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Abstract
Dopamine agonists reduce prepulse inhibition (PPI) of startle in rats. While it is used to predict
antipsychotic efficacy, the specific receptor subtypes mediating this effect of dopamine agonists
remains unclear. We characterized the effects of sumanirole, a highly selective D2 agonist, on PPI
in rats. Sumanirole decreased PPI at 60-120 ms prepulse intervals, and increased PPI at 10-20 ms
intervals. PPI deficits were antagonized by low doses of the preferential D2 antagonist L741626,
supporting a D2 mechanism of action. Sumanirole is a valuable tool for parsing the role of dopamine
receptor subtypes in the regulation of PPI.
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Introduction
The ability of compounds to prevent the disruption of prepulse inhibition (PPI) by non-selective
dopamine (DA) agonists like apomorphine (APO) in rats is widely used to identify compounds
with antipsychotic properties (c.f. Swerdlow et al., 2008). In the absence of both receptor-
specific knock-out rats and subtype-selective DA receptor compounds, however, relatively
little is known about the role of DA receptor subtypes in regulating these PPI deficits in this
species. For example, it is difficult to distinguish DA D2- vs. D3-receptor linked effects in
these models. In vivo screens have utilized the ability to oppose PPI deficits induced by
pramipexole (PRA) or PD128907 as a basis for identifying D3-preferential receptor antagonists
for clinical applications (Zhang et al., 2007; Weber et al., 2009). In these studies, greater
sensitivity to oppose PPI deficits induced by D3 agonists than by non-specific DA agonists is
used to suggest D3-preferential receptor blockade. The sensitivity of this in vivo assay to
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distinguish antagonists with primary D3 vs. D2-linked mechanisms would be enhanced by
highly D2-preferential agonists that reliably disrupt PPI. Here, we assessed the PPI-disruptive
effects of sumanirole (SUM), a novel D2-selective agonist (Heier et al., 1997).

Based on in vitro receptor binding, the D2 affinity of SUM exceeds that of other DA receptor
subtypes by over 200-fold (c.f. de Paulis, 2003; Wuts et al., 2002; McCall et al., 2005);
accordingly, studies have used SUM to parse D2 vs. D3-receptor effects in assays of
hypothermia and drug discrimination (Collins et al., 2007; Koffarnus et al., 2008; Achat-
Mendes et al., 2009). To our knowledge, no study has evaluated SUM in animal models for
schizophrenia.

Experimental procedures
Animals

Adult male Sprague Dawley rats (n = 49; 225-250 g; Harlan, Livermore, CA) were handled
1d after arrival, housed in groups of 2-3, and maintained on a reversed light/dark schedule with
water and food ad libitum. Testing occurred during the dark phase. Experiments were
conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and
approved by the UCSD Animal Subjects Committee (protocol #S01221).

Drugs
Ascorbic acid and APO hydrochloride hemihydrate (Sigma; St. Louis, MO), PRA
hydrochloride (TRC; North York, Canada), and L741626 (Tocris; Ellisville, MO) were used.
Sumanirole maleate was supplied by the NIMH Chemical Synthesis and Drug Supply Program.
SUM and PRA were dissolved in saline, APO in 0.01 % ascorbate/saline, and L741626 in
0.03% lactic acid/water (w/v; pH ≥5 with NaOH). Doses (mg/kg salt) were administered
subcutaneously in 1 ml/kg. L741626 was administered 30 min prior to SUM. SUM was
administered immediately before the “time course” experiment, and 15 min prior to testing in
all subsequent experiments. Based on previous studies (Weber et al., 2008, 2009), PRA and
APO were administered 15 and 0 min before testing, respectively.

Apparatus
Startle chambers (SD Instruments, San Diego, CA) (Weber et al., 2008, 2009) recorded 100
1-ms readings beginning at stimulus onset. Startle magnitude was the average of these 100
readings.

Testing
All studies used a continuous 70 dB(A) background noise (all sound calibrated on the “A”
scale); after 5 min, trials were presented in pseudorandom order. Approximately 7 days after
arrival, rats completed a brief startle test; based on the results, rats were assigned to drug dose
groups with matched baseline %PPI (Weber et al., 2008, 2009). Inter-test intervals were 3 - 7
days. Variable inter-trial intervals averaged 15s. Interspersed between active trials were trials
in which no stimulus was presented, but cage displacement was measured (NOSTIM trials).

Protocol 1 (65 min) established the time course of SUM effects on PPI, using a within-subject
balanced dose order design. After the acclimation period, rats were exposed to six 10 min
blocks consisting of 5 min of startle trials followed by 5 min without trials. Blocks began with
a P120 stimulus (a 40 ms - 120 dB noise burst; not included in the calculation of PPI), followed
by a mixture of 6 P120, 6 PP12+P120 (P120 preceded 100 ms (onset-to-onset) by a 20 ms
noise burst of 12 dB above background), and 4 PP12 stimuli (PP12 pulses not followed by
P120).
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Protocol 2 (18.25 min) tested the dose-response properties of SUM using a between-subject
design, and the effects of SUM vs. L741626 using a mixed-model, balanced dose-order design
with L741626 as the between- and SUM as the within-factor. Twenty-three rats were first tested
in the dose-response experiment, then redistributed to dose groups according to baseline PPI
and SUM drug group. After a “washout” period of 5 d, these rats were tested in the SUM ×
L741626 experiment. The session began with 4 and ended with 3 consecutive P120 trials;
between these trials were 2 blocks, each consisting of 8 P120 trials, 5 PP5+P120 trials, 5 PP10
+P120 trials, and 5 PP15dB+P120 trials, i.e. trials in which the P120 was preceded 100 ms
(onset to onset) by a prepulse of 20 ms duration and an intensity of either 5, 10, or 15 dB above
background, respectively.

Protocol 3 (15.5 min) evaluated the effects of SUM, APO and PRA at 10 - 120 ms prepulse
intervals. Twenty rats first used for the SUM experiment (above) were redistributed into
balanced dose groups; after a “washout” period of 16 d, these rats were used in the APO/PRA
experiment. The session began and ended with 3 consecutive P120 trials. Between these trials
were 6 P120, and 6 PP10ms+ P120, 6 PP20ms+ P120, 6 PP30ms+P120, 6 PP60ms+ P120, or
6 PP120ms+ P120 trials, i.e. trials in which the P120 was preceded 10, 20, 30, 60, or 120 ms
by a 5 ms prepulse that was 15 dB above background.

Data analysis
PPI was defined as 100-[(startle magnitude on prepulse trials / startle magnitude on P120 trials)
× 100], and was analyzed by ANOVAs. Post-hoc comparisons used ANOVAs or Fisher's
PLSD. Data were collapsed across prepulse intensities and blocks (protocol 2). Alpha was 0.05.

Results
1. Time course study

This study was conducted to identify adequate pretreatment times for SUM (0 vs. 3.0 mg/kg).
ANOVA of %PPI revealed a main effect of SUM dose (F = 7.1; df 1,5, p<0.05), but no
significant effects of time (F = 1.6; df 1,5; n.s.), or time × dose interaction (F < 1). Based on
inspection of the data (Fig. 1A), subsequent studies utilized a SUM pretreatment interval of 15
min.

2. Dose-response study
The effects of SUM (0, 0.3, 1.0, 3.0 mg/kg) were tested next. ANOVA of %PPI revealed a
main effect of SUM dose (F=3.1; df 3,19; p=0.05). Post-hoc tests revealed that each active
dose of SUM significantly reduced PPI relative to the vehicle condition, (p<0.05 for 0.3 and
1.0 mg/kg; p<0.005 for 3.0 mg/kg of SUM) (Fig. 1B).

3. L741626 study
The effects of SUM (0, 3.0 mg/kg) on PPI were tested after pretreatment with the D2-
preferential antagonist L741626 (0, 0.3, 0.6 mg/kg). ANOVA of %PPI revealed a significant
effects of SUM (F=16.4; df 1,20; p<0.001) and a SUM × L741626 interaction (F=9.5; df 2,20;
p<0.005). No other effects were significant. Post-hoc analyses revealed that SUM decreased
%PPI in rats pretreated with 0 mg/kg of L741626 (p<0.005), and this effect was opposed in
animals pretreated with 0.3 (p<0.05) or 0.6 (p<0.0005) mg/kg of L741626 (Fig. 1C).

4. Interval study
The effects of SUM (0, 3.0 mg/kg) were tested at varying prepulse intervals. ANOVA of %
PPI revealed significant effects of prepulse interval (F=18.6; df 4,72; p<0.0001), and a
significant interaction of SUM dose × prepulse interval (F=7.5; df 4,72; p<0.0001). Post-hoc
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analyses revealed significant PPI-increasing effects of SUM at short prepulse intervals (10 -
20 ms; p<0.05) and significant PPI-decreasing effects of SUM at long prepulse intervals (60
ms and 120 ms; p<0.0001) (Fig. 1D).

We next compared these effects of SUM to those of APO and PRA, using doses that disrupt
long interval PPI by magnitudes comparable to that produced by 3 mg/kg of SUM. ANOVA
of % PPI revealed significant effects of prepulse interval (F=24.5; df 4,68; p<0.0001) and
interval × drug interaction (F=2.1; df 4,68; p<0.05). Post-hoc analyses revealed no PPI-
enhancing effects of PRA or APO at short (10 - 20 ms) prepulse intervals, but PPI-reducing
effects of both PRA (p<0.001) and APO (p<0.0005) at long (60 - 120 ms) prepulse intervals
(Fig. 1E).

In all protocols, SUM effects on startle magnitude were not statistically significant; when
nonsignificant trends towards a SUM effect on startle magnitude were observed, simple
regression analyses revealed that these trends could not account for SUM effects on PPI. All
main or interaction effects of SUM, APO or PRA on NOSTIM or prepulse only activity
(protocol 1) were not statistically significant. Startle magnitude for APO and PRA followed
previously published patterns (Table 1; Weber et al., 2008,2009).

Discussion
In this study, SUM disrupted PPI under testing conditions widely used in published studies
that assessed antipsychotic potency (c.f. Swerdlow et al., 2008) in a dose range linked to D2
receptor activation in rats (Collins et al., 2007; Koffarnus et al., 2008). While having marked
preferences for D2 receptors over all other types of DA receptor subtypes (>200 fold) – SUM
has only a moderate (∼8 fold) binding preference for the D2 vs. 5-HT1A receptors (c.f. de Paulis
2003; McCall et al., 2005). Hence, it was critical to test SUM against the preferential D2
antagonist L741626, a compound with ∼10 fold binding preference for D2 receptors relative
to D3 receptors, and 80-200 fold preferences relative to all other DA receptors, and non-DA
receptors, including the 5-HT1a receptor (Cussac et al., 2000; Millan et al., 2000, 2004). The
fact that very low doses of L741626 favoring D2 receptor blockade fully antagonized SUM-
induced PPI deficits strongly supports a D2 (rather than a D3 and/or 5HT1a) receptor linked
mechanism of action of SUM in measures of PPI.

SUM both decreased PPI at long prepulse intervals and increased PPI at short prepulse
intervals; at doses that generated a comparable degree of long-interval PPI-reduction, the non-
selective DA agonist APO, and the D3 preferential agonist PRA did not increase short-interval
PPI. Importantly, studies testing higher doses of APO (0.5 mg/kg), or using PRA in more
sensitive within-subjects designs both have detected increased short-interval PPI (Swerdlow
et al. 2004; Swerdlow et al. 2009), suggesting that the differences vs. SUM detected here are
ones of degree, i.e. compared to PRA and APO, SUM has a more potent effect on the substrate
responsible for the increased short interval PPI.

The present findings extend previous studies with non-selective DA agonists like APO and
quinpirole (c.f. Swerdlow et al., 2008; Millan et al., 2002; Zhang et al., 2007; Weber et al.,
2008, 2009). While these studies showed that co-activation of D2-receptors with either D1,
and/or D3 receptors potently disrupts PPI in rats, the present findings demonstrate that D2
receptor activation is sufficient to disrupt PPI deficits in rats, even at SUM doses that would
be predicted to have no appreciable co-activation of either D1 and/or D3 receptors. Such a
selective D2-receptor linked mechanism of action of SUM on PPI will be valuable in parsing
the neurobiological basis of antipsychotic-like effects in rodent PPI models. In particular, SUM
may be valuable in interpreting findings in in vivo assays that use PPI to detect D3-preferential
antagonists (Zhang et al., 2007; Weber et al., 2009) or other novel antipsychotics (e.g.
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Wadenberg et al. 2000), and in clarifying the PPI-regulatory role of intracellular signaling
pathways linked to D2 vs. D3 receptor activation (Chang et a. 2009; Saint Marie et al. 2007).

Acknowledgments
The authors gratefully acknowledge the support of Jamie Driscoll (NIMH) and Dr. Chunjang Jin (RTI International)
for providing sumanirole, Maria Bongiovanni for manuscript preparation, and Kyounghee Lee for technical assistance.

Role of funding source: Research was supported by the National Association for Research on Schizophrenia and
Depression, and the Tourette Syndrome Association (MW), MH01436 and MH68366 (NRS). NRS has received
support from Allergan Pharmaceuticals (research funding, consultancy funding) and Sanofi/Aventis (consultancy).
Mark J. Millan is a full-time employee of the Institut de Recherches Servier (Croissy-sur-Seine, Paris, France).
Sumanirole was provided by the NIMH Chemical Synthesis and Drug Supply Program. None of these funding agencies
had any further role in the study design, collection, analysis and interpretation of data, or in the writing of the manuscript
and the decision to submit the paper for publication.

References
Achat-Mendes C, Platt DM, Newman AH, Spealman RD. The dopamine D3 receptor partial agonist CJB

090 inhibits the discriminative stimulus but not the reinforcing or priming effects of cocaine in squirrel
monkeys. Psychopharmacology 2009;206:73–84. [PubMed: 19513698]

Chang WL, Saint Marie RL, Miller E, Weber M, Swerdlow NR. Effects of the D3/D2 agonist,
pramipexole, on sensorimotor gating and nucleus accumbens signaling in the rat. Biol Psychiatry
2009;65:76s.

Collins GT, Newman AH, Grundt P, Rice KC, Husbands SM, Chauvignac C, Chen J, Wang S, Woods
JH. Yawning and hypothermia in rats: effects of dopamine D3 and D2 agonists and antagonists.
Psychopharmacology 2007;193:159–170. [PubMed: 17393143]

Cussac D, Newman-Tancredi A, Sezgin L, Millan MJ. The novel antagonist, S33084, and GR218,231
interact selectively with cloned and native, rat dopamine D(3) receptors as compared with native, rat
dopamine D(2) receptors. Eur J Pharmacol 2000;394:47–50. [PubMed: 10771033]

de Paulis T. Sumanirole Pharmacia. Curr Opin Investig Drugs 2003;4:77–82.
Heier RF, Dolak LA, Duncan JN, Hyslop DK, Lipton MF, Martin IJ, Mauragis MA, Piercey MF, Nichols

NF, Schreur PJ, Smith MW, Moon MW. Synthesis and Biological Activities of (R)-5,6-Dihydro-N,N-
dimethyl-4H-imidazo[4,5,1-ij]quinolin-5-amine and Its Metabolites. Journal of medicinal chemistry
1997;40:639–646. [PubMed: 9057850]

Koffarnus MN, Greedy B, Husbands SM, Grundt P, Newman AH, Woods JH. The discriminative stimulus
effects of dopamine D2- and D3-preferring agonists in rats. Psychopharmacology 2008;203:317–327.
[PubMed: 18807248]

McCall RB, Lookingland KJ, Bedard PJ, Huff RM. Sumanirole, a highly dopamine D2-selective receptor
agonist: in vitro and in vivo pharmacological characterization and efficacy in animal models of
Parkinson's disease. J Pharmacol Exp Ther 2005;314:1248–1256. [PubMed: 15980060]

Millan MJ, Gobert A, Newman-Tancredi A, Lejeune F, Cussac D, Rivet JM, Audinot V, Dubuffet T,
Lavielle G. S33084, a novel, potent, selective, and competitive antagonist at dopamine D(3)-receptors:
I. Receptorial, electrophysiological and neurochemical profile compared with GR218,231 and
L741,626. J Pharmacol Exp Ther 2000;293:1048–1062. [PubMed: 10869410]

Millan MJ, Maiofiss L, Cussac D, Audinot V, Boutin JA, Newman-Tancredi A. Differential actions of
antiparkinson agents at multiple classes of monoaminergic receptor. I A multivariate analysis of the
binding profiles of 14 drugs at 21 native and cloned human receptor subtypes. J Pharmacol Exp Ther
2002;303:791–804. [PubMed: 12388666]

Millan MJ, Seguin L, Gobert A, Cussac D, Brocco M. The role of dopamine D3 compared with D2
receptors in the control of locomotor activity: a combined behavioural and neurochemical analysis
with novel, selective antagonists in rats. Psychopharmacology 2004;174:341–357. [PubMed:
14985929]

Saint Marie RL, Neary AC, Shoemaker J, Swerdlow NR. Apomorphine effects on CREB phosphorylation
in the Nucleus Accumbens of rat strains that differ in PPI sensitivity. Biol Psychiatry 2007;61:37s.

Weber et al. Page 5

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Swerdlow NR, Lelham SA, Sutherland Owens AN, Chang WL, Sassen SD, Talledo JA. Pramipexole
effects on startle gating in rats and normal men. Psychopharmacology 2009;205:689–698. [PubMed:
19506839]

Swerdlow NR, Shoemaker JM, Auerbach PP, Pitcher L, Goins J, Platten A. Heritable differences in the
dopaminergic regulation of sensorimotor gating. II Temporal, pharmacologic and generational
analyses of apomorphine effects on prepulse inhibition. Psychopharmacology 2004;174:452–462.
[PubMed: 15300359]

Swerdlow NR, Weber M, Qu Y, Light GA, Braff DL. Realistic expectations of prepulse inhibition in
translational models for schizophrenia research. Psychopharmacology 2008;199:331–388. [PubMed:
18568339]

Wadenberg MG, Sills TL, Fletcher PJ, Kapur S. Antipsychoticlike effects of amoxapine, without
catalepsy, using the prepulse inhibition of the acoustic startle reflex test in rats. Biol Psychiatry
2000;47:670–676. [PubMed: 10745061]

Weber M, Chang WL, Breier M, Ko D, Swerdlow NR. Heritable strain differences in sensitivity to the
startle gating-disruptive effects of D2 but not D3 receptor stimulation. Behav Pharmacol
2008;19:786–795. [PubMed: 19020413]

Weber M, Chang WL, Durbin JP, Park PE, Luedtke RR, Mach RH, Swerdlow NR. Using prepulse
inhibition to detect functional D3 receptor antagonism: effects of WC10 and WC44. Pharmacol,
Biochem Behav 2009;93:141–147. [PubMed: 19426754]

Wuts PGM, Gu RL, Northuis JM, Kwan TA, Beck DM, White MJ. Development of a practical synthesis
of sumanirole. Pure Appl Chem 2002;74:1359–1368.

Zhang M, Ballard ME, Unger LV, Haupt A, Gross G, Decker MW, Drescher KU, Rueter LE. Effects of
antipsychotics and selective D3 antagonists on PPI deficits induced by PD 128907 and apomorphine.
Behav Brain Res 2007;182:1–11. [PubMed: 17570538]

Weber et al. Page 6

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1. The effects of SUM (A-D), and APO or PRA (E) on PPI
(A)Time course of SUM effects. (B) Dose-response effects of SUM. (C) L741626 antagonized
SUM-induced PPI deficits. (D) SUM decreased PPI at long prepulse intervals, but increased
PPI at short prepulse intervals. (E) APO and PRA decreased PPI at long prepulse intervals,
but PPI at short prepulse intervals was unaffected. * denotes significant differences for
treatment with SUM, APO, or PRA vs. vehicle, & denotes significant antagonism of the SUM-
induced PPI deficit by L741626; *,& p<0.05; ** p<0.005; ***,&&& p<0.0005.

Weber et al. Page 7

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Weber et al. Page 8

Table 1
Effects of SUM, APO, or PRA on startle magnitude

SUM effects on startle magnitude were independent from SUM effects on PPI (see results).

EXPERIMENT Drug(s) Startle Magnitude Mean (SEM)

1. Time course Vehicle: 400 (79)

SUM (3 mg/kg): 237 (49)

2. SUM Dose-response Vehicle: 187 (6)

SUM (0.3 mg/kg): 213 (54)

SUM (1.0 mg/kg): 270 (65)

SUM (3.0 mg/kg): 242 (31)

3. L741626 × SUM Vehicle/Vehicle: 182 (60)

Vehicle/L741626 (0.3 mg/kg): 206 (43)

Vehicle/L741626 (0.6 mg/kg): 267 (34)

SUM/Vehicle: 174 (34)

SUM/L741626 (0.3 mg/kg): 226 (35)

SUM/L741626 (0.6 mg/kg): 290 (32)

4. Prepulse Intervals Vehicle: 259 (45)

SUM (3.0 mg/kg): 243 (33)

Vehicle: 246 (32)

APO (0.1 mg/kg): 161 (33)

PRA (0.3 mg/kg): 140 (26)
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