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  Abstract   
 Monitoring of neuronal activity in vivo is one of the greatest challenges in neu-
ropsychiatry. Theoretically, levels of intra and extra synaptic neurotransmitters 
can be estimated through competition with suitable PET ligands at their recep-
tors. When validating candidate receptor PET ligands for competition studies it 
is essential to manipulate neurotransmitter levels in vivo using interventions with 
drugs that have negligible affi nity for the receptors aimed at and are allowed to 
be used in humans. Neurochemical evidence for pharmacological interventions 
mostly originates from microdialysis studies in animals. First we will give a brief 
historical and methodological overview of the microdialysis technique. We will 
focus on serotonin and present microdialysis data of various pharmacological 
interventions in rats that have the potential to alter serotonin levels in humans. 
Our primary aim is to broaden the arsenal of pharmacological tools for PET 
competition studies, in particular because the type of neuronal manipulation 
might be a critical factor. Microdialysis of glutamate is briefl y discussed, merely 
to illustrate some of the shortcomings of the technique.  

3.1         Introduction 

 Monitoring of neuronal activity in vivo is one of the greatest challenges in neuro-
psychiatry. The brain is a very complex organ protected by a blood–brain barrier, 
and direct neurobiological assessment is diffi cult because invasive techniques are 
normally not allowed in humans. Measurement of neurotransmitters and their 
metabolites in cerebrospinal fl uid, receptor binding of blood platelets or white blood 
cells, and so-called neuroendocrine strategies have been adopted as substitutes for 
assessing neurobiological function (Syvälahti  1994 ), but these are relatively crude 
and indirect approaches to extract information from the normal or pathological 
brain. Postmortem studies may have some merit (Stockmeier  1997 ), but the pro-
gressive character of many neuropsychiatric diseases and the fact that many patients 

3.4  Pharmacological Interventions for Serotonin ................................................................  51
3.4.1 Manipulation of Extracellular Serotonin Levels Through Synthesis 

and Reuptake Inhibition .....................................................................................  52
3.4.2 Manipulation of Extracellular Serotonin Levels Through Synthesis, 

Reuptake Inhibition, and Receptors Involved in the Regulation of Release 
and/or Synthesis .................................................................................................  53

3.4.3 Manipulation of Extracellular Serotonin Levels with Releasing Agents ...........  56
3.4.4 Manipulation of Extracellular Serotonin Levels Through Interaction 

with the Noradrenergic System ..........................................................................  57
3.4.5 Manipulation of Extracellular Serotonin Levels Through Interaction 

with the GABA-A System ..................................................................................  57
3.5 Discussion ......................................................................................................................  58

3.5.1  General Translational Aspects ...........................................................................  58
3.5.2  Specifi c Translational Aspects Related to Microdialysis ...................................  60

Conclusion ..............................................................................................................................  60
References ...............................................................................................................................  60

F.J. Bosker et al.



47

have been treated with drugs for a substantial part of their lives limit the worth of 
most postmortem data (not to mention the effects of dying tissue on brain physiol-
ogy, such as inactivation of enzymes and an instantaneous and massive release of 
neurotransmitters). On the other hand, neuroimaging has matured with a still grow-
ing number of receptor-specifi c PET ligands becoming available. This will likely 
render the indirect assessment of cerebral receptor function via blood cells or neu-
roendocrine strategies largely obsolete in the near future. However, neuronal func-
tion is characterized not only by the number and affi nity of receptors but also by the 
concentrations of neurotransmitters in and outside the synaptic cleft. Theoretically, 
levels of intra- and extrasynaptic neurotransmitters can be estimated through com-
petition with suitable PET ligands at their receptors. For dopamine this approach 
seems successful, as witnessed by a signifi cantly reduced  11 C-raclopride binding 
potential for dopamine D 2  receptors in the basal ganglia when increasing the levels 
of the monoamine via pharmacological (e.g., methylphenidate; Volkow et al.  1994 ; 
Udo de Haes et al.  2005a ) or psychological (e.g., monetary reward task; Zald et al. 
 2004 ) challenges. Yet, in combined PET and microdialysis studies in monkeys, it 
was demonstrated that modifi cation of  11 C-raclopride binding is not directly related 
to synaptic dopamine concentrations but also depends on the mechanism of the 
neuronal manipulation (Tsukada et al.  1999 ,  2000 ). Imaging of synaptic neurotrans-
mission using in vivo binding competition techniques has been critically reviewed 
by Laruelle ( 2000 ). He concluded that the relationship between the magnitude of 
changes in binding potential measured with PET or SPECT and the magnitude of 
changes in dopamine concentration measured by microdialysis supports the use of 
these noninvasive techniques to measure changes in neurotransmission, but also 
noted that several observations remain unexplained. 

 For serotonin the competition approach appeared less successful (for review, see 
Paterson et al.  2010 ). For instance, competition studies in humans, monkeys, and 
rodents using the 5-HT 1A  receptor ligand  18 F-MPPF were not conclusive, showing 
signifi cant effects only when serotonin levels were massively increased (>30×) 
using the 5-HT releaser (and reuptake inhibitor) fenfl uramine in rats (Udo de Haes 
et al.  2002 ,  2005b ,  2006 ). It came rather unexpected that a similar fenfl uramine 
challenge in conscious monkeys had no effect on the  18  F-MPPF binding potential 
(Udo de Haes et al.  2006 ). However, a combined β-probe and microdialysis study 
could demonstrate signifi cantly decreased  18  F-MPPF binding in rat hippocampus 
following a fenfl uramine challenge (Zimmer et al.  2002 ). Interestingly, the positive 
results with  18  F-MPPF were both obtained from rats, using alternative imaging 
techniques such as the β-probe (Zimmer et al.  2002 ) and ex vivo autoradiography 
(Udo de Haes et al.  2005b ). 

 Lately more promising results were reported when targeting at 5-HT 1B  receptors 
using  11 C-AZ10419369 (Finnema et al.  2010 ,  2012 ), but 5-HT 1A  receptor agonists 
such as  11 C-CUMI-101 might also be of interest (Milak et al.  2011 ). One can only 
speculate why the PET competition approach has been more successful for dopa-
mine than for serotonin. Maybe the answer can be found in the much higher extra-
cellular levels of dopamine in the basal ganglia, different cellular locations of the 
receptors, or physicochemical properties of the PET ligands. 

3 Pharmacological Manipulation of Neurotransmitter Levels
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 When validating candidate receptor PET ligands for competition studies, it is 
essential to manipulate neurotransmitter levels in vivo using interventions with drugs 
that have negligible affi nity for the receptors aimed at and are allowed to be used in 
humans. It must also be taken into consideration that the mechanism of the neuronal 
manipulation can be a critical factor (Tsukada et al.  1999 ,  2000 ; Laruelle  2000 ). 

 Neurochemical evidence for pharmacological interventions mostly originates 
from microdialysis studies in animals. We will focus on serotonin and present 
microdialysis data of various pharmacological interventions in rats that have the 
potential to alter serotonin levels in humans. Our primary aim is to broaden the 
arsenal of pharmacological tools for PET competition studies, in particular because 
the type of neuronal manipulation might be a critical factor. We will also briefl y 
discuss microdialysis of glutamate merely to illustrate some of the shortcomings of 
the technique. First we will give a brief historical and methodological overview of 
the microdialysis technique.  

3.2     History of Microdialysis 

 The fi rst reports on intracerebral microdialysis in animals stem from the early 1980s 
(e.g., Zetterström et al.  1982 ). Microdialysis was developed to circumvent the tissue 
damage associated with its membrane-less push-pull forebear, which could pressur-
ize brain tissue when the push and pull pumps were not perfectly aligned. 
Microdialysis does not involve exchange of fl uid with brain tissue, and owing to the 
membrane, it also provides cleaner samples, which can often be injected without 
purifi cation into a high-performance liquid chromatograph (HPLC). A disadvantage 
of microdialysis is its modest recovery of the analyzed compounds at practicable 
fl ow rates, which in the early years challenged the analytical capabilities of many 
laboratories. For a long time, it was even necessary to boost serotonin and acetyl-
choline levels by including a serotonin reuptake inhibitor and a cholinesterase 
inhibitor in the perfusion fl uid, respectively. It is obvious that such measures have 
an impact on (local) neurochemistry in the brain, for instance, by infl uencing local 
and global feedback mechanisms. It must also be noted that insertion of a microdi-
alysis probe into the brain is an invasive procedure that will provoke cellular reac-
tions in its direct environment (Benveniste and Diemer  1987 ). These effects were 
somewhat lessened when the relatively crude U-shaped probes from the fi rst studies 
were replaced by the more sophisticated transversal and Y-shaped probes, but the 
transversal probes in particular could be very stressful for the animals thus trading 
one problem for another. 

 It was soon realized that solid criteria were needed to establish the neuronal origin 
of neurotransmitters sampled by microdialysis. These classic criteria for exocytotic 
release were mostly based on in vitro studies, showing that neurotransmitter release 
depends on K + /Na +  exchange (K +  stimulation, tetrodotoxin infusion) and mobiliza-
tion of Ca 2+  ions (Ca 2+  depletion). In addition the release of many neurotransmitters 
is controlled by presynaptic autoreceptors (local or systemic administration of ago-
nists/antagonists). This approach worked satisfactorily for the monoamines includ-
ing serotonin (see Fig.  3.1 ), but unfortunately not that well for glutamate and only 
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partly for GABA. For glutamate this could largely be attributed to an insuffi cient 
spatial and temporal resolution of the microdialysis technique making it almost 
impossible to discriminate the neuronal from the astroglial pool under baseline con-
ditions (van der Zeyden et al.  2008 ), but for GABA, it also appeared to be a general 
analytical problem (Rea et al.  2005 ; van der Zeyden et al.  2008 ).

3.3        Methodology of Microdialysis 

 Basically a microdialysis probe consists of an inlet and an outlet tube connected by 
a membrane. Performance of the membrane in terms of recovery and responsive-
ness greatly depends on its physical (molecular weight cutoff) and chemical (hydro-
phobicity) properties. The most popular Y-shaped microdialysis probe is a concentric 
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  Fig. 3.1    Validation of the neuronal origin of serotonin (5-HT) sampled by a microdialysis probe 
(exposed tip length, 1 mM) in the central nucleus of the amygdala (CeA) of freely moving rats. ( a ) 
Local administration of high concentrations of potassium through the probe (60 mM for 60 min). 
( b ) Administration of tetrodotoxin (1 μM for 105 min) through the probe. ( c ) Perfusion with 
calcium- free Ringer supplemented with EGTA (1 mM for 105 min). ( d ) Local application of the 
5-HT 1B  agonist RU 24969 (300 nM for 30 min). Measurements in the CeA were performed in the 
presence of 10 μM fl uvoxamine (fl ow rate = 1.5 μl/min; sample time =15 min).  Horizontal bars  
indicate perfusion with the test substance. The bars are corrected for the lag time in the microdialy-
sis system. *signifi cantly different from Ringer, Bonferroni contrast test following ANOVA; 
 p  < 0.05. Key: ■ Ringer ( n  = 7); ● potassium ( n  = 7); □ TTX ( n  = 7); ○ calcium-free Ringer ( n  = 7); 
∆ RU 24969 ( n  = 4) (From Bosker et al.  1997 )       
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design with an outer diameter of approximately 300 μm (see Fig.  3.2 ). Probes are 
inserted into the brains of laboratory animals at coordinates derived from a dedi-
cated atlas (for instance, Paxinos and Watson  1986 ) using a stereotaxic instrument. 
In rodents, surgery takes place under anesthesia, and the animals are allowed to 
recover from surgery for at least 24 h before the microdialysis experiments 
commence.

   A microdialysis experiment begins by connecting the inlet of the probe via tubing 
to a high-performance perfusion pump carrying a syringe fi lled with Ringer solution 
(artifi cial CSF) to be perfused through the probe at a constant fl ow rate mostly in the 
range of 1–2 μl/min. It is important that membrane and tubing are essentially inert to 
minimize sticking of endogenous or exogenous compounds. It is common practice to 
perfuse the probe for 2 h prior to the actual microdialysis experiment to obtain a stable 
baseline. Samples can be collected in vials using a fraction collector for later analysis 
(off-line) or in an HPLC injection loop for immediate analysis (semi-online). 

 Theoretically, microdialysis does not involve exchange of fl uid with brain tissue, 
but endogenous compounds (anterograde microdialysis) and exogenous compounds 
(retrograde microdialysis) are able to diffuse through the membrane driven by the 
concentration gradients between the extracellular fl uid in the brain and the perfu-
sion fl uid pumped through the microdialysis probe (see Fig.  3.2 ). Except for gluta-
mate, it is thus possible to directly measure the effects of most pharmacological 
interventions on the release of neurotransmitters. At the end of the experiments, the 
animals are sacrifi ced and the location of the probe is verifi ed histologically. 
Monoamines can be analyzed with either HPLC and electrochemical detection or 
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Transmitters

Membrane

Inlet

Drugs

Outlet
Transmitters

Membrane

  Fig. 3.2    Schematic representation of a Y-shaped microdialysis probe with both anterograde and 
retrograde perfusion       
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liquid chromatography with mass spectrometry (LC-MS). The latter method is 
more expensive but also more accurate and sensitive, and it allows the measurement 
of many neurotransmitters in one run, including glutamate and GABA. 

 It is important to note that the here-described methodology refers to rodents. For 
nonhuman primates (NHP), the methodology is different in several important areas. 
For instance, NHP are allowed to recover for at least 2 weeks before the microdialy-
sis studies commence, and the artifi cial CSF for NHP is also different from that used 
in rodents and not always based on a Ringer solution. In addition, the pre- experimental 
perfusion is usually shorter (1 h), due to restrictions on how long the NHP can be 
restrained during the study. Finally, NHP are usually not sacrifi ced following these 
studies, and the location of the guide cannula is often verifi ed via MRI.    For more 
details, we refer to the microdialysis studies in rhesus monkeys by Bradberry ( 2002 ), 
Wilcox et al. ( 2005 ), Howell et al. ( 2006 ), Banks et al. ( 2009 ), (Andersen et al.  2010 ), 
Murnane et al. ( 2010 ); in squirrel monkeys by Czoty et al. ( 2002 ), Bauzo et al. ( 2009 , 
 2012 ), Manvich et al. ( 2012 ); the review of the microdialysis methodology in NHP 
by Bradberry ( 2000 ); and the protocols by Saunders et al. ( 2001 ).  

3.4     Pharmacological Interventions for Serotonin 

 It is common practice to manipulate serotonin levels in PET competition studies 
using serotonin reuptake inhibitors or releasers, but there are other options available 
as outlined below. Figure  3.3  schematically depicts various interactions of the 
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  Fig. 3.3    Schematic depictions of serotonergic interactions with other neurotransmitter systems       
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 serotonergic system with other neurotransmitters in the cell body area. However, 
such interactions may vary between brain areas and also the effect of pharmacologi-
cal interventions on serotonin release, in particular between cell body and axon 
terminal areas.

3.4.1       Manipulation of Extracellular Serotonin Levels Through 
Synthesis and Reuptake Inhibition 

 A well-known strategy to manipulate serotonin levels in the brain is through the 
synthesis of the monoamine. Release and synthesis of serotonin depends on the 
availability of its precursor molecule, the essential amino acid tryptophan. This 
notion has been used to demonstrate the role of serotonin in antidepressant effi cacy, 
as witnessed by the relapse of depressive symptoms following depletion of sero-
tonin by tryptophan depletion in patients successfully treated with antidepressants 
(Delgado et al.  1990 ). 

 We have investigated the effects of 5-HT synthesis inhibition on the response to 
citalopram following retrograde infusion of the aromatic amino acid decarboxylase 
inhibitor NSD 1015 (3-[hydrazinomethyl] phenol dihydrochloride) and by oral 
tryptophan depletion. The microdialysis experiments in rats clearly show that inhi-
bition of serotonin synthesis by local NSD 1015 infusion as well as tryptophan 
depletion signifi cantly decreases the effect of an SSRI on extracellular serotonin 
levels (see Fig.  3.4a, b ).
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  Fig. 3.4    ( a ) Microdialysis of 5-HT in hippocampus of freely moving rats (fl ow rate = 1.5 μl/min; 
sample time = 15 min). Effect of local 5-HT synthesis inhibition on the response to citalopram fol-
lowing retrograde infusion of the aromatic amino acid decarboxylase inhibitor NSD 1015 
(3-[hydrazinomethyl] phenol dihydrochloride). ■: no synthesis inhibition,  t  = 120 citalopram 
10 μmol/kg s.c.; ●: synthesis inhibition following local infusion of 10 μM of NSD 1015 at  t  = 0, 
 t  = 120 citalopram 10 μmol/kg s.c. (From Bosker et al.  2010 ). ( b ) Microdialysis of 5-HT in hip-
pocampus of freely moving rats (fl ow rate = 1.5 μl/min; sample time = 15 min). Effect of oral tryp-
tophan depletion on the response to citalopram. ■ low tryptophan, ● normal tryptophan.  First 
arrow  at  t  = 0: fi rst oral administration of low tryptophan amino acid mixture;  second arrow  at 
 t  = 90: second oral administration;  third arrow  at  t  = 180: subcutaneous administration of citalo-
pram 10 μmol/kg s.c. (From Bosker et al.  2010 )       
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   However, the effect of tryptophan depletion on basal serotonin levels was not 
signifi cant. This indicates that synthesis might not be a limiting factor under normal 
conditions, but only when serotonin reuptake is inhibited (see also    Bosker et al.  2010 ). 
The latter would be in agreement with a competition PET study using  18  F-MPPF, 
which could not demonstrate increased 5-HT 1A  receptor binding following trypto-
phan depletion in healthy volunteers (Udo de Haes et al.  2002 ). 

 Inversely, serotonin levels are only moderately increased following intraperito-
neal administration of tryptophan in rats (Fig.  3.5a ). However, when given prior to 
an SSRI, a strong dose-dependent augmentation of its effect on serotonin levels was 
observed (Fig.  3.5a ). This also indicates that under normal conditions, synthesis is 
capable of maintaining serotonin levels but that reuptake inhibition puts an extra 
demand on synthesis.

3.4.2        Manipulation of Extracellular Serotonin Levels Through 
Synthesis, Reuptake Inhibition, and Receptors Involved 
in the Regulation of Release and/or Synthesis 

 Synthesis and release of serotonin are controlled by somatodendritic 5-HT 1A  and 
presynaptic 5-HT 1B  autoreceptors. Blocking the 5-HT 1A  and 5-HT 1B  autorecep-
tors by, respectively, WAY 100.635 and GR 129735 augments the effect of the 
selective serotonin reuptake inhibitor citalopram on extracellular serotonin levels 
(Cremers et al.  2000a ). Another form of negative feedback control of serotonin 
release is mediated by 5-HT 2C  receptors on GABA-B-ergic neurons (Cremers et al. 
 2007 ). Blocking the 5-HT 2C  receptors by SB 242084 augments the effect of the 
selective serotonin reuptake inhibitor citalopram on extracellular serotonin levels 
(Cremers et al.  2004 ). We have combined these SSRI augmentation strategies with 
tryptophan supplementation and monitored the effects on extracellular serotonin 
using microdialysis in hippocampus of freely moving rats (Fig.  3.5b, c , d). 

 SSRI augmentation with tryptophan in combination with inhibition of receptor- 
mediated feedback mechanisms seems a promising pharmacological intervention to 
increase extracellular serotonin levels in humans. The critical role of serotonin syn-
thesis following reuptake inhibition and tryptophan supplementation is emphasized 
when serotonin levels are further increased using an augmentation strategy based on 
antagonism of 5-HT 1B  receptors involved in feedback control of serotonin synthesis 
and release (Fig.  3.5d ). 

 It is clear that the very potent combination of citalopram, tryptophan, and 5-HT 1B  
antagonist GR 129735 cannot be used in competition studies with 5-HT 1B  receptor 
PET tracers. It is also important to note that the augmentation strategies in these 
microdialysis studies were performed with experimental drugs, which are not cur-
rently available for use in humans. The antihypertensive drug pindolol has been used 
to antagonize 5-HT 1A  receptors in clinical SSRI augmentation studies. Eventually 
pindolol appeared to have partial agonist properties, and its dose was probably too 
low to bind suffi cient 5-HT 1A  receptors (Artigas et al.  2001 ; Cremers et al.  2001 ). 

 For the 5-HT 2C  receptor augmentation strategy, a feasible alternative exists in the 
form of the antihypertensive drug ketanserin (Cremers et al.  2004 ; Udo de Haes 
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  Fig. 3.5    ( a ) Microdialysis of serotonin (5-HT) in hippocampus of freely moving rats (fl ow 
rate = 1.5 μl/min; sample time = 15 min). Effect of tryptophan administration on the response to 
citalopram. ■  t  = 0 saline i.p.,  t  = 90 citalopram 10 μmol/kg s.c., ●  t  = 0 tryptophan 30 mg/kg i.p., 
 t  = 90 citalopram 10 μmol/kg s.c., ▲  t  = 0 tryptophan 100 mg/kg i.p.,  t  = 90 citalopram 10 μmol/
kg s.c. (From Bosker et al.  2010 ). ( b ) Microdialysis of serotonin (5-HT) in hippocampus of freely 
moving rats (fl ow rate = 1.5 μl/min; sample time = 15 min). Citalopram and tryptophan administra-
tion synergistically increase 5-HT levels. Theoretically the effect is counteracted by an increased 
activation of somatodendritic 5-HT 1A  autoreceptors involved in feedback control of 5-HT synthesis 
and release (Cremers    et al.  2000a ,  b  and references therein), yet the effect of 5-HT 1A  antagonist 
WAY 100635 is only marginal.  t  = 90 citalopram (10 μmol/kg s.c.) and WAY 100.635 (1 μmol/
kg s.c.). ■  t  = 0 saline i.p., ●  t  = 0 tryptophan 30 mg/kg i.p., ▲  t  = 0 tryptophan 100 mg/kg i.p. 
(From Bosker et al.  2010 ). ( c ) Microdialysis of serotonin (5-HT) in hippocampus of freely moving 
rats (fl ow rate = 1.5 μl/min; sample time = 15 min). Citalopram and tryptophan administration syn-
ergistically increase 5-HT levels. Theoretically the effect is counteracted by an increased activation 
of 5-HT 2C  receptors on GABA-B-ergic neurons involved in feedback control of 5-HT release 
(Cremers et al.  2007 ), yet the effect of 5-HT 2C  antagonist SB 242084 appears only marginal.  t  = 90 
citalopram 10 μmol/kg s.c. and SB 242084 1 μmol/kg s.c. ■  t  = 0 saline i.p., ●  t  = 0 tryptophan 
30 mg/kg i.p., ▲  t  = 0 tryptophan 100 mg/kg i.p. (From Bosker et al.  2010 ). ( d ) Microdialysis of 
serotonin (5-HT) in hippocampus of freely moving rats (fl ow rate = 1.5 μl/min; sample 
time = 15 min). Citalopram and tryptophan administration synergistically increase 5-HT levels. 
Theoretically the effect is counteracted by an increased activation of presynaptic 5-HT 1B  autore-
ceptors involved in feedback control of 5-HT synthesis and release (Cremers et al.  2000a ,  b  and 
references therein), which is indeed supported by the marked effect of 5-HT 1B  antagonist GR 
129735.  t  = 90 citalopram 10 μmol/kg s.c. and GR 129735 1 μmol/kg s.c. ■  t  = 0 saline i.p., ●  t  = 0 
tryptophan 30 mg/kg i.p., ▲  t  = 0 tryptophan 100 mg/kg i.p. (From Bosker et al.  2010 )         
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et al.  2005b ). Compared to 5-HT 1B  receptor antagonism both 5-HT 1A  and 5-HT 2C  
antagonism seem to have little added value to the coadministration of citalopram 
and tryptophan, but an advantage of ketanserin could be its potential in minimizing 
the risk of serotonin syndrome through its blockade of 5HT 2  receptors (Bosker et al. 
 2004 ).  

3.4.3     Manipulation of Extracellular Serotonin Levels with 
Releasing Agents 

 Several serotonin-releasing agents are known, including parachloroamphetamine, 
fenfl uramine, and dexfenfl uramine. At higher doses, serotonin releasers might also 
display reuptake-inhibiting properties. Fenfl uramine and dexfenfl uramine have 
been registered as anorectics, but were withdrawn from the European market 
because long-term administration was associated with heart problems. It is not 
inconceivable, however, that for study purposes a single dose of fenfl uramine in 
humans will be permitted by medical ethical committees in European countries 
(see, e.g., Finnema et al.  2010 ,  2012 ). The effect of fenfl uramine on extracellular 
serotonin levels is very profound (see Fig.  3.6 ), and signifi cant reductions of 
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 18  F-MPPF binding at 5-HT 1A  receptors in various brain areas could be demonstrated 
following administration in rats (Udo de Haes et al.  2005b ).

3.4.4        Manipulation of Extracellular Serotonin Levels Through 
Interaction with the Noradrenergic System 

 The noradrenergic system interacts with the serotonergic system via α 1  and α 2  adre-
noceptors (Rea et al.  2010 ). The specifi c noradrenaline reuptake inhibitor rebox-
etine had no effect on basal serotonin levels but signifi cantly augmented the effect 
of citalopram on serotonin levels (see Fig.  3.7 ), preferentially through α 1  adrenocep-
tors in axon terminal areas (Rea et al.  2010 ). SSRI augmentation with reboxetine or 
administration of the combined serotonin and noradrenaline reuptake inhibitor ven-
lafaxine seems a potent and safe pharmacological intervention to increase serotonin 
levels in PET competition studies.

3.4.5        Manipulation of Extracellular Serotonin Levels Through 
Interaction with the GABA-A System 

 Benzodiazepines are often used in combination with an antidepressant to diminish 
symptoms of anxiety, which can manifest in the early phase of treatment. 
Benzodiazepines are functional agonists of GABA-A receptors in potentiating the 
effects of GABA through binding at an allosteric site of the GABA-A receptor/
chlorine channel complex. Figure  3.8a, b  show that the benzodiazepines oxazepam 
and temazepam signifi cantly reduce the effect of an SSRI on serotonin levels. 
Clearly, benzodiazepines have the potential to modulate the effects of SSRI-based 
interventions in PET competition studies. It is to note that these microdialysis data 
are consistent with a study in humans, showing that acute diazepam administration 
decreases 5-HT function (Nutt and Cowen  1987 ).
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  Fig. 3.6    Effect of 
fenfl uramine (10 mg/kg i.p.) 
on serotonin (5-HT) levels in 
ventral hippocampus of 
freely moving rats (fl ow 
rate = 1.5 μl/min; sample 
time = 15 min) (From 
Udo de Haes et al.  2005b )       

 

3 Pharmacological Manipulation of Neurotransmitter Levels



58

3.5         Discussion 

 We have shown several pharmacological interventions that have the potential to 
alter serotonin levels in the human brain. It is important to note that all the micro-
dialysis experiments were performed in hippocampus and that the effects might 
be different in other brain regions, especially in cell body areas such as the dorsal 
and median raphe nuclei. Moreover, microdialysis estimates extracellular neu-
rotransmitter levels, and we can only speculate what the effects of these pharma-
cological interventions will be on the synaptic serotonin concentrations. Another 
point of concern is the translation of animal data to the human condition as out-
lined below. 

3.5.1     General Translational Aspects 

 When translating animal data to the human condition, it is important to realize that 
pharmacodynamics as well as pharmacokinetics might exhibit differences between 
species. A well-known example with respect to pharmacodynamics is the presyn-
aptic 5-HT 1B  autoreceptor, which displays different properties in humans com-
pared with rodents (Hoyer et al.  1988 ; Adham et al.  1992 ). When developing 
antiaggression medication ( serenics ) for humans, Solvay Pharmaceuticals made a 
crucial and expensive misjudgment by initially performing the preclinical studies 
in rats instead of (guinea) pigs, which do possess the human receptor 
homologue. 
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  Fig. 3.7    Time course of the effect of citalopram (3 mg/kg s.c.), reboxetine (5.0 mg/kg s.c.), and 
the combination of the two on serotonin levels in ventral hippocampus (fl ow rate = 1.5 μl/min; 
sample time = 15 min). Results are expressed as mean ± s.e. mean % change from predrug baseline 
levels. Systemic administration of compounds occurred at  t  = 0 as indicated by the arrow. The 
observed serotonin levels with the combination ( p  < 0.01*′) were signifi cantly different from 
results observed with citalopram administration alone ( p  < 0.01*) (From Rea et al.  2010 )       

 

F.J. Bosker et al.



59

–100 –50 0 50 100 150 200
0

100

200

300

400

500

600a

* *
*

*

*

Oxazepam

Paroxetine

5-
H

T
 %

 b
as

al
 le

ve
l

Time (min)

–100 –50 0 50 100 150 200
0

100

200

300

400

500

600b

*** *
*

*

Temazepam

Paroxetine

5-
H

T
 %

 b
as

al
 le

ve
l

Time (min)

  Fig. 3.8    ( a ) Effects of administration of paroxetine (5 mg/kg s.c.) (■,  n  = 10, vehicle  t  = 0, parox-
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denotes signifi cant vs. paroxetine alone (From Cremers et al.  2010 ). ( b ) Effect of administration of 
paroxetine (5 mg/kg s.c.) (■,  n  = 10, vehicle  t  = 0, paroxetine  t  = 30), temazepam (1 μmol/kg s.c.) 
(▲,  n  = 4, temazepam  t  = 0, vehicle  t  = 30), and paroxetine 5 mg/kg together with temazepam 
(1 μmol/kg s.c.) (●,  n  = 4, temazepam  t  = 0, paroxetine  t  = 30) on serotonin (5-HT) levels in hip-
pocampus (fl ow rate = 1.5 μl/min; sample time = 15 min). * denotes signifi cant vs. paroxetine alone 
(From Cremers et al.  2010 )       

 Pharmacokinetic differences are also evident, as witnessed by the generally far 
more rapid elimination of drugs in rodents. For instance, SSRIs can have a ten times 
shorter half-life time in rodents compared with humans. This necessitates multiple 
injections (stressful) or the use of osmotic mini-pumps (expensive) in rodents to 
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mimic steady-state conditions with long-term SSRI treatment in humans 
(Cremers et al.  2000b ). 

 Other confounding factors may be the disease process in humans and the inva-
sive microdialysis procedure in animals which both may infl uence pharmacody-
namics as well as pharmacokinetics.  

3.5.2     Specific Translational Aspects Related to Microdialysis 

 Microdialysis enables measuring extracellular neurotransmitter levels in vivo, at 
least when the criteria of neuronal origin are fulfi lled. For many classical neu-
rotransmitters such as the monoamines and possibly also GABA, this might work, 
but not for extracellular glutamate under basal conditions (Timmerman and 
Westerink  1997 ). Attempts have been made to assess neuronal glutamate via an 
indirect approach based on glutamatergic interaction with other neurotransmitter 
systems that do fulfi ll the criteria of exocytotic release. For instance, using dual- 
probe microdialysis, the well-defi ned interaction between glutamate and dopami-
nergic projections from the ventral tegmental area (VTA) to the nucleus accumbens 
(NAc) has been studied. Infusion of the glutamate reuptake inhibitor TBOA into 
the VTA (via retrograde microdialysis) signifi cantly increased local glutamate lev-
els and also dopamine levels in the NAc (Evering – van der Zeyden  2011 ). It is 
important to note that the corresponding dopamine response in the NAc was some-
what blurred in comparison with the TBOA-induced glutamate increase in the 
VTA. Moreover, the TBOA-induced glutamate increase in the VTA appeared to be 
largely tetrodotoxin independent, which could indicate that the effect on dopamine 
in the NAc was the result of either a non-synaptic event or diffusion of TBOA into 
the NAc.   

    Conclusion 
 The authors believe that the here-presented microdialysis data can be used as 
basis for pharmacological interventions in PET competition studies but also want 
to emphasize that microdialysis has its limitations and that one must be cautious 
when interpreting the data, in particular with glutamate.     
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