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Abstract: When a low-salience stimulus of any type of sensory modality—auditory, visual, 

tactile—shortly precedes an unexpected startle-like stimulus, such as the acoustic startle reflex, the 

startle motor reaction becomes less pronounced or is even abolished. This phenomenon is known 

as prepulse inhibition (PPI), and it provides operational measures of information processing by 

filtering out irrelevant stimuli. Because PPI implies plasticity of a reflex and is related to automatic 

or attentional processes, depending on the interstimulus intervals, this behavioral paradigm might 

be considered a potential marker of short- and long-term plasticity. Assessment of PPI is directly 

related to the examination of neural sensorimotor gating mechanisms, which are plastic adaptive 

operations for preventing overstimulation and help the brain focus on a specific stimulus among 

other distracters. Despite their obvious importance in normal brain activity, little is known about 

the intimate physiology, circuitry, and neurochemistry of sensorimotor gating mechanisms. In this 

work, we extensively review the current literature focusing on studies that used state-of-the-art 

techniques to interrogate the neuroanatomy, connectomics, neurotransmitter-receptor functions, 

and sex-derived differences in the PPI process, and how we can harness it as biological marker in 

neurological and psychiatric pathology. 
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1. Characteristics and functional implications of the acoustic startle reflex 

The acoustic startle reflex (ASR), a survival mechanism of alarm, rapidly alerts and arouses 

organisms to a sudden loud auditory stimulus. Behaviorally, the ASR involves a rapid and 

sequential activation of muscles along the length of the body as well as an autonomic physiological 

response [1]. In mammals, the most effective ASR is triggered by high-intensity sounds that exceed 

80 dB, as these are more effective white noises than pure tones. An important factor in the elicitation 

of the ASR is the short rise time of the stimulus that includes not only the duration of the stimulus 

but also its sudden onset. The ASR is considered a defensive reaction to an unexpected sensory event 

that interrupts ongoing behavior and prepares the individual against a potential threat. This reaction 

activates a defensive stance to prevent injury and alerts the person or animal to initiate escape 

behaviors. In humans, the ASR involves a fast and involuntary flexor muscle contraction (flinch) 

with electromyographic responses of just 11 ms in latency.  

This reflex is intimately related to another innate reaction exhibited by humans and nonhuman 

primates in early developmental stages [2] called the Moro reflex. The participation of the auditory 

and vestibular systems in this reflex is implied since it is triggered by a sudden loud noise or abrupt 

changes in head position. The Moro reflex is normally characterized by highly stereotyped 

movement patterns consisting of an embracing posture of the arms and contraction of the legs. The 

Moro reflex typically disappears at approximately 4 months postnatal and is replaced by a 

generalized contraction of facial and limb muscles that follows a rostrocaudal pattern [3], the ASR. 
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In small mammals, the ASR is manifested as a whole-body flinch and/or leap, directly proportional 

to the magnitude of skeletal muscle contraction. The ASR displays a short duration and latency as 

evidenced by electromyographic measurements of just 6 and 8 ms in the neck and hindleg muscles 

of the rat, respectively [4, 5]. 

Decreased ASR responses related to aging have been well-reported in both animal and human 

studies [6, 7]. This hyporeactivity is not due to age-related hearing deficits but could be explained by 

brainstem processing delays that limit an individual’s ability to rapidly adjust to the environment 

[6,8]. 

There is controversy in the literature about sex differences in the ASR depending on the species 

tested. In the rat, the ASR amplitude is greater in males than in females [9], while other authors 

indicate that the ASR in humans is significantly smaller in men versus women [10]. Additionally, 

several authors point out that the magnitude of the ASR is not affected by sex or the phase of the 

estrous cycle [11]. Despite these contradictory results, it seems that variations in blood estrogen 

levels during the menstrual cycle might contribute to ASR variance through dopaminergic 

mechanisms in the brain. Thus, ovariectomized rats have persistent alterations in 

dopamine-mediated effects on ASR, and these alterations can be partly corrected with estradiol 

replacement [11]. The ASR can be easily assessed using electromyographic recording in humans and 

large animals, and whole body ballistic movements in smaller animals (rodents) using a startle 

response system that consists of a piezoelectric accelerometer mounted under a platform that detects 

the corresponding startle responses [12, 13]. In humans, surface electromyographic activity has been 

recorded from various muscle groups throughout the body, showing evoked response differences 

between them. 

The most common muscles used for ASR measurements due to homogeneous and consistent 

electromyographic responses are the facial, orbicularis oculi, and mentalis [8]. Among the most 

widely measured parameters are the amplitude (peak of startle response) and latency (time from 

stimulus onset to that peak). Another important parameter is the probability of ASR occurrence in 

relation to the total number of trials. A recent paper reviewed and standardized the ASR 

measurement methodology in experimental animals [14]. 

2. Acoustic startle modulations 

The ASR can be modified quantitatively or qualitatively by several natural and experimental 

conditions, indicating the individual’s ability to adjust startling responses to specific external and 

internal conditions. The ASR and its modulations, which are easily tested in humans and rodents, 

are sensitive to a variety of experimental approaches that consolidate these behavioral paradigms as 

essential research tools for studying brain mechanisms such as learning, memory, emotions, sensory 

gating, and movement control as well as neuropsychiatric disorders and drug treatments (see 

below). The most relevant ASR modulations are briefly described in the following paragraphs.  

 

2.1. Fear potentiation of the ASR 

The potentiation of the ASR by conditioned fear is a behavioral paradigm in which the 

amplitude of the ASR is enhanced in the presence of a conditioned neutral stimulus (light or tone) 

that was previously paired with an aversive unconditioned stimulus, for example, a foot shock [15]. 

The auditory fear-potentiated startle has been used to study Pavlovian fear conditioning, an 

important model in the study of the neurobiology of normal and pathological fear. This ASR 

modulation, based on (classical) conditioning processes, implies that the ASR might be a crucial part, 

and occasionally the triggering factor, of fear and panic attacks that last longer than the reflex itself 

and can lead to blocking an individual’s reactivity. 
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2.2. Sensitization and habituation of the ASR 

According to the dual-process theory of nonassociative learning, a behavioral response during 

repetitive stimulation is influenced by two processes, sensitization and habituation. Thus, when a 

repetitive stimulus is presented to the subject, the sensitization of the ASR is the increase in ASR 

amplitude, whereas the habituation is the decrease. Both processes occur and develop 

independently of one another but interact to yield the final response output. Higher intensity levels 

of sound tend to govern sensitization. That is, according to the stimulus intensity level, the stimulus 

can become a relevant and aversive event that has a sensitizing effect on the subsequent startle 

reflexes. Although repetitive stimulation has both habituating and sensitizing effects on the 

amplitude of the ASR, habituation dominates the course of amplitude, and sensitization dominates 

the course of latency [16]. Habituation of the ASR can be short-term (stimulus repetition 

within-session) or long-term (stimulus repetition between sessions), depending on presentation and 

the interval between startling stimuli.  

The habituation of the ASR is not derived from physiological fatigue of the receptors or by 

adaptation events because it shows sex- and age-related differences. For instance, young rats express 

reduced short-term habituation compared to older rats [17]. Additionally, young male rats express 

reduced long-term habituation compared with older male rats, whereas older female rats habituated 

more slowly than older male rats. Along the same line, sensitization occurs more consistently in 

younger rats [17]. 

Recent studies support a relationship of individual differences in personality with habituation 

in the ASR [18]. Thus, higher levels of neuroticism are related to faster habituation, whereas higher 

levels of aggressiveness are related to slower habituation. 

2.3. Drugs affecting the ASR 

There are many drugs that have direct effects on the ASR. The most well-known drugs are the 

dopaminergic agonists that increase ASR amplitude and latency. For example, the direct 

dopaminergic agonists, bromocriptine and apomorphine [19, 20], and the indirect dopaminergic 

agonists, amphetamine and cocaine [21, 22], induce and intensify the startle response. In addition, 

serotonin releasers such as “ecstasy” (MDMA) induce changes in the ASR and its modulations [23]. 

Other sedative/anxiolytic drugs, such as diazepam and clonidine, reduce the ASR amplitude and 

increase the ASR latency [24]. Alcohol and tobacco alter the ASR. Alcohol decreases the startle 

magnitude, and nicotine decreases startle latency without modifying the amplitude [25]. The ASR is 

also considered a good marker of anxiety disorders, showing that ASR amplitude increases with 

anxiety and stress [26]. A recent study reports an increase in ASR amplitude as an effect of prenatal 

stress [27]. Interestingly, the ASR is attenuated if elicited in a pleasant emotional context, for 

example, in the presence of a conditioned stimulus predicting reward [28, 29]. 

2.4. Prepulse inhibition of the ASR 

The ASR can be reduced when a strong acoustic startling stimulus (pulse) is shortly preceded 

by a weak nonstartling stimulus (acoustic, visual, or tactile prepulse), a paradigm called prepulse 

inhibition (PPI). The amount of PPI is widely used as an operational measure of sensorimotor gating 

and a filtering mechanism of the central nervous system to prevent sensory information overflow, 

facilitating selective attention and ensuring normal information processing. PPI provides a valuable 

method for investigating the principles of reflex modulation in humans and experimental animals 

[30, 31]. It occurs on the first exposure to the prepulse and pulse stimuli without exhibiting 

habituation or extinction over trials, and therefore, PPI is not a form of conditioning. Most studies 

using the PPI paradigm calculate the percentage of the magnitude of the PPI for each respective 

prepulse intensity according to the following formula: % prepulse inhibition = [100−(100×startle 

amplitude on prepulse followed by pulse trial)/(startle amplitude on pulse trial alone)]. PPI values 

are influenced by physical parameters of the prepulse and pulse stimuli such as intensity, duration, 

frequency and interstimulus intervals (time between the prepulse and the startling pulse). PPI 

increases with both prepulse intensity [32] and duration [31] and is also sensitive to the frequency 
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difference between the prepulse and background tones [33]. In experimental animals, PPI occurs 

with interstimulus intervals of 30–500 ms. In humans, the prepulse inhibition paradigm uses 

combinations of interstimulus intervals ranging from short interstimulus intervals (between 30 and 

300 ms), in which case the paradigm process is referred as PPI, and long interstimulus intervals 

(more than 500 ms), which in this case are named prepulse facilitation (PPF) [34].  

It is clear that gender contributes to the variability in PPI measures. Thus, PPI values are higher in 

males than in females in both humans [35] and experimental animals [9]. Furthermore, human 

females show varying PPI across the menstrual cycle with the highest levels in the follicular phase 

and the lowest levels in the luteal phase [36]. However, there is no clear consensus on the effects of 

age on PPI. Some authors suggest that there is no effect of age on PPI in adult mice [37] and humans 

[38]. By contrast, several studies describe that PPI is reduced in older rats [7] and aged humans [39]. 

In humans, PPI is probably not fully functional until 8–10 years old [40], and PPI shows an inverted 

U-shaped function depending on age, resulting in the highest PPI values at intermediate ages [39]. A 

deficit in sensory gating, as measured by PPI, could be the cause of selective attention deficits and 

increased distractibility in the elderly. Unpublished data from our research group agree with 

Ellwanger et al. (2003), suggesting that only groups of extreme ages exhibit no differences in PPI 

between them. PPI can be modified with pharmacological treatments [41], stress, nicotine and 

caffeine consumption and abstinence. Thus, PPI increases with nicotine consumption [31] and 

decreases with nicotine abstinence [42]. The effects of caffeine on PPI are complex and depend on the 

dose. Changes in the environment such as early maternal separation or social isolation can affect PPI, 

as shown in rats [43]. Furthermore, impaired PPI is found in humans in some neuropsychiatric 

disorders, including schizophrenia [30], obsessive-compulsive disorder, Tourette's syndrome, 

posttraumatic stress disorder and attention-deficit disorder and hyperactivity, among others [31, 44]. 

Interestingly, antipsychotic medication attenuates symptoms of schizophrenia and reduces the PPI 

deficiency [45]. In summary, PPI measurement could become a reliable tool as an endophenotype for 

genomic studies and a biomarker for healthy brain circuitry, which may predict sensitivity to 

psychotherapeutics [31,44]. 

 

3. Prepulse inhibition as an indicator of neural plasticity 

Since PPI protects the early processing of the prepulse signal from startling interferences by 

regulating the motor system and/or the premotor system, it has been generally recognized as an 

operational measure of sensorimotor gating [46, 47].  

Modifications of the PPI are very diverse and may be caused by neurological [48] or psychiatric 

diseases characterized by anxiety symptoms [49, 50], behavioral states (as emotional context or a 

stressor) [51-53], hormonal levels [36, 54, 55], and even adaptations derived from particularities of 

some professions, as occurs in the case of athletes [56]. All reflect various processes of neural 

plasticity, and it is striking that their sensitivity to sensory events happen a few milliseconds before 

the startle-eliciting stimulus. All of this makes PPI a reliable and robust quantitative phenotype 

across species, and it may serve as relatively stable neurobiological biomarker for various 

pathologies or attitudinal characteristics [57, 41].  

Among the modifications of PPI, we will highlight two of them:  

3.1. Attentional modulations of PPI 

PPI protects the early processing of the prepulse signal from startling interferences by 

regulating the motor system and/or the premotor system. We can distinguish two components of the 

PPI, one involuntary (an automatic process at the preattentive stage) and another modulated by 

attentional responses, indicating modulation by higher-order cognitive processes [43]. fMRI 
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experiments in which there is a paradigm of attention to the prepulse indicate that thalamic areas are 

involved [58]. The participation of the thalamus in the attentional modulations of PPI becomes 

evident with adverse prestimuli, in which the amygdala [43], as well as the inferior colliculus [59], 

plays a key role in PPI enhancement.   

As mentioned above, when the prepulse-to-pulse intervals are longer than 500 ms, the 

phenomenon is known as prepulse facilitation (PPF) and reflect sensory enhancement and selective 

attention [60, 61]. Several studies have shown that voluntarily directing attention toward some 

aspect of the prepulse affects both PPI and PPF. Thus, humans who attended to the prepulse 

exhibited larger PPI at interstimulus intervals of 120 ms compared to participants who ignored the 

prepulse (but not at shorter lead intervals such as 60 ms), and PPF is greater during the attended 

prepulse than during the ignored prepulse. Thus, passive PPI and PPF are primarily automatic 

processes, whereas attentional modulation involves controlled cognitive processing [62]. Facilitation 

of relevant stimuli (PPF) and inhibition of irrelevant stimuli (PPI) constitute separable aspects of 

selective attention and are differentially affected by age [39], gender [63], species [64] and 

interstimulus intervals [65]. In this last aspect, there is a contradiction since interstimulus intervals 

smaller than 15 ms also trigger an increase in startle amplitude, resulting in net response facilitation 

in rats [4]. There is general agreement that both PPI and PPF processes are two independent 

processes [66]; first, PPI and PPF were differently affected by the prepulse intensity. PPI increased 

as the prepulse intensity increased. The PPF, however, did not linearly depend on the prepulse 

intensity but first increased as prepulse intensity increased, followed by a decrease [64]. PPF is the 

result of temporal integration of neural activity within the startle pathway initiated first by the 

prepulse and then by the startle stimulus. In this case, Ison et al. (1973) [4] suggested that the PPF 

might be mediated by either an excitatory interaction between the sensory responses to the 

prepulse and to the startle stimulus or a process of motor preparation elicited by the prepulse. In 

any case, both processes reflect mechanisms of brain plasticity in response to stimuli of different 

intensity and at different times and can undergo learning during repeated testing [64]. 

 

3.2. Gap-prepulse inhibition of the acoustic startle reflex for tinnitus assessment 

Tinnitus is the medical term for "hearing" noise in the ears when there is no external sound 

source. Tinnitus decreases when people with this disorder focus on activities that absorb them [67] 

and do not require signal processing in the auditory domain. Modulation of tinnitus awareness can 

fluctuate rapidly, suggesting either that the neural activity underlying tinnitus is dynamically 

altered or that its access to consciousness is gated by brain mechanisms that are sensitive to context 

or task demands, a clear example of neural plasticity.   

A form of prepulse inhibition (PPI) of the ASR is a widely accepted method for detecting 

tinnitus in rodents [68, 69], the so-called Gap-induced Inhibition of the Acoustic Startle (GPIAS). 

This method relies on a short gap in a continuous background noise or tone to provide a cue that 

inhibits the usual startle response following a loud sound [70]. The gap acts as a prepulse in 

reducing the response to a startle pulse but does not change in animals with tinnitus [68, 71]. It 

seems that tinnitus acts to fill the gap in the background noise, affecting the unconscious neural 

processing of GPIAS in the brainstem [72].   

In humans, the GPIAS technique does not work to detect tinnitus. This was presumably due to 

the lack of knowledge of the basic startle circuit, which has been described only in rodents [12, 73]. It 

is therefore increasingly important to improve understanding of the neuronal substrates underlying 

the ASR in humans in order to validate the tools used in experimental animals and turn them into 

more reliable and valuable diagnostic tools. 

 

4. Neuronal pathways of the acoustic startle reflex and its prepulse inhibition 

The ASR is characterized by its short latency, and hence, it is widely accepted that a relatively simple 

pathway located in the brainstem mediates this reflex. The primary ASR circuit has been fully 

described in the rat (Fig. 1). The cochlear root neurons (CRNs), true sentinels of the rodent auditory 

pathway, are the first brainstem neurons that receive direct input from the spiral ganglion cells in 
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the cochlea [74, 12]. CRNs innervate giant neurons in the caudal pontine reticular nucleus (PnC) of 

both hemispheres [75, 73], which in turn project to facial, cranial and spinal motoneurons that 

rapidly activate muscle contractions [12, 13]. At present, the ASR circuit is yet to be determined in 

other animals, although studies in cats have shown involvement of the brainstem reticular 

formation, especially the PnC [76]. In humans, the neuronal pathways of the ASR and its 

modulations are not known. It can be said, however, that the startle reaction is generated in the 

brainstem [77] because the startle reflex is observed in anencephalic infants [78]. Therefore, neurons 

in the reticular formation convey the output of the brainstem system, modulating and triggering 

startle across species. The neuronal pathways that modulate the ASR are more complex.  

 

Figure 1. Primary circuit of the acoustic startle response in rat in a sagittal view. Sound arrives to the 

cochlear root neurons that project to the reticulospinalneurons in PnC, which finally, send the 

information to the motoneurons on the spinal cord. The arrowheads indicate the flow of neuronal 

information within the circuit. Abbreviations: PnC: pontine reticular nucleus, caudal part. D: dorsal; 

C: caudal. 

Since there is a high degree of homology between measures of PPI in rodents and humans [31], 

investigations of PPI-mediating pathways are critical for establishing new animal models for 

studying both cognitive features and neural bases of some neuropsychiatric disorders, which are 

characterized by PPI deficits. PPI is valuable for evaluating animal models of neuropsychiatric 

disorders that present with PPI deficits, "mapping" the corresponding neural substrates, and 

advancing the discovery and development of novel therapeutics. There may be multiple pathways 

for mediating PPI [43]. Among these, Fendt et al. (2001) [79] suggested that acoustic prepulses are 

processed via the ascending auditory pathway including the inferior colliculus (IC), which activates 

the superior colliculus (SC) that also receives input from other sensory modalities (auditory, visual 

and tactile). The anatomical connection between the SC and the pedunculopontine tegmental 

nucleus (PPTg) activates a cholinergic projection to the PnC that mediates PPI. In contrast to the 

longstanding hypothetical view that PPI is mediated by cholinergic PPTg neurons, Azzopardi et al. 

(2018) [80] has demonstrated that the noncholinergic PPTg neurons mediate PPI, whereas 

cholinergic neurons of PPTg enhance startle and lead to prepulse facilitation [80]. Additionally, the 

substantia nigra contributes to mediate PPI via direct and indirect projections to PnC [81, 43]. 

Nevertheless, this neuronal circuit does not explain all of the singularities of PPI such as the 

effectiveness of interstimulus intervals as short as 20 ms [82]. Recent studies support the existence of 

additional pathways that bypass some components of this long multimodal circuit to mediate fast 
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auditory PPI via the cholinergic projection from the ventral nucleus of the trapezoid body to the 

CRNs [83- 85] or the projections from the locus coeruleus to the CRNs, which could explain the sex 

differences in acoustic startle response and PPI [86].  

Finally, although GPIAS is a form of PPI, both differ in some of the temporal characteristics and 

the neural circuits involved in gap or prepulse inhibition. PPI is stable within a wide range of 

stimulus intervals (ISI), while GPIAS is more effective with shorter lead times [87] Furthermore, the 

primary auditory cortex (AC) seems to be decisive in GPIAS but not in PPI [88]. C-Fos induction 

experiments show that there is an increased activation of the lateral globus pallidus after PPI 

sessions and an increase in the c-Fos activation in the AC after GPIAS sessions. These results indicate 

that only the inhibition of the startle pulse by gaps triggers c-Fos induction in the AC [89]. 

Figure 2 summarizes the current knowledge of the PPI-mediating circuits based on experiments 

carried out in laboratory animals.  

 

 

 

Figure 2. Neural pathways mediating PPI of the acoustic startle response based on experiments 

carried out in experimental animals.  

Blue arrows are implicated in PPI. Green arrows are involved in Gap-induced Inhibition of the 

Acoustic Startle (GPIAS). Orange arrows are involved in prepulse facilitation (PPF). 

Furthermore, in humans, there are several neuronal structures that presumably regulate the 

PPI-mediating circuit such as those from cortico-striato-pallido-thalamic circuitry that includes the 

prefrontal cortex, thalamus, amygdala, hippocampus, nucleus accumbens, striatum, ventral 

pallidum, and globus pallidus (for a review see Swerdlow et al., 2001, 2016)[100, 44]. Modified from 

[79], [85], [88] and [72]. 
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Abbreviations: AC: auditory cortex; CN: cochlear nucleus; CRNs: cochlear root neurons; IC: inferior 

colliculus; LC: locus coeruleus; LDTg: laterodorsal tegmental nucleus; LGP: lateral globus pallidus; 

MGB: medial geniculate body; PnC: caudal pontine reticular nucleus; PPTg: pedunculopontine 

tegmental nucleus; SC: superior colliculus; SNC: substantia nigra, pars compacta; SNR: substantia 

nigra, pars reticulata; VNTB: ventral nucleus of the trapezoid body; VTA: ventral tegmental area. 

 

 

All the human-related startle reflexes and PPI circuits are still pure speculation, since the basic 

circuit of human ASR is unknown. However, behavioral, pharmacological and psychophysiological 

studies suggest the involvement of a complex neural network extending from brainstem nuclei to 

higher order cortical areas. The neuronal structures that regulate the PPI-mediating circuit include 

the limbic cortex, striatum and pallidum, and the pontine tegmentum (limbic ‘CSPP’ circuitry) (for a 

review see Swerdlow et al., 20016) [44]. Additionally, other psychiatric pathologies other than 

schizophrenia, which involve decreased PPI and are accompanied by brain disorders characterized 

by intrusive thoughts and images, sensations and movements, support the role of thalamic nuclei in 

the PPI modulator circuit, thus keeping limbic cortico-striato-pallido-thalamic (CSPT) circuitry in 

both the regulation of PPI and in the pathophysiology of these other brain disorders [90].  

Several studies using functional magnetic resonance imaging to investigate the neural network 

underlying human PPI suggest a primary circuitry of sensorimotor gating in the pontine brain stem 

that interconnects with temporal, frontal and prefrontal cortices via the thalamus and striatum 

[91-93]. 

The apparent overlap in the neural substrates regulating PPI with those implicated in the 

pathophysiology of human brain disorders is part of the support for the etiological validity of 

animal models for impaired PPI in these disorders [92; 44]. Finally, as pointed out by Swerdlow et al. 

(2016) in their review of 25 years of sensorimotor gating of the startle reflex [44], the fact that some 

PPI-regulatory neural mechanisms are conserved across species, from zebrafish (in which PPI is 

disrupted by apomorphine and restored by antipsychotics) [95], mice, rats, guinea pigs [96, 97], pigs 

[98], lower primates [99] and higher primates [49], continues to make PPI an appealing measure for 

cross-species analyses of neural circuit connectivity. 

 

Author Contributions: Conceptualization, D.E. López, S. Hormigo, and R. Gómez-Nieto. Writing—original 

draft preparation, D.E. López. Writing—review and editing, R. Gómez-Nieto and S. Hormigo. All authors have 

read and agreed to the published version of the manuscript.  

Funding: Please add: “This research received no external funding”  

Acknowledgments: Thanks to all the people who, together with the authors of the article, have collaborated in 

the RAS/PPI measurements in both basic and clinical research carried out in the laboratory of audiomotor 

disorders at the Institute of Neurosciences at the University of Salamanca. Alberto Rodríguez-Lorenzana; Ana 

Gomes-Moscoso; Carlos Molina-Novoa; Consuelo Sancho; Ernestina Castro-Salazar; Fernando R. Nodal; Inés 

Pereira-Figueiredo; Jose Anchieta de Castro e Horta-Júnior; Juan Carro; Lymarie Millian-Morell; María Esteban; 

Marta Blázquez; Mohamed Arji; Orlando Castellano; Tomás López-Alburquerque; Vega E. Benito-López and 

Vicente Molina. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

[1] -Landis, C., Hunt, W. The startle pattern. Nueva York: Ed. Farrar & Rinehart; 1939.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 August 2020                   doi:10.20944/preprints202008.0356.v1

Peer-reviewed version available at Brain Sci. 2020, 10, 639; doi:10.3390/brainsci10090639

https://doi.org/10.20944/preprints202008.0356.v1
https://doi.org/10.3390/brainsci10090639


[2] -Alvarado Ruiz, G.R., Martínez Vázquez, R.I., Solís Chan, M., Plaza, M., Gómez Ramírez, D.B. (2009). 

Los reflejos primitivos en el diagnóstico clínico de neonatos y lactantes. Revista de Ciencias Clínicas 9 (1), 

15-26. doi: http://repositorio.pediatria.gob.mx:8180/handle/20.500.12103/1276  

[3] -Wilkins, D. E., Hallet, M., Wess, M. M. (1986). Audiogenic startle reflex on man and its relationship to 

startle syndromes. Brain, 109,561-573. doi: https://doi.org/10.1093/brain/109.3.561  

[4] -Ison, J. R., McAdam, D. W., Hammond, G. R. (1973). Latency and amplitude changes in the acoustic 

startle reflex in the rat produced by variation in auditory prestimulation. Physiol. Behav. 10,1035-1039. doi: 

https://doi.org/10.1016/0031-9384(73)90185-6 

[5] -Cassella, J.V., Harty, T.P. Davis, M. (1986). Fear conditioning, pre-pulse inhibition and drug 

modulation of a short latency startle response measured electromyographically from neck muscles in the 

rat, Physiol. Behav., 36, 1187-1191. doi: https://doi.org/10.1016/0031-9384(86)90499-3  

[6] -Ford, J.M., Roth, W.T., Isaacks, B.G., White, O.M., Hood, S.H., Pfefferbaum, A. (1995). Elderly men and 

women are less responsive to startling noises: N1, P3 and blink evidence. Biological Psychology, 39, 57-80. 

doi: https://doi.org/10.1016/0301-0511(94)00959-2  

[7] -Varty, G. B., Hauger, R. L., & Geyer, M. A. (1998). Aging effects on the startle response and startle 

plasticity in Fisher F344 rats. Neurobiology of Aging 19,243-251. doi: 10.1016/s0197-4580(98)00053-0 

[8] -Kofler, M.M., Muller, J., Reggiani, L., Valls-Sole, J. (2001a). Influence of age on auditory startle 

responses in humans. Neuroscience Letters 307, 65-68. doi: https://doi.org/10.1016/S0304-3940(01)01908-5  

[9] -Lehmann, J., Pryce, C.R., Feldon J. (1999). Sex differences in the acoustic startle response and prepulse 

inhibition in Wistar rats. Behav Brain Res 104, 113-117. doi: https://doi.org/10.1016/s0166-4328(99)00058-3  

[10] -Kofler, M., Müller, J., Reggiani, L., Valls Solé J. (2001b). Influence of gender on auditory startle 

response. Brain Res, 921: 206-210. doi: https://doi.org/10.1016/S0006-8993(01)03120-1  

[11] -Vaillancourt, C., Cyr, M., Rochford, J., Boksa, P., Di Paolo, T. (2002). Effects of ovariectomy and 

estradiol on acoustic startle response in rats. Pharmacol Biochem Behav., 74, 33-41. doi: 

https://doi.org/10.1016/S0091-3057(02)00967-X  

[12] -Lee, Y., López, D.E., Meloni, E.G., Davis M. (1996). A primary acoustic startle pathway: obligatory role 

of cochlear root neurons and the nucleus reticularis pontis caudalis. J Neurosci 16,3775-3789. doi: 

https://doi.org/10.1523/jneurosci.16-11-03775.1996  

[13] -Gómez-Nieto, R., Horta-Júnior, J. de A., Castellano, O., Millian-Morell, L., Rubio, M.E., López, D.E. 

(2014a). Origin and function of short-latency inputs to the neural substrates underlying the acoustic startle 

reflex. Front Neurosci., 8,216. doi: https://doi.org/10.3389/fnins.2014.00216  

[14] -Hormigo, S., López, D.E. (2019).  Adjustement of the data acquisition window for the assessment of 

sensorimotor mechanism in rodent. MethodsX 6,2046-2051. doi:10.1016/j.mex.2019.09.007 

[15] -Brown, J.S., Kalish, H.I., & Faber, I. E. (1951). Conditional fear as revealed by magnitude of startle 

response to an auditory stimulus. J Exp Psychol., 41, 226-34. doi: https://doi.org/10.1037/h0060166  

[16] -Pilz, P. K., Schnitzler, H. U. (1996). Habituation and sensitization of the acoustic startle response in 

rats: amplitude, threshold, and latency measures. Neurobiol Learn Mem. 66(1),67-79. doi: 

https://doi.org/10.1006/nlme.1996.0044  

[17] -Rinaldi, P. C., Thompson, R. F. (1985). Age, sex and strain comparison of habituation of the startle 

response in the rat. Physiology & Behavior 35, 9-13. doi: https://doi.org/10.1016/0031-9384(85)90164-7  

[18] -Blanch, A., Balada, F., Aluja, A. (2014). Habituation in acoustic startle reflex: Individual differences in 

personality. International Journal of Psychophysiology 91, 232–239. doi: 

https://psycnet.apa.org/doi/10.1016/j.ijpsycho.2014.01.001  

[19] -Swerdlow, N. R., Eastwood, A., Karban, B., Ploum, Y., Stephany, N., Geyer, M. A., Cadenhead  K., 

Averbach, P. P. (2002). Dopamine agonist effects on startle and sensorimotor gating in normal male subjets: 

time course studies. Psycopharmacol 161(2), 189-201. doi: https://doi.org/10.1007/s00213-002-1040-3  

[20] -Harris, A.C., Gewirtz, J.C. (2004). Elevated startle during withdrawal from acute morphine: a model of 

opiate withdrawal and anxiety. Psychopharmacol, 171(2),140-7. doi: 

https://doi.org/10.1007/s00213-003-1573-0  

[21] -Bell, R.L., Rodd, Z.A., Hsu, C.C., Lumeng, L., Murphy, J.M., & McBride, W.J. (2003). 

Amphetamine-modified acoustic startle responding and prepulse inhibition in adult and adolescent 

alcohol-preferring and -nonpreferring rats. Pharmacol Biochem Behav. 75(1),163-71. doi: 

10.1016/S0091-3057(03)00069-8 

[22] -Davis, M. (1985). Cocaine: Excitatory effects on sensorimotor reactivity measured with acoustic startle. 

Psychopharmacology, 86,31-36. doi: https://doi.org/10.1007/BF00431680 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 August 2020                   doi:10.20944/preprints202008.0356.v1

Peer-reviewed version available at Brain Sci. 2020, 10, 639; doi:10.3390/brainsci10090639

http://repositorio.pediatria.gob.mx:8180/handle/20.500.12103/1276
https://doi.org/10.1093/brain/109.3.561
https://doi.org/10.1016/0031-9384(73)90185-6
https://doi.org/10.1016/0031-9384(86)90499-3
https://doi.org/10.1016/0301-0511(94)00959-2
https://doi.org/10.1016/S0304-3940(01)01908-5
https://doi.org/10.1016/s0166-4328(99)00058-3
https://doi.org/10.1016/S0006-8993(01)03120-1
https://doi.org/10.1016/S0091-3057(02)00967-X
https://doi.org/10.1523/jneurosci.16-11-03775.1996
https://doi.org/10.3389/fnins.2014.00216
https://doi.org/10.1037/h0060166
https://doi.org/10.1006/nlme.1996.0044
https://doi.org/10.1016/0031-9384(85)90164-7
https://doi.org/10.1007/s00213-002-1040-3
https://doi.org/10.1007/s00213-003-1573-0
https://doi.org/10.20944/preprints202008.0356.v1
https://doi.org/10.3390/brainsci10090639


[23] -Farid, M., Martinez, Z.A., Geyer, M.A., Swerdlow, N. R. (2000). Regulation of sensorimotor gating of 

the startle reflex by serotonin 2A receptors. Ontogeny and strain differences. Neuropsychopharmacology, 

23(6),623- 32. doi: https://doi.org/10.1016/S0893-133X(00)00163-9  

[24] -Abduljawad, K.A., Langley, R.W., Bradshaw, C.M., & Szabadi, E. (2001). Effects of clonidine and 

diazepam on prepulse inhibition of the acoustic startle response and the N1/P2 auditory evoked potential 

in man. J Psychopharmacol. 15(4), 237-42. doi: https://doi.org/10.1177/026988110101500402  

[25] -Hutchison, K.E., Niaura, R., Swift, R. (2000). The effects of smoking high nicotine cigarettes on 

prepulse inhibition, startle latency, and subjective responses. Psychopharmacology (Berl)., 150(3),244-52. doi: 

https://doi.org/10.1007/s002130000399  

[26] -Rasmussen, D. D., Crites, N. J., Burke, B. L. (2008). Acoustic startle amplitude predicts vulnerability to 

develop post-traumatic stress hyper-responsivity and associated plasma corticosterone changes in rats. 

Psychoneuroendocrinology 33,282–291. doi: https://doi.org/10.1016/j.psyneuen.2007.11.010  

[27] -Pereira-Figueiredo, I., Sancho, C., Carro, J., Castellano, O., López, D. E. (2014). The Effects of Sertraline 

administration from adolescence to adulthood on physiological and emotional development in prenatally 

stressed rats of both sexes. Frontiers in Behavioral Neuroscience. 8,260. doi: 

https://doi.org/10.3389/fnbeh.2014.00260  

[28] -Lang, P. J., Bradley, M. M., Cuthbert, B. N. (1990). Emotion, attention, and the startle reflex. Psychol Rev 

97,377–398. doi: https://doi.org/10.1037/0033-295X.97.3.377  

[29] -Schmid, A., Koch, M., Schnitzler, H. U. (1995). Conditioned pleasure attenuates the startle response in 

rats. Neurobiol Learn Mem. 64 (1),1-3. doi: https://doi.org/10.1006/nlme.1995.1037  

[30] -Swerdlow, N. R., Braff, D. L., Geyer, M. A. (2000). Animal models of deficient sensorimotor gating: 

what we know, what we think we know, and what we hope to know soon. Behav Pharmacol 11,185-204. doi: 

https://doi.org/10.1097/00008877-200006000-00002  

[31] -Braff, D.L., Geyer, M.A., Swerdlow, N. R. (2001). Human studies of prepulse inhibition of startle: 

normal subjects, patient groups, and pharmacological studies. Psychopharmacology 156,234–258. doi: 

https://doi.org/10.1007/s002130100810   

[32] -Hoffman, H. S., Wible, B. L. (1970). Role of weak signals in acoustic startle. J Acoust Soc Am, 47,489–497. 

doi: https://doi.org/10.1121/1.1911919  

[33] -Basavaraj, S., Yan, J. (2012). Prepulse inhibition of acoustic startle reflex as a function of the frequency 

difference between prepulse and background sounds in mice. PLoS One. 2012;7(9), e45123. doi: 

https://doi.org/10.1371/journal.pone.0045123  

[34] -Graham, F., Murray, G.M. (1977). Discordant effects of weak prestimulation on magnitude and 

latency of the reflex blink. Physiological Psychology, 5(1),108-114. doi: https://doi.org/10.3758/BF03335308  

[35] -Swerdlow, N. R., Auerbach, P., Monroe, S. M., Hartston, H., Geyer, M. A., Braff, D. L. (1993). Men are 

more inhibited than women by weak prepulses. Biol Psychiatry. 34,253–60. doi: 

https://doi.org/10.1016/0006-3223(93)90079-S  

[36] -Swerdlow, N. R., Hartmann, P. L., Auerbach, P. P. (1997). Changes in sensorimotor inhibition across 

the menstruation cycle: implications for neuropsychiatric disorders. Biological Psychiatry, 41, 452-460. doi: 

https://doi.org/10.1016/s0006-3223(96)00065-0  

[37] -Ison, J. R., Bowen, G. P., Pak, J., Gutierrez, E. (1997). Changes in the strength of prepulse inhibition 

with variation in the startle baseline associated with individual differences and with old age in rats and 

mice. Psychobiology, 25, 266-274. doi: https://doi.org/10.3758/BF03331936  

[38] -Ludewig, K., Ludewig, S., Seitz, A., Obrist, M., Geyer, M. A., Vollenweider, F. X. (2003). The acoustic 

startle reflex and its modulation: effects of age and gender in humans. Biological Psychology 63, 311-323. doi: 

https://doi.org/10.1016/s0301-0511(03)00074-7  

[39] -Ellwanger, J., Geyer, M.A., Braff, D.L. (2003). The relationship of age to prepulse inhibition and 

habituation of the acoustic startle response. Biological Psychology, 62, 175-195. doi: 

10.1016/s0301-0511(02)00126-6  

[40] -Ornitz, E.M., Guthrie, D., Sadeghpour, M., Sugiyama, T. (1991). Maturation of prestimulation-induced 

startle modulation in girls. Psychophysiology 28, 11-20. doi: 

https://doi.org/10.1111/j.1469-8986.1991.tb03381.x  

[41] -Geyer, M.A., Krebs-Thomson, K., Braff, D.L. (2001). Pharmacological studies of prepulse inhibition 

models of sensorimotor gating deficits in schizophrenia: a decade in review. Psychopharmacology (Berl.),156, 

117–154. doi: https://doi.org/10.1007/s002130100811  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 August 2020                   doi:10.20944/preprints202008.0356.v1

Peer-reviewed version available at Brain Sci. 2020, 10, 639; doi:10.3390/brainsci10090639

https://doi.org/10.1016/S0893-133X(00)00163-9
https://doi.org/10.1007/s002130000399
https://doi.org/10.1016/j.psyneuen.2007.11.010
https://doi.org/10.3389/fnbeh.2014.00260
https://psycnet.apa.org/doi/10.1037/0033-295X.97.3.377
https://doi.org/10.1006/nlme.1995.1037
https://doi.org/10.1097/00008877-200006000-00002
https://doi.org/10.1121/1.1911919
https://doi.org/10.3758/BF03335308
https://doi.org/10.1016/0006-3223(93)90079-S
https://doi.org/10.1016/s0006-3223(96)00065-0
https://doi.org/10.3758/BF03331936
https://doi.org/10.1016/s0301-0511(03)00074-7
https://doi.org/10.1016/s0301-0511(02)00126-6
https://doi.org/10.1111/j.1469-8986.1991.tb03381.x
https://doi.org/10.1007/s002130100811
https://doi.org/10.20944/preprints202008.0356.v1
https://doi.org/10.3390/brainsci10090639


[42] -Kumari, V., Gray, J. A. (1999). Smoking withdrawal, nicotine dependence and prepulse inhibition of 

the acoustic startle reflex. Psychopharmacology (Berl). 141(1),11-15. doi: https://doi.org/10.1007/s002130050800  

[43] -Li, L., Du, Y., Li, N., Wu, X., Wu, Y. (2009). Top-down modulation of prepulse inhibition of the startle 

reflex in humans and rats. Neuroscience and Biobehavioral Reviews, 33(8), 1157–1167. doi: 

10.1016/j.neubiorev.2009.02.001.  

[44] -Swerdlow, N. R., Braff, D. L., Geyer, M. A. (2016). Sensorimotor gating of the startle reflex: What we 

said 25 years ago, what has happened since then, and what comes next. Journal of Psychopharmacology, 

30(11), 1072–1081. https://doi.org/10.1177/0269881116661075 

[45] -Kumari, V., Soni, W., Sharma, T. (1999). Normalization of information processing deficits in 

schizophrenia. Am. J. Psychiatry 156,1046–1051. doi: 10.1176/ajp.156.7.1046 

[46] -Swerdlow, N.R., Keith, V.A., Braff, D.L., Geyer, M.A. (1991). Effects of spiperone, raclopride, SCH 

23390 and clozapine on apomorphine inhibition of sensorimotor gating of the startle response in the rat. J. 

Pharmacol. Exp. Ther. 256 (2), 530–536.  

[47] -Davis, M., Gendelman, P.M. (1977). Plasticity of the acoustic startle response in the acutely 

decerebrate rat, J. Comp. Physiol. Psychol., 91 (3), 549–563. doi:10.1037/h0077345. 

[48] -Millian-Morell, L., López-Alburquerque, T., Rodriguez-Rodríguez, A., Gómez-Nieto, R., Carro, J., 

Meilán, J.J., Martínez-Sánchez, F., Sancho, C., López, D.E. (2018). Relations between sensorimotor  

integration and speech disorders in Parkinson’s disease. Current Alzheimer Research 15, 149-156. doi: 

10.2174/1567205014666170829103019 

[49] -Ludewig, S., Ludewig, K., Geyer, M.A., Hell, D., Vollenweider, F.X. (2002). Prepulse inhibition deficits 

in patients with panic disorder. Depression and anxiety 15, 55-60. doi: https://doi.org/10.1002/da.10026  

[50] -Comasco, E., Gulinello, M., Hellgren, C., Skalkidou, A., Sylven, S., Sundstrom-Poromaa, I., (2016). 

Sleep duration, depression, and oxytocinergic genotype influence prepulse inhibition of the startle reflex in 

postpartum women. European neuropsychopharmacology: the journal of the European College of 

Neuropsychopharmacology, 26, 767-776. doi: https://doi.org/10.1016/j.euroneuro.2016.01.002  

[51] -Pereira-Figueiredo, I., Castellano, O., Riolobos, A. S., Ferreira-Dias, G., López, D. E., & Sancho, C. 

(2017). Long-term sertraline intake reverses the behavioral changes induced by prenatal stress in rats in a 

sex-dependent way. Frontiers in Behavioral Neuroscience, 11. https://doi.org/10.3389/fnbeh.2017.00099 

[52] -Schmajuk, N. A., Larrauri, J. A., De la Casa, L. G., Levin, E. D. (2009). Attenuation of auditory startle 

and prepulse inhibition by unexpected changes in ambient illumination through dopaminergic 

mechanisms. Behavioural Brain Research, 197(2), 251–261. doi:10.1016/j.bbr.2008.08.030 

[53] -Breedh, J., Comasco, E., Hellgren, C., Papadopoulos,  F.C., Skalkidou, A., Poromaa, I.S. (2019). 

Hypothalamic-pituitary-adrenal axis responsiveness, startle response, and sensorimotor gating in late 

pregnancy. Psychoneuroendocrinology 106,1-8. doi: 10.1016/j.psyneuen.2019.03.008.  

[54] -Bannbers, E., Kask, K., Wikstrom, J., Sundstrom Poromaa, I., (2010). Lower levels of prepulse 

inhibition in luteal phase cycling women in comparison with postmenopausal women. 

Psychoneuroendocrinology 35, 422-429. doi: https://doi.org/10.1016/j.psyneuen.2009.08.004  

[55] -Molina, V., Cortés, B., Pérez, J., Martín, C., Villa, R., López, D.E., Sancho, C. (2010). No association 

between prepulse inhibition of the startle reflex and neuropsychological deficit in chronic schizophrenia. 

European Archives of Psychiatry and Clinical Neuroscience 260,609-615. doi: 

https://doi.org/10.1007/s00406-010-0102-5  

[56] -Hormigo, S., Cardoso, A., Sancho, C., López, D.E., Moreno, C. (2019). Associations between neural 

sensorimotor gating mechanisms and athletic performance in a variety of physical conditioning tests. 

European Journal of Applied Physiology, 119(4),921-932. doi:10.1007/s00421-019-04081-1 

[57] -Cadenhead, K.S., Carasso, B.S., Swerdlow, N. R., Geyer, M. A., Braff, D. L. (1999). Prepulse inhibition 

and habituation of the startle response are stable neurobiological measures in a normal male population. 

Biol Psychiatry., 45,360–364. doi: https://doi.org/10.1016/s0006-3223(98)00294-7  

[58] -Hazlett, E.A., Buchsbaum, M.S., Tang, C.Y., Fleischman, M.B., Wei, T.C., Byne, W.,Haznedar, M.M. 

(2001). Thalamic activation during an attention-to-prepulse startle modification paradigm: a functional 

MRI study. Biol. Psychiatry, 50, 281–291. doi: 10.1016/s0006-3223(01)01094-0 

[59] -Brandao, M.L., Troncoso, A.C., Souza Silva, M.A., Huston, J.P. (2003). The relevance of neuronal 

substrates of defense in the midbrain tectum to anxiety and stress: empirical and conceptual 

considerations. Eur. J. Pharmacol. 463, 225–233. doi: 10.1016/s0014-2999(03)01284-6 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 August 2020                   doi:10.20944/preprints202008.0356.v1

Peer-reviewed version available at Brain Sci. 2020, 10, 639; doi:10.3390/brainsci10090639

https://doi.org/10.1007/s002130050800
https://doi.org/10.1002/da.10026
https://doi.org/10.1016/j.euroneuro.2016.01.002
https://doi.org/10.1007/s00406-010-0102-5
https://doi.org/10.1007/s00421-019-04081-1
https://doi.org/10.1016/s0006-3223(98)00294-7
https://doi.org/10.20944/preprints202008.0356.v1
https://doi.org/10.3390/brainsci10090639


[60] -Anthony, B.J., Graham, F.K. (1985). Blink reflex modification by selective attention: Evidence for the 

modulation of automatic processing. Biological Psychology 21(1), 43-59. doi: 

https://doi.org/10.1016/0301-0511(85)90052-3   

[61] -Kumari, V., Aasen, I., Sharma, T. (2004). Sex differences in prepulse inhibition deficits in chronic 

schizophrenia. Schizophr Res 69(2-3), 219-235. 

[62] -Schell, A. M., Wynn, J. K., Dawson, M. E., Sinaii, N., Niebala, C. B. (2000). Automatic and controlled 

attentional processes in startle eyeblink modification: effects of habituation of the prepulse. 

Psychophysiology 37, 409-17. doi: https://doi.org/10.1111/1469-8986.3740409  

[63] -Aasen, I., Kolli, L., Kumari, V. (2005). Sex effects in prepulse inhibition and facilitation of the acoustic 

startle response: implications for pharmacological and treatment studies. J Psychopharmacol. 19(1), 39-45. 

doi: https://doi.org/10.1177/0269881105048890  

[64] -Plappert, C. F., Pilz, P. K. D., Schnitzler, H. U. (2004). Factors governing prepulse inhibition and 

prepulse facilitation of the acoustic startle response in mice. Behavioural Brain Research, 152(2), 403–412. 

https://doi.org/10.1016/j.bbr.2003.10.025 

[65] -Graham, F.K. (1975). The more or less startling effects of weak prestimuli. J. Psychophysiol., 12, 238–248. 

doi: https://doi.org/10.1111/j.1469-8986.1975.tb01284.x  

[66] -Mansbach, R.S., Geyer, M.A. (1991). Parametric determinants in pre-stimulus modification of acoustic 

startle: interaction with ketamine. Psychopharmacology (Berlin), 105:162-168. doi: 

https://doi.org/10.1007/BF02244303  

[67] -Zenner, H.P., Pfister, M., Birbaumer, N., 2006. Tinnitus sensitization: sensory and psychophysiological 

aspects of a new pathway of acquired centralization of chronic tinnitus. Otol. Neurol., 27, 1054–1063. doi: 

https://doi.org/10.1097/01.mao.0000231604.64079.77  

[68] -Dehmel, S., Eisinger, D., Shore, S.E., 2012. Gap prepulse inhibition and auditory brainstem-evoked 

potentials as objective measures for tinnitus in Guinea pigs. Front. Syst. Neurosci., 6, 42. doi: 

10.3389/fnsys.2012.00042 

[69] -Hayes, S.H., Radziwon, K.E., Stolzberg, D.J., Salvi, R.J. (2014). Behavioral models of tinnitus and 

hyperacusis in animals. Front. Neurol., 5,179. doi:10.3389/fneur.2014.00179 

[70] -Turner, J.G., Bauer, C.A., Parrish, J.L., Myers, K.,  Hughes, L.F., Caspary, D.M. (2006). Gap detection 

deficits in rats with tinnitus: a potential novel screening tool. Behav. Neurosci. 120(1),188-95. doi: 

10.1037/0735-7044.120.1.188. 

[71] -Hickox, A.E., Liberman, M.C. Is noise-induced cochlear neuropathy key to the generation of 

hyperacusis or tinnitus. J Neurophysiol 2014;111:552–64. doi: https://doi.org/10.1152/jn.00184.2013  

[72] -Wilson, C.A., Berger, J.I., de Boer, J., Sereda, M., Palmer, A.R., Hall, D.A., Wallace, M.N. (2019). 

Gap-induced inhibition of the post-auricular muscle response in humans and guinea pigs. Hearing Res. 374, 

13-23. doi: 10.1016/j.heares.2019.01.009 

[73] -Nodal, F. R., López, D. E. (2003). Direct input from cochlear root neurons to pontine reticulospinal 

neurons in albino rat. J. Comp. Neurol. 460,80–93. doi: https://doi.org/10.1002/cne.10656  

[74] -Osen, K. K., López, D. E., Slyngstad, T. A., Ottersen, O. P., Storm-Mathisen, J. (1991). GABA-like and 

glycine-like immunoreactivities of the cochlear root nucleus in rat. J. Neurocytol. 20, 17–25. doi: 

https://doi.org/10.1007/BF01187131  

[75] -López, D. E., Saldaña, E., Nodal, F. R., Merchán, M. A., Warr, W. B. (1999). Projections of cochlear root 

neurons, sentinels of the rat auditory pathway. J Comp Neurol 415,160–174. doi: 

https://doi.org/10.1002/(SICI)1096-9861(19991213)415:2%3C160::AID-CNE2%3E3.0.CO;2-C  

[76] -Gokin, A. P. (1985). Relay levels of acoustic and tactile startle s reflexes in the reticular formation of the 

cat. Neirofiziologiia. 17,703-707.  

[77] -Valls-Solé, J. (2012). Assessment of excitability in brainstem circuits mediating the blink reflex and the 

startle reaction. Clinical Neurophysiology,123,13–20. doi: https://doi.org/10.1016/j.clinph.2011.04.029   

[78] -Edinger, L., Fisher, B. (1913). Ein Mensch ohne Grohirn. Pfluegers Ges Physiol. 152,535–562.  

[79] -Fendt, M., Li, L., Yeomans, J. S. (2001). Brain stem circuits mediating prepulse inhibition of the startle 

reflex. Psychopharmacology (Berl).,156(2- 3),216-224. doi: https://doi.org/10.1007/s002130100794 

[80] -Azzopardi, E., Louttit, A.G., Deoliveira, C., Laviolette, S.R., Schmid, S. (2018). The Role of Cholinergic 

Midbrain Neurons in Startle and Prepulse Inhibition. Journal of Neuroscience 38(41), 8798–8808. 

doi:10.1523/JNEUROSCI.0984-18.2018.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 August 2020                   doi:10.20944/preprints202008.0356.v1

Peer-reviewed version available at Brain Sci. 2020, 10, 639; doi:10.3390/brainsci10090639

https://doi.org/10.1111/1469-8986.3740409
https://doi.org/10.1111/j.1469-8986.1975.tb01284.x
https://doi.org/10.1007/BF02244303
https://doi.org/10.1097/01.mao.0000231604.64079.77
https://doi.org/10.3389/fnsys.2012.00042
https://doi.org/10.3389/fnsys.2012.00042
https://doi.org/10.1152/jn.00184.2013
https://doi.org/10.1002/cne.10656
https://doi.org/10.1007/BF01187131
https://doi.org/10.1002/(SICI)1096-9861(19991213)415:2%3C160::AID-CNE2%3E3.0.CO;2-C
https://doi.org/10.1016/j.clinph.2011.04.029
https://doi.org/10.20944/preprints202008.0356.v1
https://doi.org/10.3390/brainsci10090639


[81] -Koch, M., Fendt, M., Kretschmer, B. D. (2000). Role of the substantia nigra pars reticulata in 

sensorimotor gating, measured by prepulse inhibition of startle in rats. Behav Brain Res., 117(1-2),153-162. 

doi: https://doi.org/10.1016/S0166-4328(00)00299-0  

[82] -Hoffman, H. S., Ison, J.R. (1980). Reflex modification in the domain of startle: I. Some empirical 

findings and their implications for how the nervous system processes sensory input. Psychol Rev. 87(2), 

175-189. doi: https://doi.org/10.1037/0033-295X.87.2.175    

[83] -Gómez-Nieto, R., Rubio, M.E., López, D.E. (2008). Cholinergic input from the ventral nucleus of the 

trapezoid body to cochlear root neurons in rats. J Comp Neurol, 506,452–468. doi: 10.1002/cne.21554  

[84] -Gómez-Nieto, R., Horta-Júnior, J. de A., Castellano, O., Sinex, D.G., López, D.E. (2010). Auditory 

prepulse inhibition of neuronal activity in the rat cochlear root nucleus. In: Palmer, A.R., Meddis, R., López 

Poveda, E.A. (eds). The neurophysiological bases of auditory perception. Springer, New York, pp 79–90. 

doi: 10.1007/978-1-4419-5686-6_8   

[85] -Gómez-Nieto, R., Sinex, D.G., Horta-Júnior, J. de A., Castellano, O., Herrero-Turrión, J.M., López, D.E. 

(2014b). A fast cholinergic modulation of the primary acoustic startle circuit in rats. Brain Struct Funct., 

219(5),1555-73. doi: https://doi.org/10.1007/s00429-013-0585-8  

[86] -Hormigo, S., Gómez-Nieto, R., Sancho, C., Herrero-Turrión, J.M., Carro, J., López, D.E., Horta-Júnior, 

J.A.C. (2017). Morphological correlates of sex differences in acoustic startle response and prepulse 

inhibition through projections from locus coeruleus to cochlear root neurons. Brain Structure and Function, 

222(8),3491-3508. doi: 10.1007/s00429-017-1415-1 

[87] -Weible, A. P., Moore, A. K., Liu, C., DeBlander, L., Wu, H., Kentros, C., et al. (2014). Perceptual gap 

detection is mediated by gap termination responses in auditory cortex. Curr. Biol. 24, 1447–1455. doi: 

10.1016/j.cub.2014.05.031  

[88] -Yu, H., Vikhe, Patil K, Han, C., Fabella, B., Canlon, B., Someya, S., et al. (2016). GLAST deficiency in 

mice exacerbates gap detection deficits in a model of salicylate-induced tinnitus. Front. Behav. Neurosci., 

10,158. doi: 10.3389/fnbeh. 2016.00158 

[89] -Moreno-Paublete, R., Canlon, B., Cederroth, C. R. (2017). Differential neural responses underlying the 

inhibition of the startle response by pre-pulses or gaps in mice. Frontiers in Cellular Neuroscience, 11, 1-11. 

doi:10.3389/fncel.2017.00019 

[90] -Swerdlow, N.R., Caine, S.B., Braff, D.L., Geyer, M.A. (1992). The neural substrates of sensorimotor 

gating of the startle reflex: a review of recent findings and their implications. Journal of Psychopharmacology 

6: 176–190. 

[91] -Kumari, V., Antonova, E., Geyer, M.A., Ffytche, D., Williams, S.C., Sharma,T. (2007) A fMRI 

investigation of startle gating deficits in schizophrenia patients treated with typical or atypical 

antipsychotics. Int. J. Neuropsychopharmacol.,10, 463–477. doi: https://doi.org/10.1017/s1461145706007139  

[92] -Kumari, V., Gray, J.A., Geyer, M.A., Ffytche, D., Soni,W., Mitterschiffthaler, M.T. et al. (2003) Neural 

correlates of tactile prepulse inhibition: a functional MRI study in normal and schizophrenic subjects. 

Psychiatry Research 122(2): 99–113. doi: 10.1016/s0925-4927(02)00123-3 

[93] -Campbell, L. E., Hughes, M., Budd, T. W., Cooper, G., Fulham, W. R., Karayanidis, F., Hanlon, M. C., 

Stojanov, W., Johnston, P., Case, V., Schall, U. (2007). Primary and secondary neural networks of auditory 

prepulse inhibition: A functional magnetic resonance imaging study of sensorimotor gating of the human 

acoustic startle response. European Journal of Neuroscience, 26(8), 2327–2333. 

Doi:10.1111/j.1460-9568.2007.05858.x 

[94] -Kumari, V., Gray, J.A., Geyer, M.A., Ffytche, D., Soni, W., Mitterschiffthaler, M.T., Vythelingum, G.N., 

Simmons, A., Williams, S.C., Sharma, T. (2003). Neural correlates of tactile prepulse inhibition: a functional 

MRI study in normal and schizophrenic subjects. Psychiatry Res., 122, 99–113. doi: 

https://doi.org/10.1016/S0925-4927(02)00123-3  

[95] -Burgess, H.A., Granato, M. (2007). Sensorimotor gating in larval zebrafish. Journal of Neuroscience 

27(18): 4984–4994. doi: https://doi.org/10.1523/JNEUROSCI.0615-07.2007  

[96] -Sipes, T.E. and Geyer, M.A. (1996). Functional behavioral homology between rat 5-HT1B and guinea 

pig 5-HT1D receptors in the modulation of prepulse inhibition of startle. Psychopharmacology (Berl) 125(3): 

231–237. 

[97] -Vaillancourt, C., Boksa, P. (2000). Birth insult alters dopamine-mediated behavior in a precocial 

species, the guinea pig. Implications for schizophrenia. Neuropsychopharmacology 23: 654–666. doi: 

https://doi.org/10.1016/S0893-133X(00)00164-0  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 August 2020                   doi:10.20944/preprints202008.0356.v1

Peer-reviewed version available at Brain Sci. 2020, 10, 639; doi:10.3390/brainsci10090639

https://doi.org/10.1016/S0166-4328(00)00299-0
https://psycnet.apa.org/doi/10.1037/0033-295X.87.2.175
https://doi.org/10.1002/cne.21554
https://doi.org/10.1007/978-1-4419-5686-6_8
https://doi.org/10.1007/s00429-013-0585-8
https://doi.org/10.1017/s1461145706007139
https://doi.org/10.1016/S0925-4927(02)00123-3
https://doi.org/10.1523/JNEUROSCI.0615-07.2007
https://doi.org/10.1016/S0893-133X(00)00164-0
https://doi.org/10.20944/preprints202008.0356.v1
https://doi.org/10.3390/brainsci10090639


[98] -Lind, N.M., Arnfred, S.M., Hemmingsen, R.P., Hansenet K.A. (2004). Prepulse inhibition of the 

acoustic startle reflex in pigs and its disruption by d-amphetamine. Behavioural Brain Research 155: 217–222. 

doi: 10.1016/j.bbr.2004.04.014 

[99] -Linn, G.S., Negi, S.S., Gerum, S.V., Javitt, D.C. (2003). Reversal of phencyclidine induced prepulse 

inhibition deficits by clozapine in monkeys. Psychopharmacology, 169: 234–239. doi: 

10.1007/s00213-003-1533-8. 

[100] -Swerdlow, N. R., Geyer, M. A., & Braff, D. L. (2001). Neural circuit regulation of prepulse inhibition 

of startle in the rat: current knowledge and future challenges. Psychopharmacology 156,194–215. doi: 

10.1007/s002130100799 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 August 2020                   doi:10.20944/preprints202008.0356.v1

Peer-reviewed version available at Brain Sci. 2020, 10, 639; doi:10.3390/brainsci10090639

https://doi.org/10.20944/preprints202008.0356.v1
https://doi.org/10.3390/brainsci10090639

