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Abstract Prepulse inhibition (PPI) of the startle

response to a sudden noise is the reduction in startle

observed when the noise is preceded shortly by a mild

sensory event, which is often a tone. A part of the

literature is based on the assumption that PPI is inde-

pendent of the baseline startle. A simple model is

presented and experimental validation provided. The

model is based on the commonly accepted observation

that the neuronal circuit of PPI differs from that of

startle. But, by using a common output, the measures

of both phenomena become linked to each other. But,

how can we interpret the numerous experimental data

showing PPI to be independent of the startle level? It is

suggested that in a number of such cases the baseline

startle would have been stabilized by a ceiling effect in

the startle/PPI neuronal networks. Reducing the startle

level, for example in a PPI evaluation procedure, may

disclose properties of startle masked by this ceiling

effect. Disclosure of habituation to the startle eliciting

noise produced an increase of PPI along its initial

measurements. Taken together, even if the neuronal

process that sustains startle and PPI are distinct,

separating them experimentally requires careful para-

metric methods and caution in the interpretation of the

corresponding observations.
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Introduction

Some behavioral features altered in schizophrenia can

be tested in both human and lower animal species. One

of them is ‘‘prepulse inhibition of the startle reflex’’

(PPI) (Braff et al. 2001). A burst of noise triggers a

muscle twitch known as the acoustic startle response

(Davis 1970, 1974). This response is reduced when the

startle-inducing noise is preceded by a mild stimulus,

called prepulse, that does not induce a startle response

on its own (Groves et al. 1974; Graham 1975; Sanford

et al. 1992). Deficits in PPI observed in patients and

elicited experimentally in lower animals have been

used to gauge the efficiency of anti-psychotic drugs

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

PPI, is assessed by a decrease of the amplitude of the

startle response. But, its independence of the baseline

startle is questionable. It was believed to be guaranteed

by computing the following ratio: 100·(baseline star-

tle – startle after a prepulse)/baseline startle. This

assumption was reinforced by observations showing

that drugs altered PPI without affecting the baseline

startle level (Johansson et al. 1995). But such observa-

tions did not fit with predictions obtained by a model of

PPI. Two models of startle and PPI have been pub-

lished. Leumann et al. (2001) modeled the neuronal

pathways of startle and PPI (Koch 1999). They simu-

lated the properties of its components with a computer

program, and estimated their impact on the startle and

PPI. The complexity of the architecture of the neuronal

pathways was ‘‘increased up to a level that was neces-

sary to obtain realistic functional properties’’. But, the

relationship between PPI and baseline startle level had

not been questioned. In another model, Schmajuk and

Larrauri (2005) and Schmajuk et al. (2006) simulated
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also startle and PPI. They simulated the properties of a

number of functional modules whose output interacted

to produce the startle response, their activity being

triggered by sounds. The modules differed from each

other in terms of transfer function, delay and time

course. Sounds elicited an exponential tonic and phasic

excitation interacting with a delayed linear inhibition.

This was modeled by mathematical equations with

parameters adjusted so that the simulated startle and

PPI fitted with most experimental data in the literature.

In a chapter entitled ‘‘predictions of the model’’,

Schmajuk and Larrauri (2005) wrote that ‘‘an identical

absolute reduction in responding produces a greater

proportional decrease for weaker pulses than for

stronger ones’’. This means that PPI would depend on

the baseline startle level. We decided to verify this

possibility with a slightly different and simpler theo-

retical approach. We simulated startle and PPI, in some

sense like Schmajuk et al., but incorporating the

fluctuating nature of the iterative startle measurements.

This was done because we suspected some computa-

tional artifacts that would pollute the computations.

Indeed, the input–output relationship is seldom a linear

one in neuronal networks. After description of the

model, its corresponding prediction on PPI and base-

line startle levels was submitted to an experimental

verification. The latter consisted of standard PPI

computations obtained from individual startles pro-

vided by the model and by an animal study. This was a

direct validation of the idea that PPI and baseline

startle level could not be considered apart from each

other. But, this seems in contradiction with numerous

studies reporting PPI changes without change of the

baseline startle level. For solving this contradiction, we

suggest that the baseline startle may have been stabi-

lized by a ceiling effect. Such effect could express the

property of a functional module that participates in the

generation of the startle reaction. Reduction in its level

of activation by the prepulse would lower this from that

of the ceiling level. A second series of behavioral

experiments was conducted to test this idea. We con-

sidered habituation which startle is prone to (Groves

and Thompson 1970). The startle eliciting stimulation

parameters were set so as to keep habituation hidden. If

our supposition is valid, PPI, by reducing the startle

level would allow habituation to become visible.

This paper represents two approaches to the same

question: (i) a simulation with its experimental vali-

dation and (ii) a new explanation of known results and

their extension. We decided to present the arguments

and data in a stepwise manner, each one preceded

by its specific introduction and followed by a brief

intermediary discussion.

Computational model

Introduction: justification of what has been

simulated

The sudden activation of para-vertebral muscles char-

acteristic of the startle response corresponds to a burst

of activity in giant neurons of nucleus pontis caudalis.

It is directly triggered by an activation of the cochlear

root nuclei when a strong and unpredicted noise occurs

(Nodal and Lopez 2003). Membrane depolarization of

giant neurons is mediated by calcium channels, trig-

gered by glutamate-NMDA receptors (Krase et al.

1993). It is otherwise modulated by several influences,

among which an inhibitory one coming from the

pedunculopontine tegmental nucleus. This pathway is

activated by most sensory stimuli (auditory, visual,

tactile) (Yeomans and Frankland 1995). These

pedunculopontine neurons are cholinergic. They

inhibit nucleus pontis caudalis giant neurons through

muscarinic receptors (Koch et al. 1993). Muscarinic

receptors down regulate giant neuron responsiveness

by decreasing its adenyl cyclase activity (de Lima and

Davis 1995; van Koppen and Kayser 2003). Taken

together, the startle inducing noise should elicit a

strong depolarization of giant neurons of the nucleus

pontis caudalis, whereas the prepulses should tune

down their sensitivity. It also means that the baseline

startle and PPI are carried over by independent

neuronal networks which converge on pedunculopon-

tine neurons and interact there. This is what the

Schmajuk and Larrauri (2005) and Schmajuk et al.’s

model (2006) expresses. Other, uncontrolled influences

set the membrane potential of such neurons to various

levels, differing from one moment to another and from

one animal to another. This has to be considered as it

results in some startle reactions being strong, and

others weak.

Simulation methods

Principle

Responsiveness of peduncolopontine neurons to strong

sounds was modeled by a nonlinear transfer function,

comprising a linear part, limited by a threshold and

a ceiling. This point differed from Schmajuk and

Larrauti (2005) and Schmajuk et al.’s model (2006).

It expressed the fact that neuronal cell membrane

fluctuations are limited respectively by potassium

channel and calcium channel potentials. Uncontrolled

fluctuating influences on penduncolopontine neurons

were simulated by changing the offset of the startling
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acoustic signal. The inhibitory influence produced by

the prepulses was modeled by an attenuation of the

mean slope of the transfer function.

Computations

We assumed that any input startling stimulus

activates more or less the motor response according

to an arc tangent input–output transfer function. We

computed transforms of the inputs. Individual startles

were drawn out of a Gaussian distribution. Their

transformed values were evaluated. Means of these

values were computed. The transfer function change,

representing the inhibitory effect of a prepulse,

was obtained by attenuating the input influence in

a linear way, computed as follows: input with pre-

pulse = input without prepulse/2 – 1 (see Fig. 1).

More details on the methods are given in the legend

of Fig. 1.

Modeled data

Bar graphs in the top right of Fig. 1 show the mean

startle levels obtained with three levels of inputs.

Startle levels were not proportional to the input levels.

For strong auditory inputs, and subsequent high levels

of startle, the latter varied less. Below these bar graphs,

the computed percent PPI was represented. PPI levels

depended on the baseline startle. When startles came

close to their ceiling, PPIs decreased substantially. A

strong PPI decline was correlated with a weak increase

of startle.

Discussion of the modeled data

There is only one model to which such data can be

compared (Schmajuk and Larrauri 2005; Schmajuk

et al. 2006). The conclusion that results from

our computations is similar to those of this model,

except that the startle levels varied much less in our

model because these authors used a linear and log

transform function respectively for the baseline

startle and PPI. It is relevant to focus on the medium

to strong startling condition since the most recent

papers provided experimental data obtained with

strong startling noises (120 dB(A)). Furthermore the

test conditions were stressful which is known to

enhance the reactivity of the neuronal startle circuit

(Davis 1989; Le Pen and Moreau 2002; Lipska et al.

1995). PPI was reported to vary but the baseline

startle did not. For these reasons we speculated that

in such PPI measurement experiments, the baseline

startle could have been stabilized by some ceiling

effect.
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Fig. 1 Illustration of the model construct. The graph at the top
of the page represents two transfer functions. The full line holds
for the baseline startle transfer function. The dotted line
corresponded to the same equation, but combined with the
linear attenuation reported in the simulation methods section.
Below the x-axis (input stimuli), there are three identical
Gaussian input distribution, each with its specific mean value.

They modeled respectively weak, medium, and strong startle
trigger inputs. The y-axis (outputs) values were used to compute
the resulting distributions from which mean startles and percent
PPI were calculated. At the right of the figure, bar graphs
represent the resulting mean startle levels (top graph) and
percent PPI (bottom graph), respectively, for the weak, medium,
and strong inputs
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Comparing the model to actual experimental data

Introduction

This behavioral experiment consisted in computing

actual experimental data in the same way as in the

model. The data were obtained in an experiment using

the same strong auditory stimuli as in recent papers on

‘‘animal models of schizophrenia’’ (Le Pen and

Moreau 2002; Lipska et al. 1995). The level of stress of

the rats was assumed to be the same as in this litera-

ture, rats being also placed in a narrow tube.

Methods common to all behavioral experiments

The study was performed by researchers, all of whom

being authorized to manipulate living animals by the

French Ministry of Agriculture. Procedures conformed

to institutional guidelines, which comply with the

European Communities Council Directive of Novem-

ber 24, 1986 (86/609/EEC) and the National Council

Directive of October 19, 1987 (87848—Ministry of

Agriculture and Forestry, Veterinary Health and

Animal Protection Department). All efforts were

made to avoid animal suffering and reduce the number

of animals used.

Animals

Forty-seven male Sprague Dawley rats, weighing 250–

279 g, 2-month-old, were used for this first experiment

(Janvier, France). One hundred and forty-eight male

Long-Evans rats, weighing 270–350 g, were used for

the other experiments (Janvier, France). They were

new to startle experiments. They were kept on a con-

stant light/dark cycle (light from 7 a.m. to 9 p.m.) and

housed two per cage, with free access to food and

water. All experiments took place between 9 a.m. and

5 p.m.

PPI apparatus

Rats were confined for testing either in a contention

tube (diameter 6 cm, length 20 cm) for the first

experiment, or were allowed to move freely in a

transparent cage (26 cm · 25 cm · 18 cm) for the

other experiments. They were placed in a sound-

attenuating chamber. The background noise was

produced by a noise generating electronic device

66 dB(A). A PC was used to trigger two types of

acoustic stimuli, a pure tone (75 dB(A) in the first

experiment and 85 dB(A) in the other experiments,

3,000 Hz, duration 20 ms) or a wide band noise

(120 dB(A), first experiment; 105 dB(A), other

experiments; bandwidth: 20 Hz–20 kHz, duration

50 ms) , independently amplified and transmitted to

each of two loudspeakers. The floor of the test cage

was a platform fixed to an electronic scale. Its force

transducer was connected to an amplifier (AM502,

Tektronix, Gain: 1000, bandwidth: 0.1 Hz–1 kHz),

which supplied a voltage proportional to the force to

an A/D converter (AD800, Analog Devices) fitted in

the computer. The computer recorded the startle

reaction for 100 ms after the beginning of the noise

(one measure every ms). These data were monitored

on the computer screen.

The computer delivered a series of stimuli whose

sequence and parameters had been scheduled by the

computer’s measurement program. After the end of

the series of trials in each measurement session, the

experimenter had to review each startle graph, decide

whether the data it showed was valid or not.

Measurements were discarded if the animal moved

before delivery of the noise. He had to point with the

computer mouse to the peak startle response. The

amplitude had been calibrated with known weights

(precision: 1 g). In absence of a startle response in a

quiet animal, the amplitude was quoted as 0 and

included in the statistical computations.

Methods specific to the first experiment

All rats were submitted to a session lasting 30 min. It

was made of 10 series of 10 startle measurements. In

each series, there were five startles alone measure-

ments, and five startle measurements with a prepulse

preceding by 100 ms the pulse. These conditions were

randomly mixed with each other. For each rat, the

mean startle level was computed as well as the percent

PPI. Only the results of 33 rats were kept for the

analyses because others did not show a consistent

startle reaction, i.e. that occurred often enough in the

pulse alone condition and that was strong enough to

allow PPI measurements. The group of 33 rats was

subdivided into three groups of 11 rats; low, medium

and strong startling rats. The mean startle levels and

the percent PPI were submitted to a between group

analysis of variance, the grouping factor being the

startling level groups defined above (three levels).

Appropriate post hoc tests were also conducted. A

statistical analysis of the baseline startle level was used

to assess the validity of the threefold classification

used. PPI measurements would assess how PPI

depended on this classification.
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Results

The statistical analysis showed that the three levels

of startle differed from one group to another

F(2,30) = 27.93, P < 0.0001. A post hoc Fischer test

indicated that the startle levels differed between all

pairs of groups (high versus medium startle level,

P < 0.0001; high versus low startle level, P < 0.001;

low startle versus medium startle level, P < 0.05).

The statistical analysis showed also that the percent

PPI differed according to the three classes of startle

levels: F(2,30) = 5.42, P < 0.01. A post hoc Fischer

test indicated that PPI differed between the

strong startle group and the medium one, P < 0.05,

as well as between the former and the low startle

group, P < 0.01, but not between the low startle

group and the medium one, P > 0.7. Bar graphs

in the right of Fig. 2 illustrate these findings. The

two bar graphs (actual data) have to be compared to

the two bar graphs in the right of Fig. 1 (model). For

the strongest startle, the PPI was weaker than for

others.

Verification of a prediction of the model

Introduction

This series of behavioral experiment, called ‘‘other

experiments’’ in the section labeled ‘‘methods common

to all behavioral experiments’’, replicated at first a

finding showing that an increase of PPI occurs along

with the habituation to the startling noises (Ison et al.

1973; 1997; Blumenthal 1997). According to the model,

we interpreted this as the manifestation of a fast

habituation to the startling noise which was hidden in

the startle alone condition because of a ceiling effect.

This was tested in the subsequent series of behavioral

experiments.

A preliminary experiment was conduced to find

out the interval between prepulse and pulse that

produced the strongest PPI in the strain of rats used.

In order to equate the sensory experience of rats in

all groups, a control group was added in which the

prepulse–pulse interval was set at a very large value,

known to be out of the range where PPI can occur

(2000 ms). Ison et al. have shown that stabilization

of startle was obtained after four to five trials (Ison

et al. 1973). We limited the investigations to

the initial ten trials. For the main experiment, we

tested the startle after prepulse–pulse sessions,

and after pulse alone sessions to avoid any interfer-

ence between the startle tests with and without

prepulses.

A complementary experiment was added to verify

the contribution of habituation to the initial decline

of the PPI startle response. It was assessed by a

transient impairment of the effect of habituation as a

result of a strong interfering visual stimulus.

Enhancement of the effect of the prepulse over the

course of the initial trials of a PPI test could result

from an enhanced attention paid to it, for example as

a result of a conditioned association between pre-

pulse and pulse (Crofton et al. 1990; Flaten and

Hugdahl 1990). Alternately, habituation to the pulse

has been much studied using the startle reflex (Piltz

and Schnitzler 1996; Sanford et al. 1992). If the

observed decline in startle in the PPI condition re-

sulted from habituation, it should share its properties

with those of habituation. Thomson and Spencer

have shown that submitting an animal to a strong

stimulus which is different from that to which

habituation has been obtained caused a transient

suspension of habituation (Groves and Thompson

1970; Thompson and Spencer 1966). Thus, in the

complementary experiment, we submitted rats to a

brief and strong light stimulation after the 5th trial.
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Fig. 2 Graphs representing mean + SEM startle amplitudes and
percent PPI from the experimental assessment of the validity of
the model. The bar graph at the left shows a typical example of
the distribution of startles obtained with one rat. The baseline
startle is represented as the foreground (light gray bars) and the
startle with prepulses at the background (dark gray bars). The
x-axis represents the startle level measured and the y-axis, the
number of observations for each level. The gray arrow points to
the mean startle level decrease elicited by the prepulse. At the
right of the figure, bar graphs represent the resulting mean startle
levels + SEM (top graph) and percent PPI + SEM (bottom
graph), respectively, for weak, medium, and strong startle
responses

Cogn Neurodyn (2007) 1:27–37 31

123



Methods specific to these behavioral experiments

Procedure of the preliminary experiment

Sixty-four rats were submitted to a single test session

which started as soon as the animal was placed in the test

cage. It comprised 10 trials, each of which were sepa-

rated from the next by a random period lasting 10–20 s.

The same startling stimulus was used throughout the

trials. The trials consisted of pulse alone (reference level

group, n = 21) or prepulse followed by the pulse with

2000 ms IPI (control group, n = 11) and 20, 60 and

100 ms for test groups (respectively n = 10, one rat

being discarded, 11 and 11).

Mean startle amplitudes were submitted to a mixed

design ANOVA, with the 10 measurements as a

within-trial factor (10 levels) and the prepulse–pulse

interval as grouping factor (five levels). The level of

significance was set at P < 0.05.

Procedure of the main experiment

Forty-eight rats were used. The experimental condi-

tions were modified between the 5th and 6th trial to

separate the circumstances of the initial habituation

period from those of subsequent PPI tests. The refer-

ence startle levels were obtained by using the same

procedure as in the preliminary experiment. The test

group heard five pulses alone followed by five pulses

preceded by prepulses, i.e. the PPI condition. Two

controls groups were studied. In one of them the session

started with five prepulses alone while in the other one,

no stimulation was delivered during this initial period.

The prepulse–pulse interval was set at 60 ms

according to the results of the preliminary experiments.

Four groups of rats were used (n = 12 for each). Group

R (Reference) was submitted to the same procedure as

in the preliminary experiment. It underwent 10 trials

with the prepulse–pulse sequence. Group T (Test) was

submitted to five pulse-alone followed by five PPI trials.

Group Cpp (Control prepulse) was submitted to five

prepulse-alone followed by five PPI trials. Group Cns

(Control not stimulated) was placed in the cage during

the same duration as the initial five trials but without

any stimulus and then submitted to five PPI trials.

The mean startle amplitudes were submitted to

mixed design ANOVAs. The startle amplitudes

corresponding to the first five measurements was a

within trial factor (five levels). The mean startle

amplitudes for T and R groups were a between group

factor (two levels). Furthermore, a within trial factor

corresponding to the 5th and 6th measurements (two

levels) was also considered, together with the experi-

mental group R versus T factor (two levels). Similar

comparisons were conducted between groups Cpp and

Cns.

Procedure of the complementary experiment

Thirty-six male Long-Evans rats were used. They

constituted three groups (n = 12 for each). Group R

rats (Reference) underwent 10 trials with the ‘‘pulse-

alone’’ sequence. Group C rats (Control) underwent 10

trials with the ‘‘prepulse–pulse’’ sequence. Group L

rats were submitted to a flashing light which was pro-

duced by repeatedly switching on and off a lamp in the

test cage between the 5th and 6th trials. The lamp was

switched on and off 30 times, once every 3 s with light

on during 1.5 s, the usual bulb replaced by a stronger

60-W bulb. The mean startle amplitudes were submit-

ted to a mixed design ANOVA. The 5th and 6th startle

amplitude measurement was a within-trial factor (two

levels) and the presence of the light flashes was a

between group factor (two levels: C versus L).

Results of this series of behavioral experiments

Results of the preliminary experiment

Statistical analyses showed that the five conditions dif-

fered F(4,59) = 10.61, P < 0.0001. There was a

significant change in startle amplitude along the

sequence of trials: F(9,531) = 5.05, P < 0.0001. This

trend was not the same for every prepulse–pulse

interval condition. The interaction between the pre-

pulse–pulse interval and trial factors was significant:

F(36,531) = 1.54, P < 0.05. Figure 3 shows startle

reactions recorded along the initial 10 measurements.

They are presented separately on four graphs labeled

‘‘a, b, c and d’’, the same pulse-alone group being

reproduced on each of them. Figure 3a compares the

two control situations, i.e. the pulse-alone condition

and the condition in which prepulses occurred long

before the noise (control for PPI). Startle responses

remained stable from the 1st to the 10th trial, as

evidenced by the quasi-identical and horizontal

regression lines in both conditions. In Fig. 3b, c, d the

noise was preceded by the tone by 100, 60 and 20 ms,

respectively. Mean amplitudes of the startle responses

were lower than for the controls. This corresponds to

the expression of PPI, which appeared especially strong

for the 60 ms prepulse–pulse interval condition (Fig. 3c).

The trend for the startle levels was a sharp decrease

under the PPI conditions, i.e. an enhanced PPI effect,

followed by a steadier decrease. This is visible on

graphs 3b, 3c and 3d.
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Results of the main experiment

Statistical analyses revealed that the first five trials of

groups T and R differed: Group factor:

F(1,22) = 22.25, P < 0.001. The sudden change in test

conditions between the 5th and the 6th trial elicited a

significant change in responsiveness: F(1,11) = 51.32,

P < 0.0001. The last five trials of groups Cpp and Cns

were far from showing any difference: Group factor:

F(1,21) = 0.85. Figure 4a shows the progressive

increase of PPI in group R similar to the preliminary

experiment, except that it looks shorter (three trials

rather than four). The first five trials for group T shows

the same aspects as the controls of the preliminary

experiment, i.e. minimum decrease in startle as trials

were repeated. After the 5th trial, there appeared a

sudden change in responsiveness, highlighted by the

gray arrow on the graph. The graph corresponding to

group T suddenly becomes like that of group R.

Figure 4b shows that, after five trials, where no stim-

ulus was applied or where the tone serving as a pre-

pulse was applied alone, both graphs look like the

beginning of the graph corresponding to group R,

above.

Results of the complementary experiment

The sudden change in test conditions between the 5th

and the 6th trial elicited a significant change in startle

responsiveness: F(1,21) = 4.60, P < 0.05. The bar graph

in Fig. 5 shows the amplitude levels before the light

stimulus (L5) and just after (L6), compared to the

reference levels (R5 and R6) and control levels (C5

and C6). There was an increase between the 5th and

the 6th trial for the test group, whereas bars C5 and C6

show that a decrease or no change should have oc-

curred. The effect was transient as no more visible on
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the next measurement, as indicated by the dotted line

(holding respectively for R7, C7, and L7).

Discussion of this series of behavioral experiments

Discussion of the preliminary experiment

On its first assessment, the startle level was not sensi-

tive to the presence of a prepulse. This is in contra-

diction to previous observations in our laboratory

where a PPI occurred as soon as the first trial, albeit

under different conditions and in another species of rat

(Canal et al. 2001). PPI obtained as soon as on its first

trial could be attributed to rats having had previous

experiences of strong sounds. Even if rats were main-

tained in a carefully controlled environment in their

housing room, they would certainly have heard stress-

ful noises during their journey from the rat farm to the

laboratory. Under the 60 ms prepulse–pulse interval

condition, PPI became stable after less than six trials.

Such a result confirms and extends previous observa-

tions (Ison et al. 1973) as it was the condition

producing the strongest PPI. This justified the use of

this parameter for the main experiment.

Discussion of the main experiment

There were some minor differences between the

reference group in this experiment and the results of

the preliminary experiment. The startle amplitudes

were somewhat stronger (275 g versus 200 g at the first

trial). The difference can be attributed to the slight

methodological change between both experiments, as

mentioned in the methods chapter. But even when

similar methods were used, such differences occurred

along other experiments in our laboratory from one set

of rats to another. Another difference was that only

three trials were required to reach an asymptotic

startle in PPI conditions in this experiment compared

to four trials in the previous one. But this depends on

the subjective interpretation of the elbow of a curve

drawn through data. A third difference consisted in the

occurrence of a slight but visible decline in the graph of

the controls in the main experiment. This aspect of the

results, even if the differences among strong startle

levels remain below the statistically detectable

threshold in the absence of the reduction elicited by

PPI are well in line with our hypothesis of a hidden

habituation in the absence of prepulse. Irrespective of

these minor differences between both experiments,

maximum PPI was obtained when the rat had been

submitted to a series of baseline startle tests. In other

words, the startle eliciting noise was the only factor

that produced the decline in the startle responses vis-

ible only in PPI conditions.

Discussion of the complementary experiment

There was a decline in startle in the initial course of PPI

measurements in our experimental conditions attrib-

uted to habituation to the startle eliciting stimulus. The

search for the possibility to erase transiently the

habituation as proposed by Thompson and Spencer has

been successful (Thompson and Spencer 1966). It was

moderate and transient. This is not surprising as it de-

pends on the strength of the interfering stimulus. That

one used in this experiment was weak compared to the

electrical shocks used in other laboratories. Neverthe-

less, the occurrence of a significant effect provided an

argument in favor of the involvement of habituation in

the decline of the initial startle responses in the pres-

ence of a prepulse (PPI condition).

Conclusion of this series of behavioral experiments

Through the preliminary experiment, temporal

parameters were established that made it possible to

obtain reproducible observations of a rapid increase in

PPI (decline of startle in PPI conditions together with a

stationary baseline startle). It required between one

and four trials depending on the parameters used. The

main experiment showed that the loud startling noise

was the only factor of this alteration of PPI. The time

course of the startle reactions when there was a

prepulse resembled an habituation to noise. But there
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Fig. 5 Bar graphs representing mean + SEM startle amplitudes
corresponding to the measurements conducted in the 5th and 6th
trials in the experiment on dishabituation. The clear bars
represent the reference group submitted to the pulse alone in
their 5th and the 6th trials (R5 and R6). The darkened bars
represent the control group submitted to the prepulse–pulse
sequence during the same trials (C5 and C6). The black bars
represent the result of a group submitted to the same stimuli as
group C but with light flashes inserted between the two trials. For
completeness, the level corresponding to the subsequent trial
(the 7th, R7, C7 and L7) is indicated by a dotted line
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was no directly observable effect on the baseline startle

in the same parametric conditions. The involvement

of a habituation process was confirmed using a

‘‘dishabituation’’ experiment. This showed that a

property of the baseline startle could be revealed in

PPI conditions, even if it has no relationship with PPI

itself.

General discussion

Leumann et al. (2001) modeled the acoustic startle

reflex and PPI using neural network simulation meth-

ods. But, neither the relationship between PPI and the

startle levels, nor the variability of the baseline startles,

nor habituation have been considered in their pub-

lished works. Schmajuk and Larrauti (2005) and

Schmajuk et al. (2006) proposed a model that put the

emphasis on the role of three convergent influences.

There are four differences between their model and

ours. At first, a dynamic aspect was considered in their

work which was left out of the present study. The

second difference resides in the transfer functions

selected. For the upper limits of such functions, there

may be only minor consequences of this difference.

But, for the lower values, the output (E2 in equation

10, Schmajuk and Larrauri 2005) tends to a finite value

in Schmajuk et al.’s model, whereas we considered an

horizontal asymptote. This may be of importance only

for low PPI values. Considering individual startles that

vary from one moment to another was something ori-

ginal in the present study. Even for a strongly

responsive animal, very low startle levels occur from

time to time and contribute to the mean startle level

computations. As a consequence, asymptotical prop-

erties of transfer functions contribute to the means

startle level. The fourth and major difference resides in

the interaction between excitations and inhibitions. It

was an additive one in Schmajuk et al.’s model. But in

our model, the gain of the input–output relationship

was reduced in the presence of a prepulse. PPI

decreased when startle increased in our behavioral

experiments. It had been predicted both by our model

and that one of Schmajuk et al. But there is a slight

difference between the predictions of Schmajuk et al.’s

model and our experimental data as well as those of

Yee et al. (2005). There was a larger PPI for the

medium range of baseline startle level. This fits better

with the prediction of our model. Playing with the

equations of the model of Schmajuk and Larrauti

(2005) and Schmajuk et al. (2006), or with the excita-

tion/inhibition rules, should be able to account for this

minor difference of prediction of both models (Fig. 6).

A number of experiments used strong noises to

trigger the startle reaction. They were assumed to

model what happens in schizophrenic patients. The

results of the present work point: (i) the possibility of

misleading distortions when using strong startling

noises and (ii) indicate that PPI and baseline startle

measurements are not independent. While we showed

that the initial decrease of PPI resulted from the rat’s

prior experience of the strong startling noise, we do not

know whether this effect is specific to the strong noise

itself or is related to its stressful, aversive, effect. This

could be verified by conducting the same experiment

with an air-puff eliciting the startle response (Taylor

et al. 1991) during the first five trials and noise after-

wards. If stress plays a role irrespective of the sensory

modality then a cross stimulus modality PPI modifi-

cation would occur. This is a significant issue for

further studies for at least two reasons: the relationship

between the anxiogenic effect of a stressful event and

PPI needs to be better documented—in lower animal

species as well as in humans—and it is worth exploring

the contribution of stress to the management of

the attention paid to a stimulus used as prepulse.

Habituation of the rat to strong sounds was our alter-

nate explanation. It was reinforced by the observations.

But, there are some contradictory observations to

consider in the literature (Gewirtz and Dawis 1995;

Lipp and Krinitzky 1998). In their studies, PPI was

found to decrease rather than increase. A strong

habituation in the pulse-alone condition happened in

such experiments. It would help to understand the

contradiction as the relative efficiency of the prepulse
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Fig. 6 Bar graphs representing the results of PPI computations
done with the data plotted on figure 11 of Schmajuk and Larrauri
(2005). The bar graphs represent the percent PPI for weak,
medium, and strong startling influences from our experiment
(light gray bars: reproduction of the bottom right bar graph of
Fig. 1), an experiment of Yee et al. (2005) (dark gray bars: data
for which the representation has been expressed in the same
standard way as ours), and the results of Schmajuk and Larrauri’s
model (hached bars: enhanced by 7.5%). The fit is good for the
weak and strong inputs but the model data depart from
experimental ones for medium levels of stimulation (as pointed
by the arrows)
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would have been strengthened. It means that, accord-

ing to the parametric setting of the experiments, an

increase or a decrease of PPI may happen, both

expressing a linkage between PPI and baseline startle,

which is the main topic of the present paper. This

argues for the necessity of systematic parametric

approaches of startle and PPI. The link between

habituation and PPI change mentioned above reminds

that habituation was also altered in schizophrenia

(Braff et al. 2001; Swerdlow et al. 1995) even if

this remains controversial (Ludewig et al. 2002;

Mackeprang et al. 2002). Furthermore, habituation and

PPI were found to share a number of pharmacological

properties (Geyer et al. 1990).

Human and lower animal research on the properties

of the startle reaction, for example, (i) its evolution and

variability along iterative measurements, (ii) its sensi-

tivity to sensory events that happen a few milliseconds

before the startle eliciting stimulus, i.e. PPI, (iii) the

nature and parametric diversity of stimuli use, and

(iv) its sensitivity to the emotional circumstances will

still require a considerable amount of work to be able

to solve the contradictions of the literature. Models are

helpful not only to resolve apparent discrepancies in

the literature but also point on the parameters that are

the more relevant to include in the studies and to

understand pathophysiological observations.
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