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A B S T R A C T

Purpose: The present study assessed the influence of the NMDA receptor (R) antagonist amantadine (AMA) on
cerebral dopamine D2/3R binding in relation to motor and exploratory activity in the rat.
Methods: D2/3R binding was determined in anaesthetized animals with small animal SPECT in baseline and after
challenge with AMA (10 or 40mg/kg) using [123I]IBZM as radioligand. Immediately post-challenge and prior to
radioligand administration, motor/exploratory behaviors were assessed for 30min in an open field. Each rat
underwent measurements with a dedicated small animal MRI in order to gain anatomical information. Regions
of interest were defined on SPECT-MRI overlays. The regional binding potentials in baseline and post-challenge
were estimated by computing ratios of the specifically bound compartments to the cerebellar reference region.
Results: 40mg/kg AMA reduced D2/3R binding in nucleus accumbens, caudateputamen and thalamus, while
10mg/kg decreased D2/3R binding in the anterodorsal hippocampus. The higher dose decreased ambulatory
activity, rearing and grooming, but elevated sitting and head-shoulder motility relative to both vehicle and the
lower dose in the first 15min post-challenge.
Conclusions: Results showed reductions of D2/3R binding in regions of the nigrostriatal and mesolimbic system
after challenge with AMA, which reflect an increased availability of dopamine. Thereby, an inverse relationship
between nigrostriatal and mesolimbic dopamine and motor/exploratory activity can be inferred. Findings may
be relevant for the treatment of neurological and psychiatric conditions such as Parkinson's disease, Huntington's
disease or schizophrenia, which are characterized by both dopaminergic and glutamatergic dysfunction.

1. Introduction

Alterations of glutamate (GLU) function have been linked to nu-
merous neurological and psychiatric conditions including Parkinson's,
Huntington's, and Alzheimer's disease, major depressive disorder,
schizophrenia, attention-deficit hyperactivity disorder and epilepsy (for
review see Kornhuber and Weller, 1997; Konradi and Heckers, 2003;
Mitchell and Baker, 2010; Archer and Garcia, 2016; Vishnoi et al.,
2016; Rebec, 2018). GLU is the main excitatory neurotransmitter in the
central nervous system. Together with the inhibitory γ-amino butyric
acid (GABA), it serves to modulate nigrostriatal and mesolimbic do-
pamine (DA) function.

Amantadine (AMA; 1-amino-adamantane), a synthetic tricyclic
amine, is a low-affinity uncompetitive NMDA receptor (R) antagonist,
which binds to the phencyclidine-binding site (inhibition constant
[Ki]= 10 μM; Kornhuber et al., 1991). With an affinity in the same
order of magnitude, AMA also binds to the opiate σ1R (Ki= 20 μM
Kornhuber et al., 1993).

AMA is mainly applied for the treatment of L-DOPA induced dys-
kinesia and psychiatric symptoms of Parkinson's disease (for review see
Vanle et al., 2018). However, it has also proved beneficial in multiple
sclerosis fatigue (Shaygannejad et al., 2012), major depressive disorder
(Moryl et al., 1993), traumatic brain injury (Spritzer et al., 2015) and
refractory electrial status epilepticus (Wilson et al., 2018).
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In rats, AMA (40 and 80mg/kg intraperitonelly [i.p.], Maj et al.,
1972; 50 and 100mg/kg subcutaneously [s.c.], Buus Lassen, 1973;
100mg/kg i.p., Bak et al., 1972) increased motor activity starting “a
few minutes after administration” with a maximum effect after 60min
(Maj et al., 1972). Thereby, elevated motor behavior after 50 and
100mg/kg AMA included locomotion, rearing, sniffing, head twitches
and spells of rapid grooming (Buus Lassen, 1973). A lower dose (20mg/
kg i.p.) had no effect, whereas a higher one (160mg/kg i.p.) even de-
pressed motor behavior (Maj et al., 1972). However, Buus Lassen
(1973) reported that a dose of 25mg/kg s.c. did not affect motility
within the first 4 h after administration, but decreased it at 4 to 6 h post-
injection.

As of yet, the central action of AMA is a matter of debate. In rats, the
application of 100mg/kg i.p. elevated striatal acetylcholine (ACh) and
nigral and striatal GABA (Bak et al., 1972), starting immediately post-
injection. Elevation of striatal DA and serotonin (5-HT) levels were
detectable, but not significant in the study of Bak et al. (1972). Like-
wise, Maj et al. (1972) did not observe changes in striatal DA after 10 to
80mg/kg AMA i.p. Contrarily, Takahashi et al. (1996) described a
significant increase of striatal DA after 100mg/kg AMA i.p. im-
mediately post-injection. Moreover, intrastriatal infusion of AMA
(0.1 mM and 1mM) elicited both DA and GLU efflux in the striatum
(Takahashi et al., 1996). An augmentation of striatal DA was also ob-
served by Scatton et al. (1970) after s.c. application of 40mg/kg AMA,
and by Quack et al. (1995) after i.p. application of 46 or 92mg/kg
AMA.

Two in vivo imaging studies of striatal D2R-like binding have been
performed on Parkinsonian patients after chronic treatment with AMA
(200mg/day for at least 10 days) using [11C]raclopride as radioligand
(Volonté et al., 2001; Moresco et al., 2002). In both studies, striatal
D2R-like binding significantly increased, indicating that, at least in
Parkinsonian patients, the AMA-induced elevation of synaptic DA was
not high enough to induce a detectable competition with the exogenous
radioligand. However, so far, no in vivo imaging study has been per-
formed on D2R-like binding in healthy humans or rats after acute
treatment with AMA.

We have previously shown that the GABAAR agonist muscimol re-
duced motor/exploratory behaviors (Nikolaus et al., 2017) as well as
radioligand binding to the D2R-like subtype in caudateputamen (CP),
nucleus accumbens (NAC), thalamus (THAL), substantia nigra/ventral
tegmental area (SN/VTA) and posterior hippocampus (pHIPP) in the rat
relative to baseline (Nikolaus et al., 2018a, 2018b). We employed a
two-modality in vivo imaging approach, in which images of D2R-like
binding were coregistered with morphological images obtained with a
dedicated small animal MRI. This allowed transference of the pre-de-
fined cortical and subcortical volumes of interest (VOIs) of the Paxinos
standard rat brain MRI (Schiffer et al., 2006) to the functional SPECT
images and, thus, permitted analysis of radioligand binding to D2R-like
binding sites in numerous brain regions beyond the CP (Nikolaus et al.,
2018a, 2018b).

In the present study, we assessed the effect of AMA challenge (10
and 40mg/kg i.p.) on motor/exploratory behaviors and on D2R-like
binding in regions of the rat nigrostriatal and mesolimbic systems,
which are related to motor behavior and both cognitive and emotional
functioning (NAC, CP, THAL, SN/VTA, frontal cortex [FC], motor
cortex [MC], parietal cortex [PC], anteriodorsal hippocampus [aHIPP],
pHIPP) using small animal SPECT and MRI.

2. Materials and methods

2.1. Animals

Imaging studies of D2R-like binding sites were conducted on 47
adult male Wistar rats (ZETT, Heinrich-Heine University, Düsseldorf,
Germany), weighing 400 ± 43 g (mean ± standard deviation [SD];
age: 3–4months). The animals underwent behavioral testing after

injection of AMA (10mg/kg: n=22; 40mg/kg: n=25), morpholo-
gical imaging (n= 41) and SPECT measurements in baseline (n=38)
and after injection of AMA (10mg/kg: n=19; 40mg/kg: n= 18). A
total of 7 rats merely underwent behavioral measurements without D2R
imaging, since they exhibited seizures (n=2) or suffered a cardial
arrest (n= 5) during or shortly after the administration of the anaes-
thetic. Behavioral data obtained after AMA were compared to the be-
havioral data obtained after vehicle (0.9% saline) in 16 further male
rats of the same strain, age (3–4months) and weight (418 ± 63 g) at
the same time of the year (September until November). Behavioral data
obtained after saline were previously published (Nikolaus et al., 2016,
2017).

Rats were maintained in standard macrolon cages
(590× 380×200mm; 3 animals per cage) in a climate cabinet
(Scantainer, Scanbur BK, Karslunde, Denmark; temperature: 20–22 °C;
air humidity: 60–70%) 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.
Temperature and air humidity were checked on a daily basis. The study
was carried out in accordance with the recommendations of the
“Principles of laboratory animal care” (NIH publication No. 86-23, re-
vised 1985) and the German Law on the Protection of Animals. The
protocol was approved by the regional authority (Landesamt für Natur,
Umwelt und Verbraucherschutz, Nordrhein-Westfalen, Recklinghausen,
Germany).

2.2. MRI studies

Upon anaesthesia with ketaminehydrochloride (Ketavet®,
Pharmacia GmbH, Erlangen, BRD; dose: 50mg/kg i.p., concentration:
100mg/ml) and xylazinehydrochloride (Rompun®, Bayer, Leverkusen,
BRD; dose: 2.5 mg/kg i.p., concentration: 20mg/ml), rat heads were
scanned with a dedicated small animal MRI (MRS3000 Pre-clinical MRI,
3.0 T, MR Solutions, Guildford, UK; cylindric volume coil with an inner
diameter of 54mm; field of view: 64× 64×44mm; spatial resolution:
0.25×0.25×0.69mm) as previously described (Nikolaus et al.,
2018a). High-resolution anatomical images in coronal slice orientation
were obtained by performing a 3D fast low angle shot (FLASH) se-
quence (repetition time: 30ms; echo time: 4.87ms; excitation flip
angle: 30°; total acquisition time: 553 s; Haase et al., 1986). The initial
192× 192×96 image matrix was interpolated by zero-filling to a
256× 256×128 matrix before reconstruction.

2.3. Drug treatment

A total of 47 rats received i.p. injection of AMA hydrochloride
(Sigma-Aldrich, Taufkirchen, Germany; molecular weight: 151.25 g/
mol; n= 22: dose, 10mg/kg, concentration; 10mg/ml; n=25: dose,
40mg/kg, concentration; 40mg/ml). Sixteen additional rats were pre-
treated with vehicle (0.9% saline; B. Braun Melsungen AG, Melsungen,
Germany; dose: 1 ml/kg; Nikolaus et al., 2016, 2017).

The dose of 40mg/kg AMA had formerly been shown to be beha-
viorally active in rats after systemic application (Maj et al., 1972). The
dosage of 10mg/kg was chosen, since it lies in the range of doses ap-
plied to Parkinsonian patients (200 to 1000mg/day [~3 to 14mg/kg];
Kornhuber et al., 1995). In rats, an increase of motor activity had been
observed immediately post-challenge (Maj et al., 1972). This also holds
for the rise of striatal DA after i.p. or intracranial administration (Quack
et al., 1995; Takahashi et al., 1996). Therefore, behavioral measure-
ments were started immediately after application of AMA.

2.4. SPECT studies

Imaging of D2R-like binding sites in baseline and after i.p. injection
of 10 and 40mg/kg AMA was performed as previously described (e.g.,
Nikolaus et al., 2016, 2017). After completion of behavioral tests, an-
imals were anaesthetized with ketaminehydrochloride (dose: 100mg/
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kg i.p., concentration: 100mg/ml) and xylazinehydrochloride (dose:
5 mg/kg i.p., concentration: 20mg/ml).

The employed radioligand [123I]S-3-iodo-N-(1-ethyl-2-pyrrolidinyl)
methyl-2-hydroxy-6-methoxy benzamide ([123I]IBZM) has a high affi-
nity for binding sites of the D2R-like subtype (D2: Ki= 1.6 nM, D3:
Ki= 2.2 nM; Videbaek et al., 2000). Besides, studies on the benzamide
analogue [11C]raclopride have shown similar affinities for the high- and
low-affinity state of the D2R-like subtype (Seneca et al., 2006). From
this may be inferred that also [123I]IBZM binds to D2R-like binding sites
in both configurations and that the regional binding potentials (BPs)
obtained in the present investigation reflect the regional densities of D2/

3Rs as such, irrespective of the individual contributions of either affinity
state.

[123I]IBZM (GE Healthcare, München, Germany; activity:
25.4 ± 3.6MBq, concentration: 3.4× 10−9 g/ml, specific
activity: > 74 TBq/mmol at reference time) was injected into the lateral
tail vein. Previous studies on humans and rats had shown that specific
binding of [123I]IBZM in the striatum reaches a plateau at about 40min
post-injection, which remains stable for up to 2 h (Verhoeff et al.,
1991). This coincides with the time of maximum striatal DA con-
centrations after i.p. application of AMA (60 to 90min post-challenge,
Takahashi et al., 1996). Hence, SPECT measurements were started
45min after radioligand administration (75min post-challenge).

The employed small animal tomograph (“TierSPECT”; field of view:
90mm; sensitivity: 22 and 16 cps/MBq for 99mT and 123I, respectively;
spatial resolution: 2.8 and 3.44mm for 99mTC and 123I, respectively)
was described in detail elsewhere (Schramm et al., 2000). Data were
acquired over 60min; thus, animals were kept under anaesthesia for a
total of 105min.

MRI scans and SPECT measurements in baseline and after challenge
were performed in randomized order and were separated by at least
3 days to allow for recovery.

2.5. Behavioral studies

Immediately after i.p. application of AMA (10 or 40mg/kg) or ve-
hicle (0.9% saline; B. Braun Melsungen AG, Melsungen, Germany; dose:
1 ml/kg), rats underwent behavioral measurements in an open field
(Phenotyper®, Noldus Information Technology, Wageningen, The
Netherlands; dimensions: 45× 45×56 cm) as previously described
(e.g., Nikolaus et al., 2016, 2017). The animals had not been previously
habituated to the open field. Durations (s) and frequencies (n) of the
following motor and exploratory behaviors were rated in blocks of
5min for a total of 30min using EthoVision XT (Noldus Information
Technology, Wageningen, The Netherlands): (A) ambulation as a
measure of motor activity; (B) sitting as a measure of “passive im-
mobility” (Müller et al., 2004); (C) rearing (freely standing or leaning
against the wall) as a measure of both motor and exploratory activity;
(D) head-shoulder motility, while the animal remained in a sitting po-
sition, as a measure of exploratory activity (Nikolaus et al., 2013); (E)
grooming (fur, paw and claw licking, scratching). Behavioral studies
were performed between 9:00 a.m. and 5:00 p.m.

2.6. Evaluation of SPECT imaging studies

D2/3R imaging data were evaluated with PMOD (version 3.5, PMOD
Technologies Ltd., Zürich, Switzerland) as previously described
(Nikolaus et al., 2018a). Firstly, for each rat, SPECT and MR images
were coregistered. The MR image of each rat was then coregistered with
the Paxinos standard rat brain MRI (Schiffer et al., 2006) provided by
PMOD, and the necessary mathematical transformations were saved.
Using these transformations, the SPECT image as coregistered with the
MRI was re-imported, which allowed creation of an overlay with the
Paxinos standard rat brain MRI. On these overlays, the following VOIs
were defined: CP, NAC, THAL, SN/VTA, FC, MC, PC, aHIPP and pHIPP.
All these regions have maximum craniocaudal (CC) and one-sided

mediolateral (ML) and dorsoventral (DV; vertical or oblique) dimen-
sions in the range of or beyond the spatial resolution of the small animal
SPECT: CP, CC:> 4.5 mm, ML: ~ 3.4 mm, DV: ~ 5mm; NAC, CC:>
3mm, ML: ~ 2.5mm, DV: ~ 3mm; THAL, CC:> 6.0mm, ML:
~ 4.5mm, DV: ~ 3.5mm; SN/VTA, CC:> 2.5 mm, ML: ~ 2.8 mm, DV:
~ 3.2mm; FC, CC:> 3.4 mm, ML: ~ 3.1 mm, DV: ~ 3.8mm; MC,
CC:> 8.4mm, ML: ~ 4.0mm, DV: ~4.2mm; PC, CC:> 7.8 mm, ML:
~3.0 mm, DV: ~ 8.0mm; HIPP, CC:> 8mm, ML: ~ 5.0 mm, DV:
~ 6.5mm (Paxinos and Watson, 2014).

Since [123I]IBZM accumulation in the cerebellum (CER) is non-
specific, the CER was used as reference region. Estimations of regional
BPs were obtained according to the simplified reference tissue model by
computing ratios of radioactivity counts obtained in the specifically-
bound compartments (CP, NAC, THAL, SN/VTA, FC, MC, PC, aHIPP and
pHIPP) to radioactivity counts in the CER (Ichise et al., 2001).

2.7. Statistical analysis

2.7.1. D2/3R imaging studies
Distributions of both regional BPs and behavioral data were tested

for normality with the non-parametric Kolmogorov-Smirnov test
(α≤ 0.05). Neither in baseline, nor after either dose of AMA, were
regional BPs uniformly normally distributed (.002≤ p≤ .200).

Medians and interquartile ranges (25-/75- and 5-/95-percentiles)
were computed for regional BPs. Regional BPs were compared between
baseline and challenge (10 or 40mg/kgmg/kg AMA) with the
Wilcoxon signed rank test for paired samples (two-tailed, α≤ 0.05) and
between AMA doses with the Mann-Whitney U test for independent
samples (two-tailed, α≤ 0.05). Moreover, percentual differences of BPs
after AMA in either dose relative to baseline and of BPs after 10 relative
to 40mg/kg AMA were computed. Calculations were performed with
IBM SPSS Statistics 23 (IBM SPSS Software Germany, Ehningen,
Germany).

2.7.2. Behavioral studies
Distributions of behavioral data (duration [s] and frequency [n] of

ambulation, sitting, rearing, head-shoulder motility and grooming) in
5-min bins were assessed with the non-parametric Kolmogorov-
Smirnov test (α≤ 0.05). Since in the pre-treatment conditions (10 and
40mg/kg AMA, saline) numerous behavioral parameters were not
normally distributed (.0001≤ p≤ .200), behaviors in each 5-min time
bin and over the whole trial (min 1–30) were compared between groups
with the Kruskal-Wallis test (two-sided, α≤ 0.05) and with the Mann-
Whitney U test (two-sided, α≤ 0.0167 after Bonferroni correction for
multiple comparisons). Calculations were performed with IBM SPSS
Statistics 23 (IBM SPSS Software Germany, Ehningen, Germany).

Since our rationale was to gain information on the temporal dy-
namics of behavioral alterations, the medians of the individual para-
meters obtained after saline (Y-axis: duration and frequency of ambu-
lation, sitting, rearing, head-shoulder motility or grooming) were
plotted against the end-points of the individual time frames (X-axis) as
previously described (Nikolaus et al., 2016, 2017). Upon visual in-
spection of the time-behavior (t-b) curves, appropriate mathematical
models were fit to the individual behavioral parameters, using either
linear or non-linear regression analysis, with the regression coefficient
(R2) as a measure for the goodness of fit. The same models were fit to
the behavioral data obtained after 10 and 40mg/kg AMA (Table 1).
Curves were fit using GraphPad Prism (version 3.0 for Windows,
GraphPad Software, San Diego, USA). T-b curves were compared be-
tween treatment groups (10 and 40mg/kg AMA vs saline) using the F
test (α≤ 0.0167 after Bonferroni correction for multiple comparisons).
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3. Results

3.1. D2/3R binding

Fig. 1(A) and (B) show images of the Paxinos standard rat brain MRI
atlas (Schiffer et al., 2006) at different positions from Bregma together
with the standard VOI templates provided by PMOD (left columns).
Middle and right columns display characteristic images of regional
[123I]IBZM accumulation on coronal slices in baseline (middle columns)
and after challenge with 10 and 40mg/kg AMA (right columns in
Fig. 1A and B, respectively) in the same rats at the positions from
Bregma depicted in the left columns (Paxinos and Watson, 2014).

After 10mg/kg AMA (Fig. 2), the BP was significantly reduced in
the aHIPP relative to baseline (−16%, p= .05). There were no dif-
ferences between 10mg/kg AMA and baseline in NAC, CP, THAL, SN/
VTA, FC, MC, PC and pHIPP (.085≤ p≤ .711).

After 40mg/kg AMA (Fig. 3), the BP was significantly diminished in
NAC (−5%, p= .008), CP (−7%, p= .049) and THAL (−12%,
p= .020) compared to baseline. There were no differences between
40mg/kg AMA and baseline in SN/VTA, FC, MC, PC, aHIPP and pHIPP
(.109≤ p≤ .438).

3.2. Motor and exploratory behaviors

The Kruskal-Wallis test yielded significant between-group differ-
ences for the following variables: ambulation duration in min 1–5,
10–15 and 25–30 (0.002≤ p≤ 0.04), ambulation frequency in min

1–5, 10–15 and 25–30 (0.001≤ p≤ 0.037), sitting duration in min
1–5, 6–10,11–15, 21–25 and 26–30 (0.0001≤ p≤ 0.046), sitting fre-
quency in min 1–5, 6–10, 11–15 and 1–30 (0.0001≤ p≤ 0.018),
rearing duration in min 1–5, 6–10, 11–15 and 1–30 (p≤ 0.0001, each),
rearing frequency in min 1–5, 6–10, 11–15 and 1–30
(0.0001≤ p≤ 0.001), duration of head-shoulder motility in min 1–5,
6–10, 16–20, 21–25, 26–30 and 1–30 (0.0001≤ p≤ 0.047), frequency
of head-shoulder motility in min 11–15 and 26–30
(0.002≤ p≤ 0.010), grooming duration in min 1–5 and 16–20,
(0.0001≤ p≤ 0.026), grooming frequency in min 1–5 (p≤ 0.0001).

3.2.1. Ambulation
After 10mg/kg AMA, ambulation was performed for a shorter time

relative to saline in the first time bin (p < 0.0001; Fig. 4A). Ambula-
tion duration after 40mg/kg was lower compared to 10mg/kg in min
11–15 (p=0.012), but was increased relative to the lower dose in min
26–30 (p=0.013). T-b curves did not differ between treatments
(0.033≤ p≤ 0.124; see Table 1 and inset Fig. 4A).

Ambulation frequency (Fig. 4B) after 40mg/kg was reduced relative
to the lower dose in min 6–10 (p=0.001) and 11–15 (p < 0.0001). T-
b curves did not differ between groups (0.094≤ p≤ 0.147; see Table 1
and inset Fig. 4B).

3.2.2. Sitting
Sitting duration (Fig. 5A) after 10mg/kg AMA was higher relative

to saline in the first time bin (p < 0.0001). After 40mg/kg rats ex-
hibited more sitting in min 1–5 (p=0.002), but less sitting during the

Table 1
Best-fit values and regression coefficients (R2) of time-behavior curves after treatment with saline, 10mg/kg amantadine and 40mg/kg amantadine.

Behavioral parameter Model Saline 10mg/kg amantadine 40mg/kg amantadine

Ambulation duration Exponential function:
y(t)= a ∗ exp (−K ∗ t)+ plateau
with t, time; a, initial value at t= 0; K, rate constant

a 196.3 a 112.5 a 157.0
K 0.128 K 0.058 K 0.225
Plateau 11.48 Plateau −1.381 Plateau 36.27
R2 0.982 R2 0.974 R2 0.865

Ambulation frequency Exponential function:
y(t)= a ∗ exp (−K ∗ t)+ plateau
with t, time; a, initial value at t= 0; K, rate constant

a 63.96 a 56.51 a 81.18
K 0.102 K 0.040 K 0.274
Plateau 2.609 Plateau −7.105 Plateau 13.71
R2 0.964 R2 0.937 R2 0.853

Sitting duration Quadratic function:
y(t)= a+bt+ ct2

with t, time, a, absolute term; b, linear term; c, quadratic term

a −36.16 a 140.7 a 93.50
b 7.961 b −14.49 b −2.246
c −0.039 c 0.488 c −0.024
R2 0.922 R2 0.969 R2 0.930

Sitting frequency Quadratic function:
y(t)= a+bt+ ct2

with t, time, a, absolute term; b, linear term; c, quadratic term

a −2.276 a 11.60 a 7.30
b 1.359 b −0.713 b 0.879
c −0.036 c −0.024 c −0.032
R2 0.965 R2 0.942 R2 0.849

Rearing duration Cubic function:
y(t)= a+bt+ ct2+ dt3

with t, time; a, absolute term; b, linear term; c, quadratic term; d,
cubic term

a 35.67 a −24.67 a 42.0
b 3.847 b 14.97 b −6.778
c −0.469 c −0.957 c 0.354
d 0.011 d 0.017 d −0.006
R2 0.992 R2 0.997 R2 0.981

Rearing frequency Exponential function:
y(t)= a ∗ exp (−K ∗ t)+ plateau
with t, time; a, initial value at t= 0; K, rate constant

a 40.59 a 38.87 a 208.1
K 0.140 K 0.054 K 0.640
Plateau 1.899 Plateau −5.927 Plateau 1.528
R2 0.977 R2 0.938 R2 0.921

Duration of head-shoulder
motility

Quadratic function:
y(t)= a+bt+ ct2

with t, time, a, absolute term; b, linear term; c, quadratic term

a 112.5 a 88.70 a 90.45
b 0.020 b 2.164 b 4.250
c −0.048 c −0.096 c −0.028
R2 0.966 R2 0.847 R2 0.988

Frequency of head-shoulder
motility

Linear function:
y(t)= at+ b
with t, time; a, slope and b, y-intercept

a −1.120 a −0.926 a −0.623
b 46.93 b 48.20 b 43.42
R2 0.931 R2 0.919 R2 0.816

Grooming duration Quadratic function:
y(t)= a+bt+ ct2

with t, time, a, absolute term; b, linear term; c, quadratic term

a 5.455 a −49.57 a −4.876
b 1.810 b 10.08 b 1.168
c −0.037 c −0.245 c −0.014
R2 0.758 R2 0.897 R2 0.962

Grooming frequency Exponential function:
y(t)= a+bt+ ct2

with t, time, a, absolute term; b, linear term; c, quadratic term

a 0.200 a −2.278 a −3.80
b 0.196 b 0.546 b 0.871
c −0.004 c −0.014 c −0.026
R2 0.671 R2 0.980 R2 0.942
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last 5 min (p=0.007) compared to saline. After the higher dose, sitting
duration was higher in min 11–15 (p=0.004) and 21–25 (p= 0.001),
but lower in the last time bin (p < 0.0001) relative to the lower dose.
T-b curves (Table 1) differed between 40mg/kg AMA and saline
(p=0.009) as well as between AMA doses (p= 0.001): while sitting
duration was initially low and rose constantly after saline, it was higher
after both AMA doses (see inset Fig. 5A). Thereby, after 10mg/kg, it
declined over the first and increased again over the second half of the
testing time, while, after 40mg/kg, it declined from the beginning.

Sitting frequency (Fig. 5B) after 10mg/kg AMA was higher relative
to saline in the first (p < 0.001) and in the last time bin (p= 0.001).
Moreover, after 40 mg/kg, rats exhibited sitting behavior more fre-
quently in min 1–5 and 6–10 (p < 0.0001, both). After 40mg/kg,
sitting frequency was higher compared to the lower dose in min 6–10
(p < 0.0001) and 11–15 (p= 0.008). However, it was lower compared
to 10mg/kg in the last time bin (p= 0.002). T-b curves (Table 1) dif-
fered between 10mg/kg AMA and saline (p=0.006) as well as be-
tween AMA doses (p=0.003). After saline, sitting frequency during the
first time bin was lower relative to both AMA doses (see inset Fig. 5B).

Moreover, it reached a lower vertex later compared to 40mg/kg AMA.
Furthermore, after the higher dose, sitting frequency rose over the first
half and declined over the second half of the testing time, whereas after
the lower dose, it decreased over the first and an increased again over
the second half of the testing session.

3.2.3. Rearing
After 40mg/kg AMA, rats reared for a shorter time (Fig. 6A) com-

pared to both saline and 10mg/kg AMA in min 1–5 (p < 0.0002 and
p=0.013, respectively), 6–10 (p < 0.0001, both) and 11–15
(p < 0.0001, both) as well as when pooled over the whole 30min
(p= 0.001 and p < 0.0001, respectively). T-b curves (Table 1) dif-
fered between treatment groups: after saline, rearing duration during
the first time bin was highest, decreased over the following 20min and
slightly increased again during the last 5 min of the testing session (see
inset Fig. 6A). After 40mg/kg AMA, rearing duration during the first
5 min was lowest, 6decreased further over the following 10min and
increased again over the last 15min of the testing session. After 10mg/
kg, rearing duration was higher compared to 40mg/kg, increased over

Fig. 1. Paxinos standard rat brain MRI and individual D2/3R SPECT in baseline and after challenge with (A) 10mg/kg amantadine, and (B) 40mg/kg amantadine
with [123I]IBZM as radioligand. Left columns: Paxinos standard rat brain MR images (Schiffer et al., 2006) at different positions from Bregma together with the
standard VOI templates provided by PMOD. Middle columns: Series of coronal SPECT slices in a characteristic rat in baseline at the same positions from Bregma. Right
columns: SPECT slices in the same rat after 10mg/kg AMA at the same positions from Bregma. The reduction of [123I]IBZM accumulation in the anterodorsal
hippocampus is marked by a blue arrow. All SPECT images show binding potentials (BP). It is understood, that the calculation of BPs is only valid for regions with
specific radioligand binding. Image algebra was performed with PMOD (version 3.5, PMOD Technologies Ltd., Zürich, Switzerland).
Abbreviations (in alphabetical order): aHIPP, anterodorsal hippocampus, CER, cerebellum; CP, caudateputamen; FC, frontal cortex; MC, motor cortex; NAC, nucleus
accumbens; PC, parietal cortex; pHIPP, posterior hippocampus; SN/VTA, substantia nigra/ventral tegmental area; THAL, thalamus. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Binding potentials in baseline (white) and after challenge with 10mg/kg amantadine (grey). Rendered are medians and 25-/75- (boxes) and 9-/95-quartiles
(whiskers). The circles represent the individual animals. For the paired comparisons, the respective p values are given (Wilcoxon signed rank test for paired samples,
two-tailed, α=0.05).
Abbreviations (in alphabetical order): aHIPP, anterodorsal hippocampus; CP, caudateputamen; FC, frontal cortex; MC, motor cortex; NAC, nucleus accumbens; PC,
parietal cortex; pHIPP, posterior hippocampus; prefrontal cortex; SN/VTA, substantia nigra/ventral tegmental area; THAL, thalamus.
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the following 5min and declined again over the following 20min
(10mg/kg vs saline: p= 0.003; 40mg/kg vs saline: p= 0.0004;
10mg/kg vs 40mg/kg: p < 0.0001).

After 40mg/kg AMA, rats reared less frequently (Fig. 6B) compared
to saline in min 1–5, 6–10 and 11–15min as well as when pooled over
the whole testing session (p < 0.0001, each; Fig. 6B). After the higher
dose, rearing frequency was reduced relative to the lower dose in min
6–10 and 11–15min as well as when pooled over the whole testing
session (p < 0.0001, each). T-b curves (Table 1) differed between
40mg/kg AMA and saline (p= 0.001) as well as between AMA doses
(p=0.003). After saline and 10mg/kg AMA, rearing frequency over
time was higher and declined at a lower rate relative to the higher AMA
dose (see inset Fig. 6B).

3.2.4. Head-shoulder motility
After 40mg/kg AMA, animals moved their heads and shoulders for

a longer time compared to saline in min 16–20, 21–25 and 26–30, as
well as when pooled over the whole 30min (p < 0.0001, each;
Fig. 7A). Furthermore, heads and shoulders were moved for a longer
time after 40mg/kg relative to the lower dose of AMA in min 1–5
(p < 0.0001), 6–10 (p=0.016), 16–20 (p < 0.0001), 21–25
(p < 0.0001) and 26–30 (p < 0.0001) as well as from min 1–30
(p < 0.0001). T-b curves (Table 1) differed between 40mg/kg AMA
and saline (p= 0.0001) as well as between AMA doses (p < 0.0001).
While the duration of head-shoulder motility decreased after saline, it
almost linearly increased over testing time after 40mg/kg AMA, while,
after the lower dose, it slightly rose until the end of the second time bin
and then decreased until the end of the session (see inset of Fig. 7A).

After 10mg/kg, rats moved their heads and shoulders more often

compared to saline in min 11–15 (p= 0.008; Fig. 7B). After the higher
dose, the frequency of head-shoulder movements was increased in min
26–30 relative to saline (p= 0.003). T-b curves did not differ between
treatment groups (0.032≤ p≤ 0.405; see Table 1 and inset Fig. 7B).

3.2.5. Grooming
After both 10 and 40mg/kg AMA, animals groomed for a shorter

time in the first time bin relative to saline (p < 0.0001, each; Fig. 8A).
Moreover, grooming was reduced after the higher compared to the
lower dose in min 16–20 (p=0.009) as well as when pooled over the
whole 30min (p=0.016). T-b curves did not differ between treatment
groups (0.020≤ p≤ 0.127; see Table 1 and inset Fig. 8A).

After both 10 and 40mg/kg AMA, animals groomed less frequently
in the first time bin relative to saline (p < 0.0001, each; Fig. 8B). T-b
curves did not differ between treatment groups (0.075≤ p≤ 0.165; see
Table 1 and inset Fig. 8B).

4. Discussion

4.1. D2/3R binding

Challenge with the NMDAR antagonist AMA in a dose of 10mg/
kg significantly reduced D2/3R binding in the aHIPP (−16%), while
40mg/kg AMA reduced D2/3R binding in NAC (−5%), CP (−7%) and
THAL (−12%).

We have previously shown that challenge with the DA precursor L-
DOPA (Nikolaus et al., 2016), the DA reuptake inhibitor methylpheni-
date (Nikolaus et al., 2005), the D2R antagonist haloperidol (Nikolaus
et al., 2005) and the GABAAR agonist muscimol (Nikolaus et al., 2017,
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Fig. 3. Binding potentials in baseline (white) and after challenge with 40mg/kg amantadine (grey). Rendered are medians and 25-/75- (boxes) and 9-/95-quartiles
(whiskers). The circles represent the individual animals. For the paired comparisons, the respective p values are given (Wilcoxon signed rank test for paired samples,
two-tailed, α=0.05).
Abbreviations (in alphabetical order): aHIPP, anterodorsal hippocampus; CP, caudateputamen; FC, frontal cortex; MC, motor cortex; NAC, nucleus accumbens; PC,
parietal cortex; pHIPP, posterior hippocampus; prefrontal cortex; SN/VTA, substantia nigra/ventral tegmental area; THAL, thalamus.
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2018a, 2018b) decreased [123]IBZM binding to the rat D2/3R. Since all
of these compounds enhance DA levels in the synaptic cleft and [123]
IBZM competes with endogenous DA molecules for D2/3R binding sites
(for review see Laruelle, 2000), the observed reductions of D2/3R
binding may be conceived to reflect elevations of synaptic DA. Hence, it
can be inferred that, also in the present study, the decreases of D2/3R
binding in NAC, CP, THAL and aHIPP after AMA challenges were due to
increased DA concentrations in these regions.

This is the first study, in which the effects of AMA on subcortical
and neocortical DA were investigated using a non-invasive in vivo
imaging method. Also, so far, the effect of AMA challenge on DA has
only been studied in the CP. The present finding of elevated DA in the
CP is consistent with the results of Scatton et al. (1970), Quack et al.
(1995) and Takahashi et al. (1996) obtained after AMA doses between
40 and 100mg/kg i.p. or s.c. However, they contradict the findings of
Maj et al. (1972) as well as Bak et al. (1972), who did not find changes

in striatal DA after 10 to 100mg/kg AMA i.p. The precedent in-
vestigations either employed invasive in vivo methods such as micro-
dialysis (Quack et al., 1995; Takahashi et al., 1996) or ex vivo methods
such as spectrofluorometry of striatal tissue extracts (Bak et al., 1972;
Maj et al., 1972) or ion exchange chromatography and liquid scintil-
lation counting of striatal preparations (Scatton et al., 1970). In the
study of Scatton et al. (1970), who found an increase of striatal DA, rats
were killed 2 h after administration of AMA, whereas Bak et al. (1972)
as well as Maj et al. (1972), who observed no significant effects, sa-
crificed their animals only 1 h post-challenge. It appears, thus, that a
time of 1 h post-challenge is not sufficient to detect changes in DA le-
vels, if combined with ex vivo methods, precluding AMA action in
living compartments.
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Fig. 4. Ambulation. Duration (s) and frequency (n)
after vehicle (0.9% saline; white), 10mg/kg aman-
tadine (pink) and 40mg/kg amantadine (red). The
figure shows box and whisker plots of median am-
bulation durations (A) and frequencies (B) during
the whole time of testing (grey shade) and in the
individual 5-min time bins. 25-/75-percentiles are
given in the boxes, while 5-/95-percentiles are re-
presented by the whiskers. The circles represent the
individual animals. Between-group differences were
assessed using the Mann-Whitney U test (two-
tailed). p values≤ .05 are given in the figure. Due to
the Bonferroni correction, p values≤ .0167 are
considered significant. Inset: Time-behavior curves
(saline, white squares; 10mg/kg amantadine pink
triangles; 40mg/kg amantadine, red triangles) ob-
tained by plotting median values of ambulation
durations (A) and ambulation frequencies (B)
against time and fitting exponential functions [y
(t)= a ∗ exp (−K ∗ x)+ plateau with a, value at the
time t; −K, rate constant; t, time] to these data.
Between-group differences were assessed using the F
test (two-tailed). p values≤ .05 are given in the
inset. Due to the Bonferroni correction, p va-
lues≤ .0167 are considered significant. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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4.2. Motor and exploratory behaviors

In the dose of 10mg/kg, AMA reduced motor and exploratory
parameters (ambulation duration, rearing duration, duration of head-
shoulder motility) as well as grooming relative to saline primarily in the
first 5 min post-challenge. Consistently, parameters of passive im-
mobility (sitting duration, sitting frequency) were elevated in the first
bin.

After 40mg/kg, motor parameters (ambulation duration and fre-
quency) decreased during the first 15min, but increased in min 25–30
(ambulation frequency) relative to saline. Parameters of passive im-
mobility (sitting duration, sitting frequency) were elevated during the
first 10 and 15min, respectively. The parameters of more active ex-
ploration (rearing duration and frequency) decreased during the first
15 min, whereas the duration and frequency of mere head-shoulder
movements, while the animals remained in a sitting position, increased

during the last 15min of testing time. As after the lower dose, the de-
cline of grooming duration and frequency relative to saline was con-
fined to the first 5 min.

The more intense and prolonged behavioral depression after the
higher AMA dose is also illustrated by the t-b curves: after 40mg/kg,
the curves of ambulation duration and frequency had a lower level
during the first 15min post-challenge compared to the other treat-
ments. Moreover, they declined at a faster rate relative to the curves
obtained after treatment with 10mg/kg AMA and saline. Similarly,
after 40mg/kg, the t-b curves of rearing frequency and rearing duration
showed both lower initial values and lower levels as well as faster de-
clines during the first 10 and 15min, respectively, of the testing session.

The present results of decreased motor/exploratory activities after
challenge with AMA are consistent with previous findings obtained
after systemic treatment with the DA precursor L-DOPA (Nikolaus et al.,
2016) or the GABAAR agonist muscimol (Nikolaus et al., 2017, 2018a,
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Fig. 5. Sitting. Duration (s) and frequency (n) after
vehicle (0.9% saline; white), 10 mg/kg amantadine
(pink) and 40mg/kg amantadine (red). The figure
shows box and whisker plots of median sitting
durations (A) and frequencies (B) during the whole
time of testing (grey shade) and in the individual 5-
min time bins. 25-/75-percentiles are given in the
boxes, while 5-/95-percentiles are represented by
the whiskers. The circles represent the individual
animals. Between-group differences were assessed
using the Mann-Whitney U test (two-tailed). p va-
lues≤ 0.05 are given in the figure. Due to the
Bonferroni correction, p values≤ 0.0167 are con-
sidered significant. Inset: Time-behavior curves
(saline, white squares; 10mg/kg amantadine, pink
triangles; 40mg/kg amantadine, red triangles) ob-
tained by plotting median values of sitting durations
(A) and sitting frequencies (B) against time and
fitting quadratic functions [y(t)= a+bt+ ct2 with
a, absolute term; b, linear term; c, quadratic term]
to these data Between-group differences were as-
sessed using the F test (two-tailed). p values≤ 0.05
are given in the inset. Due to the Bonferroni cor-
rection, p values≤ 0.0167 are considered sig-
nificant. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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2018b), which are known to enhance DA levels in the synaptic cleft.
However, they contradict precedent AMA studies on rats, which re-
ported either no effect after systemic treatment with 20mg/kg (Maj
et al., 1972) or increased motor activity after administration of 40 to
100mg/kg (Maj et al., 1972; Buus Lassen, 1973; Bak et al., 1972).
Previous studies have revealed an age-dependency of motor function in
the rat: L-DOPA, for instance, inhibited locomotor activity in adult
animals (Fink and Smith, 1979; McDevitt and Setler, 1981), but ac-
celerated motility in neonate, infant and adolescent rats (McDevitt and
Setler, 1981; Grigoriadis et al., 1996; Navarrete et al., 2002). Thus, the
most likely reason for the discrepancy between our findings and the
results obtained by Maj et al. (1972), Buus Lassen (1973) and Bak et al.
(1972) is the difference of ages between samples: in our study, animals
were considerably older (approximately 4months old and weighing
400 ± 43 g) compared to the other investigations, in which adolescent
(110–115 g, Maj et al., 1972; 100–120 g, Buus Lassen, 1973: 100–120 g;

average weight of 250 g, Bak et al., 1972) rats were employed. A further
factor may have been the sex of the experimental animals (male rats in
the present study, female rats by Buus Lassen, 1973, rats of either sex by
Maj et al., 1972, no specification given by Bak et al. [1992]). Hormones
such as testosterone and progesterone are behaviorally active and in-
fluence DA (de Souza Silva et al., 2008, 2009), NMDA and GABA
function (Gibbs et al., 2006) in a variety of brain regions including
NAC, CP and amygdala.

4.3. Mechanism of AMA action

The time course of behavioral effects suggests that, after either dose
of AMA, DA concentrations started to rise immediately post-injection.
However, only after the higher dose elevations of synaptic DA levels in
NAC, CP and THAL were still visible at the time of SPECT measure-
ments (min 75–135 post-challenge), whereas, after the lower dose,
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Fig. 6. Rearing. Duration (s) and Frequency (n) after
vehicle (0.9% saline, white), 10mg/kg amantadine
(pink) and 40mg/kg amantadine (red). The figure
shows box and whisker plots of median rearing
durations (A) and frequencies (B) during the whole
time of testing (grey shade) and in the individual 5-
min time bins. 25-/75-percentiles are given in the
boxes, while 5-/95-percentiles are represented by
the whiskers. The circles represent the individual
animals. Between-group differences were assessed
using the Mann-Whitney U test (two-tailed). p va-
lues≤ 0.05 are given in the figure. Due to the
Bonferroni correction, p values≤ 0.0167 are con-
sidered significant. Inset: Time-behavior curves
(saline, white squares; 10mg/kg amantadine, pink
triangles; 40mg/kg amantadine, red triangles) ob-
tained by plotting median values of rearing dura-
tions (A) and sitting frequencies (B) against time.
Cubic function [y(t)= a+bt+ ct2+ dt3 with a,
absolute term; b, linear term; c, quadratic term; d,
cubic term], were fit to the plots of rearing duration
while exponential functions [y(t)= a ∗ exp
(−K ∗ x)+ plateau with a, value at the time t; −K,
rate constant; t, time] were fit to the plots of rearing
frequency. Between-group differences were assessed
using the F test (two-tailed). p values≤ 0.05 are
given in the inset. Due to the Bonferroni correction,
p values≤ 0.0167 are considered significant. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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effects on D2/3R binding could no longer be detected in these regions.
The less intense and curtailed behavioral effects exerted by 10mg/kg
imply that regional DA releases were lower, leaving no impact on D2/3R
binding after> 1 h post-injection. Notably, however, after the lower
dose, a reduction of hippocampal D2/3R binding was found, which was
not visible after 40mg/kg AMA. This poses the question, exactly which
effects on GLU, DA and GABA were triggered by either dose of AMA.

Since AMA elicits GLU release (Takahashi et al., 1996), and both CP
and NAC receive GLUergic afferents (e.g. Johnson et al., 1968; Powell
and Leman, 1976), for one, it may be hypothesized that the increased
GLUergic input to the target regions of corticostriatal and corticome-
solimbic projections augmented DA efflux in CP and NAC. On the other
hand, AMA facilitates the release of GABA in CP and SN (Bak et al.,
1972). Thus, it is as likely that the increased availability of inhibitory
GABA in the neostriatal microcircuits (Groves, 1983) caused a reduc-
tion of DA efflux in the CP. In the DAergic system, DA concentrations

are regulated by presynaptic autoreceptors of the D2R-like subtype,
which modulate DA synthesis and release via inhibitory feedback loops
(Langer, 1974). Consequently, the decrease of neostriatal DA efflux
likely reduced feedback inhibition, leading to an enhancement of DA
release. Probably, GLUergic and GABAergic mechanisms of AMA action
occur simultaneously, ultimately resulting in the net increase of sy-
naptic DA reflected by the decline of neostriatal D2/3R binding relative
to control after 40mg/kg AMA.

The NAC sends GABAergic efferents to the VTA and to the ventral
globus pallidus (GP). From the latter, further GABAergic projections
extend to the THAL (Ueki et al., 1977; Yamamoto et al., 1983). Thus, it
can be surmised that AMA also fascilitated the release of GABA in the
NAC, leading to an inhibition of the GP and subsequent disinhibition of
the THAL. The NAC receives inhibitory DAergic efferents from the latter
region (Hara et al., 1989). The disinhibition of the THAL, thus, likely
augmented the inhibitory DAergic input to the NAC, entailing a
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Fig. 7. Head-shoulder motility. Duration (s) and
Frequency (n) after vehicle (0.9% saline, white),
10mg/kg amantadine (pink) and 40mg/kg aman-
tadine (red). The figure shows box and whisker plots
of the median durations (A) and frequencies (B) of
head-shoulder motility during the whole time of
testing (grey shade) and in the individual 5-min time
bins. 25-/75-percentiles are given in the boxes,
while 5-/95-percentiles are represented by the
whiskers. The circles represent the individual ani-
mals. Between-group differences were assessed
using the Mann-Whitney U test (two-tailed). p va-
lues≤ 0.05 are given in the figure. Due to the
Bonferroni correction, p values≤ 0.0167 are con-
sidered significant. Inset: Time-behavior curves
(saline, white squares; 10mg/kg amantadine, pink
triangles; 40mg/kg amantadine, red triangles) were
obtained by plotting median values of motility
durations (A) and frequencies (B) against time.
Quadratic functions [y(t)= a+bx+ cx2 with a,
absolute term; bx, linear term; cx2, quadratic term]
were fit to the plots of motility durations, while
linear functions [y(t)= ax+b with a, slope and b,
y-intercept] were fit to the plots of motility fre-
quencies. Between-group differences were assessed
using the F test (two-tailed). p values≤ 0.05 are
given in the inset. Due to the Bonferroni correction,
p values≤ 0.0167 are considered significant. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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reduction of DA efflux, a subsequent reduction of feedback inhibition
and the compensatory enhancement of DA release. Also for the NAC it
may be assumed that GLUergic and GABAergic mechanisms occur si-
multaneously, incurring a net increase of synaptic DA, as reflected by
the decreased of neostriatal D2/3R binding in the NAC relative to
baseline.

The elevation of GABA levels in the SN (Bak et al., 1972) can be
assumed to block DA release in this region. Moreover, the increased
availability of GABA in the CP likely increases both inhibition and
disinhibition of the SN via the direct and indirect pathway, respectively.
Both inhibitory and disinhibitory actions on the SN are also exerted by
the STN, which sends GLUergic efferents to SNr and GP, and receives
GLUergic input from the neocortex (Hammond et al., 1978; Canteras
et al., 1990). A further inhibition is caused by the GABAergic thala-
monigral fibers, while excitatory as well as inhibitory actions can be
ascribed to the DAergic striatonigral and striatopallidal efferents

dependent on their course (direct vs indirect pathway; for review see,
Hauber, 1998). Additionally, the GP receives GABAergic input from the
NAC (Yamamoto et al., 1983), incurring a disinhibition of the VTA.
Apparently, in sum, these effects balanced each other, leaving D2/3R
binding in the SN/VTA unaltered relative to baseline after treatment
with either dose of AMA.

DA fibers in the direct and indirect pathway are considered to exert
tonic inhibition of the THAL (Crossman, 1987; Albin et al., 1989;
DeLong, 1990). Consequently, the increased DAergic input from the CP
- together with the increased GABAergic input from both CP and NAC -
could result in a net inhibition of the THAL, ensueing in a reduction of
DA efflux, a subsequent decline of feedback inhibition and a compen-
satory enhancement of DA release, resulting in the observed decrease
D2/3R binding in the THAL after 40mg/kg AMA.

Probably, the lower dose of AMA released less GLU, DA and GABA
in the NAC compared to the higher dose. This, in sum, left accumbal D2/
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Fig. 8. Grooming. Duration (s) and Frequency (n)
after vehicle (0.9% saline, white), 10mg/kg aman-
tadine (pink) and 40mg/kg amantadine (red). The
figure shows box and whisker plots of the median
durations (A) and frequencies (B) of grooming
during the whole time of testing (grey shade) and in
the individual 5-min time bins. 25-/75-percentiles
are given in the boxes, while 5-/95-percentiles are
represented by the whiskers. The circles represent
the individual animals. Between-group differences
were assessed using the Mann-Whitney U test (two-
tailed). p values≤ 0.05 are given in the figure. Due
to the Bonferroni correction, p values≤ 0.0167 are
considered significant. Inset: Time-behavior curves
(saline, white squares; 10mg/kg amantadine, pink
triangles; 40mg/kg amantadine, red triangles) were
obtained by plotting median values of grooming
durations (A) and frequencies (B) against time by
plotting median values of sitting durations (A) and
sitting frequencies (B) against time and fitting
quadratic functions [y(t)= a+bt+ ct2 with a, ab-
solute term; b, linear term; c, quadratic term] to
these data. Between-group differences were assessed
using the F test (two-tailed). p values≤ 0.05 are
given in the inset. Due to the Bonferroni correction,
p values≤ 0.0167 are considered significant. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

S. Nikolaus et al. Pharmacology, Biochemistry and Behavior 179 (2019) 156–170

167



3R binding after 10mg/kg AMA unaltered relative to baseline. The NAC
receives DA afferents from limbic regions including the HIPP and sends
DAergic projections back to them (Graybiel and Ragsdale Jr., 1979;
Nazari-Serenjeh et al., 2011). Consequently, reduced GLU and DA levels
in the NAC can be hypothesized to result in a decrease of DAergic input
to the HIPP, which may have led to a compensatory elevation of DA
efflux relative to the higher AMA dose as reflected by the reduced D2/3R
binding in this region. In turn, increased DAergic input from the HIPP
may have compensatorily reduced DA release in the NAC, thus con-
tributing to the unaltered amount of D2/3R binding relative to baseline.
The reduction of available GABA decreased the inhibition of the GP and
the subsequent disinhibition of the THAL relative to the higher AMA
dose. Probably, this resulted in a lessening of NAC inhibition and an
increase of DA release, which was sufficient to induce the observed
behavioral alterations (reduction of ambulation and rearing duration
and increase of sitting duration and frequency in the first 5min post-
challenge), but not high and/or long enough to reduce [123I]IBZM
binding at the time of SPECT acquisition.

4.4. Appraisal

AMA affects both DA levels and animal behavior immediately post-
injection (Maj et al., 1972; Takahashi et al., 1996), while the method of
in vivo SPECT inherently requires a sufficient time for the radioligand
to accumulate. Combining the assessment of behavior with D2/3R
imaging, thus, allows to study the effects of DA as elicited by the
NMDAR antagonist in a continuous fashion, with the outcome of be-
havioral and in vivo imaging studies mutually predicting each other.

In the present study, the NMDAR antagonist AMA reduced D2/3R
binding (and increased DA) in relevant regions of the nigrostriatal and
mesolimbic system. The decrement of ambulatory and exploratory ac-
tivity after 40mg/kg AMA, which was more intense, more rapid and
extended over a longer time compared to both saline and the lower
dose, suggests that the higher dose of AMA elicited a general behavioral
depression. Under normal conditions, DA disinhibits the GABAergic
neurons of the direct pathway (CP – pars reticulata of the SN/internal
GP), leading to an activation of the mesencephalic, diencephalic and
brainstem motor centers, whereas, in the indirect pathway (CP – ex-
ternal GP/subthalamic nucleus - pars reticulata of the SN/internal GP),
DA inhibits GABAergic neurons resulting in a suppression of motor
activity (for review see Grillner and Robertson, 2015). From this may
be inferred that, after the higher AMA dose, the increased availability of
DA (probably caused by the increased GLUergic and GABAergic input to
CP and NAC) in the nigrostriatal and mesolimbic pathway ultimately
effectuated an inhibition of motor neurons. Furthermore, the NAC with
its limbic DAergic afferents and its efferents to the GP is believed to act
as a limbic-motor interface relevant for the translation of emotional/
motivational states into action (for review see Mogenson et al., 1980).
Since the increased availability of DA in the NAC may have incurred a
decrease of DAergic activity in the target regions of mesolimbic DAergic
projections, also an inhibitory influence of AMA on the motivational
drive may not be excluded.

The decrease of exploratory activities such as rearing and head-
shoulder motility as well as the increase of sitting behavior within or
between trials is generally considered to reflect behavioral habituation
(for review see Leussis and Bolivar, 2006). In the present study, motor/
exploratory activity increased after 40mg/kg AMA towards the end of
the testing time. This is illustrated by the higher final values of the t-b
curves of ambulation duration, ambulation frequency as well as dura-
tion and frequency of head-shoulder motility compared to the other
treatments. Besides, the curve of duration of head-shoulder motility
exhibited a dramatic rise, while the curves obtained after 10mg/kg
AMA and saline declined over time. This implies, that the NMDAR
antagonist AMA, at least in the higher dose, prevented behavioral ha-
bituation. Further studies using explicit learning tasks are required in
order to assess the mnemogenic effects of AMA and their dose-

dependency.
In the present investigation, we employed a MRI-based mode of

analysis, which not only allows the definition of exact anatomical VOIs
within the striatum (CP, NAC), but also the definition of VOIs other
than striatal ones, which are either smaller or display lower densities of
D2R-like binding sites such as SN/VTA, THAL or HIPP. The maximum
VOI diameters are either in the range of or beyond the spatial resolution
of the “TierSPECT”. It must be considered, however, that in those
portions of VOIs, whose diameters are smaller than the full width at half
maximum, the exact quantification of D2/3R binding may be hampered
by partial volume effects leading to underestimations of radioligand
accumulation. A further source of error may be spill-over from regions
with high radioligand accumulation such as the extraorbital Harderian
glands to the adjacent VOIs of FC, CP and NAC, or from the CP to NAC,
THAL and aHIPP, causing overestimations of radioligand binding.
However, since this pertains to SPECT measurements both in baseline
and after challenge, the exactitude of (semi)quantitative values in ei-
ther condition, but not the comparability of data between baseline and
challenge may have been biassed.

Another pitfall of the present investigation may have been the em-
ployment of ketamine as anaesthetic. This compound also acts as an
NMDA antagonist and has been shown to enhance DA efflux in rats
(e.g., Müller et al., 2011) as well as to reduce D2/3 receptor binding in
healthy subjects (Breier et al., 1998). Hence, it cannot be excluded that
DA release induced by ketamine contributed to the reduction of D2/3

receptor binding observed in the present investigation. Since the same
anaesthetic was used in baseline and after challenge, data basically
remain comparable. However, further studies are required in order to
assess possible additive or opposed actions of amantadine and ketamine
in various dosages.

The present study determined regional changes of synaptic DA after
AMA by assessing alterations of D2/3R binding relative to baseline. Our
hypotheses of GLU, DA and GABA interactions are preliminary, and
further studies are needed to clarify, how exactly the observed changes
were effected. This not only pertains to likely contributions of other
neurotransmitter systems (such as the AChergic [Bak et al., 1972], 5-
HTergic [Bak et al., 1972] and/or opioid system [Peeters et al., 2004]),
but also to the exact mode of action of AMA, which may involve pro-
cesses as diverse as stimulation of DOPA decarboxylase activity (Deep
et al., 1999) and the increase of presynaptic DA transporter binding
sites (Tsukada et al., 2001).

5. Conclusions

In sum, results show reductions of D2/3R binding in regions of the
nigrostriatal and mesolimbic system (NAC, CP, THAL, aHIPP) of the rat
after challenge with the NMDAR antagonist AMA, which may be con-
ceived to reflect an increased availability of DA. Thereby, decreases of
D2/3R binding (and increases of DA) are associated with a reduction of
motor/exploratory activity in the first 15min post-challenge. Findings
may be relevant for the treatment of neurological and psychiatric
conditions such as Parkinson's disease, Huntington's disease or schizo-
phrenia, which are characterized by both DAergic and GLUergic dys-
function.
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