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Abstract
Prepulse inhibition (PPI) of the acoustic startle reflex refers to the reduction of the startle response
to an intense acoustic pulse stimulus when it is shortly preceded by a weak non-startling prepulse
stimulus and provides a cross-species measure of sensory-motor gating. PPI is typically impaired
in schizophrenia patients, and a similar impairment can be induced in rats by systemic
scopolamine, a muscarinic cholinergic receptor antagonist that can evoke a range of cognitive and
psychotic symptoms in healthy humans that are commonly referred to as the “anti-muscarinic
syndrome” resembling some clinical features of schizophrenia. Scopolamine-induced PPI
disruption has therefore been proposed as an anti-muscarinic animal model of schizophrenia, but
parallel investigations in the mouse remain scant and the outcomes are mixed and often
confounded by an elevation of startle reactivity. Here, we distinguished the PPI-disruptive and the
confounding startle-enhancing effects of scopolamine (1 and 10 mg/kg, i.p.) in C57BL/6 wild-type
mice by showing that the latter partly stemmed from a shift in spontaneous baseline reactivity.
With appropriate correction for between-group differences in startle reactivity, we went on to
confirm that the PPI-disruptive effect of scopolamine could be nullified by clozapine pre-
treatment (1.5 mg/kg, i.p.) in a dose-dependent manner. This is the first demonstration that
scopolamine-induced PPI disruption is sensitive to atypical antipsychotic drugs. In concert with
previous data showing its sensitivity to haloperidol the present finding supports the predictive
validity of the anti-muscarinic PPI disruption model for both typical and atypical antipsychotic
drug action.
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1. INTRODUCTION
Muscarinic cholinergic dysfunction has been implicated in the pathophysiology of
schizophrenia (for reviews, see Bymaster et al. 2002; Dean et al. 2003; Raedler et al. 2007;
Scarr and Dean, 2008). The muscarinic receptor antagonist, scopolamine, can evoke
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multiple cognitive and psychotic disturbances in healthy individuals similar to the symptoms
of schizophrenia – collectively known as the “anti-muscarinic syndrome” (Marchlewski,
1994; Perry et al. 1978; Perry and Perry, 1995; Yeomans, 1995), and consistently disrupts
prepulse inhibition (PPI) in rats (see Table 1) – a form of sensorimotor gating that is
commonly reported to be deficient in schizophrenia patients (Braff and Geyer, 1990; Braff
et al., 1992, 2001). PPI is a cross-species phenomenon referring to the reduction of the
startle response to an intense acoustic pulse stimulus when it is shortly preceded by a weak
non-startling prepulse stimulus (Graham, 1975; Hoffman and Searle, 1965).

It has been shown that the PPI-disruptive effect of scopolamine is reversible by the typical
antipsychotic haloperidol, a dopamine D2 receptor (D2R) agonist, while the PPI disruption
induced by apomorphine, a non-specific dopamine receptor agonist, can be antagonized by
muscarinic agonists (Jones et al. 2005). This pattern of results highlights the relevance of
muscarinic-dopaminergic interaction in the regulation of PPI, and the contribution of its
imbalance to PPI deficiency in schizophrenia (Davis et al. 1975). Scopolamine-induced PPI
disruption has therefore been proposed as an antimuscarinic model of schizophrenia (Barak
2009). However, its sensitivity to atypical antipsychotic drugs, such as clozapine, has never
been examined which is of importance with respect to the identification of novel drugs
targeting the negative and cognitive symptoms of schizophrenia which are largely resistant
to typical antipsychotics (e.g., Geyer and Ellenbroek, 2003).

Examination of existing mouse studies however raises some concern over the cross-species
consistency of the anti-muscarinic PPI model of schizophrenia. Table 1 shows that only two
out of the five existing mouse studies reported a disruption of PPI by scopolamine,
compared to twelve out of twelve rat studies reporting a disruption of PPI. Given the known
differences between mice and rats in the modulation of PPI by different subtypes of
dopamine receptors (e.g., Doherty et al. 2008; Ralph-Williams et al. 2003), it is of
fundamental importance to ascertain whether the robust PPI-disruptive effect of
scopolamine seen in rats is translatable to mice. Moreover, three of the five mice studies
quoted in Table 1 reported a confounding increase in startle reactivity that could complicate
interpretation of PPI data because there is ample evidence for a dependency of PPI on the
baseline startle reactivity in mice as well as humans (Csomor et al. 2006, 2008; Yee et al.
2005).

The present study validated the PPI-disruptive effect of scopolamine in C57BL/6 mice using
a PPI protocol with multiple pulse stimuli in order to control for a potential confounding
effect on startle reaction (see Pietropaolo et al. 2008; Singer et al. 2009; Yee et al. 2005). To
dissociate central from peripheral effects of scopolamine we included its methyl analogue
methylscopolamine, which does not cross the blood-brain barrier, as a peripheral control in
addition to the standard saline control. Finally, we evaluated for the first time whether
scopolamine-induced PPI disruption was reversible by clozapine, the prototypical
antipsychotic drug.

2. MATERIALS AND METHODS
2.1. Animals

Experimentally naïve, 12 weeks old, male C57BL/6NCrl mice were generated at our in-
house specific pathogen free facility (ETH Zurich, Schwerzenbach, Switzerland) from
breeding pairs obtained from Charles River (France). They were group-housed, 4–5 to a
cage, in Type III Macrolon cages (Techniplast, Milan, Italy), kept in a temperature- and
humidity-controlled vivarium (21°C, 55% relative humidity) with a reversed 12:12h light-
dark cycle (lights off: 07:00–19:00) and ad libitum access to food and water. All
experiments were conducted in the dark phase of the cycle. The manipulations and
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procedures described in the present study had been previously approved by the Cantonal
Veterinary Office in Zurich, and conformed to Directive 86/609/EEC on animal
experimentation and the Principles of Laboratory Animal Care (NIH publication No. 86-23,
revised 1985).

2.2. Drugs
All solutions for injection were freshly prepared on the day of testing, and administered via
the intraperitoneal route at a volume of 5 ml/kg. Scopolamine (SCP) and methylscopolamine
(mSCP) were obtained from Sigma-Aldrich (Germany) and dissolved in sterile saline to
achieve the desired doses of 1 and 10 mg/kg. SCP and mSCP were administered 30 min
before testing. Clozapine (CLZ) was obtained from Sigma-Aldrich (Germany) and dissolved
in 0.1 N HCl in physiological saline to prepare the appropriate dose of either 0.5 or 1.5 mg/
kg. The acidity was adjusted to pH 5.5 by adding solid Na2CO3. An equivalent
concentration of saline/HCl mixture (pH 5.5) served as vehicle control. CLZ was
administered 45 min before testing.

2.3. Assessment of PPI
Apparatus and procedure have been fully described by Yee et al. (2005). In brief, four
acoustic startle chambers for mice (SR-LAB, San Diego Instruments, San Diego, CA, USA)
were used to assess PPI. A testing session began after a 2-min acclimatization period. The
first six trials consisted of pulse-alone trials in order habituate and stabilize the animals’
startle response, which were not analysed. The animals were subsequently tested across 10
blocks of test trials to assess PPI, with each block consisting of three pulse-alone trials, three
prepulse-alone trials, the nine possible combinations of prepulse-plus-pulse trials (3 levels of
pulse × 3 levels of prepulse), and one no-stimulus trial (i.e., background alone). The 16
discrete trials within each block were presented in a pseudorandom order, with a variable
inter-trial interval averaging 15 s (ranging from 10 to 20 s). The sound intensity of the pulse
stimulus was 100, 110 or 120 dBA and that of the prepulse 71, 77 or 83 dBA. The duration
of the pulse and prepulse was 40 and 20 ms, respectively. All trials were presented against a
constant background noise of 65 dBA. In prepulse-plus-pulse trials, the stimulus onset
asynchrony between the two stimuli was 100 ms.

Whole body acceleration was measured by a stabilimeter on each trial within a 65-ms
response window (from the onset of the pulse in pulse-alone and prepulse-plus-pulse trials,
or the onset of the prepulse on prepulse-alone trials). This output (in arbitrary units) was
referred to as reactivity score. Individual average reactivity scores per trial type formed a
highly skewed data distribution that deviated significantly from a normal distribution
[Shapiro-Wilk Test: all p<0.05] as expected, and therefore the data set was subjected to a
logarithmic transformation [transformed score = ln(reactivity score + e)] as recommended
by Csomor et al. (2008) in order to improve data distribution especially in terms of skewness
and kurtosis as well as and variance homogeneity (i.e., homoscedasticity). The improvement
contributed to both increasing statistical power and preventing systematic misinterpretation
as explained in full by Csomor et al. (2008), even though the distribution of the transformed
data still significantly deviated from a normal distribution according to the Shapiro-Wilk test
of normality [all p’s < 0.05].

Since scopolamine treatment led to a confounding elevation of baseline spontaneous activity
on no-stimulus trials (see Results below), the critical analyses of PPI were performed on
normalized reactivity data, i.e. corrected by subtraction of baseline activity recorded on no-
stimulus trials. Due to the confounding effect on startle reactivity by scopolamine, PPI was
not indexed by percent inhibition, but by means of direct comparison between pulse-alone
trials and prepulse-plus-pulse trials (see Swerdlow et al. 2000). In this approach, PPI is
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indexed by the rate of reduction in startle reaction as a function of increasing prepulse
intensity and the PPI magnitude is reflected by the steepness (slope) of the startle reactivity
curve.

To further minimize the confounding effect of unequal startle reactivity in the assessment of
PPI we matched the startle reactivity of the different drug conditions across the three pulse
intensities, as previously demonstrated (see Pietropaolo et al. 2008; Singer et al. 2009). This
was conducted in all experiments to enhance consistency and avoid any arbitrariness in
application. This is in line with our PPI protocol incorporating multiple pulse intensities
(100, 110 and 120-dB pulse stimuli), which was designed specifically to overcome such
interpretative concerns related to divergent baseline startle reactivity. To this end, we
followed a general selection procedure as follows. In a comparison with k treatments, the
objective is to select, out of the three possible pulse intensities, one for each treatment so
that group differences in “mean pulse-alone reactivity” are minimized. To this end, all
possible combinations [= k3] were examined by calculating all possible [= k(k+1)/2]
pairwise (group) differences in “mean pulse-alone reactivity”, and then the associated sum
of squared differences. The combination that yielded the minimal “sum of squared
differences” was then selected as the “matched combination” regardless of whether it
involved any cross-pulse comparison.

2.4. Statistical analysis
The data were analysed by parametric analysis of variance (ANOVA). To assist the
interpretation of the statistical outcomes, significant effects were further investigated by
supplementary restricted analyses applied to subsets of the data included in the overall
ANOVA, and pair-wise Student-Newman-Keuls or Fisher’s least significant difference
(LSD) post hoc comparisons. All statistical analyses were carried out using IBM SPSS
Statistics (version 18, SPSS Inc. Chicago IL, USA). A two-tailed criterion of p<0.05 was
taken as the cut-off for statistical significance.

3. RESULTS
3.1. Scopolamine dose-dependently impaired PPI by blocking central muscarinic receptors

The effect of SCP (1 and 10 mg/kg) was evaluated against equivalent doses of mSCP in
addition to saline control. The two doses were tested in the same animals. The lower dose
was assessed first followed by a 2-week washout period before testing the higher dose with
prior drug experience fully counterbalanced. The sample size per treatment group was 8. To
control for a potential confounding effect of repeated drug treatment we originally included
the between-subject factor drug experience in the analysis of the second experiment. Since
no statistically significant outcomes were detected involving this factor, it was dropped in
the final analyses presented below.

3.1.1. Effects on single-stimulus and no-stimulus trials—First, the spontaneous
activity recorded on no-stimulus trials and the reactivity obtained on prepulse-alone, and
pulse-alone trials were examined. As expected, the reactivity levels generally increased with
increasing stimulus intensity (Figures 1A and 1B). In both experiments, SCP led to an
overall increase in the reactivity scores evident across all seven trial-types, including
baseline spontaneous activity on no-stimulus trials. Consistent with this observation,
separate 3 × 7 (Treatment × Trial-type) ANOVAs revealed a significant main effect of
treatment [Exp. 1: F(2,21)=10.60, p<0.001, Exp. 2: F(2,21)=20.11, p<0.001] and trial-type
[Exp. 1: F(6,126)=103.34, p<0.001 Exp. 2: F(6,126)=101.69, p<0.001] in both experiments.
Subsequent Student-Newman-Keuls post-hoc comparisons indicated that the 1mg/kg SCP
group differed significantly (p<0.05) from the 1mg/kg mSCP and SAL groups in the first

Singer and Yee Page 4

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 March 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



experiment, while all three groups significantly differed from each other (p<0.05) in the
second experiment.

It is obvious that the enhancing effect of scopolamine on prepulse-elicited reactivity and
startle reaction (on pulse-alone trials) was mainly due to an increase in baseline spontaneous
activity on no-stimulus trials causing an upward shift of the reactivity curve. In support of
this, one-way ANOVA of baseline reactivity yielded a significant main effect of treatment in
both experiments [Exp. 1: F(2,21)=5.54, p<0.05, Exp. 2: F(2,21)=27.38, p<0.001]. In each
case, Newman-Keuls post-hoc comparisons verified higher baseline reactivity in SCP-
treated mice relative to the mSCP and SAL groups (p’s<0.05) which did not differ
significantly from each other (see Figures 1A and 1B). Importantly, the significant treatment
effect of scopolamine was eliminated (p>0.15) when the reactivity scores recorded on
prepulse-alone and pulse-alone trials were normalized as deviation from baseline reactivity
and then subjected to a 3 × 6 (Treatment × Trial-type) ANOVA (see Figures 1C and 1D).
Thus, it appears that the nature of the startle-potentiating effect of scopolamine reported in
some studies (Table 1) was to a large extent accounted for by an increase in baseline
reactivity rather than a genuine potentiation of the startle magnitude. To eliminate this
potential confound, all analyses of PPI were performed on normalized reactivity scores.

3.1.2. Effects on PPI—The expression of PPI is reflected by a decrease in the startle
reactivity on prepulse-plus-pulse trials relative to pulse-alone trials which was analysed by a
3 × 3 × 4 (Treatment × Pulse intensity × Prepulse intensity) ANOVA that included reactivity
data from pulse-alone and prepulse-plus-pulse trials, respectively. Comparison of the two
PPI experiments suggests that scopolamine dose-dependently disrupted PPI via its central
action.

In both experiments, the overall presence of PPI was confirmed by a significant decrease of
startle reactivity with increasing prepulse intensity [Exp. 1: F(3,63)=72.85, p<0.001, Exp. 2
F(3,63)=112,46, p<0.001] (see Figure 2). The magnitude of the PPI effect also depended on
the prepulse intensity yielding a significant prepulse intensity × pulse intensity interaction
[Exp. 1: F(6,126)=13.63, p<0.001, Exp. 2: F(6,126)=12.72, p<0.001]. As expected, more
intense pulse stimuli generally yielded a stronger reaction, thus giving rise to a highly
significant pulse effect [Exp. 1: F(2,42)=101.11, p<0.001, Exp. 2: F(2,42)=81.02, p<0.001].

In experiment 1, drug treatment modified the pulse-dependency of the startle reactivity as
indicated by a significant treatment × pulse intensity interaction [F(4,42)=4.55, p<0.005] but
there was no statistical evidence that it affected PPI given that both the treatment × prepulse
intensity and the three-way interaction were far from statistical significance. To improve the
power to detect a possible drug effect on PPI we matched the startle reactivity on pulse
alone-trials across drug conditions (see Figure 2B). The best matched data (110-dB pulse
condition for SCP and mSCP, and 120-dB pulse condition for SAL) were then subjected to 3
× 4 (Treatment × Prepulse intensity) ANOVA which yielded only a significant main effect
of prepulse intensity [F(3,63)=68.60, p<0.001]. Thus, the absence of a significant treatment
× prepulse intensity interaction (p=0.10) indicated that SCP did not disrupt PPI at a dose of
1 mg/kg.

The initial three-way ANOVA indicated that the reactivity profile as a function of prepulse
intensity (Figure 2C) differed significantly between groups [F(6,63)=7.35, p<0.001]. This
was pursued further in the cross-pulse analysis next that matched the startle reaction
between groups to improve comparability and minimize confound due to startle reactivity
difference (see Figure 2D), even though overall reactivity was not significantly affected by
drug treatment here. A significant treatment × prepulse intensity interaction [F(3,63)=2.56,
p<0.05] emerged again in the cross-pulse analysis that compared the 110-dB pulse condition
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of mSCP against the 120-dB pulse condition of SCP and SAL groups. This thus confirmed
that the three groups differed in terms of the impact of the prepulse to diminish the startle
response towards the pulse stimulus (Figure 2D). To further delineate the pattern of
between-groups difference, restricted analyses were conducted with one group eliminated at
a time. These 'post-hoc ANOVAs' revealed that the critical treatment × prepulse intensity
interaction was solely attributable to weaker PPI in the SCP group relative to the two control
groups (mSCP and SAL), which did not differ from each other. These conclusions were
supported by the fact that the treatment × prepulse intensity interaction remained significant
so long as the restricted analysis included the SCP group, but was rendered non-significant
only when the SCP group was dropped.

3.2. Clozapine dose-dependently reversed scopolamine-induced PPI disruption
A four-group factorial design was used to assess the efficacy of clozapine pretreatment
(CLZ 0.5mg/SCP: n=9 and CLZ 1.5mg/SCP: n=10) to counter the PPI-disruptive effect of
10 mg/kg scopolamine (VEH/SCP, n=10). The VEH/SAL condition (n=8) allowed the
demonstration of scopolamine-induced PPI disruption and the PPI-corrective effect of
clozapine.

3.2.1. Effects on single stimulus and no-stimulus trials—The baseline spontaneous
activity on no-stimulus trials was again found to be increased by scopolamine, and this
effect was antagonized by clozapine pretreatment at 1.5 mg/kg but not 0.5 mg/kg (Figure
3A). Consistent with this impression, a one-way ANOVA of baseline reactivity revealed a
significant main effect of treatment [F(3,33)=7.17, p<0.001]. Student-Newman-Keuls post-
hoc comparisons identified one homogeneous subset consisting of the VEH/SAL and CLZ
1.5mg/SCP groups that significantly differed (p<0.05) from the other subset comprising the
VEH/SCP and CLZ 0.5mg/SCP groups.

A 4 × 7 (Treatment × Trial-type) ANOVA including no-stimulus, prepulse-alone and pulse-
alone trials yielded a significant main effect of treatment [F(3,33)=5.66, p<0.005] and trial-
type [F(6,198)=236.41, p<0.001]. Student-Newman-Keuls post-hoc comparisons attributed
the main effect of treatment solely to the general elevated response in all drug treated groups
relative to VEH/SAL control. However, the treatment effect was no longer statistically
significant when prepulse- and pulse-elicited reactions were normalized with respect to
baseline (no-stimulus) spontaneous activity. A 4 × 6 (Treatment × Trial-type) ANOVA of
the normalized reactivity data no longer yielded any significant effect of treatment (Figure
3B). To correct for the non-specific baseline differences subsequent analysis of PPI was
therefore performed on the normalized reactivity data.

3.2.2. Effects on PPI—CLZ pre-treatment with 0.5 mg/kg did not modify the response to
the subsequent SCP challenge (Figure 3C). At the higher dose of 1.5 mg/kg, CLZ
strengthened PPI in SCP-treated mice, but this was coupled with a general increasing effect
on reactivity. A dose-dependent antagonism of SCP-induced PPI disruption by CLZ was
revealed (Figure 3D) when the divergence on startle reactivity (on pulse-alone trials) was
balanced ad hoc between groups.

The normalized reactivity data were first subjected to a 4 × 3 × 4 (Treatment × Pulse
intensity × Prepulse intensity) ANOVA. As expected, the general effect of pulse intensity
was highly significant [F(2,66)=137.32, p<0.001]. The overall presence of PPI was evident
by a significant decrease in reactivity with increasing prepulse intensity [F(3,99)=197.95,
p<0.001]. The emergence of a significant treatment × prepulse intensity interaction
[F(9,99)=3.16, p<0.005] indicated that PPI was modified by the drug treatment. This
interaction stemmed solely from the PPI-disruptive effect of scopolamine, because it was no
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longer significant in a restricted analysis excluding the VEH/SAL group, a finding that
might at first sight suggest the lack of an effect by clozapine to modify PPI expression in
SCP-treated animals. However, interpretation was further complicated by the presence of a
3-way interaction in the overall analysis [F(18,198)=1.77, p<0.05], suggesting that the factor
pulse needed to be taken into account. To achieve this, the PPI profile was balanced with
respect to the pulse-alone condition among all four treatment conditions, indicated by the
red line, as shown in Figure 3D. The matching comprised the 100-dB pulse condition for the
‘CLZ 1.5mg + scopolamine group’ and the 110 dB-pulse condition for the others three
groups (i.e., ‘CLZ 0.5mg/kg + scopolamine’, ‘vehicle/saline’, ‘vehicle/scopolamine’), and
the analysis of the matched data set considerably clarified the interpretation of the drug
effects on PPI. The 4 × 4 (Treatment × Prepulse intensity) ANOVA of the startle-matched
data again yielded a highly significant treatment × prepulse intensity interaction
[F(9,99)=3.07, p<0.005], which was largely accounted for by the linear trend of prepulse
intensity (p<0.05). Post-hoc comparisons of the linear component (i.e. the slope of the
reactivity curve), which represents the strength of the PPI effect, further supported the
interpretation that clozapine dose-dependently antagonized the PPI disruptive effect of
scopolamine (Figure 3E).

4. DISCUSSION
The present study yielded three major findings. First, scopolamine dose-dependently
impaired PPI in C57BL/6 mice and this was solely attributed to the central action of the drug
– as validated here for the first time in mice, in agreement with the findings in rats (Jones
and Shanon, 2000b; Stanhope et al. 2001). Second, scopolamine consistently increased
baseline spontaneous activity in no-stimulus trials which might partly explain the apparent
startle-enhancing effect of scopolamine previously reported (see Table 1). Third, we
demonstrated for the first time that the PPI-disruptive effect of scopolamine was reversible
by the atypical antipsychotic clozapine. Since the disruption is also prevented by the typical
antipsychotic haloperidol (Jones et al. 2005), one may conclude that the anti-muscarinic PPI
model possesses predictive validity for both classes of antipsychotic drugs.

4.1 Characteristics of the PPI-disruptive effect of scopolamine
Throughout the three experiments it is obvious that the PPI disruptive effect of scopolamine
was most pronounced at the lowest prepulse intensity of 71 dB corresponding to 6 dB units
above the background noise level. Indeed, when restricting the PPI analysis to the lowest
prepulse intensity, the PPI-disruptive effect produced by 1 mg/kg of scopolamine would
yield sufficient statistical power to demonstrate a significant PPI disruption. A similar
impression has been reported by Jones and Shannon (2000b) who showed that the PPI
disruption produced by scopolamine in rats could be overcome by increasing the prepulse
intensity to 30 dB units above the background noise level. The authors interpreted this as
evidence for a reduction in the signal-to-noise ratio to detect the prepulse stimulus. This
interpretation is consistent with suggestions that cholinergic activation decreases processing
of background noise and thereby increases the signal-to-noise ratio (Drachman and
Sahakian, 1979; Everitt and Robbins, 1997; Robbins, 1997). Here, we did not find clear
evidence that scopolamine had reduced the direct reaction to the prepulse stimulus.
However, this is likely due to the fact that the measurement of whole-body movement may
not be sufficiently sensitive to detect a motor response to weak prepulse stimuli, especially
in the presence of increased baseline reactivity (see also Yee and Feldon, 2009). Thus, the
present findings are in line with the hypothesis that muscarinic cholinergic control of PPI
may involve the modulation of the signal-to-noise ratio.

Barak (2009) suggests that scopolamine-induced PPI disruption stems mainly from a
blockade of inhibitory muscarinic autoreceptors in the midbrain leading to an increase in
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cholinergic activity in dopaminergic cells of the ventral tegmental area (VTA) and
substantia nigra (SN) (Chapman et al. 1997; Tzavara et al. 2004; Yeomans, 1995). Enhanced
excitation of the VTA and SN via cholinergic afferents from the laterodorsal tegmental
nucleus and tegmental pedunculopontine nucleus (Chapman et al. 1997; Mesulam et al.
1983; Woolf and Butcher, 1986) could then result in increased dopamine efflux in the
striatum which has been closely associated with disruption of PPI (Swerdlow et al. 2001).
This is consistent with the reported efficacy of muscarinic agonists to reverse PPI disruption
induced by the direct dopamine receptor agonist, apomorphine, which is likely to activate
directly dopamine receptors in the nucleus accumbens (Jones et al. 2005). However, the PPI
disruption produced by apomorphine could not be eliminated by prepulse of stronger
intensity in rats (Jones and Shannon, 2000b; Swerdlow et al. 1991; Swerdlow and Geyer,
1993, but see Davis et al. 1990) and was accompanied by an increase in prepulse-elicited
reaction in C57BL/6 mice without compromising the dependency of PPI on the prepulse
intensity (Yee et al. 2004b). Hence, these findings suggest that apomorphine does not impair
PPI by reducing the signal-to-noise ratio of the prepulse stimulus, implying that scopolamine
and apomorphine may disrupt PPI via distinct mechanisms. Of note here is the observation
that, at least in C57BL/6 mice, the PPI-disruptive effect exhibited by apomorphine or the
NMDAR antagonists MK-801 and phencyclidine is dissociable by their opposite effects on
prepulse-elicited reactivity (Yee and Feldon, 2009). Thus, prepulse-elicited reaction was
increased by apomorphine (Yee et al. 2004b) but reduced by high doses of phencyclidine
(Yee et al. 2004a). Here we found that scopolamine impaired PPI without affecting
prepulse-elicited reactivity as measured by whole-body movement indicating that
manipulations of the dopaminergic, glutamatergic and cholinergic systems differentially
affect the motor response to the prepulse-stimulus in the C57BL/6 mouse strain. Although, it
must be mentioned that the observed effects on PPI and prepulse-elicited reactivity are not
necessarily causally related (see also Yee et al. 2004a).

4.2. Does scopolamine enhance startle reaction?
In all experiments reported here, scopolamine robustly increased baseline spontaneous
activity recorded on no-stimulus trials. Likewise, scopolamine also stimulates spontaneous
motor activity (Sanberg et al. 1987; Shannon and Peters, 1990; Sipos et al. 1999). In
agreement with our data, this motor effect has been solely attributed to the central action of
scopolamine because peripheral blockade of muscarinic receptors by methylscopolamine is
devoid of such effects (Bond, 1986). Interestingly, this non-specific shift in baseline
reactivity was also responsive to clozapine pre-treatment at the corresponding dose that was
effective against PPI disruption. Thus, it follows that the motor effect of scopolamine might
have been over-interpreted as a startle-enhancing effect in some studies (see Table 1), and
the normalization procedure adopted here has been instrumental in minimizing such
confounding in the evaluation of PPI. Our approach of balancing pulse-alone reactivity
between groups had further removed any residual confounding differences that might exist
and clarified the action of scopolamine and clozapine on PPI by further diminishing
confounding effects on startle reactivity (c.f., Singer et al. 2009).

4.3. Scopolamine-induced PPI disruption predicts typical and atypical antipsychotic
activity

Jones et al. (2005) reported that the PPI-disruptive effect of scopolamine was almost
completely reversed by the typical antipsychotic haloperidol. Here, we demonstrated for the
first time that scopolamine-induced PPI disruption was similarly sensitive to atypical
antipsychotics by showing a dose-dependent reversal by clozapine, the prototypical atypical
antipsychotic drug. At a dose of 0.5 mg/kg, clozapine pre-treatment essentially had no
impact, whereas increasing the dose to 1.5 mg/kg achieved a near-complete restoration of
PPI (Figures 3D and 3E). In this context, the unique affinity of clozapine for muscarinic
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receptors (Davies et al. 2005; Olianas et al. 1999; Weiner et al. 2004) is noteworthy.
Although recent knockout mouse models do not support an involvement of M1/M4
muscarinic receptors in the PPI-enhancing effect of clozapine (Thomsen et al. 2010),
clozapine is known to act as a weak muscarinic receptor agonist, particularly at M4
receptors (Bymaster et al., 2003; Zorn et al., 1994). Affinity for M1, M2 and M3 muscarinic
receptors has also been observed in vitro cell culture preparation (e.g., Oianas et al., 1999;
Zorn et al., 1994). Here, clozapine was tested specifically in an anti-muscarinic environment
due to scopolamine co-treatment, which may favour expression of the agonistic effect of
clozapine on muscarinic receptors. The possibility that clozapine-induced muscarinic
receptor agonism countered the functional blockade of muscarinic receptors by scopolamine
therefore cannot be entirely eliminated. In this regards, it is worth noting that clozapine is
highly effective in enhancing extracellular acetylcholine amongst atypical anti-psychotic
drugs (see Bywater et al. 2003). Thomson et al. (2007) have also shown that the M5 receptor
is not necessary for clozapine to enhance PPI but its genetic inactivation appears to
potentiate the PPI-enhancing effect of clozapine but not haloperidol which may have some
therapeutic relevance given that the M5 receptor gene has been implicated in susceptibility
to schizophrenia in humans (De Luca et al. 2004). However, the underlying mechanism by
which disruption of M5 receptor function enhances the antipsychotic efficacy of clozapine
remains to be elucidated. Nonetheless, such functional synergism may provide a functional
link between muscarinic antagonism by clozapine and the drug’s anti-psychotic efficacy (see
Bywater et al. 2003). Receptor subtypes dependent mechanisms may hold the key to a
meaningful integration of clozapine’s pharmacological property as a partial agonist at
muscarinic receptors with dual agonistic and antagonistic actions, and its delineation may
provide novel impetus in the search for anti-psychotic drugs with novel mechanisms.

Reversibility by atypical antipsychotic drugs is considered a crucial feature of a PPI
deficiency model to identify drugs that may exert efficacy against the cognitive and negative
symptoms of schizophrenia that are largely resistant to typical antipsychotics, such as
haloperidol (Geyer et al. 2001, 2003). This is mainly based on the finding that PPI
disruption induced by NMDAR antagonists is reversible by clozapine but not haloperidol
(Geyer et al. 2003) – a pattern that is consistent with the suggestion that NMDAR
hypofunction primarily underlies the negative and cognitive symptoms of schizophrenia
(Geyer et al. 2003). By contrast, clozapine lacks efficacy against apomorphine-induced PPI
disruption in C57BL/6 mice, which is readily restored by haloperidol (Russig et al. 2004;
Yee et al. 2004b). Hence, the PPI disruption produced by scopolamine in the C57BL/6
mouse strain can be distinguished from that induced by NMDAR antagonists as well as
dopamine receptor agonists by its unique sensitivity to both classes of antipsychotic drugs.
The three pharmacologically distinct drug-induced PPI disruption models form a
complementary triad instrumental in the preclinical screening of potential antipsychotic
drugs.

5. Conclusions
The present study suggests that scopolamine-induced PPI disruption in C57BL6 mice might
represent a pharmacologic model for positive as well as cognitive/negative schizophrenia
symptoms providing further justification for the development of anti-cholinergic PPI
disruption mouse models. This is also in line with recent data suggesting a direct
involvement of central cholinergic dysfunction in the pathophysiology of both positive and
cognitive symptoms of schizophrenia (e.g., Barak, 2009; Bymaster et al. 2002; Dean et al.
2003; Raedler et al. 2007; Scarr and Dean, 2008).
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Highlights

► Prepulse inhibition is disrupted by muscarinic cholinergic blocker in mice

► The effect is centrally mediated & independent of its effect on startle
reactivity

► Clozapine antagonizes the PPI-disruptive effect of scopolamine

► A drug-induced PPI deficit model uniquely responsive to typical/atypical
neuroleptics
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Figure 1.
Spontaneous activity on no-stimulus and the reaction on single-stimulus trials. Scopolamine
(SCP), but not methylscopolamine (mSCP) led to an upward-shift in the reactivity curve,
mainly due to an increase in baseline spontaneous activity on no-stimulus trials (A and C).
This effect of SCP could be eliminated by normalizing the ln-transformed reactivity against
baseline reactivity using a difference score (B and D). All values refer to mean values ±
standard error (SE).
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Figure 2.
Prepulse inhibition (PPI) is indexed by the reduction in startle reaction as a function of
increasing prepulse intensity, and is depicted separately for each of the three pulse
intensities (as indicated at the top) in A and C. The different prepulse intensities are denoted
along the abscissa in dB units. Pulse-alone trials are denoted as ‘no-prepulse’. The
respective pulse conditions that are explicitly compared in the cross-pulse analysis are
highlighted in red and are re-plotted in B and C. Scopolamine (SCP) led to a non-significant
decrease in PPI at 1 mg/kg (A and B) whilst the drug significantly reduced PPI at 10 mg/kg
(C and D) as indicated by a significant drug × prepulse intensity interaction revealed by both
the overall (three pulse × three prepulse) and cross-pulse analysis (p’s < 0.05). By contrast,
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methylscopolamine (mSCP) did not alter PPI at either dose. All values refer to mean values
± SE.
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Figure 3.
Summary of the results obtained in the clozapine experiment. The following data sets were
derived and separately analyzed: (A) ln-transformed reactivity on single stimulus trials
including spontaneous activity obtained in no-stimulus trials, (B) Normalized reactivity
scores on single stimulus trials, (C) PPI as indexed by the reduction in startle reaction as a
function of increasing prepulse intensity, which is depicted separately for each of the three
pulse intensities (as indicated at the top). The different prepulse intensities are denoted along
the abscissa in dB units. Pulse-alone trials are denoted as ‘no-prepulse’. The respective pulse
conditions that are explicitly compared in the cross-pulse analysis are highlighted in red and
are re-plotted in (D). (E) Represents the linear component (slope) of the reactivity curve
plotted in (D). * Denotes a significant group difference (p<0.05) based on Fisher’s LSD post
hoc comparison following the emergence of significant drug effect in the one-way ANOVA.
All values refer to mean values ± SE.
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