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In Vivo Ca2+ Dynamics in a Cricket Auditory 
Neuron: An Example of Chemical Computation 

Erik C. Sobel and David W. Tank 
Fura-2 calcium imaging in the cricket omega neuron revealed increased intracellularfree 
calcium ion concentration in responseto simulated cricket calling songs and other sound 
stimuli.Thetime course of the increaseanddecreasein intracellularcalciumcoincidedwith 
the time course of forward masking, a time-dependent modulationof auditory sensitivity. 
The buffering of calcium transients with high concentrations of a kinetically fast calcium 
buffer eliminated the post-stimulus hyperpolarization associated with forward masking, 
whereas the uncaging of calcium inside the neuron produced a hyperpolarization. The 
resultssuggest that sound-stimulatedintracellularcalcium accumulationacts by means of 
a calcium-activated hyperpolarizingcurrent to produce forward masking. These findings 
underscore the importanceof chemicaldynamics in neural computationby demonstrating 
a behaviorally relevant role of calcium dynamics in vivo. 

W i t h  the advent of techniques for measuring 
the spatial and temporaldynamics of chemical 
speciesin neurons (I),  it is possible to ask how 
the dynamicsof chemical activity (such as ion 
concentration) contribute to neural computa-
tion. Here we report how one form of chem-
ical activity, the temporal dynamics of intra-
cellular free calcium ion concentration, 
[Ca2+],,in a cricket auditory interneuron, 
underlies forward masking, a psychophysical 
and electrophysiological phenomenon in 
cricket hearing. Forward masking is a form of 
temporal inhibition in which a loud sound 
suppresses the response to subsequent sounds 
(a temporal analog of lateral inhibition). This 
temporal inhibition may be used for automatic 
gain control or background subtraction, al-
lowing female crickets to "focus" on the loud-
est caller in the presence of multiple,calling 
males and background noise. Because this 
abilitvwould enable the cricket to home in on 
an individual chirping male, it has been re-
ferred to as a form of selective attention (2) in 
analogy to the "cocktail party phenomenon" 
observed in human auditory psychophysics 
(3). An electrophysiologicalcorrelate of for-
ward masking is observed in the omega neu-
ron. one of the first interneurons in the 
cricket auditory pathway. This correlate ap-
pears as a long-lasting, post-stimulus hyperpo-
larization and concomitant reduction in ac-
tion potentials after sound stimuli (2). 

The response of an omega neuron to a 
simulated calling song and the forward mask-
ing effect are shown in Fig. 1 (4). The 
response to chirps of a single calling song 
presented at 60-dB sound pressure level (SPL) 
is shown in Fig. 1A and Fig. 1B shows the 

Biological Computation Research Department, AT&T 
Bell Laboratories, Murray Hill, NJ 07974, USA. 

response to two simultaneous calling songs. 
The chirps of the 90-dB song precede the 
chups of the 60-dB song and suppress the 
number of action potentials elicited by the 
60-dB song, compared with the number of 
action potentialsevoked by the 60-dB songby 
itself. This effect is accompanied by a small 
hyperpolarizationthat occurs between chups. 
The masktng increases from the first to the 
fourth chirp in the sequence, at which point 
the action potentials evoked by the quieter 
calling song are completely eliminated. The 
hyperpolarizationthat follows each chup also 
accumulates with each successive chup. Fig-
ure 1C summarizes this forward masking ef-
fect, showing the number of spikes per chup 
in the absence of maskine and with two-
different masking intensities. As the masking 
intensity is increased the curves shift to the 
right, showing that the cell's auditory thresh-
old is temporarily raised by the masktng stim-
uli. The amount of masking produced by the 
90-dB song on the 60-dB song increases with 
each subsequent chirp (Fig. 1B), suggesting 
that the masking effect takes longer to decay 
than the inter-chirp interval. As a result, the 
response to later chups is affected by the 
residual masking from earlier chirps. This 
observation and the data in Fig. 1C suggest 
that the physiological variable that controls 
masking increases with sound intensity and 
decays slowly (several seconds),compared to 
the inter-chim interval. Forward masking-
cannot be explained by inhibition from the 
known connections onto the omega neuron 
(5). Therefore, we hypothesized that a cal-
cium-activated hyperpolarizing current pro-
duces forward maskine and. thus, that the- . 
dynamics of forward masking are determined 
by the dynamics of [Ca2+],. 

To investigate this hypothesis, we mea-
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sured changes in [Ca2+], in response to sound 
stimuli in the omega neuron in the semi- 
intact cricket with the fluorescent calcium 
indicator fura-2 (Fig. 2A). Calcium accumu- 
lation was observed during presentations of 
simulated cricket calling songs at  natural!^ 
occuning intensities (50- to lWdB SPL) 
(Fig. 2B)-the same stimulus conditions that 
produce the forward masking effect shown in 
Fig. 1. With the onset of each chirp there was 
an influx of calcium, most likely through 
voltage-sensitive calcium channels or ligand- 
gated channels, which did not completely 
decay before the next chirp. Consequently, 
calcium accumulated over the course of the 
calling song and decayed back to resting level 
when the calling song ended. Louder chirping 
produced larger calcium accumulations. This 
observation suggests that under conditions 
encountered by a cricket in the wild (multiple 
chirping males for several hours), [Ca2+], in 
the omega cell approaches a steady state that 
depends on the recent average sound intensi- 
ty. A possible role o f  this elevated calcium in 

Sound intensity (dB SPL) 

Fig. 1. (A) lntracellular recording from a cricket 
omega neuron showing the response to chirps of 
a simulated calling song (60 dB). The upper trace 
shows the neuron's membrane potential. A chirp 
is comprised of three syllables (25-ms pulses of 
4.8-kHz sound, indicated schematically by 
square pulses in the lower trace) with an inter- 
syllable interval of 35 ms and an inter-chirp inter- 
val of 0.5 s. (B) The response of the same cell to 
two calling songs (90 dB, large pulses in lower 
trace, and 60 dB, small pulses in lower trace) 
illustrating the forward masking effect. (C) For- 
ward masking shifts the omega neuron's input- 
output function to the right. The number of action 
potentials per chirp in the quieter song is shown 
as a function of the quieter song's intensity for 
three intensities of the masking song. Each data 
point shows the mean of five chirps. Error bars 
show standard errors (n = 8). 

modulating the auditory neuron's threshold, 
as in forward masking, is suggested by our 
finding that the elevated calcium i s  correlated 
with a decreased response to sound (Fig. 3A). 

T o  investigate quantitatively the temporal 
correlation between [Ca2+], accumulation 
and the post-stimulus hyperpolarization that 
accompanies forward masking, we measured 
[Ca2+], in response to sounds of long duration 
that elicit larger hyperpolarizations than indi- 
vidual chirps (Fig. 3B). These sounds evoke a 
large depolarization and brisk firing of action 
potentials for the entire duration of the sound. 
Immediatelv after the sound. the cell shows a 
deep hyperpolarization that decays back to 
resting potential with a time course of several 
seconds (4.3 2 1.0 s) (6). These sounds also 
produced a large increase in [Ca2+], that 
returned to resting level with a time course o f  
4.5 2 1.4 s (7), thus matching the time 

Time (s) 

Syllable - 
Fig. 2. (A) A CCD (charge-coupled device) fluo- 
rescence image of an omega neuron filled with 
fura-2 (excitation, 385 nm). The cell body is out of 
focus in the upper left comer. The neurites that 
receive input from auditoly fibers are located in 
the lower left quadrant. The neurites that form 
synapses onto the omega neuron's mirror image 
partner are located in the lower right quadrant. 
The neuron is located 200 pm beneath the gan- 
glion surface. (B) The accumulation of [Ca2+Ii in 
an omega neuron in response to a simulated 
calling song. The solid bar below the graph 
shows the period during which the calling song 
was presented. A schematic diagram of the call- 
ing song is shown below the axis (4.8-kHz carrier, 
25-ms syllable duration, 35-ms syllable period, 
three syllables per chirp, 0.5-Hz chirp rate). The 
change in fura-2 fluorescence divided by the 
absolute fluorescence intensity (-AF/F) is mono- 
tonically related to intracellular free calcium con- 
centration, and was determined from measure- 
ments in a 20 by 20 pixel region of the omega 
neuron image. 

course of the electrophysiologically observed 
post-stimulus hyperpolarization. In addition 
to having a similar time constant, both peak 
calcium concentration and hyperpolarization 
increased to asymptotic levels as sound inten- 
sity and duration were increased. 

The tight correspondence among [Ca2+],, 
the hyperpolarization produced by sound, and 
reduced omega cell excitability during stimu- 
lation supports the hypothesis that a calcium- 
activated hyperpolarizing current is the mech- 
anism by which calcium accumulation leads 
to the forward masking effect. The most likely 

Time (s) 

Fig. 3. (A) The accumulation of [Ca2+], (bold line) 
and the corresponding decrease in the number of 
action potentials per sound pulse (histogram) 
qualitatively follow the same time course. The 
cricket was presented with a 4.8-kHz sound am- 
plitude modulated into a pulse train (75-ms pulse 
duration, 10-Hz repetition rate, 5-ms rise and fall, 
90-dB SPL). The train began at the origin. The 
accumulation of [Ca2+], is shown as the percent 
decrease in fura-2 fluorescence as described in 
the legend to Fig. 2. The histogram shows the 
number of action potentials per 75-ms sound 
pulse. (B) lntracellular recording of a response to 
a 1-s tone (dark bar; 90-dB SPL, 4.8 kHz) illustrat- 
ing the post-stimulus hyperpolarization. After the 
stimulus, the cell shows a hyperpolarization of 
-1 0 mV that decays slowly with a time constant of 
4.3 s (6). (C) Optical recording of calcium dynam- 
ics from the same cell as in (B). The graph shows 
the absolute fluorescence intensity, which is 
monotonically related to [Ca2+],, measured with a 
photodiode during the same conditions as in (B) 
(stimulus presentation indicated by the solid bar 
above the abscissa) ( 15). 
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candidate for such a current is a calcium-
activated potassium current such as those 
demonstrated in Drosophila (8), in the large 
monopolar cells of the fly optic lobe (9) as 
well as in cockroach motor neurons (10). 

To test the involvement of a calcium-
dependent potassium conductance in the 
post-stimulus hyperpolarization, we injected 
the omega cell with a high concentration of 
fura-2. Moderate concentrationsof kinetically 
fast, high-affinity calcium buffers like fura-2 
are known to block calcium-activated potas-
sium channels in other preparations (11). 
Omega neurons filled with a high concentra-
tion of fura-2, unlike normal omega cells, 
continued to fire for several seconds after the 
termination of the sound stimulus and showed 
a reduced post-stimulus hyperpolarization 
(Fig. 4, A and B). This behavior suggests that 
a calcium-activated current is necessary for 
the production of the hyperpolarization ob-
served in normal cells. Additional evidence of 

.. , . , ,  . - . , ... .-
Soundon 
I-s Lightflash 

I-s Lightflash-

Fig. 4. Electrophysiologicalresponse of an ome-
ga cell to a l -s  tone (95-dB SPL, 4.8 kHz) (A) 
beforeand (B)after the filling of an omega neuron 
with a highconcentrationof fura-2 (16).(Cand D) 
Electrophysiologicalresponse of an omega neu-
ron to calcium released intracellularlyby photoly-
sis of DM-Nitrophen. (C) Upper trace, membrane 
potential.The middle trace shows the onset of a 
continuous 4.8-kHz tone. The lower trace shows 
the open time of a shutter that allowed ultraviolet 
light to illuminate the omega neuron and release 
the calcium bound to DM-Nitrophen. The firing 
rate of the cell in response to the sound is re-
duced by increased intracellular calcium. (D) Up-
per trace, membrane potential. The lower trace 
shows the opentime of the shutter as in (C).Inthe 
absence of sound-induceddepolarization,a larg-
er hyperpolarization is observed in response to 
the release of caged calcium. (C) and (D) show 
data from different cells. 

a calcium-activatedcurrent was obtainedwith 
DM-Nitrophen, a caged calcium compound, 
which releases calcium upon photolysis 
(12) and transiently raises [Ca2+],.When 
calcium was released inside omega neurons 
through this method, a transient hyperpolar-
ization and decreased sensitivity to sound 
were observed (13) (Fig. 4, C and D). 

The omega cell responds to sound stimuli 
including species-specificsounds with an ac-
cumulation of ICa2+l,that deoends on the 
intensity and duration of sound and that 
decays slowly (3- to 5-s time constant). The 
accumulation of [Ca2+],reflects the average 
environmental sound level through its "leaky 
integrator" dynamics. Our data suggest that 
the integration and decay times of [Ca2+], 
accumulation give rise to the tem~oraldv--
narnics of forward masking by activating a 
hyperpolarizing current, temporarily raising 
the neuron's threshold and shifting its input-
output function (actionpotentials per decibel 
of sound). The dvnamics of ICa2+1,accumu-
lation and decay have a neuroethological 
simficance because hyperpolarizationof indi-
vidual omega neurons in crickets (GryUus 
bimaculatus) that are actively engaged in 
tracking calling songs reduces the crickets' 
tendency to turn toward calling songs on the 
hyperpolarized side (14). Our findingsprovide 
a simple example of chemical computationin 
central nervous system functionby illustrating 
how the dynamics of a chemical species can 
be used to perform a useful transformation of 
information. 
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Prevention of Vertebrate Neuronal Death 
by the crmA Gene 

Valeria Gagliardini, Pierre-Alain Fernandez, Robert K. K. Lee, 
Hannes C. A. Drexler, Rocco J. Rotello, Mark C. Fishman, 

Junying Yuan* 
Interleukin-1p converting enzyme (ICE) is a mammalian homolog of CED-3, a protein 
required for programmed cell death in the nematode Caenorhabditis elegans.The activity 
of ICE can be specifically inhibited by the product of crmA, a cytokine response modifier 
gene encoded by cowpox virus. Microinjectionof the crmA gene into chicken dorsal root 
ganglion neurons was found to prevent cell death induced by deprivationof nerve growth 
factor. Thus, ICE is likely to participate in neuronal death in vertebrates. 

(injected with dye alone, vector alone, or 
antisense cwnA cDNA) died, with fewer 
than 10% surviving to day 6 (Fig. 1). In 
contrast, more than 60% of the c d -
injected neurons survived through day 6 in 
the absence of NGF (Fig. 1). 

Expression of cnnA protein was detected 
in almost all of the injected neurons by 
immunofluorescence staining with an affini-
ty-purified rabbit polyclonal antibody to 
cnnA (Fig. 2) (8).The cnnA protein could 
be detected in neurons 9 days after injection, 
suggesting that it is very stable. The d-
injected DRG neurons cultured in the a b  
sence of NGF were round and often devoid 
of extensive neurites, a morphology similar 

k gene-essentYal for cell death in the 
nematode C. ekguns, ced-3, was recently 
shown to share seauence similaritv with a 
mammalian gene, 'ICE, which eicodes a 
cysteine protease involved in the processing 
of interleukin-1 (3). Overexpression of 
ICE induces programmed cell death in Rat1 
fibroblasts and this death can be suppressed 
by the cowpox virus crmA gene, a specific 
inhibitor of ICE. and bv the BCL-2 Droto-
oncogene (4, 5). To determine wkether 
ICE is involved in neuronal death, we 
investigated the effect of ctmA on the sur-
vival of chicken dorsal root ganglion 
(DRG) neurons cultured in the absence of 
nerve growth factor (NGF), a condition 
that would normallv lead to cell death. 

We microinjected an expression vector 
(pHD1.2) containing a crmA complemen-
tary DNA (cDNA) under the control of the 
chicken f3-actin gene promoter, or in vitro 
transcribed ctmA RNA ( 6 ) .  into cultured~ , .  
DRG neurons along with rhodamine-iso-
thiocyanate-labeled dextran (7). About 
90% of the injected neurons retained a 
normal morphology, and, in the presence of 
NGF, about 85% survived through day 6. 
Within 3 days of NGF deprivation, howev-
er, more than 80% of the control neurons 
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neurons were photographed 
after be~ngcultured In the ab-
sence of NGF for 0 days (A C 
and E) or 3 days (B D and F) 
Photographs were taken w~th  
a computerized v~deolmaglng 
system (Axov~deo Axon In-
struments) w~tha rhodamme 
f~lterlmagesof the fluorescent 
cells were ampl~f~edw~tha SII-
con-lntens~f~ed-Target(SIT) 
v~deocamera (Dage) (G) 
shows the surv~valof DRG 
neurons In the absence of 
NGF after lnjectlon of BCL-2 
expresslon vector RR 1 (BCL2 
DNA) crmA expresslon vec-
tor pHDl  2 (crmA DNA) antl-
sense-cmiA expresslon vec-
tor oHD2 1 icrmA antlsensc 
DNA) crmA RNA BCL-2ex-
presslon vectors RR 1 and 
crmA pHD1 2 (BCL-2 and 
crmA DNA) control p-act~n 
vector (ppactSTneo6) or dye 
alone L~veDRG neurons were 
scored as rhodamme-conta~n-
Ing cells w~thneuronal mor-
phology Trypan blue sla~n~ng 
was used to conflrrn the vla-
blllty of neurons In some ot the 
experlments (datanot shown) 
Results are presented as the 
mean percentage of survlval 
2 SEM observed ~n fobr to 
f~veexperlments 1-300 rnl-
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cro~njectedneurons for each vector)
'To M o m  correspondence should be addressed Days after injection 
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