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Pre-pulse inhibition is a sensorimotor gating phenomenon that allows an organism to 

react differentially to stimuli based on prior sub-threshold exposure, allowing the organism to 

ignore unnecessary cues. 

While PPI is well-documented in mammals, work on zebrafish has been much more 

limited. Previous work demonstrated PPI in zebrafish, but the mechanisms underlying the 

behavior are not well understood. 

Many circuit-based models have been suggested to explain PPI in mammalian systems, 

however, the complexity of the mammalian brains makes these ideas difficult to test.  Despite the 

problems inherent in using a developmentally immature model, such as larval zebrafish, for PPI, 
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the neural circuit mediating startle in the zebrafish is well defined which facilitates an 

understanding of PPI within a discrete neural circuit.   

We manipulated several variables to determine the optimal parameters for 

pharmacological testing of PPI: 1) prepulse length, 2) interval length, 3) prepulse volume, 4) 

startle volume, 5) fish grouping and 6) fish age, and 7) well size.  We also used pharmacological 

agents to dissect the roles of N-methyl d-aspartate, dopamine, and serotonin receptors in PPI. 
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Introduction 

I. Prepulse Inhibition 

Sensory gating deficits can be observed in a wide variety of diseases, including schizophrenia 

and schizotypal personality disorders (Braff and Geyer, 1990), Huntington’s disease (Swerdlow et 

al., 1995), autism (Perry et al., 2007), ADHD, and Tourette’s syndrome (Castellanos et al., 1996). 

Deficits in prepulse inhibition (PPI) and prepulse facilitation (PPF) in particular are shared 

among these disorders in addition to temporal lobe epilepsy with psychosis, but not without, and 

even unaffected family members sometimes exhibit the same deficiencies, strongly suggesting a 

genetic component (Morton et al., 1994). Although this common symptom is not necessarily a 

cause of any of these disorders, understanding its mechanism and etiology may contribute to 

targeting and testing future and existing treatments. Moreover, possible linkage disequilibrium 

with other mutations involved in neuropsychiatric disorders may prove useful in counseling and 

diagnostics. 

Although PPI deficiency is not necessarily diagnostic of any of these conditions, a case for PPI 

as a benchmark for genetic and pharmacological studies of disease treatments is supported not 

necessarily by its common deficiency, but by the effects of pharmaceutical treatments in 

modulating response. The possibility that the neural circuits governing PPI also affect the 

manifestation of any of these disorders make it a valid subject for study. 

PPI itself serves as a classic example of a sensorimotor gating behavior, allowing organisms to 

ignore irrelevant stimuli. Under normal, unaffected PPI, an organism’s response to a strong 

stimulus can be reduced, inhibited, or eliminated by preceding it with a weaker, sub-threshold 

stimulus. Organisms with a deficient response will respond equally strongly to a strong stimulus 

whether or not it is preceded by a weaker one. 

Pharmacological studies suggest dividing PPI disruption into four models (Geyer et al., 2001): 

impairment by dopamine-receptor antagonists, impairment by 5-HT antagonists, impairment by 

NMDAR antagonists, and impairment by developmental intervention.  
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The DA model grew out of the schizophrenia dopamine hypothesis suggesting that the same 

dopamine hyperactivity that could be a major contributing factor to schizophrenia symptoms 

might also be the cause of PPI deficiency in patients (Swerdlow et al., 1986). Additional support 

for the model came from the administration of apomorphine and amphetamine to intact rats 

disrupting PPI and haloperidol preventing these disruptions (Mansbach et al., 1988). Validity of 

the dopamine hypothesis of schizophrenia aside, rat studies have shown exquisite sensitivity to 

dopamine agonists, as well as predictive effects toward human models, although the success and 

degree of PPI inhibition appears to depend on rat strain and experimental parameters. 

Differences between strains (Flood et al., 2010; Weber and Swerdlow, 2008) – sometimes 

attributed to varying degrees of hearing loss – and even between animals of the same strain but 

from different suppliers (Flood et al., 2007) have been observed in baseline PPI measurements as 

well as in responses to antipsychotic treatments. Such intra-species variability, while unattractive 

to some, reflects upon the complexity of the conditions being studied. A good question to address 

here lies in determining why these differences exist, especially as some strains show even show 

resistance to drug- and isolation-induced PPI impairment (Varty and Geyer, 1998). More recent 

work points to heritable genetic differences between rat strains (Swerdlow et al., 2012), suggests 

that this difference relies on D2 and D3 receptor activation (Weber et al., 2008) and identifies 

increased PPI with shorter prepulse intervals and decreased PPI with longer prepulse intervals 

when animals are treated with dopamine agonists (Talledo et al., 2009). 

Atypical antipsychotics later adopted for treatment showed lower affinity for dopamine 

receptors than their predecessors, but also displayed interactions with 5-HT receptors, suggesting 

serotonin involvement in schizophrenia neurobiology. The effects of serotonin modulation on PPI 

have been observed through administration of 3,4-methylenedioxymethamphetamine (MDMA) 

(van den Buuse et al., 2011), N-ethyl-3,4-methylenedioxyamphetamine (MDEA) (Mansbach et al., 

1989), although results have not always translated well between humans and rats. Such mixed 

results – sometimes even including opposite inter-species effects – complicate the establishment 
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of a serotonergic PPI model. As an example: MDMA and psilocybin increase PPI in mice and 

humans, but decreases it in rats (van den Buuse, 2013; Liechti et al., 2001). Whatever the result, 

changes in response are usually successfully prevented by administration of serotonin reuptake 

inhibitors such as fluoxetine.  

The NMDA /glutamate model has met with success similar to that of the serotonergic model 

and, in the context of schizophrenia, is guided by the glutamate hypothesis, itself a product of the 

wide-ranging receptor affinities of atypical anti-psychotics such as clozapine. PCP and dizocilpine 

(MK-801) – both non-competitive NMDA antagonists – were initially found to disrupt PPI in rats 

at doses where locomotor activity remained intact (Mansbach et al., 1989). Under appropriate 

conditions, ketamine also creates similar disruptions, although this appears to interfere with 

learning and some motor behaviors (Sabbagh et al., 2012). Unfortunately the effects of ketamine 

in rats have proven difficult to replicate in humans, although it is known that an effect does exist 

(Umbricht et al., 2000), and ethical considerations have prevented the administration of PCP 

trials (Braff et al., 2001). Even the drug administration regime used will affect response to NMDA 

(and dopaminergic) effects on PPI (Li et al., 2011). In spite of these difficulties with finding a 

translational model, the NMDA model remains under study on the grounds that repeated PCP 

and ketamine exposure more accurately produce schizophrenic symptomology than other 

psychomimetic drugs (Adell et al., 2012). Continuing work in refining rodent models suggests that 

although NMDAR hypofunction may model schizophrenia (Rompala et al., 2013), it might prove 

equally appropriate to modeling autism spectrum disorders (Gandal et al., 2012). 

Environmental models of sensorimotor gating deficiencies are likely unreproducible in 

human and marine subjects, but they are also among the most robust rodent models, allowing for 

an animal that develops its deficits rather than having them induced by drug treatment or an 

induced genetic predisposition. This paradigm encompasses three methods of animal rearing: 

early handling, maternal separation, and social isolation. A 2001 review (Weiss and Feldon, 2001) 

determined that isolation rearing provided the most relevant PPI impairment model. This model 



4 
 

provides extensive opportunity for testing drug treatments, behavior, and adult social 

manipulations, but remains a relatively untapped research paradigm, quite possibly because of 

the cost and time required to raise the necessary animals (Jones et al., 2011). 

Although zebrafish do exhibit shoaling behavior, an environmental model of sensorimotor 

gating deficits might be difficult to develop. However, the three drug-induced models as well as 

some of their genetic counterparts can be tested with some expedience. The zebra fish’s high 

fecundity, small size, rapid development, and externally developing transparent embryos provide 

advantages over current mammalian models, especially when considering the use of molecular-

genetic tools. 

 

II. The Zebrafish as a Model Organism 

Human PPI studies make use of the eye-blink response, while rodent studies rely on a variety of 

stimuli – whether acoustic, visual, or mixed – to elicit a startle response. While rodents are a well-

established model organism, the zebra fish Danio Rerio provides some attractive features for 

studying PPI. Apart from displaying the behavior in question, the zebra fish c-start provides a 

clear and simple metric for measuring response rates in experimental populations. The protocols 

associated with preparing, handling, and dosing fish are simple while maintaining the advantages 

of a vertebrate system. High fecundity, easily visible organ and nervous systems, rapid 

development, externally developing transparent embryos can even provide advantages over other 

model organisms for behavioral and genetic studies involving molecular-genetic tools. Even 

beyond experimental protocol, the ease of accumulating large datasets strengthens statistical 

analysis and minimizes the costs of invalid data. 

The c-start is a well-understood behavior in the zebrafish following Robert’s Eaton work 

in 1977 characterizing its mediation by the Mauthner cell (Eaton et al., 1977). It is visually and 

physiologically distinct from normal swimming behavior (Ritter et al., 2001) and begins as early 

as forty hours post-fertilization with functional synapses forming at 48 hours. Such early 
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development allows for the use of fish from fertilization through adulthood. This robust and 

consistent behavior also allows for an easy comparison of receptor distribution and 

neurotransmitter effect at the organism’s various developmental stages. Easily observed, the c-

start itself consists of a “c-bend” followed by a counter bend, all mediated by three bilateral pairs 

of reticulospinal neurons. 

In our circuit of interest, the 

Mauthner cell’s input will come from 

cranial nerve VIII’s transmission of 

auditory stimulation. Cells of nerve VIII 

will synapse on the M-cell through a 

combined electrical and glutamatergic 

synapse while also activating inhibitory 

commissural and contralateral inhibitory 

interneurons. Together, these neurons 

will synapse at the M-cell’s axon cap 

adjacent to the axon hillock and create a 

passive hyperpolarizing potential and are 

sometimes referred to as PHP neurons. 

Thus, a stimulus from the right side of the 

fish will result in excitatory signals from 

nerve VIII and inhibitory signals from 

PHP neurons on the right-side M-cell and 

entirely inhibitory signals from PHP neurons to the left side M-cell. The right-side M-cell’s axon, 

after crossing to the contralateral side, also extends processes to cranial relay neurons that are 

excitatory to the inhibitory contralateral cells and to supraspinal motor neurons. The first of these 

 

Figure 1 Diagram of the Mauthner cell circuit adapted from  
(Korn and Faber, 2005) showing the Mauthner cell, the 
cranial relay neurons (CNR), the supraspinal motoneurons 
(M) and primary motoneurons (PM), and the feed-forward 
commissural (COM I), recurrent collateral (COL I), crossed 
(CI), and descending (DI) interneurons. 
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relays to be activated will further inhibit the left-side M-cell, and the second set will inhibit the 

right-side M-cell. 

At the spinal level the excited axon will activate left-side descending interneurons that will 

excite left-side motor neurons. It will also excite crossed interneurons, which will inhibit right-

side motor neurons, thus resulting in the fish bending to the left in order to turn away and escape 

from a stimulus on its right.  

The relative independence of this brainstem circuit from the rest of the zebrafish brain as 

described here endows the escape response with additional advantages as a starting point for 

many assays, especially when considering that at various points along the M-cell  one can find 

inputs modulated by GABA, serotonin, glutamate, glycine, dopamine, and somatostatin (Korn 

and Faber, 2005), although these may be better characterized in goldfish (Gotow et al., 1990).  

Imaging can begin at the 

blastomere stage, and 

ablations can be easily 

performed on cells of interest 

as they can in nematodes 

(Fetcho and Liu, 1998). In 

addition to a genetic code 

that is already easily 

manipulated and a mutant 

database, the zebrafish is 

ideal for optogenetic 

manipulation (del Bene and 

Wyart, 2012; Liu et al., 2012; 

Simmich et al., 2012) once 

candidate genes have  been 

 

Figure 2 Diagram adapted from (Korn and Faber, 2005) with character 
size correlating to the relative weights of the indicated transmittesr. Note 
the large variety of inputs that the M-cell can receive depending on where 
stimulation is applied as well as the lack of recognixable boundaries 
between cell regions. 

 



7 
 

identified, a process that can now be more easily expedited by the completion of the zebrafish 

reference genome (Howe et al., 2013). 

The zebrafish’s size, phenotypic variety, clear behavior, well-mapped nervous system, and 

genetic accessibility lends fantastic possibilities for precise spatial and temporal experiments. 

Moreover, while enough work has been performed with to know that the fish exhibit PPI, the 

neural circuitry involved and its modulation is not yet understood. 

 

III. Developing a Zebrafish PPI Model 

To develop a zebrafish PPI model, we will begin by manipulating the temporal and auditory 

parameters of the prepulse and stimulus. These include prepulse length and volume, 

interstimulus interval, and stimulus volume. Moreover, as zebrafish behavior develops with age, 

we will test larval fish at various stages of development in order to determine when the behavior 

emerges. Fish will also be tested in varying well and group sizes to account for social and spatial 

effects on behavior. 

Prior work has shown a correlation between fish age, dopamine levels, shoaling behavior, and 

PPI (Burgess and Granato, 2007). We thus expect that anti-psychotics – dopamine antagonists 

and atypical agonists – will have a significant effect on the behavior, although the age of the fished 

used as well as the dearth of literature testing PPI in zebrafish (there is only marginally more 

literature concerning goldfish) makes predictions difficult. As there exist multiple proposed 

mammalian PPI models and several of these drugs can affect multiple receptor systems, we will 

also be targeting serotonin and N-methyl d-aspartate (NMDA) receptors. Characterizing the 

effects of these pharmacological manipulations will allow us to target several promising strains of 

mutant fish (Burgess and Granato, 2008; Hirata, 2010; Hirata et al., 2005) and guide future work 

on Mauthner cell excitability (Medan and Preuss, 2011). 
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Methods 

Animals 

Wild-type zebrafish eggs from the UCLA Core facility were obtained for this project after 

standard breeding protocols. Eggs and later larvae were kept on a 12/12 hour light/dark cycle in 

E3 solution (5 mM NaCl, 0.33 mM MgCl2, 0.33 mM CaCl2, 0.17 mM KCl, 10−5% methylene blue, 

pH 7.2) in an incubator (28.5°) and tested at times ranging from five to seven days post 

fertilization (dpf). Pharmacological and parametric assays were performed on 5 dpf fish, and in 

all experiments fish were provide with a 1-hour acclimation period. 

Equipment 

Stereo tones were generated using the Audacity audio editor’s tone and silence generator 

features running on an iMac. Volumes were adjusted using the gain slider. One channel was fed 

to a PStudio5 (Pyle Pro) studio monitor speaker, while the other was routed by way of an in-house 

signal amplifier to a super 8 switch box, which served to trigger a high-speed camera (Fastec 

Imaging TroubleShooter TS100MS, Fastec, San Diego, CA) and a LED visible within the camera’s 

viewfinder to allow for centering recording times. 

Well-plates were placed on a lightbox (Gagne Inc., Johnson City NY), and the camera was 

mounted directly overhead in a scaffolding. Plastic sheeting around the apparatus served to help 

exclude ambient light and noise. 

 

 

Figure 3 A) The c-start B) diagram of the apparatus. Graphic 
adapted from Adams et al. 
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Prepulse Protocol 

Prepulse+startle trials consisted of variable length 200 Hz prepulses and intervals 

followed by a 2ms 500 Hz startle pulse. Prepulse lengths tested for parametric assays included 2 

ms, 50 ms, 100 ms, 300 ms, and 1000 ms long. Interval lengths tested were 10 ms, 50 ms, 300 

ms, and 1000 ms long. Three prepulse+startle and three startle alone trials were alternated at 5 

minute intervals, resulting in six trials for each individual set of assays. Fish were recorded with 

 

Figure 4 Assay on a single prepulse trial. 

Startle

Prepulse Interval

Recording

 

Figure 5 Visual representation of 300-50 PPI trial's waveform in Audacity audio editor. Normally the prepulse 
tone and startle tone would be placed on separate tracks within the program to allow for different gain 
adjustments. Here they are represented together on a single track for simplicity. 

 

 

Figure 6 Trials consisting of startle only and of a prepulse and a startle were run at 5 minute intervals to 
safeguard against fish habituation. 
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a high speed camera at 1000 fps from 50 frames (ms) before the prepulse or startle tone until 50 

frames after the startle tone. A 1-hour acclimation period preceded any assay. 

Grouping Assays 

After choosing settings of 100-50 ms prepulse-interval (PP-I), four grouping assays were 

conducted using 5 dpf fish: 24 fish in a 6-well plate (4 fish/well), 6 fish in a 6-well plate (1 

fish/well), 36 fish in a 3-well plate (12 fish/well), and 6 fish in a 6-well plate (1 fish/well). 

Audio Volume Assays 

Prepulse and startle volumes were adjusted using the gain slider for each track from within 

Audacity. This allowed for a much more systematic adjustment of volume than using the 

screwdriver-reliant adjustment mechanism on the speaker itself. Volume assays were performed 

with a 100 ms prepulse and a 50 ms interval. Prepulse gain settings tested were: -36 db, -30 db, -

24 db, and -33 db. Startle gain settings tested were +21 db, 0 db, and -15 db. 

Developmental Assays 

Independent groups of fish at 5, 6, and 7 days post-fertilization were tested with a 100 ms 

prepulse and a 50 ms interval. 

Pharmaceutical Assays 

Pharmaceutical assays were performed with 100-10, 100-100, and 100-300 PP-I 

parameters. The dopamine inverse agonist haloperidol was administered in DMSO at 1 µM and 

20 µM. The non-selective dopamine agonist apomorphine was administered in E3 at 0.1 µM, 0.5 

µM, 1 µM and 10 µM. The selective NMDAR antagonist APV ((2R)-amino-5-phosphonovaleric 

acid; (2R)-amino-5-phosphonopentanoate) was administered in E3 at 100 µM and 200 µM. D-

serine was administered in E3 at 200 µM and 500 µM as a NMDAR agonist. The non-competitive 

NMDAR antagonist MK-801 was used for acute and chronic exposures at 10 µM and 100 µM 

Mutants. Fish were exposed to the drug bath for one hour prior to experiments. 
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Analysis 

Video files were transferred to a desktop computer and visually assayed frame by frame 

using ImageJ (Schneider et al., 2012). Fish were scored on observance of c-start after the startle 

pulse. 

Statistics 

Kruskal-Wallis tests were conducted to evaluate differences among treatments (vehicle vs. 

vehicle + drug) grouped by PP-I on mean PPI response using GraphPad Prism version 6.02 for 

Windows, GraphPad Software, La Jolla California USA, www.graphpad.com. Dunn’s multiple 

comparisons test were conducted as a follow-up to significant p-values (p < 0.05) comparing all 

groups to each other.  

http://www.graphpad.com/
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Results 

Prepulse and Interval Length 

 

Figure 7 Means of response rates presented for easy visualization. Both graphs present the same 
data, but in different arrangements. The top graph plots the prepulses as points along intervals 
on the x-axis, while the bottom graph plots intervals as points and prepulse lengths as 
categories.  

We began by exploring the effects of different prepulse and interval (PP-I) combinations in search 

of an appropriate parameter set for the remainder of our assays. A general trend can be observed 

wherein higher degrees of PPI are achieved with longer prepulses and shorter intervals. 

Developmental 
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We next attempted to determine if the fish’s age would affect PPI rates. A significant difference 

was measured between groups (H2= (3, N = 137) = 9.703, P = 0.0078), with PPI levels increasing 

with fish age. 

 

Startle Pulse (Stimulus) Volume 

 

 

D e v e lo p m e n ta l

D a y 5 D a y 6 D a y 7

0

1 0

2 0

3 0

4 0

5 0

%
 P

P
I

*

*

 

 

S tim u lu s  V o lu m e

-1 5  d b 0  d b 2 1  d b

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

4 5

5 0

5 5

6 0

6 5

S tim u lu s  V o lu m e  G a in

%
 P

P
I

*

 

 

 

Figure 8 Day 5, 6, and 7 fish were assayed 
with a 100-50 PP-I protocol. A significant 
difference was observed between Day 5 
and Day 7 fish (P = 0.016) and between 
Day 6 and Day 7 fish (P = 0.0304). N = 48, 
41, 48; means = 22.92, 27.07, 42.57. * P < 
0.05 

Figure 9 Startle volume effects were 
assessed with a 100-50 PP-I protocol. N = 
16, 24, 24; means = 43.96, 11.67, 8.194. 
*P<0.05 
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A significant difference was observed between startle volume groups (H2= (3, N = 64) = 8.461, P 

= 0.0145) in the range tested. 

Prepulse Volume 

 

Although the Kruskal-Wllis test detected a significant difference between groups (H2= (3, N = 95) 

= 9.298, P = 0.0256), Dunn’s multiple comparison’s test found no significant differences between 

the groups at the volumes tested. 
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Figure 10 Prepulse volume adjustments 
were also performed at 100-50 PP-I 
parameters. Despite the lack of 
significance, it is interesting to note that 
PPI appeared to increase at the higher 
volume. N = 24, 23, 24, 24; means = 49.17, 
49.86, 49.17, 74.58. 
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Pharmacological Assays 

 

5-HT 

 

No significant difference in means was observed at 100-10 under any of the treatments tested. A 

significant difference was observed within the 100-100 groups (H2= (3, N = 76) = 5.841, p = 

0.0539). Dunn’s multiple comparisons test showed that PPI was significantly enhanced with 1 uM 

5-HT administered in E3 (p = 0.0497) as compared to the E3-only control group. No significant 

differences were observed in the 100-300 group. 
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Figure 11 (A) Percent PPI with 100-10 PP-I parameters under 
three treatments. N = 27, 29, 27; means = 55.8, 83.5, 74.69. 
(B) Percent PPI with 100-100 PP-I parameters. N = 26,29,21; 
means = 73.33, 87.93, 84.92. A significant difference was 
observed between percent PPI in the 1uM treated group and 
the E3 treated group indicated by the asterisk. (C) Percent 
PPI with 100-300 protocol. N = 28, 27, 23; means = 83.33, 
86.42, 76.23. Results for the 100-300 PP-I combination 
proved remarkably consistent across treatments. Error bars 
represent the SEM. * P < 0.05 



16 
 

Apomorphine 

 

No significant differences were observed from the control in any apomorphine trials. However, 

the Kruskal-Wallis tested a significant difference (H2= (3, N = 111) = 9.926, P = 0.007) between 

treatments with 100-10 PP-I parameters, and a significant difference was observed between the 

1uM and 100 uM doses (P = 0.0077). No significant difference was observed with 100-300 PP-I 

parameters. 
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Figure 12 Percent PPI results under treatment with 
apomorphine. Of possible interest is the low baseline PPI 
response. (A) 100-10 PP-I parameters, N = 42, 40, 29; 
means = 31.67, 57.50, 15.75. A significant difference was 
observed between the two apomorphine doses as 
indicated by the double asterisks. (B) 100-100 PP-I 
parameters, N = 39, 37, 33; means = 26.41, 34.68, 16.16. 
(C) 100-300 PP-I parameters, N = 39, 39, 35; means = 
19.74, 35.81, 23.52. Error bars represent the SEM. ** P < 
0.01 
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APV 

 

Significant differences were observed between treatments (H2= (3, N = 100) = 14.93, p = 0.0006) 

under 100-10 parameters. Both APV doses increased PPI (p = 0.0006 for 100 uM APV and p = 

0.0172 for 200 uM APV) as compared to the E3 control. No significant differences were observed 

under the administration of 100-100 PP-I or 100-300 PP-I parameters. 
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Figure 13 Percent PPI response with 100 uM 
and 200 uM APV administration. (A) At 100-10 
PP-I parameters APV admnistration resulte in 
significant increases in PPI from the E3 control. 
N = 34, 31, 35; means = 19.02, 49.46, 41.52. (B) 
No significant difference was observed for 
100-100 (N = 33, 35, 35; means = 31.01, 35.14, 
29.24) or (C) 100-300 PP-I parameter groups 
(N = 31, 34, 32; means = 34.95, 49.90, 36.35). 
Error bars represent the SEM * P < 0.05, *** P 
< 0.001. 
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D-Serine 

 

Application of D-serine led to no observable significant differences between any of the groups. 
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Figure 14 D-Serine: Remarkably consistent in 
having no effect in groups (A) (N = 45, 49, 49; 
means = 36.37,46.73, 52.52), (B) (N = 46, 50, 50; 
means = 38.99, 42.93, 41.73), and (C) (N = 46, 50, 
50; means = 34.06, 36.47, 30.33). Error bars 
represent the SEM 
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Haloperidol 

 

A significant effect was measured at all PP-I parameters at 20 uM haloperidol (100-10: H2= (3, N 

= 124) = 38.24, P < 0.0001; 100-100: H2= (3, N = 125) = 23.43, P < 0.0001; 100-300: H2= (3, N 

= 124) = 24.32, P < 0.0001) as compared to the DMSO control. The reduction is not only 

significant, but dramatic as well. 
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Figure 15 Percent PPI for treatment with 
haloperidol accross three different 
parameters. (A) A very significant 
difference was observed between 20 uM 
haloperidol and both the DMSO and 1 uM 
haloperidol group (N = 41, 41, 42). The 
reduction is large, reducing response in 
PPI trials to the same as in startle trials. 
Means = 53.5, 46.5, 4.841. The same 
effect was observed in (B) (N = 41, 42,42), 
althugh the reduction was not as large 
(Means = 63.58, 56.83, 21.27) and more 
dramatically in (C) (N = 40, 42, 42), with 
means = 37.92, 26.03, 2.302. In all three 
cases p < 0.0001 and is represented by 
four asterisks. Error bars represent the 
SEM. 



20 
 

Methionine 

 

The Kruskal-Wallis test calculated a significant difference between treatments with 100-10 PP-I 

parameters (H2= (3, N = 93) = 9.833, p = 0.0073) and 100-100 PP-I parameters (H2= (3, N = 95) 

= 10.88, P = 0.0043). Interestingly, these effects were in opposite directions, with a decrease in 

PPI under 25 uM methionine and 100-10 parameters (p = 0.0052) and an increase in PPI with 

100-100 parameters (P = 0.0175). 
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Figure 16 Percent PPI in the 100-10 PP-I group 
(A) actually dropped to a negative response rate 
when 25 uM methionine was administered (N = 
38, 38, 17; means = 50.88, 43.68, -0.7843; p = 
0.0052). In the 100-100 group, 25 uM 
methionine instead increased PPI (N = 34, 38, 
23; means = 42.06, 41.14, 73.91; p = 0.0175). 
Although such an increase may have been 
possible in (C), a small sample size hobbled 
attempts at observing significance (N = 34, 38, 
2; means = 48.92, 56.23, 100). ** P < 0.01, * P < 
0.05. Error bars represent the SEM. 
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MK-801 

 

The Kruskal-Wallis test detected significant differences among treatments in the 100-10 PP-I 

group (H2= (3, N = 70) = 13.54, P = 0.0011), the 100-100 PP-I group (H2= (3, N = 68) = 22.6, P = 

0.0001), and the 100-300 group (H2= (3, N = 72) = 12.62, P = 0.0018). In all three groups the 

lower dose of the drug – 10 uM – was enough to elicit a decrease in PPI (although this was not 

always significant) and the higher dosed enhanced this decrease. 
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Figure 17 Results of treatment with MK-801. 
(A) 100-10 parameter group shows a 
significant reduction in PPI at 10 uM (N = 24, 
23, 23; means = 60.83, 28.55, 15.80; P = 
0.0095) as well as at 100 uM (P = 0.0024). 
The same trend is observed in the 100-100 
group (B) (N = 22, 23, 23; means = 57.58, 
32.75, 2.609; P < 0.0001) as well as the 100-
300 group (C) (N = 24, 24, 24; means = 33.33, 
33.19, 1.389; P = 0.0015) but with significant 
difference from the control restricted the 100 
uM dose. Error bars represent the SEM.  * P 
< 0.05, ** p < 0.01, **** P < 0.0001 
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Prozac 

 

The administration of Prozac yielded no significant effects. The consistent lack of effect was 

similar to that observed with D-serine. 

 

Figure 18 Administration of prozac led to no significant difference in responses. Maybe the sad 
fish felt happier? (A) N = 40, 38, 32; means = 41.50, 50.26, 46.67, (B) N = 41, 39, 31; means = 
43.09, 42.91, 47.63, (C) N = 41, 41, 34; means = 73.90, 73.90, 53.14. 
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Discussion 

Parametric Modulations 

 

A two-way ANOVA (results not reported) found significant interactions between prepulse 

length, interval duration, and prepulse and interval length, suggesting that simply changing these 

factors can modulate PPI responses. This is similar to the tenor of mammalian results, where 

deficiencies in PPI are sometimes only elicited by specific PP-I combinations. Several trends can 

be observed in the effects of PP-I manipulation (Figure 7). The first of these is in the effect of the 

interval length, where an inverse relationship can be seen with increasing intervals, suggesting 

that the effect of the prepulse is time-limited. On a cellular level this would simply translate into 

the circuit returning to its resting state over time and thus only being affected by the startle pulse. 

Modifications of PP length had the opposite effect, with increasing length generally resulting in 

greater PPI. The increase in PPI seems to continue until 300 ms PP and then fall off. It would be 

interesting to see if PPF can be induced once imaging limitations are overcome. The effects of PPs 

that are too short is easily observed in both graph formats – the line for the 2ms prepulse in the 

top of Figure 7 and the clustering of the intervals in the bottom of the figure make this clearly 

visible. The combination of prepulse and interval selected for pharmacological assays should not 

be one that yields 100% PPI, as such a ceiling would obscure any treatments that might enhance 

PPI. The time dependence of the PPI response on stimulus and interval length echoes the results 

of mammalian systems (Braff et al., 1978), although it is most likely that fish will require slightly 

different parameters to reproduce mammalian results. 

Zebrafish dopamine and serotonin levels normally rise throughout development and are 

associated with the onset of shoaling behavior as the fish mature through 75 dpf (Buske and 

Gerlai, 2012). It is interesting to note that while dopamine overabundance in PPI models is 

correlated with decreased levels of PPI (Burgess and Granato, 2007), in this case the older fish 

displayed increased PPI (Figure 8), suggesting that the development of the M-cell’s receptor 

expression and membrane properties over time can also affect the selection and results of PPI 
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parameters. The dramatic increase seen here as well as the large increases in normalized 

neurotransmitter levels documented by Buske and Gerlai call for attention to fish age when 

selecting animals and parameters for assays (Buske and Gerlai, 2012). These additional 

considerations are particularly important when considering that some of the tools available for 

larval zebrafish are not available in adult fish and certain mutations of interest are lethal, thus 

restricting their use to larval fish. 

We tested the effects of stimulus and prepulse volumes with the same intention as testing 

prepulse and interval durations. Although PPI was significantly higher the lowest volume tested 

than at the highest (Figure 9), there was also a corresponding decrease both in fish startle 

response and in their prepulse response (Startle average = 0.3472; Prepulse average = 0.1528). In 

testing prepulse volumes we sought a pulse that was not so loud as to startle the fish, but not so 

quiet that prepulse stimulus response rates and startle stimulus response rates became identical. 

 

Pharmacological Manipulations 

Effects of Dopaminergic Manipulations 

 

Using brain superfusions and intramuscular injection in combination with a 200 Hz sound 

pip and 0.27 mM apomorphine, Medan and Preuss reported a 25% decrease in PPI when their 

prepulse was followed by a 50 ms interval (Medan and Preuss, 2011), while our results found no 

significant difference from the control (Figure 12). However, a fairly consistent rise and then drop 

of PPI response rates at the 1 uM and then 10 uM doses nonetheless holds some promise for 

continued work. 

In sharp contrast to mammalian  and adult fish results (Flood et al., 2011; Mansbach et 

al., 1988), our haloperidol results produced a sharp dose-dependent decline in PPI response rate 

(Figure 15). We can propose several explanations for this. The most obvious of these is the 

difference in protocol. Our work used entirely different PP-I parameters delivered in an entirely 

different environment. Fish were not restrained, nor were they implanted with electrodes. 
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Perhaps the most important difference is in the developmental stage of the fish. Although larval 

fish exhibit maturity insofar as the C-start behavior is concerned, the continued development of 

dopaminergic systems and the M-cell synapses can easily yield differing, and in this case even 

contradictory results. Other assays have used adult fish, with results from the youngest – 10 dpf 

– appearing unreplicable in their original lab (Burgess and Granato, 2007). The discrepancy 

between these results and those of adult fish and mammals tells us that much work still needs to 

be done in characterizing the neural circuitry of larval fish and the timeline of its development 

over the 20-day period before which fish and mammal results begin to resemble each other. 

 

Effects of Serotonergic Manipulations 

 

 Dysfunctions of the serotonin system have been implicated in disruptions of normal PPI 

response in humans and rodent models (van den Buuse, 2013; van den Buuse et al., 2011; Liechti 

et al., 2001; Mansbach et al., 1989). Applying a competitive serotonin receptor antagonist such as 

L-methionine has been observed to disrupt PPI response rates in certain strains of mice 

(Tremolizzo et al., 2002) and raises it in others. The same complication has arisen with serotonin 

agonists, although serotonin releasers  have proven more consistent in reducing PPI (Geyer et al., 

2001). Our application of L-methionine provided mixed results with a reduction in PPI observed 

at a 10 ms ISI and a marked increase in PPI observed at 100 ms ISI (Figure 16). Although the 

difference in interval length may lead to differential circuit activation, the sharp drop in 

responsive fish at the higher dose, and especially at the 100-300 PP-I, suggests that this dosage 

made the fish ill and unresponsive rather than modulating their behavior. 

 We also attempted applying Prozac (Fluoxetine) to test the effects of decreasing 5-HT 

reuptake. Although no significant effect was observed (Figure 18), this is the same result obtained 

in some mouse studies (Martinez and Geyer, 1997), and is not an altogether disappointing 

outcome as fluoxetine is not indicated for treatment of any schizoaffective disorders. 
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 Our evaluation of direct 5-HT application is certainly broader than the usual selection of 

drugs chosen to target specific serotonin receptor subtypes. Although a significant increase in PPI 

response rate was observed with the application of 5-HT at a 100 ms ISI (Figure 11), the weakness 

of the results acquired with L-methionine as well as the lack of any discernable effect at other 

timings and dosages detract from any applicability of serotonergic models to zebrafish at this age. 

Nonetheless, it remains possible that applying more discriminatory could yield different results. 

After all, zebrafish are not devoid of a serotonergic system during development, depleting the 

neurotransmitter has adverse locomotor behavior effects (Airhart et al., 2012), and the M-cell is 

inhibited by neurons with serotonergic input (Maximino et al., 2013). Testing additional drugs, 

for example, MDMA, which has been associated with reductions in anxious behavior in zebrafish 

and humans (Stewart et al., 2011), may yield more information. Before this can be carried out, 

however, more work needs to be done characterizing the behavioral effects of serotonergic 

manipulations in zebrafish. 

 

Effect of NMDA Manipulations 

 

 By 5 dpf the zebrafish nervous system has developed well enough that treatment with MK-

801 (Dizocilpine) increases spontaneous locomotor behavior regardless of dopamine involvement 

(Chen et al., 2010). Our dose-dependent decrease in PPI response rates as well as the observed 

increase in spontaneous swimming behavior upon application of MK-801 (Figure 17) suggests 

that MK-801 may reduce the threshold stimulus needed to evoke a response from the fish, 

essentially reducing whatever filtration of environmental stimuli normal sensorimotor gating 

mechanisms are reliant upon. The increased excitability of the fish supports hypotheses put forth 

and results presented concerning deficient sensorimotor gating behavior in mammalian systems 

as well as their roles in schizophrenia (Canal et al., 2001; Rung et al., 2005). Moreover, taking 

these results in conjunction with MK-801’s mechanism as a noncompetitive NMDAR antagonist 
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provides additional support to using the fish as a model for theories concerning NMDAR 

hypofunction (Adell et al., 2012; Rompala et al., 2013), whether this proves more appropriate to 

schizophrenia or autism (Gandal et al., 2012). 

 APV is also a NMDAR antagonist that has been successfully used in zebrafish habituation 

protocols (Roberts et al., 2011), and we observed an increase in PPI rates after administering it 

prior to 100-10 PP-I assays (Figure 13). Though these results may seem perplexing – one agonist 

decreasing response rate and another one increasing it – one can note that the PPI response rate 

of the E3 control group appears uncharacteristically low, suggesting some inconsistency in 

protocol administration. This may be remedied by gathering additional data for this particular 

assay. Moreover, there are several differences between APV and MK-801 that could account for 

the different results at other PP-I combinations and drug dosages. Dosage of APV – a competitive 

rather than non-competitive antagonist – may have not been sufficient to affect M-cell circuitry. 

More likely, APV’s selectiveness and MK-801’s broader effects may point to contribution of 

multiple channel types in determining PPI responses. Although current literature has only 

discounted the role of MK-801’s effects on dopaminergic circuits in fish, rodent work has shown 

that MK-801 may affect L-type calcium channels (Schurr et al., 1995), can act as nicotinic 

acetylcholine receptor antagonist (Ramoa et al., 1990), and can increase 5-HT release by 

interacting with the 5-HT transporter (Callado et al., 2000; Iravani et al., 1999). 

Given the effects of MK-801, d-serine would be expected to enhance PPI response rates. 

However, no significant effect was observed (Figure 14). Although this may point to MK-801’s 

non-NMDAR antagonist roles, it would nonetheless be beneficial to attempt additional assays 

with d-serine, of which deficits have been implicated in support of the NMDAR hypofunction 

schizophrenia hypothesis (Hashimoto et al., 2003). In addition to increasing statistical power (as 

is necessary with all our assays), two additional methods need to be attempted before discounting 

d-serine: higher doses must be tested, and d-serine should be used to attempt to restore PPI 

deficits induced by MK-801 treatment. Mouse results have pointed out the necessity of high-dose 
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d-serine treatment to elicit this restoration (Kanahara et al., 2008), and it is entirely possible that 

the same may apply to fish. 

 

Future Directions 

 

 Our existing results can be improved upon, especially from a statistical perspective. None 

of the datasets gathered exhibited a normal distribution, and a larger amount of measurements is 

needed in order to reliably perform non-parametric methods. Ergo, performing the appropriate 

power analyses and growing the existing datasets should be among our first priorities. For those 

results that have shown significance a next step is to identify relevant mutant strains – whether 

through a behavioral phenotype or a genotype of interest – with PPI deficits and assay them with 

the appropriate drug treatments in attempts to restore normal PPI responses. Another 

experiment to undertake with wild type fish and pharmacological manipulation is the restoration 

of PPI levels through drug combinations in order to more accurately determine the receptors 

involved and how they fit in the M-cell circuit. Although thus far the breeding of mutants for these 

projects has proven difficult, the current albeit still preliminary results we have obtained present 

a strong starting point for using zebrafish as a model system for PPI. 
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