
ORIGINAL RESEARCH
published: 22 April 2016

doi: 10.3389/fnbeh.2016.00080

Intranasal Dopamine Reduces In Vivo
[123I]FP-CIT Binding to Striatal
Dopamine Transporter: Correlation
with Behavioral Changes and
Evidence for Pavlovian Conditioned
Dopamine Response
Maria A. de Souza Silva 1†, Claudia Mattern 2,3†, Cvetana Decheva 1, Joseph P. Huston 1*,
Adolfo G. Sadile 4, Markus Beu 5, H.-W. Müller 5 and Susanne Nikolaus 5

1 Center for Behavioral Neuroscience, Institute of Experimental Psychology, Heinrich-Heine University, Düsseldorf, Germany,
2 M et P Pharma AG, Emmetten, Switzerland, 3 Oceanographic Center, Nova Southeastern University, Fort Lauderdale, FL,
USA, 4 Department of Experimental Medicine, School of Medicine, II University of Naples, Naples, Italy, 5 Clinic of Nuclear
Medicine, University Hospital Düsseldorf, Düsseldorf, Germany

Edited by:
Allan V. Kalueff,

ZENEREI Institute, USA &
Guangdong Ocean University, China

& St Petersburg State University,
Russia, USA

Reviewed by:
Jorge A. Bergado,

International Center of Neurologic
Restoration (CIREN), Cuba

Li Jing,
National Institutes of Health, USA

*Correspondence:
Joseph P. Huston

jph@uni-duesseldorf.de

†These authors share first author
status.

Received: 15 February 2016
Accepted: 08 April 2016
Published: 22 April 2016

Citation:
de Souza Silva MA, Mattern C,

Decheva C, Huston JP, Sadile AG,
Beu M, Müller H-W and Nikolaus S

(2016) Intranasal Dopamine Reduces
In Vivo [123 I]FP-CIT Binding to Striatal

Dopamine Transporter: Correlation
with Behavioral Changes and

Evidence for Pavlovian Conditioned
Dopamine Response.

Front. Behav. Neurosci. 10:80.
doi: 10.3389/fnbeh.2016.00080

Purpose: Dopamine (DA), which does not cross the blood-brain barrier, has central
and behavioral effects when administered via the nasal route. Neither the mechanisms
of central action of intranasal dopamine (IN-DA), nor its mechanisms of diffusion
and transport into the brain are well understood. We here examined whether IN-DA
application influences dopamine transporter (DAT) binding in the dorsal striatum and
assessed the extent of binding in relation to motor and exploratory behaviors. We
hypothesized that, based on the finding of increased extracellular DA in the striatum
induced by application of IN-DA, binding of [123I]FP-CIT to the DAT should be decreased
due to competition at the receptor.

Methods: Rats were administered 3 mg/kg IN-DA and vehicle (VEH), with IN-DA
injection either preceding or following VEH. Then motor and exploratory behaviors
(traveled distance, velocity, center time, sitting, rearing, head-shoulder motility,
grooming) were assessed for 30 min in an open field prior to administration of [123I]FP-
CIT. DAT binding after IN-DA and VEH was measured with small animal SPECT 2 h
following administration of the radioligand.

Results: (1) After IN-DA application, striatal DAT binding was significantly lower as
compared to VEH, indicating that the nasally delivered DA had central action and
increased DA levels comparable to that found previously with L-DOPA administration;
and (2) DAT binding in response to intranasal VEH was lower when IN-DA application
preceded VEH treatment. This finding is suggestive of Pavlovian conditioning
of DA at the level of the DAT, since the DA treatment modified (decreased)
the binding in response to the subsequent VEH treatment. VEH treatment also
reduced motor and exploratory behaviors more when applied before, as compared
to when it followed IN-DA application, also indicative of behavioral Pavlovian
conditioning akin to that found upon application of various psychostimulant drugs.
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Conclusions: The results: (a) demonstrate a direct central action of intranasally applied
DA on the DAT in the dorsal striatum, indicating enhanced DA availability; and (b) provide
first evidence of a Pavlovian conditioned DA response at the DAT. The latter results have
relevance to understanding neurochemical mechanisms that underlie placebo action in
the treatment of Parkinsonian patients.

Keywords: dopamine, intranasal administration, dopamine transporter, small animal SPECT, Pavlovian
conditioning, placebo

INTRODUCTION

Deficiencies of dopamine (DA) function play a major role in
the pathophysiology of various neurological and psychiatric
conditions (for review, see Nikolaus et al., 2007), and also
correlate with aging-related deficits in cognitive and emotional
processes (for review, see Li and Rieckmann, 2014). DA is
known to promote learning andmemory (for review, seeMyhrer,
2003) and its action has been strongly implicated in the neural
mechanisms of information storage and retrieval (Muzzio et al.,
2009).

Since DA does not cross the blood brain barrier, its
application via the nasal route may be a promising alternative
for targeting central nervous system DA receptors (Tayebati
et al., 2013). There is evidence that intranasal dopamine (IN-DA)
bypasses the blood-brain barrier and thus, can be transported
directly from the nasal mucosa along the olfactory pathway into
the brain. Application of [3H]-DA into a nostril of mice led
to higher DA counts in the ipsilateral olfactory bulb (27 times
higher than in the contralateral bulb) and high amounts in the
lateral olfactory tract, but not in other brain regions (Dahlin
et al., 2000). Similar results were found in rats (Dahlin et al.,
2001). Application of IN-DA into the nostrils of anesthetized
rats was also shown to increase extracellular DA in the dorsal
and ventral striatum for at least 2 h by as much as 250%
(de Souza Silva et al., 2008). In the freely moving rat, IN-
DA influenced motor activity and exerted antidepressant-like
effects (Buddenberg et al., 2008). In aged rats, IN-DA was
found to restore deficient object-place memory (Trossbach
et al., 2014). In the 6-hydroxydopamine (6-OHDA)-lesion
model of Parkinson’s disease (PD), behavioral asymmetries
were attenuated by chronic administration of IN-DA (Pum
et al., 2009). Moreover, IN-DA reduced behavioral hyperactivity
and improved non-selective and selective attention in a rat
model of attention-deficit hyperactivity disorder (ADHD), when
applied during the prepuberal period (Ruocco et al., 2009, 2014).
Intranasal [3H]-DA was also found in the cerebrospinal fluid of
monkeys 15 min post-application (Kumar et al., 1976). Neither
the route of transportation of IN-DA into the brain, nor its
mechanisms of central action are well understood.

We have recently shown that radioligand binding to
the striatal dopamine transporter (DAT) is reduced by
intraperitoneal (i.p.) application of the DA precursor L-DOPA
and that the reduction of DAT binding is related to alterations
of motor and exploratory behaviors in the open field (Nikolaus
et al., 2013, 2014). In the present study, we jointly assessed
neostriatal DAT binding and motor/exploratory behaviors

after intranasal application of DA and vehicle (VEH). The
rationale was to determine: (a) whether the nasal application
of DA influences binding to DAT in the striatum, and
thus, to provide information as to its action in the brain;
and (b) to assess whether differences in DAT binding
are related to differences in various parameters of motor
and exploratory activity. For this purpose the animals were
tested for 30 min in an open field after application of
IN-DA and VEH.

The application of psychostimulant drugs, such as
amphetamine and cocaine, is well known to result in Pavlovian-
like conditioned behavioral activation and DA sensitization
in rodents (Carey and Damianopoulos, 1992; Carey and Gui,
1998; Carey et al., 2005). Even a single drug application can
result in long-lasting Pavlovian conditioning (McDougall
et al., 2014). In PD patients, conditioned DA release in the
striatum of PD patients to placebo treatment was reported
using competition for [11C] raclopride binding as measured
by positron emission tomography (de la Fuente-Fernández
et al., 2001; Lidstone et al., 2010). Therefore, in order to
assess the possibility of conditioned changes in DA binding,
we employed an experimental design in which each rat was
treated with both IN-DA and VEH, five animals with IN-DA
preceding VEH, and seven with the order reversed. This
procedure permits a comparison of the extent of DAT binding
not only between IN-DA and VEH, but also depending on the
order in which they were administered. We hypothesized that
IN-DA administered prior to VEH would lead to a Pavlovian
conditioned increase in DA release to VEH administration
and consequently to lower binding of the radioligand
to the DAT.

MATERIALS AND METHODS

Animals
We used 12 adult male Wistar rats (TVA, Heinrich-Heine
University, Düsseldorf, Germany), weighing 398± 58 g (mean±
standard deviation [SD]). Animals were maintained in standard
makrolon cages (59 × 38 × 20 cm3 animals per cage) in a
climate cabinet (Scantainer, Scanbur BK, Karslunde, Denmark;
temperature: 20◦C; air humidity: 70%) with an artificial light-
dark cycle (lights on at 6:00 a.m.; lights off at 6:00 p.m.)
and food and water freely available. The study was approved
by the regional authority and carried out in accordance with
the ‘‘Principles of laboratory animal care’’ (NIH publication
No. 86–23, revised 1985) and the German Law on the Protection
of Animals.
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Each rat underwent 2 trials in randomized order, which were
at least 7 days apart. Each trial consisted of: (a) pharmacological
challenge with IN-DA or IN-VEH; (b) assessment of behavior
in the open-field for 30 min; (c) application of the radioligand
30 min post-challenge; and (d) DAT imaging with small animal
SPECT 150 min post-challenge.

SPECT Camera
The small animal tomograph (‘‘TierSPECT’’) was described in
detail elsewhere (Schramm et al., 2000). For 123I, tomographic
resolution and sensitivity amount to 3.4 mm and 16 cps/MBq,
respectively. Data were acquired for 60 min in a step-and-
shoot mode over a circular orbit in angular steps of 6◦

(60 projections, 60 s/projection). Data were reconstructed with
an iterative ordered-subset-expectation-maximization algorithm
(3 iterations, 4 subsets/iteration). No post-filtering procedure
was applied. An attenuation correction of 0.11 cm−1 was
implemented assuming a uniformly attenuating medium.

DA Treatment
Each rat received treatment with IN-DA and its VEH in
randomized trials (IN-DA first in order, n = 5; VEH first in order,
n = 7, with at least 7 days between trials). DA hydrochloride
(Sigma-Aldrich, Taufkirchen, Germany) was applied in a dose
of 3 mg/kg. The crystalline DA was suspended in a volume of
10 µl of gel composed of a viscous castor oil mixture (M&P
Pharma, Emmetten, Switzerland) immediately before usage. It
was kept on ice throughout the experiment and protected from
light. Per nostril, 5 µl of either DA or VEH was applied with an
applicator pipette for viscous liquids (Microman, Gilson, Villiers
le Bel, France) and corresponding tips (CP10 Tips, Gilson,
Villiers le Bel, France). Drug administration was performed
in awake animals over 8 s per nostril with an application
depth of 2 mm.

Behavioral Studies
Immediately after the application of IN-DA or VEH, rats were
placed into the center of an apparatus (openfield dimensions:
45 × 45 × 56 cm3) with a topunit equipped with light-
emitting diodes and a charge-coupled device (CCD) camera
(Phenotyperr, Noldus Information Technology, Wageningen,
Netherlands) situated on the ceiling of the apparatus. Behaviors
were assessed with EthoVision XT 8 (Noldus Information
Technology, Wageningen, The Netherlands) in blocks of 10 min
for a total of 30 min. EthoVision XT 8 automatically determined
the distance in cm traveled by the rat and the velocity of
locomotion (cm/s) as measures of motor activity as well as the
time (s) spent in the center of the open field (a quadratic area
of 15 × 15 cm) and the frequency (n) of entries as measures
of anxiety. In addition, the durations (s) and frequencies
(n) of the following motor and exploratory behaviors were
extracted from video recordings by a blinded observer: sitting
(total: with or without head-shoulder motility); rearing (freely
standing or leaning against the wall) as measure of both motor
and exploratory activity; head-shoulder motility (movements of
head and shoulders while the animal is sitting) as measure of

exploratory activity not associated with locomotion; grooming
(licking of fur and paws and scratching). Sitting without any
motility was computed from the acquired data (defined as sitting
minus head-shoulder motility). The animals were not handled
prior to the behavioral studies to adhere to the procedure used
in a DAT binding study using L-DOPA (Nikolaus et al., 2013,
2014).

In Vivo Imaging of DAT Binding
Thirtymin after IN-DA or VEH application, the animals received
i.p. injections of pentobarbital (Narcoren, Merial GmbH,
Hallbergmoos, Germany; concentration: 0.5 ml in 1 ml Ringer’s
solution; dose: 2 ml/kg). Then 27 ± 4 MBq [123I]-FP-CIT
(DATSCAN, GE Healthcare, München, Germany; concentration
range, 0.07–0.13 µg/ml, specific activity range, 2.5–4.5 × 1014

Bq/mmol at reference [REF] time) were administered into the
lateral tail vein with a winged infusion needle set (Venofix,
B. Braun, Melsungen, Germany and Vacutainer, Beckton,
Dickinson & Co, Plymouth, UK). The tube was rinsed with 1 ml
0.9% saline. The total injection volume amounted to 1.3 ml.

Since the equilibrium of [123I]FP-CIT binding is reached at
2 h post-injection with the ratio of specific to non-specific striatal
uptake remaining stable over the following 2 h (Booij et al.,
1997), SPECT measurements were started 2 h after radioligand
application. Since SPECT measurements were conducted over
1 h, animals were kept under anesthesia for a total of 3 h.

Evaluation of DAT Imaging Studies
Imaging data were evaluated using the Multi-Purpose-Imaging-
Tool (MPI-Tool V3.29, Advanced Tomo Vision GmbH, Kerpen,
Germany) as previously described (e.g., Nikolaus et al., 2013,
2014). Briefly, maximum striatal count rates (counts/pixel)
were determined on coronal slices by defining a circular
region covering an area of 1.5 mm2 (Figure 1A). Cerebellar
REF count rates (counts/pixel) were obtained by defining
an elliptic region (area, 7 mm2 comprising 53 pixels) on
coronal slices approximately 15 mm posterior to the frontal
cortex corresponding anatomically to the rat cerebellum
(Figure 1A). Left and right striatal counts rates were averaged.
Striatocerebellar ratios were computed as estimates for the
binding potential (Laruelle et al., 1994).

Statistical Analysis
DAT Binding
Neostriatal DAT binding as well as motor/exploratory behaviors
(traveled distance [cm], velocity [cm/s], duration [s], mean
duration [s], and frequency [n] of entries into the center of the
open field, sitting with head-shoulder motility, sitting without
motility, rearing, head-shoulder motility while sitting, and
grooming) were compared between IN-DA and VEH conditions
for all animals (n = 12) as well as for the animals treated with
IN-DA first in order (n = 5) and for the animals treated with
IN-DA second in order (n = 7).

Firstly, DAT binding after IN-DA was compared to DAT
binding after VEH (n = 12, t test for paired samples, two-tailed,
α = 0.05).
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FIGURE 1 | (A) ROI definition on coronal slices. (B) Coronal [123 I]FP-CIT images of a rat head after challenge with intranasal dopamine (IN-DA; left) and vehicle
(VEH; right). The reduction in striatal dopamine transporter (DAT) binding after IN-DA is clearly visible.

In order to assess the interaction effect of treatment (VEH
vs. IN-DA) and order (VEH applied before or after IN-DA) on
striatocerebellar DAT binding, two further pairwise comparisons
(t tests for independent samples, two-tailed, α = 0.05) were
performed: (1) DAT binding scores after IN-DA of the animals
treated with IN-DA first (n = 5) were compared to the DAT
binding scores after IN-DA of the animals treated with VEH first
(n = 7); (2) the DAT binding scores after VEH of the animals
treated with VEH first (n = 7) were compared to the DAT
binding scores after VEH of the animals treated with IN-DA first
(n = 5).

In order to minimize between-subject variance for each
comparison (Loftus and Masson, 1994), DAT binding scores
in each sample (n = 12, n = 5, n = 7) were adjusted in
the following manner: (1) DAT binding scores after IN-DA
and VEH were averaged for each sample (n = 12, n = 5,
n = 7); (2) DAT binding scores after IN-DA and VEH
were averaged for each rat; (3) the mean DAT binding score
obtained for each rat was subtracted from the mean DAT
binding score obtained for each sample (n = 12, n = 5, and
n = 7), thus producing an adjustment factor (i.e., individual
deviation from the general level of the dependant variable
over both treatments); (4) finally, the adjustment factor was
added to each individual DAT binding score in the samples
(n = 12, n = 5, n = 7), yielding adjusted samples with equally
distributed between-subject differences. From the resulting
six samples of adjusted scores (DAT binding scores after
IN-DA for n = 12, n = 5, and n = 7; DAT binding scores
after VEH for n = 12, n = 5, and n = 7), means and
adjusted 95% confidence intervals were computed. The means
and adjusted 95% confidence intervals were plotted using
SigmaPlot 12.0 (Systat Software GmbH, Erkrath, Germany).
The error bars illustrate the pattern of difference between
treatment conditions across the samples (n = 12, n = 5,
n = 7).

Behavior in the Open Field
The interaction effect of treatment and order on behaviors
observed in the open field was explored using multivariate
simple effects analysis within the framework of the general linear
model (3 × 2 within-subject design; within-subject factors: time
[0–10 min, 11–20 min, 21–30 min] and treatment [IN-DA vs.
VEH]). The behavioral measures included traveled distance,
velocity, duration, mean duration and frequency of entries into
the center of the open field, as well as duration, mean duration
and frequency of the following behaviors: grooming, rearing,
head-shoulder motility, sitting with and without head-shoulder
motility. The calculations were performed separately for the
whole sample (n = 12), for the animals treated with IN-DA before
VEH (n = 5), and for the animals treated with VEH before IN-DA
(n = 7). The within-subject effect of treatment (IN-DA vs. VEH)
and the corresponding F statistic were computed separately for
each time bin (0–10 min, 11–20 min, 21–30 min).

Apart from the simple effects analysis, in order to minimize
between-subject variance in the error term, an adjustment
procedure analog to the one performed on DAT binding scores
was executed: (1) for each time bin, behavioral scores after
IN-DA and VEH were averaged for each sample (n = 12, n = 5,
n = 7); (2) for each time bin, behavioral scores after IN-DA
and VEH were averaged for each rat; (3) the mean behavioral
score obtained for each rat in each time bin was subtracted from
themean obtained for each sample (n = 12, n = 5, and n = 7) in the
respective time bin thus yielding an adjustment factor (one value
per subject per time-bin); (4) the adjustment factor was added to
each individual score (for each time-bin separately). Finally, for
each adjusted sample (per treatment per time-bin: n = 12, n = 5,
and n = 7), means and adjusted 95% confidence intervals were
computed.

In order to illustrate the pattern of within-subject differences
between treatments (IN-DA vs. VEH) as a function of order of
application (across the samples: n = 12, n = 5, and n = 7), the
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means and adjusted 95% confidence intervals were plotted using
SigmaPlot 12.0.

Correlation Between Neostriatal DAT Binding and
Behavior
In order to explore the relationship between the level of
DAT binding and the behaviors observed in the open field,
we computed two-tailed Spearman’s correlation coefficients
(α = 0.05) between the striatocerebellar ratio and the behaviors
exhibited by the animals in each treatment condition (VEH
or IN-DA). Bias corrected and accelerated bootstrap 95%
confidence intervals for the correlation coefficients are also
reported.

All calculations were performed using IBM SPSS Statistics 22
(IBM Corporation, Armonk, USA).

RESULTS

DAT Binding
Figure 1B shows characteristic images of [123I]FP-CIT
accumulations after treatment with IN-DA and VEH in the
same rat. Striatal [123I]FP-CIT accumulations were markedly
reduced following challenge with IN-DA.

REF Count Rates
After IN-DA and VEH, cerebellar radioactivity concentrations
(data not shown) amounted to 744 ± 182 counts/pixel (mean
± SD) and 628 ± 217 counts/pixel. No significant differences
between conditions were obtained.

All Rats Irrespective of Treatment Order (n = 12)
After application of IN-DA, maximum striatocerebellar ratios
were reduced relative to VEH (paired t test: p = 0.008).

Comparison Between Order of Treatment
Striatocerebellar ratios after IN-DA in animals treated with
IN-DA first in order were not significantly different from
striatocerebellar ratios after IN-DA in animals treated with VEH
first in order.

Striatocerebellar ratios after VEH in animals treated with
IN-DA first in order, were lower relative to striatocerebellar
ratios after VEH in animals treated with VEH first in order
(independent t test: p = 0.039).

After adjustment of the DAT binding scores in order to reduce
between-subject variance within each sample, the resulting
means and adjusted 95% confidence intervals amounted to the
following values: (1) for all animals (n = 12): MVEH = 2.44 [95%
CI: 2.29, 2.58], MIN−DA = 2.01 [95% CI: 1.86, 2.15]; (2) for
animals treated with IN-DA first (n = 5): MVEH = 2.11 [95% CI:
1.95, 2.27], MIN−DA = 1.84 [95% CI: 1.68, 2.00]; (3) for animals
treated with VEH first (n = 7):MVEH = 2.67 [95% CI: 2.42, 2.93],
MIN−DA = 2.13 [95% CI: 1.87, 2.38]. The data are depicted in
Figure 2.

Differences Between Means
The pattern of within-subject differences in the present study is
represented by the distance between the points on the Y-axis.

FIGURE 2 | Striatocerebellar ratios after IN-DA and VEH in all animals
(n = 12), in animals treated with IN-DA first (n = 5) and in animals
treated with VEH first (n = 7). Means, adjusted 95% CI of means.

The distance in question, representing the effect of the treatment
on DAT binding, visibly differs as a function of order: a small
difference was obtained from the five animals treated with
IN-DA before VEH, while a larger one resulted from the seven
animals treated with VEH before IN-DA. When the treatments
were compared for all subjects independently of treatment order
(n = 12), the difference was still present, albeit reduced in relation
to n = 7 (VEH before IN-DA).

Differences Between Adjusted Error Bars
Possible effect of the treatment in future replications of the
experiment can be inferred from the error bars. The trend of
higher DAT binding after VEH is present independently of
the order of treatment. However, the differences between the
conditions were smaller in animals treated with IN-DA before
VEH. The overlapping error bars for n = 5 suggest that it is
unlikely to find a significant difference between DAT binding
scores when IN-DA treatment precedes VEH. As to the animals
treated with VEH first, their difference scores (VEH minus
IN-DA) were larger, hence the larger difference between means.
However, the trend among them was also more variable, as the
larger (less precise) confidence intervals suggest.

Behavior
All Rats Irrespective of Treatment Order (n = 12)
The simple effects analysis showed no significant effect of
treatment on either behavioral parameter.

Rats Treated with IN-DA Before VEH (n = 5)
The simple effects analysis revealed no effect of treatment on
behavior.

Rats Treated with VEH Before IN-DA (n = 7)
The IN-DA application significantly decreased the following
behaviors compared to VEH:
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- Traveled distance [cm] (F(1,6) = 24.4, p = 0.003,MVEH = 1424.4
[95% CI: 1335.1, 1513.8], MIN−DA = 1063.8 [95% CI: 974.5,
1153.1]) and velocity [cm/s] F(1,6) = 26.9, p = 0.002,MVEH = 2.4
[95% CI: 2.3, 2.6] in time bin 11–20 min.

- Frequency of entries into the center of the open field [n]
(F(1,6) = 34, p = 0.001, MVEH = 6.9 [95% CI: 5.9, 7.9],
MIN−DA = 2.1 [95% CI: 1.2, 3.1]) in time bin 0–10 min.

- Duration of rearing [s] (F(1,6) = 6.2, p = 0.047, MVEH = 95.7
[95%CI: 80.2, 111.3],MIN−DA = 64 [95%CI: 48.5,79.6]) in time
bin 0–10 min.

- Frequency of rearing [n] in time bins 0–10 min (F(1,6) = 14.1,
p = 0.01, MVEH = 44, [95% CI: 38.9,49.1], MIN−DA = 28.3;
[95% CI: 23.2, 33.4]) and 11–20 min (F(1,6) = 6.2, p = 0.047,
MVEH = 20.9 [95% CI: 15.5,26.2], MIN−DA = 10 [95% CI:
4.7, 15.3]). The effect was less pronounced on the duration
of rearing (0–10 min) and frequency of rearing (11–20 min).
Means and adjusted 95% confidence intervals are depicted
in Figures 3A–E (traveled distance: Figure 3A, velocity:
Figure 3B, frequency of entries into center: Figure 3C,
duration of rearing: Figure 3D, frequency of rearing:
Figure 3E).

IN-DA application significantly increased the following
behaviors in comparison to VEH: duration of head-shoulder
motility [s] (F(1,6) = 6.3, p = 0.046, MVEH = 35.9 [95% CI:
14, 57.9], MIN−DA = 80.8 [95% CI: 58.9, 102.8]), duration
(F(1,6) = 6.7, p = 0.042, MVEH = 113.5 [95% CI: 61.2, 165.7],
MIN−DA = 223.8 [95% CI: 171.6, 276.1]) and mean duration
(F(1,6) = 7.6, p = 0.033, MVEH = 14.2 [95% CI: 6.3, 22],
MIN−DA = 31.9 [95% CI: 24.1, 39.8]) of sitting [total: with
or without head-shoulder motility, s] in time bin 0–10 min.
The effects (illustrated by the error bars) were relatively small.
Means and adjusted 95% confidence intervals are shown in
Figures 4A–C (duration of head-shoulder motility: Figure 4A,
duration of sitting: Figure 4B, mean duration of sitting:
Figure 4C).

The fact that IN-DA yielded significant results only when
IN-DA followed VEH, can be interpreted in terms of the
variability of difference scores, i.e., only when the VEH treatment
was not preceded by IN-DA, the trend of the difference was
clear enough to produce a significant result. The largest effects
were found in four behaviors, which were reduced after IN-DA
treatment: traveled distance in time bin 11–20 min (reduced by
25%, or 361 cm, relative toMVEH), velocity in time bin 11–20 min
(reduced by 25%, or 0.6 cm/s, relative to MVEH), frequency of
entries into the center zone in time bin 0–10 min (reduced by
69%, or 4.7 entries, relative to MVEH), and frequency of rearing
in time bin 0–10 min (reduced by 36%, or 15.7 rearing sequences,
relative toMVEH).

Correlations Between Neostriatal DAT
Binding and Behaviors
Correlations After IN-DA Treatment Independent of
Order of Treatment (n = 12)
There was a significant inverse relationship between the
striatocerebellar ratio and the duration of head-shoulder

motility, min 11–20, after IN-DA treatment: rs = −0.587, 95%
BCa CI [−0.913, −0.011], p = 0.045 (Figure 5). Apparently, a
higher release of DA (leading to a higher reduction of DAT
binding) after IN-DA, predicts a longer duration of head-
shoulder motility.

Correlations After VEH Treatment Independent of
Order of Treatment (n = 12)
After VEH treatment, the striatocerebellar ratio correlated
negatively with the mean duration of head-shoulder motility
from min 0–10 (rs =−0.72, BCa CI [−0.978,−0.208], p = 0.008)
and with the mean duration of rearing, min 0–10 (rs = −0.699,
BCa CI [−0.935,−0.213], p = 0.011). Thus, presumably, a higher
release of DA (leading to a higher reduction of DAT binding)
after VEH treatment predicts a longer duration of both head-
shoulder motility and rearing behavior.

DISCUSSION

The major results of this work are: (1) that intranasally
applied DA reduced DAT binding in the neostriatum, thus
demonstrating a central action and indicating enhanced DA
availability; and (2) DAT binding upon intranasal vehicle
application was higher when preceded by intranasal
DA treatment, suggestive of Pavlovian conditioning of the
DA response at the DA transporter.

Neostriatal DAT Binding
Challenge with 3 mg/kg IN-DA significantly reduced neostriatal
DAT binding relative to IN-VEH. Cerebellar radioactivity
concentrations did not differ between IN-DA and VEH,
indicating that no confounding effects were exerted on
radioligand accumulation, for instance, by affecting cerebral
perfusion.

Neostriatal DAT binding can be altered by treatment with
compounds that increase synaptic DA levels in healthy animals
as well as in Parkinsonian patients and in animal models of PD
with subtotal DAergic depletion (for reviews, see Winogrodzka
et al., 2005; Nikolaus et al., 2016). The present effects of
IN-DA are consistent with previous in vivo and ex vivo findings
obtained in rats after treatment with L-DOPA (Gnanalingham
and Robertson, 1994; Dresel et al., 1998; Sossi et al., 2010;
Nikolaus et al., 2013, 2014). L-DOPA is a DA precursor and
increases the efflux of DA (for review, see Misu et al., 1996);
therefore, the reduction of DAT binding can be interpreted
in terms of an increase in levels of DA in the synaptic cleft.
Application of DA into the nostrils of anesthetized rats has
previously been shown to increase neostriatal DA levels for at
least 2 h by as much as 250% (de Souza Silva et al., 2008). These
findings suggest that the striatal DA transporter is targeted by
either a direct local action of the intranasally applied DA in the
synaptic cleft, or by an indirect action involving the stimulation
of DA synthesis or release, or even by remote effects elsewhere.
The possibility of up-regulation of DAT binding sites at the
presynaptic terminals in response to an increase in DA release
is unlikely, since IN-DA decreased DAT binding. Moreover, DA
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FIGURE 3 | Behaviors in the open field reduced after IN-DA (vs. VEH as first treatment, n = 7). (A) Traveled distance [cm], 11–20 min. (B) Velocity [cm/s],
11–20 min. (C) Frequency of entries into center zone [n], 0–10 min. (D) Duration of rearing [s], 0–10 min. (E) Frequency of rearing [n], 0–10 and 11–20 min. Means,
adjusted 95% CI of means.

levels are likely to have exceeded the capacity of available binding
sites at the time [123I]FP-CIT was administered.

The Ki value of [123I]FP-CIT amounts to 3.5 nM under
competition with GBR12909 (Neumeyer et al., 1996). For

DA, Ki values between 0.59 nM and 19 nM were reported
using various WIN 35,065 analogs as competitors (Kotian
et al., 1996). However, also Ki values in the micromolar range
were obtained when unlabeled DA was used as a competitor
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FIGURE 4 | Behaviors in the open field enhanced after IN-DA (vs. VEH as first treatment, n = 7). (A) Duration of head-shoulder motility [s], 0–10 min.
(B) Duration of sitting [s], 0–10 min. (C) Mean duration of sitting [s], 0–10 min. Means, adjusted 95% CI of means.

(e.g., Lee et al., 1996). This allows for a tentative estimation of
binding relations at the presynaptic terminal. If the affinities of
exogenous and endogenous ligands lie within the same order of
magnitude, the observed 17% decrease of [123I]FP-CIT binding
should reflect a just as high increase of synaptic DA. Interestingly,
the in vivo microdialysis findings of de Souza Silva et al.
(2008) showed a 250% increase of endogenous DA at about
30 min after IN-DA administration. This result suggests that
the affinity of [123I]FP-CIT for the DAT is at least one order of
magnitude higher than the affinity of DA with a 17% decrease
of [123I]FP-CIT binding, reflecting an increase of synaptic DA by
about 10- to 15-fold.

The mechanisms by which intranasal DA is transported
to the brain from the nasal mucosa are barely understood.
Unilaterally applied intransal [3H]DA has been shown to be
carried to the ipsilateral olfactory bulb in rodents, likely via
the olfactory pathway (Dahlin et al., 2000, 2001). However,
various mechanisms of transport from the nose to the brain,

including the trigeminal nerves have been proposed (for review,
see Tayebati et al., 2013). IN-DA applied in the same dose as in
our present study was found to increase the release of DA in both,
the nucleus accumbens and striatum of rats, implying both, the
mesocorticolimbic and nigrostriatal DA systems (de Souza Silva
et al., 2008). The present finding of a decrease in DAT binding
in the dorsal striatum after IN-DA treatment significantly adds
to our understanding of the central effects of IN-DA, although
it has not been determined which DA receptors are responsible
for its behavioral actions in the brain, nor whether pre- and
postsynaptic receptors are directly or indirectly activated by the
nasally applied DA.

Pavlovian Conditioning of Neural DA
Response?
DAT binding in response to VEH administration differed
depending on whether VEH preceded followed the application
of IN-DA. Striatal DAT binding was significantly lower (and
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DA levels presumably higher) when IN-DA precede VEH, than
vice versa. This result can be interpreted in terms of Pavlovian
drug conditioning, whereby in the open field, the handling
and nasal injection procedure acquired conditioned stimulus
properties that led to enhanced release of DA subsequent to the
unconditioned DA action of IN-DA and the resulting decrease of
exogenous radioligand binding to the striatal DAT. Comparable
evidence for conditioned psychostimulant effects at the level
of the DAT has not been reported before. Although these
differential binding effects dependent on order of presentation
could potentially have other causes besides classical conditioning
of the drug effects (see below) and require confirmation with
adequate control experiments, the possibility of such an action
justifies our tentative interpretation.

It should be noted that IN-DA, like most psychostimulants,
is likely to have affective, i.e., rewarding properties, although
IN-DA has not yet been tested for its potentially rewarding
effects. It is well known that cues associated with rewards,
including drugs of abuse, such as cocaine, opioids and alcohol
can acquire motivational properties and serve as incentives
(Robinson et al., 2014). During Pavlovian conditioning of a
tone CS with food UCS, DA release in the ventral striatum
increased during acquisition of conditioning and decreased
during extinction (Sunsay and Rebec, 2014; Biesdorf et al.,
2015). Similarly, Ostlund et al. (2014) found increased DA
release in the nucleus accumbens triggered by the presentation
of a cue that had been paired with cocaine reward. In fact,
the mechanisms that underlie Pavlovian drug conditioning
in general are likely to involve dopaminergic mechanisms
(Sparks et al., 2014; Lopez et al., 2015), and the nucleus
accumbens and dorsal striatum is thought to play a focal
role in such conditioning (Darvas et al., 2014). Reward-
predictive cues were found to evoke responses of neurons
in the NAc (Ambroggi et al., 2011) and changes in striatal
DA are well known to reflect cue-associated expectations of
reward contingencies (prediction errors; Sutton and Barto, 1981;
Schultz, 2010). DA concentration within the NAc core and shell
were also found to increase during acquisition of a Pavlovian
cocaine-cue association (Aragona et al., 2009). Within the NAc
shell, cue-evoked DA release developed during conditioning
to morphine (Bassareo et al., 2007). Signaling by extracellular
signal-regulated kinase (ERK) has also been shown to play a
role in Pavlovian psychostimulant conditioning (Lu et al., 2006).
One-trial induced Pavlovian conditioned behavioral response
to cocaine has been shown to persist for at least 21 days in
rats (McDougall et al., 2014). Such results lend credence to
an interpretation of our results in terms of Pavlovian drug
conditioning to IN-DA.

Our results have obvious relevance to the understanding of
the well know placebo responses in Parkinsonian patients to
medication and deep-brain stimulation. Expectation of positive
outcome can enhance beneficial behavioral effects of subthalamic
nucleus (STN) stimulation (Keitel et al., 2013). Placebo treatment
was also found to decrease neuronal activity in the STN
of Parkinsonian patients (Benedetti et al., 2004, 2016). Most
relevant to our results are the findings of evidence of DA release
in the striatum of PD patients to placebo using competition

for [11C]raclopride binding measured by positron emission
tomography (de la Fuente-Fernández et al., 2001; Lidstone
et al., 2010). The decrease in striatal binding found after saline
injection (placebo) presumably reflects increased DA binding
to D2 receptors. Our results support these findings in the
rat and provide evidence for placebo action on the DAT.
It has been proposed that the release of DA may underlie
placebo effects in general (de la Fuente-Fernández and Stoessl,
2002).

Behavioral Effects
The behavioral findings below are consistent with the hypothesis
of a conditioned central increase in release of DA. IN-DA
treatment yielded significant differences in certain behaviors
in comparison with VEH treatment only when VEH preceded
IN-DA. The effects were particularly prominent in four behaviors
that were decreased by IN-DA treatment, namely traveled
distance, velocity, frequency of entries into the center zone and
frequency of rearing.

In the animals treated with IN-DA before VEH, these
behaviors did not decrease in comparison with VEH, suggesting
DA conditioned behavioral effects as a likely cause, i.e., the
normal behavioral response to VEH could have been masked
or modified as a result of Pavlovian conditioning of the
unconditioned response to the preceding IN-DA. Such an
interpretation is consistent with a large literature describing
Pavlovian conditioned behavioral responses and sensitization to
psychoactive drugs, such as cocaine and amphetamine (Carey
et al., 2014), and particularly with the results of McDougall
et al. (2014), who found one-trial induced cocaine conditioned
activity, which persisted for at least 21 days in rats. This
interpretation is also consistent with the evidence above for a
Pavlovian conditioned DA response to VEH when VEH was
preceded by IN-DA.

The reduction of motor and exploratory parameters after
IN-DA treatment is comparable with findings on rats obtained
after L-DOPA challenge (5 and 10 mg/kg i.p.) in the same
apparatus (Nikolaus et al., 2014). The findings are also consistent
with reports of reduced behavioral activity after administration
of this DA precursor in moderate doses (McDevitt and Setler,
1981). Our finding of reduced behavioral activity after IN-DA,
seems to contradict previous findings of increased locomotor
activity after the same IN-DA dose (de Souza Silva et al.,
2008). The discrepancy may be accounted for by differences in
procedure: in the latter study (de Souza Silva et al., 2008), rats
had been pre-exposed to the open field for 30 min prior to
the IN-DA or VEH trials, whereas in the present study animals
were not subjected to a habituation trial prior to intranasal
challenge. Accordingly, Buddenberg et al. (2008) found that IN-
DA stimulated locomotor activity in a familiar, but not novel,
open field. The administration of IN-DA during the prepuberal
period in endogenously hyperactive rats also led to reduced
motor activity in the adult (Ruocco et al., 2014).

Striatal DAT binding was significantly reduced after IN-DA
relative to the VEH condition, reflecting the expected elevation
of synaptic DA activity after its nasal application, as also
shown by in vivo microdialysis (de Souza Silva et al., 2008).
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FIGURE 5 | Correlations between striatocerebellar ratio and behaviors observed after IN-DA or VEH. Duration of head-shoulder motility [s], 11–20 min,
mean duration of head-shoulder motility [s], 0–10 min and mean duration of rearing [s], 0–10 min.

Attenuated behavioral response to repeated exposure to the same
environment can be a consequence of behavioral habituation.
Thus, the attenuated behaviors found when IN-DA followed
VEH, could also reflect habituation. Since such habituation
depends on a memory for an encountered environment, it is
possible that IN-DA facilitated recognition of the open field,
leading to enhanced habituation and attenuated behavioral
activation. A possible memory-enhancing effect of IN-DA is in
line with previous findings of facilitated object-place memory in
rats by IN-DA application (Trossbach et al., 2014). DA is well
known to play a major role in associative learning (for review, see
Beninger, 1983), and specifically in working memory in humans
(Luciana and Collins, 1997) and rats (Chao et al., 2013). Likely
rewarding properties of IN-DA could be related to its behavioral
action. Affective properties could also potentially interact with
aversive or other effects of any control procedures (the carrier,
handling, etc) and result in differences in behaviors observed
after IN-DA vs. VEH.

Also in animals treated with VEH before IN-DA, the IN-DA
treatment was followed by an increase in duration of sitting and
duration of head-shoulder motility as compared to the VEH
condition. These effects can be considered in relation to the
reduction in motor and exploratory behaviors described above.

A significant inverse relationship was found between the
neostriatal DAT binding and the duration of head-shoulder
motility after IN-DA treatment and duration of head-shoulder
motility and rearing after VEH treatment. For all three behaviors,
lower values of exogenous ligand binding to the DAT (higher
DA action) were associated with elevated expression of the
particular behavior. Presumably, more availability of DA (leading
to a higher reduction of DAT binding) after IN-DA, predicts a
longer duration of head-shoulder motility, whereas a higher level
of DA after VEH predicts a longer duration of head-shoulder
motility and rearing. Reduced horizontal activity along with an
increase in duration of rearing has been reported before Ruocco
et al. (2014). Rearing behavior is related to exploration, attention
to novelty and arousal level (Sadile, 1996). Rearing behavior

has been shown to correlate with amount of in vivo release of
DA (Biesdorf et al., 2015). Our results support such a role of
dopaminergic neurotransmission in the expression of rearing,
based on an inverse relationship between [123I] FP-CIT binding
and DA binding.

CONCLUSION

The results: (a) demonstrate a central action of IN-DA on
the DAT in the dorsal striatum and thereby extend our
understanding of the central mechanisms by which nasal
DA application can influence behavior. An action of IN-DA
on the availability of DA in the dorsal striatum is of high
importance in light of the potential application of IN-DA as an
antiparkinsonian agent (Pum et al., 2009). The action of IN-
DA on DAT binding in the dorsal striatum is congruent with
the IN-DA-induced DA release found previously in this site (de
Souza Silva et al., 2008); (b) The results also provide first evidence
of a Pavlovian conditioned DA response at the level of the DAT.
Given that Pavlovian incentive conditioning is considered to be
a mechanism responsible for the development and maintenance
of addictive behaviors (Bassareo et al., 2007; Carey et al., 2014;
Everitt, 2014), the evidence that such conditioning influences
DAT binding suggests the DAT as a potential pharmacological
target to influence this process. Our result also supports findings
of Pavlovian conditioned DA release to placebo treatment in
Parkinsonian patients and provide an animal model for further
mechanistic study of such processes.

AUTHOR CONTRIBUTIONS

Experimental design: SN, JPH, MAdSS and HWM. Performance
of imaging and behavioral studies: SN, CD. Evaluation and
statistical analysis of imaging and behavioral studies: SN, CD
andMB. Interpretation of findings: SN, JPH, MAdSS and HWM.
Writing and editing of the manuscript: SN, JPH, MAdSS, HWM,
AGS, and CM.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 10 April 2016 | Volume 10 | Article 80

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


de Souza Silva et al. Intranasal Dopamine

ACKNOWLEDGMENTS

MAdSS was supported by a Heisenberg Fellowship SO 1032/5-1
and EU-FP7 (MC-ITN-‘‘In-SENS’’-ESR7 607616). JPH received

support from the ‘‘Deutsche Forschungsgemeinschaft’’ (DFG;
HU 306/27-3). We gratefully acknowledge the technical support
from R. Engels from the Central Laboratory of Electronics
(Research Center Jülich, Jülich, Germany).

REFERENCES

Ambroggi, F., Ghazizadeh, A., Nicola, S. M., and Fields, H. L. (2011). Roles of
nucleus accumbens core and shell in incentive-cue responding and behavioral
inhibition. J. Neurosci. 31, 6820–6830. doi: 10.1523/JNEUROSCI.6491-
10.2011

Aragona, B. J., Day, J. J., Roitman, M. F., Cleaveland, N. A., Wightman, R. M.,
and Carelli, R. M. (2009). Regional specificity in the real-time development
of phasic dopamine transmission patterns during acquisition of a cue-cocaine
association in rats. Eur. J. Neurosci. 30, 1889–1899. doi: 10.1111/j.1460-9568.
2009.07027.x

Bassareo, V., De Luca, M. A., and Di Chiara, G. (2007). Differential impact of
pavlovian drug conditioned stimuli on in vivo dopamine transmission in the
rat accumbens shell and core and in the prefrontal cortex. Psychopharmacology
(Berl) 191, 689–703. doi: 10.1007/s00213-006-0560-7

Benedetti, F., Colloca, L., Torre, E., Lanotte, M., Melcarne, A., Pesare, M.,
et al. (2004). Placebo-responsive Parkinson patients show decreased activity
in single neurons of subthalamic nucleus. Nat. Neurosci. 7, 587–588. doi: 10.
1038/nn1250

Benedetti, F., Frisaldi, E., Carlino, E., Giudetti, L., Pampallona, A., Zibetti, M.,
et al. (2016). Teaching neurons to respond to placebos. J. Physiol. doi: 10.
1113/jp271322 [Epub ahead of print].

Beninger, R. J. (1983). The role of dopamine in locomotor activity
and learning. Brain Res. 287, 173–196. doi: 10.1016/0165-0173(83)
90038-3

Biesdorf, C., Wang, A. L., Topic, B., Petri, D., Milani, H., Huston, J. P.,
et al. (2015). Dopamine in the nucleus accumbens core, but not shell,
increases during signaled food reward and decreases during delayed
extinction. Neurobiol. Learn. Mem. 123, 125–139. doi: 10.1016/j.nlm.2015.
06.002

Booij, J., Andringa, G., Rijks, L. J., Vermeulen, R. J., De, B. K., Boer, G. J.,
et al. (1997). [123I]FP-CIT binds to the dopamine transporter as assessed by
biodistribution studies in rats and SPECT studies in MPTP-lesioned monkeys.
Synapse 27, 183–190. doi: 10.1002/(sici)1098-2396(199711)27:3<183::aid-
syn4>3.0.co;2-9

Buddenberg, T. E., Topic, B., Mahlberg, E. D., de Souza Silva, M. A., Huston, J. P.,
and Mattern, C. (2008). Behavioral actions of intranasal application of
dopamine: effects on forced swimming, elevated plus-maze and open field
parameters. Neuropsychobiology 57, 70–79. doi: 10.1159/000135640

Carey, R. J., Carrera, M. P., and Damianopoulos, E. N. (2014). A new proposal
for drug conditioning with implications for drug addiction: the Pavlovian two-
step from delay to trace conditioning. Behav. Brain Res. 275, 150–156. doi: 10.
1016/j.bbr.2014.08.053

Carey, R. J., and Damianopoulos, E. N. (1992). Opponent-process theory
and drug conditioning: an assessment for conditioned stimulant-induced
movement. Behav. Brain Res. 51, 139–147. doi: 10.1016/s0166-4328(05)
80207-4

Carey, R. J., DePalma, G., and Damianopoulos, E. (2005). Evidence for Pavlovian
conditioning of cocaine-induced responses linked to emotional behavioral
effects. Pharmacol. Biochem. Behav. 80, 123–134. doi: 10.1016/j.pbb.2004.10.
012

Carey, R. J., and Gui, J. (1998). Cocaine conditioning and cocaine sensitization:
what is the relationship? Behav. Brain Res. 92, 67–76. doi: 10.1016/s0166-
4328(97)00126-5

Chao, O. Y., Pum, M. E., and Huston, J. P. (2013). The interaction between the
dopaminergic forebrain projections and the medial prefrontal cortex is critical
for memory of objects: implications for Parkinson’s disease. Exp. Neurol. 247,
373–382. doi: 10.1016/j.expneurol.2013.01.003

Dahlin, M., Bergman, U., Jansson, B., Bjork, E., and Brittebo, E. (2000). Transfer
of dopamine in the olfactory pathway following nasal administration in mice.
Pharm. Res. 17, 737–742. doi: 10.1023/A:1007542618378

Dahlin, M., Jansson, B., and Bjork, E. (2001). Levels of dopamine in blood and
brain following nasal administration to rats. Eur. J. Pharm. Sci. 14, 75–80.
doi: 10.1016/s0928-0987(01)00151-8

Darvas, M., Wunsch, A. M., Gibbs, J. T., and Palmiter, R. D. (2014). Dopamine
dependency for acquisition and performance of Pavlovian conditioned
response. Proc. Natl. Acad. Sci. U S A 111, 2764–2769. doi: 10.1073/pnas.
1400332111

de la Fuente-Fernández, R., Ruth, T. J., Sossi, V., Schulzer, M., Calne, D. B.,
and Stoessl, A. J. (2001). Expectation and dopamine release: mechanism of
the placebo effect in Parkinson’s disease. Science 293, 1164–1166. doi: 10.
1126/science.1060937

de la Fuente-Fernández, R., and Stoessl, A. J. (2002). The placebo effect
in Parkinson’s disease. Trends Neurosci. 25, 302–306. doi: 10.1016/s0166-
2236(02)02181-1

de Souza Silva, M. A., Topic, B., Huston, J. P., and Mattern, C. (2008). Intranasal
dopamine application increases dopaminergic activity in the neostriatum and
nucleus accumbens and enhances motor activity in the open field. Synapse 62,
176–184. doi: 10.1002/syn.20484

Dresel, S. H., Kung, M. P., Plossl, K., Meegalla, S. K., and Kung, H. F.
(1998). Pharmacological effects of dopaminergic drugs on in vivo binding of
[99mTc]TRODAT-1 to the central dopamine transporters in rats. Eur. J. Nucl.
Med. 25, 31–39. doi: 10.1007/s002590050191

Everitt, B. J. (2014). Neural and psychological mechanisms underlying
compulsive drug seeking habits and drug memories–indications for novel
treatments of addiction. Eur. J. Neurosci. 40, 2163–2182. doi: 10.1111/ejn.
12644

Gnanalingham, K. K., and Robertson, R. G. (1994). The effects of chronic
continuous versus intermittent levodopa treatments on striatal and extrastriatal
D1 and D2 dopamine receptors and dopamine uptake sites in the
6-hydroxydopamine lesioned rat–an autoradiographic study. Brain Res. 640,
185–194. doi: 10.1016/0006-8993(94)91872-4

Keitel, A., Wojtecki, L., Hirschmann, J., Hartmann, C. J., Ferrea, S., Sudmeyer, M.,
et al. (2013). Motor and cognitive placebo-/nocebo-responses in Parkinson’s
disease patients with deep brain stimulation. Behav. Brain Res. 250, 199–205.
doi: 10.1016/j.bbr.2013.04.051

Kotian, P., Mascarella, S. W., Abraham, P., Lewin, A. H., Boja, J. W., Kuhar, M. J.,
et al. (1996). Synthesis, ligand binding and quantitative structure-activity
relationship study of 3β-(4′-substituted phenyl)-2β-heterocyclic tropanes:
evidence for an electrostatic interaction at the 2 beta-position. J. Med. Chem.
39, 2753–2763. doi: 10.1021/jm960160e

Kumar, T. C. A., David, G. F. X., Kumar, K., Umberkoman, B., and
Krishnamoorthy, M. S. (1976). ‘‘A new approach to fertility regulation by
interfering with neuroendocrine pathways, in neuroendocrine regulation of
fertility,’’ in International Symposium, ed. T. C. A. Kumar (Simla: Karger,
Basel), 314–322.

Laruelle, M., van Dyck, C., Abi-Dargham, A., Zea-Ponce, Y., Zoghbi, S. S.,
Charney, D. S., et al. (1994). Compartmental modeling of iodine-123-
iodobenzofuran binding to dopamine D2 receptors in healthy subjects. J. Nucl.
Med. 35, 743–754.

Lee, F. J., Pristupa, Z. B., Ciliax, B. J., Levey, A. I., and Niznik, H. B. (1996). The
dopamine transporter carboxyl-terminal tail. Truncation/substitution mutants
selectively confer high affinity dopamine uptake while attenuating recognition
of the ligand binding domain. J. Biol. Chem. 271, 20885–20894. doi: 10.
1074/jbc.271.34.20885

Li, S. C., and Rieckmann, A. (2014). Neuromodulation and aging: implications of
aging neuronal gain control on cognition. Curr. Opin. Neurobiol. 29, 148–158.
doi: 10.1016/j.conb.2014.07.009

Lidstone, S. C., Schulzer, M., Dinelle, K., Mak, E., Sossi, V., Ruth, T. J., et al. (2010).
Effects of expectation on placebo-induced dopamine release in Parkinson
disease. Arch. Gen. Psychiatry 67, 857–865. doi: 10.1001/archgenpsychiatry.
2010.88

Frontiers in Behavioral Neuroscience | www.frontiersin.org 11 April 2016 | Volume 10 | Article 80

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


de Souza Silva et al. Intranasal Dopamine

Loftus, G. R., and Masson, M. E. (1994). Using confidence intervals in
within-subject designs. Psychon. Bull. Rev. 1, 476–490. doi: 10.3758/BF032
10951

Lopez, J. C., Karlsson, R. M., and O’Donnell, P. (2015). Dopamine D2 modulation
of sign and goal tracking in rats. Neuropsychopharmacology 40, 2096–2102.
doi: 10.1038/npp.2015.68

Lu, L., Koya, E., Zhai, H., Hope, B. T., and Shaham, Y. (2006). Role of ERK
in cocaine addiction. Trends Neurosci. 29, 695–703. doi: 10.1016/j.tins.2006.
10.005

Luciana, M., and Collins, P. F. (1997). Dopaminergic modulation of working
memory for spatial but not object cues in normal humans. J. Cogn Neurosci.
9, 330–347. doi: 10.1162/jocn.1997.9.3.330

McDevitt, J. T., and Setler, P. E. (1981). Differential effects of dopamine agonists
in mature and immature rats. Eur. J. Pharmacol. 72, 69–75. doi: 10.1016/0014-
2999(81)90298-3

McDougall, S. A., Pipkin, J. A., Der-Ghazarian, T., Cortez, A. M., Gutierrez, A.,
Lee, R. J., et al. (2014). Age-dependent differences in the strength and
persistence of psychostimulant-induced conditioned activity in rats: effects of
a single environment-cocaine pairing. Behav. Pharmacol. 25, 695–704. doi: 10.
1097/FBP.0000000000000085

Misu, Y., Goshima, Y., Ueda, H., and Okamura, H. (1996). Neurobiology
of L-DOPAergic systems. Prog. Neurobiol. 49, 415–454. doi: 10.1016/0301-
0082(96)00025-1

Muzzio, I. A., Kentros, C., and Kandel, E. (2009). What is remembered? Role
of attention on the encoding and retrieval of hippocampal representations.
J. Physiol. 587, 2837–2854. doi: 10.1113/jphysiol.2009.172445

Myhrer, T. (2003). Neurotransmitter systems involved in learning and memory
in the rat: a meta-analysis based on studies of four behavioral tasks. Brain Res.
Brain Res. Rev. 41, 268–287. doi: 10.1016/s0165-0173(02)00268-0

Neumeyer, J. L., Tamagnan, G., Wang, S., Gao, Y., Milius, R. A., Kula, N. S., et al.
(1996). N-substituted analogs of 2β-carbomethoxy-3β- (4′-iodophenyl)tropane
(β-CIT) with selective affinity to dopamine or serotonin transporters in
rat forebrain. J. Pharmacol. Exp. Ther. 39, 543–548. doi: 10.1021/jm95
05324

Nikolaus, S., Antke, C., Hautzel, H., and Mueller, H. W. (2016). Pharmacological
treatment with L-DOPA may reduce striatal dopamine transporter binding in
in vivo imaging studies.Nuklearmedizin 55, 21–28. doi: 10.3413/nukmed-0764-
15-08

Nikolaus, S., Antke, C., Kley, K., Poeppel, T. D., Hautzel, H., Schmidt, D., et al.
(2007). Investigating the dopaminergic synapse in vivo. Rev. Neurosci. 18,
439–472. doi: 10.1515/revneuro.2007.18.6.439

Nikolaus, S., Beu, M., De Souza Silva, A. M., Huston, J. P., Hautzel, H., Chao, O. Y.,
et al. (2014). Relationship between L-DOPA-induced reduction in motor and
exploratory activity and degree of DAT binding in the rat. Front. Behav.
Neurosci. 8:431. doi: 10.3389/fnbeh.2014.00431

Nikolaus, S., Beu,M., Hautzel, H., Silva, A.M., Antke, C.,Wirrwar, A., et al. (2013).
Effects of L-DOPA on striatal iodine-123-FP-CIT binding and behavioral
parameters in the rat.Nucl. Med. Commun. 34, 1223–1232. doi: 10.1097/MNM.
0b013e3283657404

Ostlund, S. B., LeBlanc, K. H., Kosheleff, A. R., Wassum, K. M., and
Maidment, N. T. (2014). Phasic mesolimbic dopamine signaling encodes the
facilitation of incentive motivation produced by repeated cocaine exposure.
Neuropsychopharmacology 39, 2441–2449. doi: 10.1038/npp.2014.96

Pum, M. E., Schable, S., Harooni, H. E., Topic, B., de Souza Silva, M. A.,
Li, J. S., et al. (2009). Effects of intranasally applied dopamine on behavioral
asymmetries in rats with unilateral 6-hydroxydopamine lesions of the nigro-
striatal tract. Neuroscience 162, 174–183. doi: 10.1016/j.neuroscience.2009.
04.051

Robinson, T. E., Yager, L. M., Cogan, E. S., and Saunders, B. T. (2014).
On the motivational properties of reward cues: individual differences.

Neuropharmacology 76, 450–459. doi: 10.1016/j.neuropharm.2013.
05.040

Ruocco, L. A., de Souza Silva, M. A., Topic, B., Mattern, C., Huston, J. P., and
Sadile, A. G. (2009). Intranasal application of dopamine reduces activity and
improves attention in naples high excitability rats that feature the mesocortical
variant of ADHD. Eur. Neuropsychopharmacol. 19, 693–701. doi: 10.1016/j.
euroneuro.2009.02.005

Ruocco, L. A., Treno, C., Gironi Carnevale, U. A., Arra, C., Mattern, C.,
Huston, J. P., et al. (2014). Prepuberal intranasal dopamine treatment in
an animal model of ADHD ameliorates deficient spatial attention, working
memory, amino acid transmitters and synaptic markers in prefrontal cortex,
ventral and dorsal striatum. Amino Acids 46, 2105–2122. doi: 10.1007/s00726-
014-1753-8

Sadile, A. G. (1996). ‘‘Long-term habituation of q-related activity components
of albino rats in the Làt maze,’’ in Motor Activity and Movement Disorders:
Research Issues and Applications, eds P. Sanberg, K.-P. Ossenkopp and M.
Kavaliers (New York: Humana Press), 1–54.

Schramm, N., Wirrwar, A., Sonnenberg, F., and Halling, H. (2000). Compact
high resolution detector for small animal SPECT. IEEE Trans. Nucl. Sci. 47,
1163–1167. doi: 10.1109/23.856564

Schultz, W. (2010). Dopamine signals for reward value and risk: basic and recent
data. Behav. Brain Funct. 6:24. doi: 10.1186/1744-9081-6-24

Sossi, V., Dinelle, K., Schulzer, M., Mak, E., Doudet, D. J., and de la Fuente-
Fernández, R. (2010). Levodopa and pramipexole effects on presynaptic
dopamine PET markers and estimated dopamine release. Eur. J. Nucl. Med.
Mol. Imaging 37, 2364–2370. doi: 10.1007/s00259-010-1581-3

Sparks, L. M., Sciascia, J. M., Ayorech, Z., and Chaudhri, N. (2014).
Vendor differences in alcohol consumption and the contribution of
dopamine receptors to Pavlovian-conditioned alcohol-seeking in long-evans
rats. Psychopharmacology (Berl) 231, 753–764. doi: 10.1007/s00213-013-
3292-5

Sunsay, C., and Rebec, G. V. (2014). Extinction and reinstatement
of phasic dopamine signals in the nucleus accumbens core during
Pavlovian conditioning. Behav. Neurosci. 128, 579–587. doi: 10.1037/bne0
000012

Sutton, R. S., and Barto, A. G. (1981). Toward a modern theory of adaptive
networks: expectation and prediction. Psychol. Rev. 88, 135–170. doi: 10.
1037/0033-295x.88.2.135

Tayebati, S. K., Nwankwo, I. E., and Amenta, F. (2013). Intranasal drug delivery
to the central nervous system: present status and future outlook. Curr. Pharm.
Des 19, 510–526. doi: 10.2174/1381612811306030510

Trossbach, S. V., de Souza Silva, M. A., Huston, J. P., Korth, C., and Mattern, C.
(2014). Intranasal dopamine treatment reinstates object-place memory in
aged rats. Neurobiol. Learn. Mem. 114, 231–235. doi: 10.1016/j.nlm.2014.
07.006

Winogrodzka, A., Booij, J., and Wolters, E. C. (2005). Disease-related and drug-
induced changes in dopamine transporter expression might undermine the
reliability of imaging studies of disease progression in Parkinson’s disease.
Parkinsonism Relat. Disord. 11, 475–484. doi: 10.1016/j.parkreldis.2005.08.001

Conflict of Interest Statement: None of the authors declare a conflict of interest,
except for CM, who is employed by M et P Pharma AG, Emmetten, Switzerland.

Copyright © 2016 de Souza Silva, Mattern, Decheva, Huston, Sadile, Beu, Müller
and Nikolaus. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution and
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 12 April 2016 | Volume 10 | Article 80

http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Intranasal Dopamine Reduces In Vivo [123I]FP-CIT Binding to Striatal Dopamine Transporter: Correlation with Behavioral Changes and Evidence for Pavlovian Conditioned Dopamine Response
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	SPECT Camera
	DA Treatment
	Behavioral Studies
	In Vivo Imaging of DAT Binding
	Evaluation of DAT Imaging Studies
	Statistical Analysis
	DAT Binding
	Behavior in the Open Field
	Correlation Between Neostriatal DAT Binding and Behavior


	RESULTS
	DAT Binding
	REF Count Rates
	All Rats Irrespective of Treatment Order (n = 12)
	Comparison Between Order of Treatment
	Differences Between Means
	Differences Between Adjusted Error Bars

	Behavior
	All Rats Irrespective of Treatment Order (n = 12)
	Rats Treated with IN-DA Before VEH (n = 5)
	Rats Treated with VEH Before IN-DA (n = 7)

	Correlations Between Neostriatal DAT Binding and Behaviors
	Correlations After IN-DA Treatment Independent of Order of Treatment (n = 12)
	Correlations After VEH Treatment Independent of Order of Treatment (n = 12)


	DISCUSSION
	Neostriatal DAT Binding
	Pavlovian Conditioning of Neural DA Response?
	Behavioral Effects

	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


