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Social Status—Dependent Shift in Neural Circuit Activation
Affects Decision Making
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In a social group, animals make behavioral decisions that fit their social ranks. These behavioral choices are dependent on the various
social cues experienced during social interactions. In vertebrates, little is known of how social status affects the underlying neural
mechanisms regulating decision-making circuits that drive competing behaviors. Here, we demonstrate that social status in zebrafish
(Danio rerio) influences behavioral decisions by shifting the balance in neural circuit activation between two competing networks (escape
and swim). We show that socially dominant animals enhance activation of the swim circuit. Conversely, social subordinates display a
decreased activation of the swim circuit, but an enhanced activation of the escape circuit. In an effort to understand how social status
mediates these effects, we constructed a neurocomputational model of the escape and swim circuits. The model replicates our findings
and suggests that social status-related shift in circuit dynamics could be mediated by changes in the relative excitability of the escape and
swim networks. Together, our results reveal that changes in the excitabilities of the Mauthner command neuron for escape and the
inhibitory interneurons that regulate swimming provide a cellular mechanism for the nervous system to adapt to changes in social
conditions by permitting the animal to select a socially appropriate behavioral response.
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Understanding how social factors influence nervous system function is of great importance. Using zebrafish as a model system, we
demonstrate how social experience affects decision making to enable animals to produce socially appropriate behavior. Based on
experimental evidence and computational modeling, we show that behavioral decisions reflect the interplay between competing
neural circuits whose activation thresholds shift in accordance with social status. We demonstrate this through analysis of the
behavior and neural circuit responses that drive escape and swim behaviors in fish. We show that socially subordinate animals
favor escape over swimming, while socially dominants favor swimming over escape. We propose that these differences are
mediated by shifts in relative circuit excitability. j
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differences in behavior patterns (Wilson, 1975). Group members
are faced with behavioral choices that promote the execution of
critical motor outputs over less urgent ones. Often, these deci-
sions are dictated by context-dependent integration of social
cues. The neural bases underlying these behavioral decisions and
the dynamics of neural circuits that permit animals to adapt to
changes in social environment have been investigated in inverte-
brates and vertebrates (Yeh et al., 1996; Neumeister et al., 2010;
Whitaker et al., 2011; Pearson et al., 2014; Chang et al., 2015; Platt

Introduction
In many social species, dominance hierarchy formation facilitates
group organization, and social ranks are easily discerned through
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et al., 2016).

Zebrafish (Danio rerio) has emerged as a model system in
behavioral neuroscience and is used to study social stress (Giaco-
minietal., 2016), major depressive disorders (Manuel et al., 2014;
Fonsekaetal., 2016), and aggression (Paull et al., 2010; Oliveira et
al., 2011), and their social behaviors have been well described
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(Dahlbom et al., 2012). When paired, ze- A
brafish interact aggressively with ritual- _
ized displays that increase in intensity )>>L|(J“
until a social dominance emerges. A stable
social dominance consists of dominant
and subordinate individuals (Larson etal.,
2006; Oliveira et al., 2011; Pavlidis et al.,
2011). Although aggressive displays subside,
they persist at low levels. This presents an op-
portunity to study the long-term effects of
chronic social aggression on activation -
dynamics of identified neural circuits |
underlying specific behaviors. Here, we
focus on two well-studied behaviors:
swimming and the Mauthner-mediated
startle escape. The functional and ana-
tomical organization of the underlying
neural circuits mediating swim and escape
have been studied in larval and adult ze-
brafish and goldfish (Zottoli, 1977; Zot-
tolietal., 1987; O’Malley et al., 1996; Ali et
al., 2000; Eaton et al., 2001; Severi et al.,
2014; Thiele et al., 2014; Wang and
McLean, 2014).

The neural basis of Mauthner escape
behavior has been investigated extensively
in teleost fishes (Eaton et al., 2001; Korn
and Faber, 2005). An abrupt auditory
pulse to the ear elicits a highly stereotypi-
cal startle escape response (c-start) that is
controlled by a distinct reticulospinal
neural network in the hindbrain centered
around the Mauthner neurons (M-cells;
Fig. 1A). The M-cells are a pair of identi-
fied neurons that receive ipsilateral synap-
tic sensory input and project axons to
innervate contralateral spinal cord motor
neurons (MNs; Fig. 1A,B). A unilateral
stimulus elicits a reflexively fast flexion of
the body away from the threat (Eaton et
al., 1977; Zottoli, 1977; Zottoli et al., 1987; Eaton and Emberley,
1991; Canfield, 2003; Preuss et al., 2006; Szabo et al., 2006; Weiss
et al., 2006, 2009).

The neural circuit underlying swimming behavior is more
distributed, but still displays a clear hierarchical organization
(Severi et al., 2014; Thiele et al., 2014; Wang and McLean, 2014).
Stimulation of the mesencephalic locomotor region (MLR)
evokes swimming (Kashin et al., 1974; Cabelguen et al., 2003).
Descending outputs from the MLR are transmitted to reticu-
lospinal neurons located in the mid- and hindbrain. Their axonal
projections excite spinal central pattern generators (CPGs) that
drive coordinated rhythmic swimming activity (Deliagina et al.,
2002). Interestingly, both the escape and swim circuits receive
visual and postural sensory information (Sato et al., 2007; Ko-
hashi and Oda, 2008; Mu et al., 2012) and are regulated by neu-
romodulatory inputs (Pereda et al., 1992; McLean and Fetcho,
2004). This suggests that the circuits and the behaviors they pro-
duce may be susceptible to plastic changes influenced by social
experience.

Here, we investigated how social regulation affects the activa-
tion patterns of escape and swim behaviors by using a noninva-
sive technique to monitor the patterns in freely behaving animals
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Schematicillustrations of the M-cell escape circuit, experimental setup, and recording. A, Zebrafish startle response is
activated by auditory stimuli. C-start behavior is mediated by the well-characterized Mauthner neural circuit. Activation of the
M-cell is necessary for C-start escape. The M-cell innervates spinal cord motor neurons. B, Schematic illustration of the M-cell
escape circuit. The M-cell escape response is initiated via activation of the VIIIth sensory nerve. €, A pair of bath electrodes is placed
on either side of the testing chamber. Bath electrodes detect neuromuscular field potentials generated as the M-cell escape
response is activated. M-cell escape is activated by an auditory pulse. Field potentials and stimuli are time locked and digitally
recorded. D, Aniillustrative example of a phasic field potential recording recorded during activation of the C-start escape response
mediated by the M-cell. This phasic response was followed by repeated swim bursts that were significantly lower in amplitude.

(Issa et al., 2011). We show that these neural circuits shift their
activation with changes in the animal’s social status. To link the
behavioral observation with cellular changes, we present a com-
putational model to illustrate how a change in the relative excit-
ability of these circuits can facilitate the transition between the
dominant and subordinate behavioral phenotypes.

Materials and Methods

Animal maintenance. All experimental procedures were approved by the
Institutional Animal Care and Use Committee at East Carolina Univer-
sity (Animal Use Protocol #D320). Adult male (7-12 months old) wild-
type zebrafish AB strain (Danio rerio, RRID:ZIRC_ZL1) were housed at
the Zebrafish Core Facility at 28°C under a 14/10 h light/dark cycle and
fed three times daily to satiation with a commercial food (Otohime B2,
Reed Mariculture) containing a high protein content and supplemented
with newly hatched artemia (Brine Shrimp Direct). Food was placed on
the top right corner of the tank. Animals of mixed sex were group housed
at a density of ~20 fish per 10 gallon tank before social isolation and
pairing. In all experiments, the lighting system was placed on the top of
the tank so that it was uniformly illuminated (Movie 1).

Social isolation, pairing, and behavioral observations. Male fish were
initially isolated for a period of 1 week in individual tanks (23 X 13 X 6
cm) to prevent any physical and visual interactions with conspecifics and
to minimize residual social effects from previous social interactions ani-
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Movie 1.
tribution, and swimming activity of a pair of adult male zebrafish within
an experimental arena.

mals acquired during group housing. After isolation, animals were paired
continuously for 2 weeks by transferring two fish into a novel tank of
equal size to the isolation tank. Social interactions between fish were
observed for 5 min periods daily for 2 weeks between 10:00 A.M. and
12:00 P.M. Two behavioral displays were recorded to assess the social
rank: aggressive behaviors (attacks, bites and chases) and submissive
behavior (retreats). Dominance for each observation session was based
on the total number of aggressive and submissive behaviors displayed.
Animals with a high index of aggressive behavior/submissive behavior
were considered dominants. In rare instances when the dominance rela-
tionship was unstable or reversed, the pairs were excluded from the study
(n = 2 out of 39 pairs).

In addition to observing aggressive behaviors, pairs were filmed daily
(early afternoons) for 1 min to monitor changes in their swimming ac-
tivity using a Canon Camcorder (camera model: digital video ZR500).
Videos were digitized, and movement (distance traveled over 1 min pe-
riods) of each fish was analyzed using NIH Image] software (RRID:
SCR_003070; Manual Tracking plug-in). Instances when animals were
interacting with one another resulted in the exclusion of those video
frames from analysis. Total tracked distance was normalized by the num-
ber of remaining video frames.

Experimental setup. At the end of the pairing period, both animals were
placed into two separate but identical testing chambers (dimensions,
11 X 4 X 3 cm) containing double distilled water with a resistance of
~15 MQ-cm and temperature of 25°C. The chambers were equidistant
from the speaker (4 cm; Fig. 1C). The animals were acclimatized for 30
min before testing. The use of highly resistive water improves the signal-
to-noise ratio of the electrical field generated during swimming and es-
cape behavior by preventing dissipation of the electrical signals. Previous
reports have shown that highly resistive water, such as that used in this
study, did not have any obvious impact on the behavior or stress level of
the animals (larvae and adults), even after an extended and continuous
exposure of 3 d (Issa et al., 2011; Monesson-Olson et al., 2014).

Electric field potentials were recorded using a pair of conductive elec-
trodes (1 mm bare thickness, 3-5 mm metal exposure) placed on either
end of each testing chamber (Fig. 1C). Electric signals were amplified
1000-fold using an AC differential amplifier (AM-Systems, model 1700).
Electrical signals were low-pass filtered at 300 Hz and high-pass filtered at
1 kHz. Signals were digitized using a Digidata-1322A digitizer then stored
using Axoscope software (Molecular Devices).

Short-latency M-cell-mediated escape occurs between 5 and 15 ms
after stimulus and is associated with a characteristically large and phasic
electric field potential (Fig. 1D). Conversely, long-latency escapes and
swimming occur between 15 and 40 ms after stimulus and are associated
with variable and low-amplitude electric field potentials. The electric
signals of the short- and long-latency escape responses and swimming are
qualitatively and quantitatively distinct (Prugh et al., 1982; Issa et al.,
2011; Monesson-Olson et al., 2014). The field potential of the M-cell is at
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least tenfold larger in amplitude compared to the field potentials of the
swims (average M-cell field potential, 3.381 * 0.217 mV; average swim
potential, 0.325 * 0.044 mV). The duration of the M-cell field potential
is also significantly different (2 = 0.031 ms) compared to swim burst
potentials (50 = 7.753 ms). These two distinguishing features facilitated
the unambiguous characterization of the field potentials generated by
these two behaviors (Issa et al., 2011).

Response sensitivity tests. Auditory pulses were generated digitally via
computer using the Audacity open source audio editor and recorder
software (audacityteam.org). The amplitudes of auditory pulses were
calibrated before the experiments using a decibel meter (Sinometer
MS6700). Auditory stimulus consisted of a phasic 1 ms pulse (sine wave).
The animals’ auditory sensitivity and threshold of the escape response
was measured by delivering pulses at a randomized dB at midrange levels
(repeated three times at each level) with a minimum of 2 min intervals
between trials. Pulses ranged from 70—105 dB re 20 uPa with 5 dB incre-
ments. Randomization of stimulus intensity was necessary to avoid order
effects, possible response sensitization or habituation. Repeated trials at
each decibel level were averaged, and then the data were curved-fitted
using a nonlinear regression analysis using the Boltzmann sigmoidal
equation Y = bottom + (top — bottom)/(1 + exp[(V50 — X)/slope])
(see Fig. 4B).

Measurement of bursting activity. Animals were placed in the testing
chamber and allowed to acclimate for 30 min. Subsequently, field poten-
tials of burst swimming activity were recorded continuously for 1 min.
Data acquisition, amplification, digitization and storage were the same as
stated above.

Swim bursts were detected and sorted using the “threshold” search
tool of the Clampfit software (Molecular Devices). Detected bursts were
processed and verified according to the following criteria: a burst was
included if it was larger than 12 mV in total amplitude and 50-200 ms in
duration. Markers were assigned to each burst at the half-width of the
burst (usually at the peak burst amplitude) for all bursts during the 60 s
recording period.

Data analysis. The latency of the escape response was measured using
the field potential signals recorded by measuring the time between stim-
ulus onset and the beginning of the field potential response. The ze-
brafish escape response is categorized into two main types of escapes.
Activation of the M-cell generates a short-latency escape response with a
time onset ranging between 5 and 15 ms. Zebrafish also produce long-
latency non-Mauthner-mediated escapes with a time onset ranging be-
tween 15 and 40 ms (Eaton et al., 2001). Each type of escape generates a
distinct electric field potential signal that permits the reliable identifica-
tion of the type of escape based on the field potential signature and its
latency from stimulus onset (Issa et al., 2011). The latency of the electrical
signal was defined as the time difference between the onset of the audi-
tory stimulus and the beginning of the large phasic field potential gener-
ated during the short-latency M-cell-mediated escape response. Data
were tabulated in Microsoft Excel, and all values are provided as mean *
SEM unless stated otherwise.

All statistical analyses were performed in R (www.r-project.org; RRID:
SCR_001905), IBM-SPSS (RRID:SCR_002865), and Prism (GraphPad;
RRID:SCR_002798). Unless specified otherwise, all comparisons were
first subjected to one-way ANOVA or mixed-design (a mixture of one
between-group and repeated-measures variables) ANOVA followed by
the least significant difference (LSD) post hoc test for all multiple com-
parisons. Before using mixed-design ANOVA, sphericity was tested by
using Mauchly’s test. When the assumption of sphericity was violated,
the degree of freedom in Greenhouse—Geisser correction was used.

The movement of animals was tracked using the Manual Tracking
plug-in for Image]J to extract X-Y coordinates within the housing tank
(Fig. 2). Videos were downsampled to three frames per second, and
coordinates for dominant and subordinate animals were loaded into R
software using a custom script. X—Y coordinates encompassing peri-
ods of social interactions were removed from analysis. Filled contour
plots combining data of all dominant or subordinate animals were pro-
duced using 2D kernel density estimations generated by the kde2d func-
tion of the MASS package [CRAN (Comprehensive R Archive Network)
Repository; Venables and Ripley, 2002]. The algorithm used disperses
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the mass of the empirical distribution function
over a regular grid of 512 points and uses the
fast Fourier transform to convolve this approx-
imation with a discretized version of the ker-
nel followed by linear approximation to
evaluate the density at the specified points.
To facilitate illustration of the large data set
for both social phenotypes, density data were
converted into a heat-map probability plot as
illustrated in Figure 2 B;.
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Neuronal model. A simplified single-compart- 0-
ment conductance-based biophysical model of
the escape and swim circuits of zebrafish was 10+ Retreats
developed based on experimental data (see Fig. ‘% 8.
5A; Faton et al., 2001; for review, see Korn and o
Faber, 2005; Liao and Fetcho, 2008; Song et al., D 64
2015). In the model, we assume that the :
M-cells are the main command neurons in the O 44
escape behavior and the stimulus is directly de- *
livered to the M-cells. Other Mauthner ho- g 2+

mologs including MiD2 and MiD3 cells may
also play an important role (O’Malley et al., 0 2 4
1996). But, if an external stimulus excites one
of two M-cells, its contralateral homolog is
inhibited by inhibitory commissural neu-
rons (for review, see Zottoli and Faber, 2000;
Korn and Faber, 2005). Hence, this reciprocal
inhibition is not essential in the simulation as
long as M-cell cannot be active without an
external input (for a model network, see Fig.
5A).

The model incorporates two different motor
neuron populations, fast and slow, which are
not functionally overlapped (Ampatzis et al.,
2013, 2014; Song et al., 2015). Fast motor neu-
rons that drive the escape behavior are excited
by the M-cells. On the other hand, the slow
motor neurons receive excitatory inputs from
the CPGs for swimming behavior and an in-
hibitory input from the inhibitory interneuron
(i-IN). In turn, the i-IN receives excitatory inputs from the M-cells.
Inhibition plays multiple roles in the generation of the activity patterns in
the model. For example, the reciprocal inhibition between CPGs is es-
sential to generate alternate swimming patterns of slow MNs, which is
crucial in the normal swimming patterns of the zebrafish. The inhibition
from the i-IN to the slow MNss is also crucial to pause the swimming
activity during the escape behavior and to resume it with the termination
of the escape (for an alternate model, see Discussion).

We use conductance-based modified Morris—Lecar neuronal mod-
els (Morris and Lecar, 1981; Izhikevich, 2007; Ermentrout and Ter-
man, 2010) with additional calcium-dependent potassium current.
The membrane potential of each cell obeys the following current
balance equation:

Figure 2.

dv
C— =

d _ICa -

IK - IL - IKCa - Isyn + Iapp(t)) (1)

where Iy = gen(v — vi), I, = 8eamoe MV — Vo) Ik = Sreat[Cal/([Ca] +
k)}(v — vg), and I, = g, (v — v,) represent the potassium, calcium,
calcium-dependent potassium, and leak currents, respectively. m., is
the instantaneous voltage-dependent gating variable for the calcium

current, where
V=
m.(v) = 0.5\ 1 + tanh " .
2

2+

(2)

The concentration of intracellular Ca
calcium balance equation:

is governed by the following
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Adult male zebrafish form stable social relationships, and behavior patterns diverge significantly as social relation-
ships solidify. 4, Social interactions are characterized by aggressive behaviors (attacks, top) performed predominantly by domi-
nants and submissive behaviors (retreats, bottom) displayed mainly by subordinates. B;, Social status affects swimming activity.
Kernel heat-map estimation plot of swimming activity over a 1 min period of filming for dominants (red) and subordinates (blue)
onday 14after pairing (n = 12 dominants and 12 subordinates). B,, Average swimming frequency of all animals plotted in B, over
a 1 min period of observation on day 14 after pairing for paired animals and day 14 for group housed animals. The shaded area
illustrates the variance in swimming frequency (SEM). C, Quantification of filmed swimming activity [distance traveled (in centi-
meters) per frame] for all animals tested during a T min period each day for a 14 d pairing period (n = 16 group housed, n = 12
for dominants and 12 subordinates). Video frames during which the animals were interacting were excluded from analysis. Total
tracked distance was normalized by the number of remaining video frames. Day 0 marks observations of animals before they were
paired (before pairing; arrow). A, B,, and Cplot the mean = SEM.

d[Ca]
dt

= 8(_“‘ ICa - kCa [Ca])' (3)

n is a gating variable for the potassium current obeying the following:

dn_ (n(v) = n) "

dt 74(V)
V= Vs
n.(v) = 0.5(1 + tanh( " )), (5)
V= Vs
T.(v) = 1/cosh< 2, ) (6)

The synaptic variable, s, is modeled by an equation for the fraction of
activated channels:

i as.(v)(1 —s) — Bs, (7)
where
v+ 0,
so(v) = 1/[ 1 + exp|— . (8)
0-5
The term I, in Equation 1 represents the synaptic input from other cells

and is given by the following:

Isyn = gsyn(v - Vsyn) 25'> (9)
J
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where the summation is over all neurons projecting to a given neuron.
The synaptic current for M-cells is as follows:

Tni = &) (Vi — Yvom)s (10)

where i # jand i, j € {1, 2}. The synaptic current for fast MNs is as
follows:

Iy, = gMaFMN(SM,i)(V = VMorn)s (11)

where sy ; is the synaptic variable of the corresponding M-cell. Note that
the right fast MN receives synaptic input from M-cell 1, while the left fast
MN receives synaptic input from M-cell 2. The synaptic current for slow
MNss is as follows:

Isyn = Iepgosmn T Iinosun = gepasmn (SCPG,i)(V — VepGosmy)

+ gIN%SMN(SIN)(V = Vinosun)> (12)

where scpg ; is for the corresponding CPG and s, is for the i-IN. Note
that the left slow MN receives synaptic input from CPG 1, while the right
slow MN receives synaptic input from CPG 2. All slow MNs also get an
inhibitory input from the i-IN. The synaptic current for the i-IN is as
follows:

Ly, = Siom(v1 sV — Yo, (13)

where sy, ; is for M-cell i. The synaptic current for CPGs is as follows:
Isyn,i = gCPGeCPG(SCPG, j)(Vi — VepGCrG)> (14)
where i # jand i, j € {1, 2}. While the applied current Iapp(t) is a fixed
constant in CPGs and slow MNs, these are time and activity dependent in

M-cells, fast MNs, and the i-IN. The applied current Iapp(t) in the M-cell
for i = 1, 2 is modeled as follows:
Lpp(D) = Iy + Ii(1) + wy X Net(1), (15)

where I, is a fixed constant, I;(7) is the stimulus at time T, w,, is a fixed
constant for the weight, and Net(t) is the activity-dependent spike adap-
tion. Net(t) obeys the following equation:

agmax
dNet | [Ca];
dr p

— Net]

(16)

Here, ag,... and p are fixed constants, and [Ca]; is the [Ca] for M-cell i.
The applied current in fast MNs is modeled as follows:

Lpp() = Iy + weyn X Net(1), (17)

where I, and wp,,y are fixed constants, and Net(t) is as in the above
equation, where [Ca] is for each corresponding fast MN. Note that Net(t)
in fast MNs is not essential as long as the fast MNs are activated by the
M-cells.

Similarly, the applied current in the i-IN is modeled as follows:

Lpp(t) = Iy + wi_y X Net(t), (18)

where I, and w;_ are fixed constants, and Net(t) is as in the above
equation, where [Ca] is for the i-IN.

For all neurons, the basic set of parameter values are given by the
following unless specified in the neuron. We let g, = 4, ggca = 0.25,
=28, =2,6=10.005, v, = 120, vy = —84, v, = —60,k, = 10, 6, =
0,v,=—-12,v,=18,v;=12,v,= 174, ke, = 1, u = 0.2, ¢,, = 20, and
¢ = 0.23. For M-cells, we let a = 10, B8 = 0.08, gy = 0.5, Vo =
=50, v, = 17,8, =4, I, = 40.5, wy, = 1, I,(7) = 3, ,(7) = 0,and p,, =
10,000. For fast MNs, we let gyopmn = 044 Vyvspmn = 30, Iy = 38,
Wi = 0.5, ¢ = 0.225, ppyy = 10,000. For slow MNs, we let gopg_sym =
0.37, Vepgosmn = 305 Sinssvn = 0.7, Vinsmn = —50, and I, = 40.4.
For i-IN, we let & = 10, B = 0.0014, ¢ = 0.225, g .. = 0.2,
Vyoin = 30,1, = 40.4, 6, = 1, w; 1y = 1, p;_iy = 4000. For CPGs, we let
gepGocpg = 0.5, Vepgcpg = —50, 1, = 45,8, = 0.2, « = 10,and 3 =
0.2. Some parameters were modified to reflect different firing properties
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of each cell based on experiments (Eaton et al., 2001; for review, see Korn
and Faber, 2005; Liao and Fetcho, 2008; Song et al., 2015). We note that
M-cells, fast MNs, slow MNs, and the i-IN are excitable cells, so they do
not fire action potentials unless they receive enough excitatory inputs
from other active cells or external stimulus. On the other hand, CPGs are
self-oscillatory cells, so they fire action potentials at the fixed frequency
and they do not receive other inputs except inhibitory input from an-
other active CPG (see Fig. 5A4). The main parameter that we controlled to
implement these firing properties is the baseline level of applied current
I,. With an increase of I, the activity patterns of the model neuron
change from silence to tonic spiking (Izhikevich, 2007; Ermentrout and
Terman, 2010). For example, CPGs have higher I, value for their self-
oscillatory activity patterns.

In our study, we also changed two main parameters (ag,,,..» Wi.in) t0
explore possible cellular mechanisms for the observed social status de-
pendent differences in the escape and swim circuits. These two main
parameters were based on the previous finding about the endocannabi-
noid 2-arachidonoylglycerol (2-AG) in mediating the cellular and behav-
ioral switch between escape and swim (Song et al., 2015; for details, see
Results and Discussion). One may consider an alternate model where the
i-IN inhibits CPGs (for details, see Discussion).

To simulate the effect of an external stimulus on the M-cell, a depo-
larizing current pulse was applied to the M-cell model neuron. A single
model neuron represents the same set of neurons on each side. Simula-
tions were performed on a personal computer using the software XPP
(Ermentrout, 2002). The numerical method used was an adaptive-step
fourth-order Runge—Kutta method with a step size 0.1 ms.

Results

Formation and stability of social dominance

Paired zebrafish quickly form stable dominance relationships.
We observed the social agonistic interactions of paired adult male
zebrafish and counted aggressive (attacks) and submissive (re-
treats) behaviors performed by each fish. Dominance relation-
ships were established by the third day of interactions and
remained stable for the remainder of the 2 weeks of observation.
To investigate attacking and retreating behaviors between paired
animals, mixed design ANOVA (within-subject factor days,
between-subject factor group) was performed. There was signif-
icant main effect of group (attacks, F, ,,, = 5.40e+1, p =
2.24e-7, Fig. 2A, top; retreats, F(; ,,) = 3.19e+1, p = 1.10e-5, Fig.
2A, bottom), but no effect of days (attacks, F4 53 137.10) = 1.09,
p > 0.05, Fig. 2A, top; retreats, F, 75 195,15y = 7.88e-1, p > 0.05,
Fig. 2A, bottom). There was some effect of interaction between
group and days for attacks (F 53, 137.10) = 2-19, p = 4.58e-2), but
no effect of interaction between group and days for retreats
(Fla.78,105.18) = 1.72,p > 0.05). In particular, post hoc test showed
that the average number of attacks of dominants against sub-
ordinates was significantly higher (LSD, p = 2.24e-7, Figure
2A, top), while the average number of retreats of subordinates
from dominants was significant higher (LSD, p = 1.10e-5, Fig.
2A, bottom); that is, during this period, the dominant animal
of each pair performed most of the aggressive biting behavior,
while the subordinates mainly retreated from interactions
(Fig. 2A).

Changes in the pattern of aggressive behavior were accompa-
nied by a significant decrease in swimming activity in subordi-
nates compared to dominants. Two weeks of social interactions
led subordinates to limit their swimming only to the bottom
corner of the tank while dominants swam freely (Fig. 2B;, Movie
1). The heat-map plot illustrates the kernel probability distribu-
tion of all animals observed over 1 min of filming sampled at 3
frames/s. Status-dependent differences in spatial distribution
were reflected in swimming frequency over the same observa-
tional period (Fig. 2B,). To quantify this observation we mea-
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sured the average swim distances for each day of pairing for a 1
min interval for 14 consecutive days. We performed mixed-
design ANOVA (within-subject factor days, between-subject fac-
tor group) to compare the average swim distances among three
animal groups. There were significant main effects of group (F, 5
= 4.49e+1, p = 1.26e-10) and days (Fs 56, 205,81y = 6.12, p = 1.20e-5;
Fig. 2C). There was also effect of interaction between group and
days (F(y, 13, 205.81) = 4.21, p = 1.10e-5; Fig. 2C). In particular, a
post hoc test showed that the normalized swim distance of dom-
inants was significantly longer than those of group-housed (LSD,
p = 2.66e-2) and subordinate animals (LSD, p = 7.40e-11; Fig.
2C), and the normalized swim distance of group-housed animals
was also significantly longer than that of subordinates (LSD, p =
1.08e-8; Fig. 2C); that is, subordinates significantly decreased
their swimming activity as dominance was formed. This decline
of swimming persisted for the remainder of pairing. Conversely,
dominant animals increased their swimming activity in compar-
ison to group-housed animals (Fig. 2B,—C; n = 12 for dominants
and subordinates each, and n = 16 for group-housed animals).
Place preference for the lower back of the tank and decline of
swimming activity of subordinates is likely to avoid repeated
attacks by the dominants who roamed the majority of the
arena and had first access to food, given daily from the top
right corner (Fig. 2B;).

We also measured the animals’ swim burst activity. Animals
were tested individually by placing them in the testing chamber
and recorded spontaneous swimming burst field potentials for 1 min
after a 30 min period of acclimatization on day 12 of pairing
(Fig. 3A). We found that the bursting activity of dominant and
subordinate fish diverged in opposite directions compared to
group-housed controls (Fig. 3B,C; n = 14 for dominants and
subordinates each, and n = 15 for group-housed animals). We
performed mixed-design ANOVA (within-subject factor time
bin, between-subject factor group) to compare the average num-
ber of bursting swim activities among three animal groups. There
was significant main effect of group (F(,, 45, = 1.49%+1, p =
1.50e-5), but no effect of time bin (F(s 55 563.23) = 1.28, p > 0.05;
Fig. 3C). There was also no effect of interaction between group
and time bin (F(;5 16, 263.23) = 4.08e-1, p > 0.05; Fig. 3C). A post
hoc test showed that the average number of bursting swims of
dominants was significantly higher compared to group-housed
fish (LSD, p = 1.75e-3) and subordinates (LSD, p = 3.00e-6; Fig.
3C). The average number of bursting swims of group-housed fish
was also significantly higher compared to subordinates (LSD, p =
3.80e-2; Fig. 3C). We also compared the total number of swim
bursts with a one-way ANOVA (factor, group). We found a sig-
nificant main effect of group (F,, 40) = 1.49¢+1, p = 1.48e-5; Fig.
3D). A post hoc test showed that dominants had significantly
higher number of swim bursts compared to group-housed (LSD,
p = 1.75e-3) and subordinate animals (LSD, p = 3.00e-6; Fig.
3D). Group-housed fish also showed significantly higher number
of swim bursts compared to subordinates (LSD, p = 3.80e-2; Fig.
3D). While dominants substantially increased their bursting
swim activities compared to both group-housed and subordinate
fish, subordinates significantly decreased their bursting swims
from those of group-housed fish and dominants (Fig. 3C,D).
These results suggest that social interactions impacted the swim
circuits of both dominant and subordinate animals, but in oppo-
site ways. Social dominance caused an increase in swimming,
while social submission led to a decrease in the activity of the
swim circuit.
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Social status— dependent sensitivity of the Mauthner

escape response

To determine whether social experience affects the activation
threshold of the M-cell escape, we tested the animals’ sensitivity
to auditory pulses of randomized decibel intensities. At low deci-
bels, both social phenotypes displayed similarly low response
probabilities (Fig. 4A). To compare the difference of response
probabilities to auditory pulses among three animal groups, we
performed a mixed-design ANOVA (within-subject factor deci-
bel, between-subject factor group). There were significant main
effects of group (F, 43, = 3.86, p = 2.63e-2; Fig. 4B) and decibel
(Fl4.30, 276.46) = 1.55e+2, p < 1.0e-16; Fig. 4B). There was also a
significant effect of interaction between group and decibel
(Fs.78, 276.46) = 2-49, p = 1.03e-2; Fig. 4B). We then further per-
formed the post hoc test to determine which animal groups had
higher response probability. We observed that the response prob-
ability to auditory pulses for subordinates was significantly
higher compared to group-housed (LSD, p = 1.75e-2) and dom-
inant animals (LSD, p = 2.26e-2; Fig. 4B). But there was no
difference of response probabilities between group-housed and
dominant animals (LSD, p > 0.05; Fig. 4B); that is, as sound
intensity increased, subordinates were significantly more sensi-
tive and were more likely to respond to auditory pulses compared
to dominants and group-housed animals (Fig. 4B). Data were
curved fitted with a nonlinear regression with Boltzmann sigmoi-
dal curve fit (goodness of fit R* for 20 group-housed fish =
0.9868, 23 dominants = 0.9924, 23 subordinates = 0.9926). Re-
sponse probability of subordinate animals reached the 50% mark
at 82.73 dB compared to dominants’ 86.86 dB and group-housed
animals’ 85.30 dB. At suprathreshold stimuli (95 dB and
higher), the response probability of animals plateaued to sim-
ilar levels. Comparison of the sensitivity curves of dominant
and subordinate animals to group-housed animals shows that
pairwise interactions had a significantly bigger impact on the
response sensitivity of socially subordinate animals compared to
dominants.

In particular, we observed that the response sensitivities
among three animal groups at 85 and 90 dB were significantly
different (Fig. 4B). Thus, we performed a one-way ANOVA (fac-
tor, group) to find the difference of the response sensitivities
among three animal groups at 85 and 90 dB, respectively. Note
that the stimuli were randomized at each decibel and the response
sensitivities at each decibel per each animal were averaged so that
there was only one probability for each animal at each decibel (see
Materials and Methods). At 85 dB, there was a significant main
effect of group (F,, ¢3) = 5.58, p = 5.86e-3; Fig. 4B). A post hoc test
showed that the response sensitivity of subordinates at 85 dB was
significantly higher compared to group-housed (LSD, p =
4.78e-3) and dominant animals (LSD, p = 6.33e-3; Fig. 4B).
There was no difference of the response sensitivities between
dominants and group-housed animals at 85 dB (LSD, p > 0.05;
Fig. 4B). Similarly, at 90 dB, there was a significant main effect of
group (F(,, ¢3) = 3.56, p = 3.44e-2; Fig. 4B). Post hoc test showed
that the response sensitivity of subordinates at 90 dB was signif-
icantly higher compared to group-housed animals (LSD, p =
4.96e-2) and dominants (LSD, p = 1.47e-2; Fig. 4B). There was
no difference in the response sensitivities at 90 dB between dom-
inants and group-housed animals (LSD, p > 0.05; Fig. 4B). Our
results suggest that the activation threshold of the M-cell in sub-
ordinates decreased significantly compared to both dominant
and group-housed animals.
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Social status—dependent latency of
Mauthner-mediated escape response

To measure the latency of response of
M-cell-mediated escapes to supra—thresh-
old auditory pulses at 95 dB, we performed
a one-way ANOVA (factor, group). There
was a significant main effect of group
(F2, 73y = 9.51, p = 2.14e-4; group housed,
n = 20; dominants, n = 28; subordinates,
n = 28). Average latencies of response on-
sets were 3.61 = 0.15 ms (mean = SEM)
for subordinates, 4.31 = 0.29 ms for dom-
inants, and 5.12 * 0.24 ms for group-
housed animals. A post hoc test indicated
that the latency of response of M-cells for
subordinates was significantly shorter
compared to group-housed animals (LSD,
p = 4.30e-5) and dominants (LSD, p =
2.99¢-2). The latency of response of M-cells for
dominants was also significantly shorter
compared to group-housed animals (LSD,
p = 2.24e-2).

The asymptotic frequency of escape
response at high stimulus intensity did
not differ among the groups. All three
groups responded nearly 92% of the time
(group housed, 93 * 3.6%; dominants,
92 =+ 4.3%; subordinates, 91 * 2.5%). This
suggests that repeated testing and possible
differences in habituation rates at the ap-
plied frequency (once every 2 min) were
not factors in the observed differences in
both sensitivity and response latency.

Neurocomputational model of escape
and swim circuits

To investigate the mechanisms underlying
the status-dependent differences in startle
sensitivity and shift in network activation
between escape and swim, we built a sim-
plified mathematical neural model of both
escape and swim circuits (Fig. 5A4). We
found that a simple circuit model com-
posed of conductance-based modified
Morris—Lecar model neurons can account
for the observed social status differences in
circuits’ dynamics. The model incorporates
the main neural elements that comprise the
M-cell escape circuit, a swimming CPG cir-
cuit, an i-IN, and fast and slow MNs that are
connected to the M-cell escape and CPG
swim circuits, respectively (for details, see
Materials and Methods).

It is well established that the excitability
of the escape and swim circuits is subject to
descending neuromodulation (Oda et al.,
1998; Preuss and Faber, 2003). The neuro-
modulators serotonin and dopamine di-
rectly enhance the excitability of the M-cell
and indirectly by modulating presynaptic
inputs (Cachope et al., 2007; Medan and
Preuss, 2011; Whitaker et al. 2011). How-
ever, it is little understood how a change in
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M-cell excitability alters circuit activation and promotes a switch
between escape and swim depending on social status. Here, we
hypothesized that modulation of network properties may ac-
count for the observed differences in circuit activation between
dominants and subordinates. To test our hypothesis we controlled
two intrinsic synaptic parameters (ag,,,,, and w; ;) which are mod-
ulated by presynaptic neurotransmitters. Here, ag,,,... is the maximal
net excitabilities in the M-cell, Fast MN, and i-IN while w, 5, is the
weight of the maximal net excitability in i-IN.

We repeatedly applied depolarizing current pulses to the
model M-cell (1 s interstimulus interval) for 100 ms duration on
the left M-cell to explore the behavior of the escape and swim-
ming activities for each animal group (Fig. 5B). We changed
A max in Net(t) (Egs. 15, 17, 18) and the weight w;_;, for the i-IN
in I,,(t) (Eq. 18). We assumed that low values of ag,,,,, and w;
correspond to the dominant and group-housed fish, while the
high values of ag,,,, and w;_y correspond to the subordinates.
These two assumptions were based on a previous finding that
implicated the endocannabinoid 2-AG in mediating the cellular
and behavioral switch between escape and swim (Song et al.,
2015). 2-AG was shown to prolong swimming suppression in
slow MNs and promote the activation of the startle escape re-
sponse by lowering the threshold for the initiation of escape.
Furthermore, blocking 2-AG synthesis decreased the duration of
swimming inhibition in slow MNs. Finally, slowing 2-AG degra-
dation prolonged the inhibition of slow MNs and swimming be-
havior. These results strongly suggest that differences in the
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availability and concentration of 2-AG may account for the
status-dependent activation of the escape and swim circuits ob-
served in our experiments. Therefore, we assumed that domi-
nants and subordinates have different levels of excitability:
dominants have low excitability, while subordinates have high
excitability (see Discussion). In the model, this difference was
represented by different levels of ag,, ., and w;_ depending on
social status. Note that these two parameters (ag,,.. and w;_y)
were chosen carefully to reproduce the experimental results while
keeping all other biophysically driven parameters constant.
Moreover, the parameter ag,,,, was chosen to reflect the avail-
ability of 2-AG (Song et al., 2015). The change of w;_; was the
only way to reflect the changes of the swimming frequency for
subordinates (for an alternate model where the i-IN inhibits
CPGs, see Discussion).

Switch between escape and swimming activities

Figure 5B shows the activities of neurons (M-cells, fast MNs, and
slow MNs) for all three animal groups. A depolarizing current
pulse that activates the M-cell (Fig. 5, BI1-B13) leads to the ac-
tivation of the contralateral fast MNs (Fig. 5, B21-B23, right fast
MN) and initiation of the escape response. Concurrently, activa-
tion of the M-cell excites the i-IN, which directly inhibits all slow
MNs. As a result, there is a pause of swimming activity during
escape, but swimming resumes once the escape response ends
(Fig. 5, B31-B33).

Effect of social status on the swimming activity in the model
To determine how social experience may account for the ob-
served changes in swim circuit activation, we tested the activities
of slow MNss before, during, and after repeated stimulation of the
M-cell. The bottom panels in Figure 5B shows the response of
slow MNs of models that simulated responses of dominants (Fig.
5,B31), group-housed fish (Fig. 5, B32), and subordinates (Fig. 5,
B33) without any stimulus input (before 10 s and after 30 s).
Then, we increased parameter values ag,,,, and w;_  to deter-
mine the effect on swimming behavior. As described earlier, low
agmax and w;_p values simulate conditions that represent group-
housed and dominants, while high values represent subordinates.
We found that swimming frequency before and after the stimuli
did not change for each animal group. We also observed that slow
MN:ss for group-housed and dominants were active most of the
time except during activation of the escape circuit. On the other
hand, higher ag,,., and w, ; increased the excitability of i-IN and
even made the i-IN fire at low frequency without any excitatory
input from the M-cell. Since the active i-IN inhibits all slow MNss,
increasing ag,,.. and w;  led to a dramatic decrease in swim
circuit activation prior, during, and after escape circuit activation
for subordinates (Fig. 5, B33). This result mimics our empirical
results that show an inhibition of swimming activity in subordi-
nate animals (Figs. 2, 3).

Social status— dependent sensitivity of M-cell escape response
in the model

To probe possible cellular mechanisms that account for the ob-
served social status—dependent changes in the sensitivity of the
M-cell, we changed the amplitude of the applied current in the
M-cell and measured the response probability over the repeated
stimuli. As in the previous simulation, the left M-cell receives 18
stimuli. Amplitude of the applied current I,(7) was gradually
increased, and response probability of the M-cell was recorded.
For example, the response probabilities of M-cells in Figure 5
(top) are 4/18 for dominants, 8/18 for group-housed animals,
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Figure 5.

Neurocomputational model of the escape and swim circuits. A, A schematic illustration of the model neural network that reproduces the responses observed in group-housed,

dominant, and subordinate animals. The M-cell (M1 or M2) excites the fast MNs and i-IN. Each M-cell mutually inhibits its homolog. The swim CPG excites the slow MNs, while the i-IN inhibits the
slow MNs. The model is based on Eaton et al. (2001) (for review, see Korn and Faber, 2005; Liao and Fetcho, 2008; Song et al., 2015). B, Activities of model M-cells (top), fast MNs (middle), and slow
MNs (bottom) for the three animal groups to repeated depolarizing current stimulation injected into the left M-cell (repeated 18 times; 1 sinterstimulus interval) with100 ms duration. B11, B21,and
B31 show dominant animals with ag,,,, = 4.5 and w;, = 1.B12, B22, and B32 show group-housed animals with ag,,,, = 4.7 and w;,, = 1.B13, B23, and B33 show subordinate animals with
09max = 9-5and w,, = 2.25. In the top panels, the red spikes represent the active (left) M-cell, while the green trace represents the silent (right) M-cell. “[Net]” in the insets represents the total
amount of excitability of the M-cells, i-IN, and fast MNs: low (dominant), intermediate (group housed), and high (subordinate). In the middle panels (B21-B23), the green trace represents the active
right fast MN, while the red trace represents the silent left fast MN. In the bottom panels (B31-B33), the green trace represents the right slow MN, while the red trace represents the left slow MN.
C, A change in the amplitude of the applied current /;(7) and the response rate of M-cells to the 18 stimuli for three animal groups.

and 18/18 for subordinates. We used the same parameters as in
the above simulation for each animal group. We found that de-
creasing ag,,,.. and w;_y, which mimics low 2-AG concentration,
increases the activation threshold of the model M-cell as observed
in dominant and group-housed animals. But when ag,,,, and

w; N Values were increased, which mimics an increase in 2-AG
concentration, the activation threshold of the model M-cell de-
creased significantly as we observed experimentally in subor-
dinate animals (Fig. 5C). Together, these results suggest that
social status—dependent changes in the M-cell may be medi-
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ated, in part, by intrinsic changes in M-cell excitability and are
sufficient to enhance the escape response and to switch circuit
activation from swim to escape as was observed experimen-
tally (Fig. 3C, 4B).

Discussion

As social relationships solidify between competing zebrafish, be-
havior patterns begin to shift to reflect social standing. These
behavioral patterns (swim and escape) are part of the decision-
making process in which animals must choose adaptive behav-
ioral strategies. In this study, subordinate animals shifted their
behavioral pattern from swimming to escape and reduced their
swimming frequency to avoid repeated aggression by dominants.
Conversely, dominants increased their swimming frequency to
maximize their access to potential resources. These behavioral
changes are based on persistent changes in the underlying neural
circuits that mediate swim and escape behavior, and that social
experience facilitates the shift in the balance of network dynamics
(Fig. 6).

To determine possible cellular mechanisms that account for
the observed status-dependent differences, we built a neural cir-
cuit model of the escape and swim circuits based on a simplified
representation of the properties of the relevant neurons. Al-
though our simplified model circuit does not include all the
detailed neural elements that may act in vivo, it enabled the re-
production of several important network activity patterns ob-
served experimentally. First, we showed that a depolarizing
current that mimics an external stimulus activates the M-cell,
which in turn excites the fast MN for the escape and excites the
inhibitory interneuron to inhibit slow MN resulting in a pause of
swimming activity during the escape response. Second, the swim-
ming activities resume at the termination of the escape behavior
without a change of the swimming frequency. Third, we showed
that the sensitivity of the startle escape response to an increase in
stimulus intensity, simulated by an increasing depolarizing cur-
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rent, depends on social status. Submissives showed elevated re-
sponse rate of the startle escape to stimuli and low swimming
frequency, while group-housed and dominant animals showed
relatively low startle response rate and very high swimming fre-
quency. A change in intrinsic synaptic and network parameters
was sufficient to obtain the transition between dominants and
subordinates activity patterns while maintaining the network
architecture.

The escape circuit is prone to behavioral and cellular plasticity
mediated by modulatory inputs (Oda et al., 1998; Preuss and
Faber, 2003). Modulation of network properties may be respon-
sible for the observed changes in startle sensitivity between dom-
inants and subordinates. Neumeister et al. (2010) demonstrated
that the lowered threshold for initiation of escape is due to a
change in the presynaptic inhibitory drive to the M-cells. Sero-
tonin is one prime candidate for mediating the socially controlled
plasticity in M-cells (Whitaker et al. 2011; Medan and Preuss,
2014). Previous experiments have also shown that startle plastic-
ity in M-cells could be modulated by the action of 2-AG (Song et
al., 2015). Moreover, activity-dependent production and release
of 2-AG at the M-cell lateral dendrite triggers presynaptic release
of dopamine that enhances M-cell activation (Cachope et al.,
2007). In our model, to obtain the social status—induced differ-
ences in M-cell activation, we controlled one intrinsic synaptic
parameter, the maximal net excitation in the M-cell, which is
modulated by presynaptic neurotransmitters. Since calcium
modulates inhibitory presynaptic neurotransmitter release via
retrograde signaling and endocannabinoids act as retrograde
messengers (Diana and Bregestovski, 2005), we assumed that in-
tracellular calcium level governs the maximal net excitation of the
M-cell. In fact, both presynaptic release of dopamine and post-
synaptic activation of the M-cell are calcium dependent (Ca-
chope et al., 2007). Our computational results show that the
dynamical changes in the excitability of the M-cell may mediate
the social status—dependent difference in the sensitivity of the
startle response.

To reproduce reduced swimming activity in subordinates, the
hallmark of social status—induced behavioral difference observed
in subordinate animals, we varied the excitability in the local
inhibitory interneuron, which represents a neurotransmitter
modulated local network property. In an invertebrate model, it
was shown that social status affects the configuration of local
neural circuits (motor neurons and interneurons) to produce
different, status-dependent behavioral responses (Issa et al., 2012). It
was shown that differences between animals of different social
status are due to changes in thresholds of excitatory and inhibi-
tory interneurons. However, in zebrafish, longer swimming sup-
pression in the slow motor neurons is mediated by potentiation
of the inhibitory inputs via 2-AG (Song et al., 2015), which might
reflect an increased excitatory synaptic transmission to the inhib-
itory interneurons. Thus, the excitability in the local inhibitory
interneuron modulates the amount of excitatory synaptic trans-
mission to the cell by dynamically changing the excitability
threshold in interneurons (Fig. 6). This permits the inhibitory
interneuron to be active even without the excitatory input from
the M-cell at low frequency, resulting in prolonged swimming
suppression. Our model suggests that social status—dependent
differences could be mediated, in part, by differences in neuro-
modulator availability; however, our proposition remains to be
determined experimentally.

One may consider another model in which inhibitory in-
terneurons inhibit CPGs instead of slow motor neurons. Under
this scenario, during an escape response, swim CPGs will receive
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inhibitory inputs, preventing them from activating and failing to
provide sufficient excitation to drive the slow motor neurons.
Thus, there will be a pause of the swimming activity during the
escape. Therefore, the swimming patterns may be similar to our
model before and during the stimulus. However, when there is a
strong (or prolonged) inhibition from inhibitory interneurons to
CPGs due to the strong or repeated stimuli, CPGs will be silent
and their membrane potentials will be very close to each other. As
inhibition subsides, the CPG’s half-center oscillators will re-
bound and burst almost simultaneously because of postinhibi-
tory rebound. This will lead to the simultaneous activation of all
slow MNs, which would not produce normal swimming behav-
ior. This suggests that the inhibitory connection from interneu-
rons to CPGs may not be an essential substrate for the escape and
swimming activities. In the absence of definitive anatomical
information, our model can be of benefit by comparing the
expected activity patterns emerging from various likely con-
nectivity architectures and by characterizing the conditions
under which the network may exhibit the desired decision-
making output.

The surprising decrease in response latency of the M-cell re-
veals an interesting possibility that the escape circuit may be
primed for activation. However, the cellular mechanism under-
lying this phenomenon remains unknown. Either intrinsic or
extrinsic neuromodulatory factors may potentiate the activation
of the escape circuit by acting on the sensory inputs or the M-cell
directly. Cachope et al. (2007) demonstrated that the M-cell can
potentiate its own activation through the synthesis and presyn-
aptic release of 2-AG that acts on innervating dopaminergic
inputs to regulate dopamine release. Thus, 2-AG-mediated po-
tentiation of the mixed electrical and chemical synapses between
the sensory neurons and the M-cell could potentially increase
synaptic transmission and speed up activation of the escape re-
sponse. Interestingly, we found that the response latency in dom-
inants is also shorter compared to group-housed animals. This
suggests that although pairwise social interactions exert greater
effects on subordinate animals, dominants are also affected but to
a lesser extent.

Differences in behavior patterns of dominant and subordinate
animals of many species suggests that social regulation of neural
circuits is a widespread phenomenon. As with zebrafish, the
M-cells in cichlid (Astatotilapia burtoni) and goldfish (Carassius
auratus) display behavioral and cellular plasticity (Medan and
Preuss, 2014). The M-cell receives direct serotonergic and dopa-
minergic inputs (Pereda et al., 1992; McLean and Fetcho, 2004;
Neumeister et al., 2010; Medan and Preuss, 2011; Whitaker et al.,
2011; Mu et al.,, 2012), its sensitivity is socially regulated, and
depends on serotonergic modulation (Medan and Preuss, 2011;
Whitaker et al., 2011). Unlike zebrafish, the response of the
M-cell in dominant cichlid is enhanced compared to subordi-
nates (Neumeister et al., 2010), suggesting species-dependent
adaption to different ecological constraints. Body coloration in
cichlids is socially regulated such that dominants are conspicu-
ously brighter in coloration compared to subordinates (Korzan et
al., 2008). Consequently, higher selective pressure in the form of
increased predation of dominants is likely to occur, which trans-
lates into an enhanced sensitivity of the startle response. Al-
though zebrafish do not undergo obvious changes in body
coloration, visual cues enhance the excitability of the M-cell and
reticulospinal neurons via descending dopaminergic input. This
suggests that visual social cues other than coloration might regu-
late the activation of escape and swim circuits (Mu et al., 2012).
The effects of social regulation on serotonergic and dopaminergic
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function in controlling the activation dynamics of escape and
swim circuits in zebrafish, however, remains unknown.

Other mechanisms similar to those observed in our experi-
ment are likely to contribute to a shift in activation dynamics of
competing circuits, including changes in the availability of 2-AG,
and hormonal regulation (O’Connell and Hofmann, 2011; Issa et
al., 2012; Maruska, 2014; Oldfield et al., 2015). Additional cellular
mechanisms that may underlie status-related differences have
been reported in other species, including changes in transmitter
or neuromodulator concentration (Gutzler et al., 2010) and
receptor populations (Burmeister et al., 2007). Along with our
proposed model, the synergistic action of one or few of these
mechanisms may enable animals to adapt to changes in their
social environment by selecting the most appropriate behavior
while suppressing competing ones.
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