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SUMMARY:  25 

Temporal processing, a preattentive process, may underlie deficits in higher-level cognitive 26 

processes, including attention, commonly observed in neurocognitive disorders. Using prepulse 27 

inhibition as an exemplar paradigm, we present a protocol for manipulating interstimulus 28 

interval (ISI) to establish the shape of the ISI function to provide an assessment of temporal 29 

processing.  30 

 31 

ABSTRACT: 32 

Temporal processing deficits have been implicated as a potential elemental dimension of 33 

higher-level cognitive processes, commonly observed in neurocognitive disorders. Despite the 34 

popularization of prepulse inhibition (PPI) in recent years, many current protocols promote 35 

using a percent of control measure, thereby precluding the assessment of temporal processing. 36 

The present study used cross-modal PPI and gap prepulse inhibition (gap-PPI) to demonstrate 37 

the benefits of employing a range of interstimulus intervals (ISIs) to delineate effects of sensory 38 

modality, psychostimulant exposure, and age. Assessment of sensory modality, 39 

psychostimulant exposure, and age reveals the utility of an approach varying the interstimulus 40 

interval (ISI) to establish the shape of the ISI function, including increases (sharper curve 41 

inflections) or decreases (flattening of the response amplitude curve) in startle amplitude. 42 

Additionally, shifts in peak response inhibition, suggestive of a differential sensitivity to the 43 

manipulation of ISI, are often revealed. Thus, the systematic manipulation of ISI affords a 44 
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critical opportunity to evaluate temporal processing, which may reveal the underlying neural 45 

mechanisms involved in neurocognitive disorders. 46 

 47 

INTRODUCTION: 48 

Temporal processing deficits have been implicated as a potential underlying neural mechanism 49 

for alterations in higher-level cognitive processes commonly observed in neurocognitive 50 

disorders. Prepulse inhibition (PPI) of the auditory startle response (ASR) is a translational 51 

experimental paradigm commonly used to examine temporal processing deficits, revealing 52 

profound alterations in neurocognitive disorders such as schizophrenia1, attention deficit 53 

hyperactivity disorder2 and HIV-1 associated neurocognitive disorders3-4. Specifically, 54 

assessments of temporal processing in preclinical models of HIV-1 have revealed the generality, 55 

relative permanence, and suggested the diagnostic utility of PPI across the majority of the 56 

animals’ functional lifespan3-6.  57 

 58 

Use of an approach varying interstimulus interval (ISI; i.e., the time between the prepulse and 59 

the startle stimulus) in the analysis of reflex modification dates back to Sechenov in 18637. The 60 

seminal studies of reflex modification, a measure of sensorimotor gating, employed an 61 

approach varying ISI to assess flexor response and audition in frogs7-8, as well as knee-jerk 62 

responses in humans9. The first clinical application of the reflex modification procedure 63 

assessed visual sensitivity in a man with hysterical blindness10. Over a century after the first 64 

reports of reflex modification, the approach of varying ISI was popularized across a series of 65 

seminal papers11-13. Despite the inherent differences in the seminal studies on reflex 66 

modification (i.e., species, experimental procedures, reflexes), they established a temporal 67 

relationship that was strikingly similar between species.  68 

 69 

Assessment of prepulse inhibition using an approach varying ISI, as detailed in the present 70 

protocol, has multiple advantages over the popularized percent of control approach. First, the 71 

approach affords an opportunity to establish the shape of the ISI function, including increases 72 

(sharper curve inflections) or decreases (flattening of the response amplitude curve)3,15 in 73 

startle amplitude, as well as shifts in the peak response inhibition3,5. Additionally, when an 74 

approach varying ISI is employed, startle response is a relatively stable phenomenon1, 75 

suggesting the potential utility of the approach in longitudinal studies examining the 76 

progression of neurocognitive deficits5,15. Finally, PPI provides a critical opportunity to 77 

understand the underlying neural circuitry involved in neurocognitive disorders16.  78 

 79 

In our study, we employed two experimental paradigms (Figure 1), including cross-modal PPI 80 

and gap prepulse inhibition (gap-PPI), to evaluate the utility of an approach varying ISI to 81 

delineate effects of sensory modality, psychostimulant exposure, and age. The cross-modal PPI 82 

experimental paradigm utilizes the presentation of an added stimulus (e.g., tone, light, air puff) 83 

as a discrete prestimulus prior to an acoustic startling stimulus. In sharp contrast, in the gap-PPI 84 

experimental paradigm, the absence of a background (e.g., removal of background noise, light, 85 

or air puff) serves as a discrete prestimulus. Here, we describe both experimental paradigms for 86 

the assessment of temporal processing, as well as statistical approaches for the analysis of PPI 87 



and gap-PPI. Within the discussion, we compared the conclusions one would draw from the 88 

variable ISI approach and the popularized percent of control approach. 89 

 90 

PROTOCOL: 91 

 92 

All animal protocols were reviewed and approved by the Animal Care and Use Committee at 93 

the University of South Carolina (federal assurance number: D16-00028). 94 

 95 

1. Defining Parameters and Calibration of the Startle Apparatus 96 

 97 

1.1. Set up the startle response system (see Table of Materials) according to the 98 

manufacturer’s instructions.  99 

 100 

1.1.1. Enclose the startle platform in a 10 cm-thick double-walled isolation cabinet. 101 

 102 

1.2. Calibrate the response sensitivities using the startle calibration system.  103 

 104 

1.3. Attach the high-frequency loudspeaker 30 cm above the animal holder.  105 

 106 

1.3.1. Measure and calibrate the loudspeaker using a sound level meter by placing the 107 

microphone inside the animal holder.  108 

 109 

1.4. Affix a white LED light (22 lux) on the wall in front of the animal holder.  110 

 111 

1.4.1. Measure the lux presented as a visual prepulse using a light meter.  112 

 113 

1.5. Connect a semi-rigid plastic tube (0.64 mm diameter) to a compressed air tank via an 114 

airline regulator. 115 

 116 

1.5.1. Set the air tank to 16 psi for the presentation of tactile prestimuli.  117 

 118 

1.5.2. Use a sound level meter to measure the amount of noise being emitted by the tactile 119 

stimulus inside the tube, 2.5 cm from the end of the animal holder. If using multiple chambers, 120 

ensure that all chambers are calibrated in the same manner.  121 

 122 

Note: To prevent the tactile stimulus from being perceived as an acoustic stimulus, the sound 123 

of the air puff prepulse must be less than or equal to the white noise background. In the 124 

present set-up, the air puff prepulse emitted 70 db(A) inside the tube while the background 125 

white noise was also set to 70db(A).  126 

 127 

2. Creation of Experimental Programs  128 

 129 

2.1. Open the startle response system software. 130 

 131 



2.2. Define a pulse-only ASR trial. Select Definitions | Define Trial.  132 

 133 

Note: The pulse-only ASR trial is run during the habituation session, and 6 times at the 134 

beginning of every cross-modal PPI and gap-PPI session for habituation. 135 

 136 

2.2.1. Type a Trial Name. Hit Enter. Record Data. 137 

 138 

2.2.2. Set the Analog Level to 720. Define the Wait Length as 20 ms. Introduce Background.  139 

 140 

2.2.3. End the Trial. Hit Accept to save the trial. 141 

 142 

2.3. Create six separate trial definitions for acoustic PPI, including one trial for each ISI (i.e., 143 

0, 30, 50, 100, 200, 4000 ms). Select Definitions | Define Trial.  144 

 145 

2.3.1. Type a Trial Name. Hit Enter. 146 

 147 

2.3.2. Set the Analog Level to 600 at 0 ms to introduce the prestimulus. Assign the Wait Length 148 

to 20 ms to specify the length of the prestimulus. Set the Analog Level to 440 at 20 ms to 149 

remove the prestimulus.  150 

 151 

2.3.3. Define the Wait Length dependent upon ISI.  152 

 153 

Note: Define the wait length as: 10 ms for the 30 ms ISI, 30 ms for the 50 ms ISI, 80 ms for the 154 

100 ms ISI, 180 ms for the 200 ms ISI, and 3980 ms for the 4000 ms ISI. Only one wait length is 155 

included for each ISI. 156 

  157 

2.3.4. Record Data.  158 

 159 

2.3.5. Set the Analog Level to 720. Assign the Wait Length to 20 ms. Introduce Background. 160 

 161 

2.3.6. End the Trial. Hit Accept to save the trial.  162 

 163 

2.4. Create six separate trial definitions for visual or tactile PPI, including one trial for each ISI 164 

(i.e., 0, 30, 50, 100, 200, 4000 ms). Select Definitions | Define Trial.  165 

 166 

Note: Visual and tactile cannot be run concurrently because of software and hardware 167 

limitations. The modality presented is dependent upon the input into the hardware (i.e., 168 

whether the light is connected, or the air puff is connected).  169 

 170 

2.4.1. Type a Trial Name. Hit Enter. 171 

 172 

2.4.2. Turn the Tactile on to introduce the prestimulus. 173 

 174 



Note: In this instance, tactile refers to the modality (i.e., either visual or air puff) that is 175 

connected to the hardware.  176 

 177 

2.4.3. Set the Wait Length to 20 ms. Turn the Tactile off to remove the prestimulus. Set the 178 

Analog Level to 440 at 20 ms.  179 

 180 

2.4.4. Define the Wait Length dependent upon ISI.  181 

 182 

Note: Define the wait length as: 10 ms for the 30 ms ISI, 30 ms for the 50 ms ISI, 80 ms for the 183 

100 ms ISI, 180 ms for the 200 ms ISI, and 3980 ms for the 4000 ms ISI. 184 

  185 

2.4.5. Record Data.  186 

 187 

2.4.6. Set the Analog Level to 720. Assign the Wait Length to 20 ms. Introduce Background. 188 

 189 

2.4.7. End the Trial. Hit Accept to save the trial.  190 

 191 

2.5. Create six separate trial definitions for acoustic gap-PPI, including one trial for each ISI 192 

(i.e., 0, 30, 50, 100, 200, 4000 ms). Select Definitions | Define Trial.  193 

 194 

2.5.1. Type a Trial Name. Hit Enter. 195 

 196 

2.5.2. Set the Analog Level to 0 at 0 ms to introduce the prestimulus. Assign the Wait Length 197 

to 20 ms to specify the length of the prestimulus. Set the Analog Level to 440 at 20 ms to 198 

remove the prestimulus.  199 

 200 

2.5.3. Define the Wait Length dependent upon ISI.  201 

 202 

Note: Define the wait length as: 10 ms for the 30 ms ISI, 30 ms for the 50 ms ISI, 80 ms for the 203 

100 ms ISI, 180 ms for the 200 ms ISI, and 3980 ms for the 4000 ms ISI. 204 

  205 

2.5.4. Record Data.  206 

 207 

2.5.5. Set the Analog Level to 720. Assign the Wait Length to 20 ms. Introduce Background. 208 

 209 

2.5.6. End the Trial. Hit Accept to save the trial.  210 

 211 

2.6. Create six separate trial definitions for the visual or tactile gap-PPI, including one trial 212 

for each ISI (i.e., 0, 30, 50, 100, 200, 4000 ms). Select Definitions | Define Trial. 213 

 214 

2.6.1. Type a Trial Name. Hit Enter. 215 

 216 

2.6.2. Turn the Tactile on. Set the Analog Level to 0 ms.  217 

 218 



2.6.3. Turn the Tactile off. Set the Wait Length to 20 ms.  219 

 220 

2.6.4. Turn the Tactile on. Set the Analog Level to 440.  221 

 222 

2.6.5. Define the Wait Length dependent upon ISI.  223 

 224 

Note: Define the wait length as: 10 ms for the 30 ms ISI, 30 ms for the 50 ms ISI, 80 ms for the 225 

100 ms ISI, 180 ms for the 200 ms ISI, and 3980 ms for the 4000 ms ISI. 226 

  227 

2.6.6. Record Data.  228 

 229 

2.6.7. Set the Analog Level to 720. Assign the Wait Length to 20 ms. Introduce Background. 230 

 231 

2.6.8. End the Trial. Hit Accept to save the trial.  232 

 233 

2.7. Create a habituation session. Select Definitions | Define Session. 234 

 235 

2.7.1. Set the Background Analog Level to 440, the Number of Record Samples to 100 the 236 

Samples per Second to 2000, the Acclimation Period to 5 min, and the Sequence Repetitions to 237 

36. 238 

 239 

2.7.2. Type 10 into the intertrial interval (ITI) list box. 240 

 241 

2.7.3. Click Load and select the pulse-only ASR trial. Click Save to save the habituation session. 242 

 243 

2.8. Define the session for Cross-Modal PPI. Select Definitions | Define Session. 244 

 245 

2.8.1. Set the Background Analog Level to 440, the Number of Record Samples to 200 the 246 

Samples per Second to 2000, the Acclimation Period to 5 min, and the Sequence Repetitions to 247 

1. 248 

 249 

2.9. Define the intertrial interval (ITI) list.  250 

 251 

2.9.1. Type 10 into the first 6 ITI list boxes.  252 

 253 

2.9.2. Type a variable ITI (15-25 s) into the next 72 ITI list boxes, representing trials with a 254 

prestimulus.  255 

 256 

2.9.3. Click Load. Select the pulse-only ASR trial and load it 6 times for Trials 1-6.  257 

 258 

2.9.4. Create 6-trial blocks for each prestimulus modality using a Latin Square design (Table 1). 259 

 260 

2.9.5. Load the 6-trial blocks in an ABBA counterbalanced order of presentation (e.g., acoustic, 261 

visual, visual, acoustic, acoustic, etc.) for cross-modal PPI.  262 



 263 

Note: Each trial must be loaded individually. Each cross-modal PPI session includes a total of 78 264 

trials.  265 

 266 

2.9.6. Click Save to save the session. 267 

 268 

2.10. Define the session for Gap-PPI. Select Definitions | Define Session. 269 

 270 

2.10.1. Set the Background Analog Level to 440, the Number of Record Samples to 200 the 271 

Samples per Second to 2000, the Acclimation Period to 5 min, and the Sequence Repetitions to 272 

1. 273 

 274 

2.11. Define the intertrial interval (ITI) list.  275 

 276 

2.11.1. Type 10 into the first 6 ITI list boxes. 277 

 278 

2.11.2. Type a variable ITI (15-25 s) into the next 72 ITI list boxes, representing trials with a 279 

prestimulus.  280 

 281 

2.11.3. Click Load to load the trials.  Select the pulse-only ASR trial and load it 6 times for Trials 282 

1-6. 283 

 284 

2.11.4. Create 6-trial blocks for each prestimulus modality using a Latin Square design (Table 1). 285 

 286 

2.11.5. Click Save to save the session. 287 

 288 

Note: Each gap-PPI session includes a total of 42 trials. Each session assesses one sensory 289 

modality. 290 

 291 

3. Protocol Structure 292 

 293 

3.1. Use the F344/N rat strain, the most common inbred rat strain, for assessments.  294 

 295 

Note: Cross-modal PPI and gap-PPI can be conducted in animals at a variety of ages, of both 296 

sexes, and regardless of hormonal status (i.e., ovariectomized, castrated, intact). Details 297 

regarding the animals used in the representative data are presented in the representative 298 

results.  299 

 300 

3.2. Handle the animals to allow for acclimation across a series of days prior to beginning 301 

experimentation.  302 

 303 

3.3. Randomize the order of animals for experimentation dependent upon the between-304 

subjects’ factors of interest (e.g., biological sex, treatment).  305 

 306 



3.4. Open the startle response system software. Click Run. Select the session of interest.  307 

 308 

Note: Only one session is conducted per day and sessions need to be conducted in a sequential 309 

order (i.e., Habituation, Cross-Modal PPI, Gap-PPI) 310 

 311 

3.5. Input an Output File Name and click OK. 312 

 313 

3.6. Enter Subject, Group, and ID information and click Continue. 314 

 315 

3.7. Place the animal into the startle apparatus using an animal enclosure that is most 316 

appropriate for the size of the animal. Click OK to begin the session.  317 

 318 

3.8. Export data for analysis. 319 

 320 

3.8.1. Click Reports | Concatenate Data. Load the data file and click Add. Click ASCII to save 321 

the data output.  322 

 323 

4. Data Analysis 324 

 325 

4.1. Calculate an adjusted V. Max for each trial by subtracting the V. Max from the Start 326 

value. 327 

 328 

Note: The adjusted V. Max creates a measure of mean peak ASR amplitude.  329 

 330 

4.2. Graphically visualize results for the habituation session. 331 

 332 

4.2.1. Plot group means and standard errors of the mean for each trial. Regression analyses 333 

can be conducted and fit with 95% confidence intervals. 334 

 335 

4.3. Graphically visualize results for cross-sectional cross-modal PPI and gap-PPI. 336 

 337 

4.3.1. Calculate mean values for each ISI by averaging across the 6 trials individually for each 338 

animal.  339 

 340 

4.3.2. Calculate and graph group means and standard errors of the mean for each ISI and 341 

sensory modality. 342 

 343 

4.4. Statistically analyze cross-modal PPI and gap-PPI (Optional). 344 

 345 

Note: Although the precise statistical approach will be dependent upon the experimental 346 

design and research question of interest, a mixed-design repeated measures ANOVA provides 347 

one appropriate approach.  348 

  349 

REPRESENTATIVE RESULTS: 350 



A prominent non-monotonic ISI function was observed in cross-modal PPI (Figures 2A, 3A, 4A) 351 

and gap-PPI (Figures 2B, 3B, 4B). Baseline startle responses were observed at the 0 and 4000 352 

ms ISIs, included as reference trials within a test session. The importance of the 4000 ms ISI 353 

cannot be understated, as it most closely resembles the PPI test trials (i.e., 30, 50, 100, 200 ms 354 

ISIs) in that the subject receives both the prepulse and startling stimuli. However, no significant 355 

decrease in ASR is observed at the 4000 ms ISI because of the large time interval between the 356 

prepulse and startling stimulus. Either the addition (i.e., cross-modal PPI) or removal (i.e., gap-357 

PPI) of a discrete prestimulus produced robust inhibition at the 30, 50, 100, and 200 ms ISIs; 358 

inhibition that was dependent upon sensory modality, psychostimulant exposure or age. The 359 

power of the ISI approach is revealed by examining these effects on changes in the ISI function 360 

(i.e., sharper inflections of the ISI curve, flattening of the ISI curve, and shifts in the point of 361 

maximal inhibition).  362 

 363 

The utility of an approach varying the ISI to delineate effects of sensory modality in cross-modal 364 

PPI are illustrated in Figure 2A (F344/N controls between 8 and 10 months of age, n=20). Due 365 

to hardware and software limitations, only two prestimulus modalities can be assessed at once. 366 

Following habituation, concurrent acoustic and visual prepulse stimuli were used to examine 367 

PPI. Next, concurrent acoustic and tactile prepulse stimuli were used to assess PPI. Data for 368 

acoustic PPI is presented from the experimental paradigm including the concurrent 369 

presentation of acoustic and visual prestimuli (i.e., visual context). A prominent shift in the 370 

point of maximal inhibition is dependent upon sensory modality, suggesting a differential 371 

sensitivity to the manipulation of ISI. Specifically, maximal inhibition is observed at the 30 ms ISI 372 

following the presentation of a discrete acoustic prestimulus, at the 50 ms ISI following the 373 

presentation of a discrete visual prestimulus, and at the 200 ms ISI following the presentation 374 

of a discrete tactile prestimulus. Additionally, a flatter ISI function, indicative of an insensitivity 375 

to the manipulation of ISI, is observed following the presentation of an acoustic prestimulus 376 

relative to a visual or tactile prestimulus. A repeated measures ANOVA was conducted to 377 

statistically analyze the data, confirming our observations and revealing a significant 378 

prestimulus modality x ISI interaction [F(10,190)=22.8, pGG≤0.001, ηp
2=0.546] with a prominent 379 

linear-linear component [F(1,19)=36.1, p≤0.001, ηp
2=0.655]. Notably, the interaction accounted 380 

for a large proportion of variance within the model, evidenced via measures of ηp
2. 381 

 382 

Following an animal’s experience with each prestimulus in cross-modal PPI, the generalizability 383 

of sensory modality effects was assessed in gap-PPI. Acoustic gap-PPI, visual gap-PPI and tactile 384 

gap-PPI were each conducted separately. Figure 2B demonstrates the generalizability of varying 385 

the ISI to delineate effects of sensory modality. A prominent shift in the point of maximal 386 

inhibition, suggesting a differential sensitivity to the manipulation of ISI, was observed in tactile 387 

gap-PPI (i.e., 30 ms) relative to acoustic gap-PPI and visual gap-PPI (i.e., 50 ms). Additionally, a 388 

relative insensitivity to the manipulation of ISI, evidenced by a relatively flatter ISI function was 389 

observed in tactile gap-PPI and visual gap-PPI relative to acoustic gap-PPI. As in cross-modal PPI, 390 

a significant prestimulus modality x ISI interaction [F(10,190)=17.6, pGG≤0.001, ηp
2=0.481] with a 391 

prominent linear-quadratic component [F(1,19)=58.5, p≤0.001, ηp
2=0.755] was revealed; an 392 

effect which again, accounts for a significant proportion of the variance. 393 

 394 



After the completion of cross-modal PPI and gap-PPI, animals repeatedly orally self-395 

administered methylphenidate (MPH). A post-test assessment of cross-modal PPI with 396 

concurrent acoustic and visual prestimuli and acoustic gap-PPI were conducted at 397 

approximately 14 months of age following 22-27 days of MPH exposure. The pre-test and post-398 

test ISI functions for acoustic PPI are illustrated in Figure 3A. Most notably, at the post-test 399 

assessment, a relative flattening of the ISI function is observed, suggesting a relative 400 

insensitivity to the manipulation of ISI relative to the pre-test assessment. Additionally, a 401 

prominent shift in the point of maximal inhibition is revealed, with inhibition at the 30 ms ISI 402 

during the pre-test assessment and the 100 ms ISI at the post-test assessment, suggesting a 403 

differential sensitivity to the manipulation of ISI. A repeated-measures ANOVA confirmed these 404 

observations, revealing a significant test session x ISI interaction [F(5,95)=7.4, pGG≤0.003, 405 

ηp
2=0.280] with a prominent linear-quadratic component [F(1,19)=10.6, p≤0.004, ηp

2=0.358]. 406 

 407 

Following the post-test cross-modal PPI assessment, acoustic gap-PPI was conducted to assess 408 

the generalizability of the effects of psychostimulant exposure on temporal processing. Figure 409 

3B illustrates the generalizability of varying the ISI to delineate effects of psychostimulant 410 

exposure. The point of maximal inhibition was at the 50 ms ISI during both the pre-test and 411 

post-test assessment. However, a significantly flatter ISI function was observed following MPH 412 

exposure. A repeated-measures ANOVA confirmed these observations, revealing a significant 413 

test session x ISI interaction [F(5, 95)=3.6, pGG≤0.013, ηp
2=0.159] with a prominent linear-cubic 414 

component [F(1,19)=9.1, p≤0.007, ηp
2=0.325]. 415 

 416 

The shape of the ISI function also affords an opportunity to assess the development of temporal 417 

processing across age. In a longitudinal study (F344/N controls, male: n=20, female: n=17), 418 

cross-modal PPI with concurrent acoustic and visual prestimuli was conducted every sixty days 419 

from postnatal day (PD) 30 to PD 150. The development of temporal processing in visual PPI is 420 

illustrated in Figure 4A. Within visual PPI, the point of maximal inhibition at all ages is at the 50 421 

ms ISI. However, a sharper inflection of the ISI function is observed across age, suggesting a 422 

perceptual sharpening which occurs with development. A repeated-measures ANOVA, with sex 423 

as the between-subjects factor and age, ISI, and trial as within-subjects factors, confirmed these 424 

observations revealing a significant age x ISI interaction [F(10,350)=12.6, pGG≤0.001, ηp
2=0.265] 425 

with a prominent linear-quadratic component [F(1,35)=32.6, p≤0.001, ηp
2=0.482] and a 426 

significant ISI x sex interaction [F(5,175)=4.0, pGG≤0.014, ηp
2=0.104] with a prominent quadratic 427 

component[F(1,35)=5.2, p≤0.028, ηp
2=0.130].  428 

 429 

At every age, acoustic gap-PPI was conducted following cross-modal PPI. The experiences an 430 

animal has had have a direct impact on its responses, necessitating the use of a sequential 431 

experimental design (i.e., always conducting cross-modal PPI prior to gap-PPI). Figure 4B 432 

illustrates the development of temporal processing, assessed using acoustic gap-PPI. At PD 30, 433 

an insensitivity to the manipulation of ISI was observed, evidenced by a flatter ISI function, 434 

relative to PD 90 or PD 150. Observations of the sharpest ISI function at PD 150 suggest a 435 

perceptual sharpening that occurs across development. Additionally, a prominent shift in the 436 

point of maximal inhibition is revealed, with maximal inhibition occurring at the 30 ms ISI at PD 437 

30 and the 50 ms ISI at PD 90 and PD 150, suggesting a differential sensitivity to the 438 



manipulation of ISI. Statistically, the observation of a significant age x ISI interaction 439 

[F(10,350)=10.4, pGG≤0.001, ηp
2=0.230] with a prominent linear-quadratic component 440 

[F(1,35)=70.5, p≤0.001, ηp
2=0.668] and an ISI x sex interaction [F(5,175)=3.8, pGG≤0.010, 441 

ηp
2=0.097] with a prominent quadratic component [F(1,35)=11.0, p≤0.002, ηp

2=0.184240] 442 

confirms our observations.  443 

 444 

Figure Legends: 445 

 446 

Figure 1. Prepulse Inhibition Experimental Paradigms. A) Animals exhibit a baseline auditory 447 

startle response when an acoustic startle stimulus is presented. B) During cross-modal prepulse 448 

inhibition (PPI), the presentation of a discrete prestimulus (i.e., acoustic tone, light, air puff) 30 449 

to 500 ms16 prior to an acoustic startle stimulus, produces robust inhibition. C) During gap 450 

prepulse inhibition (gap-PPI), the removal of a discrete prestimulus (gap in background noise, 451 

light, or air puff) 30 to 200 ms17 prior to an acoustic startle stimulus produces robust inhibition. 452 

The image is adapted from Maze Engineers18. 453 

 454 

Figure 2. Cross-Sectional Assessment of Temporal Processing: Sensory Modality. A) 455 

Representative analysis of the effect of sensory modality on the interstimulus interval (ISI) 456 

function in cross-modal prepulse inhibition (PPI). B) Representative analysis of the effect of 457 

sensory modality on ISI in gap prepulse inhibition (gap-PPI). Control results from McLaurin et 458 

al.6 are reanalyzed in a novel manner to assess the effect of sensory modality. Data are 459 

presented as mean ± standard error of the mean. 460 

 461 

Figure 3. Cross-Sectional Assessment of Temporal Processing: Psychostimulant Exposure. A) 462 

Representative analysis of the effect of psychostimulant exposure (pretest vs. posttest) on the 463 

interstimulus interval (ISI) function in acoustic prepulse inhibition (PPI). B) Representative 464 

analysis of the effect of psychostimulant exposure on ISI in acoustic gap prepulse inhibition 465 

(gap-PPI). Control results from McLaurin et al.6 are reanalyzed in a novel manner as the pretest 466 

component for psychostimulant exposure. Data are presented as mean ± standard error of the 467 

mean. 468 

 469 

Figure 4. Longitudinal Assessment of Temporal Processing. A) Representative analysis of the 470 

effect of age on the interstimulus interval (ISI) function in visual prepulse inhibition (PPI). B) 471 

Representative analysis of the effect of age on the ISI function in acoustic gap prepulse 472 

inhibition (gap-PPI). Data are presented as mean ± standard error of the mean. 473 

 474 

DISCUSSION: 475 

The present protocol describes the power of varying ISI for the assessment of temporal 476 

processing for studies employing either cross-sectional or longitudinal experimental designs. 477 

Examining the effects of sensory modality, psychostimulant exposure, or age on the shape of 478 

the ISI function demonstrated its utility in revealing a differential sensitivity to the manipulation 479 

of ISI (i.e., shifts in the point of maximal inhibition) or a relative insensitivity to the manipulation 480 

of ISI (i.e., sharper inflections of the ISI curve, flattening of the ISI curve). Use of two 481 

experimental paradigms, including cross-modal PPI and gap-PPI, demonstrates that the utility of 482 



ISI is independent of the addition (i.e., cross-modal PPI) or removal (i.e., gap-PPI) of a discrete 483 

prestimulus.  484 

 485 

Critical experimental design considerations for the completion of cross-modal PPI and gap-PPI 486 

are included within the protocol. First, a Latin-Square experimental design is implemented for 487 

the presentation of ISIs within 6-trial blocks, controlling for variation due to the order of ISI 488 

presentation. Second, the use of two control trials, including both the 0 and 4000 ms ISIs, 489 

provides reference control trials within the test session. The use of the 4000 ms ISI is 490 

particularly critical, as it most appropriately resembles the other (i.e., 30, 50, 100, 200) prepulse 491 

+ pulse trials, but without the expectation of significant inhibition. Third, a counterbalanced 492 

(i.e., ABBA) experimental design is employed within cross-modal PPI to account for the 493 

repeated measurement of sensory modalities within a test session. Finally, inclusion of a 494 

variable ITI during the prepulse + pulse trials prevents an animal from expecting, and thus 495 

preparing for, the start of a trial. Thus, the implementation of a comprehensive number of ISIs 496 

in accordance with an appropriate experimental design allows for the determination of 497 

relatively precise and defined response functions; functions which provide a critical opportunity 498 

to assess the construct of temporal processing.  499 

 500 

Methodology described within the present protocol contrasts other contemporary protocols for 501 

the analysis of PPI, which have popularized an approach that commonly employs a single ISI19-502 
20. The popularized approach is commonly analyzed using percent inhibition, calculated as 503 

follows: 100 x {[(startle response amplitude during control trials)-(startle response amplitude 504 

during prepulse + pulse trials)] / {startle response amplitude during control trials)}. Two major 505 

caveats of the contemporary protocols, including the preclusion of the assessment of temporal 506 

processing and inappropriate statistical analyses, are discussed in turn below.  507 

 508 

Percent inhibition was calculated for the 100 ms ISI within the representative data to 509 

demonstrate the limitations of the popularized approach (Table 2). For example, results for the 510 

assessment of acoustic gap-PPI and tactile gap-PPI suggest that animals fail to display any 511 

significant inhibition. Examination of Figure 2, utilizing an approach varying ISI, however, 512 

reveals that the animals did not fail to inhibit, but displayed a significant shift in the point of 513 

maximal inhibition (i.e., 50 ms in acoustic gap-PPI, 30 ms in tactile gap-PPI). Most notably, 514 

however, use of percent inhibition precludes the use of longitudinal experimental designs for 515 

assessing the development of temporal processing as a function of age, a well-recognized 516 

phenomena14,21. Thus, like any percent of control measure, percent inhibition fails to 517 

disambiguate changes in PPI from changes in baseline startle response precluding the 518 

assessment of temporal processing.  519 

 520 

Despite the apparent simplicity of the popularized approach, inferences drawn from statistical 521 

analysis must be made with extreme caution. Assumptions of the analysis of variance (i.e., 522 

normality of sampling distribution of means, homogeneity of error variance, independence of 523 

errors, absence of outliers22 may not be met with subjectively determined percentage data23. 524 

Specifically, the error variance for percentage data are not normally distributed24, but instead 525 

are more appropriately described by a Poisson or bimodal distribution25. In sharp contrast, a 526 



repeated-measures ANOVA provides one valid and reliable method for the statistical analysis of 527 

the ISI function. However, it is vital to account for the potential violation of sphericity, an 528 

assumption only present in models involving repeated measures, either using planned 529 

orthogonal contrasts or the post hoc Greenhouse-Geisser df correction factor26 (pGG).  530 

 531 

Utilization of an approach varying ISI, however, is not without limitation. First, hardware and 532 

software limitations allow only two prestimulus modalities to be assessed at once. Notably, a 533 

differential sensitivity to the manipulation of context (i.e., concurrent visual or tactile stimulus 534 

in acoustic PPI) was previously reported in Long-Evans rats14 and HIV-1 Tg animals6. Second, 535 

relative to the popularized approach, there is a greater experimental time for the ISI approach 536 

(i.e., ~30 minutes for cross-modal PPI; ~20 minutes for gap-PPI).  537 

 538 

Thus, an approach varying ISI provides an experimental method for the assessment of temporal 539 

processing. In addition to the aforementioned strengths of the approach, the serial neural 540 

circuit mediating PPI has been well-established27-28, allowing for the assessment of neural 541 

circuitry alterations in neurocognitive disorders. Additionally, cross-modal PPI and gap-PPI may 542 

serve as a diagnostic screening tool for neurocognitive disorders (e.g., HAND4-6). Utilization of 543 

the variable ISI approach, therefore, may potentially have translational clinical utility for 544 

neurocognitive disorders.  545 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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Editorial Comments: 

 All editorial comments have been addressed as requested.  

Reviewer #1: 

 While the data is interesting and original, the protocol that the authors propose to 

calculate "temporal processing" doesn't make sense at all. They propose to 

integrate the area "above" the curve of absolute startle values as a measure (the 

indent) for temporal processing, however, all temporal information is in fact gone 

through this calculation. It is impossible to tell whether changes in this calculated 

value is due to a general change of PPI across all ISIs, through a shift in 

maximum PPI to a different ISI, or if PPI changes that are in any way ISI 

dependent. In fact, it would have been much more interesting to see the entire 

curves over ISIs across ages in order to assess potential changes in PPI that are 

ISI dependent (I guess there are none, see below, but even that is an interesting 

piece of information). 

 

o We concur. The primary focus of the protocol is now exclusively on raw 

data, not any derived measures. The entire curves of ISIs across ages are 

presented to illustrate changes in PPI that are ISI dependent. The new 

Figure 4 presents these data.  

 

 Another huge problem is that the authors use absolute PPI values, not percent 

PPI. The increase in area "above" the curve across ages is most likely due to the 

increase in weight of the animals. Heavier animals result in larger baseline startle 

since they accelerate the startle platform more efficiently. Hence the increase in 

PPI reported here might in fact reflect a steady percent PPI, while baseline startle 

increases due to weight gain. This probably also accounts for the difference in 

males versus females. See Csomor PA, Yee BK, Quednow BB, Stadler RR, 

Feldon J, Vollenweider FX. Behav Brain Res. 2006 for more detail. 

 

o As above, our focus is on raw data (i.e., absolute startle amplitude 

values).  The focus on raw data rather than any derived measures, such 

as percent PPI, is, in our view, the solution, not the problem.  

o The difficulties with using percent PPI continue to be  underappreciated, 

though well-established decades ago.  

 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 
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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 manipulation of ISI 

guided the present protocol, with the incorporation of a range of 

ISIs to determine the shape of the PPI response curves. The 

incorporation of a range of ISIs is 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 exposure 

(e.g., Fitting et al., 2006a,b,c; Ison, 1984; Mactutus, Harrod, Hord, 

Moran, & Booze, 2011; Moran et al., 2014; McLaurin et al., 2017). 

The plotting of the raw startle amplitude scores, e.g., as in the log–

log plot portrayed in Figure 2, 3 and 4 graphically illustrates another 

advantage of the ISI function approach. Given that PPI is a model 

of temporal processing, the advantages of incorporating the 

temporal dimension, and presentation of absolute PPI values, in 

any assessment of PPI would appear undeniable. 

o The concern that “heavier animals result in larger baseline startle since 

they accelerate the startle platform more efficiently” is puzzling to us. The 

startle response is indexed by a piezoelectric accelerometer, not a load 

cell nor stabilimeter. The fact that acceleration is independent of mass 

was well-established centuries ago according to Newton’s second law.   

o The relevance of the Csomor et al. (2006) paper is unclear. Csomor et al. 

(2006) varied the level of pulse stimulus intensity and prepulse intensity, 

not ISI. Additionally, the paper is restricted to all male subjects.  

 

 In summary, many studies vary ISIs when measuring prepulses, and all it takes 

to do so is changing a small setting in the stimulus protocol (see also Valsamis B 

and Schmid S, JoVE, 2011). While the concept to use variable ISIs to probe for 

differences in temporal processing is very compelling, the proposed protocol falls 

short to do so, in fact, it removes the temporal information. I would love to see 

the data without this AUC calculations, but the full data set with temporal 

information present, published in a behavioural Neuroscience journal, with a 

discussion of its usefulness to probe for temporal processing 

changes/deficiencies. The use of visual prepulses preceding an acoustic startle 

pulse also probes for multisensory integration - dependent on the ISI on the level 

of the brainstem (at ISI <100 ms, or with potential cortical involvement at ISIs > 

100ms). The comparisons of the temporal aspects between different prepulse 

modalities and with gap PPI is also very interesting. 
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o As above, the entire curves of ISIs across ages are presented to illustrate 

changes in PPI that are ISI dependent (Figure 4). Similarly, the entire 

curves of ISI are presented in all figures.  

o We appreciate the recognition of the compelling utility of using variable 

ISIs to probe for differences in temporal processing.  

o The Valsamis and Schmid (2011) paper illustrates and advocates the use 

of two ISIs (i.e., 30 and 100 ms) for prepulse inhibition. Additionally, 

Valsamis and Schmid propose the calculation of percent PPI, which, as 

discussed above, is fraught with consequences. In sharp contrast, our 

protocol takes that recommendation further into using a range of ISI 

values and describes the interpretation and analysis of the ISI function. 

 

 How were tactile prepulses separated from acoustic? The air passing through the 

tube cause normally a relatively easy to perceive hissing sound, therefore an 

acoustic as much as a tactile stimulus. If not omitted, this needs to the very least 

be acknowledged and maybe called an acoustic/tactile stimulus. The low overall 

startle response during tactile gap PPI at 0 and 4000 msec is probably caused by 

the constant hissing sound that masks the startle stimulus to some extent - 

hence the low baseline startle. 

 

o We appreciate this comment and the configuration of the protocol 

recognized that concern. 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 (at the position of the 

rodent’s ears). Thus, in the presence of 70 dB(A) background noise (again 

at the level of the rodent’s ears), the air puff was effectively a pure tactile 

stimulus.  

o This information has now been added to the protocol as step 1.5.2, in 

recognition that they are critical factors in the tactile stimulus parameter 

definition. 

 

 The "stimulus interval approach" should be called the "variable stimulus interval 

approach" 

 

o The focus of the protocol is on manipulating ISI across a range of values. 

We have replaced the phrase “interstimulus interval approach” with “an 

approach varying interstimulus interval”. 

 

 All "auditory" has to be replaced by "acoustic", since the authors use sound, 

hence an acoustic stimulus. "Auditory" refers to the neurons processing acoustic 

information - the auditory neurons. Auditory stimulation would be an electrical 

stimulation of auditory neurons, not a stimulation by acoustic sound. 

 



o As requested, we have replaced the term “auditory” with “acoustic.” 

 

 What animals were used in this study? 

 

o Two sets of animals were included in the study. The assessment of 

sensory modality and psychostimulant exposure was conducted in 

ovariectomized female F344/N control animals (n=20) between 8 to 14 

months of age. The longitudinal assessment of cross-modal PPI and gap-

PPI was conducted in intact male and female F344/N control animals 

(male: n=20, female: n=17) between 1 and 5 months of age (i.e., PD 30 to 

PD 150).  

o Information regarding the animals used in the study has now been 

included in the protocol.     

 

 Reference to Fig. 2A (text page 8): "Auditory PPI is presented within the visual 

context" - what does this mean?? 

 

o Hardware and software limitations allow only two prestimulus modalities to 

be assessed at once. Cross-modal PPI was assessed using concurrently 

presented acoustic and visual prestimuli, as well as concurrently 

presented acoustic and tactile prestimuli. The data for acoustic PPI, 

therefore, is illustrated from the experimental paradigm including the 

concurrent presentation of acoustic and visual prestimuli.  

o The sentence has been changed to read “Data for acoustic PPI is 

presented from the experimental paradigm including the concurrent 

presentation of acoustic and visual prestimuli (i.e., visual context).” to 

improve clarity.     

 

 Instead of "punctuated" stimuli, it should maybe say "discrete” 

 

o As requested, we have replaced the term “punctate” with “discrete.” 

 

 The ITI during habituation needs to be 10 sec, not msec. 

 

o Thank you for catching this error. It has been corrected.  

 

Reviewer #2: 

 The authors of this manuscript describe a new approach to assess temporal 

processing using the classical PPI chambers used in the literature. As PPI 

approaches are also used in humans, this protocol can be very interesting for 

translational research between animals and humans. Although the manuscript is 



well-written, the authors should improve the way the protocol is explained in 

order to help the reproducibility of the protocol for all the readers.  

 

o We thank the reviewers for their kind comments regarding the translational 

importance of PPI. We have improved the way the protocol is explained to 

aid in the reproducibility of the protocol for all readers.  

 

 In the introduction and discussion, the authors should compare this way of 

assessing temporal processing with other tasks assessing this function. The 

authors have focused the manuscript 100% in the PPI approach but if the 

protocol assess temporal processing it will be good to put it in the context of this 

function. What is known in the literature? Which are the tasks used? 

 

o Using prepulse inhibition as an exemplar paradigm, we present a protocol 

for manipulating interstimulus interval (ISI) to establish the shape of the ISI 

function to provide an assessment of temporal processing.  

o The focus of the present protocol is on the comparison of two methods for 

conducting and analyzing PPI (i.e., percent PPI vs. a range of ISI values). 

The discussion of the variety of different tasks that can be used to provide 

an assessment of temporal processing is beyond the scope of the 

protocol. 

 

 When explaining the tasks, authors must show schemes/pictures to better define 

each protocol and apparatus used. Moreover, authors should better define the 

different modalities (cross-modal PPI and gap-PPI) from the beginning of the 

manuscript. 

 

o We concur and have included a schematic of the two experimental 

paradigms in the Introduction. Additionally, we have enhanced our 

definitions of the two experimental paradigms, including their similarities 

and inherent difference, in the introduction. 

 

 In the literature can be good to explain if these modalities are also assessed in 

humans as the classical PPI is done. 

 

o Not to our knowledge. 

 

 


