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Ecological context, sensory inputs, and the internal physiological state are integrated 

for an animal to make appropriate behavioral decisions. However, these factors have 

rarely been studied in the same system. In the African cichlid fish Astatotilapia burtoni, 

males alternate between four phenotypes. Two are determined by social status and two 

are identified by the principle body coloration (yellow or blue). When socially dominant 

(DOM), fish display bright body coloration and a wealth of aggressive and reproductive 

behaviors. Subordinate (SUB) males decrease predation risk by adopting cryptic 

coloration and schooling behavior. Yellow males are more conspicuous than blue males, 

and DOMs and more conspicuous than SUBs, which means that yellow DOMs are most 

likely to be seen by predators. We therefore hypothesized that DOMs, yellow DOMs in 

particular, would show enhanced startle-escape responsiveness to compensate for their 

increased predation risk. 

Indeed, behavioral responses to sound clicks of various intensities showed a 

significantly higher mean startle rate in DOMs than SUBs. When testing the same males 

after social change, yellow DOMs respond at a higher rate than yellow SUBs but blue 

males do not show plasticity. Electrophysiological recordings from the Mauthner cells 

(Mcells), the neurons triggering startle, were performed in anesthetized animals and 
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showed larger synaptic responses to sound clicks in DOMs, consistent with the 

behavioral results. In addition, the inhibitory drive mediated by interneurons presynaptic 

to the M-cell was significantly reduced in DOMs. Using behavioral tests, intracellular 

recordings, and single-cell molecular analysis, immunohistochemistry and in-situ 

hybridization,  I show here that serotonin modulates this socially regulated plasticity via 

the 5-HT receptor subtype 2 (HTR2A). Specifically, SUBs display increased sensitivity to 

pharmacological blockade of HTR2A compared with DOMs in both startle-escape 

behavior and electrophysiological properties of the M-cell. These receptors, however, 

are not expressed in the Mauthner neurons, but in the inhibitory interneurons that 

regulate the Mcell’s membrane properties.  

I show a role for 5-HT in modulating startle plasticity and increase our understanding 

of the neural basis of behavioral plasticity. More broadly, this study provides an 

integrative explanation of an ecological and social trade-off at the level of an identifiable 

decision-making neural circuit. 
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Chapter 1:  
An Introduction 

 

All animals must weigh the risks and rewards of their behaviors. The study of 

how individuals value risk and reward while making decisions, known as 

neuroeconomics, is relatively recent and informative (Glimcher et al. 2008). As 

the only species with an economy, neuroeconomics research has been focused 

on human research. The principles, however, can be beneficial to understanding 

and predicting the decisions of an individual of any species. The concept of 

reward is fundamental to neuroscience research (Shultz and Dickinson 2000). 

Rewards, such as food and reproduction, are vital to a species. The concept of 

risk, defined as the variance in expected results from the mean (Lee 2005), is 

less intuitive but also essential to life (or, in some instances, the end of life by 

predation). Take the simple example of a rat on the edge of an open field. A rat is 

reluctant to enter an open field, which is beneficial considering the increase in 

visibility to predators (Whishaw and Kolb 2004). However, open fields may 

contain food. In order to obtain such a reward, a rat must decide between the 

probability of food and the risk of failing to find food while still experiencing an 

increased likelihood of death.  

Individual differences in assessing risk are attributable to neurobiological 

mechanisms (Glimcher and Rustichini 2004). Neuromodulators, such as 

dopamine (DA) and serotonin (5HT), are able to change the overall state of the 

brain’s network of information flowing from sensory inputs to behavioral outputs. 

DA neurons in the ventral tegmental area are critical to encoding the expected 

value of a reward and projecting this information out to the brain (Shultz and 

Dickinson 2000). The role of 5HT neurons is not as well delineated, but 5HT 

neurons in the raphe nuclei are involved in determining the impulsivity of an 

individual. In the above example of a rat approaching the open field, a rat with 
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low 5HT is likely to enter the field while a rat with high 5HT is likely to avoid it 

(Broderick and Phelix 1997). 

Few, if any, vertebrate species are simple enough to allow for examination of 

the mechanisms of decision making with an integrative approach across levels of 

biological organization. Study of invertebrate systems, such as aplysia, has been 

informative on the relationship between cellular changes, such as longterm 

potentiation and changes in behavior (for review: Nargeot and Simmers 2011). 

Compared to aplysia, crustaceans have a more complex startle reflex behavior, 

the tail-flip response, that has shown how social plasticity alters the properties of 

the identifiable Lateral Giant Neurons to change behavioral outcomes (reviewed 

in Edwards et al. 1999). In teleost fishes, a similar reflex-like mechanism has 

been examined in order to understand how the mechanisms in non-vertebrate 

models are utilized in vertebrates (Korn and Faber 2005). 

In this thesis, I will outline a neural system that governs a binary decision to 

act or not act in which the probability of action is influenced by ecological risk 

factors through a 5HT-based mechanism. Based on social and environmental 

information, Astotilapia burtoni males alternate between four states that are 

characterized by visually distinct phenotypes. The probability of specific 

behavioral responses to stimuli are greatly influenced by the current state of the 

fish’s brain network. The principal body color expressed on the flank of an 

individual is either blue or yellow and males may be dominant or subordinate in a 

social hierarchy. This latter point exists along continuum, but for the purposes of 

this thesis, all DOM males are defined by defending a territory, which is only 

done by the most dominant males in a community.  

Astatotilapia burtoni 

The African cichlid A. burtoni is a powerful model system in social 

neuroscience (Fernald 2002; Hofmann 2003; Robinson et al. 2008; Wong and 

Hofmann 2010). In this species, males alternate between two socially-dependent 

phenotypes throughout their lives. When an individual is dominant (DOM) in a 
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social group, he maintains a territory, bright body coloration and displays a 

vigorous behavioral repertoire to defend his territory and attract females (Fernald 

1977; Fernald and Hirata 1977a, 1977b). In contrast, when subordinate (SUB), 

the male will shoal with conspecifics and females, display fewer and less 

conspicuous behavioral patterns and adopt cryptic coloration that allows them to 

blend in with the surrounding (Fernald and Hirata 1977b). During social 

interactions, male cichlids produce sounds (Miguel Simões et al. 2008; Ripley et 

al., 2002) that females evaluate to assess the quality of potential mates 

(Verzijden et al. 2010). Based on the differences in coloration and behavior, 

DOMs are more vulnerable to predation than SUBs (Fernald and Hirata 1977a; 

Maan et al. 2008). On the other hand, executing startle-escapes is not only 

energetically costly (Hughes and Kelly 1996), but also disruptive to on-going 

behavioral activity, e.g. during foraging (Jones and Godin 2010; Krause and 

Godin 1996; Ydenberg and Dill 1986). Therefore, we ask whether startle 

responsiveness in this species differs between the two social phenotypes, and 

whether these differences can be identified at the neural level. 

In addition to the socially-mediated phenotypic plasticity, males can switch 

their main body coloration between yellow and blue, although the function of this 

plasticity is unknown (Korzan and Fernald 2007; Robison 2008) and regardless 

of status (personal observations). Unlike other mutable markings, such as the 

eyebar (Leong 1969; Muske and Fernald 1987) or humeral patch (Leong  1969; 

Fernald  2003), previous research has ruled out body hue as a marker of 

perceived social status (Fernald 1980). However, body color has been correlated 

with androgen levels (Korzan et al. 2008) and may be indicative of a general 

behavioral strategy related to male-male interactions (Korzan et al. 2007) or 

differences in risk assessment. The head color of male Gouldian finches, for 

example, predicts whether a male will react to a complex situation with male-

male aggression or increased parental care (Pryke and Griffith 2006). Barlow 

summarized (1983) that a similar situation in a different species could ultimately 
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lead to increased matings for the yellow (or gold) colored male. Winning 

antagonistic encounters with blue males may increase the availability of 

resources for yellow males at the expense of blue males, helping their growth 

rate (as in Barlow 1976). Work by Maan et al. (2008) in another haplochromine 

cichlid with blue and orange phenotypes suggests that kingfisher birds 

preferentially prey on orange morphs over blue morphs. Thus, yellow males may 

be at an advantage in social interactions, but suffer greater risk of predation than 

blue males if they are more conspicuous to predators. Thus, I hypothesized that 

there may be a difference in conspicuousness between the two color morphs that 

increases the predation pressure on yellow males, which can be compensated 

for by increasing the startle probability. 

Sensory Ecology of a Life History Trade-off 

Animals have to balance the risks of predation with the benefits of 

conspicuous coloration. For example, conspicuously colored individuals may be 

more attractive to potential mates (Seehausen et al. 1998) or have a competitive 

advantage (Dijkstra et al. 2009). The tradeoff between risk and reward is difficult 

to quantify because ‘conspicuousness’ is specific to a given environment: the 

light spectrum, body color, the ambient environment and sensory limitations of 

the observer(s) are all critical elements (Endler 1991; Cummings 2007). 

Polychromaticism may have evolved, at least in part, as an adaption to varying 

light regimes which can dramatically alter the conspicuousness of different colors 

and patterns (Seehausen 1996). In species where individuals can alter their 

phenotype in near real-time, there is a complex interaction of risks and rewards 

which may be optimized through behavioral adaptations. For example, 

individuals may control how they travel within a school so as to maximize fitness 

(Turner and Pitcher 1986; Hamilton 1971) or limit high-risk behaviors to certain 

times of day when light levels reduce risk (Endler 1991). 

Whether males are more conspicuous when yellow than blue depends on 

several factors: 1) Incident light spectrum, 2) Reflected light spectra, 3) Spectral 
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sensitivity of observer, 4) Background features. Dalton et al. (2010) showed how 

each of these factors will change the relative conspicuousness of various cichlid 

species in Lake Malawi in the context of sexual selection. Studies on the spectral 

sensitivity of A. burtoni suggest that blue and yellow males are equally 

conspicuous to conspecifics (Allen and Fernald 1985) at the light available in the 

native Lake Tangyanika (Fernald and Hirata 1977). The arrangement of 

photoreceptors in the A. burtoni retina results in a mosaic such that rods are 

interspersed between clusters of single blue-sensitive cones surrounded by four 

doublets which are red- and green-sensitive (Fernald and Liebman 1980). Many 

water-diving birds, however, have red oil droplets in the cones of the retina 

(Moroney and Pettigrew 1987) which reduce glare (Schwab and Hart 2004) but 

at the same time limit the diving birds’ ability to detect the blue-violet wavelengths 

of light (Vorobyev 2003). These physical features of bird eyes may result in blue 

hues being less conspicuous than other wavelengths. Therefore, yellow males 

may be more conspicuous to water-diving birds but not to fishes in clear water 

conditions. 

Mauthner Cells & Startle-Escape 

All animals show a startle behavior in response to abrupt, unexpected and 

high intensity stimuli (Bennett 1984). In teleost fishes, a loud noise may trigger a 

contraction along one body wall of the fish, pulling the head and tail together into 

a 'C' shape (kinematically, "phase 1" in Eaton et al. 1991) with a latency as short 

as 8 ms. This C-start is sometimes followed by other muscle contractions that 

generate locomotion (“phase 2” in Eaton et al. 1991). The neural basis of this 

startle-escape behavior has been studied in much detail (for recent reviews, see 

Eaton et al. 2001; Korn and Faber 2005). The extremely short latency is the 

result of a small number of synapses between stimulus and response: the 

auditory sensing nerve, a large command-like neuron and the neuromuscular 

junction (Furukawa and Furshpan 1963). The command-like neurons (Kupferman 

and Weiss 1978) are a pair of Mauthner cells (M-cells) located in the medulla and 
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which receive inputs from a range of multimodal inputs (Furukawa and Ishii 1967; 

Zottoli et al. 1987; Canfield 2003; Szabo et al. 2006). A single action potential in 

either M-cell reliably activates the contralateral spinal motor neurons to generate 

the C-start away from a potential threat (Eaton et al. 1977; Zottoli 1977). The M-

cells, however, act within a local network of interneurons  (Faber and Fetcho 

1988; Fetcho 1991).  

The M-cells have a conserved morphology and functionality across teleosts 

and larval amphibians (Greenwood 2010; Faber and Korn 1978).  These neurons 

are central to a model system for deciphering the cellular mechanisms underlying 

simple decision-making processes in the nervous system (Preuss et al. 2006; 

Schlegel and Schuster 2008; for review see Korn and Faber 2005). Moreover, M-

cell activity and membrane properties directly control the expression of the 

behavior (Preuss and Faber 2003; Weiss et al. 2006; Neumeister et al. 2008). M-

cell responses have been studied in detail in response to auditory, visual and 

lateral line stimulations (Canfield and Rose 1996; Canfield 2003; Preuss et al. 

2006). In the case of auditory nerve afferents, some axons form mixed electrical-

chemical synapses onto the distal portion of each M-cell’s laterally-projecting 

dendrite (Kohno and Noguchi 1986; Pereda et al. 2003). M-cell axons decussate 

and form en-passant synapses with recurrent and contralateral inhibitory 

interneurons as well as motor neurons along the contralateral body wall (Faber 

and Korn 1978).  

Four principal groups of interneurons influence the membrane potential of the 

Mcells (Koyama et al. 2011; Figure 1.1). Spiral fiber neurons are excitatory inputs 

on the ipsilateral Mcell axon hillock (Nakajima 1974) and receive a variety of 

inputs. Cranial relay neurons are inhibitory neurons stimulated by both Mcells 

which function to prevent multiple Mcell firings. Feedback interneurons are 

similar, but located close to the soma of the Mcells and receive inputs from the 

ipsilateral Mcell. Lastly, the feedforward interneurons are inhibitory interneurons 

between the auditory nerve and the Mcells. These neurons ‘short-circuit’ the 
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direct (excitatory) inputs from the auditory nerve such that only a single, sudden 

pulse from the auditory nerve will excite the Mcell enough to trigger an action 

potential. 

Figure 1.1:  Model of Mcell and associated interneurons. Three key populations of 
interneurons are shown: Spiral Fiber Interneurons, Feedback Interneurons and Feedforward 

Interneurons. 
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5HT & Aggression 

Several physiological and morphological studies have suggested that 5HT 

modulates the M-cell system. The biogenic amine serotonin (5-

hydroxytryptamine, 5HT) is a prominent neuromodulator of social behavior 

(Edwards and Kravitz 1997; Veenema 2009). In crustaceans, 5HT levels are 

associated with aggression and social dominance (Edwards and Kravitz 1997). 

Moreover, in crayfish 5HT has been shown to modulate the lateral giant escape 

reflex differentially in DOMs and SUBs, facilitating and inhibiting, respectively 

(Krasne et al. 1997; Yeh et al. 1997). These studies also suggested that 

differential expression of 5HTRs is controlled by social status (Edwards et al. 

2002). In vertebrates, however, higher levels of 5HT are generally believed to 

lower aggression. Consistent with this general pattern, Winberg et al. (1997) 

found that in the brainstem of A. burtoni males 5HT metabolism is higher in SUBs 

(less aggressive) compared with DOMs (more aggressive). Also, intracranially 

administered 5HT inhibits aggressive behavior in the Blue Acara cichlid, 

Aequidens pulcher (Munro 1986). Local 5HT administration enhances tonic and 

evoked inhibitory currents observed in the M-cell (Mintz and Korn 1991; Mintz et 

al. 1989). Moreover, immunohistochemical studies in goldfish and zebrafish 

(Gotow et al. 1990; Petrov et al. 1991; McLean and Fetcho 2004) demonstrated 

serotonergic inputs onto the soma and dendrites of the M-cell, underscoring the 

putative role of this neuromodulator for this system. 

Neural Mechanism of Ecologically Relevant Behavioral Plasticity 

I will show that the startle response of A. burtoni males varies between males 

of different status through an Mcell-based mechanism (Chapter 2). Furthermore, 

these Mcells express some 5HTRs, but there is at least one mechanism whereby 

the startle response is modulated by inhibitory interneurons that synapse on the 

Mcell instead of the Mcell directly (Chapter 3). This behavioral plasticity is tied to 

the visual conspicuousness of A. burtoni males and is only observed in yellow 
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males (Chapter 4). Finally, inhibitory interneurons involved in the startle response 

express htr2, which is one mechanism of modulating the startle response of A. 

burtoni males (Chapter 5). 
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  Chapter 2: 
Social and ecological regulation of a decision-making circuit1 

 

In many species, males signal social rank and breeding status through 

conspicuous coloration and behavioral displays (Dijkstra et al. 2007; Godin and 

Dugatkin 1996; Godin and McDonough 2003). The obvious benefit of these 

signals for resource acquisition and reproduction are often countered by 

ecological costs such as an increase in predation risk due to the decrease in 

crypsis (Endler 1978, 1991; Godin and McDonough 2003; Huhta et al. 2003; 

Lyytinen et al. 2003; Maan et al. 2008; Pruden and Uetz 2004). Animals show 

adaptations to this life history trade-off by adjusting behavioral responsiveness to 

predators to compensate for the increased risk (Dill 1990; Ydenberg and Dill 

1986; Godin and Dugatkin 1996; Martin and Lopez 1999). Therefore, predator 

avoidance strategies may be adaptive depending on social rank and/or breeding 

state. This would require sensorimotor circuits that integrate both external stimuli 

and the individual’s internal physiological state as determined by its social rank. 

Such interactions are common (see Gilmour et al. 2005), but the underlying 

neural processes and computations remain unclear. 

The African cichlid Astatotilapia burtoni is a powerful model system in social 

neuroscience (Fernald 2002; Hofmann 2003; Robinson et al. 2008; Wong and 

Hofmann 2010). In this species, males alternate between two socially-dependent 

phenotypes throughout their lives. When an individual is dominant (DOM) in a 

social group he maintains a territory, bright body coloration and displays a 

vigorous behavioral repertoire to defend his territory and attract females (Fernald 

1977; Fernald and Hirata 1977a, 1977b). In contrast, when subordinate (SUB), 

the male will shoal with conspecifics and females, display fewer and less 
                                                
1This chapter originally published as: Neumeister H, Whitaker KW, Hofmann HA, Preuss T. Social 
and ecological regulation of a decision-making circuit. J Neurophysiol. 2010 Dec;104(6):3180-8. 
Used with permission. 
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conspicuous behavioral patterns and adopt cryptic coloration that allows them to 

blend in with the surrounding (Fernald and Hirata 1977b). During social 

interactions, male cichlids produce sounds (Miguel Simões et al. 2008; Ripley et 

al., 2002) that females evaluate to assess the quality of potential mates 

(Verzijden et al. 2010). Based on the differences in coloration and behavior, 

DOMs are more vulnerable to predation than SUBs (Fernald and Hirata 1977a; 

Maan et al. 2008). On the other hand, executing startle-escapes is not only 

energetically costly, but also disruptive to on-going behavioral activity, e.g. during 

foraging (Jones and Godin 2010; Krause and Godin 1996; Ydenberg and Dill 

1986). Therefore, we ask whether startle responsiveness in this species differs 

between the two social phenotypes, and whether these differences can be 

identified at the neural level. 

Almost all animals show startle behavior - often, though not necessarily, 

followed by escape movements - in response to abrupt and unexpected stimuli of 

high intensity (Bennett 1984). In teleost fishes, the neural basis of startle-escape 

behavior has been studied in much detail (for recent reviews, see Eaton et al. 

2001; Korn and Faber 2005). The behavior is controlled by the distinct synaptic, 

cellular and network properties of identifiable reticulospinal neurons. The system 

is anchored by a pair of Mauthner neurons (M-cells) on which multimodal inputs 

converge (Furukawa and Ishii 1967; Zottoli et al. 1987; Eaton et al. 1991; 

Canfield 2003; Preuss et al. 2006; Szabo et al. 2006). A single action potential in 

one M-cell reliably activates contralateral spinal motor neurons causing a fast 

body-bend (C-start) away from a potential threat (Eaton et al. 1977; Preuss and 

Faber 2003; Weiss et al. 2006, 2009; Zottoli 1977). Startle probability is a 

quantifiable behavioral measure that reflects the excitability of the M-cell system 

remarkably well (Neumeister et al. 2008; Preuss and Faber 2003). Due to its 

unusual size and command-like role in the decision to execute a C-start 

(Kupferman and Weiss 1978), the M-cell mediated startle-escape system offers a 

unique opportunity to unravel the neural basis of status dependent plasticity. 
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In the present study, we demonstrate that in A. burtoni startle responsiveness 

differs between the dominant and subordinate phenotypes and that this plasticity 

is mediated by status dependent differences in inhibitory drive and associated 

changes in M-cell input resistance.  
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METHODS 
Animals 

Adult Astatotilapia (formerly Haplochromis) burtoni from a lab-reared stock 

were housed in acrylic tanks (30x30x60 cm) in communities of 5-12 males and 5-

12 females under conditions mimicking the natural environment in their native 

Lake Tanganyika (pH 8.5 ±0.2; 27 °C ±0.2; 12 h:12 h light:dark cycle). Gravel 

substrate and terracotta pots were provided to allow multiple males to establish 

territories within each community. For the individuals used in this study, we 

assessed dominance status twice weekly over a period of at least three weeks to 

identify stable DOMs and SUBs using established methods (Renn et al. 2008). 

All experimental protocols were performed in accordance with relevant guidelines 

and regulations of Hunter College of CUNY and The University of Texas at 

Austin. 

Behavior  

To assess the robustness of the hypothesized responses across 

experimenters and laboratories, we conducted the behavioral experiments at two 

different locations with just minor differences (Series 1 at Hunter College, NY, 

and Series 2 at the University of Texas at Austin). Specifically, these differences 

include slight variations in stimulation intensities, number of trials, and duration of 

inter-trial intervals.  

In Series 1 at Hunter College, we used a circular acrylic tank (76 cm 

diameter, 20 cm water height) connected to a water reservoir with a heating unit 

for maintaining 27±1 °C water temperature. The tank was mounted onto an anti-

vibration table to eliminate external mechanosensory cues. Surrounding opaque 

covers and a curtain eliminated external visual cues. Ventral views of the freely 

swimming fish were recorded via a mirror placed below the tank at a 45º angle, 

using a high-speed video camera (resolution 512x384 pixels; 1000 frames/s; 

Kodak Extapro 1000 HRC, Eastman Kodak, San Diego, CA, USA). The camera 

recorded a 28x21.5 cm area in the center of the tank at high magnification for 
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detailed kinematic and latency analysis of the behavior. Video recordings of 

responses were stored on a DV tape or DVD. 

Sound stimuli were produced by one of two underwater loudspeakers (UW-

30; University Sound, Buchanan, MI, USA) positioned on opposite sites of the 

experimental tank supported within a 6 cm thick layer of foam lining the entire 

inner wall. The sequence of speaker activation was random. The stimulus was a 

sound pip created as a 200 Hz single sine wave in Igor Pro (WaveMetrics, 

Portland, OR, USA) with 5 distinct intensities ranging from 130-170 dB in water 

with a reference (re.) pressure of 1 µPa (note: air borne sounds are typically 

reported with respect to a reference pressure level of 20 µPa, which translates to 

a stimulus range of ~ 68-108 dB SPL). A typical experiment consisted of 20 trials. 

In order to test fish in a similar state of activity, experiments continued only when 

they resumed swimming after stimulation, thus inter-trial intervals varied from 1-

58 with a mean of 8.3 min (±2.5 SD) for DOMs and a mean of 7.52 (±1.56 SD) 

for SUBs. 

Stimulus onset was marked on the high-speed video image by a light emitting 

diode mounted in the optical path outside of the tank; the fish did not see this 

marker. In addition, the waveform and amplitude of the auditory stimuli were 

recorded using SQ01 hydrophones (Sensor Technology, Collingwood, Ontario, 

Canada) located at the tank wall near and between the loudspeakers. 

In Series 2 at the University of Texas at Austin, we used a rectangular 110 L 

acrylic tank with two underwater speakers (UW-30; Electro Voice, Burnsville, MN, 

USA) on opposite ends. A black curtain around the tank eliminated visual cues. 

Six lights, 55W fluorescent lamps (B&H Photo, New York, NY, USA), mounted 

above the tank provided illumination for the high-speed camera (same as 

specified above in Series 1) during filming against an opaque bottom; this is 

more naturalistic, yet results in reduced contrast and thus decreased accuracy 

when determining the precise onset of the startle behavior. Permanent records of 

startle responses were recorded digitally with a KWorld Xpert DVD Maker USB 
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2.0 Video Capture Device (KWorld, Irvine, CA, USA). A 200 Hz sine wave pulse 

was created by a wave form generator (Wavetek, CA, USA) and sent through an 

amplifier (AudioSource, CA, USA). The amplifier allowed the experimenter to 

choose a speaker and control the sound intensity on each trial. Each fish was 

presented with three blocks of four different stimulus intensities (in randomized 

order), ranging from 140-175 dB re. 1 µPa in water, with variable intervals 

between trials ranging from 2-10 min. In both experimental series, we transferred 

individual test animals from their home tanks into a central circular arena (30 cm 

in diameter, 20 cm high) inside the experimental tank. Acclimation time prior to 

the presentation of sound stimuli was 30-60 min, and an experiment typically 

lasted 2-4 hours. 

Probability and latency of sound-evoked responses were analyzed as 

described previously (Preuss and Faber 2003). Individual startle probabilities 

were calculated from the number of C-starts occurring within a given number of 

trials. Response latency, defined as the first detectable movement of the head 

after stimulus onset, was determined from successive video frames with a time 

resolution of 1 ms. We note that in both experimental series high-speed video 

was used to distinguish M-cell initiated escapes to abrupt auditory stimuli (with a 

characteristic latency of 9-12 ms) from potential non-Mauthner cell initiated 

responses (Zottoli et al. 1999). However, in Series 1 we used a narrower range 

of stimulus intensities as compared to the data set of Series 2. Therefore, the 

stimulus response curve was made for Series 2 data only. On the other hand, in 

Series 2 optical limitation (see above) allowed for a slightly less accurate 

determination of movement onset and added ~1 ms ambiguity for latency 

measurements when compared to Series1. Thus, we used only data from Series 

1 for the latency comparison. 

Electrophysiology 

These experiments involved standard in vivo surgical and recording 

techniques employed previously (Preuss and Faber 2003). Fish were initially 
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anesthetized by immersion in MS-222 (120 mg/l). A topical anesthetic (20% 

benzocaine gel, Ultradent) was then applied at the incision site on the body and 

the dorsal cranium for 5 min before dissection. The fish was stabilized in the 

recording chamber by two pins, one on each side of the head, further 

immobilized with intramuscular injections of d-tubocurarine (1-3 µg/g body 

weight), and respirated through the mouth with a steady flow of aerated saline 

containing the general anesthetic MS-222 at a concentration of 20 mg/l. This 

concentration has been shown to have little if any effect on the spontaneous 

activity and mechanosensory responses of peripheral sensory nerves in fish 

(Palmer and Mensinger 2004). The recording chamber was mounted inside an 

opaque, thin-walled chamber filled with temperature-controlled (27 ºC) saline 

covering the fish up to just above its eyes. A small hole was made in the cranium 

to expose the medulla for somatic M-cell recordings. A small lateral incision at 

the caudal mid-body was made for exposure of the spinal cord. Bipolar 

electrodes were placed on the unopened spinal cord for antidromic activation of 

the M-axons with small pulses (5-8 V) using an isolated stimulator. Antidromic 

stimulation produces a negative potential in the M-cell axon cap (typically >15 

mV), which unambiguously identifies its axon hillock and allows intracellular 

recordings from the M-cell soma or along the lateral dendrite at defined distances 

from the axon hillock (Furukawa 1966; Faber and Korn 1978). 

Postsynaptic responses (PSPs) to sound stimuli and action potentials in 

response to antidromic stimulation were recorded in the M-cell with sharp glass 

electrodes (10-12 MΩ) filled with 5M K Ac using an Axoprobe-1A amplifier in 

current clamp mode. Sound stimuli consisted of 200 Hz sound pips produced by 

a subwoofer with underwater intensities ranging from 126-133 dB re. 1 µPa in 

water. Auditory stimuli were recorded with a microphone positioned above the 

fish during the experiments, and with a hydrophone (SQ01; Sensor Technology, 

Collingwood, Ontario, Canada) inside the recoding chamber tank for stimulus 

calibration trials. Stimulus traces were stored online together with the intracellular 
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recordings using a Macintosh G5 equipped with a data acquisition card (National 

Instruments, Austin, TX) and acquisition software developed in the laboratory 

(sampling rate, 30-50 kHz). Throughout the experiments (typically 2-3 h), we 

monitored the M-cell resting membrane potential (RMP) as a measure for the 

quality of the recording and the sustained health of the M-cells. Cells with an 

RMP less negative than -76 mV and experiments with greater than 10% changes 

in RMP were excluded. 

Although the recordings were made in submerged fish to resemble the 

behavioral stimulus conditions, potential experimental confounds have to be 

considered that may influence the underwater sound stimulus in the physiology 

setup. First, the fixation of the animals for the recordings distorts the particle 

displacement component of underwater sounds. Second, underwater speakers 

could not be used in the physiology experiments due to electric noise 

interference. Instead we used a shielded subwoofer in close distance to the 

physiology setup to create sound pips. Hydrophone recordings revealed that this 

reduced the achievable maximal underwater sound intensity by about 20 dB (re. 

1 µ Pa) when compared to the behavioral experiments. 

Data analysis and statistics 

Unless otherwise noted, data are reported as mean ± standard error (SEM) and 

analyzed using a single factor ANOVA and non-parametric tests as indicated in 

the text. For the behavioral data obtained in Series 1, we performed a chi-square 

analysis. When we replicated these results in Series 2 with a modified testing 

protocol, with each fish undergoing fewer trials, we applied a more conservative 

statistical boot-strap analysis of the sampling distributions. Significance levels 

were set at p=0.05. Sigmoid curve fits for the stimulus-response curves were 

generated in IGOR PRO (Wavemetrics, Inc., OR), using the following function,  

base + max/{1 + exp[(xhalf −x)/rate], where the coefficient base sets the y value 

at small x; base +max sets the y value at large x; xhalf sets the x value at which y 

is at (base + max)/2; and rate sets the rise rate. Finally, measurements of the 
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synaptic responses and the inhibitory shunt recorded in the M-cell were made in 

averaged traces (n=5) using custom software and IGOR PRO.  
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RESULTS 
Behavior 

A. burtoni males responded to an abrupt auditory click with a powerful short 

latency startle escape (C-start). As described previously for goldfish, these 

responses include two kinematic stages: a short-latency, powerful body bend 

forming a C-shape (stage 1) followed by a return flip associated with forward 

propulsion (stage 2; Eaton et al. 1977; 

Foreman and Eaton 1993).  

In the first series of experiments we 

compared startle responsiveness of the 

two phenotypes and found a significantly 

higher (chi2=6.34, df=1, p=0.025, sample 

size=439) probability in DOMs (55.9 

±3.9%, N=11) as compared to SUBs (44.3 

±5.0%, N=11; Fig. 2.1A). We replicated 

this finding in Series 2 (DOMs 58.3 

±2.9%, N=14; SUBs 41.7 ±2.0%, N=18; 

Fig. 2.1B). Bootstrap analysis of the 

sampling distributions showed no overlap 

at p=0.01. In order to compare behavioral 

threshold in both morphs, we constructed 

a stimulus-response curve with data from 

Series 2 that were fitted with a sigmoid 

function (Fig. 2.1C). The results show for 

DOMs a shift of the stimulus-response 

curve to the lower stimulus intensities 

when compared with SUBs, which 

indicates an overall higher 

responsiveness for all but the highest 

Figure 2.1: Influence of social rank on startle-
escape behavior. A and B: mean escape probabilities 
(±SE) in dominants (DOMs) and subordinates (SUBs) for 
auditory stimulus paradigms 1 (A) and 2 (B). Note: these 
results involved fish populations used for experiments in 
different laboratories, underlining the reproducibility of the 
results. Series 1: *P = <0.025; series 2: +P < 0.01. C: 
stimulus–response curves for DOMs (black) and SUBs 
(gray) from the data in B(means ± SE). Narrow and wide-
gaped dashed lines indicate the stimulus intensity that 
evokes a response 50% of the time, showing the greater 
sensitivity of DOMs. Sigmoid fit coefficients ± SD for 
DOMs (base = 0.08 ± 0.08; max = 0.87 ± 0.11; xhalf = 
154.61 ± 1.23; rate = 2.3037 ± 1.2) and SUBs (base 
−0.013 ± 0.06; max = 0.90 ± 0.11; xhalf = 158.29 ± 1.38; 
rate = 3.7739 ± 1.32). Note: smaller rate indicates a faster 
rise. 
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stimulus intensities. The extrapolated behavioral threshold, defined as the 

stimulus intensity evoking an escape probability of 0.5, was 154.61 ±1.23 dB for 

DOMs and 158.29 ±1.38 dB in SUBs (Fig. 2.1C, dashed lines).  

In Series 1, latencies between stimulus onset and initiation of C-start behavior 

(stage 1) did not significantly differ between DOMs and SUBs, averaging 11.4 

±0.3 ms and 11.9 ±0.3 ms, respectively (t-test, p=0.29). Latencies could not be 

measured as accurately in Series 2, but fell also into the 11 ms to 12 ms range 

for both DOMs and SUBs. These values are characteristic of the latencies 

measured in the M-cell-mediated auditory-induced startle behavior (Preuss and 

Faber 2003). 

Additional Analysis of Behavioral Data2 

The behavioral results observed at The University of Texas at Austin were 

used for further analysis of the differences between DOMs and SUBs (MATLAB 

script presented as supplemental material). Analyses were performed in order to 

determine that the data were consistent with two distinct populations (DOM and 

SUB) of responses that differ by subtle manipulation of the Mcells. Since the 

latency does not change, the number of synapses between sensation and 

behavior is fixed between DOMs and SUBs. However, it is possible that gap 

junctions have been altered on the Mcell side of the synapse to alter the EPSPs 

that result from excitation of the auditory nerve (Pereda et al 1992). Theoretically, 

this could be a mechanism whereby SUBs are less responsive than DOMs to 

very loud sounds  by reducing the connectivity between the auditory nerve and 

Mcell in SUBs. Another potential mechanism is that the Mcells are changing the 

balance of chemical and electrical synapses with the auditory nerve inputs. This 

would alter the integration of EPSPs in time and space between multiple 

synapses, which is essential for the Mcell to reach its threshold potential. Thus, 

there should be a shift in the slope of the linear component of DOMs and SUBs, 

although the direction of the shift is difficult to predict.  
                                                
2This section did not appear in the published text. 
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To test these alternate hypotheses, the data were fit with general linearized 

models (GLMs) of regression. These models generate sigmoidal curves similiar 

to the more familiar logistical equations (Fig. 2.1C), but are less impacted when 

the assumption of continuous variables is violated. Since the rate of response is 

limited to fractions of 12 (there are only twelve trials) and the behavior is a binary 

go/no-go, this is an important point. GLMs require a linkage equation and there 

are several classes. Figure 2.2 shows the results with a logit function (solid 

lines), which was selected because of the binary nature of the data. However, 

models using log-log, comp log-log and probit equations, (which all assume 

different population distributions) were all run and there were no significant 

differences between the r values generated with any of the linkage equations. All 

showed correlation coefficients better than 0.99. Therefore, I used the logit 

linkage function because it assumes a binomial distribution. Separate GLMs 

were made for DOMs and SUBs. The peak values were the same for both, 

suggesting that there is no difference in the maximal Mcell excitability. The 

slopes of the linear portion of the graphs were also similar (Fig. 2.3, DOM: 

slope=0.0613; SUB: slope=0.048), which suggests that the Mcell is not altering 

the ratio of synapse types. From these models, I also generated the escape 

probability of 0.5 for DOMs and SUBs in the data described above (Fig. 2.1C). 

Finally, I applied a linear transformation to the regression line resulting from the 

GLM of the SUB data and the opposite transformation to the GLM regression line 

from the DOM data to show that the overall shapes of the graphs are identical 

(Fig. 2.2, dashed lines).  
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Figure 2.2: Stimulus-Response Curves from GLMs for DOMs and SUBs. DOMs 
(black) are more responsive than SUBs (silver), but the minimum and maximum values 
of the curves are not different, nor is the slope of the linear component. Note that a linear 
transformation of each GLM (dashed lines) closely approximates the other GLM. 
 

. 

 
 
 

Figure 2.3: Comparisons of 
the linear components of 
the stimulus-response 
graphs. There are no 
differences, aside from linear 
transformation, of the linear 
components of the stimulus-
response graphs for DOMs 
and SUBs. 
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Furthermore, an ANOVA was performed as if the responses at each decibel 

were independent. Although this assumption is obviously violated as the same 

individuals were tested for several of the decibel levels, the process did generate 

significance (p=0.0482). 

Electrophysiology 

Because of its central role in triggering startle escape behavior in teleosts, we 

hypothesized that the M-cell system is the locus of the observed plasticity (Zottoli 

1977; Preuss and Faber 2003; Weiss et al. 2006). Accordingly, we compared the 

amplitude and waveform of sound evoked postsynaptic potentials (PSPs) 

recorded in the M-cell soma in response to sound pips (200 Hz) in DOMs (N=7) 

and SUBs (N=5). Fig. 2.4A shows averaged traces (5 sweeps) from a DOM 

(black) and SUB (gray) in response to a 133 dB re. 1 µPa sound pip. In both 

morphs, the evoked PSPs showed an initial steep component followed by a 

complex, long lasting membrane depolarization. The latter was characterized by 

successive transient PSP peaks that are superimposed onto an underlying slowly 

decaying depolarization. Similar composite PSPs can be distinguished in M-cells 

of goldfish where they reflect fast electrotonic coupling potentials and long-lasting 

glutamatergic synaptic currents, which are mediated by the mixed 8th nerve 

synapses that impinge onto the M-cell lateral dendrite (i.e., the fast and slow 

PSPs in Szabo et al. 2006). PSP mean onset times varied from 3.2-1.8 ms and 

decreased with increasing sound intensities however, PSP onsets did not 

significantly differ between DOMs and SUBs (Fig. 2.4B). The peak amplitude of 

the compound PSP typically occurred 4-6 ms after onset (Fig. 2.4A) and also 

varied with stimulus intensity (range: 126-133 dB) from 2.9-8.7 mV and 1.8-7.6 

mV in DOMs and SUBs, respectively. Indeed, for the two highest stimulus 

intensities the mean PSP peak amplitudes in DOMs were significantly larger as 

compared to SUBs (126 dB, F1,11=2.61, p=0.137; 130 dB, F1,12=6.56, p=0.026; 
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133 dB, F1,11=7.96, p=0.018; Fig. 2.4C). In addition, we found that in four out of 

six DOMs higher intensity sounds evoked M-cell action potentials (APs) in 5-8% 

of the trials. In contrast, the same stimuli evoked only sub-threshold responses in 

SUBs (N=5). 

 
Figure 2.4: Differential Mauthner cell (M-cell) responses in DOMs and SUBs. 
A: somatically recorded postsynaptic potentials (PSPs; (averages of 5 sweeps 
each) in a DOM (black) and a SUB (gray) in response to a 133 dB sound pip. 
Bottom trace: microphone recording of the sound stimulus. B: plots of PSP onset 
times (means ± SE) for 3 sound intensities. C: plots of mean PSP peak 
amplitudes (±SE) for 3 sound intensities. *P = 0.026; +P = 0.018. 

 

No significant differences were found for the M-cell resting membrane 

potential (RMP means: DOMs -79 ±1.6 mV; SUBs -81.2 ±1.1 mV; F1,11=1.07; 

p=0.323), nor for the amplitude of antidromically evoked somatic APs (means: 

DOMs 41.15 ±5.2 mV; SUBs 35.6 ±3.3 mV; F1,11=0.63; p=0.442). The relatively 

negative RMP and low AP amplitude values are typical for M-cells and indicate 

their high firing threshold and low input resistance (Faber and Korn 1978; Faber 

et al. 1991).  

Taken together, the physiological results demonstrate differences in the M-

cell synaptic response to sound stimuli that complement our behavioral results, 

i.e. the higher behavioral responsiveness of DOMs. The relatively low occurrence 

of APs in DOMs and their absence in SUBs when compared to the observed 

behavioral response rate is likely due to the lower maximal intensity of 
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underwater stimuli used in the physiology setup due to technical constraints (see 

Methods). 

One possible mechanism for the differences in the synaptic response would 

be a status dependent change of M-cell excitability. This notion is based on the 

fact that well-delineated feedback and feedforward inhibitory networks control M-

cell excitability and startle escape threshold via classical chemical (glycinergic), 

but also electrical field (ephaptic) inhibition (Furukawa and Furshpan 1963; Faber 

et al. 1991; Preuss and Faber 2003; Preuss et al. 2006; Weiss et al. 2008). 

Chemical inhibition is mediated by a Cl¯ dependent change in membrane 

conductance that effectively decreases the M-cell input resistance (Faber and 

Korn 1982). Since the M-cell resting membrane potential is close to the Cl¯ 

equilibrium potential, inhibition does not produce any measurable 

hyperpolarization. However, the relative change in input resistance produced by 

this inhibition can be quantified as the fractional reduction in peak amplitude 

(inhibitory shunt) of an evoked test AP after activating either the feedback (Fig. 

2.5A1) or the feedforward (Fig. 2.5B1) inhibitory network with an appropriate 

conditioning stimulus (Faber and Korn 1978). This approach is possible since the 

M-cell’s soma and dendrites are unexcitable (Furshpan and Furukawa 1962) 

thus, an increase in the fractional shunt (defined as 100-APtest /APcontrol*100) 

indicates a decrease in input resistance (Faber and Korn 1982).  

The feedback network can be activated by applying an antidromically evoked 

M-axon AP (conditioning AP in Fig. 2.5A1). Systematically changing the inter-

stimulus interval (ISI) between the conditioning AP and the test AP exposes the 

evoked inhibitory time course. Fig. 2.5A2 shows the mean fractional shunt over a 

range of ISIs (2-20ms) for DOMs (N=6) and SUBs (N=5). Overall, both morphs 

show a comparable inhibitory time course, namely a powerful initial component 

and a rapid decay to baseline within 20 ms. However at onset and for about 4 ms 

thereafter inhibition was more pronounced in SUBs as indicated by a significant 

difference in peak shunt amplitude (SUBs: 59.3 ±3.6%; DOMs: 46.3 ±3.2%; t-
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test, t=-2.69, df=8, p=0.026). Later parts (>9ms) of the inhibitory time course 

overlap! 

Feedforward inhibition is provided by a population of interneurons that receive 

electrotonic and chemical input from 8th nerve afferences and can be activated by 

sound stimuli. Again, this inhibition can be quantified by the fractional reduction 

of a test AP at distinct ISIs following the sound stimulus (Fig. 2.5B1). Figure 

2.5B2 shows the individual inhibitory time courses for two DOMs and two SUBs 

in response to a 130 dB sound pip. In all cases, inhibition starts gradually after 

sound onset, however the individual time courses were highly variable and long 

lasting which likely reflects the graded rather then synchronic activity of the 

inhibitory interneurons. Accordingly, we quantified these complex waveforms by 

means of their RMS value over the initial 50 ms for 6 DOMs and 5 SUBs and 

found significant higher mean values for the fractional inhibitory shunt in SUBs 

(15.56 ±2.9%) as compared to DOMs (8.48 ±5.3%; t-test: t=-2.61, df=6, p=0.37). 
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Figure 2.5: Socially controlled inhibitory drive in the M-cell. Feedback inhibition.  
A1: somatically recorded test action potentials (APs) in a DOM after an evoked AP as 
conditioning stimulus. A2: magnitude of the inhibitory shunt plotted against the 
interstimulus interval (ISI) between conditioning and test AP in DOMs and SUBs (means 
± SE; n = 5). Feedforward inhibition. B1: somatically recorded M-cell APs in a SUB at 
different ISIs with (solid lines) and without (dashed lines) a preceding sound click of 130 
dB (M-cell sound response not shown). B2: magnitude of the inhibitory shunt for 2 DOMs 
(black) and 2 SUBs (gray) plotted against ISI. 
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DISCUSSION 

In the present study, we used two different experimental data sets (Series 1 

and 2) to show that startle responsiveness of male A. burtoni depends on their 

positions in a social hierarchy. The startle behavior is governed by a medullar 

circuit centered on a pair of decision-making neurons (M-cells), which integrate 

massive excitatory and inhibitory inputs. M-cells have a high firing threshold and 

the generation of an AP in one of the neurons determines the likelihood, timing, 

and direction of the behavior (Eaton 1991; Preuss et al. 2006; Weiss et al. 2006, 

2009). In addition, M-cell excitability can be modified by experience and 

environmental conditions (Oda et al. 1998; Preuss and Faber 2003; Szabo et al. 

2008), and M-cell activity is also associated with voluntary behavior (Canfield and 

Rose 1996; Schlegel and Schuster 2008). Thus, this system presents a superb 

opportunity to study the neurobiological mechanisms of adaptive plasticity and 

decision-making in its natural context at several levels of biological organization.  

We found that latencies of startle escapes did not differ between social 

phenotypes. The observed short latencies are typical for M-cell-mediated 

auditory startles, reflecting the direct, disynaptic afferent pathway described for 

various teleost species (e.g. Zottoli 1977; Eaton et al. 1977; Fetcho and Faber 

1988; Furukawa and Ishii 1967; Preuss and Faber 2003; Weiss et al. 2006, 

2008). The cited studies established with intracellular and chronic recordings a 

1.5 ms synaptic delay in the auditory afferents, a 2-4 ms processing time in the 

M-cell, and a minimum interval of 6-8 ms between the generation of the M-cell 

action potential and the onset of movement. In other words, acoustically evoked 

C-starts involving the M-cell are characterized by latencies that approach a 

physiological minimum delay and ablation of the M-cells significantly increases 

the mean startle latency (Zottoli et al. 1999; Lui and Fetcho 1999). In principle, 

DOMs and SUBs could utilize different motor pathways with distinct latencies, 

e.g., one that involves reticulospinal neurons, other than the M-cell (Kohashi and 

Oda 2008; Ritter et al. 2001), similar to the scenario found for giant axon and 
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non-giant motor pathways of the socially regulated escape response in crayfish 

(Yeh et al. 1996; Edwards et al. 1999). Thus, the fact that latencies are similarly 

short in both morphs strongly implies that the startle responses to auditory stimuli 

are produced by the same sensorimotor pathway, namely the M-cell startle 

circuit. 

While latencies did not differ, we observed a higher behavioral 

responsiveness and a lower stimulus threshold in DOMs. These observations 

were complemented by our electrophysiological results that demonstrate a higher 

excitability of M-cells in DOMs (see below). Decreasing stimulus threshold 

effectively increases the critical distance at which to respond to an approaching 

predator (Dill 1990; Ydenberg and Dill 1986; Godin and Dugatkin 1996; Martin 

and Lopez 1999). Thus, the observed startle plasticity in DOMs and SUBs can be 

understood as an adaptation to differences in predation pressure. At this point, 

we can only speculate on the driving force underlying this adaption. However, as 

noted above, two candidates are the more conspicuous: coloration and the 

fighting behavior of DOMs, which likely attract the attention of predators (Maan et 

al. 2008). In fact, DOMs engaged in fights show delayed escape onsets when 

confronted with an approaching visual threat in the Golden Dwarf Cichlid, 

Nannacara anomala, (Brick 1998) and in A. burtoni (Hofmann HA, unpublished 

observations), likely due to their attention being diverted by social interactions. It 

is important to note that such gradually building visual stimuli (looms) evoke M-

cell startles with much longer and variable latencies as compared to those 

evoked by abrupt sounds (Canfield 2003; Preuss et al. 2006; Weiss et al. 2006) 

which likely reflects the added processing steps in the polysynaptic visual 

pathway (Preuss et al. 2006; Zottoli et al. 1987). 

Interestingly, A. burtoni females can become phenotypically dominant in a 

social environment lacking males without changing sex (Renn SCP and Hofmann 

HA, in preparation), which allows us to ask if conspicuous coloration in these 
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females is also tied to an adaptive change in escape responsiveness (see 

Appendix 1). 

Our electrophysiological results suggest that startle plasticity in DOMs and 

SUBs is produced by a socially regulated shift in M-cell excitability, indicated by 

the differential PSP peak amplitudes and different levels of evoked feedforward 

and feedback shunting inhibition. As noted, feedforward inhibition is mediated by 

a population of interneurons presynaptic to the M-cell that receive electrotonic 

and chemical synaptic input from auditory afferents (Faber et al. 1991; Preuss 

and Faber 2003; Weiss et al. 2008). This mostly dendritic inhibition is powerful 

since it effectively shunts incoming excitatory synaptic currents out from the cell 

through glycine and GABA gated Cl¯ channels (Faber and Korn 1988). Indeed, 

shunting inhibition is considered to have a ‘divisive’ effect on subthreshold 

membrane depolarizations (rather than the subtractive effect of 

hyperpolarization) and thus provides a potent modulatory mechanism for gain 

control (e.g., Prescott and De Koninck 2003). Thus, the less potent feedforward 

inhibition observed in DOMs will result in a relatively higher M-cell excitability 

immediately following a stimulus.  

A comparable dendritic feedforward inhibitory circuit has been described in 

the crayfish startle escape system where it provides for a temporal filter that 

allows only abrupt stimuli to activate the lateral giant neuron (Vu et al. 1997). 

Activation of the M-cell appears less restrictive since both, abrupt acoustic and 

gradually building visual looms evoke M-cell mediated startles (Preuss et al. 

2006; Weiss et al. 2006). The scenario of a diving bird breaking the water surface 

provides an ecological context for such stimuli. Against this background it is 

interesting to note that visual and acustico-lateralis inputs impinge onto separate 

dendrites with potentially different temporal processing properties (Preuss T, 

unpublished results). 

As in the feedforward inhibitory system, we also observed state-dependent 

differences in the feedback inhibitory network (Fig. 2.5B), which are consistent 
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with a more excitable M-cell in DOMs. This difference between the morphs can 

be explained by a shift of the input-output characteristics in the inhibitory 

interneurons that provide strong collateral inhibition in the M-cell soma. These 

interneurons are synchronously excited by a single M-cell axon AP, which 

prevents repetitive firing of the M-cells (Furukawa and Furshpan 1963), however 

these neurons also receive afferent inputs (Faber and Korn 1978). Overall, these 

results imply a lower inhibitory tone in the M-cells of DOMs that can explain the 

increased synaptic responses (PSPs), the higher behavioral responsiveness, and 

the behavioral shift observed in the stimulus-response curves in this morph (Fig. 

2.1C). 

Such changes in inhibitory tone can be explained by status-dependent 

changes in excitability of the inhibitory neurons themselves, and/or by alterations 

in the efficacy of the inhibitory connection impinging onto the M-cell membrane 

mediated by pre and/or post-synaptic mechanism (i.e., changes in transmitter 

release or postsynaptic receptor density). However, our experiments cannot 

exclude the possibility that the larger PSPs in DOMs may be also mediated by 

modulating the efficacy of excitatory synaptic transmission at the mixed 

electrotonic and chemical junctions between the large 8th nerve endings and the 

M-cell (Pereda et al. 1992, 1994). For example, in goldfish, local application of 

the neuropeptide somatostatin onto the M-cell lateral dendrite increases 

excitatory synaptic transmission (Pereda et al. 1997), and somatostatin has been 

shown to be co-localized with glutamatergic excitatory but also with GABAergic 

inhibitory synaptic contacts onto the M-cell (Sur et al. 1994). These findings are 

interesting because somatostatin also controls social behavior in A. burtoni 

(Hofmann and Fernald 2000; Trainor and Hofmann 2006, 2007) and thus 

constitutes one candidate for the proposed neuromodulatory link between social 

state and M-cell excitability. Social control of escape behavior and modification of 

the underlying neural circuitry (such as the lateral giant neuron system) have 

been extensively studied in crayfish, emphasizing the pivotal role of serotonin in 
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these processes (Yeh et al. 1996, 1997; Edwards and Kravitz 1997; Edwards et 

al. 1999, 2003; Spitzer et al. 2005; Antonsen and Edwards 2007). It is thus 

interesting to note that local injection of 5HT enhances tonic and evoked 

inhibitory currents in the M-cell (Mintz and Korn 1991; Mintz et al. 1989). 

Moreover, subordinate cichlids show higher levels of 5HT and 5HT metabolite 

ratios in the brainstem and telencephalon as compared to their dominant 

counterparts (Winberg et al. 1997), and intracranially injected 5HT inhibits 

aggressive responsiveness in these fish (Munro 1986). Thus 5HT is another 

possible candidate for a neuromodulatory link between social state and the M-

cell excitability system. 

Based on these considerations, we propose a model for how the life history 

trade-off between social and ecological factors experienced by male A. burtoni is 

implemented at the level of the simple circuitry that is centered on the M-cells 

(Fig. 2.6). DOM status is defined by striking color patterns and vigorous 

behavioral activity, which are essential to reproductive success. However, these 

conspicuous traits result in increased predation risk, compared with SUBs. To 

accommodate this trade-off at the level of the nervous system, reduction in the 

inhibitory drive onto the M-cell leads to an increased M-cell excitability in DOMs, 

Figure 2.6: A model summarizing 
the social regulation of startle-
escape responsiveness in A. 
burtoni, acting through the M-cell 
system and creating a fitness-
relevant trade-off (denoted by ~) 
between reproductive success and 
predation risk (which is balanced by 
escape success, indicated by =). 
The depicted scenario is for DOMs 
and the signs would reverse for 
SUBs. Serotonin (5HT) and 
somatostatin (SoSta) are promising 
candidates (indicated by question 
marks) for mediating this plasticity 
at the level of the CNS. 
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possibly mediated by 5HT and/or somatostatin. As a consequence, even under 

constant stimulus conditions, DOMs show an increased startle responsiveness 

that facilitates successful predator avoidance. Taken together, this model 

provides a number of testable hypotheses regarding the role of neuromodulators 

in mediating the fitness trade-off between reproduction and ecology. It also 

allows us to make predictions about M-cell plasticity across populations that 

might differ in predation pressure and/or conspicuousness of reproductive males.  
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SUPPLEMENTAL MATERIAL3 

MATLAB Script used for additional analysis of stimulus-response graphs 
disp('Here we go...') 

n=5;%5 fish per decibel-status 

dB=[140,145,150,155,160,165,170,175];%Sound intensity levels tested 

Traw=[1,0,1,2,3,3,3,2;0,0,2,0,2,1,3,3;0,0,1,2,3,3,3,3;1,0,0,3,3,3,3,3;0,0,0,1,3,2,3,3];%Individu

al responses out of max 3 for territorials 

NTraw=[0,0,0,0,2,1,3,2;0,0,0,1,2,2,3,3;0,0,0,1,1,2,3,2;0,0,0,1,1,3,3,2;0,0,0,1,1,3,3,3];%Individ

ual responses out of max 3 for non-territorials 

Tsum=sum(Traw); 

NTsum=sum(NTraw); 

Tmean=mean(Traw); 

TSE=std(Traw)/sqrt(n); 

NTmean=mean(NTraw); 

NTSE=std(NTraw)/sqrt(n); 

Maxsum=[3*n,3*n,3*n,3*n,3*n,3*n,3*n,3*n]; 

for p=1:8 

Tratio(1,p)=Tsum(1,p)/Maxsum(1,p); 

end 

for l=1:8 

NTratio(1,l)=NTsum(1,l)/Maxsum(1,l); 

end 

%Display data 

figure(1), plot(dB,Tratio,'Marker','o','MarkerSize',5,'Color',[1 0.4 0]) 

hold; 

plot(dB,NTratio,'Marker','*','Color',[0 0 1]) 

ylabel('Probability of response') 

xlabel('Decibel') 

% Create legend 

legend1 = legend('Territorial','Non-territorial'); 

set(legend1,'Location','SouthEast'); 

title('Response Probability by Social Status') 

hold('off') 

                                                
3 This supplement did not appear in the published text. 
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% Fitting the data to a binomial curve. 

[Tfit]=glmfit(dB,[Tsum' Maxsum'],'binomial','link','probit'); 

yfit = glmval(Tfit, dB,'probit','size', Maxsum); 

[NTfit]=glmfit(dB,[NTsum' Maxsum'],'binomial','link','probit'); 

ybfit = glmval(NTfit, dB,'probit','size', Maxsum); 

YMatrix=[(Tsum./Maxsum);yfit'./Maxsum;(NTsum./Maxsum);ybfit'./Maxsum]; 

figure 

plot1=plot(dB, YMatrix'); 

set(plot1(1),'Marker','o','LineStyle','none','Color',[1 0.4 0]); 

set(plot1(2),'Color',[1 0.4 0]); 

set(plot1(3),'Marker','*','LineStyle','none','Color',[0 0 1]); 

set(plot1(4),'Color',[0 0 1]); 

legend2 = legend('Territorial','Binomial Fit','Non-territorial','Binomial Fit'); 

set(legend2,'Location','SouthEast') 

xlabel('Decibel') 

ylabel('Response Probability') 

title('Fitting the data to binomial distributions (probit)') 

  

[Tfit,dev,stats]=glmfit(dB,[Tsum' Maxsum'],'binomial', 'link', 'probit'); 

binomialTstats=stats; 

[NTfit,dev,stats]=glmfit(dB,[NTsum' Maxsum'],'binomial', 'link', 'probit'); 

binomialNTstats=stats; 

  

%Tweaking parameters: Logit 

[Tfitl]=glmfit(dB,[Tsum' Maxsum'],'binomial','link','logit'); 

yfitl = glmval(Tfitl, dB,'logit','size', Maxsum); 

[NTfitl]=glmfit(dB,[NTsum' Maxsum'],'binomial','link','logit'); 

ybfitl = glmval(NTfitl, dB,'logit','size', Maxsum); 

YMatrixl=[(Tsum./Maxsum);yfitl'./Maxsum;(NTsum./Maxsum);ybfitl'./Maxsum]; 

figure 

plot1=plot(dB, YMatrixl'); 

set(plot1(1),'Marker','o','LineStyle','none','Color',[1 0.4 0]); 

set(plot1(2),'Color',[1 0.4 0]); 
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set(plot1(3),'Marker','*','LineStyle','none','Color',[0 0 1]); 

set(plot1(4),'Color',[0 0 1]); 

legend3 = legend('Territorial','Binomial Fit','Non-territorial','Binomial Fit'); 

set(legend3,'Location','SouthEast') 

xlabel('Decibel') 

ylabel('Response Probability') 

title('Fitting the data to binomial distributions (logit)') 

 

[Tfitl,dev,stats]=glmfit(dB,[Tsum' Maxsum'],'binomial', 'link', 'logit'); 

binomiallTstats=stats; 

[NTfitl,dev,stats]=glmfit(dB,[NTsum' Maxsum'],'binomial', 'link', 'logit'); 

binomiallNTstats=stats; 

figure, normplot(binomiallTstats.residp); 

title('Test for normality of territorial male responses (logit)') 

figure, normplot(binomiallNTstats.residp); 

title('Test for normality of non-territorial male responses (logit)') 

  

%Tweaking parameters: comploglog 

[Tfitcll]=glmfit(dB,[Tsum' Maxsum'],'binomial','link','comploglog'); 

yfitcll = glmval(Tfitcll, dB,'comploglog','size', Maxsum); 

[NTfitcll]=glmfit(dB,[NTsum' Maxsum'],'binomial','link','comploglog'); 

ybfitcll = glmval(NTfitcll, dB,'comploglog','size', Maxsum); 

YMatrixcll=[(Tsum./Maxsum);yfitcll'./Maxsum;(NTsum./Maxsum);ybfitcll'./Maxsum]; 

figure 

plot1=plot(dB, YMatrixcll'); 

set(plot1(1),'Marker','o','LineStyle','none','Color',[1 0.4 0]); 

set(plot1(2),'Color',[1 0.4 0]); 

set(plot1(3),'Marker','*','LineStyle','none','Color',[0 0 1]); 

set(plot1(4),'Color',[0 0 1]); 

legend4 = legend('Territorial','Binomial Fit','Non-territorial','Binomial Fit'); 

set(legend4,'Location','SouthEast') 

xlabel('Decibel') 

ylabel('Response Probability') 

title('Fitting the data to binomial distributions (comploglog)') 

  



 

37 

[Tfitcll,dev,stats]=glmfit(dB,[Tsum' Maxsum'],'binomial', 'link', 'comploglog'); 

binomialcllTstats=stats; 

[NTfitcll,dev,stats]=glmfit(dB,[NTsum' Maxsum'],'binomial', 'link', 'comploglog'); 

binomialcllNTstats=stats; 

  

%Tweaking parameters: loglog 

[Tfitll]=glmfit(dB,[Tsum' Maxsum'],'binomial','link','loglog'); 

yfitll = glmval(Tfitll, dB,'loglog','size', Maxsum); 

[NTfitll]=glmfit(dB,[NTsum' Maxsum'],'binomial','link','loglog'); 

ybfitll = glmval(NTfitll, dB,'loglog','size', Maxsum); 

YMatrixll=[(Tsum./Maxsum);yfitll'./Maxsum;(NTsum./Maxsum);ybfitll'./Maxsum]; 

figure 

plot1=plot(dB, YMatrixll'); 

set(plot1(1),'Marker','o','LineStyle','none','Color',[1 0.4 0]); 

set(plot1(2),'Color',[1 0.4 0]); 

set(plot1(3),'Marker','*','LineStyle','none','Color',[0 0 1]); 

set(plot1(4),'Color',[0 0 1]); 

legend5 = legend('Territorial','Binomial Fit','Non-territorial','Binomial Fit'); 

set(legend5,'Location','SouthEast') 

xlabel('Decibel') 

ylabel('Response Probability') 

title('Fitting the data to binomial distributions (loglog)') 

  

[Tfitll,dev,stats]=glmfit(dB,[Tsum' Maxsum'],'binomial', 'link', 'loglog'); 

binomialllTstats=stats; 

[NTfitll,dev,stats]=glmfit(dB,[NTsum' Maxsum'],'binomial', 'link', 'loglog'); 

binomialllNTstats=stats; 

  

%Summary 

[summary]=cat(2, binomialNTstats.coeffcorr, binomiallNTstats.coeffcorr, 

binomialcllNTstats.coeffcorr, binomialllNTstats.coeffcorr, binomialTstats.coeffcorr, 

binomiallTstats.coeffcorr, binomialcllTstats.coeffcorr, binomialllTstats.coeffcorr); 

[CoeffCorr]=[summary(1,2);summary(1,4);summary(1,6);summary(1,8);summary(1,10);summ

ary(1,12);summary(1,14);summary(1,16)]; 
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CorrelationCoefficients = {'Probit NT', CoeffCorr(1,1); 'Logit NT', CoeffCorr(2,1); 'complog 

NT', CoeffCorr(3,1); 'loglog NT', CoeffCorr(4,1); 'Probit T', CoeffCorr(5,1); 'Logit T', 

CoeffCorr(6,1); 'Comploglog T', CoeffCorr(7,1); 'loglog T', CoeffCorr(8,1)} 

%clean up variables 

clear p l legend1 legend2 legend3 legend4 legend5 plot1 yfit1 yfitll yfitcll yfit ybfit ybfitl ybfitll 

ybfitcll YMatrix YMatrixl YMatrixll YMatrixcll 

  

%ANOVA 

[Tfives]=[0,2,3,2;0,0,1,3;0,2,3,3;0,3,3,3;0,1,2,3]; 

[Tzeros]=[1,1,3,3;0,2,2,3;0,1,3,3;1,0,3,3;0,0,3,3]; 

[NTfives]=[0,0,1,2;0,1,2,3;0,1,2,2;0,1,3,2;0,1,3,3]; 

[NTzeros]=[0,0,2,3;0,0,2,3;0,0,1,3;0,0,1,3;0,0,1,3]; 

disp('ANOVA - Status/Decibels') 

[p,tbl]=anova2([Tfives;Tzeros;NTfives;NTzeros]); p 

%NOTE: variances may not be equal. Assumption questionable. 

  

disp('Ttest, Fives: by decibel, 1=reject null') 

[p,stats]=ttest(Tfives,NTfives); p 

disp('Ttest, zeros: by decibel, 1=reject null') 

[p,stats]=ttest(Tzeros,NTzeros); p 
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Chapter 3:  
Serotonin Modulates Startle-Escape Plasticity in an African Cichlid Fish: 

 A Single-Cell Molecular and Physiological Analysis of a Vital Neural 
Circuit4 

 

Brain and behavior are sculpted by an intricate and dynamic interplay 

between genotype, prior experience, and an individual’s current social and 

physiological state (Hofmann 2003; Robinson et al. 2010; O’Connell and 

Hofmann 2011a). Understanding how social life in particular affects brain function 

at all levels of biological organization is a fundamental question in modern 

biology (McClung and Nestler 2008). Social experiences manifest themselves as 

changes in gene expression, neurochemical balance, neural circuit function and 

structural reorganization in various brain regions (Edwards and Kravitz 1997; 

Fernald 2002; Hofmann 2003; Feder et al. 2009). In vertebrates, much of this 

work has focused on fore- and midbrain circuits, such as the mesolimbic reward 

system and the Social Behavior Network, because these systems regulate 

incentive salience and social behavior, respectively (Newman 1999; Deco and 

Rolls 2005; Goodson 2005; O’Connell and Hofmann 2011a,b). Also, their 

function can vary profoundly either as a consequence of social experience or in 

relation to sex-typical behavior (e.g., Crews 2003; Krishnan and Nestler 2008). 

                                                
4Originally published as: Whitaker KW, Neumeister H, Huffman LS, Kidd CE, Preuss T, Hofmann 
HA.Serotonergic modulation of startle-escape plasticity in an African cichlid fish: a single-cell 
molecular and physiological analysis of a vital neural circuit. J Neurophysiol. 2011 Jul;106(1):127-
37. Used with permission. 
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The genetic and physiological analysis of the consequences of social 

experience at the level of identified neurons has been invaluable (Yeh et al. 

1996; Edwards and Kravitz 1997; Dickson 2008). In vertebrates, natural social 

behavior and the underlying neural substrates are typically not amenable to 

detailed in vivo neurophysiological studies. Thus, to reveal the neural 

mechanisms that link molecular and endocrine processes to social life, it is 

essential to study distinct and robust behavior patterns associated with the 

overall phenotypic state of an individual. Invertebrates have proven to be 

excellent model systems for such an integrative approach (Edwards and Kravitz 

1997). In crayfish, for example, social control of escape behavior and subsequent 

modification of the underlying neural circuitry (such as the lateral giant neuron 

system) through serotonergic pathways has provided a powerful conceptual 

framework and important insights into the neurophysiological effects of social 

experience (Yeh et al. 1996 1997; Edwards et al. 1999, 2003; Spitzer et al. 2005; 

Antonsen et al. 2007). However, few, if any, vertebrate model systems lend 

themselves to such an approach. 

The African cichlid fish Astatotilapia burtoni has become an important model 

system in social neuroscience (Hofmann 2003; Robinson et al. 2008; Wong and 

Hofmann 2010). Males of this species display remarkable behavioral and neural 

plasticity throughout life (Hofmann 2003; Robinson et al. 2008; Wong and 

Hofmann 2010), as they repeatedly change status in a social dominance 

hierarchy (Hofmann and Fernald 2000). When an individual is dominant (DOM) in 
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a social group, he maintains bright body coloration and displays a diverse 

behavioral repertoire to defend a territory and attract females for mating. In 

contrast, subordinate (SUB) males display few distinct behavior patterns, adopt 

cryptic coloration, and school with conspecifics. These traits make individual 

SUBs difficult to distinguish from the school (Turner and Pitcher 1986) and from 

the surrounding environment, but severely limit their reproductive opportunities 

(Fernald and Hirata 1977b). Since DOMs are more conspicuously colored and 

isolated from the school, they are likely more vulnerable to predation than SUBs 

(Fernald and Hirata 1977b; Maan et al. 2008). We have previously shown that 

the tradeoff between reproductive opportunities and predation risk leads to a 

robust difference between DOMs and SUBs in startle-escape performance 

(Neumeister et al. 2010): Behavioral responses to sound clicks of various 

intensities revealed significantly higher startle escape responsiveness in DOMs 

as compared to SUBs. 

This behavioral plasticity can be explained at least in part by social status-

dependent variation in the excitability of the Mauthner cells (M-cells) that triggers 

the startle-escape behavior (Neumeister et al. 2010). The M-cell is a sensory 

integrator that initiates an escape response in most teleost fishes and larval 

amphibians and constitutes a powerful model system for deciphering the cellular 

mechanisms underlying simple decision-making processes in the nervous 

system (Preuss et al. 2006; Schlegel and Schuster 2008; for review see Korn 

and Faber 2005). Moreover, M-cell activity and membrane properties directly 
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control the expression of the behavior (Preuss and Faber 2003; Weiss et al. 

2006; Neumeister et al. 2008). M-cell responses to auditory stimuli have been 

studied in detail even though this circuit can also be activated by visual and 

lateral line inputs (Canfield and Rose 1996; Canfield 2003; Preuss et al. 2006). In 

the case of 8th nerve afferents, some axons form mixed electrical-chemical 

synapses onto the distal portion of each M-cell’s laterally-projecting dendrite 

(Kohno and Noguchi 1986; Pereda et al. 2003) and onto inhibitory interneurons 

(so-called passive hyperpolarizing potential, PHP, cells), which in turn synapse 

onto the M-cell soma and dendrites (Furukawa and Furshpan 1963; Satou et al. 

2009; Weiss et al. 2008). M-cell axons decussate and form en-passant synapses 

with recurrent and contralateral inhibitory interneurons as well as motor neurons 

along the contralateral body wall (Faber and Korn 1978). Thus, a loud, 

unexpected sound may trigger a contraction along one body wall of the fish, 

pulling the head and tail together into a 'C' shape ("phase 1" of the startle-escape 

response according to Eaton et al. 1991) with a latency as short as 8 ms. 

Previous studies have shown adaptive changes in M-cell excitability in 

response to altered environmental conditions (Preuss and Faber 2003; Szabo et 

al. 2008) and during sensory gating (Neumeister et al. 2008). In addition, we 

recently demonstrated that in A. burtoni M-cells of DOMs exhibit larger excitatory 

responses to sound clicks in a manner consistent with the increase in behavioral 

responses (Neumeister et al. 2010). We also found that the inhibitory drive 

mediated by PHP cells presynaptic to the M-cell is significantly reduced in DOMs. 
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This study showed for the first time that escape probability can vary with social 

status, and that these differences are due to changes in M-cell excitability. More 

generally, these insights provided an integrative explanation of an ecological and 

social trade-off at the level of an identifiable decision-making circuit. The 

neurochemical basis of this plasticity, however, remains to be determined. 

The biogenic amine serotonin (5-hydroxytryptamine, 5HT) is a prominent 

neuromodulator of social behavior (Edwards and Kravitz 1997; Veenema 2009). 

In crustaceans, higher 5HT levels are typically associated with increased 

aggression and social dominance (Edwards and Kravitz 1997). Moreover, in 

crayfish 5HT has been shown to modulate the lateral giant escape reflex 

differentially in DOMs and SUBs, facilitating and inhibiting, respectively (Krasne 

et al. 1997; Yeh et al. 1997). These studies also suggested that differential 

expression of 5HTRs is controlled by social status (Edwards et al. 2002). In 

vertebrates, however, higher levels of 5HT are generally believed to lower 

aggression. Importantly, Winberg et al. (1997) found that in the brainstem of A. 

burtoni males 5HT metabolism is higher in SUBs compared with DOMs. Also, 

intracranially administered 5HT inhibits aggressive behavior in the Blue Acara 

cichlid, Aequidens pulcher (Munro 1986). Several physiological and 

morphological studies have suggested that 5HT modulates the M-cell system. 

Local 5HT administration enhances tonic and evoked inhibitory currents 

observed in the M-cell (Mintz and Korn 1991; Mintz et al. 1989). Moreover, 

immunohistochemical studies in goldfish and zebrafish (Gotow et al. 1990; 
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Petrov et al. 1991; McLean and Fetcho 2004) demonstrated serotonergic inputs 

onto the soma and dendrites of the M-cell, underscoring the putative role of this 

neuromodulator for this system.  

Despite extensive pharmacological studies examining M-cell neurotransmitter 

systems (see above), very little work has focused on the molecular level. The 

only exception has been the study by Imboden et al. (2001), who cloned and 

sequenced three glycine receptor subunits from zebrafish and provided evidence 

that glycine is a major inhibitory neurotransmitter acting on the M-cells. Despite 

the important neuromodulatory role 5HT plays in M-cell function, there have been 

no molecular studies. 

In the present study, we pharmacologically perturb the function of the 5HTR2 

in DOM and SUB A. burtoni males and show that 5HT plays an important role in 

determining the socially regulated plasticity in startle-escape performance we 

have described previously for this species (Neumeister et al. 2010). Using 

transcriptomics, we then demonstrate that high quality mRNA can be harvested 

from single M-cells, paving the way for single-neuron molecular analyses of the 

M-cell system. Finally, we show that only a subset of 5HTR subtypes is 

expressed in the M-cell. Together, these results provide a compelling foundation 

for the integrative analysis of a socially regulated neural circuit in a highly social 

vertebrate. 
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METHODS 

Animals 

Adult Astatotilapia burtoni from a lab-reared stock were housed in acrylic 

tanks (30x30x60 cm) in communities of 8-12 males and 8-12 females under 

conditions mimicking the natural environment in their native Lake Tanganyika 

(pH 8.5 ±0.2; 27°C ±0.2; 12 h:12 h light:dark cycle). Gravel substrate and 

terracotta pots were provided to allow multiple males to establish territories within 

each community. For the individuals used in this study, we assessed dominance 

status at least twice weekly for more than two weeks to identify stable DOMs and 

SUBs using established methods (Renn et al. 2008). All experimental protocols 

were performed in accordance with relevant guidelines and regulations of Hunter 

College of CUNY and The University of Texas at Austin. 

Assessing Startle Behavior 

To evaluate auditory startle responses in male A. burtoni we used a paradigm 

identical to the one described in Neumeister et al. (2010). Briefly, isolated fish 

were transferred to a restricted arena  (ca. 17 cm in diameter, 22 cm deep) within 

a larger (110 L) tank between two underwater speakers (UW30, Electro Voice, 

Burnsville, MN USA) and filmed from above with a high speed camera (resolution 

512x384 pixels; 1000 frames/s; Kodak Extapro 1000 HRC, Eastman Kodak, San 

Diego, CA, USA). Three stimulus intensities (155, 157 and 160 decibels [dB]) 

were presented in randomized order within each of four blocks of stimuli with 

variable inter-trial intervals (range: 2-10 minutes). To account for variation in 
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stimulus intensity as a function of distance from the loudspeaker and other 

factors, we systematically measured stimulus intensities (at given loudspeaker 

settings) throughout the test arena. This information enabled us to present a 

defined stimulus intensity to a fish independent of its respective location. Fish 

were allowed to acclimate for 50 minutes before the first 200 Hz sound stimulus 

is presented. Individual startle probabilities were calculated from the number of 

C-starts occurring within a given number of trials compared to the total number of 

trials. 

M-cell Electrophysiology 

The electrophysiological experiments involved the same surgical, stimulation, 

and recording techniques as described in Neumeister et al. (2010). Fish were 

initially anesthetized for 3-5 min by bath immersion in MS-222 (120 mg/l), fixed in 

the recoding chamber with two pins, and  respirated through the mouth with a 

steady flow of aerated saline containing the general anesthetic MS-222 at a 

concentration of 20 mg/l. Before dissection, a topical anesthetic (20% 

benzocaine gel, Ultradent) was applied to the incision sites and fish were 

immobilized with intramuscular injections of d-tubocurarine (1-3 µg/g body 

weight). A small hole in the cranium exposed the medulla for somatic M-cell 

recordings. A small lateral incision at the caudal mid-body exposed the spinal 

cord to bipolar electrodes for antidromic activation of the M-axons with small 

pulses (5-8 V) using an isolated stimulator. Antidromic stimulation produces a 

negative potential in the M-cell axon cap (typically >15 mV), which 
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unambiguously identifies its axon hillock and allows intracellular recordings from 

the M-cell soma or along the lateral dendrite at defined distances from the axon 

hillock (Faber and Korn 1978). 

Postsynaptic responses (PSPs) to sound stimuli before and after drug 

application (see below) were recorded in the M-cell with sharp glass electrodes 

(10-12 MΩ) filled with 5M potassium acetate (CH3CO2K) using an Axoprobe-1A 

amplifier in current clamp mode. Sound stimuli consisted of 200 Hz sound pips 

produced by a subwoofer with underwater intensities ranging from 126-133 dB 

re. 1 µPa in water. Auditory stimuli were recorded with a microphone positioned 

above the fish during the experiments, and with a hydrophone (SQ01; Sensor 

Technology, Collingwood, Ontario, Canada) inside the recoding chamber tank for 

stimulus calibration trials. Throughout the experiments (typically 2-3 h), we 

monitored the M-cell resting membrane potential (RMP). Cells with an RMP less 

negative than -76 mV and experiments with greater than 10% changes in RMP 

were excluded. Experimental constraints (see Neumeister et al. 2010 for details) 

limited the achievable maximal underwater sound intensity in the recoding 

chamber to 133 dB re. 1 µPa in water (which corresponds to about 60 dB SPL in 

air re. 20 µPa). 

Statistical Analysis  

Receptor antagonist-evoked changes in PSP amplitude in SUBs and DOMs 

were analyzed using a repeated measure ANOVA in JMP 8 (Statistical Discovery 

Software, SAS Institute, Cary, NC). Subsequently, we used a generalized linear 



 

48 

mixed model (GLMM) analysis to assess differences between the three stimulus 

intensities, with subject identity included as a random effect. A post hoc Student’s 

t test was applied to the least squares means of the evoked PSP responses for 

the three stimulus intensities. 

5HTR2 Pharmacology 

The selective 5HTR2 antagonist ketanserin (Sigma, S006) was used in 

behavior and electrophysiological experiments. Although a large number of 

pharmaceutical agents have known efficacy for mammalian serotonin receptor 

subtypes, only ketanserin has been examined in teleosts (Brachyhypopomus 

pinnicaudatus: Allee et al. 2008; Danio rerio: Brustein et al. 2003). To test the 

role of 5HTR2 in freely behaving males of different social status, ketanserin was 

used similar to Allee, et al. (2008). Briefly, the drug was dissolved in physiological 

saline (NaCl 114 mmol l-1, KCl 2 mmol l-1, CaCl2.2H2O 4 mmol l-1, MgCl2.6H2O 2 

mmol l-1, Hepes 2 mmol l-1) and 5% ethanol, and pH adjusted to 7.2 with NaOH. 

DOM (n=8) and SUB (n=8) males were injected intraperitoneally (IP) with 10 µg/g 

body mass of the drug in volumes of 50-150 µL. This concentration was selected 

based on a preliminary dose-response experiment and did not result in any non-

specific effects on behavior. Experimental trials began 10 minutes post-injection 

and lasted as long as 70 minutes post-injection. The same concentration of 

ketanserin was injected intramuscularly (IM) during the electrophysiological 

experiments, dissolved either in the saline/ethanol vehicle described above (N=5) 

or in 20% DMSO (N=3). We then examined electrophysiological M-cell properties 
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of 4 DOMs and 4 SUBs within 0.5-2 hours of drug exposure. No differences were 

observed in relation to the vehicle used. It should be noted that different routes of 

administration (e.g., slow vs. fast) might alter the effect of the drug on neuronal 

functioning (Teshiba et al. 2001), although it seems unlikely that the rate of 

bioavailability would differ significantly between IM and IP injections (as opposed 

to, e.g., intracerebroventricular vs. oral administration). In addition, because only 

a single dose was applied using IM/IP administration, ketanserin likely reached 

the brain in a single bolus as opposed to multiple peaks.  

Immunohistochemistry 

We used immunohistochemistry to visualize 5HT in the A. burtoni hindbrain 

according to the procedure described by Gotow et al. (1990). Fish were 

euthanized under anesthesia (200 mg/l MS-222 for 10 min), and the brain was 

quickly removed and placed into freshly prepared 4% paraformaldehyde in 0.1 M 

phosphate buffer (pH 7.5) at 4°C overnight. After rinsing with 0.1 M phosphate 

buffer the brain was cryo-protected in 30% sucrose at 4°C overnight and 

embedded in OCT compound (Sakura Finetek Inc., Torrance, CA). We then 

prepared 30 µm transverse sections of the embedded brainstem on a cryostat. 

Sections were transferred onto pre-coated Superfrost Plus slides (Fisher 

Scientific, Pittsburgh, PA) Erie Scientific Co., Portsmouth, NH), air-dried, 

rehydrated with 0.1 M phosphate buffer, quenched with 1% hydrogen peroxide 

(H1009, Sigma-Aldrich USA) for 10 minutes and rinsed again. Non-specific 

binding sites were blocked with 1% bovine serum albumin (A7906, Sigma-
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Aldrich, USA), 1.5% heat-inactivated normal goat serum (Vector Laboratories, 

Inc. Burlingame, CA) and 0.02% saponin (S7900, Sigma-Aldrich USA) for 1 hour 

at room temperature. After rinsing, slides were incubated overnight with primary 

rabbit anti-5HT polyclonal antibody (1:2000; Sigma S5545). After several rinses, 

they were then incubated with goat anti-rabbit IgG secondary antibody (1:200) for 

1 hour at room temperature. Immunolabeling was assessed by adding drops of 

avidin-biotin-peroxidase complex (Vectastain ABC peroxidase kit, Vector 

Laboratories, Burlingame, CA) onto each slide. After rinsing, diaminobenzidine 

tetrahydrochloride (DAB; Vector Laboratories, Burlingame, CA) solution was 

applied for visualization. Rinsed sections were then air-dried over night and 

dehydrated through an alcohol series (2 x 70%, 2 x 95%, 2 x 100%). Slides were 

counterstained with cresyl violet. Finally, slides were mounted using Permount 

(SP15, Fisher Scientific, Pittsburgh, PA) and viewed with an Aristoplan 

microscope (Leitz). To confirm that background staining did not affect our 

interpretation of the signal, we conducted controls without primary antibody. 

Several brains were only stained with cresyl violet for morphological analysis. 

RNA Isolation, Amplification, and Quality Control 

RNA was isolated from whole brain of three A. burtoni individuals (1 DOM, 1 

SUB, 1 female) and from single M-cells of three fish. For the whole brain sample, 

the tissue was homogenized in 500µl Trizol (Invitrogen) and processed according 

to the manufacturer’s instructions. Pellets were re-dissolved in RNA Storage 

Solution (Ambion). For single cell RNA isolation, we harvested the cytoplasm of 
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one M-cell each from one DOM, one SUB, and one female at the end of the 

respective electrophysiological recording session. We aspirated the cytoplasm 

using a low resistance (2-4 MΩ) glass electrode pulled from 3mm glass with a 

vertical puller (PE-22, Narishige) filled with a 2.5 M KCl solution made up with 

RNAase free water. After penetration of the M-cell, we applied a small negative 

pressure for ca. 15-20 min using a 60ml syringe and aspirated the cytoplasmic 

contents into the tip of the electrode. During aspiration we monitored the M-cell 

resting membrane potential and, every 4 sec, the amplitude of an antidromically 

evoked M-cell spike (i.e., input resistance) to verify a good seal. The electrode 

was then quickly removed, the tip broken off, immediately frozen in powdered dry 

ice, and stored at -80°C until RNA isolation and amplification. To avoid 

contamination from extracellular sources, the electrodes were coated prior to the 

experiment with a film of Sigmacote (Sigma; neutral, hydrophobic film on the 

electrode surface) which repels water, retards clotting and prevents adsorption of 

macromolecules. We extracted the RNA using previously established protocols 

(Baugh et al. 2001; Duftner et al., 2008).  

We subjected the RNA samples obtained from the three whole brains and the 

three M-cells (two replicates each) to two rounds of linear amplification. Linear 

RNA amplification strategies based on in vitro transcription with T7 RNA-

polymerase are generally prone to lose sequence information at the 5’end. This 

is mainly due to (i) the alignment of the T7-promoter/oligo(dT) primer and the 

transcription start at the 3’ poly(A)-tail of the original mRNA, and (ii) the use of 
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random hexamers during the second cDNA synthesis step, causing reduction of 

fragment length. To facilitate the generation of almost full-length molecules we 

used the picoRNA amplification system by Ocimum Biosolutions, which is based 

on Baugh et al. (2001) with the following modifications. For first round 

amplification: In place of the First Strand cDNA Synthesis Mix 1, was 0.75ul 10x 

Primer A, 0.5ul dNTPs, 0.75ul DEPC H2O. In place of First Strand cDNA 

Synthesis Mix 2, was 2µl 5x RT Buffer, 0.5µl RNAase Inhibitor, 0.5µl RT Enzyme, 

3µl DEPC H2O. In place of RNAase Mix 3, was 0.5µl RNAase. In place of 

Second Strand cDNA Synthesis Mix 4 was 0.5µl 10x Primer B, 0.5µl dNTPs, 3ul 

5x Extender Buffer, 10µl DEPC H2O. In place of Extender Enzyme A Mix 5 was 

0.5µl Extender Enzyme A. In place of Primer Erase Mix 6 was 0.5µl Primer 

Erase. In place of Primer C was 1.0µl 10x Primer C. In place of Extender Enzyme 

B Mix 7 was 0.5µl Extender Enzyme B. Yields of amplified RNA were between 37 

µg and 47 µg per sample as measured by spectrophotometry (NanoDrop ND-

1000). Assuming that 1-5% of total RNA correspond to poly (A)+ RNA, and the 

1st round of amplification yielded an approximately 1000- to 4000-fold increase, 

while the 2nd round yielded an approximately 200 fold increase of poly (A)+ 

equivalents (based on the values provided by the manufacturer of the 

amplification kit), we estimate that each harvested M-cell contained ~10-30 pg 

total RNA. 

We have previously shown that the vast majority of RNA species amplify 

faithfully (Duftner et al. 2007). However, it was not clear to which extent the 
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cytoplasmic aspiration might compromise RNA quality. We therefore determined 

quality and size distribution of amplified RNA and absence of genomic DNA on a 

BioAnalyzer 2100 (Agilent) using the Agilent Total RNA NanoChip assay. RNA 

fragments peaked at approximately 500 bp and ranged up to 2000 bp, indicating 

excellent preservation of even long RNA species. 

Transcriptome Analysis of M-cells 

To assess the amount of variation in M-cell gene expression on a genomic 

scale, we compared the transcriptomes of the three M-cells to three whole brain 

samples (where experimental variation can be expected to be minimal). The six 

RNA samples to be analyzed were paired in a simple loop design (Churchill 

2002) such that each sample was directly compared to two samples of the other 

group (Mauthner cell or whole brain), resulting in six microarray hybridizations. 

Two technical replicates per sample allowed us to label each sample with both 

Cy3 and Cy5 dye to control for dye bias. The samples were competitively 

hybridized to a 19K A. burtoni microarray (GEO platform GPL6416) constructed 

from a brain-specific library and a mixed tissue library representing a total of 

~14,660 potential genes (Renn et al. 2004, Salzburger et al. 2008). Protocols for 

cDNA preparation and hybridization were according to Duftner et al. (2008) with 

several notable changes: a Qiagen MinElute PCR Purification Kit was used for 

both cDNA purifications; 1 µl of 5 µg/µl yeast tRNA (Invitrogen) was included in 

the probe labeling reactions. Hybridization was performed under a coverslip 

submerged in a humidified chamber (Telechem) at 65 °C for 15 to 16 h in the 
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dark. Slides were rinsed at room temperature, first in 0.6× SSC, 0.025% SDS, 

0.001 M DTT and then in 0.05× SSC, 0.001 M DTT, before they were centrifuged 

until dry. The slides were kept in the dark until they were scanned using an Axon 

4000B scanner (Molecular Devices) with the software package Genepix 6.0 

(Molecular Devices). 

The data were prepared for analysis in a manner similar to that of Renn, et al. 

(2008) with an additional normalization (“within-array batch normalization”) to 

correct for the presence of two different cDNA libraries on our array (Duftner et 

al. 2008). The normalized intensities were used to calculate ratios of Cy3/Cy5 

intensity for each feature, for each array. All raw and processed data are 

available at GEO database (www.ncbi.nlm.nih.gov/projects/geo/) under 

accession number GSE26277. 

Between-group (M-cell vs. whole brain) analyses were performed by 

computing a t-statistic for each feature using the LIMMA package (Smyth et al. 

2004; Smyth 2005) in R/Bioconductor. We also did an individual analysis using 

LIMMA in which we made all possible pair-wise comparisons between our six 

samples and corrected for multiple hypotheses testing according to Benjamini 

and Hochberg’s (2000) false discovery rate (FDR) correction method. This 

analysis necessitates that one sample be designated as reference, and we 

arbitrarily chose M-cell 1. 

 

 



 

55 

Sequencing and Classification of 5HT Receptor Subtypes 

In order to determine 5HTR expression in single M-cells, we obtained 

sequences for multiple A. burtoni 5HTRs using a PCR-based approach. The 

PCR fragments obtained for all receptor subtypes were sequenced. Products 

similar to 5HTRs in Genbank were cloned into pCRII-TOPO vectors (Invitrogen). 

The 5A (CN469330) and 6 (CN469225) subtypes had previously been obtained 

in A. burtoni by EST (expressed sequence tag) analysis (Renn, et al. 2004; 

Salzburger et al. 2008). For the 1A and 1D subtypes, we designed primers based 

on the orthologous genes in the closely related Nile tilapia, O. mossambicus 

(GenBank Accession numbers AY219038 and AY219039, respectively). In order 

to obtain the A. burtoni 2A sequence, we designed degenerate primers using 

CODEHOP (http://blocks.fhcrc.org/codehop.html) based on homologous 

sequences from stickleback, medaka, and pufferfish obtained by blasting the 

zebrafish sequence against the genomes of these three species 

(http://genome.ucsc.edu/). Finally, we obtained the A. burtoni 3B sequence by 

designing degenerate primers using CODEHOP based on the Carassius auratus 

sequence (EF490968.1) and orthologous sequences from stickleback, medaka, 

and pufferfish again obtained by blasting the zebrafish sequence against the 

genomes of these three species (http://genome.ucsc.edu/). Table 1 contains 

information on fragment lengths, number of amplification rounds, and accession 

numbers, as well as sequence information for the gene-specific primers we 

designed for subsequent PCR analysis. 
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Based on the partial mRNA sequences obtained, we determined the 

respective A. burtoni amino acid sequences. To assess whether our putative 5HT 

receptor sequences indeed encode the expected subtypes, we used the Mega4 

freeware package (http://www.megasoftware.net/m_con_select.html) to align the 

sequences with ClustalW to the orthologous protein sequences of multiple 

species (Gasterosteus aculeatus, Homo sapiens, Mus musculus, Oryzias latipes, 

Rattus norvegicus, Takifugu rubripes, Tetraodon nigroviridis; see Suppl. Table 1 

for sequence information) and generate a bootstrapped nearest neighbor-joining 

gene tree. 

Analysis of 5HT Receptor Expression of in Single M-cells 

No 5HTR transcripts are present on the microarray (Renn et al., 2004; 

Salzburger et al. 2008). To determine which, if any, 5HTR subtypes are 

expressed in M-cells we used the amplified RNA samples as templates for PCR 

assays using the gene-specific primers listed in Table 3.1. cDNAs of subtypes 5 

and 6 were denatured for 5 min at 95°C and then amplified over 35 cycles of 

95°C for 45 sec, 53.3°C for 20 sec, 72°C for 60 sec with a final elongation at 

72°C for 5 min. For subtypes 1A and 1D, there was one round of amplification, 

Figure 3.1: Primers used for determining Astatotilapia burtoni 5HTR suquences 
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then the same process as above. For the 3B subtype, the template was 

denatured at 94°C for 6min and then amplified over 40 cycles of 95°C for 45 sec, 

52.4°C for 30 sec, 72°C for 60 sec and a final elongation of 72°C for 10 min. The 

PCR conditions for 5HTR2A comprised a 6 min denaturation step at 95°C, 40 

cycles of 95°C for 45sec, 54.6°C for 30 sec, 72°C for 60 sec and a final 

elongation at 72°C for 5 min. 
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RESULTS 

Antagonizing 5HTR2: Startle Probability 

The presence of ketanserin, a 5HTR2 antagonist, significantly increased 

(ANOVA, p=0.0002) the responsiveness of DOMs (Saline: 39.6% +/-7.2%; 

Ketanserin: 70.8% +/-6.9%) and SUBs (Saline: 43.8% +/-10.4%; Ketanserin: 

79.1% +/-8.5%) to short sound pips (Fig. 3.1). I observed an effect of the stress 

caused by the injection that reduced the responsiveness of DOMs and eliminated 

the difference between males of different status observed in non-injection studies 

of behavior (Neumeister et al. 2010).  

 

 

 

 

 

Figure 3.1: Startle probability significantly 
increases in the presence of the serotonin 
receptor (5HTR)2A antagonist ketanserin 
(ANOVA: P = 0.0002). We observed an 
injection effect that reduced dominant male 
(DOM) responsiveness to the level of 
subordinate males (SUBs). When treated 
with ketanserin, however, response 
probability increased in both DOMs and 
SUBs. Letters denote homogeneous 
subgroups, as determined by post hoc 
testing, such that groups that differ 
significantly (P < 0.05) from each other 
have different letters. 
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Antagonizing the 5HT 2A receptor increases M-cell excitability in SUBs 

To determine whether 5HT modulates M-cell excitability via the 2A subtype, 

we quantified in SUBs (N=4) and DOMs (N=4) the effect of the 5HT2A antagonist 

ketanserin on sound-evoked M-cell EPSPs in response to sound pips of various 

intensities (126, 130, and 133 dB re. 1 µPa in water). After measuring baseline 

values we administered ketanserin and analyzed its effect on the M-cell within 

0.5-2 hours.   

Ketanserin evoked differential changes in the post-synaptic (PSP) amplitude 

in SUBs and DOMs (F=25.80; p=0.0023; repeated measure ANOVA). In all 

SUBs tested, ketanserin increased the synaptic response to sound pips as 

indicated by an overall increase of the somatically recorded PSP (Fig. 3.2A). 

Interestingly, the observed relative increase in peak amplitude was inversely 

correlated to sound intensity (Fig. 3.2B, empty bars; p=0.041 GLMM). In contrast,  

the synaptic response in DOMs remained essentially unchanged after application 

of ketanserin (Fig. 3.2B, filled bars; p=0.296 GLMM).   
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Figure 3.2: Differential effects of ketanserin on M-cell properties in SUBs and DOMs. A: 
somatically recorded postsynaptic response (PSPs, averages of 5 sweeps) in a SUB in response 
to a sound pip before (black) and after (gray) the administration of the 5HTR2A antagonist 
ketanserin. Bottom trace shows a record of the sound stimulations. B: quantification of the effects 
of ketanserin on the PSP peak amplitude in SUBs and DOMs (means ± SE). The histogram 
shows the changes in PSP amplitude in response to different stimulus intensities relative to 
controls after application of ketanserin. Letters indicate homogeneous subgroups such that 
groups that are significantly (P < 0.05) different from each other according to post hoc t-tests in a 
generalized linear mixed model (GLMM) analysis have different letters. C: feedback inhibition in 
SUBs before (black) and after (gray) the administration of ketanserin. Inhibition was quantified in 
the M-cell soma as the fractional reduction (shunt) of an antidromically evoked test action 
potential (AP) that followed a conditioning AP. The graph shows the time course and magnitude 
(means ± SE; *P = 0.03) of the inhibitory shunt after test AP onset. D: feedback inhibition in 
DOMs before (black) and after (gray) ketanserin administration; details as in B (means ± SE; n = 
4). 
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Consistent with the PSP effects, we also observed differential effects of 

ketanserin on the M-cell input resistance following activation of the collateral 

feedback network of inhibitory interneurons in SUBs and DOMs. As discussed 

previously (Faber and Korn 1978; Neumeister et al. 2010), this powerful inhibition 

is mediated by a Cl¯-dependent change in membrane conductance, which 

effectively shunts incoming excitatory synaptic currents out of the cell. This 

inhibition can be quantified as the fractional reduction in peak amplitude 

(inhibitory shunt) of an evoked test action potential (AP) after activating the 

feedback inhibitory network with a preceding AP. Systematically changing the 

inter-stimulus interval (ISI) between the conditioning AP and the test AP exposes 

the evoked inhibitory time course. This approach is possible because the M-cell’s 

soma and dendrites are unexcitable. An increase in the fractional shunt (defined 

as 100-(APtest / APcontrol * 100)) thus indicates a decrease in input resistance. 

Specifically, in SUBs ketanserin significantly (p= 0.03, paired t-test) 

attenuated the magnitude of inhibition at onset by 28% (mean inhibitory onset 

shunt: 60.2% ± 1.17 SEM and 43.16 ± 1.17 SEM for control and drug, 

respectively), but inhibition increased in the presence of ketanserin during the 

later portion of the response (Fig. 3.2C). In contrast, DOMs do not show the initial 

reduction in inhibition (p= 0.80; paired t-test; mean inhibitory onset shunt: 48.31% 

± 5.91 SEM and 47.06 ± 1.93 SEM for control and drug, respectively), yet they 

exhibit the later (<10 ms) enhancement seen in SUBs (Fig. 3.2D). Indeed, under 

control conditions inhibition in SUBs is about 20% larger when compared to 
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DOMs (black traces in panels C and D of Fig. 3.2). This difference is essentially 

eliminated by ketanserin (compare gray trace in Fig. 3.2C with black trace in Fig. 

3.2D). Thus, as seen with the inhibitory responses, the 5HT2 antagonist 

ketanserin seems to have a greater affect on SUBs than DOMs. 

5HT varicosities envelop M-cell soma and dendrites 

 

Figures 3.3A and B show the morphology of the paired M-cell in A. burtoni. 

They are located in the anterior part of the hindbrain beneath the fourth ventricle, 

ca. 700 µm below the surface of the medulla and 150-200 µm lateral from the 

midline. The M-cell is characterized by a large soma and two major dendrites that 

extend up to 600 µm dorso-laterally (lateral dendrite, LD) and ventro-rostrally 

(ventral dendrite, VD). The axon hillock is surrounded by the so-called “axon cap” 

Figure 3.3: Morphology and 5HT 
immunohistochemistry of the M-cell in 
DOMs. A: cresyl violet stain of both 
M-cells. B: overview of 5HT 
immunolabeling of both M-cells. C: 
labeled 5HT-containing type I and 
type II fiber varicosities at the soma 
and axon cap, respectively. The M-
cell axon is also visible in this 
micrograph. D: 5HT labeling at the M-
cell ventral dendrite. D1: overview 
showing distribution of 5HT labeling 
along the dendrite. D2 and D3: 
detailed view of type I fibers 
characterized by larger terminals, or 
boutons (>1-µm diameter; black 
arrowheads, D2) and of type II fibers 
characterized by smaller beaded 
varicosities (<1-µm diameter; white 
arrowheads, D3). E: overview 
showing few beaded varicosities (type 
II; white arrowheads) at the lateral 
dendrite. A, axon; AC, axon cap; LD, 
lateral dendrite; S, soma; VD, ventral 
dendrite; SVD, small ventral dendrite. 



 

63 

(Fig. 3.3C), a region densely packed with glia cells and nerve fibers that creates 

a perimeter of high electrical resistance. The latter provides the structural basis 

for electrical field (ephaptic) inhibition and classical chemical inhibition at the M-

cell axon hillock (Faber and Korn 1978; Bierman et al. 2009; Weiss et al. 2008)  

The axon extends further medially to cross the midline before joining the spinal 

cord running posterior (Fig. 3.3C). 

We used immunohistochemistry to label 5HT in the A. burtoni hindbrain in 

three animals. As can be seen in Figure 3.3B-E, 5HT containing profiles are   

present at the M-cell soma and along the lateral and ventral dendrites with the 

latter being labeled predominantly (compare Fig. 3.3E and 3.3D1, respectively). 

Similar to the situation in goldfish (Gotow et al., 1990), type I and type II fibers 

can be distinguished. Type I fibers form few fusiform varicosities and they 

establish larger terminals (boutons) close to the M-cell membrane (Fig. 3.3D2, 

black arrowheads). Type II fibers are thinner and form small beaded varicosities 

parallel to the membrane (Fig. 3.3D3, white arrowheads). Larger 5HT containing 

type I boutons terminate also onto the M-cell soma and chains of beaded small 

varicosities (type II) run across the axon cap (Fig. 3.3C).  

The M-cell transcriptome shows little variation 

The immunohistochemical results encouraged us to examine 5HTR 

expression in the M-cell at the molecular level. However, the aspiration technique 

we adapted to harvest the M-cell cytoplasm (see Material and Methods) could 

potentially result in a biased and highly variable representation of the mRNA 
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pool, especially if only portions of the cytoplasm are harvested. If this were the 

case, we would expect a large amount of variation in gene expression across 

multiple M-cell samples. Therefore, we first assessed the extent of this variation 

by comparing the transcriptomes of three M-cells and three whole brain samples, 

which served as an unbiased control. After removing control features as well as 

those with signal intensities below threshold, we obtained data for 16892 array 

features. Using a false discovery rate-adjusted significance threshold of p<0.01, 

we found gene expression to be differentially regulated between M-cells and 

whole brains for 5026 (29.8%) of the 16890 features, indicating the unique 

properties of this cell type. Specifically, 2972 (18%) features were up-regulated in 

M-cells and 2054 (12%) were up-regulated in whole brains. 

We then examined transcriptome variation across individual samples. 16090 

features remained for this analysis after removing control and below-threshold 

features. When using a significance threshold of p<0.01, we found that 359 (2%) 

features varied significantly across M-cells, whereas 169 (1%) features were 

different across whole brains. However, when p-values were adjusted for multiple 

hypotheses testing using the Benjamini-Hochberg method, there were no 

features that varied significantly. 

Next, we used Pearson correlation analysis to quantitatively assess the extent 

to which transcriptomes varied across either M-cells or whole brains. We 

correlated the normalized intensities for all M-cell and whole brain samples, 

respectively, against each other and found that overall whole brains were 
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significantly more variable (i.e., yielded smaller correlation coefficients; t-test, 

p=0.013) as compared to M-cells. Table 3.2 shows the correlation coefficients for 

all six pair-wise comparisons. 

 

 

 

 

Some 5HT receptor subtypes are expressed in the M-cell  

We cloned a single mRNA transcript each 

from the A. burtoni 5HTR subtypes 1A, 1D, 

2A, 3A/B, 5A, and 6. Subtype identities were 

confirmed by constructing a gene tree with 

the orthologous 5HTRs of other vertebrates 

(Figure 3.4). Next, we assessed the 

expression of 5HTRs in amplified mRNA 

samples collected from individual M-cells 

(n=3) and whole brains (n=3) using PCR. 

While all receptors investigated are 

expressed in whole brain, only 5HTR5A and 

Table 3.2: Variation in Expression Profiles 

Figure 3.4: Classifying 5HTR subtypes. Astatotilapia 
burtoni 5HTR sequences cluster with the putative 5HTR 
orthologs identified in other species, confirming their subtype 
identities. Numbers indicate confidence values based on 
bootstrap analysis. 
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5HTR6 receptor mRNAs are present in M-cells (Figure 3.5). The 5HTR1A, 5HTR1D 

and 5HTR3B receptors are clearly not present in the M-cell. Similarly, the 5HTR2A 

subtype is not expressed in the M-cell. 

 

Figure 3.5: Expression of 5HTR subtypes in single M-cells. mRNAs extracted from a homogenized whole 
brain and 3 different M-cells were used as the template for a PCR reaction with primers specific to 5HTR 
subtypes. All subtypes are present in the brain, as expected, but only subtypes 5A and 6 are present in M-
cells, suggesting a postsynaptic role for 5HT via these receptors. The subtypes 1A, 1D, 2A, and 3B are not 
expressed in the M-cell. N/A indicates a PCR product for a gene not examined in this study. 
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DISCUSSION 

We have shown that in A. burtoni males both startle-escape performance and 

M-cell physiology are modulated by 5HT. In particular, we found that M-cell 

excitability in SUBs and DOMs was differentially affected by the specific 5HTR2 

antagonist ketanserin, suggesting a likely role of this subtype in controlling the 

socially regulated startle-escape plasticity observed in this species (Neumeister 

et al. 2010). The fact that 5HTR2A receptors are not expressed in the M-cell 

suggest that the observed changes in M-cell excitability (i.e., input resistance) 

are mediated through 5HTR2A receptors at the PHP interneurons that are part of 

the M-cell inhibitory system. We have further demonstrated the feasibility of 

obtaining high quality and robust mRNA from single M-cells, which enabled us to 

reveal the 5HTR expression pattern of the M-cell.  

These results constitute a significant step forward in our understanding of 

social effects on neural circuits and the underlying neurochemical and molecular 

processes in vertebrates. 

The 5HTR2A receptor subtype has been heavily studied in the context of 

cognition, mood disorders and psychosis (Landolt and Wehrle 2009; Maier et al. 

2009). Allee et al. (2008) were the first to employ the selective 5HTR2 antagonist 

ketanserin in another teleost, the weakly electric fish Brachyhypopomus 

pinnicaudatus, where they demonstrated the role of this receptor subtype in 

modulating the electric signal waveform. To determine whether 5HT modulates 

M-cell excitability via this subtype, we quantified in both DOMs and SUBs the 
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effect of the 5HTR2 antagonist ketanserin on sound-evoked M-cell EPSPs in 

response to sound pips. Interestingly, lowering the 5HT tone in SUBs increased 

the synaptic response (PSP) only if it was not already saturated by a high 

intensity sound i.e., the effect declined with increasing sound intensities. In 

contrast, the synaptic response in DOMs remained essentially unchanged after 

application of ketanserin for the entire range of sound intensities, likely indicating 

a ceiling effect. In a preceding study, an identical range of sound pips evoked 

significantly larger PSPs in DOMs when compared SUBs (Neumeister et al. 

2010). The synaptic response in DOMs might thus be maximal for a given sound 

intensity presumably due to the already low 5HT tone in the M-cell pre- and post-

synaptic circuit and cannot be further increased by applying the 5HTR2 

antagonist. Consistent with this notion is the fact that the amount of serotonin 

and its principal metabolite in the hindbrain is lower in DOMs when compared to 

SUBs (Winberg et al. 1997). This interpretation is further  supported by the 

differential effects of ketanserin on the magnitude of M-cell feedback inhibition in 

SUBs vs. DOMs, where ketanserin affected only SUBs.  

In principle, the reduction in inhibitory drive and M-cell input resistance in 

SUBs could be explained by both post- and pre-synaptic mechanisms. The two 

social phenotypes might differ in the degree of 5HTR2-mediated excitation of the 

inhibitory glycinergic interneurons (Koyama et al. 2011), which provide phasic 

and tonic inhibition to the M-cell (Faber et al. 1991; Mintz and Korn 1991). The 

latter hypothesis is supported by our finding that the 5HTR2A gene is not 
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expressed in the M-cell (see below). In summary, our electrophysiological results 

provide strong evidence that DOMs and SUBs indeed differ at the level of M-cell 

physiology and underscore the utility of pharmacological approaches for 

uncovering the differences in the circuit mechanisms that underlie socially 

regulated differences in escape performance. 

Our behavioral results also indicate an increase in M-cell excitability following 

ketanserin, however this increase was independent of social state. How can we 

reconcile this discrepancy between electrophysiology and behavior? One 

possibility is that the injection effect described above masks any social status-

specific effects. Even though A. burtoni males are overall quite robust when 

placed in a test arena (Neumeister et al. 2010) or when handled and injected with 

drugs (e.g., Trainor and Hofmann 2006), used in combination these methods 

apparently act as stressors that reduce startle responsiveness when compared to 

naïve animals (Neumeister et al. 2010). While this is most obvious in DOMs, 

SUBs also showed a decrease in responsiveness (see Fig. 1.1). For the 

physiology experiments, on the other hand, fish were anesthetized rapidly with a 

high dose of anesthetic and maintained under a lower dose throughout the 

experiment. It is thus conceivable that these animals were less affected by stress 

than their counterparts in the behavioral experiments, which may explain some of 

the inconsistencies. In other words, the physiological measures (i.e., synaptic 

response and M-cell input resistance) are likely more sensitive measures for M-

cell excitability than the all-or-none behavioral output. Finally, it is also possible 
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that a more gradual onset of ketanserin applied IM during physiology compared 

to IP in the behavior could result in differential activation of the startle escape 

circuit. In fact, Teshiba et al. (2001) noted that the effects of 5HT on the lateral 

giant neuron of crayfish can vary depending on such pharmacokinetic processes. 

In summary, the observed discrepancies between the physiology and behavioral 

results are at least partly due to experimental constrains however, as noted 

under both conditions ketanserin increased M-cell excitability.   

We found that the morphology of the paired M-cells in A. burtoni is 

comparable to the structures in goldfish (Faber and Korn 1978). In addition, 5HT 

immunohistochemistry in the A. burtoni hindbrain indicated a distribution of 5HT 

type I and II fibers similar to that of goldfish (described by Gotow et al. 1990), 

suggesting synaptic and paracrine modulation of the M-cell, respectively. 

While these histological results were encouraging, they did not allow us to 

conclude which receptor subtypes, if any, might regulate M-cell function. In the 

absence of A. burtoni 5HT receptor subtype-specific antibodies we decided to 

examine receptor expression at the level of mRNA. When compared to the 

respective orthologs from other teleost species and representative mammals, our 

receptor sequences clearly indicated that we were successful in obtaining cDNA 

fragments for the genes that encode the 1A, 1D, 2A, 5A, and 6 subtypes. 

Because the identity of the subtype 3 sequence was more ambiguous, we have 

tentatively labeled it as 3B subtype. It should also be noted that due to the 

additional whole genome duplication event early on in teleost evolution (Meyer 
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and Schartl, 1999) additional subtypes may exist in A. burtoni. Since the 

sequencing of the A. burtoni genome is currently nearing completion, we will 

soon have the ability to identify all members of this family. 

We found that the cytoplasmic aspiration technique permits a robust and 

reliable assessment of transcript levels in individual M-cells. Importantly, our 

correlation analysis showed that M-cell transcriptomes were more similar to each 

other than were those from whole brains, suggesting that the cytoplasmic 

aspiration technique does not introduce additional (technical) variation in mRNA 

content. Also, the correlation coefficients we obtained by comparing the 

transcriptomes of individual M-cells are comparable to or greater than those 

reported for single neurons in previous single neuron studies (e.g., Tietjen et al. 

2003; Esumi et al. 2008). There is considerable variation in gene expression 

throughout the brain of DOMs and SUBs (for a detailed analysis, see Renn et al. 

2008). The transcriptome of M-cells is relatively stable in comparison and largely 

unaffected by the single-cell harvesting procedure. It should be noted that most 

likely we did not extract cytoplasm beyond the trunks of the major dendrites and 

thus might have missed mRNA species present in the dendrites, although 

evidence for local translation in the M-cell is currently limited to the axon (see 

Koenig 1979; Koenig and Martin, 1996). In any case, mRNAs targeted for 

translocation to the periphery still need to be transcribed in the nucleus and thus 

would be expected to be en passant present in the cytoplasmic samples. 
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Experiments currently underway aim to determine which 5HTR receptor mRNAs, 

if any, might be present in the dendrites. 

We then analyzed the molecular substrate of M-cell physiology by assaying 

the expression of 5HT receptors in M-cells. Of the subtypes we have identified, 

only 5HTR5A and 5HTR6 mRNAs are present in M-cells. These results support a 

post-synaptic role of 5HT in the M-cell and provide a great opportunity to learn 

more about the function of these receptors, given that their role in the vertebrate 

nervous system is still largely unclear. 5HTR5A has been associated with 

schizophrenia (Dubertret et al. 2004) as well as bipolar disorder and major 

depression (Arias et al. 2001), though its function is still only poorly understood 

(but see Doly et al. 2004, for its potential role in the suprachiasmatic nucleus; 

and Sprouse et al. 2004, for nociception in the spinal cord). 5HTR6 has been 

implicated in anxiety, cognition, and the regulation of food intake (Woolley et al. 

2004), however most of the evidence is still circumstantial. Our finding that the 

5HTR1A and 5HTR1D subtypes are not present in the M-cell is consistent with the 

notion that these subtypes play an important role as autoreceptors in 

serotonergic neurons (Roberts et al. 2001). We also find that the 5HTR2A and the 

5HTR3B subtypes are not expressed in the M-cell. This is important evidence that 

the effects of the 5HTR2 antagonist ketanserin are indeed pre-synaptic, likely via 

the inhibitory interneurons that impinge onto the M-cell, as discussed above. 

5HT is not the only neuromodulator known to affect the M-cell system. In 

goldfish, for example, dopamine enhances the efficacy of excitatory synapses to 



 

73 

the M-cell lateral dendrite (Pereda et al. 1992, 1994). Also in goldfish, the 

neuropeptide somatostatin is co-localized with glutamatergic excitatory and 

GABAergic inhibitory synaptic contacts that impinge onto the M-cell, an 

arrangement suggesting a modulatory role for this neuropeptide (Sur et al. 1994). 

Indeed, local application of somatostatin onto the M-cell lateral dendrite 

increases excitatory synaptic transmission in the large club endings that provide 

auditory input to the cell (Pereda et al. 1997). This latter finding is interesting 

because somatostatin also plays an important role in regulating social behavior in 

A. burtoni (Hofmann and Fernald 2000; Trainor and Hofmann 2006, 2007). 

In conclusion, the present study shows that 5HT modulates socially regulated 

startle-escape responsiveness and underlying M-cell excitability, likely via pre-

synaptic effects on inhibitory interneurons. Furthermore, we have established a 

powerful paradigm that will greatly facilitate the study of these and other 

neurochemical mechanisms at the level of behavior, electrophysiology, and 

single-neuron molecular biology within the same individuals. 
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SUPPLEMENTAL MATERIAL 

Table 3.S1: Complete list of the sequences used to categorize, by similarity, the novel 

5HT receptor gene transcripts identified in A. burtoni. Identifiers that begin with EN are 

from the Ensembl database while NM denotes sequences available in NCBI GenBank. 

Where multiple transcripts where available for a given species, the most similar 

transcript to the consensus mammalian sequence was used for this analysis. 

ENSTNIT00000006797 has not yet been formally annotated as a HTR1A ortholog, but 

our analysis confirms its identity. 

 

The published version of this table is illegible due to the length of the sequence. A 
friendlier version of the file can be found here: 
https://docs.google.com/spreadsheet/pub?hl=en_US&hl=en_US&key=0Am3alD1rv1Fgd
DV2ZXBXRmpkQWtzc3Bvb3JEOE1KUVE 
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Figure 3.S2 (Full Version of Fig 3.4)5: A friendlier version of the figure is available here:  

https://picasaweb.google.com/lh/photo/e37MpdEhbhkYiTLOrb7cLQ 

This figure is far too detailed to be readable when 

shrunk to page-sized. Therefore, we published a 

simplified version of the figure as Figure 3.4 

 

 

 

 

 

 

 

 

 

                                                
5This figure did not appear in the published text. 
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Chapter 4:  

Behavioral Compensation for Conspicuousness in an African Cichlid Fish 

 

Animals have to balance the risks of predation with the benefits of 

conspicuousness. For example, conspicuously colored individuals may be more 

attractive to potential mates (Seehausen et al. 1998) or have a competitive 

advantage (Dijkstra et al. 2009), but may be more likely to be eaten (Endler 

1991). The tradeoff between potential rewards and risks is difficult to quantify 

because ‘conspicuousness’ to a predator or to females is situation-specific: the 

light spectrum, body color, the ambient environment and sensory limitations of 

the observer(s) are all critical elements (Endler 1991; Cummings 2007). Behavior 

can offset the risks. For example, individuals may control how they travel within a 

school so as to maximize fitness (Turner and Pitcher 1986; Hamilton 1971) or 

limit high-risk behaviors to certain times of day when light levels reduce risk 

(Endler 1991). Elsewise, polychromaticism may have evolved (at least in part) as 

an adaption to varying light regimes which can dramatically alter the 

conspicuousness of different colors and patterns (Seehausen 1996). In 

polychromatic species where individuals can alter their phenotype in near real-

time, there is a complex interaction of risks and rewards which may be optimized 

through behavioral adaptations.  

In a polymorphic species, the color pattern of a given individual may predict 

how the individual will respond to the environment. If male Gouldian finches are 
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presented with dualing stressors, such as inter-male competition and a large 

brood, then head color predicts which stressor will generate a behavioral 

response: Red-headed males increase territorial defense to confront the 

competition while black-headed males increase paternal care to cope with the 

large brood (Pryke and Griffith 2009). Similar correlations between color and 

behavioral adaption to stress have been shown in guppies (Endler 1991) and 

cichlid fishes (Dijkstra et al. 2007). In such species, color is genetically 

determined and may be linked (directly or indirectly) to immune function, genetic 

incompatibility and/or fitness which is essential to understanding how 

polymorphisms evolve and persists. Many species, however, utilize plastic 

phenotypes in order to increase conspicuousness. This can be attractive to 

females (Djikstra et al. 2009), but may also increase the risk of predation. Cichlid 

fish provide an array of examples of polymorphic species that exemplify how 

such trade-offs can result in stabilized polymorphisms or even speciation 

(Seehausen et al. 2008).  

Male Astatotilapia burtoni, a cichlid fish, alter their phenotype with social 

status (Hofmann 2003). When males cannot defend a territory from other males, 

they adopt a socially subordinate (SUB) phenotype that is characterized by dull 

body coloration with few markings. SUB males spend their time schooling with 

non-gravid females and other SUB males. SUB males stop spending energy on 

reproduction and territoriality in favor of growth (Hofmann et al. 1999). Once 

large enough to challenge dominant (DOM) males, a SUB may defeat a DOM 
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and force that DOM to become SUB. Thus, the hierarchy is gradually overturned 

(Hofmann and Fernald 2000). When males are socially dominant (DOM), they 

display bright blue or yellow body coloration, an eyebar, humeral patch and other 

conspicuous features that may act as social signals (Fig. 4.1).  

 

Recent evidence suggests that yellow males have a 

competitive advantage 

to blue males resulting 

in larger and better 

quality territories 

(Korzan et al. 2008). 

Field observations of A. 

burtoni males in Lake Tanganyika suggest that predatory birds preferentially hunt 

DOM males over SUB males (Fernald and Hirata 1977; Maan et al. 2008). I have 

previously shown that DOM males are more responsive to an abrupt auditory 

stimulus, approximating a bird breaking the water surface, compared to SUB 

males (Neumeister et al. 2010). The salience of the auditory stimulus appears to 

be increased for DOM males, consist with a predator-associated cue perceived 

by a high-risk individual (Godin and Clark 1997). This behavioral plasticity is 

driven by changes in the sensitivity of a pair of Mauthner neurons in the medulla 

(Neumeister et al. 2010), specifically serotonergic modulation of inhibitory 

interneurons that synapse on the Mauthner neurons (Whitaker et al. 2011). 

 
Figure 4.1: A. burtoni 
phenotypes. Males are 
capable of showing four 
phenotypes based on 
social dominance and 
body coloration. Females 
only show one 
phenotype. 
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Higher sertonin levels are related to subordinate social status (Larson and 

Summers 2001). 

Males can switch their main body coloration between yellow and blue as a 

result of unknown causes (Korzan and Fernald 2007; Robison 2008) and as 

DOM or SUB (personal observations). Unlike other mutable markings, such as 

the eyebar (Leong 1969; Muske and Fernald 1987) or humeral patch (Leong 

1969; Fernald 2003), body hue is not perceived as a marker of social status 

(Fernald 1980). However, body color has been correlated with androgen levels 

(Korzan et al. 2008) and may be indicative of a general behavioral strategy 

related to male-male interactions (Korzan et al. 2007). Barlow summarized 

(1983) that a similar situation in a different species could ultimately lead to 

increased matings for the yellow (or gold) colored male. Winning antagonistic 

encounters with blue males may increase the availability of resources for yellow 

males at the expense of blue males, helping their growth rate (as in Barlow 

1976). Work by Maan et al. (2008) in different haplochromine cichlid with blue 

and orange phenotypes suggests that kingfisher birds preferentially prey on 

orange morphs over blue morphs. Thus, if yellow males are more conspicuous 

then they may be at an advantage in social interactions, but suffer greater risk of 

predation compared to blue males. 

Whether males are more conspicuous when yellow than blue depends on 

several factors: 1) Incident light spectra, 2) Reflected light spectra, 3) Spectral 

sensitivity of observer, 4) Environmental conditions. Dalton et al. (2010) showed 
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how each of these factors will change the relative conspicuousness of various 

cichlid species in Lake Malawi in the context of sexual selection. Studies on the 

spectral sensitivity of A. burtoni suggest that blue and yellow males are equally 

conspicuous to conspecifics (Allen and Fernald 1985) at the light available in the 

native Lake Tangyanika (Fernald and Hirata 1977). A. burtoni retina are arranged 

such that rods are interspersed between clusters of single blue-sensitive cones 

surrounded by four doublets which are red- and green-sensitive (Fernald and 

Liebman 1980). Many water-diving birds, however, have red oil droplets in the 

cones of the retina (Moroney and Pettigrew 1987) which limit glare (Schwab and 

Hart 2004) but limit the diving birds’ ability to detect the blue-violet wavelengths 

of light (Vorobyev 2003). These physical features of bird eyes may result in blue 

hues being less conspicuous than other wavelengths. Therefore, yellow males 

may be more conspicuous to birds but not to fishes in clear water conditions.  

In the present study, we hypothesized that the color reflected off DOM males 

identified as ‘yellow’ are more conspicuous to water birds than the ‘blue’ color. 

Furthermore, this difference in conspicuousness is compensated by tuning the 

sensitivity of reflexive escape behavior of A. burtoni males. Specifically, yellow 

males control the sensitivity of their auditory-evoked, Mauthner cell-mediated 

startle probability in accordance with their risk of predation.  
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METHODS 

Animals 

Adult A. burtoni from a lab-reared stock were housed in acrylic tanks 

(30x30x60 cm) in communities of 8-12 males and 8-12 females under conditions 

mimicking the natural environment in their native Lake Tanganyika (pH 8.5 ±0.2; 

27 °C ±0.2; 12 h:12 h light:dark cycle). Gravel substrate and terracotta pots were 

provided to allow multiple males to establish territories within each community. 

For the individuals used in this study, we assessed dominance status twice 

weekly over a period of at least three weeks to identify stable DOMs and SUBs 

using established methods (Renn et al. 2008). Individuals were tracked over time 

by plastic beads attached to the body of the fish. All protocols were approved by 

the Institutional Care and Use Committee of The University of Texas at Austin. 

Behavioral Testing Paradigm 

We fitted a standard fish tank with two underwater speakers (UW-30; Electro 

Voice, Burnsville, MN, USA) on opposite ends and a black curtain around the 

tank eliminated visual cues. Individual fish were allowed to acclimate prior to the 

presentation of sound stimuli for an hour. A 200 Hz sine wave pulse (Casagrand, 

et al. 1999) was created by a wave form generator (Wavetek, CA, USA) and sent 

through an amplifier (AudioSource, CA, USA). The amplifier allowed the 

experimenter to choose a speaker and control the sound intensity on each trial. 

Each fish was presented with four blocks of four different stimulus intensities (in 

randomized order; 145, 155, 165 and 175 dB re. 1 •Pa in water), with variable 
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intervals between trials ranging from 2-10 min. In previous experiments 

(Neumeister, et al. 2010), this range includes the entire linear component of the 

stimulus-response curves for both DOMs and SUBs. In both experimental series, 

we transferred individual test animals from their home tanks into a central circular 

arena (30 cm in diameter, 20 cm high) inside the experimental tank. 

14 Individuals were then returned to their home tank for recovery. 7 of these 

males were blue when dominant while the other 7 males were yellow. 2 of the 

blue males were tested as DOM first, then again as SUB. Half of the yellow 

males were tested as DOM first. Since transitions are relatively rare in the 

laboratory setting, very few males transitioned without experimenter intervention. 

Instead, the fish were moved to socially engineered communities to encourage a 

change in the social status in the desired direction. Ascending males were left in 

their home tank, while the DOMs and aggressive SUBs were removed. Novel, 

smaller males were added to the tank to maintain the community size. 

Descending males were removed from their home tank and put into an 

established community of larger males. Once a new status had been established 

for three weeks, animals were retested for startle-responsiveness. Five of the 

blue males experienced a second social transition and were tested an additional 

time. 

Statistics 

All results are stated as mean +/- standard error with significance determined 

by paired t-tests, unless otherwise noted. 
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RESULTS 

Behavioral Differences 

Males that were yellow when dominant showed the difference in startle 

responsiveness after a social transition (Fig. 4.2C; DOM: 0.55+-0.037, SUB: 

0.33+-0.028, p=0.02) that we expected based on Neumeister et al. 2010. Blue 

males, however, did not (Fig. 4.2B; DOM: 0.40+-0.026, SUB: 0.45+-0.076, 

p=0.29).  

 

Regardless of color, five of the males tested here descended in social status for 

this experiment while 9 males ascended. Interestingly, the descending males 

showed a difference in startle responsiveness (DOM: 0.45+-0.040, SUB: 0.27+-

0.019, p=0.02) while ascending males did not (DOM: 0.49+-0.035, SUB: 0.46+-

0.059, p=0.39). However, the majority of blue males ascended during this 

experiment. In order to clarify this confound, the five ascending blue males were 

tested after a second transition. These males continued to respond to roughly 

Figure 4.2: Behavioral 
responses of males 
before and after social 
transition. A) The overall 
response rate of DOMs 
and SUBs is not different 
because B) males that are 
blue do not show a 
significant difference in 
response rate. However, 
C) yellow DOMs respond 
signficantly more than 
when SUB regardless of 
the direction of social 
transition. 
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50% of the stimuli regardless of social status (Fig. 4.S1, DOM: 0.42+-0.038, 

SUB: 0.43+-0.015, p=0.42), which is consistent with the expected response rate 

given the sound intensities chosen as these intensities lie on the linear 

component of the stimulus-response curve (Neumeister et al. 2010). 
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DISCUSSION 

When appearance changes, any increase in conspicuousness can increase 

the risk of predation (Stuart-Fox et al. 2003). There are three major components 

of visual conspicuousness: Reflected spectra from the subject, spectral 

sensitivity of the observer and the spectrum of light transmitted to the subject. 

For reasons that are unclear (Korzan et al. 2007), A. burtoni males occasionally 

change the principal color reflected off their flank between yellow and blue 

(Robinson 2000; personal observations) in a lab environment where transmitted 

light spectra is stable. Here, we show that this change alters their 

conspicuousness to fish and avian observers in conditions similar to those 

observed in their native Lake Tanganyika. The more conspicuous yellow males 

modulate the probability of executing a startle-escape behavior in concordance 

with body coloration. Blue males, however, do not significantly change in 

conspicuousness nor modulate their startle-escape probability. We conclude that 

the difference in startle behavior that we reported on previously (from 

experiments with separate males tested as DOM and SUB; Neumeister et al. 

2010; Whitaker et al. 2011; Chptr 2, 3) is specifically related to the relative 

conspicuousness of an individual at a specific point in time.  

Being yellow may be correlated with increased aggression, territory size and 

increased fitness. Blue males gain all of the benefits of increased 

conspicuousness to females, while limiting conspicuousness to predators, which 

is considered maximally beneficial (Endler 1991). It is possible that yellow 
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coloration, like social dominance, is linked to overall serotonergic tone in the 

brain, which we have previously implicated as one mechanism related to startle-

behavior sensitivity (Larson and Summers 2001). Serotonergic tone has also 

been linked to aggression, which could explain the different levels of aggression 

between the color morphs. Executing a startle response is energetically costly 

(Hughes and Kelly 1996). Therefore, it should be inhibited when risk is low. 

Previously, we suggested that when males are SUB, they are less likely to be 

targeted by birds because they are protected by the school (Jeschke and Tollrian 

2007) and their dull coloration (Stuart-Fox et al. 2003; Katzir and Intrator 1987).  

There is ample evidence that birds preferentially prey on some color morphs 

over others. For example, the orange blotched Neochromis omnicaeruleus from 

Lake Victoria are preferentially taken by birds over blue and white-blotched 

morphs (Maan et al. 2008). This preference for orange colored fish may be 

explained by the red oil droplets present in the photoreceptor cells of some 

water-diving birds that shifts the spectral sensitivity away from the blue-violet in 

favor of the orange-red wavelengths (Scwab and Hart 2004). No spectral 

sensitivity data is available for kingfishers, though they are known to be  

tetrachromatic (Vorobyev et al. 1998).  

Groups of A. burtoni territories (leks) are found in a wide variety of water 

conditions, including murky shore pools (Fernald and Hirata 1977). The relative 

conspicuousness of yellow to blue DOMs to other animals likely varies with water 

quality. I hypothesize that murky water will attenuate the light spectra 
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transmission and protect yellow DOMs. This would be evident in the wild by an 

increased number of yellow males compared to blue males in a murky water 

compared to clear water. It is also possible that yellow DOMs will respond less 

often to startling stimuli if the experiments were conducted in cloudy water, 

though this would make it difficult to record the behavior.  

Our previous results concluded that A. burtoni males covary startle response 

sensitivity with social status. Here, we have shown that this is only true for males 

that are yellow. We also provide evidence, through modeling, that this is driven 

by differences in conspicuousness to avian predators. There is a trade-off being 

more conspicuous to predators and more conspicuous to females. In 

environments where predation risk is high, such as the clear water of Lake 

Tanganyika, being yellow is a large risk with minimal benefits.  
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SUPPLEMENTAL MATERIAL:  

Figure 4.S1: Multiple testing of blue males. In addition to testing the behavioral 

responsiveness of individual males before and after social transition, I tested a subset of 

individuals after a second social transition. Previous research on A. burtoni color 

differences has suggested that there is a developmental component to males expressing 

yellow or blue color (Fernald 1979; Crapon de Caprona and Fritzsch 1984), which could 

confound these experimental results. By testing the non-plastic behavior blue males that 

ascended, we tested (not conclusively) that maturity and prior experience at different 

social rank does not suppress behavioral responsiveness when SUB. This strongly 

suggests that conspicuousness to predators is the determining factor in responsiveness, 

even if color co-varies to some extent with developmental timepoints.  
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Chapter 5: 

Presence of htr2A and serotonin on reticulospinal interneurons may 
underlie socially-regulated plasticity in Mauthner cell excitability 

 
The biogenic amine serotonin (5-hydroxytryptamine, 5HT) is a principal 

neuromodulator of social dominance (Edwards and Kravitz 1997). Generally, 

5HT inhibits aggression (Passamonti et al. 2011; Quadros et al. 2010; Veenma 

2009; Summers et al. 2005). Conservation of this function across vertebrates 

may be related to the homology of 5HT-producing neurons in the raphe nuclei 

(Jacobs and Azmitia 1992; Gillette 2006). In crustaceans, 5HT has been shown 

to modulate the lateral giant escape reflex differentially in dominant and 

subordinate crayfish, either facilitating or inhibiting this behavior, respectively 

(Krasne et al. 1997; Yeh et al. 1997). These studies also implicate different 5HT 

receptors, with opposing effects on their neuronal targets, suggesting their 

differential expression is controlled by social status (Edwards et al. 2002). 

Manipulations of 5HT also effect aggression and dominance in and reptiles 

(Larson and Summers 2001), primates (Raliegh, et al. 1991) and humans 

(Duman and Canli 2010) 

The genetic sequence and expression patterns of 5HT receptors (5HTRs) 

vary between species (Nichols and Nichols 2008). The seven major types of 

5HTRs described in mammals are a mix of ionotropic (HTR3) and G-protein 

coupled receptors, with HTR2, HTR4, HTR6, and HTR7 subtypes being 

excitatory and HTR1 and HTR5 inhibitory (Sharman et al. 2011; Hoyer 1994). 

Thus, the cellular effect of 5HT release is determined by the neuron expressing 

the receptor, not the neuron producing 5HT. Therefore, the expression of the 

receptor can have large impacts on behaviors. For example, HTR2A 

polymorphisms suggest that this gene is linked to psychosis-related behaviors in 

humans (for review, Serretti et al 2007).  

In teleost fishes, the main feature of the startle circuitry is a pair of giant 

Mauthner neurons (Mcells) in the medulla of teleosts (Faber and Korn 1978). 
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These neurons have well-defined, highly conserved (Faber and Korn 1978) 

morphology consisting of two large dendritic process and an extracellular 

wrapping around the axon hillock (axon cap). The soma receives primarily 

inhibitory inputs (Faber and Korn 1978). The ventral dendrite receives input 

mainly through chemical synapses, processing visual and lateral line stimuli 

(Korn and Faber 2005).The lateral dendrite receives input via mixed-type 

(chemical and electrical) junctions from the auditory nerve (Fukurawa and 

Furshpan 1963). The proximal region of the dendrite receives inhibitory inputs 

from interneurons, some of which are stimulated by the contralateral Mcell and 

others by the auditory nerve (Nakajima 1974). The axon cap, finally, is an M-cell-

specific structure consisting of glial and interneuronal processes that wrap the 

axon hillock and shape the action potential’s strong electrical field potential 

(Bierman, et al. 2009). When an Mcell fires an action potential, the signal is 

carried along the axon in the contralateral spinal chord and stimulates motor 

neurons that control contraction of muscles along the body wall which pulls the 

head and tail together into a ‘C’ shape (C-start; Zottoli 1977). Although the M-cell 

has been referred to as ‘command neuron’, there are networks of interneurons 

that also process sensory information and alter the electrophysiological 

properties of the Mcell accordingly.  

Four groups of principal interneurons influence the membrane potential of the 

Mcells (Koyama, et al. 2011). Spiral fiber neurons are excitatory inputs on the 

ipsilateral Mcell axon hillock (Nakajima 1974) and receive a variety of inputs from 

more rostral brain areas. Cranial relay neurons are inhibitory neurons stimulated 

by both Mcells which function to prevent multiple Mcell firings. Feedback 

interneurons are similar, but located close to the soma of the Mcells and receive 

inputs from the ipsilateral Mcell. Lastly, the feedforward interneurons are 

inhibitory interneurons between the auditory nerve and the Mcells. These 

neurons ‘short-circuit’ the direct (excitatory) inputs from the auditory nerve such 
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that only a single, sudden pulse from the auditory nerve will excite the Mcell to 

threshold.  

In the African cichlid fish A. burtoni, dominant males (DOMs) are highly 

aggressive and have different ratios of  5-hydroxyindoleacetic acid (5HIAA, 5HT 

metabolite) to 5HT which indicates changes to 5HT metabolism (Winberg et al. 

1997). This is consistent with decreased activity of 5HT neurons. A. burtoni 

males are much more conspicuous when DOM than when SUB (Whitaker, et al. 

in prep; see chapter 4), which corresponds to increased predation (Maan et al. 

2008; see chapter 4). We have previously shows that DOM males increase the 

probability of executing a startle-escape response, likely to offset the increased 

predation risk of being more conspicuous, (Whitaker et al. 2011b). Several 

physiological and morphological studies have suggested that 5HT modulates the 

M-cell system. Local 5HT administration enhances both tonic and evoked 

inhibitory currents in the M-cell (Mintz and Korn 1991; Mintz et al. 1989). 

Moreover, immunohistochemical studies in goldfish and zebrafish (Gotow et al. 

1990; Petrov et al. 1991; McLean and Fetcho 2004; Whitaker et al. 2011) 

demonstrated at least two types of serotonergic inputs onto the soma and 

dendrites of the M-cell, underscoring the putative role of this neuromodulator for 

this system. Our previous work established that ketanserin, an antagonist of the 

excitatory 5HT2 receptors, increased the likelihood of Mcells firing in response to 

an environmental stimulus by releasing inhibition from feedback interneurons 

(Whitaker et al. 2011; see chapter 3). Mcells do not transcribe the gene for 

5HTR2A, the principal target of ketanserin (Whitaker et al. 2011; see chapter 3) 

The reflex-like startle/escape behavior of A. burtoni males varies in sensitivity 

to a sudden auditory sound based on conspicuousness. In the presence of an 

antagonist (ketanserin) for 5HT2, Mcells have a higher input resistance when 

socially dominant (DOM) even though they do not express the receptor (Whitaker 

et al. 2011; see chapter 3). When DOM, males are highly conspicuous and 

territorial, particularly when yellow (see chapter 4). Yellow males reflect more of 
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the transmitted light spectrum than blue males and DOMs isolate themselves 

from the school while increasing locomotor behaviors that draw attention to 

themselves. SUBs are less conspicuous, and less likely startle, as they are silver 

in coloration and school with conspecifics (chapter 4).  

The feedforward neurons are uniquely placed to regulate the observed 

plasticity in A. burtoni’s startle response. Stimulated by the auditory nerve 

(Furshpan 1964), these neurons inhibit the excitation caused by direct activation 

of the Mcell by the auditory nerve. The feedforward interneurons are second-

order auditory neurons that generate inhibition in the Mcell which opposes the 

excitation from first-order auditory neurons (Faber and Korn 1978; Nakajima 

1974). We hypothesize that the feedforward inhibition is reduced in the most 

conspicuous males, which are yellow dominant males (Whitaker et al, in prep) 

resulting in the increased startle-responsiveness that we have observed.  

The serotonergic system of A. burtoni is likely to vary between males as they 

transition between different phenotypes, but either the difference is subtle or 

driven by regulation of the receptors. It is likely that 5HTRs are less effective in 

DOMs, which are more aggressive and brightly colored than SUBs. 

I hypothesize that 5HT varicosities will be present around the Mcell, but may 

not be significantly different between phenotypic states. htr2a, however, will be 

expressed by the feedback and feedforward interneurons that influence the 

membrane dynamics of the Mcells  There interneurons can regulate the 

expression for htr2a in order to alter their post-synaptic response to 5HT 

released in the vicinity, which can be assumed by the presence of varicosities in 

the IHC. Since blue males do not alter their responsiveness, the expression of 

htr2a should not vary but yellow males should show increased expression of 

htr2a in the inhibitory interneurons of SUBs or decreased expression of htr2A in 

the DOMs.  
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METHODS 
Animals 

Adult A. burtoni from a lab-reared stock were housed in acrylic tanks 

(30x30x60 cm) in communities of 8-12 males and 8-12 females under conditions 

mimicking the natural environment in their native Lake Tanganyika (pH 8.5 ±0.2; 

27 °C ±0.2; 12 h:12 h light:dark cycle). Gravel substrate and terracotta pots were 

provided to allow multiple males to establish territories within each community. 

All experimental protocols were performed in accordance with relevant guidelines 

and regulations of The University of Texas at Austin.  

Immunohistochemistry 

We used the same protocol described in Whitaker, et al. 2011 with a few 

modifications. In order to determine the boundaries of the Mcells, we used 

toluidine blue for a counterstain. Briefly, 35um slides are fixed with 4% PFA and 

quenched with 1% hydrogen peroxide (H1009, Sigma-Aldrich USA) before 

incubation with rabbit anti-5HT polyclonal antibody (1:2000; Sigma S5545). A 

secondary antibody, goat anti-rabbit IgG secondary antibody (1:200), allows for 

conjugation with an avidin-biotin-peroxidase complex and DAB (Vectastain ABC 

peroxidase kit, Vector Laboratories, Burlingame, CA).  

For quantification, we defined four Mcell compartments from Sur, Triller and 

Korn (2004). The axon cap is a tense tangle immediately dorsal to the soma, with 

the axon running through the middle. The boundary between the two principle 

dendrites and the soma was defined as the point where the cell’s width was twice 

that of the more distal portion. Varicosities within 5um of the cell boundaries were 

counted, regardless of size. Quantification was done on entire Mcell 

compartments to avoid sampling bias. 

In-situ hybridization 

The epitope regions of commercially available antibodies for 5HTR2A were 

compared against A. burtoni 5HTR2A sequence and determined to be unlikely to 

show cross-specie specificity. Therefore, we generated a complimentary mRNA 
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probe for qualitative in-situ hybridization in order to localize neurons that express 

5HTR2A.  

We developed three in-situ probes from partial htr2a sequence reported 

previously (Whitaker et al. 2011; see chapter 3; NCBI accession: GQ227409). 

The results shown here used the full-length clone as a template sequence with 

the Ambion MEGAscript probe transcription kit (Applied Biosystems, CA; 

AM1330 & AM1333) with fluorescein 12-UTP (Roche, 11427857910). This probe 

was applied to fresh-frozen tissue that had been sectioned at 35um and post-

fixed in 4% PFA for 10 minutes following the same protocol described in 

O’Connell et al 2011. An antibody against fluorescein (Roche, 11426338910) 

which is reactive with BM Purple (Roche, 11442074001) to amplify the original 

signal as well as permit analysis in brightfield. The probe showed the expected 

staining profiles in the cerebellum for sense and antisense probes the recognize 

htr2a (Supplemental Fig. 5.S1). We used 9 animals (16 cells): 5 DOMs (3 Blue, 2 

yellow) and 4 SUBs. Neurons in the raphe nucleus showed positive staining for 

the antibody (Fig. 5.1A) and the antisense in-situ probe (Fig. 5.1B).  

 

 

 

Figure 5.1: Raphe Nuclei. 1) Neurons in the raphe nuclei were recognized by the serotonin antibody 
(black). The counterstain is cresyl violet. B) Neurons in the raphe nuclei hybridized. 
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Identification of Neurons 

The Mauthner neurons are readily identified (Zottoli and Faber 2000). They 

are located a few hundred microns lateral from the midline and below the ventral 

surface of ventricle VI. In a coronal section plane, the ventral dendrite and soma 

are highly conspicuous due to their size (Faber and Korn 1978). The lateral 

dendrite extends laterally and cadually off the soma and forks at the distal end. A 

Nissl stain identifies the wrappings of the axon cap by its organization compared 

to nearby areas. Since the boundaries between the soma and dendrites are not 

well defined, we defined the soma as the point where the diameter of the process 

is twice the diameter (approx 10um) of the more distal portion (approx 5um). 

Since there was minimal staining on the Mcell soma, a different definition is not 

likely to alter the results.  

Identification of the interneurons is more complex. In a Nissl-stained section, 

there are populations of smaller neurons in approximately the same locations, 

relative to the Mcell, as reported by Koyama et al (2011) in zebrafish. The spiral 

fiber interneurons are located immediately medial and caudal to the proximal 

portion of the ventral dendrite. The feedforward interneurons can be found on the 

dorsal side of the proximal portion of the lateral dendrite . Finally, a small, wedge-

shaped group of neurons caudal to the soma can be identified as the feedback 

interneurons.  

Statistics 

On each IHC section, the number of varicosities was divided by the area of 

the region of interest to generate a density score. These scores were averaged 

across the relevant sections for each individual Mcell and for each individual. 

Since it was not clear at the outset of this experiment whether the variance in 

5HT density would be between Mcells or individual fish, separate calculations 

were done using each value as the sample size. Since varicosities were more 

consistent within individuals than between, only the results for averaged densities 

per animal is shown here.  
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RESULTS 
5HT varicosities were quantified around the Mcells (Figs. 5.2 and 5.3) for 16 

DOMs (7 blue, 9 yellow) and 5 SUBs. Not every section was usable (See table 

5.1, 5.2). The most variability in the data is between individuals (data not shown) 

which defines the degrees of freedom. There were no significant differences 

between the density of varicosities observed in DOMs and SUBs in any Mcell 

compartment, although the axon cap was near significance: There is a significant 

different difference between the number of varicosities in the feedback inhibitory 

interneurons. The number of varicosities around feedback and feedforward 

interneurons are positively correlated (R2=0.70, Fig 5.2b).  
Table 5.2: Significant Differences in Density of 5HT varicosities in Mcell compartments. 

Area DOM 
mean 

DOM 
StErr 

SUB 
mean 

SUB 
StErr 

t-test, 
p value 

Soma 0.0001 0.0000 0.0002 0.0000 0.19 

Ventral Dendrite 0.0012 0.0000 0.0011 0.0000 O,40 

Lateral Dendrite 0.0003 0.0000 0.0002 0.0000 0.12 

Axon Cap 0.0008 0.0000 0.0006 0.0000 0.049 

Feedforward Interneurons 0.0004 0.0000 0.0003 0.0000 0.181 

Feedback Interneurons 0.0005 0.0000 0.0007 0.0000 0.176 

Figure 5.2: A) Dominant yellow males have fewer 5HT varicosities around the feedback 
interneurons than dominant blue males or subordinate males. B) Correlation of counts in different 
areas of the same individuals. 
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Table 5.2: Density of 5HT varicosities in Mcell compartments.  

Color Status Region Fish Cells Mean 
Density 

Stand. 
Error 

Yellow DOM Soma 9 16 0.00017 0.00003 

Yellow DOM Ventral Dendrite 9 16 0.00125 0.00033 

Yellow DOM Lateral Dendrite 9 15 0.00034 0.00007 

Yellow DOM Axon Cap 9 15 0.00088 0.00013 

Yellow DOM Feedforward 6 11 0.00028 0.00010 

Yellow DOM Feedback 7 11 0.00030 0.00000 

Blue DOM Soma 7 12 0.00015 0.00003 

Blue DOM Ventral Dendrite 7 12 0.00114 0.00011 

Blue DOM Lateral Dendrite 7 13 0.00034 0.00006 

Blue DOM Axon Cap 16 29 0.00074 0.00007 

Blue DOM Feedforward 7 10 0.00040 0.00008 

Blue DOM Feedback 6 10 0.00072 0.00000 

Silver SUB Soma 5 10 0.00012 0.00003 

Silver SUB Ventral Dendrite 5 10 0.00110 0.00030 

Silver SUB Lateral Dendrite 5 10 0.00023 0.00008 

Silver SUB Axon Cap 8 15 0.00058 0.00010 

Silver SUB Feedforward 8 12 0.00028 0.00000 

Silver SUB Feedback 4 8 0.000679 0.00015 
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htr2a in-situ 

   As expected from previous work (Whitaker et al.  2011; Chapter 3), htr2a 

mRNA was not present in the M-cell. There was no consistent staining of any 

Mcell compartment, though in one individual part of the soma and the entire 

lateral dendrite stained lightly. The interneurons caudal to the soma (feedback, 

Fig. 5.4)  and around the lateral dendrite (feedforward interneurons, Fig. 5.5) did 

stain in every phenotype. There is very little htr2a signal corresponding to the 

spiral fiber interneurons (Fig. 5.6). Qualitatively, the staining medial to the 

proximal portion of the ventral dendrite was much less intense than the staining 

around the other two populations of interneurons. 

 

 

Figure 5.3: Composite of 5HT-ir staining in Mcells. Left: Nakajima's (1974) drawing of the Mcell with 
colored compartments. Right: Composite of separate sections from a single individual. 
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Figure 5.4: Feedback inhibitory interneurons. Serotonin immunoreactivity (1st row) is 
evident around the feedback interneurons (insert, 100x). These neurons hybridized with the 
htr2a probe (2nd row). 
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Figure 5.5: Feedforward Inhibitory Interneurons. Serotonin immunoreactivity (1st row) is evident 
around the feedforward interneurons (insert, 100x). These neurons hybridized with the htr2a probe 
(2nd row). 
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Figure 5.6: Spiral Fiber Interneurons. 1st row: There are few 5HT-ir varicosities, although some 
staining is evident. 2nd row: A subset of neurons in the area have hybridized, but not all of them (3rd, 
orange). 
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DISCUSSION 

In the present study, we have found that serotonin-immunoreactive varicosities 

are present around the Mcells and in the vicinity of interneurons of the reticulo-

spinal network. However, since there were no differences in the number of 

varicosities between different male phenotypes 5HT alone cannot explain the 

plasticity observed in startle-escape behavior. We confirm that htr2a is not 

present in Mcells, but is expressed in interneurons near the Mcell. We conclude 

that these neurons are the feedforward and feedback inhibitory interneurons that 

influence the membrane potential of the Mcell. 5HTRs are likely to be a principal 

component of modulating how the Mcells respond to auditory stimulation.  

Previously, we showed that Mcells lacked htr2a mRNA in the soma (Whitaker 

et al. 2011, see chapter 3). I have confirmed that result here by different 

methods. This further supports the hypothesis that excitation of inhibitory 

interneurons was blocked in our experiments with ketaserin (Whitaker et al. 

2011; see chapter 3). Using the localization of interneuron population articulated 

by Koyoma et al. (2011), we now provide further evidence for the role of 

feedback inhibitory neurons and extend this mechanism to the feedforward 

inhibitory interneurons. 

The Mcell can be divided into four functional compartments: the soma, the 

ventral dendrite, the lateral dendrite and the axon cap (Sur et al. 2004). There is 

no difference in the number of 5HT varicosities within any of these regions 

between any of the phenotypes, consistent with Winberg et al (1997)’s results 

that showed overall 5HT in the hindbrain is invariant between DOMs and SUBs. 

Furthermore, there was no difference in the size ratio of 5HT varicosities (data 

not shown), which would be expected if serotonergic synapses undergo longterm 

potentiation when individuals transition from DOM to SUB (Bourne and Harris 

2011). The lack of phenotype-specific differences in 5HT indicates the availability 

of 5HT is not determing the Mcell’s membrane potential directly via HTR2A 

receptors, though the Mcell does express other receptor subtypes (see chapter 
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2). 5HT was observed in all three populations of interneurons of interest, 

although only the feedforward and feedback regions featured potential synaptic 

connections (varicosities). Neither of these populations showed a difference in 

the number of varicosities based on social status alone. 

However, if the DOM males are separated by their principle body coloration, 

then there is a significant difference between the most aggressive (Yellow DOMs, 

Korzan and Fernald 2007) phenotype and all other phenotypes in the number of 

varicosities around the feedback inhibitory interneurons (Fig 5.6). As shown in 

chapters 2 and 3, this population of interneurons is activated by an Mcell action 

potential and releases the inhibitory neurotransmitter glycine on the Mcell 

(Koyama et al. 2011). These neurons also release neurotransmitter in the 

absence of an Mcell action potential (Korn et al 1994), which may influence the 

Mcell’s input resistance (see Chapters 2, 3). This difference in the number of 5HT 

varicosities is further evidence that the feedback inhibitory interneurons are 

involved in the plasticity of the Mcell-mediated startle escape response, but 

cannot explain the results of ketanserin administration without information on 

receptor expression.  

Since we know that HTR2A function differs between A. burtoni males 

depending on social status (Whitaker et al. 2011; chapter 3), this receptor 

subtype was the target of our investigations. The expression profile of HTR2A is 

unknown in A. burtoni as no commercial antibody uses an epitope that is similar 

enough to the A. burtoni htr2a sequence. htr2a mRNA, however, is expressed in 

interneurons near the Mcell. These populations are located in the same position 

as the feedforward and feedback inhibitory interneurons identified by Koyoma et 

al (2011). The methods used here do not permit quantification of expression 

between males of different phenotypes, but the presense of htr2a in these 

neurons provides further support for our hypothesis that the regulation of HTR2A 

in inhibitory interneurons regulates Mcell excitability prior to stimulation by the 

auditory nerve (Fig. 5.7).  
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A difference in HTR2A expression between DOMs and SUBs could fully explain 

the ketanserin results in chapter 3. The difference between 5HT varicosities 

around the feedback interneurons (chapter 5), could result in different levels of 

HTR2A activation. Possibly, the inhibitory interneurons in SUBs transcribe more 

htr2a than DOMs which would lead to increase in Mcell inhibition. This 

hypothesis could be tested by qPCR on laser microdissected tissue sections that 

are limited to the feedforward and feedback inhibitory interneurons. Another 

possibility is that the level of transcription is stable across social status, but there 

is a difference between the functional HTR2A protein in DOMs and SUBs. This 

could be identified by intracellular recordings of the inhibitory neurons in the 

presence of ketanserin. 

Although the experiments presented here support our hypothesis that htr2a is 

involved in the neurobiological mechanisms underlying the behavioral plasticity of 

the startle response, this work is reliant on Koyoma’s (et al. 2011) research in 

zebrafish embryos for localization of the interneuron populations. Double labeling 

experiments against HTRs and inhibitory neurotransmitters such as GABA and 

glycine would further support my hypothesis. Electrophysiological recordings of 

the activity in interneuron populations and the effects on the Mcell in the 

presence of selective HTR agonists and antagonists would be necessary to 

determine how HTRs are regulated in males displaying different phenotypes. 

Along with my previous work, the experiments shown here indicate that the 

startle-escape system is an ideal model for studying the mechanisms underlying 

behavioral plasticity. The fact that neurotransmitters act through inhibitory 

interneurons in order to influence behavior is not novel, but it has intriguing 

possibilities for understanding how the brain works (Kuo and Trussel 2011).  
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Figure 5.7: Model of Mcell and Interneurons 
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Chapter 6:  
Grand Discussion 

 

Startle responses to unexpected sounds are common throughout vertebrates. 

One of the best known is the Moro reflex in infants, which disappears with age 

(Zafeiriou 2004). In rodents, as in teleosts, the response has an extremely short 

latency with a known cellular mechanism (Davis et al. 1982). Changes to the 

startle response in humans have been linked to a range of perturbations 

including drug use, schizophrenia, and Alzheimer’s disease (Swerdlow et al. 

2008). To the best of my knowledge, the results published in this thesis are the 

first to associate plasticity in startle responsiveness with ecologically relevant 

factors.  

In teleost fishes, the startle response is governed by a pair of Mauthner cells 

(Mcells) in the medulla and a network of associated interneurons (Fetcho and 

Faber 1988). There have been several ideas about what the Mcell might do in 

addition to its critical role in the startle/escape response. There have been 

studies linking Mcell action potentials with feeding (Canfield and Rose 1993), 

social behaviors (Fernald 1975) and hatching (Eaton and Nissanox 1985). 

Electrophysiological recordings demonstrating Mcell activited during a non-startle 

behavior, however, have only shown a role in the initiation of escape and the 

terminal phase of feeding. (Canfield and Rose 1993). Laser ablation of Mcells in 

zebrafish showed some behavioral deficits, but indicated that the Mcell is not 

necessary for any particular behavior (Liu and Fetcho 1999). In some species, 

there are two pairs of Mcell homologs, known as MiD2CM and MiD3CM, that are 

smaller and capable of executing longer latency startle responses. The 

importance of these homologs in other teleosts is unclear. 

Here, I have shown that the Mcells of A. burtoni males play a role in the 

behavioral plasticity associated with socially-mediated phenotypic change. At 

least one of the mechanisms for this plasticity is based in the inhibitory 



 

111 

interneurons that synapse on the Mcells. Known as ‘feedforward’ and ‘feedback’ 

neurons for their role relative to Mcell functionality, these cells tonically release 

glycine onto the Mcell as well as in large bursts when the neuron is activated 

(Faber and Korn 1982; Korn et al 1987; Faber et al 1992). Feedforward neurons 

are located immediately ventral to the proximal region of the lateral dendrite and 

receive inputs from the auditory nerve. Serotonin is present in the vicinity of 

these neurons which express htr2A mRNA. htr2A is also expressed by the 

feedback interneurons, which are located caudal to the Mcell soma. Serotonin is 

also present around the feedback interneurons. Unlike the feedforward 

interneurons however, the number of serotonin varicosities varies between 

different phenotypes around the feedback inhibitory interneurons. This is 

consistent with electrophysiological recordings from the Mcell undergoing 

antidromic stimulation (which activates the Mcell and feedback interneurons). 

Thus, a potential mechanism to explain the increased responsiveness of 

dominant, yellow males compared to all other male phenotypes is that less 

serotonin is present to activate the feedback interneurons via HTR2A receptors. 

This reduces the amount of glycine released onto the Mcell prior to 

environmental stimulation. The reduction in inhibition results in increased 

excitability of the Mcell to strong, sudden excitation from the auditory nerve (Fig 

6.1).  

The plasticity in the startle-escape response is beneficial in that it counters the 

risk of increased conspicuousness in yellow dominant males. This plasticity, 

however, is only one of the overall differences between males when they are 

dominant versus subordinate and males when they are yellow versus blue. The 

full extent of the differences between color phenotypes is only starting to be 

appreciated. I propose that the plasticity in startle-escape response results from 

an overall shift in yellow males to a risk-seeking state by a shift in 

neuromodulators, like serotonin, that alters the flow of information from sensory 

inputs to behavioral outputs in favor of impulsivity and action. 
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Figure 6.1: Model of startle-response circuitry. 
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Appendix 1:  
C-starts in Females6 

 

Females are less commonly studied than males (Wald and Wu 2010). Although 

the reasons given for this bias are numerous, there is no debate that the bias 

results in a deficit of knowledge in biology. Some behavioral plasticity research 

takes advantage of hormonal changes that are known to effect aggression in 

females, such as maternal aggression (e.g., Caughey et al. 2011; personal 

observations). This thesis is focused on males as females do not show the same 

differences in coloration that can be observed in males. They are, however, fully 

capable of showing dominance relationships and territoriality when the males are 

removed (Rennet al. in review; O’Connell, et al. in review). Therefore, I will 

address what role startle plasticity might play in Astatotilapia burtoni females. 

To the best of my knowledge, there is no research comparing the Mauthner-cell 

mediated startle-escape responsiveness between sexes. For A. burtoni males, 

which alter their conspicuousness throughout life, Mcell plasticity likely 

represents an essential survival mechanism (Whitaker et al. 2011; Neumeister et 

al. 2010). A. burtoni females, however, have a dull coloration that appears to not 

vary throughout their lives regardless of territoriality and social dominance. 

Plausibly, females utilize the plasticity in the startle-escape responsiveness in 

order to compensate for something other than conspicuousness. 

The life history differences of A. burtoni males and females are striking. A. 

burtoni is a mouth-brooding species (Goldstein 1970). Immediately after laying 

eggs, females gather them in their mouth along with male sperm and carry them 

for several weeks. While brooding, the female will not eat until the fry are 

removed. After successfully releasing the fry, the female will begin to eat once 

again and the month-long reproductive cycle begins again (Kidd et al. in 

revision). 
                                                
6 Crockett High School student Devan Fay Gartman provided data and enthusiasm for this project. 
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Mouth-brooders restrict their behavioral repertoire while carrying fry (Goldstein 

1970). The physical parameters around the jaws are different, potentially 

narrowing the range of head movements. Furthermore, since females do not eat 

while brooding, energy expenditure must be minimized. Both interfere with the 

execution of the powerful, energetically costly startle-escape response. 

Therefore, I hypothesized that females would utilize Mcell plasticity to decrease 

the probability of executing a startle response while brooding. 
 

METHODS 
Animals 

Adult A. burtoni  from a laboratory-reared stock were housed in acrylic tanks 

(30x30x60 cm) in communities of 10–12 males and 10–12 females under 

conditions mimicking the natural environment in their native Lake Tanganyika 

(pH: 8.5+/-0.2; T: 27+/-0.2°C; 12-h light:dark cycle). Females were stripped of 

their broods an hour before behavioral testing. We tested 6 non-brooding 

females, 6 females with young (<1 week post-days fertilization) broods and 5 

females with mature (>2 weeks) broods. All experimental protocols were 

performed in accordance with relevant guidelines and regulations of The 

University of Texas at Austin. 

Behavior 

We used a rectangular 110 liter acrylic tank with two underwater speakers 

(UW-30, Electro Voice, Burnsville, MN) on opposite ends. A black curtain around 

the tank eliminated visual cues. 6 lights, 55 W fluorescent lamps (B&H Photo), 

mounted above the tank provided illumination for the high-speed camera (same 

as specified above in series 1) during filming against an opaque bottom; this is 

more naturalistic, yet results in reduced contrast and thus decreased accuracy 

when determining the precise onset of the startle behavior. Permanent records of 

startle responses were recorded digitally with a KWorld Xpert DVD Maker USB 

2.0 Video Capture Device (KWorld, Irvine, CA). A 200 Hz sine wave pulse was 
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created by a waveform generator (Wavetek) and sent through an amplifier 

(AudioSource). The amplifier allowed the experimenter to choose a speaker and 

control the sound intensity on each trial. Each fish was presented with four blocks 

of three different stimulus intensities (in randomized order; 155, 157 and 160 dB 

re. 1 Pa in water) with variable intervals between trials ranging from 2 to 10 min. 

In both experimental series, we transferred individual test animals from their 

home tanks into a central circular arena (30 cm diam, 20 cm high) inside the 

experimental tank. Acclimation time before the presentation of sound stimuli was 

30 – 60 min, and an experiment typically lasted 2– 4 h. 
 

RESULTS 
There were no significant 

differences (ANOVA, p=0.141) 

between the percent of trials that 

resulted in a C-start based on 

brood status. Non-brooding 

females responded on 0.36+/- 

0.093 trials while early brooding 

females responded 0.30 +/-0.003 

and late brooding females 0.55+/-

0.006 (Figure 1). There is a trend 

towards a difference between the early 

and late brooders, but the number of 

animals tested was too low to 

generate significance. 
 

DISCUSSION 
Although not significantly different, the data does suggest a trend related to the 

length of time spent brooding. The small number of animals tested is not 

Figure A1.1: Responsiveness of Females by 
Maternal Status. Individual responserate for each 
female is plotted over the mean response rate with 
standard error. Although newly brooding females 
responded less frequently than females that had been 
brooding for over a week, the difference is not 
significant. (ANOVA, p=0.141) 
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sufficient to determine a subtle shift in startle responsiveness, similar to what has 

been observed in males of different status (Neumeister et al. 2010). In order to 

be 80% confident of a difference similar to the difference between yellow DOMs 

and SUBs while using the standard deviation from the females tested so far, 11 

more females would be necessary in each group (NRC 2003). 

Since all subjects were stripped or sham-stripped prior to the start of the 

experiment by flushing the developing embryos.fry from the buccal cavity. This 

procedure is considered stressful as it involves restraint and removal from the 

water but it is essential to keep fry out of the experimental tank. The stress may 

elevate cortisol levels along with other neuromodulators that could potentially 

influence the startle-escape response. In short, the effects of stripping broods on 

startle-escape performance are unknown. 

Although additional animals could result in statistical significance, in future 

experiments,  animals should have hormone levels assayed prior to behavioral 

testing. Testosterone, for example, varies during brooding, with consequences 

for behavior (Renn et al. 2009) as does estradiol and gondatropin releasing 

hormone I and III expression (Martin 2004). It is not known whether the Mcell 

system is sensitive to hormones, as females have never been examined in this 

context. 

The variance of the data collected shows that females may show plasticity in 

the startle-escape behavior despite the lack of phenotypic plasticity. However, 

the experimental manipulation and number of animals used were both 

inadequate for determining whether the variance is indicative of plasticity 

mediated by reproductive status or a related variable, such as circulating 

hormone levels. 
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Appendix 2:  
C-starts in Wild Strain Males 

 

The breeding stock of the current lab strain of Astatotilapia burtoni was 

derived from ~400 individuals collected in Lake Tanganyika near the Ruzizi river 

delta in Burundi in 1975 (Fernald and Hirata 1977). Even though this population 

has experienced several contractions when its host labs moved (in 1977, 1989, 

2001, and 2006) and is generally considered inbred, there is still a considerable 

amount of genomic heterogeneity present (Broad Institute, personal 

communication). Over the last 36 years, the lab strain has nevertheless been 

subjected to very different selection pressures on which individuals survive and 

reproduce compared to the wild strain. Maternal care, for example, is more 

aggressive and persists for longer in the wild strain compared to the lab strain 

(Renn et al. 2009). 

In Lake Tanganyika, A. burtoni are subjected to the same ecological 

pressures that govern survival that were described by Fernald and Hirata (1977) 

when they collected the founders of the lab strain. Part of the ecology of the 

region results in populations of A. burtoni being genetically isolated for a few 

generations, until enough rain results in shore pools rejoining the lake proper 

(Fernald and Hirata 1977). It is also reasonable to consider populations off the 

northern shores of Lake Tanganyika (Burundi) as genetically isolated from 

populations off the southern shores (Zambia), a the 676 km distance. In 2005, 

Hans Hofmann and Suzy Renn collected new parental generations from the 

Burundi and Zambia coasts, which may be representative of two wild-derived A. 

burtoni strains. Together with the lab strain, these three populations allow us to 

ask whether different selective regimes or genetic drift have resulted in 

differences in behavior since these populations diverged. 

Inbred, domesticated strains of lab animals may result in data that is not 

generalizable to the natural world (Koide et al. 2011). ‘Wild’ strains, for example, 
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are known to be more aggressive (Sgoifo et al. 1996) and frequently discover 

novel ways of exploiting standard research protocols. For example, C57/B6 mice 

(lab strain) react to a tail suspension test by flailing for some time then hanging 

loosely until the experiment is over. Wild-derived strains of mice, however, climb 

up their own tail until they can grasp the apparatus (personal observations). In 

the myriad differences between the genes of these strains (Keane et al. 2011), it 

is not known what results in the different behavioral responses to the same 

stimulus conditions. Thus, how generalizable is research on single strains of lab-

reared animals? Being raised in the lab controls for early life experiences that 

can alter behavior and offspring behavior (McGowan et al. 2008). 

I used lab-reared individuals from F2 generation of the wild-caught individuals 

from Burundi and Zambia in order to test whether the differences in startle-

escape response that have been observed in the lab strain of A. burtoni are 

generalizable to the wild populations or strain-specific. 

 

METHODS 
Animals 

Lab Strain: Adult Astatotilapia burtoni  from a laboratory-reared stock were 

housed in acrylic tanks (30x30x60 cm) in communities of 10–12 males and 10–

12 females under conditions mimicking the natural environment in their native 

Lake Tanganyika (pH: 8.5+/-0.2; T: 27+/-0.2°C; 12-h light:dark cycle). Females 

were stripped of their broods an hour before behavioral testing. We tested 6 non-

brooding females, 6 females with young (<1 week pdf) broods and 5 females with 

mature (>2 weeks) broods. All experimental protocols were performed in 

accordance with relevant guidelines and regulations of The University of Texas at 

Austin. 

Wild Strain: The wild-strain males used were lab-raised second generation 

offspring of parents captured off the Zambia and Burundi shores of Lake 

Tanganyika by Suzy Renn. Qualitatively, they are more aggressive than the lab 
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strain males (Alonzo, et al. in prep) and did not tolerate the same density of 

males in their home tanks. Therefore, the F2 generation were kept at much lower 

densities (1-3 males, 5-10 females). The F3 generation, however, were fine with 

standard 8-10 males and 8-10 females per community. 

Wild strain males showed much higher levels of aggression and a greater 

degree of dominance-related markings. The underside of the jaw would be black, 

extended upwards towards markings along the dorsal surface of the head. 

Humeral patches, when present, covered more of the flank than is commonly 

observed in the lab strain. 

Startle Responsiveness 

The experimental design is identical to that described in chapter 1, except that 

only four of the eight sound levels were used: 145, 155, 165 and 175 dB. 
 

RESULTS 
Fourteen wild strain males were tested (Table A2.1), but only one male was 

yellow. The only yellow male was a DOM in the Zambia-strain. The data on lab 

strain males have been previously reported as a subset of the data in Neumeister 

et al. (2010; Chapter 2). 
Table A2.1: Responsiveness to Startling Stimuli 

Strain Status Mean Standard Error Number of Fish 

Zambia DOM 0.42 0.12 4 

Burundi DOM 0.39 0.10 3 

Lab DOM 0.57 0.05 7 

Zambia SUB 0.50 0.19 3 

Burundi SUB 0.23 0.09 4 

Lab SUB 0.46 .035 8 
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Wild strain males show do not show the status-dependent difference in startle 

responsiveness (Zambia strain: DOM: 0.41+/- 0.12; SUB: 0.5+/-0.19; t-test, 

p=0.22) (Burundi strain: DOM: 0.39+/- 0.10; SUB: 0.23+/-0.09; t-test, p=0.15) that 

were observed in the lab strain males (DOM: 0.57+/- 0.05; SUB: 0.46+/-0.04; t-

test, p= 0.045; Fig. A2.1). Almost all wild-strain males were blue, which precluded 

me from testing the hypothesis that body coloration drives a status-dependent 

difference in startle probability. On a subset of experiments, wild strain males 

were given eight additional stimuli in order to determine whether they stop 

responding after 15 to 20 stimuli as the lab strain males do (Neumeister, 

personal communication; Whitaker, unpublished data). In those instances, the 

wild-strain males stopped responding to the stimuli after 12-15 stimuli, which may 

explain the overall lower response probability of wild-strain males. 

Figure A2.1: Startle Response Rates of Different Strains. No difference in startle response rate 
was observed within either wild strain. The overall response rate of the wild strains was lower than that of 
the lab strain. 
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DISCUSSION 
As expected from previous experiments on the lab strain, there is no 

difference between the DOMs and SUBs among blue males in the wild strain. 

The wild strain did not produce enough yellow males to determine whether they 

are capable of the same behavioral plasticity. 

Since it is not known what triggers males to from blue to yellow, this was a 

significant impediment to this project. The wild-strain males were capable of 

turning yellow, as it was observed for short periods in a few individuals. Some 

studies have indicated that males transition from blue to yellow in unstable 

environments (Korzan 2008), though there is significant change in status and 

coloration under such conditions. Based on pilot experiments, such 

manipulations may not have the same effect on the wild strain males. It is 

possible that the lab setting is not capable of enough change for the wild strain 

individuals to perceive that their environment is unstable. The trigger for color 

change may be instability in the social hierarchy, but instability in the dominance 

hierarchy is also a trigger for aggression which is all ready elevated in wild-strain 

males. 

It is also noteworthy that the wild strain males averaged a lower response 

probability than the lab strain males (Fig. A1.1). The wild strain males stopped 

responding after fewer stimuli than the lab strain. In lab strain males, there is a 

significant decrease in responsiveness after about a fifteen stimuli. For the wild 

strain males, a similar decrease begins at about ten stimuli (data not shown). The 

relevance and mechanism of this cessation of responsiveness is not known. 

Field studies could inform a number of questions about the relevance of the 

conclusions drawn through this thesis. Specifically, in environments where the 

water is flowing and the geography of the area is changing frequently, are yellow 

males more common than in stable environments? Conversely, if you remove a 

quarter of the males from a given lek, will many of the remaining males turn 

yellow in response to the change in social hierarchy? 
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Appendix 3: 
Color and Reflectance of A. burtoni Phenotypes 

 

As noted in Chapter 4, determining whether a given individual is more 

conspicuous than another is more complex than suggested by colloquial use 

(Chiao et al. 2011). Conspicuousness is a function of the spectral sensitivity of 

the observer, the transmitted light spectrum to the object, the reflected light 

spectrum of the object and how this differs from the light spectrum reflected off 

the background. I made some initial measurements of the reflected light 

spectrum of each A. burtoni phenotype which can be used to quantify differences 

in conspicuousness when coupled with the required data from the natural habitat.  

The spectral sensitivity of A. burtoni is known (Fernald and Liebman 1980; 

Allen and Fernald 1985). The A. burtoni retina is composed of rods interspersed 

within a pattern of single, blue sensitive cones surrounded by a square-pattern of 

alternating double red and green sensitive cones. Thus, A. burtoni are 

trichromatic with no specific cone class sensitive to UV light. It is likely that A. 

burtoni predators will have significantly different spectral sensitivities, but this 

type of study is relatively rare in the published literature. 

The aim of this appendix is to highlight key differences between the reflect 

spectra of each phenotype. 

 

METHODS 
In order to generate the reflected light spectra for each phenotype, I selected 

areas of the body that are considered distinct (Baerends and Baerends 1950). 

For each area, two points were measured multiple times in order to generate a 

grand average for ten individuals from each A. burtoni phenotype (females, 

dominant blue males, dominant yellow males, subordinate blue males and 

subordinate yellow males). Six regions were measured for DOMs: Dorsal 

surface, humeral patch, eyebar, flank (stripe), flank (not stripe) and ventral 
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surface. SUBs and females did not show an eyebar or flank stripes and theses 

areas were not measured. On females, we measured the operculum for 

reference. Not all data is shown here.  

Reflectance data were measured using an Ocean Optics PS1000 

spectrometer with illumination provided by an Oriel 150 W Xenon lamp (model 

6255) as described in Cummings 2004. The illumination fibre was fixed at a 45° 

angle incident to the body and the receiving apparatus (focusing assembly 

feeding into the spectrometer) was positioned 45° to the body surface. This set-

up assumes a low angle of illumination and approximates a potential predator's 

view from above. Reflected illumination was collected by a focusing assembly 

consisting of a 25.4-mm fused silica biconvex lens (Edmund Scientific UV DCX 

L08-016) fitted in a telescope adapter (Orion model 5264) and attached with a T-

ring to a 35-mm camera body. A 400-µm UV–vis (Ocean Optics, Inc) fibre optic 

was fixed with an SMA connection to the back of the camera body at the film 

plane and received the focused reflectance when the shutter release was 

pressed and the mirror was removed from the path of light. The focusing 

assembly used a biconvex fused silica lens to focus the surface reflectance from 

a 1–2 mm2 diameter area of the fish body onto the 400-µm fibre optic that fed 

directly into an Ocean Optics PS1000 (UV–vis grating) spectrophotometer. All 

reflectance values are relative to a 99% (300–800 nm) reflectance standard 

(Spectralon™, Labsphere, North Sutton, NH, U.S.A.).  
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RESULTS 
 In order to compare body coloration, we quantified the reflected light spectra 

from various points on A. burtoni males of different colors and social status. Ten 

females, ten blue and ten yellow males of DOM and SUB status were averaged 

to create the representative spectrum for each of the five phenotypes (Fig. A3.1).  

 

DOMs reflect more of the spectrum than SUBs. Yellow DOMs, however, 

reflect more of the spectrum than blue DOMs. Notably, this is the first direct 

observation of UV reflectance by cichlids in Lake Tanganyika, although it has 

been observed in Malawi cichlids (Jordan et al. 2004). 

Figure A3.1: Reflected Light Spectra. I measured the reflected light spectrum from four areas of ten 
individuals displaying each of the five phenotypes. Data shown is a grand average (with standard error 
bars) of all individuals. Cichlid drawing courtesy of Nancy Hirata. 
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DISCUSSION 

There are numerous points that could be articulated while discussing the 

differences between reflectaed light spectra of different A. burtoni phenotypes. All 

phenotypes show the same reflectance of the white, ventral surface. The dorsal 

surface, which appears grayish in coloration, has some small differences 

between phenotypes. The large differences in reflected spectra are on the side of 

the body: the flank and humeral patches. This data demonstrates that it is an 

error to describe SUB males as ‘dull’ in coloration.  

The upward-facing surface of A. burtoni is similar (but not identical) between 

the different phenotypes. This body surface is highly visible to water-diving birds, 

an important A. burtoni predator. It is, therefore, interesting to note that the only 

divergence between phenotypes is limited to the longer wavelengths, which are 

attenuated by water.   

The humeral patch is never displayed by females, forming a convenient 

control spectrum from which to compare the four male phenotypes. Surprisingly, 

color is a larger factor in the humeral patch reflectance than social status. That is, 

yellow males do not show any difference in the reflected spectrum of the reddish 

humeral patch between DOM and SUB. Blue males, however, show a very 

pronounced difference. The humeral patch is a social signal (Fernald and Hirata 

1977) that takes up a larger percentage of the flank in dominant males. Size of 

the area is likely a critical social cue in yellow males. 

As with the humeral patch, females do not show coloration on their flank 

which generates a reflectance spectra from which the male phenotypes can be 

compared. SUB males (regardless of color) are distinct from DOMs and females. 

Between DOMs of different colors, yellow DOMs reflect significantly more light 

than blue males. This difference is pronounced in the UV region of the light 

spectrum, which has never been noted in A. burtoni. Although the functional 

significance of this difference is unknown, it is possible that it drives a difference 

in female mate choice, as seen in other species (Kodric-Brown and Johnson 
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2002). This difference is attenuated by dark stripes that expand and darker 

during prolonged stress (Fig. A3.2).  

 

 

 

 

 

 

 

 

Kingfisher birds, a principal predator of A. burtoni, typically dive with an attack 

angle of 60-80% (Katzir and Camhi 1993), which would permit a view of the 

flank. Additionally, many of the DOM behaviors related to territory defense and 

courtship involve movements that expose the flank (Baerends and Baerends 

1950) to an aerial observer such lateral displays and quivers. Thus, the dull 

dorsal surface may only provide limited protection from avian observers. 

When the founding individuals of our in-bred lab strain were removed from 

Lake Tanganyika, some environmental measurements were taken (Fernald 

1977; Fernald and Hirata 1977). Notably absent for the purpose of quantifying 

conspicuousness, there are no measurements of side-dwelling or down-dwelling 

background reflectance. It would also be necessary to have multiple 

measurements of the transmitted light spectrum for different times of day and 

water clarities. In short, a field trip to Africa would generate the necessary 

observations.  

Figure A3.2: Reflectance of 
Flank Stripes.  

Reflected light spectrum from 
the flank is attenuated by dark 

stripes that appear when 
stressed. This effect is more 
pronounced in yellow males. 
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From the differences in the reflected light spectra shown here, I predict that 

there will a greater abundance of yellow individuals compared to blue individuals 

in murky water conditions. Decreased water clarity diminishes the amount of light 

reaching an individual and reduces the conspicuousness of yellow DOMs.
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