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Abstract

Our laboratory and others have reported that Brattleboro (BRAT) rats, a Long Evans (LE) strain 

with a single gene mutation, have inherent deficits in prepulse inhibition (PPI) homologous to 

those observed in schizophrenia patients and that these deficits are reversed by antipsychotic drugs 

(APDs).

To further evaluate the potential predictive validity of BRAT rat PPI for APDs, we compared the 

effects of acute subcutaneous administration of the typical APD chlorpromazine to that of three 

psychotropic drugs without antipsychotic efficacy, the antidepressant imipramine, the anxiolytic 

diazepam and the anticonvulsant mood stabilizer valproic acid on male and female BRAT rat PPI.

Male and female BRAT rats exhibited baseline (saline treatment) PPI that was not different from 

each other (21.1 % and 21.3 %, respectively) and low compared to those historically exhibited by 

LE rats (approximately 59 %). Chlorpromazine facilitated PPI in male and female BRAT rats, 

whereas imipramine, diazepam, and valproic acid had no significant effect on PPI.

These results suggest that PPI in the BRAT rat responds specifically to drugs with APD efficacy 

but not psychotropic drugs of different therapeutic families.
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Introduction

Animal models with strong predictive validity for the therapeutic effects of psychotropic 

drugs are essential for the development of novel therapeutics for psychiatric disorders. 

Prepulse inhibition (PPI) of the acoustic startle response is the basis of a number of animal 

models with strong predictive validity for the effects of antipsychotic drugs (APDs) (Geyer 

et al, 2001; Swerdlow and Geyer, 1998).

PPI of the acoustic startle response, an operational measure of sensorimotor gating, is the 

reduction in the startle response when the startle-eliciting stimulus is preceded immediately 

by a sub-threshold stimulus (Swerdlow et al, 1998). Schizophrenia patients exhibit lower 
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PPI compared to healthy human subjects and these deficits are reversed by APD treatment 

In this respect, second generation APDs such as clozapine and risperidone tend to be more 

effective than the first generation APD, haloperidol at reversing these deficits (Kumari and 

Sharma, 2002).

Decreased PPI can be induced in rodents by administration of psychotomimetic drugs such 

as the dopamine agonists amphetamine and apomorphine (Mansbach et al, 1988), 

noncompetitive NMDA antagonists such as phencyclidine, (Mansbach, 1991) and serotonin 

agonists such as DOI (Sipes and Geyer, 1994). These PPI deficits are reversed by APDs, and 

thus PPI has been widely proposed as the basis of animal models with predictive validity for 

APDs (Geyer et al, 2001). PPI paradigms that are based on psychotomimetic drug-induced 

deficits have several significant limitations. First drug-induced PPI disruption is likely to be 

sensitive to reversal by other compounds that are active on the same neurotransmitter 

system. For example, dopamine agonist-induced disruption of PPI is sensitive to drugs that 

are dopamine antagonists, etc. In this way, the drug-induced model is likely to predict 

putative APDs that work via already established pharmacological mechanisms and are less 

likely to identify putative APDs that work via novel mechanisms. To address these issues, 

investigators have developed behavioral models based on non-pharmacologically induced 

PPI deficits.

Social isolation-rearing (Cilia et al, 2001; Geyer et al, 1993) and neonatal hippocampal 

lesions (Lipska et al, 1995) are two of the most investigated non-pharmacological models of 

PPI deficits. PPI deficits produced by isolation rearing can be attenuated by typical and 

atypical APDs (Cilia et al, 2001; Varty and Higgins, 1995). Neonatal hippocampal lesion-

induced PPI deficits (Lipska et al, 1995) can be attenuated by atypical but not typical APDs 

(Le Pen et al, 2002).

Brattleboro (BRAT) rats have also been proposed as a non-pharmacological animal model. 

BRAT rats are Long Evans (LE) rats with a single base pair deletion in the gene coding for 

the neuropeptide/neurohormone vasopressin (AVP) resulting in the synthesis of an altered 

form of the AVP precursor peptide that cannot enter the secretory pathway (Birkett and 

Pickering, 1988).

BRAT rats display many behavioral and cognitive abnormalities. For example, they have 

been shown to have deficits in memory, emotional reactivity, social recognition, motivation, 

and attention (Bohus and de Wied, 1998; Williams et al, 1983). Abnormalities in these 

functions are exhibited by schizophrenia patients (Docherty and Gordinier, 1999; Malla, 

1995; Phillips and David, 1995). In addition, BRAT rats exhibit an upregulation of D2 

receptors (Shilling et al, 2006) consistent with reports of D2 receptor upregulation in brains 

of schizophrenia patients (Kestler et al, 2001).

BRAT rats also exhibit inherent PPI deficits compared to wild type Long Evans rats. In this 

regard, in our previous studies Long Evans rats exhibited approximately 59 % average PPI 

vs. 33 % for BRAT rats (Feifel et al, 2007; Feifel et al, 2004; Feifel and Priebe, 2001). 

These PPI deficits are reversed by APDs, and the putative APD PD149163, a neurotensin 

agonist (Cilia et al, 2010; Feifel et al, 2007; Feifel et al, 2004; Feifel et al, 2001). The social 
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recognition deficits exhibited by BRAT rats are also reversed by clozapine and PD149163 

(Feifel et al, 2009).

To exhibit optimal predictive validity for APD efficacy, an animal model should not only 

respond to established APDs (sensitivity) but also be unresponsive to non-APDs 

(specificity). The specificity of the reversal of BRAT rat PPI deficits to APDs has not yet 

been established. To address this issue, we tested the effects of three non-APDs, 

psychotropic drugs on BRAT rat PPI, imipramine, an antidepressant, diazepam, an 

anxiolytic, and valproic acid, a mood stabilizer. We also tested chlorpromazine, a typical 

APD, to further explore the sensitivity of BRAT rats to this family of drugs and to act as a 

comparator to the non-APDs. Furthermore, since PPI in female BRAT rats have not been 

studied, we also tested female BRAT rats to characterize their PPI response to psychotropic 

drugs.

Methods

One hundred twenty eight male and 128 female BRAT rats (n = 8), homozygous for the 

vasopressin mutation (170-350 grams at testing) were bred at UCSD (breeders from Harlan 

Laboratories, San Diego) and housed in groups of two in clear plastic chambers in a climate 

controlled room under a 12h/12h light/dark schedule (lights on/off - 7:00 A.M/7:00 P.M). 

They were allowed free access to food and water for the extent of the study. Behavioral 

testing was performed when rats were 8 – 10 weeks old, during the light phase of the rats' 

circadian illumination schedule as startle magnitude, PPI and drug effects on PPI are stable 

across the circadian cycle (Weiss et al, 1999). The rats were tested in startle chambers to 

characterize their baseline PPI and startle. Animals were assigned, based on their baseline 

PPI, to one of four groups matched so as to achieve comparable average PPI across groups. 

Drug treatment began a minimum of three days after baseline testing. All experimental 

procedures were conducted in accordance with the University of California, San Diego 

guidelines for animal care and experimentation.

In each experiment, 32 male and 32 female drug naive BRAT rats were used. In the first 

experiment, rats were administered subcutaneous (SC) injections of either 0 (saline), 1.0, 

5.0, or 10 mg/kg chlorpromazine (Sigma Chemicals, St. Louis, MO). Doses were selected 

based on their demonstrated ability to reverse PPI deficits (Geyer et al, 2001). In the next 

experiment, rats were administered SC injection of either 0 (half volume 0.1 N HCl, half 

volume saline to neutral pH with 1 N NaOH) 3.0, 10.0, or 30.0 mg/kg imipramine (Sigma 

Chemicals, St. Louis, MO). In a third study, rats were administered SC injection of either 0 

(Tween 80 and saline), 1.0, 3.0 or 10 mg/kg diazepam (Sigma Chemicals, St. Louis, MO). In 

the last study, animals were given either 0 (saline), 50, 100, 200 mg/kg valproic acid (Sigma 

Chemicals, St. Louis, MO). Volume injected for all 4 drugs was 1 ml/kg. Drug doses for 

diazepam, imipramine and valproic acid were chosen according to (Becker and Anton, 1990; 

Rigdon, 1991; Roche et al, 2008), respectively.

Animals were tested in startle chambers (San Diego Instruments, San Diego, CA) 30 

minutes after drug administration. Once placed in startle chambers each rat had a 5-minute 

acclimation period. A 65-dB background noise was continuously present throughout the 
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session. The acclimation was followed by a 15 minute PPI test session during which rats 

were presented with 40 msec 120 dB startle pulses without a prepulse, or pulses preceded 

100 msec by a prepulse of either 4, 8 or 12 dB above background. These four types of active 

stimuli were presented in addition to a neutral (no sound) stimuli condition in pseudorandom 

order and repeated 10 times with an average of 15 seconds (7 - 23 seconds) between stimuli 

types.

A startle response was recorded for all stimuli presentations. PPI for each animal was 

calculated as a percentage of the pulse-alone startle magnitude using the following formula: 

[1- (startle magnitude after prepulse-pulse pair/startle magnitude after pulse only] ×100.

Statistical Analyses

To compare treatment groups, PPI data was subjected to a three-way ANOVA in which 

Prepulse Intensity was a within-subject factor, and Gender and Treatment (i.e., drug dose) 

were between-subject factors. There were no significant two-way interactions of prepulse 

intensity with any of the drugs tested. Therefore, this term was dropped from the model and 

the analysis reported is based upon a reduced model examining averaged PPI across the 

three prepulse intensities. Male and female data were analyzed by ANOVA followed by 

pair-wise comparisons using a Dunnett's two-tailed post hoc test to test the following 

specific hypothesis: Treatment with the test drugs facilitates PPI in both male and female 

BRAT rats. In addition, Pearson correlations were performed on PPI and startle data 

transformed into percent difference scores [(drug-induced PPI – baseline PPI)/baseline PPI] 

×100, [(drug-induced startle magnitude – baseline startle magnitude)/baseline startle 

magnitude] ×100 to determine if there was a relationship between the effects of 

chlorpromazine on startle magnitude and PPI.

The acoustic startle response (ASR) to the startle stimuli presented without a prepulse data 

was subjected to analysis using two-way ANOVA with Gender and Treatment as between 

factors. Dunnett's post hoc tests were used to compare each drug group to saline treated male 

and female rats.

Results

Chlorpromazine

PPI (Figure 1, Main): There were main effects of Drug [F3,56) = 11.8 P < 0.001] and 

Prepulse Intensity as percent PPI increased with increasing prepulse intensity [F(2,112)= 

10.5, P < 0.001]. There was a Prepulse Intensity X Gender interaction [F(2,112) -= 3.333, P 

< 0.05] reflected in a main effect of Prepulse Intensity in males [F(2,56)= 13.8, P < 0.001], 

but not females. In addition, there was a main effect of Drug in males [F(3,28) = 4.8, P < 

0.01] and females [F(3,28) = 8.8, P < 0.001] as chlorpromazine increased percent PPI in 

BRAT rats in a dose-dependent manner (Figures 1A, 1B). For males, Dunnett's post hoc 

tests revealed that the highest dose significantly elevated percent PPI compared to saline 

treated rats (P < 0.01) and at the low and mid doses there were non significant trends in the 

same direction (P = 0.055 and P= 0.094, respectively). In females, both the mid and highest 

doses (P ≤ 0.001) significantly elevated percent PPI in BRAT rats. In addition, there were no 
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significant Pearson correlations between percent change in PPI (baseline vs. drug-induced) 

among individual rats and their percent difference startle magnitude for either males or 

females at all three doses of chlorpromazine.

Startle (Figure 1A, 1B Insets): There was a main effect of Drug [F(3,63) = 34.3, P < 0.001] 

as startle magnitude decreased with increasing doses of chlorpromazine. There was also a 

significant Gender ×Drug interaction [3,63) = 3.3, P < 0.05]. For males and females 

Dunnett's post hoc tests revealed all three drug doses significantly attenuated startle 

magnitude compared to saline treated rats (P ≤ 0.001).

Imipramine

There was a significant main effect of Prepulse Intensity [F(2,112) = 10.8, P < 0.01] as 

percent PPI increased with increasing prepulse intensity. There were no other significant 

overall main effects or interactions. In addition, there were no significant effects of Drug on 

PPI or startle magnitude for males or females (Table 1).

Diazapam

There were no significant effects on PPI or startle magnitude (Insets) overall or for males 

and females analyzed separately. However, there was a strong trend towards a decrease in 

startle magnitude in Tween 80 and saline treated vs. high dose diazepam treated males 

(365.5 vs. 209.2) and females (239.9 vs.144.3) (Table 1).

Valproic Acid

There was a significant main effect of Prepulse Intensity [F(2,112) = 32.0, P < 0.001] as 

percent PPI increased with increasing prepulse intensity. There were no other significant 

overall main effects or interactions and no significant main effect of Drug in males or 

females on PPI. In addition, there were no significant effects of Gender or Drug on startle 

magnitude (Table 1).

Discussion

There were several notable findings emerging from this set of studies. First, baseline PPI in 

male BRATs was low (21.3 %) and startle magnitude high (299.3) consistent with previous 

findings (Cilia et al, 2010; Feifel et al, 2007; Feifel et al, 2004; Feifel et al, 2001). Second, 

PPI (21.1 %) and startle magnitude (243.2) were also low and high, respectively in females 

and this is the first report on PPI and startle in female BRAT rats. In these experiments, 

female BRATs exhibited baseline (saline) PPI that was comparable to males in magnitude 

and consistent across all four drug studies indicating that female BRAT rats may prove to be 

as useful as males as a model with predictive validity for the therapeutic effects of APDs.

In the third notable finding, chlorpromazine facilitated BRAT PPI and reduced startle 

magnitude in both male and female BRAT rats. The chlorpromazine-induced PPI facilitation 

was not correlated with its inhibitory effects on startle magnitude among rats and thus is not 

likely to be secondary to those startle effects.
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The facilitation of PPI by chlorpromazine in male and female BRAT rats supports the notion 

that acute administration of typical APDs facilitates PPI in BRATS as has been 

demonstrated for atypical APDs. This is consistent with Cilia et al.'s finding (Cilia et al, 
2010) that acute haloperidol also facilitated BRAT PPI. However, in a previous study we did 

not find that acute haloperidol facilitated BRAT PPI (Feifel et al, 2004). It is not clear why 

we did not detect an effect of haloperidol on BRAT PPI. One possibility is that the different 

findings of these two studies could be due to a difference in prepulse levels used in each 

laboratory or different housing conditions in the two colonies of BRAT rats.

The final important finding to emerge from this study is that neither the anxiolytic diazapam, 

antidepressant imipramine, nor the mood stabilizer/anticonvulsant, valproic acid had an 

effect on BRAT PPI, suggesting that PPI facilitation is not produced by psychotropic drugs 

that are not APDs. These data strengthen the specificity of the model for APDs. However, 

more typical and atypical APDs and psychotropic non-APDs will need to be tested to further 

confirm the overall specificity of this model while enhancing predictive validity. 

Interestingly, diazepam exhibited a strong trend to decrease startle magnitude without 

altering PPI, providing additional evidence to the large body of existing data that PPI and 

ASR exhibit reciprocal dissociation. Consistent with our findings, it has previously been 

reported that antidepressants such as impramine had no effect while anxiolytics such as 

diazapam (Rigdon, 1991) decreased startle.

Psychotropic drugs that lack APD efficacy have been previously tested in other rodent PPI 

deficit models with variable results. One study found that imipramine had no effects on 

apomorphine-induced PPI deficits in rats (Rigdon, 1991) but Duncan et al. (Duncan et al, 
2006) found that imipramine increased PPI in mice and the antidepressant desipramine, an 

active metabolite of imipramine, has been reported to attenuate the PPI disruptive effects of 

both dopamine agonists (Pouzet et al, 2005) and PCP (Yamada et al, 1999). In contrast to 

rodent studies, imipramine and desipramine significantly decreased PPI in healthy human 

volunteers (Hammer et al, 2007; Oranje et al, 2004).

The benzodiazepine anxiolytic diazapam exhibited no effects on apomorphine-induced PPI 

deficits in rats (de Jong et al, 2006; Rigdon, 1991) but it has been found to increase PPI in 

C57BL6J, a mouse strain that has naturally low PPI (Ouagazzal et al, 2001). With regard to 

the anticonvulsant mood stabilizer valproic acid, Ong et al. (Ong et al, 2005) found that it 

had no effect on PPI in C57BL/6J mice, whereas Flood et al. (Flood et al, 2009) reported 

that it increased PPI in DBA.2 mice, another strain with naturally low PPI. Umeda et al. 

(Umeda et al, 2006) found that valproic acid reversed apomorphine-induced PPI deficits in 

mice. Based upon the above findings, there is mixed evidence for the specificity of 

psychostimulant-induced PPI deficits to respond to APDs. Similarly, mice strains with 

naturally low PPI that have been proposed as animal models with predictive validity for 

APDs (C57BL/6J, DBA.2) also exhibit some responsiveness to non-APD psychotropics, 

limiting their specificity. In this regard, the BRAT rat, the only genetic rat model of 

deficient PPI characterized to date, demonstrates the strongest specificity for APDs thus far.

In summary, consistent with previous studies, PPI in BRAT rats responds to psychotropic 

drugs with known APD effects in humans. BRAT rats do not respond to known 
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psychotropic drugs that do not have any APD effects. In contrast to the DA agonist and the 

noncompetitive NMDA antagonist PPI models, and mouse models with naturally low PPI, 

BRAT rats, thus far, exhibit specificity for the effects of APDs on PPI. However, this will 

need to be further validated by testing additional non-APD drugs. Female BRATs also have 

inherent deficiencies in PPI, which seem to respond similarly to psychotropic drugs as 

males. Therefore, both male and female BRAT rats appear to be useful models for the 

preclinical evaluation of putative APDs.
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Figure 1. 
Prepulse inhibition (main) and acoustic startle response (inset) in male (A) and female (B) 

rats treated with chlorpromazine. Significantly different than vehicle-treated BRAT rats 

represented by * (P < 0.05) and ** (P < 0.01). Data represented as the mean ± SEM.
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Table 1

Prepulse inhibition and acoustic startle response in rats treated with diazapam, imipramine or valproic acid. 

Data represented as the mean ± SEM (n=8).

Avg % PPI (M) Avg % PPI (F) Pulse Alone (M) Pulse Alone (F)

Diazapam

Vehicle 23.3 ± 7.4 20.0 ± 7.5 365.6 ± 61.7 239.9 ± 66.4

1 mg/kg 26.9 ± 7.5 15.0 ± 7.6 270.1 ± 50.3 175.8 ± 19.2

3 mg/kg 28.9 ± 5.4 26.2 ± 6.2 255.1 ± 27.6 188.9 ± 39.9

10 mg/kg 33.6 ± 3.5 27.8 ± 7.7 209.2 ± 23.4 144.3 ± 10.4

Imipramine

Vehicle 23.8 ± 7.8 33.3 ± 7.6 360.0 ± 113.1 367.1 ± 92.9

1 mg/kg 29.5 ± 2.3 32.8 ± 3.2 394.1 ± 128.2 347.6 ± 77.2

3 mg/kg 28.0 ± 8.8 23.9 ± 4.6 197.5 ± 31.1 247.8 ± 50.8

10 mg/kg 33.2 ± 4.4 43.7 ± 5.6 252.1 ± 37.6 329.0 ± 115.1

Valproic Acid

Vehicle 26.2 ± 5.2 21.4 ± 3.1 99.8 ± 22.9 94.0 ± 11.1

50 mg/kg 23.9 ± 5.3 21.8 ± 3.6 117.3 ± 11.1 101.2 ± 9.1

100 mg/kg 33.1 ± 5.1 24.3 ± 5.0 143.9 ± 13.3 126.7 ± 24.8

200 mg/kg 27.5 ± 2.4 24.6 ± 5.1 139.9 ± 24.3 91.4 ± 21.3

Abbreviations: Avg = average, M = male, F = female
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