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5-hydroxytryptamine (5HT or serotonin) is an important neurotransmitter for a number of brain functions and widely distributed throughout the brain. Physiological and pharmacological relationship between 5-HT1A receptors and serotonin transporter (5-HTT) in the regulation of 5-HT neurotransmission has now been documented. A relationship between 5-HT1A receptors and 5-HTT is also suggested by the pathophysiology of depression and the mechanism of action of antidepressants. We have scanned 42 healthy adults with both [11C] WAY-100635 and [11C] DASB to investigate the anatomical co-distribution of multiple serotonergic markers. We hypothesised that lower 5-HTT densities in the DRN and limbic regions will be accompanied by lower 5-HT1A receptor density in the same regions, contributing to the 5-HT1A receptor desensitisation. In addition, variations in DRN 5-HT1A receptor density can theoretically influence the density and/or function of other serotonin receptor subtypes and the (5-HTT) consequent to changes in serotonergic tone. In a comparatively large sample of volunteers we have shown that the relationship between 5-HT1A and 5-HTT PET indices was complex. We were unable to demonstrate robust, intra-regional relationships between 5-HT1A and 5-HTT densities. Inter-regionally, DRN 5-HT1A receptors were related to cortical (temporal and frontal regions) and paralimbic (insula), but not limbic 5-HTT. This latter finding may reflect differences in 5-HT tone between individuals, and highlights probable substrates sensitive to variations in DRN 5-HT function.

Introduction 5-hydroxytryptamine (5HT or serotonin) neurons are widely distributed throughout the brain, and dysfunction in the serotonergic system is associated with a number of disorders, including depression, anxiety, chronic fatigue syndrome and schizophrenia [START_REF] Abi-Dargham | Alterations in serotonin transmission in schizophrenia[END_REF][START_REF] Cleare | Brain 5-HT1A receptor binding in chronic fatigue syndrome measured using positron emission tomography and [11C]WAY-100635[END_REF][START_REF] Cowen | Serotonin and depression: pathophysiological mechanism or marketing myth?[END_REF][START_REF] Geyer | Serotonin research: contributions to understanding psychoses[END_REF].

Serotonin cell bodies are clustered in the mesencephalon and densely located in the dorsal raphe Nucleus (DRN). 5-HT cell bodies in the DRN send projection fibres throughout the forebrain to limbic, striatal and cortical regions. Both 5-HT1A and serotonin transporters (5-HTT) are positioned to play a key role in maintaining 5-HT homeostasis due to their location on presynaptic 5-HT neurones [START_REF] Barnes | A review of central 5-HT receptors and their function[END_REF] and on 5-HT projection sites [START_REF] Kish | Regional distribution of serotonin transporter protein in postmortem human brain: Is the cerebellum a SERTfree brain region?[END_REF]Varnas et al., 2004). 5-HT1A receptors are present both as somatodendritic autoreceptors on 5-HT cell bodies in the midbrain and brainstem; and as postsynaptic (or heteroreceptors) receptors in 5-HT projection areas. 5-HTT, present on DRN cell bodies, terminal dendrites and axons, terminate 5-HT neurotransmission by their high affinity reuptake of released synaptic 5-HT [START_REF] Hoyer | Molecular, pharmacological and functional diversity of 5-HT receptors[END_REF][START_REF] Barnes | A review of central 5-HT receptors and their function[END_REF].

It is now accepted that there is a physiological and pharmacological relationship between 5-HT1A receptors and 5-HTT in the regulation of 5-HT neurotransmission [START_REF] Alexandre | Early life blockade of 5-hydroxytryptamine 1A receptors normalizes sleep and depression-like behavior in adult knock-out mice lacking the serotonin transporter[END_REF][START_REF] Martres | Altered expression and functions of serotonin 5-HT1A and 5-HT1B receptors in knock-out mice lacking the 5-HT transporter[END_REF][START_REF] Fox | Functional interactions between 5-HT(2A) and presynaptic 5-HT(1A) receptor-based responses in mice genetically deficient in the serotonin 5-HT transporter (SERT)[END_REF][START_REF] Gobbi | Modifications of the serotonergic system in mice lacking serotonin transporters: an in vivo electrophysiological study[END_REF][START_REF] Li | Reduction in the Density and Expression, But Not G-Protein Coupling, of Serotonin Receptors (5-HT1A) in 5-HT Transporter Knock-Out Mice: Gender and Brain Region Differences[END_REF][START_REF] Mannoury La Cour | Functional Consequences of 5-HT Transporter Gene Disruption on 5-HT1A Receptor-Mediated Regulation of Dorsal Raphe and Hippocampal Cell Activity[END_REF]. For example, 5-HTT knockout mice have region specific changes in the adult 5-HT1A receptor density with reductions in dorsal raphe, hypothalamus and amygdala, but increased or unchanged densities in the hippocampus [START_REF] Alexandre | Early life blockade of 5-hydroxytryptamine 1A receptors normalizes sleep and depression-like behavior in adult knock-out mice lacking the serotonin transporter[END_REF][START_REF] Martres | Altered expression and functions of serotonin 5-HT1A and 5-HT1B receptors in knock-out mice lacking the 5-HT transporter[END_REF][START_REF] Li | Reduction in the Density and Expression, But Not G-Protein Coupling, of Serotonin Receptors (5-HT1A) in 5-HT Transporter Knock-Out Mice: Gender and Brain Region Differences[END_REF][START_REF] Mannoury La Cour | Functional Consequences of 5-HT Transporter Gene Disruption on 5-HT1A Receptor-Mediated Regulation of Dorsal Raphe and Hippocampal Cell Activity[END_REF] and no changes in entorhinal and frontal cortices [START_REF] Martres | Altered expression and functions of serotonin 5-HT1A and 5-HT1B receptors in knock-out mice lacking the 5-HT transporter[END_REF]. Similarly, mice expressing lower DRN 5-HT1A autoreceptors have increased raphe cell firing rates and larger increases in serotonin levels when administered the selective serotonin reuptake inhibitor (SSRI) fluoxetine, measured in the hippocampus and prefrontal cortex [START_REF] Richardson-Jones | 5-HT1A Autoreceptor Levels Determine Vulnerability to Stress and Response to Antidepressants[END_REF].

What is not clear from these studies is whether specific associations of 5-HT1A receptor and 5-HTT densities may also be detectable within normal human populations. In addition, variations in DRN 5-HT1A receptor density can theoretically influence the density and/or function of other serotonin receptor subtypes and the serotonin transporter (5-HTT) consequent to changes in serotonergic tone [START_REF] Richardson-Jones | 5-HT1A Autoreceptor Levels Determine Vulnerability to Stress and Response to Antidepressants[END_REF].

Anatomical co-distribution of multiple serotonergic markers can be studied in vivo in the human brain using PET imaging [START_REF] Frey | Correlation between serotonin synthesis and 5-HT1A receptor binding in the living human brain: A combined [alpha]-[11C]MT and [18F]MPPF positron emission tomography study[END_REF][START_REF] Lundberg | A PET study on regional coexpression of 5-HT1A receptors and 5-HTT in the human brain[END_REF][START_REF] Takano | A database of the intraindividual presynaptic serotonin transporter and postsynaptic serotonin 1A receptor functions: A PET study with [C-11]WAY-100635 and [C-11[END_REF]. Indeed, a significant positive linear association between 5-HT1A receptor density indexed using [11C] WAY-100635 and 5-HTT binding using [11C]MADAM has been shown in the brainstem raphe and hippocampus, but not the frontal cortex in a group of 12 volunteers [START_REF] Lundberg | A PET study on regional coexpression of 5-HT1A receptors and 5-HTT in the human brain[END_REF]. In an exploratory analysis in a group of 17 male volunteers (Takano et al. 2010) showed negative linear associations between [11C] WAY-100635 BP ND and [11C] DASB BP ND (for 5-HTT) in the cingulate, insula, frontal, lateral temporal and parietal cortices. In an attempt to resolve these inconsistencies we have scanned 42 healthy adults with both [11C] WAY-100635 and [11C] DASB. We hypothesised that 5-HTT densities in the DRN and limbic regions will be related to 5-HT1A receptor density in the same regions. Given the recent suggestion that these relationships may be non-linear based on studies of 5-HT2A and 5-HTT receptor densities [START_REF] Erritzoe | A Nonlinear Relationship between Cerebral Serotonin Transporter and 5-HT2A Receptor Binding: An In Vivo Molecular Imaging Study in Humans[END_REF], we tested both linear and 2 nd and 3 rd order polynomial relationships. In addition to our prediction that there will be intra-regional correlations in 5-HTT and 5-HT1A receptor densities in the DRN and limbic areas, we predicted that raphe 5-HT1A receptor density would be related to cortical 5-HTT density due to the variations in 5-HT levels (tone) predicted by 5-HT1A density in the DRN [START_REF] Richardson-Jones | 5-HT1A Autoreceptor Levels Determine Vulnerability to Stress and Response to Antidepressants[END_REF]. All volunteers were also genotyped for the 5-HTTLPR to explore possible modulating influences of genetic variations.

Material and Methods

Participants

Forty-two healthy adult male volunteers (mean age= 38 years; SD=11 years; range=25-60 years) were included in this study. None of the participants met Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) criteria for current or past psychiatric disorders, and all were physically healthy. In addition, the health status of all volunteers was confirmed by contacting their general practitioners. Family history of depressive disorder was determined by interviewing the participant and the relative's psychiatric history was confirmed from the relative themselves and/or the relative's general practitioner. The role of family history of depression in the co-distribution of serotonergic markers will be reported separately. The study recruited volunteers from two sites in Cambridge and Oxford, UK and all participants underwent scans at Hammersmith Hospital in London. This study was approved by the local Research Ethics Committees at Cambridge, Oxford and the Hammersmith Hospital, London; and the Administration of Radioactive Substances Advisory Committee, UK. All subjects gave written informed consent.

Data acquisition

Each subject had two PET scans one each using [11C] WAY-100635and [11C] DASB, and a T1-weighted magnetic resonance (MR) scan for brain structural information. The time interval between the PET scans was about one week and the order was not fixed. The PET data were acquired on a high-sensitivity ECAT EXACT3D (Siemens/CTI, Knoxville, TN) scanner with an axial field of view of 23.4cm and 95 reconstructed transaxial image planes [START_REF] Spinks | Characteristics of ECAT EXACT3D positron tomograph[END_REF].

The mean spatial resolution is 4.8 +/-0.2 mm FWHM (transaxial, 1 cm off-axis) and 5.6 +/-0.5 mm (axial, onaxis). A 5 minute transmission scan (with a [137]-Cs rotating point source) was performed before each emission scans for scatter and attenuation correction [START_REF] Watson | A single scatter simulation technique for scatter correction in 3D PET. Three-Dimensional Image Reconstruction in[END_REF].

[11C]-DASB was synthesized as described earlier through the reaction of [11C]methyliodide with the desmethyl precursor [START_REF] Wilson | Novel Radiotracers for Imaging the Serotonin Transporter by Positron Emission Tomography: Synthesis, Radiosynthesis, and in Vitro and ex Vivo Evaluation of 11C-Labeled 2-(Phenylthio)araalkylamines[END_REF]. Both the DASB and the precursor desmethyl DASB were supplied by the Target Molecules Ltd (Southampton, UK). [11C]-DASB was administered via injection into an antecubital vein as a smooth bolus over 30 seconds. The injected radioactivity was between 432. 16 and 541.79 MBq (mean 495.43 MBq,SD 16.45 MBq). The radiochemical purity of the injected [11C] DASB was high and ranged from 95% to 100% (mean 97.58%, SD 1.40%). The dynamic PET data were acquired over 90 minutes in listmode and were then re-binned post-acquisition into a series of twenty eight frames of increasing lengths.

WAY-100635

[11C] WAY-100635 was synthesised by GE healthcare, MRC Clinical Sciences Centre by a remotely controlled production process using [11C] carboxylation of an immobilised Gringard reagent as described previously [START_REF] Mccarron | Remotely-controlled production of the 5-HT1A receptor radioligand, [carbonyl-11C]WAY-100635, via 11C-carboxylation of an immobilized Grignard reagent[END_REF]. Dynamic PET data were acquired over 95 min in list-mode setting, collecting 23 time frames over 95 mins. A bolus injection of between 237.12 MBq and 313.33 MBq (mean300.63 MBq,SD 11.49 MBq) [11C]-WAY100635 was administered intravenously over 30 seconds into an antecubital fossa vein. Further details of the scanning protocol used at the Unit have been previously described [START_REF] Bhagwagar | 5-HTT Binding in Recovered Depressed Patients and Healthy Volunteers: A Positron Emission Tomography Study With [11C]DASB[END_REF][START_REF] Hinz | Effects of citalopram infusion on the serotonin transporter binding [11C] DASB in healthy controls[END_REF].

Magnetic resonance imaging (MRI)

It was not possible to acquire all the MR imaging data on the same scanner because of technical problems and de-commissioning of scanners during the study. Consequently the MRI was performed on scanners with a field strength of either 0.5 T (0. 
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MRI images were resliced (1 x 1 x 1mm 3 ) and coregistered to the corresponding subject's summed PET image (9-90mins for DASB; 9-95mins for WAY-100635) using a normalised mutual information method which implements a rigid body (6 parameters) transformation using SPM5 (www.fil.ion.ucl.ac.uk/spm) to give individual coregistered MRI images. The following regions of interest (ROIs) were investigated for both ligands: hippocampus, amygdala, anterior medial temporal lobe, anterior lateral temporal lobe, parahippocampus, superior temporal gyrus, medial inferior temporal gyrus, posterior temporal lobe, insula, anterior cingulate cortex, posterior cingulate cortex, parietal lobe, occipital Lobe, orbitofrontal gyrus, precentral gyrus, inferior frontal gyrus, medial frontal gyrus, superior frontal gyrus and raphe nucleus. In addition the brainstem, caudate nucleus, putamen, thalamus and globus pallidus were investigated for DASB scans. All regions except raphe were defined on a probabilistic atlas. Raphe was drawn manually by an expert neuro-radiologist [START_REF] Rabiner | A database of [(11)C]WAY-100635 binding to 5-HT(1A) receptors in normal male volunteers: normative data and relationship to methodological, demographic, physiological, and behavioral variables[END_REF]) and the region used for both ligands was identical for each participant.

This atlas has been shown to have high reliability for these regions [START_REF] Hammers | Implementation and application of a brain template for multiple volumes of interest[END_REF][START_REF] Hammers | Three-dimensional maximum probability atlas of the human brain, with particular reference to the temporal lobe[END_REF] and the raphe region was validated using four independents images, assessed by the same blinded rater. The variability (difference / mean) for V T and BP ND (see below for definition of these measurements) was 6.6% and 7.8% respectively The SPM MNI T1 template was spatially normalized to the coregistered individual MRI image and the deformation parameters applied to the probabilistic atlas to delineate the ROIs on the individual coregistered MRI. This normalized atlas was resliced to dimensions of the PET images and segmented to obtain the activity from the grey matter only and for the cerebellum ROI delineation the vermis was excluded.

Generation of plasma input function

For accurate quantification of the highly selective radiotracers selected for this study, we used arterial blood sampling as this was recommended for [11C] WAY-100635 [START_REF] Parsey | Validation and reproducibility of measurement of 5-HT1A receptor parameters with [carbonyl-11C]WAY-100635 in humans : Comparison of arterial and reference tissue input functions[END_REF] and [11C] DASB [START_REF] Frankle | Estimation of Serotonin Transporter Parameters with 11C-DASB in Healthy Humans: Reproducibility and Comparison of Methods[END_REF]. For both the ligands a plasma metabolite-corrected input function was generated and the delay of the arrival of the tracers in the ROIs relative to the brain was determined. The details of the protocols are described in detail elsewhere [START_REF] Gunn | Quantitative analysis of [carbonyl-11C]WAY-100635 PET studies[END_REF][START_REF] Hinz | Effects of citalopram infusion on the serotonin transporter binding [11C] DASB in healthy controls[END_REF][START_REF] Hinz | Determination of tracer arrival delay with spectral analysis[END_REF].

DASB Data quantification

Graphical analysis of reversible radioligand binding together with the metabolite-corrected plasma input function was used to quantify the [11C] DASB binding in brain tissue relative to the radioligand concentration in arterial plasma. Regional estimates of the total volume of distribution (V T ) were obtained from the slope of the linear part of the plot [START_REF] Gatley | Graphical analysis of reversible radioligand binding from timeactivity measurements applied to [N-11C-methyl]-(-)-cocaine PET studies in human subjects[END_REF]. Parameters such as the threshold for the graphical analysis t*=35 min were set as previously optimised for [11C] DASB [START_REF] Hinz | Effects of citalopram infusion on the serotonin transporter binding [11C] DASB in healthy controls[END_REF].

The following equation was then applied to calculate the binding potential (BP ND ) relative to nondisplaceable uptake:

BP ND = (V T target region -V T Cerebellum )/ V T Cerebellum
Cerebellar grey matter was used as a reference region because of comparatively low density of 5-HTT [START_REF] Kish | Regional distribution of serotonin transporter protein in postmortem human brain: Is the cerebellum a SERTfree brain region?[END_REF]. To avoid the spillover from the occipital cortex the reference region was carefully delineated in cerebellar grey matter with five to eight slices included leaving a margin of several millimetres to the outer borders of the cerebellum (Hirvonen et al., 2007;Parsey et al., 2006)..

WAY Data Quantification

Quantitative tracer kinetic modelling of [11C] WAY-100635 was performed using two-tissue compartmental model with metabolite-corrected plasma input assuming that labeled metabolites didn't cross the bloodbrain barrier. Details of the model were elaborated by [START_REF] Innis | Consensus nomenclature for in vivo imaging of reversibly binding radioligands[END_REF], and [START_REF] Parsey | Validation and reproducibility of measurement of 5-HT1A receptor parameters with [carbonyl-11C]WAY-100635 in humans : Comparison of arterial and reference tissue input functions[END_REF] showed that the derivation of BP ND by kinetic analysis using the arterial plasma input function appeared as the method of choice because of its higher test-retest reproducibility, lower vulnerability to experimental noise, and absence of bias in comparison with BP ND estimates derived with the simplified reference tissue model.

Genotyping

40 participants were genotyped for the insertion/deletion polymorphism located proximal to the transcription initiation site of the 5-HTT coding region (5-HTTLPR) as described previously [START_REF] David | A functional genetic variation of the serotonin (5-HT) transporter affects 5-HT1A receptor binding in humans[END_REF]. Because of logistic reason we didn't manage to genotype the remaining two subjects.

The 5HTTLPR and rs25531 were genotyped according to the protocol by [START_REF] De Luca | Association study of a novel functional polymorphism of the serotonin transporter gene in bipolar disorder and suicidal behaviour[END_REF].

Statistics

Correlational analyses were performed using Pearson's product moment correlation coefficient. In order to minimise false positive correlations we first excluded ROIs with a mean BP ND lower than 0.5 and second applied appropriate multiple comparisons correction. This resulted in the inclusion of the following ROIs for DASB BP ND : hippocampus, amygdala, anterior medial temporal lobe, anterior lateral temporal lobe, parahippocampus, superior temporal gyrus, insula, anterior cingulate cortex, posterior cingulate cortex, orbitofrontal gyrus, inferior frontal gyrus and raphe nucleus. No regions were excluded for WAY-100635 BP ND .

Based on previous studies and the known organization of the serotonergic system we present 3 sets of analyses: first, the relationships between WAY-100635 BP ND and DASB BP ND within the raphe nucleus [START_REF] Lundberg | A PET study on regional coexpression of 5-HT1A receptors and 5-HTT in the human brain[END_REF] and the predefined ROIs; second, the relationships between raphe nucleus WAY-α=0.05, the set of p-values derived from the correlation analyses was corrected using the Hochberg procedure for multiple comparison compounded by the p-plot estimator of the number of true-null hypotheses [START_REF] Turkheimer | Estimation of the number of "true" null hypotheses in multivariate analysis of neuroimaging data[END_REF]. Age, sex, genotype and daylight minutes have been included as covariates in the analysis and these factors did not affect the significance of the correlations in this dataset. In addition, we used principal component analysis (PCA) to obtain a summary 'global' measure of BP ND across the pre-defined anatomical ROIs to conduct linear, and 2 nd and 3 rd order polynomial regression analyses. All data were analysed in SPSS for Windows version 17.0 (SPSS Inc.).

Results

The mean BP ND for WAY-100635 and DASB across the predefined ROIs is shown in Table 1.

Correlations between WAY-100635 and DASB BP ND

For the entire sample of volunteers there was a significant relationship between DASB BP ND and WAY-100635

BP ND in the raphe nucleus (r=0.31, P=0.045), although this was no longer significant when partialling out the effect of family history of depression. This appears to be due to those with a family history of depression having higher DASB BP ND values when the WAY-100635 BP ND is higher, although this effect only tended towards significance (MANOVA F 2,39 =2.77, P=0.075). For the rest of the brain there were no further statistically significant intra-regional correlations between DASB BP ND and WAY-100635 BP ND (Ps>0.34). The global summary measures across all regions (excluding raphe nucleus) for DASB BP ND and WAY-100635 BP ND were also not significantly related using linear, 2 nd or 3 rd order polynomial curve estimation (Ps > 0.70).

When we specifically tested the relationship between the raphe WAY-100635 BP ND and DASB BP ND across the brain 6 out of 16 regions showed a significant positive correlation at p<0.05. This is illustrated within the correlation matrix shown in Figure 1. Two regions survived correction for multiple comparisons [START_REF] Turkheimer | Estimation of the number of "true" null hypotheses in multivariate analysis of neuroimaging data[END_REF]: the insula (r=0.41, p(corr)=0.03) and superior temporal gyrus (r=0.40, p(corr)=0.04); see Figure 2.

The inferior frontal gyrus showed a trend towards statistical significance (r=0.39, p(corr)=0.053). Including family history of depression status as a covariate in the analysis does not alter these findings. There was a trend towards a significant relationship between raphe WAY-100635 BP ND and the global summary measure for DASB BP ND for both linear and quadratic models (r 2 (linear)=0.089, P=0.054 and r 2 (quadratic)=0.13, P=0.071). These values suggest that we cannot distinguish between these models. There were no statistically significant relationships between raphe DASB BP ND and post-synaptic WAY-100635 BP ND (Ps>0.10).

Participants were classified on the basis of triallelic genotyping of the 5-HTTLPR where L-alleles were classified as either L A or L G . For the purposes of this analysis homozygotes L A L A were coded as L' and L G and all S alleles carriers were combined as S'. Participants were separated into L' (n=7) and S'-carriers (n=33) [START_REF] Nakamura | The human serotonin transporter gene linked polymorphism (5-HTTLPR) shows ten novel allelic variants[END_REF][START_REF] Hu | An expanded evaluation of the relationship of four alleles to the level of response to alcohol and the alcoholism risk[END_REF][START_REF] Zalsman | Association of a triallelic serotonin transporter gene promoter region (5-HTTLPR) polymorphism with stressful life events and severity of depression[END_REF]. Similar to the whole group analysis there were no statistically significant intra-regional correlations between DASB BP ND and WAY-100635 BP ND in either of the genotypic groups. When we specifically tested the relationship between the raphe WAY-100635 BP ND and DASB BP ND 6 out of 17 regions in the LL group showed a significant positive correlation at p<0.05, overlapping with the regions from the total sample, but also including the anterior temporal lobes, parahippocampal gyrus and putamen. None of these correlations survived multiple comparisons correction using the Hochberg procedure [START_REF] Turkheimer | Estimation of the number of "true" null hypotheses in multivariate analysis of neuroimaging data[END_REF], although the sample size may have limited our ability to detect significant changes.

The effects of age and 5-HTTLPR allelic variations on WAY-100635 and DASB BP

Age was inversely associated with WAY-100635 BP ND in 9 out of 18 brain regions (p<0.05) although none of these correlations survived multiple comparisons correction. Age was positively associated with DASB BP ND in 2 out of 17 regions, and again none of these correlations survived multiple comparisons correction.

covariate) for all regions. For WAY-100635 BP ND there were no differences between 5-HTTLPR groups (F 19,17 =0.59, p=0.87). For DASB BP ND was higher in the S'-carriers than the L' group (F 24,12 =3.09, p=0.023), although the small number of participants in the L' group (n=7) compared to the S'-carriers makes it difficult to draw clear conclusions from this difference.

Discussion

The main findings of the present study are that, in the largest sample reported to date, DRN WAY-100635 BP ND , a putative index of serotonergic tone, was positively correlated with DASB BP ND in insula, superior temporal gyrus, but not limbic regions (e.g. amygdala, hippocampus); this relationship was not modulated by 5-HTTLPR variations.

We did not find support for our first hypothesis that lower 5-HTT densities in limbic regions will be accompanied by lower 5-HT1A receptor density in the same regions. This finding in a group of 42 volunteers clarifies the inconsistent results reported to date [START_REF] Frey | Correlation between serotonin synthesis and 5-HT1A receptor binding in the living human brain: A combined [alpha]-[11C]MT and [18F]MPPF positron emission tomography study[END_REF][START_REF] Lundberg | A PET study on regional coexpression of 5-HT1A receptors and 5-HTT in the human brain[END_REF][START_REF] Takano | A database of the intraindividual presynaptic serotonin transporter and postsynaptic serotonin 1A receptor functions: A PET study with [C-11]WAY-100635 and [C-11[END_REF], which used smaller sample sizes of 8 -14 volunteers. Thus, our results indicate that within limbic and cortical brain regions in vivo PET measurements of WAY-100635 BP ND and DASB BP ND appear to act as independent markers of serotonergic function. Within the raphe nucleus these two presynaptic serotonergic markers were weakly related. This was not unexpected because both of these receptor subtypes in the DRN will be present in proportion with the number of 5-HT neurons. Intriguingly, controlling family history of depression reduced this correlation, due to the relatively higher conjoint BP ND values for the two tracers, although this effect only tended towards significance. Whether the same effect is present in patients diagnosed with depression is not known.

Our data provides evidence that variations in DRN 5-HT1A receptor density can influence the density and/or function of other serotonin receptor subtypes. However, the precise causal pathway and aetiology of this relationship cannot be determined from this data alone. On the one hand, reduced DRN 5-HT neuron firing (and presumably serotonergic tone) due to higher DRN 5-HT1A density might be predicted to be compensated for by reduced 5-HTT density at projection sites; this opposes our findings. Alternatively, we can speculate that 5-HT release, known to be dependent on burst firing of subpopulations of DRN 5-HT neurons [START_REF] Gartside | Neurochemical and electrophysiological studies on the functional significance of burst firing in serotonergic neurons[END_REF], determines 5-HTT density. The relationship between burst firing and 5-HT1A density is not currently known.

HTT may reflect serotonergic control of their known associations with specific aspects of emotional and executive processing. The insula cortex, which forms part of a so-called 'paralimbic' circuit is known to be important for the representation and monitoring of emotional states [START_REF] Critchley | Neural systems supporting interoceptive awareness[END_REF], the superior temporal gyrus has been associated with the processing of both facial and other social stimuli [START_REF] Habel | Same or different? Neural correlates of happy and sad mood in healthy males[END_REF][START_REF] Ashwin | Differential activation of the amygdala and the 'social brain' during fearful face-processing in Asperger Syndrome[END_REF][START_REF] Barraclough | Integration of Visual and Auditory Information by Superior Temporal Sulcus Neurons Responsive to the Sight of Actions[END_REF]) and the inferior frontal gyrus is important in impulsive behaviour, which may be impaired in patients with depression. Indeed functionality within these regions is sensitive to serotonergic manipulations with SSRI administration [START_REF] Smith | Stimulus generalization by fenfluramine in a quipazine-ketanserin drug discrimination is not dependent on indirect serotonin release[END_REF][START_REF] Anderson | Citalopram modulation of neuronal responses to aversive face emotions: a functional MRI study[END_REF][START_REF] Arce | Escitalopram effects on insula and amygdala BOLD activation during emotional processing[END_REF][START_REF] Nemoto | Fluvoxamine modulates pain sensation and affective processing of pain in human brain[END_REF], and tryptophan depletion [START_REF] Fusar-Poli | Modulation of neural response to happy and sad faces by acute tryptophan depletion[END_REF][START_REF] Rubia | Tryptophan depletion reduces right inferior prefrontal activation during response inhibition in fast, event-related fMRI[END_REF].

Although it is known that subpopulations of 5-HT neurons are present in the midbrain, their differential anatomical connectivity is not known. The regional differences in correlation may thus be due to 5-HT anatomical connectivity, for example DRN axons contribute more to the serotonergic cortical innervations compared to the other midbrain nuclei [START_REF] Hornung | The human raphe nuclei and the serotonergic system[END_REF]. However, our findings do not necessarily imply that 5-HT1A binding in the raphe nucleus cannot also influence limbic function. For example, [START_REF] Fisher | Capacity for 5-HT1A-mediated autoregulation predicts amygdala reactivity[END_REF], combining PET and functional MRI measurements, showed 5-HT1A BP ND in the DRN predicts amygdala activation to facial expressions of emotion.

Our findings may have relevance for understanding antidepressant action, although in the absence of supporting multi-ligand data following SSRI administration this must be considered as preliminary. It is generally accepted that the acute administration of SSRI increases synaptic 5-HT which in turn activates 5-HT1A autoreceptors and reduces DRN firing [START_REF] Hjorth | Serotonin autoreceptor function and antidepressant drug action[END_REF]. Recently, Richardson-Jones et al (2010) selectively knocked out raphe 5-HT1A autoreceptors without altering 5-HT1A heteroreceptors in mice. They showed that mice expressing higher 5-HT1A autoreceptor levels when compared with lower 5-HT1A expressing mice had a reduced 5-HT response to acute administration of the antidepressant fluoxetine. They conclude that intrinsic autoreceptor levels and serotonergic tone prior to the onset of treatment are a critical aspect of antidepressant action. In addition, mice overexpressing 5-HTT in contrast to 5-HTT knock-out mice have reduced extracellular 5-HT levels in many brain regions including cortex [START_REF] Jennings | Increased expression of the 5-HT transporter confers a lowanxiety phenotype linked to decreased 5-HT transmission[END_REF]. When taken together, these findings indicate that combined knowledge of 5-HTT and 5-HT1A autoreceptor density may have predictive value in understanding antidepressant response. Based on our preliminary findings in healthy volunteers, we speculate that patients with high 5-HTT density in the insula, superior temporal gyrus and inferior frontal gyrus, when combined with high DRN 5-HT1A receptor density would be predicted to have a delayed response to SSRIs. This will need to be evaluated in future studies in patients with depressive disorders.

The potential role for genetic variations in, for example, transporter efficiency is poorly addressed in our sample, due to the expected low number of those with L' genotype (n=7) compared to the S'-carriers (n=33).

It is nonetheless intriguing to note that the strength of correlation observed, despite not reaching statistical significance, was greater in the smaller, L' group, which may align with the suggestion that this group have a more stable regulation of serotonin transmission [START_REF] Erritzoe | A Nonlinear Relationship between Cerebral Serotonin Transporter and 5-HT2A Receptor Binding: An In Vivo Molecular Imaging Study in Humans[END_REF] These results contrast with the recently proposed inverted-U shaped relationship between 5-HT2A receptor density measured using [11C]altanserin and 5-HTT measured with [11C] DASB in a group of 46 volunteers (22 female) [START_REF] Erritzoe | A Nonlinear Relationship between Cerebral Serotonin Transporter and 5-HT2A Receptor Binding: An In Vivo Molecular Imaging Study in Humans[END_REF]. The authors also predicted an inverted-U shaped relationship between 5-HT1A receptor density and 5-HTT in the hippocampus and frontal lobes. We were unable to support this prediction.

However, unlike [START_REF] Erritzoe | A Nonlinear Relationship between Cerebral Serotonin Transporter and 5-HT2A Receptor Binding: An In Vivo Molecular Imaging Study in Humans[END_REF], we included only male volunteers and it is possible that there may be gender differences in the 5-HTT and 5-HT1A correlations observed.

Conclusions

In a comparatively large sample of volunteers we have shown that the relationship between 5-HT1A and 5-HTT PET indices was complex. We were unable to demonstrate robust, intra-regional relationships between 5-HT1A and 5-HTT densities. Inter-regionally, DRN 5-HT1A receptors were related to cortical (temporal and frontal regions) and paralimbic (insula), but not limbic 5-HTT. This latter finding may reflect differences in 5-HT tone between individuals, and highlights probable substrates sensitive to variations in DRN 5-HT function.
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  5 Apollo system, Marconi Medical Systems, Cleveland, OH, USA) [TR = 30ms, TE = 3ms, flip angle = 30º, NSA = 1, voxel dimensions 0.98 × 1.65 × 1.6 mm], 1.5 T (1.5 Eclipse system, Marconi Medical Systems, Cleveland, OH, USA) [TR = 30ms, TE = 3ms, flip angle = 30º, NSA = 1, voxel dimensions 0.98 × 1.6 × 1.6 mm] or 3 T (3 T Intera Philips Medical Systems) [TR = 9.6ms, TE = 4.6ms, flip angle = 8º, NSA = 1, voxel dimensions 0.94 × 0.94 × 1.2 mm]. The scans (0.5T MRI -nine subjects;1.5T MRI -17 subjects and 3T MRI -16 subjects) were all examined by an independent clinical neuroradiologist for abnormalities. No participants were excluded on the basis of this examination.
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Legends Table 1

The BP ND values of each ROI are presented in the Table (mean ± SD) . N/A -Not analysed

Figure 1

Scatter plot with regression line for dorsal raphe nucleus WAY-100635 BP ND with DASB BP ND in the insula (left panel, r 2 =0.17) and superior temporal gyrus (right panel, r 2 =0.16). 
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