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Abstract

Rationale 2-Bromoterguride, a dopamine D, receptor partial
agonist with antagonist properties at serotonin 5-HT» recep-
tors and o, c-adrenoceptors, meets the prerequisites of a puta-
tive atypical antipsychotic drug (APD). We recently showed
that 2-bromoterguride is effective in tests of positive symp-
toms of schizophrenia in rats without inducing extrapyramidal
side effects or metabolic changes.

Objective In continuation of our recent work, we now inves-
tigated the effect of 2-bromoterguride on apomorphine and
phencyclidine (PCP)-induced disruptions of prepulse inhibi-
tion (PPI) of the acoustic startle response, a measure of sen-
sory gating. In addition, we used subchronic PCP treatment to
produce cognitive deficits and social aversion, and assessed
the effect of 2-bromoterguride on the performance in the novel
object recognition (NOR) task (model for studying cognitive
deficit symptoms of schizophrenia) and the social interaction
test (model for studying negative symptoms of schizophre-
nia). Finally, we extended the side effect profile of 2-
bromoterguride by measuring the prolactin response to sys-
temic administration of the drug in rats.

Results Treatment with 2-bromoterguride (0.1 and 0.3 mg/kg)
reversed PPI deficits induced by apomorphine and PCP, re-
spectively. Subchronic PCP induced impairments in object
memory and social interaction behavior which were amelio-
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rated by 2-bromoterguride but not by clozapine and
aripiprazole, respectively. Prolactin concentration in blood se-
rum was not elevated at 1, 2, or 4 h post-2-bromoterguride
treatment, which further supports the safe and effective use of
this drug.

Conclusions Our data support 2-bromoterguride as a promis-
ing APD candidate due to its beneficial effect on cognitive
impairments and negative symptoms of schizophrenia.

Keywords Prepulse inhibition - Cognitive deficit symptoms
of'schizophrenia - Novel object recognition - Social
interaction - Rat - Dopamine D, receptor partial agonist -
Antipsychotic

Introduction

The treatment of schizophrenia ideally involves reduction of
positive symptoms, negative symptoms, and cognitive defi-
cits. Positive symptoms such as hallucinations and delusions
can be treated more or less satisfactorily with currently avail-
able antipsychotic drugs (APDs). However, negative symp-
toms (affective flattening, alogia, avolition, and anhedonia)
and cognitive impairment often fail to respond to typical (first
generation) APDs (Dunlop and Brandon 2015; Vreeker et al.
2015).

Emerging evidence from preclinical and clinical studies
using atypical (second generation) APDs with additional af-
finities for multiple serotonin (5-HT) receptors, predominant-
ly the 5-HT,4 subtype, provided renewed optimism for the
pharmacological treatment of schizophrenia and other psy-
chotic disorders (Aznar and Hervig 2016). Atypical APDs
produce less extrapyramidal side effects (EPS), tardive dyski-
nesia, and hyperprolactinemia than typical APDs but their
antagonistic effects at histamine H; and 5-HT,c receptors

@ Springer


mailto:jan.brosda@bfr.bund.de
http://crossmark.crossref.org/dialog/?doi=10.1007/s00213-017-4747-x&domain=pdf

100

Psychopharmacology (2018) 235:99-108

might induce insulin resistance, weight gain, diabetes, and
other secondary conditions (Meltzer 2013; Kim et al. 2007,
Ucok and Gaebel 2008). Additionally, and most importantly,
atypical APDs are apparently no more effective than typical
APDs regarding negative and cognitive symptoms of schizo-
phrenia (Leucht et al. 2013).

Dopamine D, receptor partial agonists such as aripiprazole
represent the latest advancement in the treatment of schizo-
phrenia. The intrinsic dopamine-stabilizing effect of partial
agonists can adjust the levels of dopamine through decreased
postsynaptic transmission in the mesolimbic system when do-
pamine is elevated, and through increased transmission in the
mesocortical system when the dopamine level is low (de
Bartolomeis et al. 2015). 2-Bromoterguride (Fig. 1) is a dopa-
mine D, receptor partial agonist that mechanistically resem-
bles aripiprazole. 2-Bromoterguride is the dihydro derivative
of the dopamine antagonist bromerguride (2-bromolisuride), a
compound that behaved as an atypical APD (Loschmann et al.
1992). Interestingly, 2-bromoterguride possesses a higher af-
finity for 5-HT, 4 receptors and o,c-adrenoceptors, and a low-
er affinity for histamine H; receptors than aripiprazole
(Jantschak et al. 2013). We recently demonstrated that 2-
bromoterguride inhibits amphetamine-induced locomotion
(AIL) and conditioned avoidance response (CAR) in rats, sug-
gesting antipsychotic action. Furthermore, neither acute nor
chronic treatment with 2-bromoterguride induced catalepsy
or altered body fat composition and body weight in rats
(Franke et al. 2016; Jantschak et al. 2013).

To investigate the prospective effects of 2-bromoterguride
as a clozapine-like atypical APD, we induced disruptions of
prepulse inhibition (PPI) of the acoustic startle reflex using the
mixed dopamine D;/D, receptor agonist apomorphine and the
noncompetitive NMDA receptor antagonist phencyclidine
(PCP). PPI is a pre-attentive process regulated by multiple
neurotransmitter systems including dopaminergic, serotoner-
gic, cholinergic, GABAergic, and glutamatergic systems
(Geyer 1998). Apomorphine induces loss of PPI in a robust
manner when administered to rats, and its effect can be
blocked by typical APDs like haloperidol (Mansbach et al.
1988). In contrast, loss of PPI induced by PCP is insensitive
to either dopaminergic or serotonergic antagonists but can be

Fig. 1 Chemical structure of 2-bromoterguride
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attenuated by selective o,c-adrenoceptor antagonists such as
JP-1302 or atypical APDs such as clozapine and quetiapine
(Sallinen et al. 2007; Swerdlow et al. 1996; Bakshi et al.
1994).

In contrast to acute PCP administration, subchronic PCP
treatment triggers prefrontal cortical dopaminergic
hypoactivity and a hyper-responsive state in the mesolimbic
dopamine system, resembling the pathophysiology of schizo-
phrenia (Jentsch et al. 1998). Behaviorally, subchronic PCP
administration induces memory and learning deficits (for
reviews, see Jentsch and Roth 1999; Meltzer et al. 2013;
Neill et al. 2010). Atypical APDs in contrast to typical ones
successfully attenuate the object memory-disrupting effects of
PCP in rodents (Grayson et al. 2007; Horiguchi et al. 2012;
Oyamada et al. 2015, Snigda et al. 2011). To study the effect
of 2-bromoterguride on these cognitive disruptions, we used
the one-trial object recognition test, commonly known as the
novel object recognition task (NOR). NOR is a well-
established model for assessment of visual learning and rec-
ognition memory in rodents (Ennaceur and Delacour 1988;
Ennaceur 2010) and to evaluate the general efficacy of novel
APDs to alleviate cognitive deficits (Grayson et al. 2015). In
addition to its disrupting effect in rodent object memory, sub-
chronic PCP induces social interaction impairments, which
can be attenuated by compounds with combined D,/5-HT, 5
antagonist and D/5-HT 5 agonist properties but not by dopa-
mine D, selective agents (Bruins Slot et al. 2005; Neill et al.
2014; Snigdha and Neill 2008a,b). To assess the effect of 2-
bromoterguride on PCP-induced social aversion, we used the
social interaction test, an established paradigm to demonstrate
the effect of putative therapies on the negative symptoms of
schizophrenia (for review, see Wilson and Koenig 2014).

Finally, we wanted to know whether 2-bromoterguride is a
prolactin-elevating APD. Elevated levels of serum prolactin
may induce sexual dysfunction worsening negative schizo-
phrenic symptoms (Leucht et al. 2013).

Materials and methods
Animals

Naive male Sprague-Dawley rats (Elevage Janvier, Le Genest
Isle, France) aged 10 weeks and with a mean weight of 450 g
by the beginning of the experiments were used for the PPI
(n =98), NOR (n = 70) and social interaction (n = 98) exper-
iments. Rats from the PPI study were additionally used for
prolactin determination (n = 74). At this point of the study,
the aim was to investigate the overall effectiveness of 2-
bromoterguride on cognition and sociality in vivo.
Therefore, and for reasons of comparability to data of our
previous study (Franke et al. 2016), only one gender (males)
was included to reduce the total number of animals. The
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animals were housed in groups of 3—4 per cage (type open-top
IV polycarbonate cages; Ehret, Emmendingen, Germany) un-
der standard laboratory conditions (room temperature,
22 + 2 °C; relative humidity 55 + 10%) on a 12 h light-dark
schedule (lights on at 6:00 am). All experiments were con-
ducted during the light phase between 9:00 am and 2:00 pm.
Water and laboratory chow (Ssniff, Soest, Germany) was free-
ly available and the cages were enriched with metal tubes and
paper tissues. The animals were allowed 1 week of acclimati-
zation upon arrival and gently handled 5 min/day (during the
second week) by the person performing the experiments. All
experimental procedures were approved by the Berlin State
Authority (“Landesamt fiir Gesundheit und Soziales”) and
performed in compliance with the German Animal
Protection Law and the EU Directive 2010/63/EU for animal
experiments.

Drugs

2-Bromoterguride (Alfarma sro, Cernosice, Czech Republic)
was suspended in 15% Cremophor® EL (Sigma-Aldrich,
Steinheim, Germany), phencyclidine hydrochloride (Sigma-
Aldrich, Steinheim, Germany) and haloperidol (Janssen
Pharmaceuticals, Beerse, Belgium) were dissolved in 0.9%
saline. Apomorphine hydrochloride hemihydrate (Sigma-
Aldrich, Steinheim, Germany) was dissolved in 0.2% ascorbic
acid solution, aripiprazole (Toronto Research Chemicals,
Toronto, Canada) in 30% N, N-dimethylformamide and blend-
ed in 0.5% acetic acid. Clozapine (Abcam Biochemicals,
Cambridge, UK) was dissolved in 0.1 N HCI and adjusted to
pH neutrality. Compound doses and the elicited effect on be-
havior were thoroughly evaluated in pilot studies prior to the
PPI, NOR, and social interaction experiments. All drugs were
freshly prepared on the day of injection and administered in a
volume of 1 ml/kg body weight.

Prepulse inhibition of the acoustic startle response (ASR)

We measured PPI of the acoustic startle response (ASR) using
a two-unit SR-LAB startle response system (San Diego
Instruments, San Diego, CA) placed in an experimental cham-
ber with 43 dB ambient noise level. The startle response cab-
inets were sound isolated and contained an acrylic cylinder
(non-restrictive, 9 cm in diameter) attached to a platform.
The delivery of acoustic stimuli was operated by the SR-
LAB interface system and emitted via loudspeakers above
the cylinder. A piezoelectric accelerometer sensor installed
beneath the platform transduced cylinder vibrations into ana-
logue signals, which were digitized and stored by the SR-LAB
software. A short test session was performed 2—4 days prior to
the PPI experiment to distribute the rats into balanced treat-
ment groups based on their mean baseline startle magnitudes.
For the PPI experiment, the rats were pre-treated with 2-

bromoterguride (0.1 or 0.3 mg/kg, i.p.), clozapine (5.0 mg/
kg, i.p.), haloperidol (0.1 mg/kg, i.p.), or vehicle (saline
0.9%, i.p.) 30 min prior to the test, followed by either PCP
(1.5 mg/kg, s.c.), apomorphine (0.5 mg/kg, s.c.), or vehicle
(saline 0.9%, s.c.) 20 min later. The animals were placed into
the startle chambers and the session initiated with a 5-min
acclimatization period. Background noise of 70 dB was emit-
ted during the complete session. A total of 100 trials were
presented in a pseudorandom order with variable inter-trial
intervals (7-23 s). The protocol consisted of 20 startle trials
(pulse-alone, 118 dB sound pressure level (SPL), duration
40 ms), 10 prepulse trials (86 dB SPL, duration 20 ms), 10
no-stim trials, and 40 prepulse-pulse trials. Prepulse-pulse tri-
als consisted of a single 118 dB pulse preceded by a 74-, 78-,
82-, or 86-dB prepulse (20 ms duration) emitted 120 ms be-
fore the pulse onset. In addition, 10 pulse-alone trials were
carried out at the beginning (startle block 1) and the end of
the session (startle block 2) to measure habituation to the
startle stimulus. These trials were excluded from startle mag-
nitude calculations. Data was measured during a 100-ms time
window after stimulus onset and averaged for each animal and
trial type. PPI of the ASR was calculated for prepulse-pulse
trials as a percentage of pulse-alone startle magnitude [(mean
startle magnitude for pulse-alone trials — mean startle magni-
tudes for prepulse-pulse trials)/mean startle magnitude for
pulse-alone trials] x 100. Pilot experiments were conducted
to define doses of apomorphine and PCP which induced a
robust loss of PPI, and to examine the effect of 2-
bromoterguride on startle activity and PPI alone.

Novel object recognition

The rats were administered with PCP (5.0 mg/kg) or vehicle
(0.9% saline) i.p. twice a day (at 8:00 am and 5:00 pm) for
7 days. After a 14-day drug wash-out period, the animals were
habituated to a 50 x 50 x 32 cm-sized dark colored acrylic
arena placed in a sound-isolated chamber with dimmed light-
ning (5 lux) over 3 days. The first habituation was performed
in littermate groups for 15 min. On days two and three, the rats
were placed alone in the arena for 10 min. On day four, the rats
were injected with either 2-bromoterguride (0.1 or 0.3 mg/kg,
i.p.), clozapine (5.0 mg/kg, i.p.), or vehicle (0.9% saline, 1 ml/
kg, i.p.) 30 min prior to the experiment.

In the acquisition trial (3 min), each rat was exposed to two
identical objects, placed in opposite diagonal corners of the
arena (positioned 12 cm from the walls). Subsequently, the rat
was placed in a holding cage for a 1-min inter-trial interval;
meanwhile, both objects were replaced (novel object + tripli-
cate of familiar object). Finally, during the retention trial, the
rat was re-introduced to the arena and allowed to explore the
objects for 3 min. We used bright-colored glass bottles with
metal caps, 12 X 12 x 6 cm and dark colored glass bottles with
a blue plastic wrap, 12 x 12 x 6 cm, respectively. Objects were
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counterbalanced as novel or familiar objects in the treatment
groups. Object attribute sensitivity and animal preferences
was thoroughly evaluated in pilot studies to ensure that the
objects elicited the same level of spontaneous investigation.
The position of the novel object was counterbalanced
(left/right) to eliminate spatial bias. The arena (after the acqui-
sition and retention trial) and objects (after each animal) were
cleaned with a 1:3 mix of isopropyl alcohol (70%) and
meliseptol® (B. Braun Melsungen AG, Germany) to remove
olfactory traces. The experiments were video recorded and
scored by a blinded experimenter. Object exploration was de-
fined as sniffing, licking, biting, or touching the object from
< 1 cm distance, but not climbing on the object. Animals
which failed to explore one or both of the objects for less than
4 s during the acquisition or retention trial were excluded from
the data analysis. Discrimination index was calculated from:
[(time spent exploring the novel object — time spent exploring
the familiar object)/total exploration time]. Track length was
measured with the software Videomot2 (TSE-Systems,
Berlin, Germany).

Social interaction

Half of the rats were treated with PCP (5.0 mg/kg, i.p.) or
vehicle (0.9% saline, i.p.) twice a day (at 8:00 am and
5:00 pm) for 7 days. The other half remained untreated,
housed in an adjacent room, and were brought into the lab
30 min prior to experimental procedures. After a 14-day drug
wash-out period, all animals were habituated to a
50 x 50 x 32 cm-sized arena as described for the NOR test.
On the test day, PCP- or vehicle-treated rats received a dose of
either 2-bromoterguride (0.1 or 0.3 mg/kg, i.p.), aripiprazole
(3.0 mg/kg, i.p.), or vehicle (0.9% saline, i.p.) 30 min prior to
the social interaction test. During the test, each PCP- or
vehicle-treated animal was paired with a weight matched (to
max 30 g difference) untreated animal, placed together in the
arena for 10 min, and video recorded for subsequent behavior
analysis (Videomot2; TSE-Systems, Berlin, Germany). An
inanimate object (a 33-cl aluminum soda can) was placed in
the arena to measure the preference for interacting with an
unfamiliar animal opposed to an unfamiliar object. The fol-
lowing social and non-social behaviors were scored by a
blinded experimenter: following (the subject rat moves behind
the unfamiliar conspecific), sniffing (investigative sniffing the
snout, body, or anogenital region of the unfamiliar animal),
climbing (climbing over the back of the conspecific or push-
ing the head and/or forepart beneath the conspecific), avoiding
(actively turning away when approached by the conspecific)
and object exploration (sniffing the object from < 1 cm dis-
tance). An overall social behavior parameter was calculated as
the sum of times engaged in the abovementioned social be-
haviors. To assess locomotion, line crossings were manually
scored using a 9 x 9 squared grid. Treated rats were marked
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with dark stripes on the back to distinguish them from untreat-
ed rats during the video analysis.

Prolactin

The rats received an injection of 2-bromoterguride (0.1
or 0.3 mg/kg, i.p.), haloperidol (0.5 mg/kg, i.p.), or
vehicle (saline 0.9%, i.p.), and were sacrificed 1, 2, or
4 h later by decapitation. To avoid stress-related prolac-
tin release, the rats were only handled by a familiar
experimenter. Trunk blood was collected into standard
2 ml Eppendorf® tubes and left to clot for 40 min at
room temperature. The samples were centrifuged 10 min
at 21 °C with 4000 rpm, blood serum collected into
aliquots and stored at —80 °C until prolactin determina-
tion. Enzyme-linked immunosorbent assay (ELISA) was
performed to assess prolactin levels using a commercial
available rat prolactin ELISA kit following the instruc-
tions of the kit manufacturer (DRG Instruments,
Marburg, Germany). Samples were analyzed in dupli-
cates in the same assay (MTPL-Reader “E-LizaMat”
3000, DRG Instruments, Marburg, Germany) and two
rat prolactin control samples (DRG Instruments,
Marburg, Germany) containing a mean of 15.8 ng/ul
respective 29.6 ng/ul prolactin were used for internal
quality verification. The assay sensitivity was 0.6 ng/
ml and the intra- and inter-variability coefficients were
3.7 and 10.4%, respectively.

Data presentation and analysis

Statistical analysis was performed with SigmaPlot 11 (Systat
Software, Erkrath, Germany). Two-way repeated measures
(RM) analysis of variance (ANOVA) with treatment as
between-subjects factor and prepulse intensity as within-
subjects factor was conducted to determine whether pretreat-
ment with 2-bromoterguride, haloperidol, or clozapine re-
versed the effects of apomorphine or PCP on PPI. Startle
habituation data were analyzed with two-way repeated RM
ANOVA with treatment as between-subjects factor and startle
block as within-subjects factor. Mean startle magnitude data
for pulse-alone trials, for prepulse-elicited reactivity, and re-
activity on no-stim trials were analyzed with one-way
ANOVA. NOR and social interaction data were analyzed by
one-way or two-way ANOVAs according to the parameter
and experimental design. Prolactin quantity data were ana-
lyzed by two-way ANOVA with treatment and time as
between-subjects factors. Post hoc pairwise comparisons
(Holm-Sidak method) were performed when appropriate. P
values < 0.05 were considered significant and all data present-
ed as mean =+ standard error of the mean (SEM).
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Results
Prepulse inhibition of the acoustic startle response

Acute apomorphine administration induced a robust loss of
PPI compared to controls, which was attenuated by 2-
bromoterguride or haloperidol treatment. We observed signif-
icant main effects for the factors treatment (F4 132, = 12.7,
P < 0.001) and prepulse intensity (F(3,132) = 113.9,
P < 0.001). 2-Bromoterguride (0.3 mg/kg) prevented the
apomorphine-induced PPI deficits at 78, 82, and 86 dB
(P < 0.003 each), an effect that was elicited by haloperidol
(0.1 mg/kg) at 74 (P = 0.044), 78, 82, and 86 dB (P < 0.002
each) (Fig. 2a). Further, 2-bromoterguride and clozapine at-
tenuated PPI deficits induced by PCP. ANOVA revealed sig-
nificant effects for the factors treatment (F(4 132, = 6.4,
P < 0.001), prepulse intensity (F (3,132 = 207.8, P < 0.001),
and the interaction of these factors (F{12,132)=2.2, P= 0.016).
Post hoc comparisons revealed that both doses of 2-
bromoterguride and clozapine ameliorated the PPI impairment
at 82 dB (0.1 mg/kg: P < 0.007; 0.3 mg/kg: P < 0.009; clo-
zapine: P= 0.017). Additionally, 0.3 mg/kg 2-bromoterguride
was also effective with a prepulse of 86 dB (P < 0.034) (Fig.
2b). The ASR magnitude was affected by the factor treatment
(Fa.132y=4.5, P= 0.004). Apomorphine alone (P= 0.013), or
in combination with 0.1 mg/kg 2-bromoterguride (P < 0.027),
increased the startle reaction (Table 1). All treatment groups
habituated to the startle stimuli as illustrated by the mean
startle reactivity in the first 10 pulse-alone trials (startle block
1) compared to the last 10 pulse-alone trials (startle block 2)
(P < 0.001). We observed a main effect of startle block
(F1.17=233.7, P < 0.001) and an interaction between treat-
ment and startle block (F(10,117) = 3.6, P < 0.001) (Table 1).
Pilot experiments showed that (i) the used doses of

a
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20| B3 2BT 03 mgkg + APO
== HAL 0.1 mglkg + APO et

% Prepulse inhibition

82 86
Prepulse intensity (dB)

Fig.2 Effects of a 2-bromoterguride (0.1 and 0.3 mg/kg) and haloperidol
(0.1 mg/kg) on acute apomorphine (0.5 mg/kg)-induced prepulse inhibi-
tion (PPI) deficits, and b 2-bromoterguride (0.1 and 0.3 mg/kg) and clo-
zapine (5.0 mg/kg) on acute phencyclidine (1.5 mg/kg)-induced PPI def-
icits in male rats. Data are expressed as mean + SEM of n = 9-10 rats per

apomorphine/PCP induced a PPI-disruptive effect and (ii)
the used doses of 2-bromoterguride alone did not affect startle
activity or PPI.

Novel object recognition task

2-Bromoterguride ameliorated subchronic PCP-induced cog-
nitive impairment in the NOR task. A main effect of treat-
ment on discrimination index was observed (F(sss) = 6.6,
P < 0.001). Subchronic PCP led to a robust decrease in object
recognition memory compared to controls (P = 0.027). 2-
Bromoterguride resulted in levels similar to the control group
(0.1 mg/kg: P = 0.44; 0.3 mg/kg: P < 0.001), an effect not
elicited by clozapine. 2-Bromoterguride alone had no effect
on NOR performance in control animals (Fig. 3a). Distance
traveled during the retention trial was affected by treatment
(Fie.55) = 5.8, P < 0.001). Subchronic PCP in combination
with 0.3 mg/kg 2-bromoterguride (P = 0.001) and 2-
bromoterguride alone (0.1 mg/kg: P = 0.013; 0.3 mg/kg:
P < 0.001) induced a reduction in track length compared to
controls (Fig. 3b). However, 2-bromoterguride did not cause
a decrease in object exploration time in the acquisition (Fig.
3c¢) or retention (Fig. 3d) trial. In the latter, ANOVA revealed
significant main effects for the factor object (F; 5s5y=122.2, P
< 0.001) and the interaction of the factors object and treat-
ment (F 55 = 3.7, P = 0.004). Animals of all treatment
groups favored the novel object over the familiar one (P <
0.001), with the exception of subchronic PCP in combination
with vehicle and clozapine (Fig. 3d).

Social interaction test

Treatment affected our measures of social behavior
(F6.42)=4.4, P=0.001). Subchronic PCP administration

b

1007 3 VEH + VEH
B VEH + PCP
3 2BT 0.1 mg/kg + PCP
3 2BT 0.3 mg/kg + PCP

801 CLZ 5.0 mg/kg + PCP

o

60 s 38

404 *

% Prepulse inhibition

20+

74 78 82 86
Prepulse intensity (dB)

group. P < 0.05 versus controls (VEH + VEH); *P < 0.05 versus apo-
morphine (VEH + APO); %P < 0.05 versus phencyclidine. 2BT: 2-
bromoterguride; APO: apomorphine; CLZ: clozapine; HAL: haloperidol;
PCP: phencyclidine; VEH: vehicle
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Table 1 Effects of apomorphine
(0.5 mg/kg) and phencyclidine

Mean startle reactivity

(1.5 mg/kg) in the absence or

presence of 2-bromoterguride, Treatment Startle block 1 Startle block 2 Startle reaction

haloperidol, and clozapine on (first ten pulse-alone trials) (last ten pulse-alone trials) (pulse-alone trials)

startle habituation and startle

reactivity VEH + VEH 4393 + 568 #2655 £ 817 2973 + 486
VEH + APO 7640 + 540 #4050 £ 682 6150 + 621
2BT (0.1 mg/kg) + APO 8519+ 736 #3251 + 600 5860 + 657
2BT (0.3 mg/kg) + APO 5625 +£925 #3533 + 576 4019 + 633
HAL (0.1 mg/kg) + APO 5196 + 1094 #3130 + 622 4019 + 883
VEH + VEH 5160 + 737 #3430 + 532 3684 + 573
VEH + PCP 6237 + 732 #3284 + 526 4425 + 681
2BT (0.1 mg/kg) + PCP 5400 + 795 #3387 + 570 4211 + 636
2BT (0.3 mg/kg) + PCP 5199 +443 #3635 + 471 3715+ 573
CLZ (5.0 mg/kg) + PCP 5392 + 806 #2972 + 735 4278 + 834

Data (in mV) are expressed as mean = SEM
2BT 2-bromoterguride, APO apomorphine, CLZ clozapine, HAL haloperidol, PCP phencyclidine, VEH vehicle,

(n = 9-10 rats per group)

#P < 0.001 versus startle block 1; “ P < 0.05 versus controls (VEH + VEH)

induced deficits in social interaction compared to controls
(P = 0.003), which were ameliorated by 2-bromoterguride
(0.3 mg/kg: P = 0.009) but not aripiprazole (Fig. 4a).
Further, 2-bromoterguride alone did not affect social in-
teraction, implying that the D, receptor partial agonist
does not negatively influence sociality in naive rats (Fig.
4a). Drug treatment also affected the mean number of line
crossings (distance traveled; F(s42) = 7.8, P < 0.001).
PCP in combination with aripiprazole and 2-
bromoterguride (0.3 mg/kg), or 0.3 mg/kg 2-
bromoterguride alone, reduced the number of line cross-
ings compared to controls (P < 0.05; Fig. 4b). The aver-
age duration investigating a novel object placed in the
arena during the social interaction test was not affected
by treatments (Fig. 4c). Finally, treatment affected sniffing
behavior (F(g42) = 4.6, P = 0.001). PCP treatment signif-
icantly decreased time sniffing the unfamiliar rat com-
pared to the control group (P = 0.011). This effect was
ameliorated by 2-bromoterguride (0.3 mg/kg: P = 0.014)
(Fig. 4d). Climbing and avoiding behavior were unaffect-
ed by treatments (data not shown).

Prolactin

Treatment affected prolactin concentration in rat blood serum
(F337) = 78.0, P < 0.001). We observed an interaction be-
tween the factors treatment and time (F¢ 37,=2.9, P= 0.021).
Administration of haloperidol but not 2-bromoterguride (0.1
and 0.3 mg/kg) or vehicle resulted in elevated prolactin con-
centrations at all three time points (P < 0.001) (Fig. 5).
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Discussion

Achieving cognitive improvement in patients with schizophrenia
represents a critical challenge as cognitive impairment diminish
the patient’s functional outcome and ability to reintegrate into
society (Green et al. 2004; Young and Geyer 2015; Vreeker
et al. 2015). Deficits in attention, information processing, and
ability to filter out redundant environmental stimuli have been
identified in patients with schizophrenia, and PPI has been
extensively investigated in patients as well as in preclinical
animal models (for review, see Swerdlow et al. 2008). Based
on the observation that the startle response magnitude is re-
duced when a startle eliciting acoustic stimulus is preceded by
a weaker acoustic prepulse, the PPI paradigm in rodents repre-
sents a preclinical test with face, predictive, and construct va-
lidity (Swerdlow et al. 1994; Geyer et al. 2001; Leumann et al.
2002). In this study, the ergoline derivate 2-bromoterguride
prevented the apomorphine-induced loss of PPI to the same
extent as the dopamine D, antagonist haloperidol, verifying
its dopamine D, antagonistic profile and antipsychotic-like ef-
fect in rats. PPI disruptions induced by NMDA antagonists
seems to be more sensitive to clozapine-like atypical APDs than
to typical APDs and hence, the NMDA model of disrupted PPI
can aid the identification of novel and atypical antipsychotics
(Geyer et al. 2001). Interestingly, 2-bromoterguride also antag-
onized the PCP-induced loss of PPI to the same extent as
clozapine, highlighting the atypical character of 2-
bromoterguride. It should be mentioned that the PPI loss in-
duced by NMDA receptor antagonists is mediated by systems
other than the central dopamine systems (Keith et al. 1991).
The highly potent o,c-adrenoceptor antagonist properties of
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Fig. 3 Effects of 2-
bromoterguride (0.1 and 0.3 mg/
kg) and clozapine (5.0 mg/kg)
after subchronic phencyclidine
(5.0 mg/kg) treatment, and
2-bromoterguride (0.1 and

0.3 mg/kg) alone on the a dis-
crimination index, b distance
traveled during the 3 min long
retention trial, ¢ exploration time
of two identical objects (L and R)
during the 3-min-long acquisition
trial, and d exploration time of the
familiar versus the novel object
during the 3-min-long retention
trial in the novel object
recognition task (NOR) in male
rats. Data are expressed as

mean + SEM of n = 7-10 rats per
group. P < 0.05 versus controls
(subVEH + VEH); *P < 0.05
versus phencyclidine (subPCP +
VEH); $P < 0.05 versus the sec-
ond identical object; §p<0.05
versus familiar object. 2BT:
2-bromoterguride; CLZ:
clozapine; PCP: phencyclidine;
VEH: vehicle

a

Discrimination index

[ ovject L
[l objectR

30+
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2-bromoterguride (pA, = 10.5; Jantschak et al. 2013) may con-
tribute to the reversal of PCP-induced impairment of PPIL. This
is in line with observations using selective oc-adrenoceptor
antagonists such as JP-1302 and ORM-10921 as inhibitors of
PCP-induced PPI deficits (Sallinen et al. 2007, 2013).
Although the complete etiology of the negative and cogni-
tive symptoms of schizophrenia are not yet understood, the
involvement of a dysfunctional glutamatergic system is sup-
ported by the observation that NMDA receptor antagonists
effectively and reliably produce behavioral and cognitive def-
icits that mimic features and symptoms of schizophrenia (for
reviews, see Neill et al. 2010; Gururajan et al. 2010). The
NOR task offers a relative simple method to assess recogni-
tion memory as it does not require external motivation or
pretraining of animals and relies on the innate explorative
behavior of rodents and their preference for novel over famil-
iar objects (Ennaceur and Delacour 1988; for review, see
Grayson et al. 2015). Several studies have repeatedly found
that NMDA receptor antagonists such as PCP induce memory
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6004
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and learning deficits in animals, and the NOR test is frequent-
ly accommodated to assess the effects of novel drugs on PCP-
induced deficits (for reviews, see Jentsch and Roth 1999;
Meltzer et al. 2013; Neill et al. 2010). It has been suggested
that an elevated acetylcholine and dopamine tone in the pre-
frontal cortex due to 5-HT; 5 and D; receptor activation may
explain why some atypical APDs rescue NOR performance
after PCP treatment (Snigdha et al. 2011; Guo et al. 2009;
Nagai et al. 2009; for review, see Lyon et al. 2012).
Interestingly, 2-bromoterguride shows no affinity for 5-HT o
receptors in vitro (unpublished data). However, the results in
this study, showing that 2-bromoterguride attenuates sub-
chronic PCP-induced NOR deficits, indicate that this drug
may have effects via D; receptors in addition to its high affin-
ity for 5-HT, 4 receptors.

Asociality, anhedonia, blunted affect, alogia, and avolition
are negative core symptoms of schizophrenia, yet available
treatments have only inadequate therapeutic effect (Neill
et al. 2014). Negative symptoms as well as cognitive
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Fig. 4 Effects of a b
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Fig. 5 Effects of 2-bromoterguride (0.1 and 0.3 mg/kg) and haloperidol
(0.5 mg/kg) on prolactin concentration, 1, 2, or 4 h after administration, in
blood serum of male rats. Data are expressed as mean + SEM of n = 6-8
rats per group. P < 0.05 versus controls (VEH)
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symptoms of schizophrenia impact the patient tremendously.
As a consequence, efforts to find reliable research models
have promoted the development of various tests for social
behaviors in animals (Millan and Bales 2013). In this study,
we performed a social interaction test following subchronic
PCP treatment in rats to investigate the effect of 2-
bromoterguride on social aversion. Our results show that 2-
bromoterguride efficiently antagonized the effect of subchron-
ic PCP and restored social behaviors. Surprisingly, in our
study, aripiprazole did not ameliorate the social interaction
deficits. Line crossings were affected by aripiprazole as well
as by 2-bromoterguride; however, sniffing time towards the
unfamiliar rat was ameliorated by 2-bromoterguride but not by
aripiprazole. A plausible explanation for these differences
may be that the 2-bromoterguride-treated rats remained sta-
tionary during sniffing bouts towards the unfamiliar rat. As a
dopamine D, receptor partial agonist, 2-bromoterguride re-
sembles aripiprazole; however, 2-bromoterguride possesses
higher affinity for 5-HT, A receptors than aripiprazole. In ad-
dition, 2-bromoterguride is a potent o,c-adrenoceptor antag-
onist (see above). o c-adrenoceptor blockade has been shown
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to contribute to improvement of cognitive and social function
in rats (Marcus et al. 2005; Wadenberg et al. 2007; Sallinen
et al. 2013; Uys et al. 2016). These mechanistic properties of
2-bromoterguride may explain why this drug was effective in
the social interaction test.

Finally, to extend the side effect profile of 2-
bromoterguride, we examined the effect of 2-bromoterguride
on prolactin secretion, as dopamine D, receptor blockade may
result in elevated levels of secreted prolactin from the anterior
pituitary gland (Freeman et al. 2000). It has been hypothesized
that elevated prolactin induced by APDs is associated with a
cluster of sexual and reproductive complications (for review,
see Peuskens et al. 2014). Interestingly, aripiprazole, a D,
partial agonist just like 2-bromoterguride, has the potential
to improve sexual dysfunction (Hanssens et al. 2008), which
is commonly associated with the negative symptoms of
schizophrenia (Leucht et al. 2013). Our results presented in
this study indicate that 2-bromoterguride does not cause
hyperprolactinemia in the acute state of treatment and thus
might be associated with less sexual dysfunction than APDs
which induce hyperprolactinemia.

In conclusion, our data demonstrate that the dopamine D,
receptor partial agonist 2-bromoterguride does not only inhibit
amphetamine-induced locomotion (AIL) and conditioned
avoidance response (CAR) in rats without inducing catalepsy
or causing weight gain (Franke et al. 2016); it also elicits a
positive impact on cognitive impairments and social aversion
in rats. 2-Bromoterguride prevented the PPI disrupting effects
of apomorphine and PCP similar to haloperidol and clozapine,
respectively. However, 2-bromoterguride also attenuated ob-
ject recognition memory deficits, in contrast to clozapine.
Moreover, 2-bromoterguride ameliorated subchronic PCP-
induced social interaction impairments, an effect that was
not shown by aripiprazole. The mechanistic properties and
antipsychotic-like effects of 2-bromoterguride previously
shown (Jantschak et al. 2013; Franke et al. 2016) and the
results presented herein confirm our opinion that 2-
bromoterguride represents a very promising third-generation
antipsychotic candidate.
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