kellendonk C, Kandel ER. (2004) Genetic evidence for the bidirectional 
modulation of synaptic plasticity in the prefrontal cortex by D1 receptors. Proc Natl Acad Sci U S 
A. Mar 2;101(9):3236-41.. 

Jacobs BL, Azmitia EC. (1992) Structure and function of the brain serotonin system. Physiol 
Rev. Jan;72(1):165-229. Review. 

Johnson GV, Bailey CD. (2003) The p38 MAP kinase signaling pathway in Alzheimer's disease. 
Exp Neurol. Oct;183(2):263-8. Review. 

Johnston-Wilson NL, Sims CD, Hofmann J-P, Anderson L, Shore AD, Torrey EF. (2000) 
Disease-specific alterations in frontal cortex brain proteins in schizophrenia, bipolar disorder, 
and major depressive disorder. Mol Psychiatry; 5: 142–149. 

Kenis G and Maes M. (2002) Effects of antidepressants on the production of cytokines. Int J 
Neuropsychopharmacol. Dec;5(4):401-412.  

Kessels HW, Malinow R. (2009) Synaptic AMPA receptor plasticity and behavior. Neuron. Feb 
12;61(3):340-50. Review. 

Kilic F, Murphy DL, Rudnick G.A (2003) human serotonin transporter mutation causes 
constitutive activation of transport activity. Mol Pharmacol. Aug;64(2):440-6. 

Kim YK, Lee SW, Kim SH, Shim SH, Han SW, Choi SH, Lee BH.(2007) Differences in cytokines 
between non-suicidal patients and suicidal patients in major depression. Prog 
Neuropsychopharmacol Biol Psychiatry. Sep 5. pub ahead of print. 

Kulmatycki KM, Jamali F. (2006) Drug disease interactions: role of inflammatory mediators in 
depression and variability in antidepressant drug response. J Pharm Pharm Sci. 9(3):292-306. 

Kumar S, Jiang MS, Adams JL, Lee JC. (1999) Pyridinylimidazole compound SB 203580 
inhibits the activity but not the activation of p38 mitogen-activated protein kinase. Biochem 
Biophys Res Commun. Oct 5;263(3):825-31. 

Lacosta S, Merali Z, Anisman H. (2000) Central monoamine activity following acute and 
repeated systemic interleukin-2 administration. Neuroimmunomodulation. 8(2):83-90. 

Lanquillon S, Krieg JC, Bening-Abu-Shach U, Vedder H. (2000) Cytokine production and 
treatment response in major depressive disorder. Neuropsychopharmacology. Apr;22(4):370-9 

Launay JM, Bondoux D, Oset-Gasque MJ, Emami S, Mutel V, Haimart M, Gespach C (1994) 
Increase of human platelet serotonin uptake by atypical histamine receptors.. Am J Physiol. 
Feb;266(2 Pt 2):R526-36. 

Larm JA, Beart PM, Cheung NS.(1997) Neurotoxin domoic acid produces cytotoxicity via 
kainate- and AMPA-sensitive receptors in cultured cortical neurones. Neurochem Int. 
Nov;31(5):677-82. 



140 

 

Lee JC, Kumar S, Griswold DE, Underwood DC, Votta BJ, Adams JL. (2000) Inhibition of p38 
MAP kinase as a therapeutic strategy. Immunopharmacology. May;47(2-3):185-201. Review. 

Lee KM, Kim YK. (2006) The role of IL-12 and TGF-beta1 in the pathophysiology of major 
depressive disorder. Int Immunopharmacol. Aug;6(8):1298-1304. 

Lesch KP, Bengel D, Heils A, Sabol SZ, Greenberg BD, Petri S, Benjamin J, Müller CR, Hamer 
DH, Murphy DL. (1996) Association of anxiety-related traits with a polymorphism in the 
serotonin transporter gene regulatory region. Science. Nov 29;274(5292):1527-31. 

Li YC, Wang FM, Pan Y, Qiang LQ, Cheng G, Zhang WY, Kong LD. (2009) Antidepressant-like 
effects of curcumin on serotonergic receptor-coupled AC-cAMP pathway in chronic 
unpredictable mild stress of rats. Prog Neuropsychopharmacol Biol Psychiatry. Apr 
30;33(3):435-49.  

Lieb K, Biersack L, Waschbisch A, Orlikowski S, Akundi RS, Candelario-Jalil E, Hull M, Fiebich 
BL. (2005) Serotonin via 5-HT7 receptors activates p38 mitogen-activated protein kinase and 
protein kinase C epsilon resulting in interleukin-6 synthesis in human U373 MG astrocytoma 
cells. J Neurochem. May;93(3):549-559. 

Lieb K, Biersack L, Waschbisch A, Orlikowski S, Akundi RS, Candelario-Jalil E, Hüll M, Fiebich 
BL. (2005) Serotonin via 5-HT7 receptors activates p38 mitogen-activated protein kinase and 
protein kinase C epsilon resulting in interleukin-6 synthesis in human U373 MG astrocytoma 
cells. J Neurochem. May;93(3):549-59. 

Lieb K, Engelbrecht MA, Gut O, Fiebich BL, Bauer J, Janssen G, Schaefer M. (2006) Cognitive 
impairment in patients with chronic hepatitis treated with interferon alpha (IFNalpha): results 
from a prospective study. Eur Psychiatry. Apr;21(3):204-210. 

Linthorst AC, Flachskamm C, Muller-Preuss P, Holsboer F, Reul JM. (1995) Effect of bacterial 
endotoxin and interleukin-1 beta on hippocampal serotonergic neurotransmission, behavioral 
activity, and free corticosterone levels: an in vivo microdialysis study. J Neurosci. 
Apr;15(4):2920-2934. 

Lovenberg TW, Baron BM, de Lecea L, Miller JD, Prosser RA, Rea MA, Foye PE, Racke M, 
Slone AL, Siegel BW, et al. (1993). A novel adenylyl cyclase-activating serotonin receptor (5-
HT7) implicated in the regulation of mammalian circadian rhythms. Neuron. Sep;11(3):449-58. 

Mahanty NK, Sah P. Calcium-permeable AMPA receptors mediate long-term potentiation in 
interneurons in the amygdala. Nature. 1998 Aug 13;394(6694):683-7. 

Mahé C, Bernhard M, Bobirnac I, Keser C, Loetscher E, Feuerbach D, Dev KK, Schoeffter P. 
(2004) Functional expression of the serotonin 5-HT7 receptor in human glioblastoma cell lines.  
Br J Pharmacol. Oct;143(3):404-10.  

Mahé C, Loetscher  E, Feuerbach  D, Müller  W, Seiler MP, Schoeffter P. (2004) Differential 
inverse agonist efficacies of SB-258719, SB-258741 and SB-269970 at human recombinant 
serotonin 5-HT7  receptors. Eur J Pharmacol. Jul 14;495(2-3):97-102. 

Mahe C, Loetscher E, Dev KK, Bobirnac I, Otten U, Schoeffter P. (2005) Serotonin 5-HT7 
receptors coupled to induction of interleukin-6 in human microglial MC-3 cells. 
Neuropharmacology. Jul;49(1):40-47. 



141 

 

Mahgoub MA, Sara Y, Kavalali ET, Monteggia LM. (2006) Reciprocal interaction of serotonin 
and neuronal activity in regulation of cAMP-responsive element-dependent gene expression J 
Pharmacol Exp Ther. 2006 Apr;317(1):88-96. 

Mammen AL, Kameyama K, Roche KW, Huganir RL. (1997) Phosphorylation of the alpha-
amino-3-hydroxy-5-methylisoxazole4-propionic acid receptor GluR1 subunit by 
calcium/calmodulin-dependent kinase II. J Biol Chem. Dec 19;272(51):32528-33. 

Martinez-Turrillas R, Frechilla D, Del Río J. (2002) Chronic antidepressant treatment increases 
the membrane expression of AMPA receptors in rat hippocampus. Neuropharmacology. 
Dec;43(8):1230-7. 

McNicol A, Sutherland M, Zou R, Drouin J. (1996) Defective thrombin-induced calcium changes 
and aggregation of Bernard-Soulier platelets are not associated with deficient moderate-affinity 
receptors. Arterioscler Thromb Vasc Biol. May;16(5):628-32. 

Menniti FS, Faraci WS. (2006) Phosphodiesterases in the CNS: targets for drug development. 
Schmidt CJ. Nat Rev Drug Discov. Aug;5(8):660-70. Review 

Merali Z, Brennan K, Brau P, Anisman H. (2003)  Dissociating anorexia and anhedonia elicited 
by interleukin-1beta: antidepressant and gender effects on responding for "free chow" and 
"earned" sucrose intake. Psychopharmacology (Berl). Feb;165(4):413-418. 

Miguel-Hidalgo JJ, Baucom C, Dilley G, Overholser JC, Meltzer HY, Stockmeier CA. (2000) 
Glial fibrillary acidic protein immunoreactivity in the prefrontal cortex distinguishes younger from 
older adults in major depressive disorder. Biol Psychiatry; 48: 861–873 

Mikami T, Sugimoto H, Naganeo R, Ohmi T, Saito T, Eda H. (2008) Contribution of active and 
inactive states of the human 5-HT4d receptor to the functional activities of 5-HT4 receptor 
agonists.  J Pharmacol Sci. Jul;107(3):251-9. 

Mikova O, Yakimova R, Bosmans E, Kenis G, Maes M. (2001) Increased serum tumor necrosis 
factor alpha concentrations in major depression and multiple sclerosis. Eur 
Neuropsychopharmacol. Jun;11(3):203-208. 

Miller KJ, Hoffman (1994) Adenosine A3 receptors regulate serotonin transport via nitric oxide 
and cGMP. BJ. J Biol Chem. Nov 4;269(44):27351-6. 

Monti B, Berteotti C, Contestabile A. (2006) Subchronic rolipram delivery activates hippocampal 
CREB and arc, enhances retention and slows down extinction of conditioned fear. 
Neuropsychopharmacology. Feb;31(2):278-86. 

Morikawa O, Sakai N, Obara H, Saito N.  (1998) Effects of interferon-alpha, interferon-gamma 
and cAMP on the transcriptional regulation of the serotonin transporter. Eur J Pharmacol. May 
22;349(2-3):317-24. 

Mössner R, Heils A, Stöber G, Okladnova O, Daniel S, Lesch KP (1998) Enhancement of 
serotonin transporter function by tumor necrosis factor alpha but not by interleukin-6.. 
Neurochem Int. Sep;33(3):251-4. 

Muller N, Schwarz MJ. (2007) The immune-mediated alteration of serotonin and glutamate: 
towards an integrated view of depression. Mol Psychiatry. Nov;12(11):988-1000.  



142 

 

Mullins UL, Gianutsos G, Eison AS. (1999) Effects of antidepressants on 5-HT7 receptor 
regulation in the rat hypothalamus. Neuropsychopharmacology. Sep;21(3):352-67. 

Muneoka KT, Takigawa M. ( 2003) 5-Hydroxytryptamine7 (5-HT7) receptor immunoreactivity-
positive 'stigmoid body'-like structure in developing rat brains. Int J Dev Neurosci. 
May;21(3):133-43. 

Nahas N, Molski TF, Fernandez GA, Sha'afi RI. (1996)  Tyrosine phosphorylation and activation 
of a new mitogen-activated protein (MAP)-kinase cascade in human neutrophils stimulated with 
various agonists. Biochem J. Aug 15;318 ( Pt 1):247-53. 

Nakagawa T, Ono-Kishino M, Sugaru E, Yamanaka M, Taiji M, Noguchi H. (2002) Brain-derived 
neurotrophic factor (BDNF) regulates glucose and energy metabolism in diabetic mice. Diabetes 
Metab Res Rev. May-Jun;18(3):185-91. Review. 

Neumaier JF, Sexton TJ, Yracheta J, Diaz AM, Brownfield M. (2001) Localization of 5-HT(7) 
receptors in rat brain by immunocytochemistry, in situ hybridization, and agonist stimulated cFos 
expression. J Chem Neuroanat. Jan;21(1):63-73. 

Nibuya M, Nestler EJ, Duman RS. (1996) Chronic antidepressant administration increases the 
expression of cAMP response element binding protein (CREB) in rat hippocampus. J Neurosci. 
Apr 1;16(7):2365-72. 

Nishi A, Kuroiwa M, Miller DB, O'Callaghan JP, Bateup HS, Shuto T, Sotogaku N, Fukuda T, 
Heintz N, Greengard P, Snyder GL.(2008) Distinct roles of PDE4 and PDE10A in the regulation 
of cAMP/PKA signaling in the striatum. J Neurosci. Oct 15;28(42):10460-71. 

O'Brien SM, Scully P, Fitzgerald P, Scott LV, Dinan TG. (2007) Plasma cytokine profiles in 
depressed patients who fail to respond to selective serotonin reuptake inhibitor therapy. J 
Psychiatr Res. Apr-Jun;41(3-4):326-31. Epub 2006 Jul 25.  

O'Connor JC, Lawson MA, André C, Moreau M, Lestage J, Castanon N, Kelley KW, Dantzer R. 
(2009)Lipopolysaccharide-induced depressive-like behavior is mediated by indoleamine 2,3-
dioxygenase activation in mice. Mol Psychiatry. May;14(5):511-22. Epub 2008 Jan 15. 

Oh MC, Derkach VA, Guire ES, Soderling TR. (2006) Extrasynaptic membrane trafficking 
regulated by GluR1 serine 845 phosphorylation primes AMPA receptors for long-term 
potentiation. J Biol Chem. Jan 13;281(2):752-8. Epub 2005 Nov 4. 

Passafaro M, Piëch V, Sheng M. (2001) Subunit-specific temporal and spatial patterns of AMPA 
receptor exocytosis in hippocampal neurons. Nat Neurosci. Sep;4(9):917-26. 

Pousset F, Fournier J, Legoux P, Keane P, Shire D, Soubrie P. (1996) Effect of serotonin on 
cytokine mRNA expression in rat hippocampal astrocytes. Brain Res Mol Brain Res. 
May;38(1):54-62. 

Prasad HC, Zhu CB, McCauley JL, Samuvel DJ, Ramamoorthy S, Shelton RC, Hewlett WA, 
Sutcliffe JS, Blakely RD. (2005) Human serotonin transporter variants display altered sensitivity 
to protein kinase G and p38 mitogen-activated protein kinase. Proc Natl Acad Sci U S A. Aug 
9;102(32):11545-11550.  

Raison CL, Capuron L, Miller AH. (2006) Cytokines sing the blues: inflammation and the 
pathogenesis of depression. Trends Immunol. Jan;27(1):24-31. 



143 

 

Ramamoorthy S, Leibach FH, Mahesh VB, Ganapathy V. (1993) Partial purification and 
characterization of the human placental serotonin transporter. Placenta. Jul-Aug;14(4):449-61. 

Ramamoorthy S, Ramamoorthy JD, Prasad PD, Bhat GK, Mahesh VB, Leibach FH, Ganapathy 
V. (1995) Regulation of the human serotonin transporter by interleukin-1 beta. Biochem Biophys 
Res Commun. Nov 13;216(2):560-7. 

Ramamoorthy S, Shippenberg TS, Jayanthi LD. (2011) Regulation of monoamine transporters: 
Role of transporter phosphorylation. Pharmacol Ther. Feb;129(2):220-38. Review. 

Raman M, Chen W, Cobb MH. (2007) Differential regulation and properties of MAPKs. 
Oncogene. May 14;26(22):3100-3112. 

Roberts AJ, Krucker T, Levy CL, Slanina KA, Sutcliffe JG, Hedlund PB. (2004) Mice lacking 5-
HT receptors show specific impairments in contextual learning. Eur J Neurosci. Apr;19(7):1913-
22. 

Romero G, Pujol M, Pauwels PJ. (2006) Reanalysis of constitutively active rat and human 5-
HT7(a) receptors in HEK-293F cells demonstrates lack of silent properties for reported neutral 
antagonists. Naunyn Schmiedebergs Arch Pharmacol. Oct;374(1):31-9.  

Rudnick G, Clark J. (1993) From synapse to vesicle: the reuptake and storage of biogenic 
amine neurotransmitters. Biochim Biophys Acta. Oct 4;1144(3):249-63. Review 

Rajkowska G, Miguel-Hidalgo JJ. (2007) Gliogenesis and glial pathology in depression.  CNS 
Neurol Disord Drug Targets. Jun;6(3):219-33. Review. 

Salituro FG, Germann UA, Wilson KP, Bemis GW, Fox T, Su MS. (1999) Functional 
characterisation of the human cloned 5-HT7 receptor (long form); antagonist profile of SB-
258719. Curr Med Chem. Sep;6(9):807-23. Review. 

Samuvel DJ, Jayanthi LD, Bhat NR, Ramamoorthy S. (2005) A role for p38 mitogen-activated 
protein kinase in the regulation of the serotonin transporter: evidence for distinct cellular 
mechanisms involved in transporter surface expression. J Neurosci. Jan 5;25(1):29-41. 

Sanchez MM, Alagbe O, Felger JC, Zhang J, Graff AE, Grand AP, Maestripieri D, Miller AH. 
(2007) Activated p38 MAPK is associated with decreased CSF 5-HIAA and increased maternal 
rejection during infancy in rhesus monkeys. Mol Psychiatry. Oct;12(10):895-7. 

Santos SD, Carvalho AL, Caldeira MV and Duarte CB. (2009) Regulation of AMPA receptors 
and synaptic plasticity. Neroscience 2009 158:105-125. 

Sato T, Suzuki E, Yokoyama M, Semba J, Watanabe S, Miyaoka H. (2006) Chronic 
intraperitoneal injection of interferon-alpha reduces serotonin levels in various regions of rat 
brain, but does not change levels of serotonin transporter mRNA, nitrite or nitrate. Psychiatry 
Clin Neurosci. Aug;60(4):499-506. 

Schiepers, OJG, Wichers, MC, Maes, M. (2005) Cytokines and major depression. Prog 
Neuropsychopharmacol Biol Psychiatry. Feb;29(2):201-217. 

Seeger TF, Bartlett B, Coskran TM, Culp JS, James LC, Krull DL, Lanfear J, Ryan AM, Schmidt 
CJ, Strick CA, Varghese AH, Williams RD, Wylie PG, Menniti FS. (2003) Immunohistochemical 
localization of PDE10A in the rat brain. Brain Res. Sep 26;985(2):113-26. 



144 

 

Shapiro DA, Renock S, Arrington E, Chiodo LA, Liu LX, Sibley DR, Roth BL, Mailman R. (2003) 
Aripiprazole, a novel atypical antipsychotic drug with a unique and robust pharmacology. 
Neuropsychopharmacology. Aug;28(8):1400-11.  

Shen Y, Connor TJ, Nolan Y, Kelly JP, Leonard BE. (1999) Differential effect of chronic 
antidepressant treatments on lipopolysaccharide-induced depressive-like behavioural 
symptoms in the rat. Life Sci. 65(17):1773-1786. 

Simon NM, McNamara K, Chow CW, Maser RS, Papakostas GI, Pollack MH, Nierenberg AA, 
Fava M, Wong KK. (2007) A detailed examination of cytokine abnormalities in Major Depressive 
Disorder. Eur Neuropsychopharmacol. Aug 1. pub ahead of print. 

Smeraldi E. (1998) Amisulpride versus fluoxetine in patients with dysthymia or major depression 
in partial remission: a double-blind, comparative study. J Affect Disord. Feb;48(1):47-56. 

Song C, Horrobin DF, Leonard BE. (2006) The comparison of changes in behavior, 
neurochemistry, endocrine, and immune functions after different routes, doses and durations of 
administrations of IL-1beta in rats. Pharmacopsychiatry. May;39(3):88-99. 

Song C, Merali Z, Anisman H. (1999) Variations of nucleus accumbens dopamine and serotonin 
following systemic interleukin-1, interleukin-2 or interleukin-6 treatment. Neuroscience 
88,(3):823-836. 

Sprouse J, Reynolds L, Li X, Braselton J, Schmidt A. (2004) 8-OH-DPAT as a 5-HT7 agonist: 
phase shifts of the circadian biological clock through increases in cAMP production. 
Neuropharmacology. Jan;46(1):52-62. 

Sudom K, Turrin NP, Hayley S, Anisman H. (2004) Influence of chronic interleukin-2 infusion 
and stressors on sickness behaviors and neurochemical change in mice. 
Neuroimmunomodulation. 11(5):341-350. 

Sur C, Schloss P, Betz H. (1997) The rat serotonin transporter: identification of cysteine 
residues important for substrate transport. Biochem Biophys Res Commun. Dec 8;241(1):68-72. 

Teixeira MM, Gristwood RW, Cooper N, Hellewell PG. (1997) Phosphodiesterase (PDE)4 
inhibitors: anti-inflammatory drugs of the future? Trends Pharmacol Sci. 1997 May;18(5):164-
71. Review. 

Thomas DR, Atkinson PJ, Hastie PG, Roberts JC, Middlemiss DN, Price GW. (2002) [3H]-SB-
269970 radiolabels 5-HT7 receptors in rodent, pig and primate brain tissues. 
Neuropharmacology. Jan;42(1):74-81. 

Thomas DR, Gittins SA, Collin LL, Middlemiss DN, Riley G, Hagan J, Gloger I, Ellis CE, Forbes 
IT, Brown AM. (1998)  Inhibitors of p38 MAP kinase: therapeutic intervention in cytokine-
mediated diseases. Br J Pharmacol. Jul;124(6):1300-6. 

Thomas DR, Hagan JJ. (2004) 5-HT7 receptors. Curr Drug Targets CNS Neurol Disord. 
Feb;3(1):81-90. 

Thomas DR, Middlemiss DN, Taylor SG, Nelson P, Brown AM. (1999) 5-CT stimulation of 
adenylyl cyclase activity in guinea-pig hippocampus: evidence for involvement of 5-HT7 and 5-
HT1A receptors. Br J Pharmacol. Sep;128(1):158-64. 



145 

 

Thomas DR, Nelson DR, Johnson AM. (1987) Biochemical effects of the antidepressant 
paroxetine, a specific 5-hydroxytryptamine uptake inhibitor. Psychopharmacology (Berl) 
93(2):193-200. 

Tokarski K, Zahorodna A, Bobula B, Hess G. (2003)  5-HT7 receptors increase the excitability of 
rat hippocampal CA1 pyramidal neurons Brain Res. Dec 12;993(1-2):230-4. 

Tsao CW, Lin YS, Chen CC, Bai CH, Wu SR. (2006) Cytokines and serotonin in patients with 
majour depression. Prog Neuropsychopharmacol Biol Psychiatry. Jul;30(5):899-905.  

Vanhoenacker P, Haegeman G, Leysen JE. (2000) 5-HT7 receptors: current knowledge and 
future prospects. Trends Pharmacol Sci. Feb;21(2):70-7. Review. 

Varnäs K, Thomas DR, Tupala E, Tiihonen J, Hall H. (2004) Distribution of 5-HT7 receptors in 
the human brain: a preliminary autoradiographic study using [3H]SB-269970. Neurosci Lett. Sep 
9;367(3):313-6. 

Wang YQ, Hu HJ, Cao R, Chen LW. (2005) Differential co-localization of neurokinin-3 receptor 
and NMDA/AMPA receptor subunits in neurons of the substantia nigra of C57/BL mice. Brain 
Res. Aug 16;1053(1-2):207-12. 

Wesołowska A, Kowalska M. (2008) Influence of serotonin 5-HT(7) receptor blockade on the 
behavioral and neurochemical effects of imipramine in rats. Pharmacol Rep. Jul-Aug;60(4):464-
74. 

Wesołowska A, Nikiforuk A, Stachowicz K, Tatarczyńska E. (2006) Effect of the selective 5-HT7 
receptor antagonist SB 269970 in animal models of anxiety and depression. 
Neuropharmacology. Sep;51(3):578-86.  

White KJ, Walline CC, Barker EL. (2005) Serotonin transporters: implications for antidepressant 
drug development. AAPS J. Oct 5;7(2):E421-33. Review. 

Wichers MC, Koek GH, Robaeys G, Verkerk R, Scharpe S, Maes M. (2005) IDO and interferon-
alpha-induced depressive symptoms: a shift in hypothesis from tryptophan depletion to 
neurotoxicity. Mol Psychiatry. Jun;10(6):538-544.  

Willner P, Muscat R, Papp M. (1992) Chronic mild stress-induced anhedonia: a realistic animal 
model of depression. Neurosci Biobehav Rev. Winter;16(4):525-34. Review. 

Xiong W, Kojic LZ, Zhang L, Prasad SS, Douglas R, Wang Y, Cynader MS. (2006) Anisomycin 
activates p38 MAP kinase to induce LTD in mouse primary visual cortex. Brain Res. 2006 Apr 
26;1085(1):68-76. Epub 2006 Apr 11. 

Yirmiya R, Pollak Y, Barak O, Avitsur R, Ovadia H, Bette M, Weihe E, Weidenfeld J. (2001) 
Effects of antidepressant drugs on the behavioral and physiological responses to 
lipopolysaccharide (LPS) in rodents. Neuropsychopharmacology. May;24(5):531-544. 

Yirmiya R, Tio DL, Taylor AN. (1996). Effects of fetal alcohol exposure on fever, sickness 
behavior, and pituitary-adrenal activation induced by interleukin-1 beta in young adult rats. Brain 
Behav Immun. Sep;10(3):205-220. 

Zahniser NR, Doolen S. (2001) Chronic and acute regulation of Na+/Cl- -dependent 
neurotransmitter transporters: drugs, substrates, presynaptic receptors, and signaling systems 
Pharmacol Ther. Oct;92(1):21-55. Review. 



146 

 

Zarubin T, Han J. (2005) Activation and signaling of the p38 MAP kinase pathway. Cell Res. 
Jan;15(1):11-8. Review. 

Zeller E, Stief HJ, Pflug B, Sastre-y-Hernández M. (1984) Results of a phase II study of the 
antidepressant effect of rolipram. Pharmacopsychiatry. Nov;17(6):188-90. 

Zhang C, Baumgartner RA, Yamada K, Beaven MA. (1997) Mitogen-activated protein (MAP) 
kinase regulates production of tumor necrosis factor-alpha and release of arachidonic acid in 
mast cells. Indications of communication between p38 and p42 MAP kinases. J Biol Chem. May 
16;272(20):13397-402. 

Zhu CB, Blakely RD, Hewlett WA. (2006) The proinflammatory cytokines interleukin-1beta and 
tumor necrosis factor-alpha activate serotonin transporters. Neuropsychopharmacology. 
Oct;31(10):2121-2131. 

Zhu CB, Carneiro AM, Dostmann WR, Hewlett WA, Blakely RD. (2005) p38 MAPK activation 
elevates serotonin transport activity via a trafficking-independent, protein phosphatase 2A-
dependent process. J Biol Chem. Apr 22;280(16):15649-15658.  

Zhu CB, Hewlett WA, Feoktistov I, Biaggioni I, Blakely RD. (2004) Adenosine receptor, protein 
kinase G, and p38 mitogen-activated protein kinase-dependent up-regulation of serotonin 
transporters involves both transporter trafficking and activation. Mol Pharmacol. Jun;65(6):1462-
74. 

Interleukin-1 receptor activation by systemic lipopolysaccharide induces behavioral despair 
linked to MAPK regulation of CNS serotonin transporters. 

Zhu CB, Lindler KM, Owens AW, Daws LC, Blakely RD, Hewlett WA. (2010) 
Neuropsychopharmacology. Dec;35(13):2510-20. Epub 2010 Sep 8.  

Zucker MB, Friedman BK, Rapport MM. Identification and quantitative determination of 
serotonin (5-hydroxytryptamine) in blood platelets. Proc Soc Exp Biol Med. 1954 Feb;85(2):282-
5.  

 

 




