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Abstract

Deficits in prepulse inhibition (PPI), a measure of sensorimotor gating, are observed in 

neurodevelopmental and neuropsychiatric disorders. Despite the large PPI literature, the majority 

of studies characteristically employ tests with one interstimulus interval (ISI), of one modality, at 

one age. In the context of the auditory startle response (ASR), the present study examined (1) the 

profile for the ontogeny of PPI through adulthood in Long–Evans hooded rats with a reasonably 

comprehensive ISI function, (2) whether the ontogenetic profile for PPI is sensitive to modality of 

the prepulse stimulus, as a within-session variable, and (3) whether the maturation of PPI differs 

for males and females. Despite the basic effect of more pronounced PPI in adult relative to 

preweanling animals, each sensory modality displayed a unique ontogenetic profile for PPI, 

without any compelling evidence for major differences between males and females, in accordance 

with the known temporal course of peripheral and central maturational profiles of sensory systems 

in the rat. The context for assessing auditory PPI (auditory and tactile vs. auditory and visual 

prepulses) influenced the overall startle response, i.e., a shift in the height of the entire profile, but 

did not significantly impact the auditory PPI profile per se. The translational relevance of 

preclinical sensorimotor assessments to patients with neurodevelopmental and/or neuropsychiatric 

disorders depends partly on an understanding of the ontogeny of sensorimotor gating in different 

sensory systems, and can be strengthened with the use of a reasonably comprehensive number of 

ISIs to provide relatively precise and defined response functions.
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 INTRODUCTION

Sensorimotor gating defines the temporal regulation or filtering of incoming, irrelevant 

sensory information as indexed by a motor response. The ability to “gate” sensory 

information is putatively held to be common across vertebrate species, and even extends to 

invertebrate members of the animal kingdom (Riede, 1993). Sensorimotor gating may be 
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measured through prepulse inhibition (PPI) of the startle response, which is demonstrated 

when a “prepulse”, that is a relatively weak sensory stimulus, is presented in close temporal 

proximity to the stronger “startling” stimulus. The degree to which the startle response is 

decreased by a preceding (auditory, tactile or visual) stimulus is fundamentally a function of 

the interstimulus interval (ISI) and provides a reliable measure of sensorimotor gating 

(Hoffman & Ison, 1980; Hoffman & Searle, 1965; Ison & Hammond, 1971). Individuals 

with neurodevelopmental disorders, such as schizophrenia and attention deficit hyperactivity 

disorder, as well as neuropsychiatric disorders, such as Tourette’s syndrome and 

Huntington’s disease, have shown disruptions in PPI, indicative of sensorimotor gating 

impairments (Braff et al., 1978; Castellanos et al., 1996; Smith & Lees, 1989; Valls-Sole, 

Munoz, & Valldeoriola, 2004).

Over the past two decades, a putative neural circuit map has been developed, based on lesion 

and electrical stimulation studies, for the mediation of PPI of the auditory startle response 

(ASR). Specifically, a serial circuit was proposed in which auditory input, processed via the 

ascending auditory pathway to the inferior colliculus (IC), activates the superior colliculus 

(SC), which in turn activates the pedunculopontine tegmental nucleus (PPTg), triggering a 

cholinergic projection to the caudal pontine reticular nucleus (PnC) to mediate PPI (Fendt, 

Koch, & Schnitzler, 1994; Fendt, Li, & Yeomans, 2001; Koch, Kungel, & Herbert, 1993; 

Koch & Schnitzler, 1997). The PnC is the obligatory nucleus in the primary startle pathway 

for integrating prepulse and startle stimuli. Further, this model suggested that visual and 

tactile prepulses are mediated via the SC, not the IC. In addition to this primary mediational 

circuit, the hierarchical regulation of PPI has also been firmly established. The “CSPP 

circuitry”, as it is often abbreviated, includes both sequential and parallel neural connections 

among the limbic cortex, ventral striatum, ventral pallidum, and pontine tegmentum, and is 

held to converge with the primary startle circuit at the level of the PnC (Davis, 1980, 1984; 

Davis, Gendelman, Tischler, & Gendelman, 1982; Fendt et al., 1994, 2001; Koch, 1999; 

Koch et al., 1993; Koch & Schnitzler, 1997; Li, Du, Li, Wu, & Wu, 2009; Yeomans, Lee, 

Yeomans, Steidl, & Li, 2006; Yeomans, Li, Scott, & Frankland, 2002). Thus, the general 

consensus on both the mediating and regulatory circuits underlying PPI provides the 

rationale for translational inference, albeit not without caveat (Davis, Antoniadis, Amaral, & 

Winslow, 2008; Wood, Beyer, & Cappon, 2003).

Sensorimotor gating indexed by PPI is evident at an early age in humans (Kisley, Polk, Ross, 

Levisohn, & Freedman, 2003) and rodents (Parisi & Ison, 1979); however, the nature of any 

characteristic change in response across development remains unclear. Furthermore, it is 

also uncertain whether there is any characteristic difference in response inhibition when 

utilizing sensory stimuli from different modalities. One seminal study in rodents noted a 

significant linear trend of PPI across preweaning development (PD12–18) that did not 

significantly vary across cutaneous (.5 or 1.0 mA), white noise (100–10,000 Hz) or pure 

tone (10 kHz) prepulses (Parisi & Ison, 1979), suggesting that the ontogenetic profile of PPI 

was invariant to modality of the prepulse stimulus. In contrast, response inhibition with a 

visual prepulse (68–171 cd/m2) was significantly less than with a white noise prepulse (56–

70 dB) in preweanling and periadolescent (PD31–35) rats (Parisi & Ison, 1981). Additional 

variables that constrain the derivation of a general ontogenetic principal across the three 

prepulse sensory modalities examined include differences in duration of the prepulse stimuli 
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(cutaneous .5 ms; auditory, 20–25 ms; visual, 50 ms), two of the three experiments in the 

former study were based on results from pups drawn from a single litter, and all of the 

prepulse modality comparisons were based on between-session, if not between-group, 

comparisons. Nevertheless, the extant data suggest that the ontogeny of PPI is contingent on 

development of central as well as peripheral sensory mechanisms.

The ontogenesis of sensory systems varies across species (Gottlieb, 1971). In the rodent, 

evidence for tactile stimulation sensitivity was found as early as gestational Day 15–17 

(Gonzalez, 1932). By contrast, the auditory and visual sensory systems are not considered 

functional until after birth. Regarding audition, early studies demonstrated that rodents can 

respond with a primitive orienting reflex around postnatal Day (PD) 5, but do not respond 

with an orienting exploring reflex until PD 12 (Volokhov, 1968). Others confirmed that 

rodents are capable of their first overt auditory response around PD 10 (Crowley & Hepp-

Reymond, 1966; Wada, 1923). Although the auditory sensory system displays sensitivity to 

stimuli before PD 10–12, it displays much more mature characteristics after opening of the 

external auditory meatus near the end of the second week of life. Similarly, the visual system 

of the rodent is capable of responding to a light stimulus before the eyes open. For example, 

neonatal rat pups (PD 6–8) showed avoidant behavior to a light stimulus (Detwiler, 1932; 

Routtenberg, Strop, & Jerdan, 1978), reflecting the significant retinal development noted in 

the first and second weeks of life (LeVere, 1978). Evidence for visual sensory function, 

however, is not noted with electrophysiological or histological measures until the eyes open 

at PD 10–12, and in some strains, PD 15–17 (Crozier & Pincus, 1937; Rose, 1968). The 

functional properties of primary rat visual cortex, such as selectivity for orientation and 

movement direction of visual stimuli, as well as visual acuity, achieve adult-like 

characteristics at approximately 45 days of age (Fagiolini, Pizzorusso, Berardi, Domenici, & 

Maffei, 1994; Fortin et al., 1999). Thus, the visual system is most aptly considered a later 

maturing system relative to the tactile and auditory sensory systems. The relatively delayed 

development of the visual system is consonant with the findings that suggest PPI may not be 

obtained with a visual prepulse until PD 21–23 (Parisi & Ison, 1981). The existing data, 

thus, beg the question of whether there are unique profiles of PPI for each of the sensory 

processing systems. The estimation of a relatively comprehensive ISI function was sought in 

answering this question.

The aims of the present study were to ascertain the following: (1) the profile for the 

ontogeny of PPI in a rodent when assessing a reasonably comprehensive ISI function, (2) 

whether PPI is sensitive to modality of the prepulse stimulus, and 3) whether the maturation 

of PPI differs for males and females. The present study examined the ontogeny of PPI across 

PDs 15, 18, 31, 35, and 90. Punctate prepulse stimuli represented the tactile, auditory, and 

visual modalities. A repeated-measures within-session design was employed to maximize 

statistical power of detecting an effect of modality. To control for potential litter bias, no 

more than one male or female pup was selected from any one litter at any one test age. To 

the extent that PPI primarily reflects central inhibitory processing, it is anticipated that the 

response data will be invariant to modality of the prepulse stimulus. Alternatively, it may 

very well be that each prepulse sensory modality confers a unique ontogenetic profile of 

response inhibition, reflecting a constraint of sensory system maturation on expression of 

central inhibitory processing.
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 METHODS

 Subjects

Long–Evans rat dams with pups (ns = 12) as well as adult male and female Long–Evans rats 

(ns = 12) were obtained from Harlan Laboratories, Inc. (Indianapolis, IN) at 7 or 70 days of 

age, respectively. The pups were housed with their biological dam until 21 days of age, as 

which time they were weaned, separated by sex, and pair-housed throughout the experiment. 

The adults were pair-housed with same sex animals. Food (Pro-Lab Rat, Mouse Hamster 

Chow no. 3000, National Institutes of Health diet no. 31) and water were available ad 

libitum. The vivarium conditions were set at 21 ± 2°C, 50 ± 10% relative humidity and had a 

12-hr light:12-hr dark cycle with lights on at 0700 hr (EST). The animals were maintained 

according to the National Institute of Health (NIH) guidelines in AAALAC-accredited 

facilities. All procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of South Carolina (animal assurance number: 

A3049-01).

 Experimental Design

A randomized-block design was used, with litter as the blocking factor, and 90-day-old adult 

animals as an added maturation control. The animals from each litter were randomly 

assigned to one of four testing days (PD 15, 18, 31, and 35), representing the preweaning or 

periadolescent period of development. In the context of the auditory startle response (ASR), 

a within-session design was used to assess the factor of prepulse modality. Animals selected 

on PDs 15, 31, and 90 were tested in a combined auditory and tactile PPI session; animals 

selected on PDs 18, 35, and 90 were tested in a combined auditory and visual PPI session. 

No animal was tested in more than one session, but each litter was represented at each of the 

preweanling and adolescent test ages. Animals tested on PD 90 were sampled from different 

litters by the supplier, with the stipulation of no more than one male/one female pair selected 

from any litter. Thus, within-session comparisons were restricted to auditory versus tactile 

prepulses, as well as auditory versus visual prepulses.

 Apparatus

The startle apparatus (SR-Lab Startle Reflex System, San Diego Instruments, Inc., San 

Diego, CA) was acoustically isolated (22 dB(A) sound level within the chamber) within a 10 

cm thick double-walled, 81 × 81 × 116-cm isolation cabinet (external dimensions; Industrial 

Acoustic Company, Inc, Bronx, NY). Auditory stimuli were delivered with the high-

frequency loudspeaker of the SR-Lab system (Radio Shack model#40-1278B, frequency 

range of 5–16 kHz), mounted 30 cm above the perspex test cylinder. Tactile stimuli (16 p.s.i. 

air-puff) were delivered 2 cm above the dorsal surface of the rat via a semirigid plastic tube 

(.64 mm diameter) connected to a compressed air tank via a dual-stage regulator (SR2500, 

Victor Equipment Company, Denton, TX). A white LED light (luminous emittance of 200 

lux) was mounted inside the chamber, 45 cm from the perspex cylinder, to provide the visual 

stimuli. The rise/fall time of each stimulus was 2 ms. Each age group was tested in an 

appropriately sized perspex test cylinder: 3.8 cm internal diameter (ID) for the preweanling 

rats, 5.7 cm ID for the adolescent rats, and 8.9 cm ID for the adult rats. The animal’s whole 

body startle response to the auditory stimulus produced deflection of the test cylinder, which 
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was converted into analog signals by a piezoelectric accelerometer integral to the bottom of 

the cylinder. The response signals were digitized (12 bit A–D) and saved to a hard disk. 

Acoustic and visual stimulus intensities were measured and calibrated with a sound level 

meter (Bruel & Kjaer Model #2203) and a light level meter (Light Meter Model# 840006, 

Sper Scientific Ltd., Scottsdale AZ), respectively, at the level of the perspex test cylinder. 

Response sensitivities were calibrated with the SR-LAB startle calibration system.

 Testing Procedure

At the selected test ages, one male and one female pup from each litter were randomly 

selected and tested for the either auditory and tactile PPI or auditory and visual PPI of the 

ASR.

 Auditory and Tactile

The first protocol addressed the ontogeny of auditory PPI relative to that of tactile PPI, the 

latter representing a relatively earlier developing sensory system. All rats were tested for 

approximately 30 min. The testing procedure for the integral auditory and tactile PPI began 

with a 5-min acclimation period with background white noise (70 dB(A)), followed by six 

startle trials for adaptation/habituation (white noise stimuli (100 dB(A))) with a 10 s 

intertrial interval (ITI), and 72 PPI trials with a pulse-only stimulus, or 8, 40, 80, 120, or 

4,000 ms interstimulus interval (ISI) between prepulse and pulse stimuli, assigned by a 

Latin-square design. The ISI represented the time from the offset of the prepulse stimulus to 

the onset of the startle stimulus. The incorporation of a range of ISIs was fundamental to 

establishment of a relatively precise and defined response function, and consequently, a 

more accurate assessment of response inhibition, as has been employed to examine 

alterations in the development of PPI as a function of developmental neurotoxin exposure 

(Fitting, Booze, Mactutus, 2006a,b,c; Ison, 1984; Moran, Fitting, Booze, Webb, & Mactutus, 

2014). The auditory and tactile PPI trials were each presented in six-trial block sets (each set 

including each ISI) in a counterbalanced order throughout the session, with a variable 20 s 

ITI (range: 15–25 s). The pulse-only and 4,000 ms ISI trials were used to provide the 

reference ASR within the PPI test. The startle stimulus was a 100 dB(A) white noise (20 ms 

in duration) measured inside the test cylinder. The auditory prepulse was an 85 dB(A) white 

noise, 20 ms in duration; the tactile prepulse was a 16 p.s.i. air puff, 20 ms in duration. 

Stimulus parameters were chosen in accordance with recommendations in Current Protocols 

in Neuroscience (Geyer & Swerdlow, 2001) and pilot observations. The sound of the air puff 

prepulse was measured, in the absence of background white noise, as 70 dB(A) inside the 

tube, 2.5 cm from the end of the test cylinder. Thus, the air puff was effectively a pure tactile 

stimulus. All white noise stimuli were passed as broadband through the range possible by 

the horn tweeter (5–16 kHz), a range which spans the peak 8 kHz sensitivity of the 

audiogram of the Long–Evans rat (Heffner, Heffner, Contos, & Ott, 1994). The dependent 

measures collected were peak response amplitude (the highest amplitude during the 100 ms 

window following the onset of the startle tone) and response latency (the time in millisecond 

from the onset of the startle stimulus to the peak response).
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 Auditory and Visual

The second protocol addressed the ontogeny of auditory PPI relative to that of visual PPI, 

the latter representing a relatively later developing sensory system. As with the previous 

protocol, all rats were tested for approximately 30 min. The testing procedure for the integral 

auditory and visual PPI was identical to the first protocol, with the exception that visual PPI 

trials were substituted for the tactile PPI trials. The illuminance of the visual prepulse was 

50 lux, at the level of the perspex test cylinder, with a duration of 20 ms. Again, the 

dependent measures collected were peak response amplitude and response latency.

 Data Analysis

Data were analyzed with analysis of variance (ANOVA) techniques (Winer, 1971; IBM 

SPSS Statistics for Windows, Version 22.0; Armonk, NY: IBM Corp.). Four-factor mixed-

model ANOVAs (3, age × 2, sex × 6, ISI × 2, modality), with the first two factors 

representing between-subjects terms and the latter factors representing within-subjects 

terms, were conducted for each response measure (peak response amplitude and response 

latency) for both the auditory vs. tactile PPI protocol and for the auditory vs. visual PPI 

protocol. A comparison of the ontogenetic profiles of auditory PPI between the two 

protocols was also conducted to ascertain any potential difference that might exist as a 

function of the choice of our experimental design. For the within-subjects terms (e.g., ISI, 

modality), potential violations of sphericity (Winer, 1971) were preferentially handled by the 

use of planned orthogonal components analyses, which also characterized the shape of the 

response curves for each measure, or, if necessary, were handled indirectly by the 

Greenhouse–Geisser degrees of freedom correction factor (Greenhouse & Geisser, 1959). 

An α level of p ≤ .05 was considered statistically significant.

 RESULTS

 PDs 15, 31, and 90, Auditory and Tactile PPI

Within the context of the ASR, the ontogeny of PPI with a tactile prepulse stimulus, relative 

to that with an auditory prepulse stimulus, is illustrated in Figure 1A and C. The overall 

ANOVA on peak response amplitude revealed significant interactions for age × ISI [F (10, 

330) = 4.9, pGG ≤ .001], and for modality × ISI [F (5, 330) = 27.0, pGG ≤ .001], which 

qualified the main effects of modality [F (1, 66) = 10.14, pGG ≤ .005], age [F (2, 66) = 4.25, 

p ≤ .05], and ISI [F (5, 330) = 255.07, pGG ≤ .001]. There was no significant effect of sex. 

Power analysis estimates for a small (.1) effect size were in excess of .94 for detecting a 

significant effect, indicating that if sex had a true effect on peak response amplitude, it 

should have been detected.

These findings suggest that as age increases, the point of inflection indexing maximal PPI 

becomes more definable and greater inhibition is observed, independent of modality. The 

modality × ISI interaction suggests the response amplitude profile for the tactile prepulse 

stimulus displayed an adult-like pattern from PD15, whereas marked changes in the 

response amplitude profile were seen for the auditory prepulse stimulus. Moreover, maximal 

inhibition was focal to different ISIs, independent of the subject’s test age. For the tactile 

modality, the point of inflection fell at 120 ms, whereas for the auditory modality the point 
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of inflection is obtained at 40 ms. Planned orthogonal component analyses indicated a 

significant quadratic trend best characterized the shape of the response amplitude curves [F 
(1, 66) = 423.57, p ≤ .001].

Within the context of the ASR, the ontogeny of PPI response latency with a tactile prepulse 

stimulus, relative to that with an auditory prepulse stimulus, is illustrated in Figure 1B and 

D. The overall ANOVA on response latency revealed significant interactions of age × ISI [F 
(10, 330) = 20.69, pGG ≤ .001], modality × ISI [F (5, 330) = 24.97, pGG ≤ .001], and age × 

modality × ISI [F (10, 330) = 9.3, pGG ≤ .001], qualifying the significant main effects of 

modality [F (1, 66) = 22.0, pGG ≤ .001], age [F(2,66) = 27.64, p ≤ .001], and ISI [F (5, 66) = 

210.85, pGG ≤ .001]. Again, the effect of sex was not significant, despite sufficient power (>.

94) to detect a small effect (.1).

As age increased, the modulation of response latency by ISI was much less pronounced, 

independent of prepulse modality. The interactions of modality × ISI and age × modality × 

ISI reflect a significantly greater effect of age on the modulation of response latency by ISI 

for the auditory prepulse trials than for the tactile prepulse trials. The fundamental 

characteristic reflected in the illustration, and confirmed by significant interactions, was a 

flattening of the response curves across ISI with increasing age, which occurs for both 

prepulse modalities for the longer ISIs at the earlier age transition (PD15–PD31), but which 

is greater for the auditory prepulse stimulus than for the tactile prepulse stimulus. 

Orthogonal components analyses revealed a prominent quadratic trend best characterized the 

shape of response latency curves [F (1, 66) = 438.11, p ≤ .001].

 PDs 18, 35, and 90, Auditory and Visual PPI

Within the context of the ASR, the ontogeny of PPI with a visual prepulse stimulus, relative 

to that with an auditory prepulse stimulus, is illustrated in Figure 2A and C. The overall 

ANOVA for peak response amplitude revealed significant interactions of age × ISI [F (10, 

330) = 26.1, p ≤ .001], modality × ISI [F (5, 330) = 59.1, p ≤ .001], and age × modality × ISI 

[F (10, 330) = 10.9, p ≤.001], which qualified the main effects of modality [F (1, 66) = 

150.8, p ≤.001], age [F (2, 66) = 17.3, p ≤ .001], and ISI [F (5, 330) = 84.7, p ≤ .001]. A 

significant effect of sex was not revealed, despite sufficient power (>.94) to detect a small 

effect of sex on peak response amplitude (.1).

As readily observed, the prominent modality × ISI interaction reflected the highly focused 

effect of ISI with the visual prepulse stimulus relative to the less precisely defined response 

amplitude function with the auditory prepulse stimulus. The age × ISI interaction suggested 

very pronounced PPI in the adult subjects relative to the younger ages, independent of 

modality. The age × modality × ISI interaction further suggested the relative age effect was 

differentially expressed in the response amplitude curves as a function of modality. PPI to 

the auditory prepulse stimulus was marked across many of the ISI intervals, rather than the 

focused inflection curve noted with the visual prepulse stimulus in adults (at the 40 ms ISI). 

The absence of any robust PPI detectable with the visual prepulse stimulus in PD18 or PD35 

subjects stands in contrast to the presence of pronounced inhibition across multiple ISIs 

evident from PD18 with the auditory prepulse stimulus. Again, planned orthogonal contrasts 
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indicated a significant quadratic trend best characterized the overall shape of the response 

amplitude curves [F (1, 66) = 130.8, p ≤ .001].

Within the context of the ASR, the ontogeny of PPI response latency with a visual prepulse 

stimulus, relative to that with an auditory prepulse stimulus, is illustrated in Figure 2B and 

D. The overall ANOVA on the PPI response latency curves revealed significant interactions 

for age × modality [F (2, 66) = 12.5, p ≤ .001], modality × ISI [F (5, 330) = 89.8, pGG ≤ .

001], age × ISI [F (10, 330) = 13.1, p ≤ .001], age × sex [F(2, 66) = 3.5, p ≤ .05], and age × 

modality × ISI [F (10, 330) = 17.1, p ≤ .001], which qualified the significant main effects for 

modality [F (1, 66) = 113.3, p ≤ .001], ISI [F (5, 330) = 80.1, pGG ≤ .001], age [F (2, 66) = 

20.5, p ≤ .001], and sex [F(1,66) = 8.3, p ≤ .005]. Separate analyses at each age revealed a 

significant effect of sex in the 90-day-old animals [F(1,22) = 18.5, p ≤ .001], but not in the 

younger animals. Male 90-day-old subjects showed significantly longer response latency 

compared to females during both visual and auditory prepulse trials.

The fundamental characteristic reflected in the illustration, and confirmed by the significant 

interactions, was a flattening of the response curves across ISI with increasing age, which 

was again prominently noted for the auditory prepulse stimulus. In stark contrast, there was 

a lack of modulation of response latency by ISI for the visual prepulse condition in any age 

group, reflected by the lack of an age × ISI interaction when the visual prepulse condition 

was analyzed separately. Orthogonal components analyses revealed a prominent cubic trend 

best characterized the shape of response latency curves [F (1,66) = 387.8, p ≤ .001], as 

particularly noted in the auditory prepulse condition.

 PDs 15, 31, and 90 Auditory PPI Versus PDs 18, 35, and 90 Auditory PPI

Within the context of the ASR, the ontogeny of PPI with an auditory prepulse stimulus was 

compared across the two contemporaneously conducted protocols, i.e., when interdigitated 

with tactile prepulses versus visual prepulses. The overall ANOVA on peak response 

amplitude revealed significant interactions for age × replication [F(2,132) = 13.7, p ≤ .001], 

age × ISI [F(10,660) = 28.6, p ≤ .001], and replication × age × ISI [F(10,660) = 20.8, p ≤ .

001], as well as significant main effects for replication, [F(1,132) = 53.7, p ≤ .001], age 

[F(2,132) = 6.5, p ≤ .005], and ISI [F(5, 660) = 246.5, pGG ≤ .001], but not for sex.

The most prominent effect of testing context (replication) may be most readily understood 

with the adult response amplitude curves for the two replications. As is depicted in Figure 3, 

the context for assessing auditory PPI (auditory-tactile vs. auditory-visual prepulse context) 

influenced the overall startle response, i.e., a shift in the height of the entire profile, but did 

not significantly impact the response amplitude profile per se. The startle responses during 

the initial six acclimation trials for the PD 90 auditory-tactile versus the auditory–visual 

groups did not differ significantly (mean+/−SEM: 1228+/−171 vs. 1363+/−199, 

respectively), and there was no significant effect for group [F(1,46) < 1.0)] or group by trial 

(F(5,230) = 1.73, p = .13). Thus, it appears that the effect of context, as opposed to any 

individual differences, is responsible for the sizable four-fold difference in startle response 

during PPI trials depicted in Figure 3.
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 DISCUSSION

Unique ontogenetic profiles for PPI for each sensory modality were demonstrated in the 

Long–Evans rat, using reasonably comprehensive ISI functions and assessments of both 

response amplitude and response latency. Analysis of the response amplitude and response 

latency curves showed interactions between age and ISI, as well as modality and ISI, 

suggesting that the PPI amplitude and latency profiles are sensitive to the variables of age 

and modality. Males and females generally displayed similar amplitude and latency profiles, 

without any compelling evidence for major differences despite using sample sizes chosen 

with the goal of sufficient statistical power (>.80) to detect a small effect. The results of the 

present study strongly support the hypothesis that the variance across modalities reflects the 

maturation of the particular sensory processing system. Furthermore, the overall amplitude 

of the startle response during auditory prepulse trials was dependent on whether the trials 

were interdigitated with tactile or visual prepulse trials, i.e., the testing context. However, the 

response inhibition profile was not altered as a function of context.

With broadband white noise stimuli (5–6 kHz), auditory response amplitude curves 

demonstrated significant PPI as early as PD15, as previously suggested using a 10 kHz pure 

tone stimulus (Parisi & Ison, 1979, 1981), with more pronounced PPI in adulthood relative 

to preweanling animals. The optimal ISI for auditory PPI, as most pronounced in adults, is 

approximately 40 ms with less inhibition at both shorter and longer intervals. Auditory 

response latency curves across ontogeny, which to the best of our knowledge have not been 

previously reported, suggested that the PPI response latency decreased with advancing age, 

but perhaps more importantly, was more invariant across the ISI function. These 

maturational changes are consistent with the developmental profile of the auditory system 

and auditory sensitivity, as described in the introduction (Crowley & Hepp-Reymond, 1966; 

Volokhov, 1968; Wada, 1923).

With a tactile prepulse (16 p.s.i. dorsal air puff), response amplitude curves displayed 

pronounced PPI at PD15, with adult-like characteristics, but continued to progress in 

magnitude of inhibition through to adulthood. The optimal ISI for tactile PPI, as most 

pronounced in adults, was approximately 120 ms with less inhibition at both shorter and 

longer intervals. The inflection of the response amplitude curves (where peak inhibition is 

obtained) was independent of age. Response latency curves across ontogeny for the tactile 

prepulse suggested marked variation in the ISI function, which persisted throughout 

development, albeit significant latency decreases at the longer ISIs were notable in the 

PD15–PD31 transition. As discussed in the introduction, the somatosensory system displays 

an early-developed sensitivity to tactile stimulation (Gonzalez, 1932; Gottlieb, 1971; Lane, 

1917). Not surprisingly, a tactile prepulse stimulus permitted the expression of adult-like 

characteristics in PPI, even in preweanling animals.

With a prominent visual prepulse (50 lux), response amplitude curves failed to display any 

significant PPI until adulthood, and similarly failed to show any variation in response 

latency across ISI until adulthood. Because no definable inhibition or point of inflection was 

observed in the younger animals for peak amplitude or latency, it is reasonable to infer that 

these animals are not processing the prepulse light stimulus with the same efficiency as the 
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adult animals. A clear, sharp response curve was not apparent for the visual PPI until 

adulthood, lending credence to the notion that the ontogeny of the PPI response is contingent 

on the development of the specific sensory system. Indeed, the visual sensory system is the 

latest maturing modality, and as the results show, does not produce prominent inhibition 

until adulthood. In a subsequent preliminary study with naïve adult rats, we found that 

increasing prepulse light intensity (200, 400, and 600 lux) did not appreciably alter prepulse 

inhibition at the 40 ms ISI (point of peak inhibition; 70, 72, 74% PPI). In this preliminary 

study as well as in a published study comparing 22 and 100 lux prepulses (Moran, Booze, & 

Mactutus, 2013), we also did not find any compelling evidence for alterations in the 

amplitude curves across prepulse intensity. For the present experiments, a single prepulse 

intensity, reflecting what has been suggested to be within the range for producing robust PPI, 

was employed for each prepulse modality.

The relatively late maturing peripheral and central components of the visual system likely 

account for much of the variance in the delayed ontogeny of PPI with visual prepulse 

stimuli. As has been well-established, the visual system is the last sensory system to develop 

in the rat, as is characteristic of numerous vertebrate species (Gottlieb, 1971). Nevertheless, 

different components of the visual system do not have a unitary ontogeny. For example, 

negative phototaxic reactions are observable in rodents as young as 5 days of age (Crozier & 

Pincus, 1937; Routtenberg et al., 1978), visual evoked potentials may be seen as early as 11 

days of age (Rose, 1968), as the eyelids are not opaque in the immature rat, and the eyelids 

separate and open at approximately 14–16 days in the rat, dependent on the specific rat 

strain. At approximately 45 days of age, adult-like characteristics are seen in the functional 

properties of primary rat visual cortex, such as selectivity for orientation and movement 

direction of visual stimuli, as well as for visual acuity (Fagiolini et al., 1994; Fortin et al., 

1999). Between 15 and 45 days of age, the superficial layers of the SC become thicker and 

more myelinated (Langer & Lund, 1974; Warton & Jones, 1985), while astrocytes and 

oligodendrocytes of the SC increase from 14 and 80 days of age (Virgili, Barnabei, & 

Contestabile., 1990). In the context of the circuit which mediated PPI, as described in the 

introduction (e.g., Fendt et al., 2001), visual and tactile prepulses are held to be mediated via 

the SC. Given that the superficial collicular layers are mostly devoted to visual functions, 

whereas the intermediate and deep strata contain multimodal neurons that display a wider 

range of activities in response to somatosensory, auditory, and visual stimuli (May, 2006), 

the present data are consistent with the hypothesis that these protracted developmental 

changes in the superficial layers of the SC contribute to, or perhaps mediate, the delayed 

ontogeny of PPI with visual prepulse stimuli.

One of the strengths of the present study was that it employed a repeated-measures within-

session design to maximize statistical power of detecting an effect of modality. Thus, there 

was no contribution of between-subject and between-session variance to experimental error 

for assessing an effect of modality. A second strength was the control of litter variance, with 

each litter contributing one male and one female to each of the pre-adult test ages. Thus, any 

litter variance was orthogonal to detecting the ontogenetic profiles of PPI. Third, the use of a 

Latin-Square design for the presentation of ISIs and the counterbalancing of prepulse 

modality in six-trial blocks allowed for each ISI and prepulse modality to be balanced across 

the entire session, such that each ISI occurred once before any ISI could occur a second 
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time. A fourth strength of the study was the incorporation of a reasonably comprehensive 

number of ISIs, which provided relatively precise and defined response functions, and 

consequently, more accurate determination and characterization of the response curves. A 

fifth strength was the determination of both response amplitude and response latency curves, 

each of which contributed to the characterization of the ontogenetic profiles and the effect of 

prepulse stimulus modality.

Despite these aforementioned advantages, there remain a few caveats that must also be 

recognized. The commercially available software system used in the present study defines 

response latency as the time from stimulus onset to the peak of the startle response, rather 

than the more tradition definition of latency, which would be until the onset of the startle 

response. The error introduced by this protocol is estimated to be approximately 2–3 ms, 

accounting for roughly 10% of the error in response latency values. Another caveat arises in 

recognition of the strain differences that have been reported in PPI (Kinney, Wilkinson, 

Saywell, & Tricklebank, 1999). Thus, it may very well be that the characteristic shape of the 

response curves may vary as a function of strain. However, it would appear unlikely that 

differences in age of eye-opening of 1–2 days across strains would translate into any major 

change in the pronounced differences between PPI with visual versus auditory prepulse 

stimuli. A third caveat is that the ISIs were arbitrarily selected. However, similar ISIs were 

employed in other studies (Parisi & Ison, 1979, 1981), and these intervals produced clear, 

definable response amplitude and response latency curves. The replicability and utility of the 

approach utilizing response amplitude curves were highlighted in the third data figure in the 

present manuscript.

The ISI approach utilized herein deserves further consideration. Many published studies, as 

well as established protocols, employ and recommend the use of a single ISI for PPI studies 

(e.g., Curzon, Zhang, Radek, & Fox, 2009; Geyer & Swerdlow, 2001). The typical 

procedure is to express the amount of inhibition as a percent of the non-prepulse control trial 

(dividing the startle response magnitude on prepulse trials by that of non-prepulse trials × 

100) or conversely the percent reduction of the inhibited response from the nonprepulse 

control trial (i.e., obtaining the difference between the startle response on prepulse vs. 

nonprepulse stimulus trials, dividing by the non-prepulse stimulus trial response × 100). The 

present data, expressed as percent PPI, as estimated for a 100 ms ISI (averaging the response 

amplitude at the 80 and 120 ms ISIs), are illustrated in Table 1. Despite the apparent 

simplicity and popularity of that approach, the frequent use of subjectively determined 

percentage data is not without potential consequence regarding validity of inferences made 

about meeting the assumptions of analysis of variance (Bliss, 1938). Unfortunately, 

percentage data have error variances that are a function of the mean and are not normally 

distributed (Bartlett, 1947); rather they are described by Poisson or bimodal distributions, 

depending on whether the data occur over a large portion of the percentage scale (bimodal) 

or are primarily grouped at either end (Poisson)(Cochran, 1940). The more classic tradition 

guided the present study, with the incorporation of a range of ISIs to determine the shape of 

the PPI response curves. The incorporation of a range of ISIs was fundamental to the 

establishment of a relatively precise and defined response function, and consequently, a 

more accurate assessment of response inhibition, as has been employed to examine 

alterations in the development of PPI as a function of developmental neurotoxin or drug 
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exposure (Fitting et al., 2006a,b,c; Ison, 1984; Mactutus, Harrod, Hord, Moran, & Booze, 

2011; Moran et al., 2014). The plotting of the raw startle amplitude scores, e.g., as in the 

log–log plot portrayed in Figure 3, graphically illustrates another advantage of the ISI 

function approach. The whole profile shift across replications clearly demonstrates the 

outcome of a change in overall startle response, but comparable relative inhibition. A 

decrease in PPI would be evident as a flattening of the response curve, e.g., as with the 

visual prepulse response amplitude curves displayed in Figure 2A. An increase in PPI would 

be evident in a sharper or greater overall inflection of the curve, as illustrated with the 

ontogenetic shifts in the auditory prepulse curves in Figure 1C. Given that PPI is a model of 

sensorimotor gating, the advantages of incorporating the temporal dimension in any 

assessment of PPI would appear undeniable.

There are a number of advantages of using the PPI paradigm, which make it an attractive 

preclinical model for neurodevelopmental and neuropsychiatric disorders. First, PPI is 

relatively easy and unambiguous to measure since it is the result of a sudden, intense 

stimulus, preceded by a weaker, less intense prestimulus. Second, PPI may be observed in 

all mammals, and even some invertebrates, allowing for comparative studies across different 

species and facilitating the difficult task of cross-species extrapolation. Third, the general 

consensus on both mediating and regulatory circuits underlying PPI facilitates the 

determination of how different drugs may affect PPI via habituation and sensitization. 

Finally, as illustrated in the present study, there is a characteristic ontogenetic profile of PPI 

for each sensory modality reflecting the constraints of maturation of the individual sensory 

systems.

In summary, sensorimotor gating, as assessed with PPI, is contingent on the development of 

individual sensory systems, demonstrated in the present study with unique, replicable 

profiles of response amplitude and latency. The results of this study also highlight the 

importance of the use of a comprehensive ISI function, as well as a within-session design for 

future PPI studies. The general consensus on both the mediating and regulatory circuits 

underlying PPI provides the rationale for translational relevance of preclinical sensorimotor 

assessments to patients with neurodevelopmental and/or neuropsychiatric disorders.
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FIGURE 1. 
Mean (±SEM) peak response amplitude across all ISIs (0, 8, 40, 80, 120, and 4,000 ms) for 

(A) the tactile prepulse condition and (C) the auditory prepulse condition across 

preweanling, adolescent, and adult animals. A significant effect of modality and a modality 

× ISI interaction suggested that maximal inhibition was focal to different ISIs, independent 

of the subject’s test age. Mean (±SEM) response latency across all ISIs (0, 8, 40, 80, 120, 

and 4,000 ms) for (B) the tactile prepulse condition and (D) the auditory prepulse condition 

across preweanling, adolescent, and adult animals. A significant age × modality × ISI 

interaction suggested a greater effect of age on the modulation of response latency by ISI for 

the broadband white noise prepulse latency curves than for the tactile prepulse latency 

curves.
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FIGURE 2. 
Mean (±SEM) peak response amplitude across all ISIs (0, 8, 40, 80, 120, and 4,000 ms) for 

(A) the visual prepulse condition and (C) the auditory prepulse condition across preweaning, 

adolescent, and adult animals. A significant age × modality × ISI interaction suggested the 

relative age effect was differentially expressed in the response amplitude curves as a 

function of modality, with a highly focused effect of ISI with the visual prepulse stimulus. 

Mean (±SEM) response latency across all ISIs (0, 8, 40, 80, 120, and 4,000 ms) for (B) the 

visual prepulse condition and (D) the auditory prepulse condition across preweanling, 

adolescent, and adult animals. A significant age × modality × ISI interaction again suggested 

a greater effect of age on the modulation of response latency by ISI for the broadband white 

noise prepulse latency curves than for the visual prepulse latency curves.
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FIGURE 3. 
Mean (±SEM) peak response amplitude across all ISIs (0, 8, 40, 80, 120, and 4,000 ms) for 

the broadband white noise prepulse conditions across contexts (replications) for PD 90 

subjects. The influence of testing context for PD 90 subjects is suggested by the parallel 

shift in the response amplitude curves for the auditory prepulses interdigitated with tactile 

versus visual prepulses. The relative invariance of the shape of the response amplitude 

profiles to testing context was noted despite a four-fold difference in magnitude of the 

auditory startle response on the reference trials (0 and 4,000 ms) across replications.
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Table 1

Mean Percent Prepulse Inhibition at 100 ms ISI (±SEM)

Tactile and Auditory PPI Test Session

Age Tactile Auditory

Day 15 83.3 (3.4) 86.0 (15.4)

Day 31 79.2 (3.1) 59.1 (4.2)

Day 90 83.7 (5.7) 79.0 (3.4)

Visual and Auditory PPI Test Session

Age Visual Auditory

Day 18 −4.55 (21.2) 71.6 (5.6)

Day 35 −4.46 (9.2) 54.2 (6.1)

Day 90 16.76 (15.4) 91.3 (2.4)
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