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Abstract  

Objective: Despite its numerous side-effects clozapine is still the most effective antipsychotic 

making it an ideal reference substance to validate the efficacy of novel compounds for the 

treatment of schizophrenia. However, blood-brain barrier permeability for most new 

molecular entities is unknown, requiring central delivery. Thus, we performed a dose-finding 

study for chronic intracerebroventricular (icv) delivery of clozapine in mice. Methods: 

Specifically, we implanted wildtype C57BL/6J mice with osmotic minipumps (Alzet) 

delivering clozapine at a rate of 0.15 µl/h at different concentrations (0, 3.5, 7 and 14 mg/ml, 

i.e. 0, 12.5, 25, 50 µg/day). Mice were tested weekly in a modified SHIRPA paradigm, for 

locomotor activity in the open field and for prepulse inhibition (PPI) of the acoustic startle 

response (ASR) for a period of three weeks. Results: None of the clozapine concentrations 

caused neurological deficits or evident gross behavioural alterations in the SHIRPA paradigm. 

In male mice, clozapine had no significant effect on locomotor activity or PPI of the ASR. In 

female mice the 7 and 14 mg/ml dose of clozapine significantly affected both open field 

activity and PPI, while 3.5 mg/ml of clozapine increased PPI but had no effects on locomotor 

activity. Conclusion: Our findings indicate that 7 mg/ml may be the optimal dose for chronic 

icv delivery of clozapine in mice, allowing comparison to screen for novel antipsychotic 

compounds. 
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Significant outcomes 

 Chronic central delivery of clozapine does not lead to gross neurological or 

behavioural deficits in mice. 

 In male mice chronic icv delivery of clozapine did not significantly affect locomotor 

activity or PPI. 

 Chronic clozapine treatment increases open field activity and PPI in female mice 

within one week after onset of treatment. 

 

Limitations 
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 We only tested for two behavioural domains – PPI and locomotor activity. A wider 

range of rodent behaviours could be used to model various aspects of schizophrenia. 

 Experiments were only performed in wildtype mice. Thus, results should be validated 

in mouse models of schizophrenia. 

 

Introduction 

Schizophrenia is a complex psychiatric disorder characterized by impairments in perception, 

affect and cognition (1). The majority of currently approved pharmacological agents for the 

treatment of schizophrenia mainly target the dopaminergic and serotonergic systems (2). 

Although these drugs are quite effective in treating positive symptoms (i.e. psychotic 

symptoms), negative symptoms (such as lethargy, apathy, and social withdrawal) and 

cognitive deficits remain largely unaffected (3,4). Three independent studies, CATIE, 

CUtLASS, and EUFEST (5–7), indicate a limited benefit of currently available 

antipsychotics: overall, the first and second generation antipsychotics offer comparable 

efficacy, except for clozapine, which is associated with higher efficacy in treatment-resistant 

patients (6,8), but also with more serious side effects including agranulocytosis and 

myocarditis (9). However, all drugs were associated with high rates of discontinuation due to 

side effects or dissatisfaction with their benefits. One possible reason is that current 

antipsychotics have similar mechanisms of action, e.g. D2/5-HT2A receptor antagonism with 

minor effects at other receptors. Drug development for schizophrenia has not progressed 

appreciably by focusing solely on psychosis (4). However, there is an urgent need for drugs 

that ameliorate cognitive impairments and negative symptoms, increase treatment adherence 

and provide improved options for treatment-resistant patients with less side effects (10). Thus, 

targeting other systems and/or protein interactions closely involved in the pathophysiology of 

schizophrenia, particularly the glutamatergic system, may provide a more direct approach for 

the treatment of this disorder (11). The glutamatergic synapse is a target-rich environment 

containing a large number of pre-, postsynaptic and regulatory proteins that could function as 

targets for drug development (12), e.g. metabotropic glutamate receptors (13), the NMDA 

receptor (14), as well as nNOS, NOS1AP and PSD-95 (15). However, large-scale screening 

of new molecular entities for the treatment of central nervous system (CNS) diseases is 

impeded by the blood brain barrier (BBB), which can be circumvented by central delivery.  
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As a matter of course, validation of new therapeutic agents for schizophrenia requires 

comparison to established antipsychotic treatment, preferably to clozapine due to its unique 

clinical efficacy. Clozapine is superior to all other antipsychotics in its effects on positive and 

negative symptoms as well as suicidality (8,16–18). Notably, there is both in vitro and in vivo 

evidence suggesting a possible glutamatergic mechanism of action of clozapine (19). 

Clozapine has shown efficacy in rodent models of schizophrenia (20,21). At the 

behavioural level systemic clozapine treatment improves sensory gating in humans and mice 

(22,23). Sensory gating deficits have been identified as a fundamental cognitive impairment 

in patients with schizophrenia (24). Modelling positive symptoms of schizophrenia in mice 

includes investigations of psychomotor agitation, particularly locomotor activity. In this 

context, clozapine has been shown to alter open field activity in rodents (20,25,26). 

Abrams and colleagues (20) have already investigated the effects of chronic 

intracerebroventricular (icv) delivery of clozapine in rats. However, to date, there is no 

established dosage for chronic icv delivery in mice. Here, we conducted the first dose-finding 

study for chronic icv clozapine administration in mice to pave the way for further preclinical 

studies comparing the effects of novel potential therapeutics for schizophrenia to centrally 

administered clozapine. We used changes in sensory gating and open field activity as our 

primary markers for adequate icv dosing of clozapine.  

 

Methods 

Mice 

Adult male and female C57BL/6JRj mice (11 weeks old; Janvier Labs, France) were used for 

this study. All mice were held under standard laboratory conditions (21±1°C temperature, 

55±5% humidity, 12 h light/dark cycle with lights on at 07:00 h) and housed in groups of four 

with access to food and water ad libitum. The experiments were performed in accordance with 

the German animal welfare laws (TierSchG and TSchV) and were approved by local 

authorities (Regierungspräsidium Darmstadt, approval ID FK/1101). 

Drugs 

Clozapine was dissolved as described in Abrams et al. (20). In brief, 2-hydroxypropyl-beta-

cyclodextrin (HPBCD) was used to solubilize clozapine first under acidic conditions (pH 
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∼2.0 with HCl) and titrated back toward neutral pH with NaOH. All formulations were in a 

HPBCD:clozapine molar ratio of 4:1 and filter sterilized prior to icv administration.  

The clozapine doses used for this study were based on the known effective dose in rats 

(100 µg/day) (20). The average mouse brain volume is about one quarter of that of a rat brain 

(27). Thus, a dose of approximately 25 µg/day would be effective assuming direct 

translatability from rats to mice. However, since differences in metabolism, receptor density 

etc. can affect the actual effective dose, clozapine was tested in three different doses ranging 

around this value (i.e. 12.5, 25, 50 µg/day). The concentrations used to achieve the desired 

doses at a delivery rate of 0.15 µl/h were 3.5, 7 and 14 mg/ml in 240 mg/ml HPBCD. The 

vehicle used here was 240 mg/ml HPBCD in 1x phosphate buffered saline (PBS). 

Mice (6-7 mice/group/sex) were randomly assigned to the four treatment groups (i.e. 

12.5, 25, 50 µg clozapine/day or vehicle [i.e. HPBCD]). Clozapine (or vehicle) was delivered 

centrally using osmotic minipumps (Alzet Model 2006, Cupertino, CA, USA).  

Stereotaxic surgeries  

Stereotaxic surgeries were performed under isoflurane anaesthesia (1-2%). For local analgesia 

ropivacaine (2 mg/ml; 100-200 µl) was injected subcutaneously and metamizole (2 mg/ml) 

was given to the drinking water preoperatively for 2 days and postoperatively for 3 days. The 

uptake of metamizole was ensured by monitoring water intake daily. Mice were placed in a 

stereotaxic apparatus (Stoelting Co). The osmotic minipumps were prepared and implanted as 

described by Sanchez-Mendoza and colleagues (28). The cannulae (Alzet Brain Infusion Kit 

3, 30 G) were implanted into the right or left lateral ventricles (counterbalanced across mice) 

with stereotaxic coordinates relative to bregma (29): AP -0.5 mm, ML ±1.4 mm and DV 3 

mm from the skull surface. The cannulae were fixed to the skull with cyanoacrylate adhesive 

(Loctite 454). The osmotic pump was placed in a subcutaneous pocket at the back of the 

mouse and connected to the cannula via a vinyl catheter (0.71 mm outer diameter). After 

surgery the incision was sutured, and stability was supported with N-Butyl cyanoacrylate 

wound adhesive (Surgibond). The mice were allowed to recover from surgery for 7 days.  

Behavioural testing  

One week before and weekly until week three after surgery a battery of three different 

behavioural tests was performed. Tests were carried out between 10:00 am and 06:00 pm.  
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The SHIRPA screen (adapted from IMPReSS; Doc. Number: ESLIM_008_001 from 26 June 

2008) comprises a battery of 20 individual tests, organized in five functional categories: 

motor behaviour, reflex and sensory, neuropsychiatric, autonomous function, and muscle tone 

of each mouse. This screen has been modified and specifically evaluates body weight, body 

position, tremor, palpebral closure, lacrimation, urination and defecation that were observed 

in a viewing jar (14 cm diameter; 18 cm height) for 5 min; transfer arousal, locomotor 

activity, gait, pelvic elevation, tail elevation, startle response and touch escape that were 

observed in an open field for 10 min; positional passivity, limb grasping, trunk curl, pinna 

reflex, corneal reflex, contact righting reflex. Throughout this screening, any occurrence of 

abnormal behaviour, fear, aggression or vocalisation was recorded. 

Open field test. Locomotor activity was evaluated as part of the SHIRPA screen during a 10-

min trial in an open field arena (Stoelting Co, 40 cm x 40 cm) with transparent acrylic walls 

(H: 35 cm). The ANY-maze™ video tracking system (Stoelting Co) equipped with a digital 

camera (The Imaging Source Europe GmbH, Bremen, Germany) was used to record the total 

distance travelled, number of photobeam array activations and time spent in the centre of the 

arena (20 cm x 20 cm) for the total time of 10 min. 

Prepulse inhibition (PPI) of the acoustic startle response (ASR) was measured with the SR-

Lab™ startle response system (San Diego Instruments, Inc., USA). This startle setup consists 

of a light- and sound isolated box with an acrylic cylinder mounted on a piezoelectric element 

to detect mouse movement. Mice were placed into the cylinder and after 5 min acclimation to 

background noise of 65 dB (continued throughout the test session), six acoustic startle pulses 

(120 dB broadband noise for 40 ms) were presented with an inter-trial interval (ITI) of 10 s. 

Thereafter, a total of 70 trials were presented in a randomized sequence and with variable ITI 

of (20 s - 30 s): 10 x no stimulus (only background noise was presented), 10 x startle pulse 

only, 10 x each prepulse (4, 8, 12, 16 dB above background = 69, 73, 77, 81 dB) for 20 ms 

followed by a 40 ms startle pulse after an interpulse interval of 100 ms (onset to onset), 10 x 

prepulse only (16 dB above background) for 20 ms. The session was terminated with six 

startle pulses only with an ITI of 10 s. Each session lasted around 35 min. The magnitudes of 

ASR to pulse only trials were averaged for each mouse and defined as startle amplitude. PPI 

percentage was calculated as described by Geyer and Swerdlow (30)) using the following 

formula:  
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Perfusion of mice  

Six weeks after implantation, mice were deeply anaesthetized with 5-6% isoflurane and 

transcardially perfused with ~6 ml 1x PBS solution followed by ~30 ml 4% formaldehyde 

(FA) in 1x PBS with a perfusion speed of 3 ml/min. Brains were then removed, postfixed in 

4% FA in 1x PBS for 2 h, and cryoprotected in 30% sucrose in 1x PBS for 48 h and then 

frozen in -20°C. Additionally, liver and kidneys were extracted, frozen in -20°C and later 

examined for organic changes by assessing their weight.   

Brains were sectioned at 50 µm using a cyrostat (Leica CM3050 S cryostat, Leica 

Biosystems) and stained with Hematoxylin-Eosin (Morphisto GmbH, Frankfurt) according to 

the manufacturer’s instruction. Brain slices were mounted in Histofluid (Paul Marienfeld) and 

imaged at 2.5x/0.085 magnification on a Zeiss Axio Observer.Z1. equipped with a Zeiss 

Axiocam 305 color to confirm cannula placement.  

Statistical analysis  

JASP (v0.10) was used to perform statistical analyses. Since sex-specific differences were 

observed (e.g. open field activity, startle reaction, PPI; see supplementary material), males 

and females were analysed separately. Behavioural assessments, including the SHIRPA 

scores, bodyweights, locomotor activity, and startle and PPI data were examined statistically 

for significance using the Mann-Whitney U test for comparing female and male mice, and the 

Friedman Test or Kruskal-Wallis Test, followed by Conover’s or Dunn’s post hoc test (when 

appropriate) with Bonferroni correction against respective controls for within or between 

subject comparison. Data are reported as mean ± s.e. Statistical significance was defined at 

P<0.05. 

Results 

In vivo behavioural studies in mice 

Mice were implanted with an icv catheter attached to an osmotic pump to deliver either 

clozapine in different concentrations (3.5, 7, or 14 mg/ml) or vehicle (i.e. HPBCD). Of the 52 

mice used for this study, three died during surgery (mortality 5.8%). Mice with detached 

cannulae from the skull were excluded from further behavioural studies (n=1 excluded from 

%𝑃𝑃𝐼 = 100 ×
𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠𝑡𝑎𝑟𝑡𝑙𝑒  𝑡𝑟𝑖𝑎𝑙𝑠 − 𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑝𝑟𝑒𝑝𝑢𝑙𝑠𝑒 +𝑠𝑡𝑎𝑟𝑡𝑙𝑒  𝑡𝑟𝑖𝑎𝑙𝑠

𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠𝑡𝑎𝑟𝑡𝑙𝑒  𝑡𝑟𝑖𝑎𝑙𝑠
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post 1 measurement; further n=4 from post 2; further n=6 from post 3). Mice with incorrect 

implantation were excluded from analysis (4 of 49 mice ≈ 8.2%). The implantation was 

considered a success when the cannula reached the necessary depth to enter the ventricular 

system (Figure 1a). Tissue damage from injection was restricted to brain tissue directly above 

the lateral ventricles, including parts of the primary motor cortex, primary somatosensory 

cortex and the corpus callosum. 

All mice increased their body weight throughout the experimental period (female: 

Χ2(3)=39.15, p<0.001; male: Χ2(3)=21.02, p<0.001) whereby males were significantly 

heavier than female mice (pre: U=0, p<0.001; post 1: U=2, p<0.001; post 2: U=15.5, p<0.001; 

pre: U=0, p<0.001;) with a significantly lower liver-to-body ratio (U=72, p=0.02) and a 

significantly higher kidney-to-body weight ratio (U=19 p=0.041). However, clozapine 

treatment had no effect on total body weight (female: H(3)≤5.49, p≥0.139; male: H(3)≤3.231, 

p≥0.357), liver-to-body-weight ratio (female: H(3)=0.778; p=0.855, male: H(3)=0.164, 

p=0.983), or kidney-to-body-weight ratio (female: H(3)=0.778; p=0.855; male: H(3)=0.155, 

p=0.985) throughout all measurement time points in both sexes.  

 

SHIRPA 

SHIRPA score was used to investigate whether icv delivery of clozapine causes behavioural 

and physiological impairments in mice (Figure 1b, Table S1). The SHIRPA score revealed 

differences in the functional categories “neuromuscular function” and “spinocerebellar 

function” between groups, in female mice (Figure 1b). One week of clozapine treatment 

showed an effect on spinocerebellar function in females (H(3)=9.429, p=0.024), whereby 

mice receiving 7 mg/ml clozapine displayed an altered body position and reared significantly 

less compared to vehicle-treated mice (p=0.012). Two weeks after surgery female mice 

displayed differences in their neuromuscular function depending on the clozapine 

concentration they received (H(3)=8.762 p=0.033). Female mice receiving 7 mg/ml clozapine 

displayed a modest, but significantly reduced spontaneous activity compared to mice 

receiving vehicle (p=0.03). The other parameters measured were not different among the 

treatment conditions (p>0.05). Male mice did not display differences in any behavioural 

measurement depending on the clozapine concentration (p>0.05, data not shown).  

 

Open field  
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Mice with chronic icv administration of clozapine (3.5, 7 or 14 mg/ml) were tested in the 

open field (Figure 2, Table S2) to assess effects of clozapine treatment on locomotor and 

behavioural activity levels, which can be correlated with locomotive function (31).  

Already one week after clozapine administration some differences in the open field 

activity of female mice were observable between treatment groups (Figure 2). While 

horizontal activity, specifically the total distance travelled was marginally affected 

(H(3)≤7.01, p≥0.072), vertical activity (number of photobeam array activation; i.e. number of 

rearings) was borderline significant (post 1: H(3)=7.718, p=0.052; all other time points: 

H(3)≤4.167, p≥0.244). Female mice treated with 7 or 14 mg/ml clozapine showed a 

significant decrease in vertical activity by up 50% at post 1 compared to vehicle treated mice 

(p=0.018 and 0.042 respectively). Mice treated with 14 mg/ml showed a significant ~20% 

reduction in locomotor activity (p=0.033) at post 1. The time spent in the centre of the arena 

was significantly affected at post 3 (H(3)=10.48, p=0.015). However, there were no 

significant differences compared to control mice (P>0.7). Centre time remained unaffected by 

clozapine treatment for all other time points (H(3)≤3.659, p≥0.301). In male mice no 

differences could be observed between the treatment groups (H(3)≤4.33, p≥0.228). 

 

Prepulse inhibition 

Deficient PPI of ASR is a common endophenotype in schizophrenia and has been associated 

with impaired sensorimotor gating. PPI is considered to be a useful psychophysiological 

process for pharmacological screening (32,33).  

The startle response was statistically comparable between all treatment groups (pre: 

H(3)≤4.913; p≥0.178). To assess startle habituation, pulse-alone trials at the beginning and 

end of the session were compared, revealing significant within-session habituation (pre: 

W=887, p<0.001; post 1: W=954, p<0.001; post 2: W=882, p<0.001; post 3: W=111, 

p<0.001). Within session habituation was not significantly affected by clozapine treatment 

(P>0.05).  

Female mice showed a trend of reduced startle response to a 120 dB stimulus (pre: 

U=179, p=0.099) and a significantly reduced PPI (p<0.01) compared to male mice (Table 

S3). This difference in ASR could be accounted for by body weight in males and females 

which has a stronger impact on the responses by the piezoelectric element. Of note, there was 

a significant positive correlation found between PPI and ASR in females (rτ=0.371, p=0.019, 

n=21), but a marginally significant negative correlation in males (rτ=-0.239, p=0.107, n=24). 
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As expected, the amount of PPI increased with increasing prepulse intensity (Χ2(3)=84.44, 

p<0.001). This difference reached statistical significance in each of the experiments (p<0.01).  

Again, due to sex differences in the startle response and PPI level males and females 

were analysed independently. Repeated measures analysis with the inner subject factor time 

(pre, post 1, post 2, post 3) revealed an effect of time for all prepulse intensities in female 

mice (Χ2(3)≥22.45; p<0.001) but only for some prepulse intensities in male mice (4 dB: 

Χ2(3)=5.211, p=0.157; 8 dB: Χ2(3)=11.533, p=0.009; 12 dB: Χ2(3)=19.74, p<0.001; 16 dB: 

Χ2(3)=2.558, p=0.465). Similarly, the startle response to a 120 dB startle pulse also increased 

in female mice after surgery (Χ2(3)=16.14, p=0.001), but not in males (Χ2(3)=5.968, 

P=0.113).  

Due to PPI differences between groups already prevalent before treatment onset, 

treatment groups were analysed independently to evaluate whether PPI is significantly altered 

by clozapine administration. PPI levels at the lowest prepulse intensity (i.e. 4 dB above 

background) were sufficient for detecting PPI-enhancing effects of clozapine (7 mg/ml: 

Χ2(3)=12.05; p=0.007) being evident one week after treatment onset (p=0.018) but not in the 

second (p=0.069) and third week (p=0.132) in female mice (Figure 3). PPI with prepulse 

intensity at 8 dB above background yielded clozapine effects at all dosages (3.5 mg/ml : 

Χ2(3)=12.6, p=0.006; 7 mg/ml: Χ2(3)=8.4, p=0.038; 14 mg/ml: Χ2(3)=9.24, p=0.026) though 

only the 3.5 mg/ml dose showed a significant effect at post 1 after correction for multiple 

testing. However, using the highest prepulse intensities (12 dB and 16 dB above background) 

PPI was significantly affected by all clozapine concentrations in female mice compared to 

vehicle-treated (12 dB – 3.5  mg/ml: Χ2(3)=11.6, p=0.009; 7 mg/ml: Χ2(3)=11.6, p=0.009; 14 

mg/ml: Χ2(3)=13.56, P=0.004; 16 dB – 3.5  mg/ml: Χ2(3)=11.4, p=0.01; 7 mg/ml: 

Χ2(3)=13.2, p=0.004; 14 mg/ml: Χ2(3)=12.12, P=0.007). In male mice only the 7 mg/ml dose 

had an effect on PPI with prepulse intensities at 8 dB above background (Χ2(3)=11.1, 

p=0.011) with post hoc testing showing a strong trend for increased PPI at post 1 (p=0.054), 

but otherwise no significant clozapine effects on PPI could be observed in male mice , 

independent of the presented prepulse intensity (Χ2(3)<7.5, p>0.05; Figure 4).  

 

Discussion 

Identification of new targets at the glutamatergic post synapse may be a promising therapeutic 

strategy for treatment of schizophrenia (34). However, the movement of large molecules 
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between the blood, CSF, and interstitial fluid of the brain is restricted by the limited 

permeability of the BBB (35). In some cases, newly developed compounds may already cross 

the BBB or they may be chemically modified to improve their penetration into the brain (36). 

In other cases, where penetration is poor or unknown, methodologies for direct administration 

into the brain allows evaluation of the potential therapeutic value of novel molecules. Positive 

results would provide the motivation to invest in the required medicinal chemistry for 

designing derivatives with improved pharmacokinetic and pharmacodynamic properties and 

compatible with peripheral routes of administration. Infusion into the ventricle will result in 

distribution throughout the whole ventricular system and the external CSF spaces like the 

basal cisterns and over the convexity (37). In order to compare new compounds with an 

already known control substance, we administered clozapine chronically into the lateral 

cerebral ventricle of C57BL/6J male and female mice to determine the optimal dose.  

The literature presents conflicting data regarding the effects of clozapine on open field 

activity. Abrams et al. (20) have shown that rats with chronic icv administration of clozapine 

(17 mg/ml) displayed significant increase in the distance travelled in the outer square of the 

open field maze. In contrast, Gururajan et al. (25) have observed that a single intraperitoneal 

administration of clozapine (3 mg/kg) inhibits MK-801-induced hyperactivity in Sprague–

Dawley rats. In a previous study the same group noted that a moderate dose of clozapine (3 

mg/kg) decreased locomotor activity whereas a higher dose (10 mg/kg) had no effect on 

locomotor activity (38). Gray et al. (26) found that chronic intraperitoneal administration of 

clozapine (5 mg/kg) for 8 weeks did not alter the distance travelled by WT C57/Bl6 

background mice but ameliorated the hyperactivity in mGluR5 knockout mice.  

In the present study, central administration of clozapine did not affect locomotor 

activity in the open field or gross behaviour in the modified SHIRPA test, at least in male 

mice. Female mice receiving 7 mg/ml clozapine differed in their body position (rearing less) 

and displayed a reduced spontaneous activity compared to mice receiving vehicle. These 

findings are in line with a study showing that clozapine blocked the increase in rearing time 

and rearings elicited by methylphenidate administration in a dose-dependent fashion (39). 

Studies regarding the anxiolytic effect of clozapine have also been mixed. In the 

present study, clozapine had no significant effects on the time spent in the centre of the arena 

which can be associated with anxiety levels (40,41). Other findings point towards an 

increased anxiety-related behaviour and decreased exploratory activity in rats (42). However, 

several other studies have suggested an anxiolytic property of clozapine in the open field test 

(43), as well as in conditioned fear paradigms (44). 
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Methodological differences might account for the discrepant reports related to the 

ability of clozapine to alter open field activity. Most previous studies have investigated the 

effects of an acute administration of clozapine on PPI or behaviour via a subcutaneous or 

intraperitoneal route using a concentration range of 1-12 µg/g, mostly 30 min prior to testing. 

Our study investigated chronic central administration with a daily dose of 12.5, 25 and 50 µg 

for 3 weeks. In case of a single injection, plasma concentration rises to a peak but then 

declines rapidly until the test compound is eliminated, which happens more rapidly in rats and 

mice than in humans (45). Hence the effects of a compound following a single injection is 

limited to few hours whereas continuous drug administration using implantable infusion 

pumps ensures that test compounds are present in plasma and tissues for a defined duration to 

allow their biological effects to develop fully, with better reproducibility (46). Consequently, 

effects of chronic central clozapine on behaviour can be considered as more reliable.  

Sensorimotor gating, as tested by the PPI of the ASR, has a high translational value 

across species (47) and is often used for pharmacological screening of antipsychotics or novel 

compounds involving new targets. Several different studies have already shown that 

antipsychotics can reverse PPI deficits (Table 1). Gray et al. (26) showed that chronic 

intraperitoneal clozapine treatment (5 mg/kg) for 5 weeks significantly increases PPI in 

mGluR5 KO mice compared to saline treated KO mice. However, they could not observe an 

overall effect of clozapine in wildtype mice. Feifel et al. (48) showed that a single systemic 

clozapine injection (7.5 mg/kg) facilitated PPI in Brown Norway rats which exhibit natural 

PPI deficits under certain parametric conditions. In humans a single clozapine administration 

increased PPI levels in healthy subjects with low but not high PPI performance in a manner 

comparable to that seen in clozapine-treated schizophrenia patients (22). In the present study, 

mice treated with 12.5, 25, 50 µg clozapine per day showed an increase in PPI one week after 

onset of treatment compared to the control whereby the highest concentration showed no 

effects at the lower prepulse intensities. Thus, a dosage range between 3.5 and 7 mg/ml can be 

used in future studies requiring chronic icv delivery of clozapine.  

Usually, pharmacological studies of PPI are based primarily on the ability of a drug 

(e.g. dopamine D2 receptor antagonist) to reverse a drug-induced deficit in PPI produced by 

psychotomimetic drugs such as amphetamine (indirect sympathomimetic) and phencyclidine 

(NMDA receptor antagonist) (49). However, in the current study we administered clozapine 

only to wildtype mice which were not pre-treated to induce schizophrenia-like conditions. 

Still, our results seem to be in line with studies showing that intraperitoneal administration of 

clozapine (1-12 mg/kg) attenuates PPI deficits, for instance, in phospholipase C-β1 KO mice 
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(50) or even completely reverses PPI-disruptive effects of apomorphine (D1 receptor agonist; 

(33,51)). Duncan and colleagues (21) showed that systemic application of clozapine (3 

mg/kg) increased PPI in both the wild type and a mutant mouse model of chronic NMDA 

receptor hypofunction (i.e. Grin1-/- mice) and concluded that the assessment of behaviour of 

this mutant mouse model in the PPI paradigm offers no advantage over the wild type controls 

for identifying new clozapine-like drugs. Hence, finding the effective dose for chronic central 

clozapine administration in wildtype mice can be considered as a valid method.  

The administered clozapine dose was the same in female and male mice. However, 

females seemed to be more sensitive to clozapine treatment displaying behavioural 

alterations. Anderson et al. (53) showed that women tend to attain 17 % higher plasma 

clozapine concentrations than men, although the prescribed clozapine concentration was not 

different. They concluded that the higher body mass index and blood glucose in women might 

relate to higher tissue exposure of clozapine due to sex differences in drug metabolism. This 

might explain the sex differences observed in our study.  

Strikingly, we found that female mice showed a trend for lower startle response and 

significantly lower PPI than male mice which is in contrast to PPI measurement in humans 

where the difference is limited to PPI and not ASR. Gogos and colleagues (54) have shown 

that male patients with bipolar disorder (BD) have a reduced PPI compared to female BD 

participants and therefore concluded that studies should consider men and women with BD as 

two distinct groups, at least in PPI studies. However, in rodents it is important to consider that 

the differences in male-female body weights differently impact the piezoelectric 

accelerometer, whereas in the human paradigm weight is largely irrelevant as startle 

amplitude is measured by electromyographic recordings of the orbicularis oculi. The first 

demonstration of a sex difference in rodent sensorimotor gating was provided by Lehmann 

and colleagues (55) showing that the ASR and PPI of the ASR are both greater in male than in 

female Wistar rats, being in line with these findings. Furthermore, testing PPI in females 

(human and rodents) requires to bear in mind that the PPI is affected by the oestrous cycle: 

PPI is typically reduced during the period of ovarian cycle when oestrogen levels are highest 

(56,57). Mice were tested weekly for 3 weeks and because their oestrous cycle lasts 

approximately 4-5 days (58), it is plausive we covered all four phases. However, since the 

variance between males and females was relatively comparable, changes in the oestrous cycle 

appeared to have no major effect on the PPI in our study. 

One factor potentially limiting a clear interpretation of our results was the 

administration of only two behavioural tests – PPI and open field. We chose these paradigms 
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as it was shown in several studies that they are affected by clozapine treatment (20,21, 

,25,26,38,39,42,43,48,50,51) as well as due to their high test-retest reliability (59,60), an 

important requirement, due to the repeated test sessions applied in this study. A wide range of 

rodent behaviours are currently used to model various aspects of schizophrenia which 

evaluate traits such as sensory-motor function, social interactions, anxiety-like and 

depressive-like behaviour, substance dependence and various forms of cognitive function 

(24). Thus, in future studies, efficacy of chronic icv delivery of clozapine will need to be 

assessed in these models. Furthermore, in the present study we only used wild type mice, 

which do not reflect a disease-like state. Thus, future studies using animal models of 

schizophrenia (e.g. using maternal immune activation (61)) will provide a better predictive 

validity of current or future therapies.  

Patients with schizophrenia often suffer from non-psychotic symptoms; especially 

depressive syndromes are found commonly, be it parallel to psychotic episodes or in the form 

of post-psychotic depression (62). These patients require anti-depressant treatments (63,64), 

and it has been shown that concomitant medication with anti-depressants reduce the risk for 

hospitalization and emergency room visits (65). Therefore, another factor that could increase 

the translational value of our approach in future studies, would be the co-application of 

antidepressants with clozapine or other drugs with antipsychotic potential. 

Interestingly, there is preliminary evidence that the clozapine metabolite N-

desmethylclozapine (NDMC or norclozapine) – while showing no antipsychotic efficacy – 

contributes to the precognitive effects of clozapine after long-term treatment, specifically 

improving working memory (66). Therefore, our model might also be used to further 

elucidate the complex actions of clozapine and its metabolite.  

In summary, none of the clozapine concentrations tested caused neurological deficits 

or evident behavioural alterations in mice. Only the 7 mg/ml dose of clozapine significantly 

affected both behaviour in the open field and SHIRPA test, as well as PPI, while 3.5 and 14 

mg/ml of clozapine increased PPI but showed no effects on SHIRPA score and minor effects 

on locomotor activity (only 14 mg/ml). Thus, the 7 mg/ml dosage can be used in future 

studies requiring chronic icv delivery of clozapine in mice. 
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Figure legends 

 

Figure 1 (a) Exemplary image of correct implantation of the cannula to the lateral ventricle (LV). Coordinates 

relative to bregma: AP -0.5 mm, ML ±1.4 mm. Slices of 50 µm thickness were HE stained to validate proper 
targeting. Right hand panel: comparison to respective coronal and sagittal slices (AP -0.58) from Paxinos and 
Franklin's the Mouse Brain in Stereotaxic Coordinates (2001) (29). (b) Comparison of total SHIRPA scores (mean 
±SE) of female mice (n=21) before and after chronic icv administration of clozapine. The SHIRPA tests were 
divided into five categories (Rogers et al., 1997). Total scores were shown as the sum of the scores for all and 
each of the categories and are not scaled to vehicle-treatment levels. Analysis of variance (ANOVA) was 
performed with clozapine concentration as the grouping variable and post hoc comparisons were carried out 
using the Tukey HSD test. Asterisks indicate significant intergroup differences for clozapine concentration 

compared to control (i.e. 0 mg/ml): (∗) P≤0.05. Abbreviations: M1 = primary motor cortex, M2 = secondary motor 
cortex, S1 = primary somatosensory cortex 

 

Figure 2 Behavioural measurements (mean ±SE) recorded in the open field arena of female (n = 21) and male 

(n= 24) mice before and after chronic icv administration of clozapine for three weeks. Analysis of variance 
(ANOVA) was performed with clozapine concentration as the grouping variable and post hoc comparisons were 
carried out using the Tukey HSD test. Asterisks indicate significant intergroup differences for clozapine 
concentration compared to control (i.e. 0 mg/ml): (∗) P≤0.05. 

 

Figure 3 Prepulse inhibition (PPI) in female mice. Means ± SEM of the means of the percentage of PPI following 

different prepulse intensities (4, 8, 12, 16 dB above background of 65 dB) in female C57BL/6J mice (n=21) at 
different time points prior and after surgery treated with different concentrations of clozapine (3.5 mg/ml, 7 mg/ml, 
14 mg/ml) and vehicle only. Asterisks indicate significant differences between pre to post measurements: (∗) 
p≤0.05. Significant trends (i.e. p-values <0.1) for post compared to pre measurements are indicated.  

 

Figure 4 Prepulse inhibition (PPI) in male mice. Means ± SEM of the means of the percentage of PPI following 

different prepulse intensities (4, 8, 12, 16 dB above background of 65 dB) in male C57BL/6J mice (n=24) at 
different time points prior and after surgery treated with different concentrations of clozapine (3.5 mg/ml, 7 mg/ml, 
14 mg/ml) and vehicle only. No significant clozapine effects on time could be observed. Significant trends (i.e. p-
values <0.1) for post compared to pre measurements are indicated. 
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Supplementary material 

Table S1 Sex differences in behaviour recorded in SHIRPA screen prior to surgery. Behavioral measurements 

recorded as part of the SHIRPA primary behavioural observation assessment. Data represent score, mean, 
standard error and statistics (Mann-Whitney U test) of female (n=21) and male (n=24) C57BL/6J mice at 12 
weeks of age. Measure with significant effects are given bold face. NA = Not available 

Behavioural measurement Sex Mean Std. error Statistics 

Body position female 3.286 0.055 U=301.5 

P=0.197 male 3.188 0.050 

Tremor female 1.905 0.066 U=302.5 

P=0.102 male 1.667 0.115 

Palpebral closure female 2.000 0.000 NA 

male 1.917 0.058 

Lacrimation female 1.000 0.000 NA 

male 1.000 0.000 

Spontaneous activity female 1.881 0.084 U=311 

P=0.115 male 1.604 0.138 

Urination female 0.810 0.088 U=267 

P=0.647 male 0.750 0.090 

Defecation female 1.286 0.269 U=189 

P=0.145 male 2.083 0.366 

Transfer arousal female 3.381 0.146 U=268 

P=0.682 male 3.333 0.143 

Locomotor activity female 21.24 1.234 U=216.5 

P=0.424 male 21.75 0.730 

Gait female 3.000 0.000 NA 

male 3.000 0.000 

Pelvic elevation female 2.000 0.000 NA 

male 1.854 0.070 

Tail elevation female 1.048 0.048 U=232.5 

P=0.381 male 1.125 0.069 

Startle response female 1.190 0.088 U=289.5 

P=0.122 male 1.042 0.042 



2 
 

Touch escape female 2.619 0.109 U=275.5 

P=0.549 male 2.458 0.144 

Positional Passivity female 2.952 0.048 U=313.5 

P=0.036 male 2.708 0.095 

Limb grasping female 0.095 0.066 U=255 

P=0.908 male 0.083 0.058 

Trunk curl female 1.000 0.000 NA 

male 1.000 0.000 

Pinna reflex female 1.000 0.000 NA 

male 1.000 0.000 

Corneal reflex female 1.000 0.000 NA 

male 1.000 0.000 

Contact righting reflex female 1.000 0.000 NA 

male 1.000 0.000 
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Table S2 Sex differences in behaviour recorded in in the open field area prior to surgery. ANY-maze measures 

data represent mean, standard error and statistics (Mann-Whitney U test) of female (n=21) and male (n=24) 
C57BL/6J mice at 12 weeks of age. Measure with significant effects are given bold face.  

Open field behaviour Sex Mean Std. error Statistics 

Distance (m) female 29.22 5.69 U=362 

P=0.012 male 24.94 5.62 

Time immobile (s) female 128.1 45.7 U=110 

P<0.001 male 190.0 60.0 

Line crossings  female 306.2 53.6 U=335 

P=0.061 male 276.7 53.9 

Max speed (m/s) female 0.344 0.054 U=330.5 

P=0.076 male 0.314 0.046 

Photobeam Array: number 

active (n) 

female 160.8 37.1 U=330 

P=0.078 male 139.0 61.5 

Photobeam Array: time 

active (s) 

female 75.27 13.54 U=174 

P=0.078 male 96.52 42.62 

Centre time (s) female 34.03 12.95 U=184 

P=0.125 male 44.15 27.09 

Centre distance (m) female 3.40 0.85 U=275 

P=0.612 male 3.18 0.76 
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Table S3 Sex differences in startle pulse and prepulse inhibition prior to surgery. Data represent mean, standard 

error and statistics (Mann-Whitney U test) of female (n=21) and male (n=24) C57BL/6J mice at 12 weeks of age. 
Measure with significant effects are given bold face. 

Measure Sex Mean Std. error Statistics 

Startle pulse female 571.3 52.0 U=179 

P=0.099 male 801.7 74.7 

%PPI 

4 dB prepulse 

female -3.54 8.21 U=130.5 

P=0.006 male 24.53 4.15 

%PPI 

8 dB prepulse 

female 6.45 6.55 U=126 

P=0.004 male 33.07 5.17 

%PPI 

12 dB prepulse 

female 13.10 7.53 U=92 

P<0.001 male 50.23 5.47 

%PPI 

16 dB prepulse 

female 30.79 4.09 U=77 

P<0.001 male 62.23 4.82 

%PPI 

Mean prepulse 

female 11.70 5.98 U=95 

P<0.001 male 42.51 4.61 

 

 


