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Background: The serotonin-1A (5HT1A) receptor systemthe raphe. Biol Psychiatry 1999;46:1375-1387 €999
has been implicated in the pathophysiology of majorSociety of Biological Psychiatry
depression by postmortem studies of suicide victims and
depressed subjects dying of natural causes. This literatur&ey Words: Major depressive disorder, bipolar disorder,
is in disagreement, however, regarding the brain regionsPET, serotonin, raphe, hippocampus
where 5HT1A receptor binding differs between depres-
sives and controls and the direction of such differences
relative to the normal baseline, possibly reflecting the
diagnostic heterogeneity inherent within suicide samples|introduction
PET imaging using the 5HT1A receptor radioligand, .
[1XC]WAY-100635, may clarify the clinical conditions ] he Serotonin-1A (SHT1A) receptor system has been
under which 5HT1A receptor binding potential (BP) is ¥ implicated in depression by evidence that depressed
abnormal in depression. subjects have blunted physiological responses to 5HT1A
Methods: Regional 5HT1A receptor BP values were rgce.ptor agonists in vivo and decreased 5HT1A receptor
compared between 12 unmedicated depressives with prinding postmortem (Bowen et al 1989; Lesch 1992; Lopez
mary, recurrent, familial mood disorders and 8 healthy €t al 1998). During SHT1A receptor agonist challenge, the
controls using PET anddarbony**C]WAY-100635. Re  incremental increases in plasma corticotropin and cortisol
gions-of-interest (ROI) assessed were the mesiotemporabncentrations and the decrease in body temperature seen in
cortex (hippocampus-amygdala) and midbrain raphe,healthy controls are attenuated in unmedicated subjects with
where previous postmortem studies suggested SHT1fajor depressive disorder (MDD) (Lesch et al 1990a, 1990b;
receptor binding is abnormal in depression. Maes and Meltzer 1995). The significance of these data
Results: The mean 5HT1A receptor BP was reduced 41.5%emained unclear, however, because the ceiling cortisol
in the raphe p < .02) and 26.8% in the mesiotemporal concentration achieved in response to SHT1A agonist chal-
cortex p < .025) in the depressives relative to the controls. jenge in these studies was similar in depressives and controls,
Post hoc comparisons showed the abnormal reduction iyng the smaller change seen in MDD may have been
SHTIA receptor BP was not limited to these regions, butyccounted for by the elevatdmselinecortisol levels in the
extended to control ROI in the occipital cortex and postcenyyenesgiyes (Lesch 1992). Postmortem studies of cerebral
gﬂsq[ynrjjn%i;i"ihmeoﬂ?g dneltur(iisoif/;ie:?i?gggrg]n?lIgleasrwa%HTlA receptor binding and mRNA expression in MDD and

P P b P bipolar disorder (BD) subjects provided more direct evidence

depressives with bipolar relatives & 4). S .

P . e . €4 . of 5HT1A receptor dysfunction in mood disorders, but these
Conclu5|_ons.Serotonm-lA receptor BP Is ab”‘””?a”y de- data remained preliminary, being limited to two studies
creased in the depressed phase of familial mood disorders i ’

multiple brain regions. Of the regions tested, the magnitud hvolving small samples: Lopez et al (1998) showed th.at
of this reduction was most prominent in the midbrain raphe. HTl,A receptor mRNA levels were abnormglly feduc?‘?' n
Converging evidence from postmortem studies of mood'® hiPpocampus in six MDD subjects who died by suicide,
disorders suggests these reductions of SHT1A receptor BANd Bowen et al (1989) found reduced 5HT1A receptor
may be associated with histopathological changes involvindinding to fH]8-OH-DPAT in the temporal polar and frontal
opercular cortices in seven medicated depressives with MDD
or BD dying of natural causes.
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tions. Results differed widely across these studies, as in thef circulating adrenal steroids in mediating this effect (Lopez
hippocampus the 5HT1A receptor binding in unmedicatecet al 1998).
suicide victims was reported to be decreased (Cheetham et alIn contrast, 5SHT1A receptors in the raphe seem insen-
1990), trending toward decreased (Lowther et al 1997), nositive to circulating corticosteroids (Chalmers et al 1993).
different (Stockmeier et al 1997), and increased (Joyce et ghbnormal 5HT1A receptor binding in this structure in
1993) relative to controls (the latter result, however, might bemood disordered samples may instead reflect neuromor-
accounted for by the 30-year difference in mean age betwegphological abnormalities that affect SHT1A receptor num-
suicides and controls studied by Joyce et al, because SHT1Ber. Baumann and Bogerts (1998) observed reduced neu-
receptor B,,, correlated inversely with age in other studies ronal counts in the dorsal raphe nucleus (DRN) in MDD
[Dillon et al 1991; Lowther et al 1997; Matsubara et al and BD subjects studied postmortem, and Kassir et al
1991]). In the raphe, 5HT1A receptor binding was abnor-(1998) found the cumulative area of the DRN abnormally
mally reduced in one study (Kassir et al 1998) but increase#ieduced in depressed, nonalcoholic, suicide victims.
in another (Stockmeier et al 1998) in suicide victims relative These data suggest the sensitivity for detecting 5SHT1A
to controls. Finally, in the prefrontal cortex (PFC) 5HT1A receptor abnormalities in depressed samples may be en-
receptor binding did not differ between suicide and controlhanced by selecting subjects with a higher likelihood of
samples in dorsal or anterior prefrontal cortical areas (Arranfaving glucocorticoid hypersecretion or serotonergic dys-
et al 1994; Cheetham et al 1990; Dillon et al 1991; Matsubardunction. Selection of major depressives with primary BD or
et al 1991; Stockmeier et al 1997), but was abnormallyfamilial MDD may prove useful in this regard. Both bipolar
increased in the ventrolateral PFC (Arango et al 1995). Thelepressives and unipolar depressives with familial pure
dissimilar results across studies suggest that abnormalities gpressive disease (FPDD: primary MDD subjects who have
5HT1A receptor binding may be specific to clinical subsetsfirst degree relatives with MDD, but not BD, alcoholism or
of subjects prone to suicide, rather than being nonspecificallpntisocial personality disorder [ASPD]) have been more
associated with behaviors such as suicide or depressed modely to show evidence of LHPA-axis hyperactivity than
Neuroimaging studies using the 5HT1A receptor radioli-subjects with depression spectrum disease (DSD: primary
gand, Farbonyt’CJWAY-100635, to investigate regional MDD subjects who have first degree relatives with alcohol-
5HT1A receptor binding potential (BP) in clinically well- ismor ASPD but not BD), sporadic depressive disease (SDD:
characterized depressed subjects hold the potential to detd¥imary MDD subjects with no first degree relatives with
mine whether abnormalities of SHT1A binding are specific toMDD, BD, alcoholism, or ASPD) or depression secondary to
mood disordered subgroups. A preliminary PET study comother psychiatric conditions (Arana et al 1985; Lewis et al
paring PET measures df{C]WAY-100635 between depres- 1984; Winokur 1982). Moreover, Lewis and McChesney
sives (1 = 8; selected by MDD criteria) and controls € 7) (1985) showed _that the mean platefét]jmipramine uptake
reported nonsignificant trends toward reduced 5HT1A recepwas abnormal in BD and FPDD but not in DSD or SDD,
tor BP in the MTC and raphe (Sargent et al 1997). Becaus&Uggesting the former subtypes may more likely manifest
these subjects were taking selective serotonin reuptake inhif§€rotonergic dysfunction. - _
itor (SSRI) at scanning these trends may have been accounted!" the current study the likelihood of detecting an
for by drug effects. abnormahty o_f 5HT1_A receptor binding was enhanced by
Nevertheless, the trend toward reduced mesiotempor&€lecting subjects with primary mood disorders who had
5HT1A receptor BP in this study was consistent with thefirst degree relatives with primary MDD or BD. Because
finding of Lopez et al (1998) that suicide victims diagnosed®f the small number of subjects imaged, statistical sensi-
as having MDD by psychological autopsy had reduceot'V't_y was enhanced_by reduc_lng comparisons to the two
5HT1A receptor mRNA in the hippocampus postmortem.'€9ions where muIt|_pIe stud|e§ demon.st.rated abnormal
Lopez et al (1998) hypothesized that the cortisol hypersecre2H T 1A receptor BP in depression or suicide, namely the
tion associated with MDD reduced SHT1A gene expressiof@Phe and the hippocampus, and by combining subjects
in the hippocampus, because in rats hippocampal 5SHT1AVith MDD and BD into a single sample. Differences
receptor mRNA expression is under tonic inhibition by P€tween depressive subgroups were examined post hoc.
corticosteroid receptor stimulation. In rats 5SHT1A receptor
density and mRNA levels in the hippocampus decrease in
response to corticosterone administration and chronic stresblethods and Materials
and increase after adr?nalectomy (Bagdv et al. 1989)I;Entrance criteria for the depressed sample=(12) were meeting
Chalmers et al 1993; Meijer and DeKloet 1994; Mendelsonpg. 1y criteria (American Psychiatric Association 1994) for a
and McEwen 1991, 1992; Zhono and Ciaranello 1994). Theyrrent major depressive episode, having a past history of recurrent
stress-induced down-regulation of SHT1A receptor expresmood episodes that preceded other medical or psychiatric disorders,
sion is prevented by adrenalectomy, showing the importancend having a first degree relative with primary MDD or BD. Of the
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12 subjects entered, 4 had BD, most recent episode depressadgle= 40°, slice thickness- 1.5 mm, NEX= 2, field of view =
(BD-D) and 8 had recurrent MDD (American Psychiatric Associa- 12 mm, voxel size= 0.94 X 1.25 X 1.5 mm) optimized for
tion 1994). Of the MDD subjects, 4 had both BD and MDD relatives delineating gray matter/white matter/CSF boundaries.
(MDD/bdr; 3 cases had a first degree relative with BD and the fourth
had a first cousin with BD and first degree relatives with MDD).
The other 4 MDD subjects had only MDD relatives (MDD/mdr). Other Assessments
Diagnosis was established before scanning by a clinical intervieviPepression severity was rated using the Hamilton Rating Scale
with a psychiatrist (WCD). A Structured Clinical Interview for for Depression (HRSD; Hamilton 1960). To examine the rela-
DSM-IV (SCID) was also administered as a screen to aid withtionship between cortisol secretion and SHT1A receptor BP, the
establishing inclusion and exclusion criteria. 24-hour urine-free cortisol level (24-hour UFC) was measured
Exclusion criteria included medical or neurological illnessesbefore scanning, and “stressed” plasma cortisol concentrations
likely to affect cerebral physiology or anatomy, gross abnormalitiesvere obtained during scanning (i.e., blood sampled after 2 hours
of brain structure evident in magnetic resonance images (MRI)Qf intravascular cannulation and 80 min of head restraint within
suicidal intent, substance abuse within 1 year, lifetime history ofthe scanner gantry) (Drevets et al 1997b). The 24-hour UFC was
substance dependence (other than nicotine), and exposure to psyclensidered valid if the urine collection contained a total volume
otropic or other medications likely to alter cerebral physiology or >600 mL (Wallach 1978).
monoamine neurotransmitter function within 2 weeks (8 weeks for
fIl_Joxetlne). Two BD-D subject_s and one MDD subject had a pastlm age Analysis
history of substance abuse in remission for more than 1 year
(American Psychiatric Association 1994). To facilitate PET-MRI co-registration, PET image frames acquired
Healthy control subjectsn(= 8) who and met these exclusion during the first 15 min after'fC]-WAY-100635 injection were
criteria and did not meet criteria for major psychiatric disordersaligned and integrated into a single static emission image that overly
based upon structured (SCID) and unstructured psychiatric screefepresented free and nonspecifically bound radiotracer so that
ing interviews were also selected. None of the controls had a historgortical outlines were sufficiently evident to guide automated image
of substance abuse. The controls denied having first degree relativéggistration (Woods et al 1993). The PET and MR images were
with primary affective, anxiety, or psychotic disorders. aligned and the MR images were resliced to yield images with
Subjects were asked to abstain from alcohol for 48 hourddentical plane orientation and slice thickness as the PET images
before scanning, and reported complying with this requestsing Automated Image Registration (AIR; Wiseman et al 1996;
(Dillon et al 1991). Woods et al 1993). The precision of alignment has a mean absolute
error of 2 mm (Wiseman et al 1996; Woods et al 1993).
L. Because the small sample sizes employed would reduce the
Image Acquisition sensitivity of statistical comparisons in multiple regions after apply-
After intravascular cannulation, subjects were positioned withining appropriate corrections (Bonferroni), hypothesis testing was
the PET scanner gantry so that axial image planes were acquirdinited to the mesiotemporal cortex (MTC) and midbrain raphe. The
parallel to the orbital-meatal line. Head position was maintainedVTC-ROI was defined by manual tracing around the grey matter of
during scanning using a thermoplastic mask. A dynamic emisthe hippocampus, amygdala, and adjacent parahippocampal and
sion scan (29 frames of increasing length over 60 min) wasperiamygdaloid cortex using ImageTool (CTI PET Systems) in the
initiated upon 1V bolus administration of 7.1 to 15 mCi of high 6 to 7 planes where both amygdala and hippocampus were evident
specific activity farbonytC]WAY-100635 [mean specific (Figure 1) (Bronen and Cheung 1991). The globular shape of these
activity = 1.50 mCi/ nmol (range 0.58-1.69)], synthesized usingstructures permitted identification of their anatomical boundaries
a modification of the McCarron et al (1996) method (using regardless of interindividual anatomical variability (Bronen and
similar methods fordarbony+*CJWAY-100635 imaging, Gunn  Cheung 1991). Because laterality effects were not hypothesized,
et al (1998) showed that a 60 min scanning period yields aROI from left and right hemispheres were combined. The sensitivity
repeatability coefficient for measuring mesiotemporal BP supefor detecting intergroup differences using MTC measures that
rior to that obtained using a 90 min scan [Table 3 in Gunn et alemphasized the hippocampus were assessed post hoc in a smaller
1998]). Images were acquired as subjects rested with eyes-clos&DI limited to the head of the hippocampus and adjacent parahip-
using a Siemens/CTI HR (63 contiguous slices over 15.2 cm) pocampal cortex (defined over MTC grey matter posterior to the
in 3D mode with septa retracted (FWHM resolutien5 = 0.5 alveus and the temporal horn of the lateral ventricle; Figure 1)
mm transverse and 4.5 0.5 mm axially [Brix et al 1997]). A (Bronen and Cheung 1991).
Neuro-insert (CTI PET Systems, Knoxville, TN) was locked into  The raphe ROI was centered over the midbrain raphe nuclei, that
the PET camera gantry to reduce random coincidences (Wierare collectively evident in*fCJ]WAY-100635 images because of
hard et al 1998). Images were reconstructed using a Hannintheir very high 5SHT1A receptor density relative to that of surround-
window with cut-off = Nyquist frequency, resulting in an ing tissues (Figure 1) (Hall et al 1997; Pazos et al 1987; Pike et al
estimated (including the effect of scatter) true image FWHM 1996). The raphe is inadequately visualized in MR images for
resolution of 7.1 mm in the transverse plane and 6.7 mm axiallyboundary tracing, so this ROI was defined on PET images con-
Magnetic resonance images (MRI) were obtained using a 1.5 Btructed by integrating image frames from 15 to 60 min, that
General Electric (Milwaukee) Signa Scanner and a 3-dimensiongbredominantly reflect SHT 1A receptor-specific binding. The portion
spoiled gradient recalled (SPGR) sequence €TE, TR = 24, flip of the raphe evident in the midbrain was selected to emphasize
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Figure 1. Co-registered PET (right) and MRI (left) sections through the mesiotemporal cortex and midbrain to show placement of the
MTC and raphe regions-of-interest. The MTC region included areas of high SHT1A receptor density (hippocampus) along with areas
of moderate 5HT1A receptor density (amygdala and periamygdaloid cortex; Hall et al 1997). By including amygdala and hippocampus
together, errors in distinguishing these two structures are avoided and boundary decisions are reduced to delimiting grey matter-whi
matter and grey matter-CSF interfaces. Measures in the hippocampus alone were assessed post hoc by demarcating amygdala fi
hippocampus by the alveus and the temporal horn of the lateral ventricle (Bronen and Cheung 1991). For illustration purposes the MT
ROl is shown only for the right hemisphere (readers’ left) so that the anatomy is unobscured in the contralateral hemisphere. The rapt
also has high 5SHT1A receptor density and can be visualized in the PET image because the 5SHT1A receptor density in the surroundir

mesencephalic and cerebellar tissues is markedly lower (Pike et al 1996). The raphe ROI was defined on the PET image, but as

evident in the co-registered MRI plane, this circular ROI overlies the midbrain area where the dorsal raphe nucleus is known to be

situated. Note the virtual absence &fG]WAY-100635 uptake in the cerebellum (posterior to the raphe) and white matter, consistent
with postmortem measures of 5SHT1A receptor density in humans (Hall et al 1997). Am, amygdala; Hi, hippocampus; Ra, raphe.

measures from the DRN, that predominantly innervates the foreto the basal temporal cortex to avoid “spilling in” of radioactive
brain. Midbrain sections were identified in the co-registered MRIcounts from these cortices (Links et al 1996), that have markedly
image as the 3 consecutive, ventral-most slices where the interpéigher SHT1A receptor density than the cerebellum (Hall et al
duncular cistern was evident (Figure 1), and circular ROI (5.1 mm1997). The posterior border of the cerebellar ROl was situated at
radius) were centered over the brainstem area of high tissuleast one cm from the brain edge to avoid spilling in of radioactive
radioactivity in each slice. The diameter of this ROl was larger thancounts from the venous sinuses coursing along the posterior surface
that of the actual raphe to accommodate the blurring of the raphef the cerebellum. The venous sinuses contain a higher concentra-
5HT1A receptor-specific signal in PET images and reduce theion of radioactive polar metabolites than the cerebellar cortex itself,
effects of position differences in the raphe signal due to movemerthat has only a 5% blood volume (Gunn et al 1998; Osman et al
or misregistration error between image frames. 1995, 1998). ROI placement was limited to axial planes at or dorsal
In addition, ROI were defined in two areas where no differenceso plane 56 (of 63) to obtain measures from planes where the
were expected a priori. A post central gyrus ROI (presumablysignal-to-noise ratio was relatively uniform in 3D images
comprised predominantly of primary somatosensory cortex) wagTownsend et al 1998).
defined by manually tracing around this gyrus in the two MR slices
:nmedl'a'Fer dorsal to the dprsal convexity of _the corpus callosum..l.racer Kinetic Modeling of 5SHT1A Receptor
n occipital pole ROI (that included part of primary visual cortex) _. . .
was defined by placing a 20 mm diameter circle over the occipitaIB”‘]dlrlg Potentials (BP)
pole in the transverse MRI slice where the dorsal cerebellum wa®ecay-corrected, time-radioactivity curves were obtained from
first evident (while passing ventrally). the dynamic PET image for each 3-dimensional ROI using a
The reference region for measuring the concentration of free andalibrated phantom standard to convert tomographic counts to
nonspecifically bound radioligand was the cerebellar cortex. ThiquCi/mL for each time point (Figure 2). Regional 5HT1A
ROI was defined in three MR image slices where the cerebellareceptor BP values were fit with a 3-parameter (simplified)
cortex pixels sampled were located at least twice the FWHM ventrateference tissue model (Gunn et al 1998; Lammertsma et al
and medial to the ventral occipital cortex and posterior and mediall 996) that fits the BP from measured tissue concentrations in a
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Table 1. Demographic, Clinical and Laboratory Characteristics

0.36 » of the Subject Samples
0.24 % Cerebellum Control Depressed
n 8 12
0.12 Mean age £SD) 35.3+ 135  35.8+ 9.7
%o Mean HRSD-17 item £SD) 0.63= 1.4 22+ 6.4
Mean HRSD-25 item £ SD) 0.88+ 2.1 27+ 7.0
0 30 60 Number of females (%) 4 (50) 7 (58)
Number of left-handed (%) 1(14) 2(17)
Median weeks off psychotropic drugs N/A 30 (2-130)
0.24 (range)
pCi MTC Mean 24-hour UFC (g/TVol) 57+ 30 59+ 17
El"' 0.12 Stressed plasma cortisqLg/dl)® 9.7+21 12.5+ 2.8

Abbreviations: HRSD: Hamilton Rating Scale for Depression; UFC: urinary
free cortisol; TVol: total 24-hour urine volume.
2The plasma cortisol samples for one control and one depressive were lost due

to laboratory error.
0 30 60 bDifference between depressives and controls significant:(.05).
0.24 coefficients between the regional BP values and the 24-hour
a Raphe UFC levels and the plasma cortisol concentrations. Post hoc
0.12 exploratory correlations assessed the relationships between the

5HT1A receptor BP values in the MTC and those in the midbrain
= and between the 5HTI1A receptor BP values and age and
30 60 depression severity (HRSD scores).

=

Time (min) Results
Figure 2. Typical time-radioactivity curves for cerebellum, oo aranhic characteristics, clinical ratings and labora-
mesiotemporal cortex (MTC), and midbrain raphe after bolus d for the d d ’ d | | .
injection of 10 mCi of FarbonybJWAY-100635. The tissue Oy data for the depressed and control samples appear in
concentration innCi/mL (corrected for decay of radioactivity) is Table 1. The groups were similar with respect to age and
shown on the y-axis and the time in min on the x-axis. The blackgender composition, but significantly differed for HRSD
line through the data points for the MTC and raphe (red circles)scores and “stressed” plasma cortisol concentratibrs (
show curve fits for the simplified reference tissue model. The 4;p < .05; Table 1). The mean volumes of the ROI
scaled contribution of the cerebellar reference tissue (green Iinej' f" di : h, C d'd ianif v differ b
and the specific binding component (blue line) are also shown. ehined In t e MT Id not significantly differ between
groups, being 9.7% 1.22 mL and 9.01+ 0.785 mL for
_ o o ~ the depressives and controls, respectively (1.61, ns).
region where significant specific binding is present across timerpq tota| raphe ROI volume for all 3 planes was 0.594 mL.

relative to a reference tissue where virtually all radioactivity Although not used in the kinetic analysis, arterial blood
reflects free and nonspecifically bound radiotracer (Figure 2)'Was sampled in all of the controls and 8 of t’he depressives
For [**C]WAY-100635, the cerebellum seems most suitable a P P '

11, ; ; ;
the reference tissue because it is nearly devoid of 5SHT1A sitei C]WAY-100635 was rapidly metabolized in both

and is large enough that ROI can be situated far from tissues wit§OUPS. At 10 min the proportion of total plasma radioac-
abundant 5HT1A receptors (Hall et al 1997; Pazos et al 1987)tivity accounted for by unmetabolized'C]WAY-100635

The BP values obtained using this model are much less variabl&as 7.8+ 2.8% in the controls and 7.& 4.0% in the
than those obtained using compartmental modeling approachedepressives (consistent with Gunn et al [1998] and Osman
that employ the plasma{C]WAY-100635 concentration as the et al [1998]).

input function because the rapid clearance'&€]WAY-100635 The mean 5HT1A receptor BP was reduced in the
from plasma limits the accuracy of quantitating metabolites atdepressives relative to the controls by 26.8% in the MTC
late imaging times (Gunn et al 1998). (t = 2.50; df = 18; p [2 tail] < .025; Table 2) and 41.5%

in the midbrain raphet (= 2.75;p [2-tail] < .02; Table 2).
Statistical Comparisons Post hoc assessment of the ROI in the hippocampus/

The mean SHT1A receptor BP in the MTC and midbrain wereParahippocampal cortex (excluding amygdala/periamyg-
compared between groups using unpatrests. The relationship daloid cortex) showed a similar, 24.6% decrease in the
between 5HT1A receptor BP in the MTC and cortisol secretiondepressives versus the controls (mean-8B8.09 + 1.82
were assessed by computing Pearson product moment correlatiand 8.08+ 1.72, respectivelyt = 2.48; df= 18;p [2 tall]
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Table 2. Mean 5HT1A Receptor BP Values by Depressive  shown in Table 2. The difference in SHT1A receptor BP in

Subgroup the raphe between depressives and controls was largely
Midbrain Raphe Mesiotemporal Cortex ~ attributable to the BD-D and MDD/bdr subsamples, in
Sample or Subsample n (mean BP+ SD)  (mean BP+ SD) whom the mean BP was decreased 57%=(3.83; p
Control 8 335+ 117 728+ 1.78 [uncorrected]<_.01) and 51%t(= 2.96;p [uncorrec_:ted]
Depressed 12 1.9& 1.07 533+ 1.58 < .05), respectively, relative to control. The magnitude of
BD-D (BD FHx) 4 1.43+0.569 4.09+ 1.10 the difference in 5GHT1A receptor BP in the MTC was also
MDD with BD FHx 4 163+0.816 5.60+1.88 greatest in the bipolar depressives relative to the controls,
MDD without BD FHx 4 2.81= 1.14 6.31= 0.975 being decreased 44% in BD-D £ 3.82;p [uncorrected]
Bipolar Spectrurh 8 1.53+0.662 4.85= 1.64 < .01), 23 % | . o i
All MDD 8 222+111 506+ 1.44 .01), 6 in MDD/bdr { = 1.49, ns) and 13% in

MDD/mdr (t = 1.63, ns).
Bold print designates tests of the a priori hypotheses. Abbreviations: BD-D,
bipolar disorder-depressed phase; FHx, family history (see Methods); MDD, major
depressive disorder.
2p < .05 relative to control.

bp < .01 relative to control. Discussion

°BD-D subjects plus MDD subjects who have BD relatives; see Discussion. )
The mean 5HT1A receptor BP was decreased 42% in the

o ) . midbrain raphe and 25% to 33% in limbic (MTC) and
< .025). Similar decreases in depressives versus c_ontroﬁeocortical areas in depressives relative to controls. The
(25.2% and 32.5%, respectively) were also found in thgn,gnitude of these differences seemed most prominent in
postcentral gyrus (mean BR 3.18 = .902 and 4.25=  pinoiar depressives and unipolar depressives who had
650, respectivelyt = 3.08; df = 18; correctedp [2 tail]  pingjar relatives (Table 2, Figure 3) . The abnormality in
< .05] and the occipital pole (mean BP 1.89 = 0.513  yhe \MTC was consistent with the postmortem data of
and 2.80+ 0.402, respectivelyf = 4.43; df = 18, | 5he7 et al (1998) showing that the mean 5HT1A receptor
correctedp [2 tail] < 0.01). The rank order of these .BP mRNA was decreased 31% to 49% across hippocampal
values (hippocampus- MTC > post central gyrus [in  gpfields in suicide victims with MDD. The reduction in

parietal cortex}> occipital cortex) was compatible with in - 51419 A receptor BP in the midbrain in the depressives was
vitro measures in human brain (Hall et al 1997; Pazos et aljmijar in magnitude to the 50% reduction in 5HT1A
1987). . ... receptor binding capacity found postmortem in the DRN
The MTC SHT1A receptor BP values did not signifi- ot yepressed, nonalcoholic suicide victims by Kassir et al
cantly correlate with the _plas_ma cortisol _concentranons or(1998)_ The reduced 5HT1A receptor BP in the raphe was
the 24—hc_>ur UFC values in either the entire subject samplgq compatible with evidence that the hypothermic re-
(depressives plus controls; & —0.36 andr = —0.14,  g5,h50 5 5HT1A receptor agonist challenge (thought to

respectively) or the depressed sample alane: 0.0070  efiect presynaptic SHT1A receptor function) is blunted in
andr = 0.23, respectively). The 5HT1A receptor BP \,pp (Lesch 1992).

values in the MTC and the raphe were correlated in the
entire sampler( = 0.63; df = 18; p < .01), but this T
relationship did not reach significance in the control ~ -imitations of the Methods
0.64; df = 6; .05< p < .1) or depressed samples alone Because sample sizes were small, sensitivity for identify-
(r = .35, ns). The HRSD scores (25 item) did not correlateing intergroup differences depended upon selecting a
with the 5HT1A receptor BP in either the raphe or the subject sample “enriched” for the likelihood of showing
MTC in the depressed group (= 0.35 andr = .05, biological abnormalities (Drevets and Todd 1997). The
respectively; ns). The 5SHT1A receptor BP trended towardatter approach proved successful in PET studies of blood
showing an inverse correlation with age in the controls inflow and glucose metabolism, in which subjects meeting
the rapher( = —0.58; .05< p < .1) and the MTC I = BD-D or familial MDD criteria had reproducible abnor-
—0.55; .05< p < .1), consistent with some postmortem malities even when the sample sizes were relatively small
studies (Dillon et al 1991; Lowther et al 1997; Matsubara(Drevets et al 1992, 1995, 1997a, 1997b, 1999). Never-
et al 1991). In contrast, the correlation between age antheless, future studies involving larger samples are needed
BP was positive in the MTCr(= .67; p < .05) and to compare SHT1A receptor BP across subgroups because
nonsignificant in the raphe & .46; ns) in the depressives. the differences found were largely accounted for by the
Time since last antidepressant drug exposure did noBD-D and MDD/bdr subgroups (Table 2; Figure 3), and it
correlate with 5SHT1A receptor BP in either the raphe=(  remains unclear whether 5SHT1A receptor BP is abnormal
—0.29, ns) or the MTCr(= .026; ns). in MDD subjects without BD relatives.

Post hoc assessments of the specificity of these findings The sensitivity of the PET measures was limited by the
to particular depressive subgroups provided the resultspatial resolution of PET and the inclusion of grey and
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Mesiotemporal Cortex ter or grey matter-CSF interfaces, increasing measurement
reproducibility.
12 The use of MRI-based landmarks for defining ROI also
5 reduced the variability of the PET measures. For example,

*
o 10 . our methods were similar to those of Gunn et al (1998)
a 4 with respect to the image acquisition, theafbonyt
g oo L ot 1CIWAY-100635 dose, and the reference-tissue model
§ 6 - ’:o :,.A ; derivation of BP, but differed in that Gunn et al (1998)
< | [ defined ROI directly on PET images without using MRI
E 4 un® scans to constrain ROI placement. In healthy humans the
° 2 magnitude of the mean BP values were similar across
studies, but the standard deviations (SD) obtained by Gunn
0 — e — et al (1998) were higher. In the MTC Gunn et al (1998)
Controls Depressives reported a mean B SD of 7.65+ 2.49, compared to our
control group mean of 7.28 1.78. In the raphe, our mean
Midbrain Raphe BP value (3.35) would have been the §imilar to that of
Gunn et al (1998) except that one of their subjects had an
6 outlying BP of 9.68 (Table 4 in Gunn et al 1998). Without
. this outlier, their mean BP value was 3.481.13, whereas
o 51 . . with the outlier the mean BP was 4.522.72. The use of
o | . MRI images to select PET planes through the midbrain
2 N may thus play a critical role in reducing the variability of
g 3 $ N raphe measures. Defining ROI via MRI landmarks deter-
ﬁ :. * mined without knowledge of the corresponding PET
E 2 wbe %: measures also reduced the possibility that measurement
® . ! 'A‘A' bias contributed to intergroup differences.
u The likelihood that abnormalities in regional BP in
0 depression related to differences in the concentrations of
Controls Depressives free and nonspecifically bound radiotracer was reduced by

; i 1
Figure 3. Scatter histograms of the 5HT1A receptor BP valueéhe high selectivity of ¢arbonyt 1C]WAY'100635 for

for the depressed and control groups. Within the depresseaHT1A receptors, as shown by the high specific-to-
sample, circles indicate unipolar depressives with only MDD nonspecific binding, rank order of uptake across regions,

relatives (MDD/mdr), triangles indicate unipolar depressivesand very low radioactivity concentration in cerebellum
with BD relatives (MDD/bdr), and squares designate bipolar Figures 1, 2) (Gunn et al 1998; Pike et al 1996). In vitro,
depressives (BD-D) with BD relatives. Mean and standard erro AY-100635 is>100-fold selective for SHT1A receptors
bars appear to the right of each data set. ; : -
relative to a variety of other receptors, reuptake sites, and
ion channels (Fletcher et al 1993; Laporte et al 1994) and
white matter within MRI-based ROI, such that SHT1A at 100 nmol/L does not bind significantly to 5HT7 sites
receptor specific binding measures in PET images wergForster etal 1995). The lgof WAY-100635 was 1.3%
lower than those expected from postmortem autoradio9.44 nmol/L (displacement of specificH]8-OH-DPAT
graphic studies (Hall et al 1997). These effects particularlyoinding to hippocampal 5HT1A receptors) and the lowest
reduced the raphe BP values, because the small size of tih&so at any other site tested was 23030 nmol/L (at the
raphe relative to the spatial resolution of PET resulted inx;-adrenoreceptor site) (Fletcher et al 1993). In humans,
extensive partial volume effects (Links et al 1996; Maz-the only radioactive metabolite otdrbony+'C]WAY-
ziotta et al 1981). The MTC-BP was also diluted by 100635 with high affinity for SHT1A receptors i<dr-
including areas of low-to-moderate 5HT1A receptor den-bony+'Cldesmethyl-WAY-100635, that Osman et al
sity (amygdala, periamygdaloid cortex) together with ar-(1998) found detectable at only a “possible trace level” in
eas of high 5HT1A density (hippocampus, parahippocamplasma 60 min after injection. Carbony+'C]WAY-
pal cortex) (Figure 1) (Hall et al 1997; Pazos et al 1987).100635 is almost exclusively metabolized d¢]cyclo-
Although higher BP values were obtained by defining ROlhexane-carboxylic acid and more polar radioactive metab-
over the hippocampus alone (Figure 1), inclusion of botholites not expected to enter the brain or bind strongly to
amygdala and hippocampus in the MTC-ROI simplified 5SHT1A receptors in humans (Osman et al 1995, 1998;
boundary definition to delineating grey matter-white mat-Pike et al 1996). 'C]cyclohexane-carboxylic acid cen
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tributes up to 8% of the radioactivity in cerebellum at 60 receptor B,,, was decreased 24.5% in the temporal polar
min in monkeys, leading to potential underestimation ofcortex, 24.2% in frontal opercular cortex, and 28.8% in
BP by up to 8% (Gunn et al 1998). Because the depressuperior parietal cortex in 7 antidepressant-medicated
sives and controls metabolizedcafbonyt'C]WAY-  depressives with primary MDDn(= 6) or BD (n = 1)
100635 at a similar rate, however, it is unlikely that relative to controls (these differences reached significance
differences in the intravascular concentration of radiola-only in comparisons of the receptor number for the entire
beled parent compound or polar metabolites contributed t®R Ol [nmol per region]). The similarity in the magnitudes
the differences in mean BP between groups. of the cortical 5HT 1A receptor BP abnormalities we found
It is also unlikely that the BP abnormalities in depres-using ['*C]WAY-100635 and those Bowen et al (1989)
sion were attributable to differences in cerebral bloodmeasured using’H]8-OH-DPAT binding are noteworthy
volume (CBV) between depressives and controls. Gunn geecause SHT1A receptor densities measured in vitro
al (1998) reported that adding a CBV term (fixed at 5%)using PH]8-OH-DPAT are proportional to those using
increased the apparent BP obtained using the simplified®H]WAY-100635 (Burnet et al 1997).
reference tissue model by an average of 31%. The BP In the raphe, SHT1A receptor binding has not been
values obtained using a CBV term were tightly andevaluated in samples limited to primary MDD or BD
linearly correlated (essentially at unity) with those com-subjects, but it is noteworthy that Baumann and Bogerts
puted without a CBV term (Gunn et al 1998), making the (1998) found reduced Nissl staining neurons in the DRN
addition of afixed CBV term irrelevant for assessing the of both BD and MDD subjects relative to controls post-
significance and proportional magnitude of intergroupmortem. Such an abnormality may be reflected in PET
differences. Although, substantial alterations in CBV inimages by decreased SHT1A receptor BP because raphe
depression may influence BP values, CBV would have tg1eurons express 5HT1A receptors. Potentially consistent
approach zero in depression before BP would decrease With these data, a single photon emission tomographic
the extent found. Measured CBV has not been evaluated iftudy showed decreased brainstem-to-occipital cortex
depression, but the relatively subtle abnormalities off *°3]1B-CIT uptake in MDD subjects relative to controls,
cerebral blood flow found in depression are not expectedhat was hypothesized to reflect a reduction in 5HT
to be associated with substantial alterations in CBVtransporter sites (Malison et al 1998).
(Drevets et al 1999; Grubb et al 1978). Our data in the raphe also seem compatible with the
The specificity of the regional 5SHT1A receptor BP Postmortem data of Kassir et al (1998) showing that both
measures was limited most by the dependency of théhe total DRN area and the SHT1A receptor density were
modeling approach on the cerebell&*G]WAY-100635 decreased in depressed, nonalcoholic suicide victims rel-
concentration (Gunn et al 1998). The abnormal 5HT1Aative to controls. Both a reduction in DRN area and a
receptor BP values in depression may thus be accountd@duction in 5SHT1A receptor B, would appear in PET
for either by a reduction in the 5HT1A receptor specificImages as an abnormally decreased SHT1A receptor BP
binding in the target ROl or by an elevation of the (Mazziotta et al 1981). The combined effects of these
cerebellar XC]WAY-100635 concentration. Selecting-be abnormalities were described by Kassir et al (1998) as a
tween these interpretations may ultimately require postf€duction in SHT1A receptor “binding capacity,” and the

mortem measures of 5HT1A receptor density that ardnagnitude of the reduction in this parameter (50%) was
independent of a reference tissue. similar to that of the 41.5% reduction in 5HT1A receptor

BP we found.

. . . Another postmortem study reported, however, that the
Comparisons with I_Dos_tmortem Studies of 5HT1A receptor density was abnormallgicreasedin
SHTIA Receptor Binding suicide victims relative to controls (Stockmeier et al
The limited postmortem data examining SHT1A receptors1998). The discrepant results across suicide studies that
in subjects with primary mood disorders support theincluded cases in whom the depressive syndrome arose
hypothesis that our findings reflect reductions in SHT1A secondary to substance dependence, medical illness, or
receptor specific binding in the MTC and raphe. In six psychiatric disorders other than MDD or BD indicate that
subjects with MDD who died by suicide (and were not the nonspecific presence of the major depressjwelrome
chronically medicated before death), Lopez et al (1998)r suicidal behavior provides neither sensitivity nor spec-
found abnormally decreased 5HT1A receptor mRNA lev-ificity for identifying subjects with abnormal 5HT1A
els (that correlated with receptor density) by 31% to 49%binding. Because many of the studies whose data are in
across hippocampal subfields. Our finding that 5SHT1Aconflict used similar methods for measuring 5HT1A re-
receptor BP is also decreased in neocortical areas agreesptor density, discrepancies in their results are more
with Bowen et al (1989), who observed that 5HT1A likely accounted for by biological heterogeneity among
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subjects prone to suicide. For example, whereas nonalcaats by an increase in the amount of 5-HT released per
holic suicide victims had abnormally reduced 5HT1A stimulation-triggered action potential (Chaput et al 1991)
receptor density in and total area of the DRN (Kassir et alind in humans by an attenuation of the hypothermic
1998), chronic alcoholics had an abnormaifcreased response to ipsapirone (Lesch et al 1990a, 1991). It is
density (by 2.2-fold) of serotonergic neuronal processes imnnclear, however, that this AD-induced desensitization of
the DRN (Underwood et al 1998). These observations maghe 5HT1A autoreceptor will be evident it*CJWAY-
explain the discrepant results between Kassir et al (1998)00635 images, becaustH]8-OH-DPAT binding in the
and Stockmeier et al (1998), as the former group studiedaphe is not consistently altered by chronic SSRI admin-
only nonalcoholic, depressed suicides whereas the lattaéstration in rats (Frazer and Hensler 1990; Welner et al
group included some depressed suicides with a history a989). Although the 5HT1A receptor BP values did not
alcohol dependence. correlate with the time since last antidepressant exposure,
Our data more specifically suggest that the sensitivitythe possibility that the raphe 5HT1A receptor BP was
for detecting abnormal reductions in SHT1A receptor BPreduced in the depressives because of previous AD expo-
in depression may depend upon selecting depressives wissire must be addressed in longitudinal studies.
have a family history of BD (Table 2, Figure 3). Family  Down-regulation of hippocampal 5HT1A receptor gene
studies attempting to subdivide bipolar and unipolar ill- expression by cortisol hypersecretion in some depressives
ness demonstrate that the first degree relatives of adult BDay contribute to the abnormally reduced 5HT1A receptor
probands are at increased risk for both bipolar and unipoBP in the MTC (Lopez et al 1998; Meijer et al 1997). In
lar disorders when compared with relatives of unipolarrats the magnitude of the reduction in 5SHT1A receptor
probands or with the general population (Rice et al 1987)MRNA levels induced by chronic unpredictable stress
The bipolar genotype may thus be manifested as either B@veraged 22% across hippocampal subfields (Lopez et al
or MDD phenotypes (Drevets and Todd 1997; Rice et al1998), similar to the 25% reduction in hippocampal
1987). Nevertheless, bipolar and unipolar disorders ar@HT1A receptor BP we found. A reduction of 5SHT1A
transmitted to some extent independently, and heritabléeceptor BP associated with hypercortisolemia may prove
mood disorders in families containing only unipolar de- specific to subjects with LHPA-axis dysfunction—who
pression may be genetically and pathophysiologicallyareé more common among BD and familial MDD sub-
distinct from those in families containing BD (Moldin et al groups (Arana et al 1985; Lewis et al 1984; Winokur
1991). Future studies may establish whether 5HT1A1982). Nevertheless, the relationship between hippocam-

receptor binding abnormalities distinguish between suctpal SHT1A receptor BP and cortisol secretion should be
disorders or pedigrees. complex, because down-regulation of 5HT1A receptor

gene expression is thought to comprise a compensatory
. . . mechanism for inhibiting cortisol release (5SHT1A receptor
gﬁﬁ_?zleREs:g?; 'Oé%g:ﬁaé)ggrréils?;ens of Reduced stimulation increases plasma corticotropin and cortisol
secretion; Lesch 1992; McEwen 1995). Reduced hip-
Abnormally decreased 5HT1A receptor BP in depressiorpocampal SHT1A receptor BP may thus correlate with the
may reflect either a down-regulation of SHT1A receptor recent propensity to hypersecrete cortisol in depression
gene expression, or a reduction in the number of cellulaifNemeroff et al 1984; Young et al 1993), but to the extent
processes expressing S5HT1A receptors. Postsynaptifat this response maintains cortisol levels near the normal
5HT1A receptor down-regulation is not expected to reflectrange, current endocrine measures may no longer reflect
a compensatory response to abnormal 5HT release, beortisol hypersecretion. This interaction may explain the
cause reducing SHT transmission by lesioning the raphe dack of correlation between hippocampal 5HT1A receptor
administering 5HT synthesis inhibitors does not alterBP and 24-hour UFC or plasma cortisol levels; however,
5HTI1A receptor binding in the cerebral cortex or thea more widespread reduction of 5HT1A receptor BP
hippocampus (Frazer and Hensler 1990; Hensler et avould not seem to be explained by a cortisol effect,
1991, Pranzatelli 1994; Verge et al 1986) and increasingecause chronic stress and corticosteroid administration
5HT transmission via chronic administration of SSRI ordo not alter 5SHT1A receptor binding in the raphe, amyg-
monoamine oxidase inhibitor (MAOI) antidepressantdala or cerebral cortex in rats (Chalmers et al 1993;
drugs (AD) does not consistently alter 5SHT1A receptorMcKittrick et al 1995).
density or mRNA concentrations in the cortex, hippocam- Serotonin-1A receptors are expressed presynaptically
pus, or amygdala (Carli et al 1996; Hensler et al 19910n 5HT neurons in the raphe and postsynaptically on
Spurlock et al 1994, Welner et al 1989). In the raphe,pyramidal neurons, some GABA-ergic interneurons, astro-
chronic SSRI and MAOI administration desensitizes precytes, and some other glia in the limbic and neocortex
synaptic somatodendritic 5HT1A receptors, evidenced ir(Azmitia et al 1996). Neuropathological studies of the
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MTC have reported abnormally reduced grey matter we6HT1A receptor binding (Baumann and Bogerts 1998;
weight in the parahippocampal gyrus in depressives witiKassir et al 1998).

MDD or BD (Bowen et al 1989), decreased nonpyramidal

neuron counts in sector CA2 of the hippocampus in BDImpIications for Antidepressant

(Benes et al 1998), and reduced cross-sectional area of tRgeatment Mechanisms

right hippocampus in suicide victims (Altshuler et al _ )
1990). Most morphometric MRI studies, however, have! "¢ PET and postmortem data reviewed herein are com-
not found differences in hippocampal volume betweenpatlble with neuroe_ndocrme, CS_F SHT metabollte_, ar_1d

depressives and controls (Axelson et al 1993; Hauser et aharmacologlcal evidence showing _that_ oHT fgnctlon in

1989; Pearlson et al 1997) and those that have report neral and 5HT1A re(_:eptor funcfuon in particular are

abnormalities that are subtle (Sheline et al 1996; Swayz% 93(2)-rmgs :re]gr&ﬁtezgrng;réoo-?hdlsfofrdersf (rl]_esc_h SeStRaIlI
et al 1992). Moreover, in BD the amygdala volume was ’ )- The effect of chronic

found to be abnormally decreased by Pearlson et al (1997 ’nd MAGI a_d_mmlstratlon of desensitizing presynaptic
but abnormally increased by Altshuler et al (1998). Fi- omatodendritic 5HT1A autoreceptors may compensate

nally, the whole brain volume was virtually identical in the for blunted SHT1A receptor fun_ctlon by Increasing the
d . : . . mount of 5HT released per action potential (Cervo et al
epressives and controls studied herein, and in mos

previous studies of depressives in the age range studie 88;_Cha_put G.}t al 1991; Charney et al 1991). MoreO\_/er,
(e.g. Drevets et al 1997). The apparently Widesprea& ronic tricyclic antidepressant and electroconvulsive
reau”ction in postsvnantic 5HT1A recentor binding is thusshock (ECS) administration result in tonic activation of

postsynap P 9 ostsynaptic 5HT1A receptors in the hippocampus (Hadd-

Eghfggfded to reflect generalized decrease in neurons Jerri et al 1998), potentially compensating for reduced

- . 5HT1A receptor BP (Chaput et al 1991, Detke et al 1995).
The recent findings that glial cell numbers are abnor—In the hippocampus and amvadala postsvnaptic SHT1A
mally reduced in parts of the ventral PFCn@ir et al bp P Y9 postsynap

1998: Rajkowska et al 1998) and amygdaim¢@r and receptprs are particularly abundant on the axon h|II_ock_ (_)f
: AR yramidal neurons where, when stimulated, they inhibit
Price, personal communication) in MDD and BD suggestég

another histopathological process that may be associat(%ﬁtlon potential formation (Andrade and Nicoll 1987;

. N zmitia et al 1996; Colino and Halliwell 1987; Haddjeri et
with decreased 5HT1A receptor BP. In the limbic fore- al 1998: Sprouse and Aghajanian 1988). The tonic activa-

brain and cerebral cortex glia abundantly express 5HT1At. : :
" A ion of postsynaptic SHT1A receptors produced by chronic
receptors (Azmitia et al 1996), so a reduction in glia may P ynap P P y

. . AD and ECS results in tonic inhibition of pyramidal
appear in {1C]WAY-100635 images as decreased SHTL1A neuron firing rates (Haddjeri et al 1998), an effect that may
receptor BP; however, glial and neuronal counts and gre

Ye particularly relevant to the therapeutic mechanisms of

matter volume were all normal in MDD and BD in the AD in the amygdala (Drevets et al 1992, 1995, 1996
postcentral gyrus (specifically BA 3b;r@ir et al 1998),  1ggq. Wang and Aghajanian 1980) ' ' ’
so the reduction in 5SHT1A receptor BP in this area would ' '

not seem directly accounted for by a reduction in glial-
based 5HT1A receptors. Summary

The reduction in glia may, however, more generallyUsing PET and darbonyt**C]WAY-100635 we demon
affect 5SHT1A receptor BP via the role of glia in seroto- strated abnormal 5HT1A receptor binding in the MTC and
nergic neuronal development and plasticity. Stimulation ofmidbrain raphe in unmedicated, major depressives. The
astrocyte and radial glial cell-based 5HT1A receptorsabnormality in the midbrain may reflect the histological
during fetal development and subsequently during 5HTabnormalities in the DRN reported in recent postmortem
neuronal injury results in release of the trophic factorstudies of MDD and BD (Baumann and Bogerts 1998) and
S10@, that promotes 5HT neuronal arborization (Azmitia suicide (Kassir et al 1998). The reduction in 5HT1A
et al 1991, 1996). If glial function is reduced during 5HT receptor BP in the MTC was similar in magnitude to
system development in BD and MDD, it is conceivable associated reductions in the neocortex, and may thus
that arborization of the 5HT axonal tree may be attenuatedieflect a widespread alteration of postsynaptic 5HT1A
potentially resulting in a reduction of synaptogenesis inreceptor expression.
the limbic and neocortex, as reflected by widespread
reductions of postsynaptic 5SHT1A and 5HT2A receptor
expression (Bowen et al 1989). Such a neuropathologiceﬁ:g?\;’:g;y;\"H grants MH59769, MH30915, MH51137, MH54715,
process may also _under“e an hy_popIaS|a of the SHTa The authors' thank Dr. Bruce McEwen for discussions related to the
neuronal structure in the DRN, vyielding the observedgesign and interpretation of the image data, Dr. Roger Gunn for
reductions of DRN Nissl staining neurons, area, ancbroviding software and advice on implementing the reference tissue
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Meltzer for guidance related to image acquisition and analysis, Neurochem InB0:565-574.
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Sue Morris, RN and Michele Drevets, RN for assistance with subject of a whole-body PET scanner using the NEMA protocol
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