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Abstract: The startle reflex is considered a primitive physiological reflex, a defense response that occurs in the organism when the
body feels sudden danger and uneasiness, characterized by habituation and sensitization effects, and studies on the startle reflex often
deal with pre-pulse inhibition (PPI) and sensorimotor gating. Under physiological conditions, the startle reflex is stable at a certain
level, and when the organism is in a pathological state, such as stroke, spinal cord injury, schizophrenia, and other diseases, the reflex
undergoes a series of changes, making it closely related to the progress of disease. This paper summarizes the startle reflex in
physiological and pathological states by reviewing the databases of PubMed, Web of Science, Cochrane Library, EMBASE, China
Biology Medicine, China National Knowledge Infrastructure, VIP Database for Chinese Technical Periodical, Wanfang Data, and
identifies and analyzes the startle reflex and excessive startle reaction disorder.
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Introduction

The startle reflex in humans is a conserved systemic motion response that is ubiquitous in mammals. It is the reflex
contraction of the skeletal and facial muscles to sudden intense stimuli, and includes eye blinking, limb flexion, trunk
shrugs, and autonomic symptoms (such as increased heart rate, sweating).' It originates from the brainstem, descends
along the reticular tract to the spinal cord,” and finally stimulates the muscles through motor neurons, the strength of
which are measured by electromyography (EMG).? The startle reflex is considered a defensive (relative to directional)
response, which is habitual.” As the number and frequency of startles increase, the body becomes habitual, and the degree
of startle reflex decreases. This kind of reaction exists to a certain extent to protect the human body. The startle reflex is
an effective tool for studying the basic characteristics of the central nervous system. It has the characteristics of cross-
species consistency, simple neural circuits, and sensitivity to experimental operations.’ Throughout our review, we found
that the degree of attention to the startle reflex has increased in the past five years, but review articles were mostly limited
to the habituation, sensitization, pre-pulse inhibition (PPI), and sensorimotor gating of the startle reflex. Thereafter, we
focused on summarizing the startle reflex in clinical disease states, and distinguishing the startle reflex from
hyperekplexia.

In this article, the truncation and Boolean logic operators were used to search the databases of PubMed, Web of
Science, Cochrane Library, EMBASE, China Biology Medicine, China National Knowledge Infrastructure, VIP Database
for Chinese Technical Periodical, Wanfang Data according to the combination of subject words and free words. Herein,
we summarized the startle reflex in physiological and pathological states and analyzed both the reflex and excessive
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startle reaction disorder. The search keywords were as follows: “startle reflex,

physiology,
spinal cord injuries,

startle response,
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mechanism,”
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“pathology, pre-pulse suppression,” “sensorimotor gating,” “disease,” “rare diseases,” “hyperekplexia,”
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“stroke, schizophrenia,” and “autistic disorder.”
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Classifications

Mammalian sensory organs are diverse; thus the startle reflex can be classified as auditory, visual, tactile, or olfactory.
Among them, the most widely studied in clinical research is the auditory startle reflex (ASR),® which may be related to
the difference in the processing time of stimulation among the known sensory modalities. For example, the total
processing time for sound stimuli is shorter than that for visual stimuli, possibly because of the faster conduction time
in the ear and the shorter distance from the ear to the auditory cortex. The tactile startle reflex often causes a local
reaction as compared to the auditory startle reflex, contributing to a certain incubation period, resulting in an atypical
response; therefore, there are few related studies.” Unless specified, the startle reflex described in this article is the
auditory startle reflex. The ASR is most prominent in the facial, neck, and shoulder muscles, and rarely in the lower body.
Surface EMG records obtained from the orbicularis (OOC), sternocleidomastoid (SCM), biceps brachii (BB), and tibialis
anterior (TA) muscles were used as research indicators.”

Measurement Methods

The startle reflex is important when studying the input and output of brainstem information, and there are many methods
for measuring it. The most common and original method for measuring the startle reflex is the EMG system. With
professional training and equipment (wired sensors), EMG detects the electrical signals of the target activity, obtaining
objective and relevant data on the startle reflex. Other novel measurement methods include the new optical non-invasive
method, 9 mobile acoustic startle reflex monitoring system (MARS),'” and video freeze monitoring system.” The
Balogiannis team’ believe that the new optical non-invasive method is simple and reliable, making it superior to
traditional EMG systems in terms of effectiveness, accuracy, and reliability. MARS'® is the first mobile phone-based
monitoring system. Through the use of smartphone applications for visual recording, ASR can be detected and monitored
in healthy people. The diagnosis and monitoring of ASR in stroke, traumatic brain injury, and mood disorders has opened
up new prospects and horizons, and the same went for that in remote or isolated conditions. The video freeze system’
(Georgia Medical Association Co., Ltd., Vermont, USA) uses a standard digital camera to shoot videos and automatically
evaluates the rodents’ shock response to sound. The system is also equipped with stimuli, such as sounds and lights, that
are required for various startle modes, which is a new tool for studying startle reflex. These multiple measurement
methods enable more efficient and realistic evaluation of the startle reflex.

Related Mechanisms

Sensorimotor Gating

Sensorimotor gating and startle reflex are both important components of the brainstem reflex, and it is necessary to
understand one to study the other. Sensorimotor gating is a control mechanism for the effective transmission of sensory
information to the motor system.'' It usually occurs in the early stages of central nervous system processing, so that
unnecessary stimuli are filtered out or partially ignored, and the central nervous system is less trivial, thereby optimizing
the exchange of brain information, and efficiently using limited resources to process important information. Disruption of
sensorimotor gating is prominent in many neurological and psychiatric diseases, including Parkinson’s disease (PD),
schizophrenia, and Tourette’s syndrome.

PPI

PPI is a standard measurement method for sensorimotor gating. It is considered to be a potential biomarker reflecting
brain function in disease states.'” It is a stable physiological marker of the nervous system that accompanies human
growth, and develops until its full maturation at approximately 8 years of age. It is mainly mediated by the brainstem and
affected by the cortex - striatum - globus pallidus - pontine systems.” It is usually defined as a decrease in startle reflex
due to weak sensation or pre-stimulus. Whenever a weaker stimulus (“pre-pulse,” such as a sound of about 85 decibels)
appears before a strong stimulus, it results in a reduced startle amplitude to the strong stimulus (“pulse,” such as a sound
of about 118 decibels). Simultaneously, PPI adjusts sensory input by filtering out irrelevant content or distracting stimuli

to prevent sensory information overflow, thereby selectively and efficiently processing relevant information.'?
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Neural Circuits
At present, the neural circuits of the startle reflex are still unclear. Fang et al'* explored the neural circuit of the startle
reflex by analyzing the retina- superior colliculus (SC)-lateral posterior nucleus (LP)-primary visual cortex (V1) pathway.
The retina transmits visual information to the SC, which uploads information to the LP, which activates the L1 inhibitory
neurons to inhibit the V1 response, and process different types of visual information. This pathway increases the
incoming threshold of sensory information by screening important information, enabling the brain to receive more
accurate information in the shortest time, and issuing commands in a timely manner during emergencies.'> The pulvinar
nucleus of the thalamus is an important part in this pathway, and is mutually and extensively connected with the
prefrontal cortex, sensory cortex, superior colliculus, and amygdala, playing a very important role in multimodal sensory
processing, emotional response, and defensive behavior.'®!” In addition, abnormal pulvinar nucleus activity is associated
with excessive startling.'®

It is relatively simple that the primary auditory startle reflex neural pathway in mammals. External sound activates
primary auditory neurons in the cochlear root and cochlear nucleus (CN) that transmit the auditory signals to giant
neurons of the caudal pontine reticular nucleus (PnC) in the brainstem, then the PnC giant neurons directly activate spinal
motor neurons (MNs), which finally form the CN-PnC-MNs pathway.'® PPI is activated by midbrain structures primarily
including the inferior colliculus (IC), superior colliculus (SC), and peduncular tegmentum (PPTg).?° The PPI pathway is
also affected by midbrain and corticolimbic structures. The basolateral amygdala (BLA) activates the nucleus accumbens
(NAcc), which in turn inhibits the ventral pallidus (VP), and ultimately the VP inhibits PPTg.>' The above together form
the cortico-striato-pallido-pontine (CSPP) network.”” More current studies suggest that in addition to the CSPP pathway
regulating the startle reflex, there are other pathways. It has been observed that the damage of the BLA leads to an
excessive enhancement of the startle reflex, so the startle reflex pathway was investigated from the central nucleus of the
amygdala (CeA), and a CeA-PnC pathway independent of the CSPP was found.>® This pathway does not affect the
threshold level of startle reflex, but modulates the magnitude and duration of startle reflex.®* So far, studies have
identified two neural pathways related to the auditory startle reflex, the CSPP neural pathway that mediates PPI and the
CeA-PnC pathway that uses the lentiform nucleus as an initiation signal. In the future, more neural pathways and
mechanisms may be developed.

Startle Reflex in Disease States

The strengthening or weakening of the startle reflex can reflect the pathological conditions of the body; related in-depth
studies are of great significance in diagnosing and treating clinical diseases. In certain disease states, such as central
nervous system traumatic diseases (traumatic brain injury, stroke), neurodegenerative diseases (Alzheimer’s disease and
PD), and some mental system diseases (schizophrenia), the central nervous system is reorganized, altering the startle
reflex.® For different diseases, the startle reflex is different. For neurological diseases, the startle reflex is often
strengthened, which often helps patients to participate in active activities and is conducive to later recovery. For mental
disorders, declining habituation of the startle reflex allows patients to maintain a high level of arousal to external stimuli,
which can interfere with the body’s ability to pay attention, process, and remember information.

Startle Reflex After Stroke

A quarter of stroke patients have an increased startle reflex.”> Honeycutt et al*®

believed that compared with normal
subjects, stroke patients have an increased startle reflex, which manifests as increased limb activity when stimulated,
suggesting that the startle reflex is relevant to the recovery of motor function in patients after stroke, but whether the
startle reflex can be used as a treatment for movement disorders remains to be studied. Sheng Li et al*’ studied the ASR
response of the damaged biceps brachii in 16 patients with post-stroke hemiplegia, and reported that the auditory evoked
potential response of the injured biceps muscle showed different patterns at different stages of stroke. For patients with
post-stroke spasticity, the frequency, amplitude, and duration of the auditory startle reflex increase, suggesting a

connection between spasticity and startle reflex.
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The main pathway of the startle reflex is the reticulospinal tract, beginning from the medulla oblongata and pons, and
running parallel to the corticospinal tract that innervates skeletal muscle movement.”® A large number of overlapping
neurons in the descending pathways terminate in the gray matter layers VII and VIII of the lateral cord and anterior cord,
and primarily regulate muscle tension in both limbs.?’ After stroke onset, the integrity of the central nervous tissues and
functions of the corticospinal tract are damaged, reducing human motor function to varying degrees. At this time, the
compensatory excitement of the reticular spinal tract®® can replace the corticospinal cord to a certain extent, which also
helps to recover movement after stroke. In contrast, it can also lead to spasticity,”’ confirming the important role of the
reticulospinal tract in spasticity. Therefore, the startle reflex can be used as a tool to monitor the excitability of the
reticulospinal tract.*> The whole process of post-stroke exercise recovery can be divided broadly into three main stages,
and subdivided into six stages according to Brunnstrom as follows: fistula soft stage (stage 1), spasticity stage (stages II—
IV), and chronic recovery stage (stages V—VI), with the startle reflex different in each stage.*® In the soft stage, the startle
reflex exists as normal, suggesting an intact reticular spinal cord pathway; in the spastic period, the startle reflex is
exaggerated, indicating increased excitability of the reticulospinal tract; in the recovery period, the startle reflex is
reduced, indicating reduced compensatory excitement of the spinal tract, and restored motor function of the corticospinal
tract. The extent of exaggeration of the reflex in ther spastic phase depends on the severity and location of the sports
injury.>*

The startle reflex pathway plays different roles in different stages of exercise recovery, especially for spasticity. The
startle reflex pathway can be used to develop a personalized rehabilitation plan for each Brunnstrom stage to promote
exercise recovery. It is also a follow-up point when studying spastic development after stroke onset.

Startle Reflex After Spinal Cord Injury

Spinal cord injury (SCI) can cause changes in the functions of the central and peripheral nervous systems,>”

such as
increase excitability above the lesion,”® and damage to the bottom segmental motor neuron of the corticospinal tract and
injury plane. The possibility of interrupted neuron regeneration after SCI is extremely small. At this time, functional
recovery usually requires reorganization of multiple levels of the central nervous system and backup nerve pathways.’
Reorganization can occur at multiple levels, including the cerebral cortex, brainstem, or spinal cord,’® as well as different
neural pathways. Aside from the corticospinal tract, the human motor nervous system has five other descending
conduction pathways as follows: red nucleus, vestibular, tectorial, reticular, and medial longitudinal tracts.?” After
SCI, the corticospinal tract is damaged; thus, the other normal brainstem spinal cord bundles initiate a compensatory
mechanism, and the enhancement of the startle reflex also indicates reorganization of the reticulospinal pathway.>” At this
time, the startle reflex can be used to monitor the reorganization of neural pathways in SCI patients.

Regarding whether the degree of enhancement of the startle reflex is related to the damaged plane and degree of SCI,
the probability of ASR in patients with SCI was higher than that in normal subjects.*® The incubation period of ASR in
patients with high-level SCI is significantly shorter than that in patients with low-level SCI, but the difference in ASR
latency was not statistically significant between complete and incomplete SCI patients. The number of cervical SCI is
greater than that of thoracolumbar SCIs; hence, the reorganization and plasticity of the central nervous system are more
obvious. Therefore, the degree of enhancement of the startle reflex may be related to the number of damaged neuronal
reorganizations, rather than the extent of the disease. After SCI, the reticular spinal cord is reorganized, and the enhanced
startle reflex can guide the treatment and prognosis; simultaneously, it can increase the patients’ belief in rehabilitation,
as suggested by Kumru.” The exaggerated stimulus response, especially the auditory startle reflex, may help enhance the
voluntary movement of patients with SCI and facilitate the effective development of later rehabilitation training.

Startle Reflex in Schizophrenia

Schizophrenia is a psychiatric disorder characterized by impairments in the integration of information and cognition,
including thinking, distraction, and information processing deficits, and affects approximately 1% of the world’s
population.” However, its etiology is not well understood. After onset, the level of sensorimotor gating in the brain
gradually decreases. The existence of this mechanism is to filter the influence of unnecessary information on the human
body. When sensorimotor gating is reduced, an increase in unnecessary interference will stimulate the symptoms of
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patients with schizophrenia, which is generally regarded as a measure of responsiveness to external environmental
stimuli, and it represents a method of studying reactivity and habituation. One physiological mechanism which is lacking
in schizophrenia is PPI, which is modulated by the -cortico-striatal-pallidal-pontine pathway and involved
neurotransmitters.”

There are different opinions about whether the startle reflex in patients with schizophrenia is decreased or increased.
Existing studies divide the users into three drug groups according to use: typical antipsychotics, atypical antipsychotics,
and control. Most studies*” reported a reduced startle reflex in the typical antipsychotic group. Psychiatric drugs (such as
clozapine) can alleviate the difference between patients with schizophrenia and normal subjects, proving the effect of
drugs on schizophrenia. However, some previous studies*' report conflicting results. Other studies believe that patients
with schizophrenia experience different emotions, thereby exhibiting different startle reflexes. When the subjects are in a
state of disgust or anxiety, the degree of startle increases, and when they are in a delusional state, their shock amplitude is
significantly higher. However, in patients with mainly negative symptoms, particularly flat emotions, their ASR
sensitivity may be lower, possibly because of the weakened ability of these patients to express emotional stimuli.**
Therefore, the startle reflex is generally regarded as a measure of the response to external environmental stimuli.
Research on the startle reflex will help to understand schizophrenia and help standardize clinical medication regimens.

Startle Reflex for Other Diseases

Many diseases can cause changes in the startle reflex of the human body. These changes help us understand the
pathogenesis and principles of the disease. The startle reflex can also be used as a detection tool to guide clinical
treatment and prognosis.

The latency of the ASR in children with autism spectrum disorder (ASD) is prolonged, and the PPI level decreases,
which may be related to the impaired adaptive function of children with autism in multiple areas, including social,
communication, occupation, or other important areas of daily life.** Impaired adaptability can easily lead to an increased
risk of adverse behaviors in such patients.

One of the earliest clinical symptoms of Tay-Sachs disease is the enhanced startle reflex.** The brains of patients with
Tay-Sachs disease show an enhanced stem electrophysiological response, suggesting that the enhanced startle reflex is
related to changes in the physiological state of the brainstem. In addition, augmented startle reflex characteristics of Tay—
Sachs disease are also observed in GM1 gangliosidosis, metachromatic leukodystrophy, and Krabbe disease.*> These
diseases need to be distinguished, and brainstem research should be strengthened.

Regarding the relationship between myoclonus and brain stem reticular structure in patients with progressive
myoclonic epilepsy (PME), the frequency of ASR in PME patients was significantly reduced, the average latency was
longer, and the reduced startle reflex suggested that the reticular structures were less excitable, which is attributable to

atrophy and degenerative changes.*® *®

Yavuz et al*

found that the neural pathways of ASR in patients with coexisting essential tremor and Parkinson’s
disease (ET-PD) with obvious dyskinesia were significantly abnormal, while the ASR in patients with pure essential
tremor (TE) or PD was similar to that in healthy subjects, indicating that ET-PD is a unique disease, and cortical and
brainstem structural abnormalities show close associations.

Urbach-Wiethe disease is a rare genetic disorder that causes near-complete calcification of the basolateral amygdala
(BLA). The study of a single individual®® confirmed that when the BLA function is impaired, the patient’s learning
ability for challenging tasks is weaker than that of the startle reflex. The slower learning system is not enough to quickly
stimulate the defensive response, whereas the excessive startle reflex to fear stimuli will be detrimental to the patient’s
emotional stability. This suggests that the BLA is essential for coordinating the adverse effects and effective changes
produced by excessive startle.

Startle Reflex Modulation Measurement can be used to objectively assess indicators in patients with Alzheimer’s
disease, which is considered the only objective physiological measure of emotion that is sensitive to emotional valence.”'
For patients with Alzheimer’s disease, especially those in the advanced stage, it is almost impossible to participate in
daily living activities through accurate verbal expression and physical behavior. Using the startle reflex can summarize
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their emotional responses to various stimuli.’> This process can connect the patient with the surrounding environment,

giving nursing workers or family members more useful information to facilitate high-quality patient care.

Difference Between Startle Reflex and Hyperekplexia

Hyperekplexia is easily confused with the startle reflex. The startle reflex is the symmetrical contraction response of the
body when the body is stimulated, whereas hyperekplexia is a rare neurological disorder caused by abnormal glycinergic
neurotransmission which usually develops in the neonatal period, with genetic predisposition.”® When faced with sudden
visual, auditory, or tactile stimuli, patients with hyperekplexia experience jitters, tremors, stiffness, and other phenomena.
In severe cases, it may suffocate and require resuscitation to save lives. Older children often fall down after repeated
attacks, while physical examination showed increased muscle tone and positive nose percussion tests.

The disease is similar to reflex epilepsy, abnormal brain development, tetanus, convulsions, and other diseases.
Hyperekplexia patients may simultaneous develop reflex epilepsy;>* therefore, abnormal electroencephalography (EEG)
during the ictal period cannot be used to diagnose epilepsy alone. If the startle response symptoms persist despite
antiepileptic drug intake, hyperekplexia may be considered, and genetic testing can be performed to confirm the
diagnosis. For diseases that are easily misdiagnosed, EEG and other brain imaging examinations are conducive to
early differential diagnosis, and gene sequencing can confirm the diagnosis. After the startle reaction, the abdominal
pressure can be increased, resulting to umbilical hernia, inguinal hernia, and hip dislocation.”> Clonazepam has a good
effect on this disease. Tao Dongying et al’® found that clinical symptoms in children significantly improved after taking
low-dose clonazepam for 2 days, the muscle stiffness disappeared, and no falls occurred again. The Vigevano strategy
can alleviate attacks and reduce mortality.’”->® However, the specific diagnosis and treatment of this disease still depends
on individual conditions, and there is no clear and systematic treatment plan.

The triggering conditions of the startle reflex are similar to those of hyperekplexia, both of which are caused by the
sudden stimulation of the human body by the external environment, such as sound, light, and touch. The phenomenon is
similar, and the body contraction response exists; however, hyperekplexia is a disease other than contraction.
Additionally, there are other phenomena, such as shaking, tremors, and stiffness, which may even affect life. The startle
reflex can occur at all ages, and will change accordingly under different diseases, whereas hyperekplexia is an
independent neurological disease that frequently occurs in newborns have a complete disease system of “concept-
genesis-diagnosis-differential diagnosis-treatment-prognosis”. In clinical practice, attention should be paid to differentia-

tion between the two.

Conclusion

As a defensive response of the human body, the startle reflex is an important tool to check whether the excitability of the
brainstem network structure is normal and whether the nerve conduction pathway is intact. It is of great value to study
disease pathogenesis, diagnosis, treatment, and prognosis. The highlights of this review include: (1) PPI is a measure of
sensorimotor gating, which can be used as a starting point for research on central nervous system diseases. So far, studies
have identified two neural pathways related to the auditory startle reflex, the CSPP neural pathway and the CeA-PnC
pathway. In future research, more neural pathways and mechanisms may be developed; (2) the startle reflex is enhanced
for patients with post-stroke spasticity, suggesting that the compensatory effect of the reticulospinal tract on the
corticospinal tract may be beneficial to the recovery of patients after stroke; (3) there is no difference in the startle
reflex between patients with complete and incomplete SCI, and cervical SCIs are more reorganized than thoracoc SClIs,
while the startle reflex in patients with lumbar SCIs is enhanced, suggesting that the reorganization of the nervous system
after spinal cord injury may be related to the level of injury, and not the extent; (4) the startle reflex is enhanced in
schizophrenia patients, so the startle reflex can be used as a criterion for evaluating the efficacy of schizophrenia drugs;
(5) the study of the startle reflex in rare diseases helps to understand its pathogenesis, clinical treatment, and prognosis;
(6) the startle reflex is a physiological or pathological phenomenon in mammals, whereas hyperekplexia is a genetic

pathology commonly seen in newborns.
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In conclusion, the startle reflex has important guiding value for studying various stages of various diseases. There is
still plenty of room for research on the startle reflex. Afferent pathways in the brainstem are different, and so are other
types of startle reflexes. Randomized controlled studies are needed to fully understand the startle reflex.
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