
A
T

M
N
a

1
b

c

I
d

s
e

D
f

A
i
(
e
P
[
s
s
a
w
I
w
A
o
t
t
a
r

K

S
i
c
(
d
D
d
t
m
c
s

*
h
T
E
A
t
e

Neuroscience 161 (2009) 422–426

0
d

GE-RELATED LOSS OF OLFACTORY SENSITIVITY: ASSOCIATION

O DOPAMINE TRANSPORTER BINDING IN PUTAMEN
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bstract—The relationship between age-related reductions
n the binding potential for the striatal dopamine transporter
DAT) and age-related deficits in olfactory sensitivity was
xamined in 12 subjects ranging from 36 to 82 years of age.
ositron emission tomography (PET) and the radioligand

11C]�-CIT-FE were used to determine DAT binding in two
triatal regions, the caudate and the putamen. The results
howed age-related losses of DAT binding from early to late
dulthood of similar size for caudate and putamen, and there
as a pronounced age deterioration in olfactory sensitivity.

mportantly, the age-related olfactory deficit was associated
ith reductions in DAT binding in putamen, but not caudate.
lso, DAT binding in putamen added systematic variance in
dor threshold after controlling for age. The findings indicate
hat DAT binding in putamen is related to age-related olfac-
ory deficits, as well as to odor sensitivity independently of
ge. © 2009 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: olfaction, dopamine, striatum, putamen, aging.

everal lines of evidence suggest a role for dopamine (DA)
n olfactory processing. Recent experimental studies indi-
ate that transgenic mice lacking the dopamine transporter
DAT) or the D2 receptor exhibit olfactory discrimination
eficits (Tillerson et al., 2006), and rats injected with L-
OPA outperform controls in odor discrimination in a dose-
ependent manner (Pavlis et al., 2006). Further, exposure
o 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in
armosets produced a loss of olfactory sensitivity, which

an be related to the degree of reduction in DA levels in
triatal tissue samples (Miwa et al., 2004).
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olm University, Frescati Hagväg 14, S-106 91 Stockholm, Sweden.
el: �46-8-16-39-37; fax: �46-8-15-93-42.
-mail address: maria.larsson@psychology.su.se (M. Larsson).
bbreviations: BP, binding potential; DA, dopamine; DAT, dopamine
p
ransporter; MRI, magnetic resonance imaging; PD, Parkinson’s dis-
ase; PET, positron emission tomography; ROI, region of interest.
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Additional support for the hypothesis that olfactory per-
eption is associated with dopaminergic activity is provided

n clinical research. Specifically, individuals with severe
lterations of DA systems, such as patients with Parkin-
on’s disease (PD), Huntington’s disease, and schizophre-
ia, exhibit clear olfactory impairments (Berendse et al.,
001; Larsson et al., 2006; Rupp, 2001).

Brain imaging of the DA system in early PD patients
nd their relatives indicates that olfactory loss may serve
s a behavioral correlate to altered striatal DA activity. One
pproach here is to measure the density of the DAT, which

s a membrane-bound presynaptic protein that regulates
he synaptic concentration of DA at nerve terminals. For
xample, reduced [123I]�-CIT binding to the DAT has been
eported in hyposmic relatives of PD patients compared to
ormosmic relatives (Berendse et al., 2001). The hypos-
ic relatives exhibited reduced striatal DAT binding in
eneral, although the binding reduction was more pro-
ounced in putamen than in the caudate. Related pharma-
ological evidence suggests that persons susceptible to
xtrapyramidal side effects of antipsychotic drugs, which
re all D2 receptor antagonists, exhibit decreased olfactory
ensitivity (Hawkes, 2006; Krüger et al., submitted for pub-

ication). Taken together, this pattern of observations sug-
ests that striatal dopaminergic neurotransmission plays a
ole in olfactory functioning.

The relationship between physiological variability in
triatal dopaminergic activity and olfactory proficiency is
ot fully understood in normal subjects. Besides a consid-
rable interindividual variability in the density of markers
or the DA system (Farde et al., 1995, 2000), both post-
ortem and positron emission tomography (PET) studies

ndicate a gradual loss across the adult lifespan for pre-
nd postsynaptic striatal DA markers ranging from 5% to
0% per decade from the 20s and onwards (Bäckman et
l., 2006; Reeves et al., 2002). In addition, there is perva-
ive evidence that olfactory perception declines in old age
e.g. Cain and Gent, 1991; Larsson et al., 2004). The fact
hat DA is implicated in odor functioning suggests that
ge-related losses of DA markers, such as the DAT, may
e associated with age-related olfactory deficits.

The purpose of the current PET study was to examine
he relationship between age-related losses in DAT bind-
ng and age-related olfactory deficits. DAT binding in cau-
ate and putamen was quantified in a sample of 12 healthy
ubjects from early through late adulthood using the radio-

igand [11C] �-CIT-FE (Farde et al., 2000). Olfactory func-
ioning was assessed using an odor threshold task (Mur-

hy et al., 1991).

s reserved.
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EXPERIMENTAL PROCEDURES

ubjects

he study was approved by the Ethics and Radiation Safety
ommittees of the Karolinska Hospital, Stockholm. All subjects
ere provided with written and oral information about the study
nd signed written informed consent prior to participation. Twelve
ubjects (six women and six men) between 36 and 82 years of age
articipated. They were healthy according to physical examina-

ion, blood, and urine analysis, and no subject had a history of
sychostimulant use or psychiatric or neurological disorder.

lfactory threshold test

-butyl alcohol is a standard in research on olfactory sensitivity
nd was used to test odor sensitivity. The test includes a series of
oncentrations ranging from 8 ml (strongest) to 0.1 �m (weakest)
f n-butanol/200 ml of distilled water (Larsson and Bäckman,
993; Murphy et al., 1991). Eleven dilutions were prepared, where
ach successive dilution decreased the concentration of the odor-
nt by a factor of 3. The experimenter presented a pair of bottles,
ne with butanol solution and one blank containing distilled water
nly. The instruction was to smell each bottle and decide which
ne contained an odor. The presentation of the odorant and the
lank was randomized. The assessment started with the weakest
oncentration and if the subject was able to pick out the odorant
rom the blank, the experimenter presented the same concentra-
ion again until the criterion of five consecutive correct responses
as met (Murphy et al., 1991). If the subject failed, the experi-
enter presented a stronger concentration until the criterion was
et. To prevent effects of adaptation, 30 s elapsed between each
resentation. If a subject could detect the weakest concentration,
he highest score (10) was given; if the second-weakest concen-
ration was detected, a score of 9 was given, and so forth. It is
orth noting that higher concentrations of butanol may stimulate

he trigeminal system (Wysocki et al., 2003). However, given that
he series of butanol dilutions comprised very low concentrations,
t is highly unlikely that the test activated the trigeminal sensory
ystem (Cometto-Muniz and Cain, 1995).

rain imaging procedure

Magnetic resonance imaging (MRI). The MRI system used
as GE Signa, 1.5 T. T2-weighted and proton density MR images
f the brain were obtained for all subjects. The positioning of the
ead and the series of sections were the same as in the subse-
uent PET measurements (see below). A head fixation system
ith an individual plaster helmet was used in both the MRI and
ET measurements to allow the same head positioning in the two

maging modalities (Bergström et al., 1981).

Radiochemistry. The precursor for synthesis of [11C]�-CIT-FE
as supplied by Research Biomedicals International (Natick, MA,
SA). [11C]�-CIT-FE was prepared by O-methylation of the cor-

esponding free acids with [11C]methyl iodine or [11C]methyl tri-
ate, according to procedures that have been described in detail
lsewhere (Halldin et al., 1996; Lundkvist et al., 1998).

PET assessment. The PET examinations were performed
sing a siemens ECAT Exact HR 47 in three-dimensional mode.
he reconstructed volume was displayed as 47 sections with a
enter to center distance of 3.125 mm and a slice thickness of 4
m. The in-plane and axial resolutions are approximately 3.8 and
.0 mm, full width at half-maximum (Weinhard et al., 1994).

In each PET measurement, the subject was placed recum-
ent with the head in the PET system. A cannula was inserted into
he antebrachial vein on both arms. A sterile physiological phos-
hate buffer solution (pH�7.4) containing [11C]�-CIT-FE (196–

23 MBq) was injected intravenously as a bolus during 2 s. The a
pecific radioactivity was 300–3299 Ci/mmol (11–122 GBq/�mol)
t the time of injection.

Brain radioactivity was measured in a series of consecutive
ime frames up to 57 min. The frame sequence consisted of three
-min frames followed by four 3-min frames and seven 6-min
rames.

Image analysis. Regions of interest (ROIs) were drawn on
hree horizontal MRI sections through the central part of the
utamen and the head of the caudate, respectively. The top and
ottom of the putamen and caudate were not included, because
hese parts may be subject to considerable partial-volume effects.
hree horizontal sections covering the middle part of the cerebel-

um defined this region. The ROIs were transferred to the corre-
ponding reconstructed PET images. To obtain regional time-
ctivity curves, average radioactivity in each ROI was calculated
or each frame, corrected for decay and plotted versus time.

Calculations. The binding potential (BP) reflects the ratio
etween receptor density (Bmax) and affinity (Kd). To calculate
egional BP values, the simplified reference tissue model (Gunn et
l., 1997; Lammertsma et al., 1996) was applied, as described
reviously (Farde et al., 2000). In this model, the time-activity
urve for the cerebellum, a reference region assumed to be devoid
f DAT, was used as to approximate the plasma input function.

RESULTS

escriptive statistics for the olfactory threshold task and
AT binding are shown in Table 1. In the first step, we
xamined the correlations among the three key variables:
ge, DAT binding, and olfactory performance. The results

ndicate that advancing age is associated with decreased
AT binding in both putamen (r��0.67, P�0.02) and
audate (r��0.64, P�0.02). Chronological age was also
egatively related to olfactory sensitivity (r��0.73, P�
.01). DAT binding in putamen was strongly and positively
elated to odor threshold (r�0.80, P�0.01), whereas the
orrelation between DAT binding in caudate and odor
hreshold was considerably weaker (r�0.44, P�0.15). The
AT by threshold correlation is illustrated in Fig. 1.

To determine the relative importance of age and DAT
inding to odor threshold, two sets of step-wise hierarchi-
al regression analyses were performed and applied to
audate and putamen, respectively. The results from these
nalyses are provided in Table 2. The relative variance
ccounted for by age and DAT binding in each ordinal
osition reflects the strength of association with the olfac-
ory criterion. For the caudate, the analysis showed that
ge accounted for 52% of the predictive variance when
ntered first in the model, and that DAT binding entered in
he second step did not explain any additional variance in
dor threshold. When entered first in the regression model,

able 1. Descriptive statistics for the odor threshold and DAT
easures

easure M SD Range

dor thresholda 7.67 1.37 6–10
AT binding
Caudate 4.73 0.74 3.71–6.05
Putamen 4.93 0.56 4.07–5.79
1 Anosmia; 10 very sensitive.
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AT binding in caudate accounted for 20% of the variance
n odor threshold, and chronological age explained an
dditional 32% of the variation when entered second.

A quite different pattern of results emerged in the anal-
ses for putamen. As shown in Table 2, initial entry of age
ccounted for 52% of the variation and DAT binding en-
ered in the second step explained an additional 18% of the
hreshold variance. However, when entered first, DAT
inding accounted for 64% of the variance and eliminated
he influence of age on odor threshold. Specifically, age
ccounted for 52% of the variation in odor threshold when
ntered first, but explained only 6% of the variance when
he DAT variation was statistically controlled. Binding to
he DAT in caudate and putamen in two age-matched
ubjects (63 and 65 years) with low and high olfactory
hreshold is shown in Fig. 2.

DISCUSSION

e examined the relationship between age-related losses
n striatal DAT binding and age-related olfactory losses in
n age-heterogenous sample. The results show strong
elationships among adult age, DAT binding in the puta-
en, and olfactory proficiency. The current findings extend
revious clinical work by showing that variation of putami-
al DAT binding in a normal sample is related to olfactory
ensitivity, an association that proved to be independent of
ge.

Although age was strongly related to olfactory perfor-
ance when entered first in the model, DAT binding in

ig. 1. Correlation between DAT binding in the putamen and odor
hreshold.

able 2. Amount of variance (R2) in odor threshold accounted for by

Putamen

R R2 F

ge 0.73 0.52 11.12
AT 0.84 0.70 5.49
AT 0.80 0.64 17.78

ge 0.84 0.70 2.02 0.189
utamen still shared a substantial amount of variance with
lfactory acuity when entered second. However, the re-
erse was not true. Initial entry of the putaminal DAT
ariable accounted for most of the olfactory variance, and
liminated the influence of age on performance. Thus, the
bservation that there was a reliable amount of interindi-
idual variability in DAT binding after statistical control of
ge suggests that dopaminergic activity in putamen is
elated to olfactory proficiency. It is important to note that
he relationships among age, putaminal DAT binding, and
dor proficiency were based on correlational data. Thus,
s suggestive as the data may be, we are unable to make
ny causal inferences.

The finding that variation in olfactory sensitivity was
elated to DAT binding in putamen, but not in caudate, is
ntriguing. The human striatum is a heterogeneous struc-
ure comprising different anatomical and functional subdi-
isions. Based on projections from the midbrain and con-
ections in corticostriatal–thalamo-cortical loops, the stria-

um may functionally be organized into limbic, associative,
nd sensorimotor compartments (Martinez et al., 2003).
his subdivision has originally been suggested from ani-
al studies and the complexity of the functional striatal
euroanatomy in humans is poorly understood. Interest-

ngly, however, a recent PET study on associations be-
ween D2 receptor binding and cognitive functioning pro-
ided direct biochemical support for a functional subdivi-
ion (Cervenka et al., 2008).

With regard to olfactory functioning, there is also sup-
ort for a subdivision of the striatum. Importantly, emerging

iterature suggests that putamen may play a key role for
he integrity of olfactory functioning. Using odor identifica-
ion as an index of olfactory functioning, Siderowf et al.
2005) reported reliable relationships between DAT imag-
ng abnormalities and odor identification proficiency in
arly PD. Specifically, DAT binding in putamen was
trongly related to odor identification (r�0.74), whereas
he corresponding relationship for the caudate was consid-
rably weaker (r�0.36; Westermann et al., 2008). This
ifference in degree of association between the two striatal
tructures resembles closely those observed for normal
ersons in the current study. A differential role of the
utamen in the processing of olfactory information has also
een hypothesized by Mueller et al. (2006), who reported
relationship between structural pathology of the puta-
en, as determined by MRI, and olfactory impairment in
atients with Wilson’s disease.

A limitation of the present study is that only two dopa-
inergic brain regions were examined. The PET system

DAT in putamen and caudate as a function of order of entry

Caudate

R R2 F P

0.73 0.52 11.12 0.008
0.72 0.52 0.02 0.894
0.44 0.20 2.45 0.148
age and

P

0.008
0.044
0.002
0.73 0.52 6.29 0.033
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sed and the radioligand �-CIT-FE do not allow detailed
xamination of DAT binding in midbrain or other extras-
riatal regions. For instance, close to the ventral striatum
here is a diffuse irregular area named substantia in-
ominata, within the substantia innominata, olfactory

nputs may travel from the small cells of Calleja, an
mportant dopaminergic cell group that is thought to play

role in olfactory modulation of macrosmatics (Fallon et
l., 1983; Gottfried, 2006; Hurd et al., 2001). The more
ecent development of improved radioligands for DAT,
uch as PE2I (Jucaite et al., 2006), and implementation
f high resolution PET systems (de Jong et al., 2007)
ave the way for a more detailed examination of dopa-
inergic markers of potential relevance to olfaction
ithin and outside the striatum. Another caveat of the
resent study is that the sample size was relatively
mall. That said, a reliable and biologically plausible
elationship was observed between putaminal DAT bind-
ng and odor threshold. Future research should extend
he generality of the present findings to other olfactory
arameters, such as discrimination, identification, and

ig. 2. PET sections of [11C]�-CIT-FE binding to the DAT in caudate a
igh (right) olfactory threshold. Color-coded horizontal PET images are
adioactivity from 9 to 51 min after radioligand injection. The color
nterpretation of the references to color in this figure legend, the read
pisodic memory.
CONCLUSION

n conclusion, the present findings suggest that DAT binding
n putamen is related to age-related deficits in olfactory sen-
itivity, as well as to odor perception irrespective of age.
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rants from the Swedish Research Council to Maria Larsson, and
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