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SUMMARY
The goldfish Mauthner (M-) cells, a bilateral pair of reticulospinal neurons, initiate the auditory evoked escape behavior of teleosts.
In an open field the fish reliably turns away from the sound source. This implies that the M-cells are capable of a decision-making
process that requires the two cells to receive differential directional inputs. Recent studies have indicated that the lateral line (LL)
system is necessary in the initial directionality of the escape. This information is thought to be transmitted to the M-cell by the
anterior branch of the lateral line nerve (aLLn), which has a shorter conduction time then the posterior branch. This study is the
first attempt to characterize the inputs from the aLLn to the M-cell. M-cell intracellular responses to aLLn stimulation indicate a
fast monosynaptic input (0.80+0.03 ms) that has a small amplitude averaging 5.85+0.42mV. This input is bilateral and has a
significantly longer latency and smaller amplitude in the contralateral M-cell. Superimposed on the evoked excitatory postsynaptic
potential (EPSP) is a shunting inhibition with a delay of 1 ms, which is characteristic of other sensory inputs to the M-cell.
Pharmacological manipulation and 50Hz stimulation reveal a component of the evoked EPSP that is electrotonic, a property
favoring speed of transmission. In addition, this input is localized to the lateral dendrite proximal to the inputs from the inner ear.
The short latency of these inputs and their proximity to the posterior eighth nerve afferents indicate a crucial role for the aLLn in

influencing the excitability and directionality of the M-cell.
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INTRODUCTION

The teleost escape behavior is a unique vertebrate model in that the
individual neurons that trigger the behavior, as well as their afferent
inputs and outputs, have been well characterized both
morphologically and electrophysiologically (Faber and Korn, 1978).
Furthermore the activation of the network leads to a quantifiable
behavior, commonly known as the startle response or as the C-start,
because of the shape of the body following contraction of the trunk
muscles on one side of the body (Nissanov et al., 1990). These
properties enable functional correlation of the network with the
behavior it mediates, thereby allowing a myriad of questions related
to sensory motor integration and synaptic physiology to be addressed
(Korn and Faber, 2005).

In particular, a pair of bilateral reticulospinal neurons, the
Mauthner (M-) cells, initiates and controls these C-start escapes from
aversive sound, mechanosensory, tactile or visual stimuli (Chang
et al., 1987; Eaton et al., 1991; Foreman and Eaton, 1993; Korn
and Faber, 1975; Lin et al., 1983; Liu and Fetcho, 1999; Preuss et
al., 2006; Weiss et al., 2006; Zottoli and Faber, 1979; Zottoli et al.,
1987; Zottoli and Van Horne, 1983). The precision and speed of
this behavior requires the M-cells to rapidly integrate sensory
information from the numerous sensory afferents that terminate
along its two primary dendrites. Furthermore, the aversive nature
of auditory evoked escape responses implies that the M-cells are
capable of locating the sound source (Blaxter et al., 1981; Foreman
and Eaton, 1993; Preuss and Faber, 2003). It has been suggested
that integration of different components of the octavo-lateralis
sensory inputs along the M-cell lateral dendrite or at the level of
presynaptic inhibitory networks may be necessary for the encoding

and execution of directional escape behaviors (Eaton et al., 1995;
Eaton et al., 1997; Eaton and Popper, 1995; Weiss et al., 2008).
However, the exact mechanism that determines this response has
not yet been determined.

Recent behavioral studies have implicated the lateral line (LL)
system in the initiation of the acoustic startle response, specifically
in its initial directionality, reflecting which of the bilateral M-
cells is activated (Mirjany et al., 2011). The neuromast receptors
of the LL are specialized to detect displacements in the local
hydrodynamic field (Bleckmann, 2008) and hence can locate
nearby sound fields. These neuromasts are innervated by two main
nerve afferents, the posterior LL nerve (pLLn), which innervates
the neuromasts on the trunk of the fish, and the anterior LL nerve
(aLLn), which innervates the neuromasts on the head. Transection
of the pLLn has been shown to have little effect on the escape
response, in particular on its directionality (Mirjany et al., 2011).
This is presumably because stimulus inputs from the pLLn, would
have too long a latency to influence the escape decision, given
that the M-cell computational time window is restricted to 2-3 ms
(Korn and Faber, 1975; Preuss and Faber, 2003; Weiss et al., 2006;
Zottoli, 1977) for abrupt sound stimuli. In contrast, as the aLLn
innervates the neuromasts that cover the head of the fish, an input
from this nerve would be expected to have a shorter conduction
time, and hence could be capable of influencing the escape
decision. However, to date there is no evidence that the alLLn
afferents make direct contact with the M-cell. Considering that
all sensory afferents studied thus far project to one of the two
primary dendrites of the M-cell, it is probable that the cell also
receives projections from the al.Ln.
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This study examines whether the M-cell receives inputs from the
al.Ln afferents, and whether the properties of the responses to these
inputs are consistent with a role in the initiation of the C-start. We
found that electrical stimulation of this nerve produces a mixed
chemical and electronic postsynaptic potential (PSP) in the proximal
soma-dendritic region of the M-cell. The short latency of these
monosynaptic inputs and their proximity to the posterior eighth nerve
afferents may be crucial in influencing the excitability of the M-cell
and its directionality. To this end the interaction of postsynaptic
potentials evoked by these inputs with those produced by sound pulses
and mediated by posterior eighth nerve afferents was examined.

MATERIALS AND METHODS
Animals and preparations

Goldfish [Carassius auratis (Linnaeus 1758)], body length
10-15 cm) were obtained from EECHO Systems (North Kansas City,
MO, USA) and Hunting Creek Fisheries (Thurmond, MD, USA)
and housed in our holding tanks for 2weeks to adjust to the
laboratory conditions and to ameliorate any physiological stresses
incurred during transportation. They were maintained in a controlled
photoperiod of 12h:12h light:dark at 18°C in recirculating, aerated
water conditioned with NovAqua (0.13ml1™!; Novalek, Hayward,
CA, USA), Coppersafe (0.4ml1™!; St John Laboratories, Harbor City,
CA, USA), Instant Ocean (70mgl™'; Aquarium Systems, Mentor,
OH, USA), Aquarium Salt (190mg1~'; Jungle Laboratories, Cibolo,
TX, USA) and Proper pH (350 mgl™!; Aquarium Pharmaceuticals,
Chalfont, PA, USA) (Preuss and Faber, 2003). All experiments were
conducted in concordance with policies established by the Albert
Einstein College of Medicine IACUC.

Prior to electrophysiological recordings, the fish were initially
anesthetized with 100mgl™ 3-aminobenzoic acid ethyl ester (MS-
222; Sigma, St Louis, MO, USA) and then further anesthetized in ice
water. Fish were then connected to a mouthpiece in the recording
chamber and respirated continuously with aerated conditioned water
containing 20mgl™! MS-222. It has been reported that at this
concentration of MS-222, there are minimal effects on the spontaneous
firing of aL.Ln afferents of fish (Palmer and Mensinger, 2004). The
respirated water was maintained between 10 and 15°C using a Delta
Star Chiller (Aqua Logic, San Diego, CA, USA). The posterior spinal
cord was exposed and the M-cells were activated antidromically
through bipolar stimulation of the spinal cord to determine the minimal
stimulus intensity that produced the stereotypic movement of the
operculum and mouth associated with M-cell activation. The fish were
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then immobilized with intramuscular injection of d-tubocurarine
(1mgg ! body mass; Sigma). The midbrain was exposed and the
cerebellum lifted for intracellular recording of the M-cell as previously
described (Faber and Korn, 1978). M-cells were identified on the basis
of their characteristic location, 400 um lateral to the midline and
1500 um below the surface of the medulla, and the signature large
extracellular antidromic field potentials generated at the spike initiation
zone in the axon cap of the cell.

M-cell intracellular responses to sound pips as well as to anterior
lateral line nerve (orthodromic) and spinal cord (antidromic)
stimulation were recorded from the soma (50 um lateral to the axon
cap) and distally along the lateral dendrite of the cell up to 400 um
from the axon cap, using 4—7MQ microelectrodes filled with
5mol ! potassium acetate. The membrane potential as well as the
amplitude of the antidromic spike were monitored throughout the
experiments as a means of verifying recording conditions and the
recording position in the cell. Owing to the passive cable properties
of the M-cell lateral dendrite, antidromically activated spike
amplitudes decrease in the proximal-distal direction along the
dendrite, making it possible to estimate the recording position with
a high degree of accuracy. For all experiments reported, the resting
membrane potential did not vary by more than 5SmV in a given
recording session and it was between —75 and —83mV in both the
somatic and dendritic recordings.

Pharmacology

The brain was continually superfused with normal fish saline
(inmmoll’lz 124.0 NaCl, 5.1 KClI, 2.8 NaH,PO4-H,0, 0.9 MgSOs,,
1.6 CaCl,-2H,0, 5.6 glucose and 20.0 HEPES, pH 7.2), which was
maintained at the same temperature as the aerated perfusion water.

To determine the contribution of the N-methyl-D-aspartate (NMDA)
and o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors to the response of the Mauthner cell to alL.Ln stimulation,
the glutamatergic receptors were blocked by the addition of antagonists
to the saline solution. Specifically NMDA receptors were blocked
with 200mol I"! DL-2-amino-5-phosphonovaleric acid (APV; Sigma
and Tocris, Ellisville, MO, USA) and AMPA receptors were blocked
with  200moll™!  cyano-7-nitroquinoxaline-2,3-dione disodium
(CNQX; Sigma, Tocris).

aLL and auditory stimuli
In goldfish there are two branches of the al.Ln (dorsal and ventral)
that innervate both superficial and canal neuromasts on the head

Fig. 1. Diagram of stimulation procedure. (A) The anterior
lateral line (aLL) nerve was stimulated with a bipolar
microelectrode positioned where the dorsal and ventral

V cranial
nerve -~

aLL nerve - -- ]

Stim. electrode. _ _ _

branches of the nerve meet before entering the brainstem.
(B) The aLLn is shown as it approaches the brainstem
anteriorly. Intracellular recordings were made from the M-cell
ipsilateral (Vi) to the stimulated nerve. CB, cerebellum; VL,
vagal lobe.
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(Puzdrowski, 1989). The nerve was stimulated at the point where
both branches meet just before entering the medulla. This required
a further exposure of the cranium anteriorly; then, slightly lifting
the optic tectum revealed the al.Ln branches as they merge (Fig. 1).
In some experiments it was necessary to pull back the anterior eighth
nerve and the utricular bundle to gain better access to the al.Ln.
There was no apparent difference in the recordings obtained using
either dissection. The nerve was stimulated using a bipolar electrode.

Sound pip stimuli were generated in air using a pair of computer
speakers positioned above and to the right of the fish’s head. The
sinusoidal waves of 200 Hz were produced by a digital waveform
generator (Model 39, Wavetech Ltd, Norwich, Norfolk, UK) and
amplified with an audio power amplifier (Servo 120; Samson,
Syosset, NY, USA). Because the recordings were made with the
fish out of the water, these sound pips generated only pressure waves
that were transmitted via vibration of the Weberian ossicles of the
swimbladder to the inner ear. Therefore, irrespective of their
location both M-cells received the same input.

Data analysis

All recordings were done in current clamp using an Axoclamp-2B
(Axon Instruments, Foster City, CA, USA). The data were recorded
with an Apple Mac Pro using Trace Analyzer 3 acquisition software
developed in-house (TA3) at a sampling interval of 2040 us. Data
analysis was done with both IGOR Pro (WaveMetrics, Inc., Lake
Oswego, OR, USA) and TA3. Statistical significance was calculated
using Prism 5 software (GraphPad Software, Inc., La Jolla, CA,
USA). All data are reported as means + s.e.m. P-values were
obtained using a one-way ANOVA unless otherwise stated. N is
the number of experimental animals.
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RESULTS

Postsynaptic potentials evoked in M-cell by aLLn stimulation
The left aLL nerve was always the one stimulated and responses
were recorded from either the ipsilateral or contralateral M-cell
(Fig.2A). Intracellular recordings from the M-cells revealed that
electrical stimulation of the al.Ln triggers a complex depolarizing
potential in the ipsilateral cell and a smaller response in the
contralateral one. Fig.2B shows a typical example where the
response to stimulation of the left alLLn was initially recorded in
the ipsilateral M-cell 75 wm from the axon cap in the soma (Fig. 2B)
and then from the contralateral M-cell (Fig.2C). The amplitude of
the antidromic action potential was at least 30mV in both cells,
confirming that the recordings were both made in the soma (the
difference in spike heights is within experimental variability). The
onset latency of the ipsilateral postsynaptic potentials (0.80+0.03 ms;
N=21) is indicative of a monosynaptic input. We observed a
significantly longer delay in the cell contralateral to the stimulated
nerve (1.52+0.16ms; N=4; P<0.0001, unpaired #-test, t=7.18,
d.f.=24; Fig. 2D). The amplitude of these PSPs was relatively small,
averaging 5.85+0.42mV ipsilaterally, and it was significantly
smaller, 2.12+0.28 mV, contralaterally (P=0.0011, unpaired #-test,
t=3.73, d.£=24; Fig.2E).

Increasing the stimulus strength had little effect on the response
latency but increased the amplitude of the PSP to a maximum of
10mV. This increase in amplitude is presumably due to the
recruitment of additional afferent fibers with higher firing
thresholds, however, even the maximal PSPs failed to depolarize
the M-cell to threshold. Additional peaks with incremental delays
in multiples of ~0.5 ms after the initial peak may be an indication
of the presence of different fiber groups with different conduction

Fig. 2. Monosynaptic inputs from the anterior lateral
line. (A) Monosynaptic postsynaptic potentials (PSPs)
were recorded in the ipsilateral (Vipsi) and
contralateral (Vcontra) M-cells following stimulation of
the aLLn. (B) Ipsilateral and (C) contralateral
antidromic (AD) action potentials and aLLn-evoked
PSPs from the same experiment. PSPs were
recorded from the soma as indicated by the
amplitude of the AD spike. (D,E) Comparison of
mean response latency (D) and peak amplitude (E)
after aLLn stimulation in ipsilateral (N=21) and
contralateral (N=4) M-cells. Means latencies were
significantly shorter when recorded in the ipsilateral
cell (P<0.0001, unpaired ttest) and amplitudes were
greater in the ipsilateral cell (P=0.0011, unpaired t
test). Traces are averages of five sweeps each.

Contra
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velocities or polysynaptic inputs from the nerve. Alternatively,
the relatively constant delay of 0.5ms between these additional
peaks may be an indication of an induced synchronization of
tonically active afferent fibers. The EPSP rise time, measured
from 10 to 90% of the initial peak of the response was
0.44+0.05ms in the ipsilateral and 0.47+0.07 in the contralateral
M-cell, indicative of fast synaptic transmission, similar to that
mediated through mixed electrical and chemical synapses
established on the lateral dendrite by club endings of the posterior
eighth nerve (Lin and Faber, 1988).

It is possible that some of the synaptic potentials recorded result
from current spread to neighboring cranial nerves. The anterior
lateral line nerve enters the brain ventrally and just posteriorly to
the optic tectum. This location is also the entry point for cranial
nerves V (trigeminal nerve) and VII (facial and motor nerve) that
is underneath the anterior lateral line nerve (Puzdrowski, 1989;
McCormick and Hernandez, 1996). However, even at lower stimulus
intensities the initial electrical peak of the response was present.
Furthermore, in a few experiments in which the electrode was
positioned on cranial nerve V the evoked PSPs had different
waveforms, namely a longer latency response with a broader peak.
These peaks were eliminated after application of APV and CNQX
to block NMPA and AMDA receptors, respectively. Therefore
although it remains a possibility that the later component of the PSP
may be mixed with potentials from the neighboring nerves, the initial
electrical peak is probably generated by stimulation of the aL.Ln.
Furthermore, the lateral dendrite seems to specifically receive stato-
acoustic inputs. Therefore, it is more likely for non-acoustic signals
to be located on the ventral dendrite, where visual and somatosensory
inputs are received.
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|
&
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Fig. 3. High frequency stimulation and
pharmacological manipulations reveal two
components in the aLLn EPSP.
(A) Superimposed averaged responses
(N=5 traces) evoked by alLL stimulation
recorded sequentially in saline (blue),
saline with 100 um DL-2-amino-5-
phosphonovaleric acid (APV; green) and
saline with 100 um APV+ cyano-7-
nitroquinoxaline-2,3-dione disodium
> (CNQX; red). (B) Average superimposed
£ traces (five sweeps) from a similar
- experiment showing the difference in the
response following APV + CNQX
treatment. (C) Quantification of the effect
of APV and APV + CNQX on the first,
electrical (e), peak (P1) and second,
chemical (c) peak (P2) of the response.
APV + CNQX resulted in a significant
reduction in P2 amplitude (P=0.0011,
N=6). (D) Top to bottom: superimposed
consecutive traces from a single
experiment showing a faster electrical
component (e) that remains following high
frequency stimulation at 50Hz and a
chemical component (c) that fatigues
following high frequency stimulation. The
chemical component is restored at
0.25Hz (N=7).

m— CTL

== APV + CNQX

alLLn excitatory input is mixed electrical and chemical

The short latency of the aL.Ln ipsilateral input suggest that these
afferent synapses could be electrical, chemical or both, i.e. mixed.
We, therefore, first investigated whether the aLL-triggered EPSPs
were sensitive to blockers of glutamatergic transmission,
specifically AMPA and NMDA antagonists, which are effective
in the M-cell system (Wolszon et al., 1997). In the experiment
shown in Fig.3A, application of 200 um of the NMDA receptor
antagonist APV resulted in a slight reduction in the amplitude and
number of peaks of the later components of the EPSP without
affecting the initial peak of the response. This initial component
also seems to be unaffected by superfusion with a cocktail of
100pum APV and 100 um CNQX, to block both NMDA and AMPA
receptors. However, the later components were significantly
reduced, indicating a contribution of AMPA receptors to the
control response. The same results were obtained in a similar
experiment, shown in Fig.3B, in which we subtracted the EPSP
after drug application from the control. The differential signal is
the glutamatergic EPSP. The signal that remains after drug
application is the initial peak that is presumably electrotonic. The
effects of drug treatment on six such experiments were quantified.
The mean amplitude of the initial peak (P1; 3.53+0.38 mV) was
not significantly affected after superfusion of APV alone
(4.05£0.33) or in conjunction with CNQX (3.1740.43). The
second peak of the response (P2; 3.90+0.46mV) was also not
significantly reduced after APV (3.16+£0.47). However, in
combination with CNQX this second chemical peak was
significantly reduced to 1.40+£0.24mV (P=0.0005, unpaired ¢-test).
The mean ratios of P1 and P2 after APV alone and APV and CNQX
are given in Fig.3C.
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Fig. 4. Spatial distribution of excitatory aLL inputs to the M-cell indicate a
proximal aLL input. (A) Intracellular recordings were obtained from the
ipsilateral M-cell while the aLLn was stimulated with a bipolar electrode and
posterior eighth nerve afferents were stimulated with a sound pulse
generated in air. The M-cell was also stimulated antidromically for
verification of soma and dendritic locations. M-cell potentials were recorded
successively at up to three or more equally spaced sites along the M-cell
soma (1) and lateral dendrite (2 and 3). (B) Representative antidromic (left
panel) and aLLn (center) and sound pip (right, pip PSP) EPSPs recorded
at sites 1-3 (N=average 5 traces). Arrow indicates the initial peak of the
aLLn EPSP that was quantified. The initial peak of the aLL PSP is a
stimulus artifact; for the pip PSPs, traces start at the beginning of the
sound stimulus, which is not associated with an artifact. (C) EPSP and
antidromic spike amplitudes plotted as a function of the distance lateral to
the axon cap. Amplitudes were normalized with respect to the recorded
value in the soma (N=10 fish). Traces are averages of five sweeps each.

These pharmacological results were confirmed when the alLL.n
was tetanized with high frequency stimulation at 50Hz. Fig.3D
shows superimposed traces from an experiment where the initial
electrotonic peak remained after stimulation at 50 Hz, but the second

peak was reduced significantly. The second peak recovered once
stimulation was resumed at 0.25 Hz, and it was presumably mediated
chemically. We also applied 50Hz stimulation in four of the six
pharmacology experiments described above and found that the initial
peak that remained after APV and CNQX was not affected at SOHz,
confirming that this initial phase is electrotonic.

Spatial distributions of the aLLn EPSPs

In order to determine the spatial distribution of the aLLn inputs, M-
cell responses evoked by aLLn stimulation were recorded at
successive points along the soma and lateral dendrite (Fig.4A)
starting at 100 um lateral to the axon cap. The M-cell soma and
dendrite are passive and, accordingly, EPSP amplitudes are maximal
at the locus of presynaptic input and decline in amplitude with
increasing distance from that source. The amplitude of the
antidromically evoked action potential that is generated in the soma
and conducts passively along the dendrites, has been shown to
decline steadily towards the distal tip of the lateral dendrite and
therefore serves as a good indication of the recording site (Faber
and Korn, 1978; Preuss and Faber, 2003; Szabo et al., 2006). EPSP
amplitudes evoked by sound pips were also recorded as a
confirmation of our location on the dendrite, because these inputs
have been previously shown to arise from the large myelinated club
endings that terminate at the distal portion of the lateral dendrite,
i.e. 200400 um distal to the axon cap (Szabo et al., 2006).

Fig.4B shows results from a single experiment where recordings
were made at three successive sites, 100, 200 and 300 um, from the
axon cap. Antidromic action potentials are biggest at the most
proximal location (1) and decrease in amplitude in more distal
recordings (2 and 3). The same amplitude profile is seen for the
alL.Ln EPSP, that is, it is also largest most proximally. In contrast,
pip EPSPs are maximal at the most distal recording site (3) and
their amplitudes diminish towards the soma. The averages from 12
similar experiments are plotted in Fig.4C. We were able to record
successfully up to 200 um from all 12 cells, 300 um in 10 cells and
400 um in three cells. The peak amplitudes of the antidromic action
potential, alLLn and pip responses were normalized with respect to
the response recorded in the soma. The antidromic spike amplitude
decayed steadily to 33% of its original value as the recording site
shifted distally along the dendrite. The mean alL.Ln EPSP was largest
in the region encompassing 100-200um distal, and decreased
laterally to ~65% of its peak amplitude at 300 um and 50% at 400 um
lateral to the soma, suggesting these afferents terminate on the soma
and proximal region of the lateral dendrite. As expected from
previous reports the pip EPSP amplitudes were maximal at 400 um
lateral to the axon cap (Szabo et al., 2006). We did not map out the
EPSPs evoked in the contralateral M-cell after stimulation of the
left aLLn as closely, but in two experiments we observed similar
spatial profiles. In other words the amplitude of these EPSPs,
although much smaller, were also maximal near the soma and
decreased laterally towards the proximal tip of the dendrite.

Inhibitory potentials evoked by aLLn stimulation
We examined whether the alL.Ln afferents also project to a population
of commissural inhibitory glycinergic interneurons [passive
hyperpolarizing potential (PHP) neurons], which bilaterally inhibit
the M-cells both chemically and electrotonically. The collective
firing of these interneurons following afferent input produces an
extrinsic hyperpolarizing potential (EHP) that can be measured as
a positive extracellular field potential in the axon cap (Fig.5A)
(Furshpan and Furukawa, 1962; Furukawa and Furshpan, 1963;
Zottoli and Faber, 1980). These field potentials are also apparent
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Fig.5. aLLn afferents project to feed-forward inhibitory
interneurons. (A) Extracellular recordings near the M-
cell soma of ipsilateral and contralateral M-cells at the
region of the axon cap (dotted circles) following aLLn
stimulation. (B) Antidromic activation of the right and left
M-cells resulted in an extracellular spike of similar
amplitudes when recorded at the axon cap. The arrow
indicates the extrinsic hyperpolarizing potential (EHP)
that immediately follows the contralateral M-cell spike.
(C) Sound pips also evoked positivities in the axon cap
that had the same latencies and amplitudes in both
cells. (D) Similar positive potentials were seen outside
both cells after stimulation of the aLLn. (E,F)Bar
graphs of mean amplitudes (E) and latencies (F) of
EHP potentials recorded from the ipsilateral (N=7) and
contralateral caps (N=3); no significant difference.

Traces are averages of five sweeps each.
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after antidromic activation of the M-cell, activated in this case by
PHP neurons that are part of the collateral inhibitory pathway
(Furshpan and Furukawa, 1962; Furukawa and Furshpan, 1963;
Zottoli and Faber, 1980). Fig. 5B shows average traces (N=4) from
an experiment where the EHPs were initially recorded in the
ipsilateral M-cell axon cap (left panel) and then in the contralateral
axon cap (right panel) of the same fish.

The traces in Fig. 5B illustrate the antidromic action potential, a
negative field of approximately 10mV in the ipsilateral M-cell and
8mV in the contralateral cell. The comparable size of these fields
is an indication that the potentials were recorded in the same region
of the axon caps of the two cells. The small EHPs following the
negative antidromic spikes may be due to fatigue or an indication
that the M-cell input to some of these interneurons was blocked by
excessive administration of the cholinergic blocker, which may have
leaked into the brain.

Regardless, EHPs were observed following sound pips (Fig. 5C)
and aL.Ln stimulation (Fig. 5D) in the same experiment. The latencies
of ipsi- and contralateral EHPs evoked by aL.Ln stimulation were not
significantly different, with means of 1.13+0.11 ms measured at the
axon cap of the ipsilateral cells and 1.05+0.10ms at the contralateral
cell (Fig.5E). These latency values are consistent with an extra
synaptic delay, as compared with the monosynaptic EPSPs, as would

Contra

be expected with the interposition of an interneuron in the feedforward
inhibitory pathway. These EHPs had comparable mean amplitudes
at the axon caps of both cells, averaging 2.93+£0.2mV in the ipsilateral
side and 3.1320.77mV in the contralateral side (Fig.SF). Thus,
although excitation of the M-cells by the aL.Ln is asymmetric, the
electrical inhibition is, on average, bilaterally symmetrical.

The inhibitory postsynaptic conductance change that is evoked
by the firing of these PHP glycinergic interneurons is not readily
detected as a frank potential change because the resting membrane
potential of the M-cell is equal to the inhibitory postsynaptic
potential (IPSP) equilibrium potential (Furukawa and Furshpan,
1963). Therefore, an indirect method of calculating the inhibitory
conductance change involves measuring the shunt of an
antidromic action potential superimposed during the evoked PSP
(Fig.6A). In this example the onset and amplitudes of the
inhibitory conductance changes are the same in both ipsilateral
and contralateral M-cells (Fig. 6B). The onset corresponds to the
peak of the ipsilateral PSP but it precedes the peak of the
contralateral EPSP (Fig.6C). On average, the inhibitory
postsynaptic conductance change (Gjps,) was 0.27+0.03 Gy, for
the ipsilateral cell (N=8) and 0.18+0.02 G, for the contralateral
cell (N=3) where G, is the input conductance, which has been
calculated to be approximately 6.08X107°S for the M-cell
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Fig. 6. aLL stimulation evokes feedforward inhibition in the escape network.
(A) M-cell potentials were evoked by pairing an aLL PSP with the
antidromic action potential. Antidromic action potentials were evoked alone
(V) or when paired with a preceding aLL-evoked PSP (V4). The magnitude
of the shunt was used to calculate the inhibitory conductance, Gipsp.

(B) aLL-evoked PSP in the ipsilateral and contralateral M-cells; (C) the
calculated corresponding inhibitory conductance (Gipsp) obtained by varying
the stimulus interval, and expressed as a fraction of the input conductance
(Gm). The vertical dashed line indicates to the onset of the Gipsp. Traces
are averages of three sweeps.

(unpaired #-test, P=0.102). Therefore, if we take into account the
inhibitory conductance change, the net excitation in the
contralateral M-cell is even smaller than the means we calculated.
Furthermore, the inhibitory shunt lasts longer than excitation,
indicating a narrow time window for the latter.

Linear summation of sensory inputs along the M-cell lateral
dendrite

Cable models of distributed synaptic inputs to dendrites suggest
supralinear summation when inputs are stimulated centripetally, i.e.
distally first and then proximally (Rall, 1964). As the results suggest
that aLLn input is proximal to posterior eighth nerve input, these
two inputs were paired with different time delays. Both the pip and
alL.Ln EPSPs were subthreshold and failed to trigger the M-cell. The
M-cell generally requires over 15mV depolarization before it fires.

Pip sounds were paired with alLLn stimulation at intervals
ranging from —0.5 to 2.5ms and the data were grouped into four
main intervals where the alLLn began, —0.5, 0-0.5, 1.0-1.5 and
2-2.5ms, after the dendritic pip response (Fig. 7). Peak amplitudes
were compared between these paired responses with those generated
by calculating the algebraic sum of the two PSPs evoked alone.

Fig. 7B shows average traces from an experiment where there was
a 0.5ms delay in the centripetal direction between the onsets of two
inputs. The amplitude of the evoked peak is essentially the same as
that of the calculated peak, suggesting linear summation. Average
peak amplitudes for eight experiments at four different time points
indicate a linear mode of summation when the more distal pip inputs
are triggered at 0.5ms intervals before the more proximal alLLn
inputs (Fig. 7C). With a 0.5ms delay there is an average increase
0f2.05+1.1% in the amplitude of the evoked response in comparison
to the calculated response. This, however, lacks statistical
significance. With increasing delay between the pip and al.Ln, the
summation becomes sublinear, which may reflect the shunt of the
aL.Ln EPSP by inhibition associated with the pip response.

DISCUSSION

Successful escapes rely on integration across multiple sensory
modalities. Unraveling the computational mechanism that underlies
multisensory integration by the M-cell requires a firm understanding
of the properties of each sensory input. This information then lays
a strong foundation for a multisensory perspective. This study is
the first to demonstrate the existence of monosynaptic connections
between aLLn afferents and the M-cell. Stimulation of the distal
and ventral branches of the al.Ln near their entry to the midbrain
evokes a complex PSP that is localized to the soma and proximal
lateral dendrite and has both electrotonic and chemical components,
as with the input from the posterior eighth nerve, which terminates
more distally (Lin and Faber, 1988). We propose that the speed and
soma—dendritic location of this input could be an important feature
in the gain control of M-cell responses, particularly in relation to
directionality.

Pharmacological evidence for mixed synaptic contacts near
the soma

Two lines of evidence indicate that the initial peak of the aLLn
response has an electrical component. One comes from the
pharmacological profile of the PSP. Two glutamate receptor
antagonists, APV and CNQX, were used to block excitatory chemical
synaptic transmission; the former had no effect and the latter
effectively blocked all but the initial depolarizing component
(Fig. 3A—C). This result also indicates the chemical component of the
EPSP is mediated by glutamate receptors of the AMPA subtype.
Ineffectiveness of APV at resting potential does not rule out an NMDA
receptor-mediated component, although earlier studies indicate the
NMDA receptors in this neuron are functional at resting potential
(Wolszon et al., 1997). Furthermore, immunohistochemical evidence
indicates that NMDA receptors are restricted to the distal lateral
dendrite (Sur et al., 1995). Additional confirmation that the first peak
is electrotonic comes from the demonstration that it persists during
high frequency stimulation, while the later components are depressed
(Fig.3D). In this respect, the aLLn inputs seem to differ considerably
from those of the pLLn, which have been reported to be only chemical
in nature, and mainly inhibitory (Korn and Faber, 1975).

Morphological studies of the lateral dendrite show the presence
of mixed junctions, i.e. electrical and chemical, not only at the distal
portion of the dendrite where the club endings of the posterior eighth
nerve terminate, but also more proximal on the dendrite, close to
the soma (Flores et al., 2008; Nakajima, 1974). The sources of these
contacts have not been confirmed. When the aLLn was stimulated,
responses were maximal in a 100 um region that spans the soma
and initial segment of the lateral dendrite (Fig.4). This region is
closer to the soma than the region where auditory inputs from the
posterior nerve are maximal (Fig.4) The spread of the aL.Ln inputs
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Fig. 7. (A) Schematic of interaction paradigm. M-cell inputs along the lateral
dendrite were stimulated centripetally at different time intervals. Distal
eighth nerve inputs (green large triangles) were evoked by stimulation of
the primary hair cells by sound pips generated with a loud speaker in air,
whereas the proximal aLLn inputs (blue small triangles) were stimulated
electrically at the nerve afferents. Open circles represent inhibitory
interneurons that are excited by M-cell afferents and project bilaterally to
both cells. Recordings were made in the ipsilateral M-cell soma.

(B) Average traces from an experiment where EPSPs were recorded in the
soma with a 0.5 ms delay between EPSP onsets. Recorded peak
amplitudes (black trace) were similar to the algebraic sum of the individual
evoked EPSPs (red trace). P, sound pressure wave; N, aLL nerve
stimulation. (C) Graph representing the percentage change from the
recorded peak amplitude (observed; O) to the calculated sum of aLLn and
pip amplitudes (expected; E) at four different time intervals (positive
intervals indicate pip PSP preceded aLLn PSP, N=8). Traces are averages
of five sweeps each.

over this region suggests that they are segregated at this postsynaptic
region and that their fibers may be responsible for some of the mixed
synaptic contacts reported. This region is analogous to the site where
pLLn inputs have been reported to be maximal. However, the pLLn
was reported to be only chemical in nature (Korn and Faber, 1975).
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Chemical and electrical inhibition is bilateral

The aLLn afferents project bilaterally to commissural inhibitory
interneurons that chemically inhibit both M-cells. This chemical
inhibition is preceded by an ephaptic inhibition via the same
interneurons. All sensory afferents studied so far inhibit the M-cell
in the same manner when activated. The IPSP can be dissected by
measuring the shunt of the antidromic spike height when it is paired
with the aLLn. The IPSP starts within 1 ms of the onset of excitation
and lasts for more than 10 ms, as determined by varying the interval
between the two stimuli (Fig.4). However, the electrical inhibition
follows the EPSP with little to no delay (Fig.5). Stimulation of the
nerve produces the same inhibitory conductance change in both the
ipsilateral and contralateral cell (Fig.4B). This is in contrast to the
excitatory input, which although also bilateral, is much smaller and
slower in the contralateral cell. This inhibitory conductance change
acts to shunt the recorded EPSP response, and it appears to be the
dominant input to the contralateral cell. This observed asymmetry
might have a substantial influence on the response threshold, and
hence determining which M-cell fires first. This argument is based
upon the supposition that the al.Ln afferents can be activated
unilaterally by naturalistic stimuli, which does not seem to be the
case for the pLLn.

Fast monosynaptic excitatory inputs project proximal to inner
ear inputs

Korn and Faber showed that electrical stimulation of the pLL nerve
just below the operculum evokes a small PSP in the M-cell with
latencies between 0.8 and 2.9ms, which is longer than the delay
after stimulation of the ipsilateral alL.Ln, where latencies range
between 0.5 and 1.04 ms (Korn and Faber, 1975). Considering that
afferents of both branches of the nerve innervate functionally similar
receptors, this discrepancy is certainly a reflection of the longer
conduction distance of the posterior nerve. Schellart and Kroese
have reported that the conduction velocity and diameter of the pLLn
fibers are not homogeneous and rather depend on the location of
the neuromasts that they innervate (Schellart and Kroese, 2002).
This velocity compensation is presumably to ensure inputs that are
generated towards the tail of the fish remain relevant for central
processing of LL information. With this consideration, they report
an estimated delay of at least 4ms from hair cell transduction to
stimulus detection in the hindbrain. This may be too long to
effectively influence evoked responses in the M-cell, which has a
shorter processing time (Weiss et al., 2006; Zottoli, 1977). However,
because the neuromast receptors on the head are closer to the al.Ln,
this delay is expected to be shorter.

Although the latency of alLLn-evoked PSPs is indicative of
monosynaptic inputs, it is still longer than that of PSPs evoked
by stimulation of the posterior eighth nerve (Lin and Faber, 1988).
This difference might reflect the fact that the aLLn contains
smaller caliber axons than the large (up to 15 um diameter) axons
in the posterior eighth nerve that terminate distally as large
myelinated club endings (Nakajima, 1974). Indeed these large
fibers are required for sufficient depolarization of the low
resistance M-cell to threshold. Posterior eighth nerve EPSP
amplitudes can reach up to 20mV in the distal lateral dendrite,
whereas the maximum aLLn EPSP amplitudes observed with
electrical stimulation were at most 10mV. Similar to the pLLn,
stimulation of the aLLn alone was not sufficient to fire an action
potential in the M-cell. Although these inputs from the aLLn are
smaller than those of the posterior eighth nerve, if they occur at
the right latency, they can contribute to the threshold. Indeed
following LL elimination, there are fewer early C-starts in adult
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goldfish (Mirjany et al., 2011). Furthermore, in larval herring and
zebrafish, where the M-cell presumably has a lower firing
threshold, escapes can be evoked through the lateral line (Blaxter
and Fuiman, 1989; Blaxter and Fuiman, 1990; Blaxter et al.,
1981).

Inputs from the aL.L appear less synchronous, with multiple brief
peaks and an underlying depolarizing envelope. This apparent
asynchrony could be a reflection of polysynaptic inputs or a
heterogeneous population of afferents with mixed conduction
velocities. Indeed it has been reported that afferent fibers that
innervate canal neuromasts have a shorter conduction time than those
innervating the superficial neuromasts (Schellart and Kroese, 2002).
The fast rise time (approximately 0.5ms) of the initial peak is,
however, indicative of fast synaptic potentials mediated by
electrically coupled synapses as they are comparable to the coupling
potentials reported for the single club-ending fibers of the posterior
eighth nerve (Lin and Faber, 1988; Szabo et al., 2006).

Even though al.LLn EPSPs were subthreshold in the adult goldfish,
their fast electrical component and proximity to the soma may render
them effective in modulating the responsiveness of the M-cell.
Indeed the M-cell lateral dendrite contains voltage-sensitive K*
channels that facilitate complex computations and nonlinear
interactions (Faber and Korn, 1986; Faber et al., 1991; London and
Hausser, 2005; Magee, 2000). An inward K rectifier is thought to
increase the short space constant of the M-cell, so that close to
threshold, EPSPs generated distally will be transmitted to the soma
with less decrement than when the cell is at resting membrane
potential. This may also facilitate integration of secondary somatic
inputs with longer latencies or smaller amplitudes. This nonlinear
property of the dendrite ensures that the cell can maintain a low
input resistance while still being capable of reliably triggering a
high threshold, rapid response. Also, Rall postulated that with
passive dendrites sequential activation of inputs in a distal to
proximal direction could yield supralinear summation (Rall, 1964).

We investigated the potential for this latter type of nonlinearity
by concurrently stimulating distal posterior eighth nerve inputs and
proximal aL.Ln inputs through sound pressure pulses and electrical
stimulation, respectively (Fig. 7), using relatively weak PSPs. When
these two inputs were triggered with a delay of less than 1ms,
summation was linear and remained below threshold. However, if
somatic inputs arrive later than 1.5ms from those further out on the
dendrite, the inhibitory conductance resulting from the distal
afferents produces an effective shunt of the more proximal signal.
Thus, we found no evidence for supralinearity. This mechanism
might occur in the absence of feedforward inhibition, but the
prevalence of that inhibitory process instead suggests it contributes
to linear summation, as well as to limiting the temporal window of
integration. This lack of supralinearity may be due to the short
membrane time constant of the M-cell (Rall, 1964), which is
0.3-0.4ms compared with approximately 25 ms or more in central
neurons, such as CA3 pyramidal neurons (Johnston, 1981). An
alternative explanation is that the postulated nonlinearity depends
upon synaptic conductance changes and the dominant synaptic input
is electrotonic. A better test of Rall’s hypothesis might be to block
glycinergic inhibition with strychnine, as was done with the pLLn;
however, that manipulation is likely to expose complex polysynaptic
inputs (Faber and Korn, 1986; Faber et al., 1991; Korn and Faber,
1975).

Behavioral consequences of aLLn inputs to the M-cell
Most startle events are multisensory and depend on precise timing
between different inputs for the effective execution of the behavior.

It is most probable that directional decisions by the M-cell are the
result of a combination of inputs, consisting, at least, of those of
the posterior eighth nerve branches and the lateral line nerves,
converging onto the M-cell or associated inhibitory neurons within
the time interval allotted for sensory processing, which is roughly
2ms (Eaton et al., 1995; Mirjany et al., 2011). To this end the large
electrical inputs from the posterior eighth nerve are required for
threshold and speed of transmission. However, current evidence
suggests that they may not, by themselves, carry directionally
relevant information, because they are activated by pressure waves
that lack a directional component. Indeed latencies and amplitudes
of pip-evoked EPSPs are the same in both M-cells regardless of the
source of the pressure wave (unpublished observations). Other inputs
from the inner ear, i.e. vestibular inputs, chemically synapse at the
distal tip of the dendrite and are thought to act locally in modulation
of M-cell excitability rather than contribute directly to the behavioral
threshold (Szabo et al., 2007).

Recent behavioral studies have shown that the initial direction
of the escape requires an intact lateral line system. However, escapes
can still occur in its absence, confirming the requirement for
multisensory inputs with the inner ear inputs setting the behavioral
threshold. Therefore, the LL system is capable of both detecting the
location of the stimulus and ensuring that the appropriate cell reaches
threshold before the other cell. Furthermore, this has to occur with
sufficient lead-time so that the inhibitory circuit can prevent the
other cell from firing. There studies implicate the aLL in encoding
directional responses when the fish is in the open field, as transection
of the pLL did not reduce directionality to the same extent as
complete LL elimination did. Indeed, the short latency responses
we observed after alLn stimulation provide support for PSPs evoked
through these inputs having behavioral relevance. However, both
afferents convey information from the same receptor subtypes and
it would seem that for a natural startle response, detection of fluid
distortion in any quadrant might be important from a directionality
perspective. The central nervous system presumably also uses spatial
and temporal information from the neuromasts that cover the entire
body to obtain a three-dimensional representation of the outside
world. Indeed, to account for the position-dependent delays of
receptor signals further out on the body, there is a compensatory
gradient of fiber conduction rates (Schellart and Kroese, 2002).
Therefore, it would be expected that both anterior and posterior
lateral line inputs should occur temporally close together.
Furthermore, it appears that both branches are localized to the same
region of the dendrite, a feature that may enhance functional
integration.

Korn and Faber reported longer latencies ranges of between 0.8
and 2.9ms for PSPs evoked by stimulating the posterior branch
(Korn and Faber, 1975). PSP latencies for the anterior branch are
smaller, ranging between 0.8 and 1.5ms. Conduction delays can
certainly account for the limited contribution of the posterior lateral
line with the stimulus parameters used.

If this is the main difference, then the pLL can be a contributing
factor to directionality when the aversive stimulus is more graded.
The M-cell processing times for such stimuli are extended and hence
temporal delays may be less significant (Weiss et al., 2006).

In many species, the lateral line has been shown to play an
important role in an assortment of behaviors that require the fish to
locate nearby sound fields (Bleckmann, 1993). In particular the canal
neuromasts of the lateral line are specialized to detect fluid
acceleration, a requirement for sound location underwater (Kalmijn,
1988; Kroese and Schellart, 1992; Van Bergeijk, 1967). In goldfish
the canal structures on the head are extensively branched (Dijkgraaf,
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1963; Coombs et al., 1988), such that the afferents of the anterior
branch of the lateral line convey a higher proportion of acceleration-
detecting fibers. Furthermore, it has been reported that the
conduction rates of fibers innervating the canal vary from those
innervating superficial neuromasts. This may also add to the
discrepancies between PSP onsets following anterior versus posterior
LL stimulation.

In conclusion, we have established that, consistent with behavioral
studies, the al.Ln input to the M-cell has physiological characteristics
consistent with this modality being able to influence both the
threshold and directionality of the acoustically evoked C-start. This
result raises the possibility of investigating the contribution of the
components of the octavolateralis system to M-cell activation using
a combination of behaviorally relevant stimuli, including one
capable of triggering directional responses.

LIST OF ABBREVIATIONS

alLn anterior LL nerve
AMPA o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
APV DL-2-amino-5-phosphonovaleric acid
CNQX cyano-7-nitroquinoxaline-2,3-dione disodium
EHP extrinsic hyperpolarizing potential
EPSP excitatory postsynaptic potential
IPSP inhibitory postsynaptic potential
LL lateral line
NMDA N-methyl-D-aspartate
PHP passive hyperpolarizing potential
pLLn posterior LL nerve
PSP postsynaptic potential
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