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What is the internal noise in a nervous system? We studied 
this question by determining the trial-to-trial consistency of 
the neuronal response in the abdominal ganglion of Ap/ysia 
californica. Because our voltage-sensitive dye recordings 
detected the spike activity from a large fraction of the neu- 
rons in the ganglion, these results provide a reasonably com- 
plete characterization of the consistency of the response to 
a sensory stimulus. The consistency of each neuron was 
evaluated by the number and timing of spikes in the re- 
sponse. 

The variability in the spike count was described using the 
coefficient of variation. The spike count variations follow a 
Poisson distribution, indicating that most of these variations 
were the result of a random process. For each neuron the 
reliability of the response to touch was measured in two 
ways; both measures indicated a broad distribution of reli- 
abilities within the neuron population. 

The time of the maximum response also varied substan- 
tially in some animals. These timing variations were in part 
due to random processes and in part due to systematic 
effects (changes in activity of many neurons that were highly 
correlated). 

The time course of the activity of individual neurons was 
compared with the time course of the gill withdrawal. In some 
animals the activity of individual neurons was only poorly 
correlated with the behavior; in contrast, the summed activity 
of groups of neurons matched the behavior quite well. This 
implies that the behavioral output of the system may be a 
distributed combination of the activity of many neurons. 

The differences between animals were substantially larger 
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than the trial-to-trial differences in one animal. The responses 
made by different preparations differed along many dimen- 
sions. 

[Key words: consistency, voltage-sensitive dye, optical 
recording, Aplysia, trial-to-trialdifferences, animal-to-animal 
differences] 

The nervous system can produce reasonably consistent behav- 
ioral outputs when presented with identical input stimuli. This 
implies that identical representations of behavioral output must 
exist at some level, even if only in the muscular effecters them- 
selves. At one extreme of possible functional architectures, only 
the activity of the muscles would be identical across trials. All 
the neurons between the sensory input and the muscles could 
be active in varying combinations as long as these combinations 
cause the same activation pattern in the muscles. At the other 
extreme, all the individual cells that participate in a behavior 
would function identically from one trial to the next. One way 
to discriminate between these possible functional architectures 
is to determine whether the activity of individual neurons has 
the required consistency or whether it is necessary to use the 
summed activity ofgroups ofneurons to obtain this consistency. 

Early results had suggested a very simple functional architec- 
ture for the gill withdrawal reflex. Byrne et al. (1978) reported 
that 60% of the Aplysiu gill-withdrawal could be accounted for 
by the monosynaptic connection between LE sensory neurons 
and gill motor neurons. However, more recent evidence from 
microelectrode studies has substantially lowered the contribu- 
tion of the monosynaptic component and demonstrated the 
contribution of other, as yet unidentified, sensory neurons as 
well as contributions from several tens of interneurons (Hawkins 
et al., 198 1; Frost et al., 1988; Cohen et al., 199 1; Trudeau and 
Castellucci, 1992). Furthermore, optical measurements demon- 
strated that the number of neurons activated by the siphon 
stimulation is approximately 300 (Zecevic et al., 1989; Na- 
kashima et al., 1992). Falk et al. (1993), applying cluster analysis 
to spike data obtained from habituation experiments, identified 
several groups of neurons that exhibited common characteristics 
along two temporal dimensions. Just like single cells, such groups 
of functionally similar cells might represent functional units 
themselves. Taken together, the above results clearly suggest a 
much more complex functional architecture for the abdominal 
ganglion. 

Other investigators have studied trial-to-trial and animal-to- 
animal variability at several organizational levels: (1) at indi- 
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vidual synapses, (2) in counts of the number of neurons, and 
(3) in spike counts in the responses of individual neurons. Gard- 
ner (1986) has studied the variability in synaptic currents be- 
tween identified pairs of neurons in the Aplysia buccal ganglion. 
In one preparation he measured the postsynaptic response to a 
series of 136 action potentials elicited at 10 set intervals. The 
postsynaptic conductances averaged 0.5 KS and ranged from 0.3 
to 0.8 KS. Gardner also examined the same synapse in 31 dif- 
ferent animals. In contrast, the mean synaptic conductances 
ranged from 0.028 to 1.7 $S in the 31 animals. This 60-fold 
difference in synaptic strength among animals is much larger 
than the trial-to-trial range in one animal; the animal-to-animal 
differences are striking. 

Looking at a second measure of animal-to-animal variability, 
London et al. (1987) counted the number of neurons present in 
the buccal ganglia of Navanax inermis and reported a mean of 
200 with an SD of 40. There were substantial animal-to-animal 
differences in the number of neurons in these opisthobranch 
ganglia. From these measurements of synaptic strength and 
numbers of neurons, we anticipated that the response to touch 
in Aplysia would show greater animal-to-animal than trial-to- 
trial differences. 

The trial-to-trial variations in the spike response ofindividual 
cells have been studied in cortical neurons over the past several 
decades (e.g., Kuffler et al., 1957; Werner and Mountcastle, 
1963; Heggelund and Albus, 1978; Tolhurst et al., 1983). The 
variability in spike counts, as expressed by the coefficient of 
variation (SD normalized for the mean response), always de- 
creased as the magnitude of the response increased. For some 
data sets (Heggelund and Albus, 1978; Tolhurst et al., 1983) the 
coefficient of variation was inversely proportional to the square 
root of the mean response. This is the expected relationship if 
the distribution of responses is Poisson. 

We have made similar measurements of variability in the 
spike response of individual Aplysia neurons but have simul- 
taneously recorded the activity of up to half of the neurons in 
the abdominal ganglion and thus obtained a relatively complete 
picture of the variability. Monitoring the activity of many neu- 
rons allowed us to determine whether trial-to-trial differences 
are apparently random or are systematic. By systematic differ- 
ences we mean trial-to-trial changes where the activities of many 
neurons change in a correlated fashion. Furthermore, because 
we obtain a relatively complete sample of neuron activity from 
each animal, we can also compare responses between animals. 

The voltage-sensitive dye signal from some neurons in the 
Aplysia abdominal ganglion is smaller than the noise. The most 
complete recordings with a 124 pixel photodiode array (used in 
initial experiments) monitored the activity of about 30% of the 
neurons (Zecevic et al., 1989); the best recordings made with a 
464 pixel array (used in later experiments) are about 50% com- 
plete (see Materials and Methods). 

Our initial experiments studying trial-to-trial consistency (Wu 
et al., 1989; Tang et al., 1992) were carried out using a me- 
chanical touch as a stimulus. To rule out the possibility that 
differences in the response were simply due to differences in the 
stimuli, we have employed two additional types of stimulation: 
a suction electrode stimulus to the siphon skin and an intra- 
cellular microelectrode stimulation of a single neuron in the 
ganglion. 

The responses of the individual neurons across trials are given 
by the number and timing of action potentials that follow the 
stimulus. In order to describe the trial-to-trial variability in a 

relatively quantitative way, we evaluated four important and 
characteristic aspects of the response of individual neurons across 
trials. The first two were based on the number of spikes (but 
ignored information about timing); the last two were based on 
timing ofthe spikes (but ignored information about the number). 

(1) The first measure was a simple characterization of the 
trial-to-trial variability in the number of spikes (spike counts) 
in the poststimulus period using the coefficient of variation (the 
standard deviation divided by the mean). 

(2) Second, we estimated the reliability of the response of 
individual neurons: how reliably each neuron functioned as a 
detector of the siphon stimulus. Here we compared the spike 
counts in the pre- and poststimulus periods. The probability of 
correct discrimination between the stimulus and no stimulus 
was used to determine how often the poststimulus spike count 
could be confused with a prestimulus count. Because the deci- 
sion criterion for the probability of correct discrimination is 
determined from the mean responses a posteriori, this measure 
does not address an issue that the animal faces, that of deciding 
in each trial whether a stimulus occurred. We also calculated a 
response probability using an a priori criterion for determining 
whether a neuron had responded. Each neuron was scored as 
responding or not responding in each trial and the response 
probability score was simply the fraction of the trials in which 
the neuron responded. 

(3) To obtain a measure of the trial-to-trial variations in the 
timing of spike activity, we determined the time of maximum 
spike rate for each neuron in each trial. The time of maximum 
rate in individual trials was compared with the mean of the 
peak times for that neuron. 

(4) Fourth, we compared the timing of activity of each in- 
dividual neuron with the timing of the behavioral output of the 
system (the gill-withdrawal). 

Materials and Methods 
The trial-to-trial consistency results come from eight preparations: three 
using a mechanical touch to the siphon, four using a suction electrode 
stimulation of the siphon, and one using a microelectrode stimulation 
of an individual neuron in the abdominal ganglion. An additional 26 
animals that received a mechanical stimulus are included in the animal- 
to-animal comparisons. The animals weighed between 5 and 20 gm. 
The experiments were carried out on the isolated siphon preparation 
developed by Kupfermann et al. (197 1) (Fig. 1). The siphon was con- 
nected to the abdominal ganglion via the siphon nerve and the ganglion 
communicated with the gill via the branchial and genital nerves. The 
absence of a direct peripheral connection between the siphon and gill 
means that the gill withdrawal must be mediated via the abdominal 
ganglion. The ganglia were not desheathed. In later experiments the gill- 
withdrawal was recorded on videotape. The chamber temperature was 
kept at 15 ? 1°C. Additional details concerning the preparation are 
given in Falk et al. (1993). 

Stimulation 
For the experiments using the mechanical touch and suction electrode 
stimuli we bathed the siphon in synaptic blocker solution containing 
220 mM MgCI,, 1 mM CaCl,, 228 mM NaCI, 10 mM KCl, and 10 mM 
Tris-HCl. This solution was used to block siphon movement to achieve 
a consistent stimulation site. Control experiments indicated that syn- 
aptic blocker in the siphon chamber had no detectable effect on the 
touch response of neurons in the ganglion or on the gill-withdrawal 
reflex. 

Mechanical toucher. Mechanical stimulation was delivered to the si- 
phon skin via a computer-controlled motor that moved a 0.6 mm glass 
rod with a rounded tip. To reduce possible effects ofvariation in stimulus 
strength we used a stimulus that was not on a steep part of the stimulus- 
response curve. In four experiments we found that the mean extrapo- 
lated stimulus threshold for the gill-withdrawal reflex was 0.3 + 0.2 
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Figure 1. Schematic drawing of the 
preparation and apparatus. Light from 
a tungsten halogen lamp was passed 
through a 720 -C 25 nm interference 
filter and focused on the preparation 
using a modification of Kohler illumi- 
nation. The condenser iris was opened 
so that the condenser numerical aper- 
ture would equal the objective numer- 
ical aperture. A 12 x 12 or a 464 ele- 
ment photodiode array was placed at 
the plane where the objective forms the 
real, inverted image. The photodiode 
array records the light transmitted by 
the ganglion. The outputs from each 
diode were individually amplified. The 
signals were digitized by a dual analog- 
to-digital converter andstored in a Mo- 
torola 68000 VME bus computer. The 
inset at the lower right shows schemat- 
ically the relative positions ofthe image 
of the ganglion and the 464 element 
photodiode array. 

PHOTODIODE 
ARRAY 

FILTER 
SOURCE 

gm. In all four preparations, a 1 .O gm increase in stimulus strength was 
enough to get past the steep part of the stimulus-response curve. For 
the measurements of trial-to-trial variability in this article, we began 
with a test stimulus of 1 .O gm. Preparations with no gill-withdrawal in 
response to the test stimulus were discarded. A stimulus strength of 2.0 
gm was used in the experiments. 

Suction electrode. The suction electrode was made from a polished 
glass tube with an outer diameter of 600 Frn and an inner diameter of 
200 pm. Silver-silver chloride wires were used both internally and ex- 
ternally. The suction electrode was positioned on the siphon skin and 
then gentle suction was applied and maintained for the duration of the 
experiment. 

Intracellular electrode. We impaled a large neuron in the upper left 
quadrant, medial and posterior to the exit point of the siphon nerve. 
From its size, location, and the existence of irregular inhibitory synaptic 
potentials, we think that this cell may be LlO (Koester and Kandel, 
1977). Microelectrodes of 20-30 MS2 resistance were pulled using a 
Sutter Instrument model P87 puller. To facilitate impalement the gan- 
glia were incubated in a 0.2% trypsin (Sigma) solution for 5-15 min 
followed by a 0.25% solution of trypsin inhibitor (Sigma) for 10 min. 

Optical recording 

We used two voltage-sensitive pyrazolone-oxonol dyes: NK304 1 (Grin- 
vald et al., 1980; obtained from Ninnon Kankoh Shikiso Kenkvusho 
Co. Ltd., OkayaLa, Japan) and its diethy analog, JPW 113 1 (obiained 
from Dr. Leslie Loew, Department of Physiology, University of Con- 
necticut, Farmington, CT). These dyes were first suggested and synthe- 
sized by Rina Hildesheim and Amiram Grinvald as RH 155 and RH479. 
The ganglia were stained with a dye concentration of 0.15 mg/ml fol- 
lowing the staining protocol of Nakashima et al. (1992). Photostimu- 
lation, activation of neuron activity by the measuring light, was seen in 
a few preparations using NK3041. These effects did not seem to be 
present with JPW 113 1. The largest number of trials we recorded was 
10. In the best preparations the measurements would be limited to 15- 
30 trials by the reduction in signal size that occurs as a result of dye 
bleaching. The oxonol dyes mainly stained the cell body layer; the 
neuropil region was only weakly stained. As a result, optical signals from 
neuropil processes or axons were rarely detected. 

The initial measurements were made using 124 elements of a 12 x 
12 array (Centronic Inc., Newbury Park, CA). Later experiments were 
carried out with a 464 element photodiode array (in a 24 x 24 grid 
with the comer elements omitted) using methods that were modifica- 
tions of those previously published (Salzberg et al., 1977; Grinvald et 

al., 1981; London et al., 1987; Zecevic et al., 1989, Wu and Cohen, 
1993). For the recordings with both arrays we sampled 8 192 data points 
per detector per trial. With the 124 element array the duration of the 
recording was 8 set (1.0 msec per data point). Because of hardware 
limitations, with the 464 element array the duration of the fastest 8 192 
data point recording we could make was 13 set (1.6 msec per data 
point). 

The best (most complete) recordings from Aplysia with the 124 pixel 
array were estimated to detect the activity of about 30% of the neurons 
in the abdominal ganglion (Zecevic et al., 1989). Nakashima et al. (1992) 
found that 2.5 times as many cells were detected with a 448 element 
array than with a 100 element array. In their comparison different 
preparations were used with the two arrays. We analyzed one trial from 
the 464 pixel array and compared that result with the analysis of the 
same data binned into a 124 pixel array and found that using the larger 
array increased the number of detected cells by a factor of 1.5. In the 
absence of a direct measurement, we estimate that the most successful 
recordings made with the 464 pixel array are about 50% complete. 

The diode array was placed in the image plane formed by a Leitz 
25 x 0.4 NA objective (Fig. 1). The ganglion was positioned with its 
ventral side facing the objective and with the comer where the siphon 
nerve exits the ganglion positioned at the upper left edge of the field of 
view (Fig. 1, lower right). With this magnification. about 25% of the 
image’ofthe ganglion &ili fall outside the-active area of the photodiode 
array, and active neurons in this region will be missed. This is another 
factor contributing to the incompleteness of the optical recording from 
the Aplysia ganglion. 

The raw data from the optical recordings consist of cell-body spike 
signals on photodiode outputs; further analysis is required to determine 
the activity of individual neurons from this data (for examples and 
additional details of the sorting methods, see London et al., 1987; Zece- 
vie et al., 1989; Falk et al., 1993). To analyze experiments with several 
recordings from one preparation, we first concatenated the raw data 
from all trials so that the analysis could be done as if it were one long 
recording. In this way we could follow the activity of individual neurons 
throughout all of the trials of one experiment. Because of variability in 
the number and position of neurons from ganglion to ganglion we were 
not able to follow neurons across animals. 

The numbering scheme used for the photodiodes in the 464 element 
array is indicated on the schematic drawing of the array in the lower 
right of Figure 1. To obtain the identification numbers given on the left 
of Figures 2, 3, 7, and 10, we began with the detector number that was 
used for recording the spike times of each neuron; usually this detector 
had the largest signal from that neuron. If  a detector was used for 
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recording the activity of more than one neuron, we added 1000 to the 
ID number for each reuse. 

Statistical calculations 

Coejicient of variation. The mean response (mean spike count in a 
poststimulus interval) across trials was determined for each neuron. We 
then calculated the standard deviation and the coefficient of variation 
(the standard deviation normalized for the mean) of the number of 
spikes for each neuron. We also calculated the theoretical relationship 
between coefficient ofvariation and mean response using the assumption 
that the distribution was Poisson; the standard deviation for a Poisson 
distribution is the square root of the mean. The calculated values were 
used to plot the curves in Figures 4 and 9. 

Probability of correct discrimination. (Green and Swets, 1966). The 
probability of correct discrimination between the stimulus and no stim- 
ulus was used to determine how often the poststimulus spike count 
could be confused with a prestimulus count. This calculation used an 
optimized decision criterion that yields the maximum fraction ofcorrect 
decisions. The probability of correct discrimination is inversely pro- 
portional to the overlap in the distribution of spike counts in the pre- 
and poststimulus intervals. Smaller overlaps result from larger differ- 
ences in the mean pre- and poststimulus spike counts and yield larger 
probabilities of correct discrimination. The mean response to the stim- 
ulus (spike count in the poststimulus 2048 data points) and mean spike 
count for the prestimulus 2048 data points were determined for each 
neuron. For the microelectrode experiment (see Fig. 5, bottom) we used 
the spike count in the 6144 poststimulus data points divided by 3 as 
the poststimulus mean. We calculated two Poisson distributions of spike 
counts for each neuron from its pre- and poststimulus means. Equations 
1 and 2 were used to calculate the overlap of the two distributions. 

PO”&, = P,,,(i) + 1 - P,,(i), (1) 
where i is spike count and 

(2) 

where k is the criterion spike count, the count where the two distri- 
butions cross. A count larger than k is considered to be a response, and 
a response smaller than k is considered to be no response. The proba- 
bility of correct discrimination was determined using 

PC = 1 - POV.d.,/2 (3) 

The optimum decision criterion for the probability of correct discrim- 
ination is determined from the mean responses a posteriori. 

Responseprobability. For the third measure, response probability, we 
used an a priori criterion for determining whether a neuron had re- 
sponded. If, for example, the a priori criterion was that there should be 
less than a 0.05 probability that background activity (determined from 
the prestimulus spike count) would be erroneously considered a re- 
sponse, the distribution of prestimulus counts was used to estimate the 
minimum poststimulus spike count that would have occurred by chance 
with a probability of less than 0.05. To determine if a neuron made a 
response to the stimulus in each trial, we had to estimate the probability 
that a given response might simply result from a chance increase in the 
background (prestimulus) firing rate. We estimated the expected distri- 
bution of background spike counts for each neuron (the number of spikes 
expected in the poststimulus interval if there was no response to the 
stimulus) from the number of spikes that occurred in the prestimulus 
interval. The background spike counts of each neuron were assumed to 
have a Poisson distribution. The free parameter (rate) ofthis exponential 
function was determined by fitting the mean prestimulus spike count 
across neurons to an exponential curve. The resultant prior distribution 
gave an excellent fit to the histogram of prestimulus spike counts. This 
exponential prior distribution of the Poisson rates was then used to 
calculate the probability of a neuron exhibiting as many poststimulus 
spikes as were observed: given its prestimulus counts across trials, using 
Baves rule (DeGroot. 1986). This calculation was made independently 
for-the poststimulus count ofeach neuron for each trial. When the chance 
of a background spike count being as large as the observed poststimulus 
spike count was less than 0.05, the neuron was considered to have 
responded. Each neuron received a binary score (response-no response) 
for each trial. The response probability of the neuron was the fraction 
of the trials that were scored as a response. 

Time of peak activity. We determined the time of peak activity for 
each neuron in each trial by determining the minimum interspike in- 
terval in the poststimulus period and assigning the peak time to the 
time of the first spike in the pair with the minimum interval. This 
procedure required that a cell make two spikes in the poststimulus 
interval in order to have a peak time determined for that trial. Cells 
with fewer than three trials with two spikes in the poststimulus interval 
were removed from the data. 

Paired t test to distinguish systematic dlj9erences between trials. The 
spike counts in the poststimulus 6 144 data points were compared pair- 
wise between trials for each neuron. For each pair of trials the mean 
and SE of the differences between pairs were used to determine the 
Student’s t value and the resulting p value. Because multiple compar- 
isons were made, the p = 0.05 criterion was adjusted by the number of 
comparisons using Bonferroni’s procedure (Woolson, 1987). 

The calculations and graphical outputs for Figures 2-14 were done 
using MATHEMATICA (Wolfram Research, Champaign, IL, version 2.1) 
on a Silicon Graphics Iris Indigo workstation. 

Results 
Trial-to-trial variations 
We report results from three preparations where a mechanical 
toucher was used, from four preparations using a suction elec- 
trode stimulus to the siphon skin, and from one preparation 
using an intracellular microelectrode to stimulate an individual 
neuron in the abdominal ganglion. Figures 2 and 3 illustrate the 
results from two of these experiments. Each vertical panel rep- 
resents the results from one trial, each horizontal line represents 
one neuron, and each vertical tick mark represents one action 
potential. Figure 2 illustrates the results from one of the exper- 
iments using the mechanical toucher, and Figure 3, the results 
from the experiment with the intracellular stimulus of one neu- 
ron. The neurons are arranged from top to bottom in groups 
using the response probability measure described below. The 
results from the three types of stimulation are compared in a 
later section and in Figures 4-6. 

Figure 2 illustrates results from all eight recordings in an 
experiment where the siphon skin received a light touch 3.25 
set after the beginning ofeach recording (indicated by the dashed 
lines). For clarity of presentation 62 neurons that made less than 
I spike per trial were omitted from the figure. These neurons 
are, however, included in the analyses shown in Figures 4-6 
and 13. Clearly, there are similarities in the response to touch 
from one trial to the next. However, a substantial number of 
the neurons, including many with relatively large responses, 
show dramatic trial-to-trial differences in the number of action 
potentials evoked by the stimulus (e.g., cells numbered 292, 77, 
2334,375,3308,2332,1257,1308,2665, and 368). While many 
of these trial-to-trial differences do not appear to be correlated 
across neurons and therefore not systematic, systematic changes 
are also seen in Figure 2. For example, the eighth trial has less 
activity than the preceding seven trials; there is no delayed 
component either in the spike density histogram or in the gill 
withdrawal (shown at the bottom). In addition, there are dif- 
ferences in the timing of the delayed components of the gill- 
withdrawal in the first seven trials that are reflected in the action 
potential activity. Thus, in this experiment, as in all those we 
have examined, there are both apparently random and appar- 
ently systematic effects. We first present results and analyses 
that emphasize the apparently random changes and then present 
results that emphasize systematic effects. 

Variations that are apparently random 

We used the paired t test based on spike counts across successive 
trials to identify trials with large systematic differences in spike 
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Figure 2. Raster diagrams of action potential activity detected in an Aplysiu abdominal ganglion during eight presentations of a light touch 
separated by 10-l 5 min intervals. Each vertical panel shows a 13 set recording. Many neurons have one or more trials where the response is 
substantially larger (or smaller) than the mean. There are also large systematic differences between the trials. The cells are shown in nine groups 
according to their response probability (large numbers to the left). Histograms for each response probability group are shown on the right; these 
histograms include the activity of all the cells in the group. In this and similar figures histograms of spike density versus time are shown for each 
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Figure 3. Raster diagrams of action 
potential activity in response to five mi- 
croelectrode stimulations ofa large LUQ 
neuron separated by 10-15 min inter- 
vals. The stimulated neuron (top truce) 
was driven to make 19 spikes in each 
trial. A number of neurons have one or 
more trials where the response is sub- 
stantially larger (or smaller) than the 
mean. The cells are shown in six groups 
according to their response probability 
(large numbers to the left). There were 
eight trials recorded in this experiment; 
using the paired t test on spike counts 
across trials, three of these were signif- 
icantly different and are not included in 
this figure. The trials in this figure were 
trials 1,3,5,6, and 7 ofthe experiment. 
Trials 2,3, and 4 of this experiment are 
shown in Figure 7. The microelectrode 
stimulation did not lead to gill con- 
tractions. This experiment was the only 
one of several attempted where stim- 
ulating the neuron drove activity in 
more than five neurons and we held the 
cell for more than six trials. Experiment 
number A2 17. 

t 
trial (panel) below the raster diagrams. Each bar of the histograms represents spike counts per 5 12 data points (0.8 set) for all the neurons in the 
corresponding group of raster diagrams. The histograms at the bottom are the results from all the cells in each trial; the histograms at the right are 
the results from all the cells in each group for all trials. The gill withdrawals measured from the gill area on the videotape recordings are shown at 
the bottom. In the first trial 11% of the neurons accounted for 50% of the total number of spikes. In this and similar figures the numbers to the left 
ofeuch line are identification numbers derived from their signal locations on the photodiode array; the dashed lines are placed at the beginning of 
the current steps that drove the mechanical toucher. For clarity of presentation 62 neurons that made less than 1 spike per trial were not included 
in this figure. One was from the group with a probability of 0.37, 2 were from the group with a probability of 0.25, 20 were from the group with 
a probability of 0.13, and 39 were from the group with a probability of 0. Experiment number A206; all of the trials are shown. 
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Figure 4. Plots of measured values of the CV versus the mean number 
of spikes for each neuron (dots) and the expected relationship for a 
Poisson distribution (middle solid curve in the top panel and solid curves 
in the bottom two panels). The top panel represents the neurons from 
the experiment illustrated in Figure 2 (A206), the middle pane/ is from 
an experiment using a suction electrode stimulus (Al 98), and the bottom 
pane/ is from the experiment illustrated in Figure 3 (A2 17). For all three 
data sets the spike counts in the total poststimulus interval were used. 
The t test was used to remove significantly different trials in all three 
data sets. The top and bottom curves in the top panel represents the 
window where 95% of the data points would be expected to fall if the 
data were generated by a random selection of seven spike counts from 
a Poisson distribution of spike counts at each mean value. To obtain 
these curves we selected 1000 sets of seven spike counts from a Poisson 
distribution centered at each mean. We then-calculated each of the CVs 
and determined the CV values at + 1.96 x SD. Thus. 2.5% of the CVs 
should appear above and below the window defined by the two curves 
if the spike counts were distributed according to a Poisson distribution 
and if they were chosen randomly. The x’ values for the goodness-of- 
fit to the Poisson equation in the panels in this figure and in Figure 9 
ranged from 6 to 17 with degrees of freedom between 57 and 148. These 

counts. These trials were removed from the data used for anal- 
ysis in this section. Using this test the eighth trial in Figure 2 
was different from the first seven. It should be pointed out that 
a t test based on spike counts will not detect large trial-to-trial 
differences in the timing of activity unless the timing changes 
were such that some spikes were delayed past the end of the 
recording period. Where trials have been removed from the data 
set used for analysis we have indicated this fact in the figure 
caption. In most instances the effect of removing trials was small 
(but perceptible). 

E@cts of habituation. In many experiments, including the 
one illustrated in Figure 2, there was an apparent decline in the 
response over trials that is probably due to a slight habituation 
that occurs with the 15 min interstimulus intervals we used 
(Falk et al., 1993). Trial-to-trial differences that result from this 
habituation could confound differences that result from other 
sources. The following arguments suggest that the confounding 
effects of habituation are small. The area under the spike count 
histograms at the bottom of Figure 2 declines by a factor of 
about 2 during the eight trials. However, inspection of the re- 
sponses of individual neurons suggests that they often vary by 
a factor much larger than 2. We determined the means and 
ranges of the summed spike counts (all neurons) and the spike 
counts of each individual neuron. Normalizing all means to 1 .O, 
we found that the summed activity had a range of 0.57-l .2 1, a 
factor of 2.1. On the other hand, the mean of the ranges for the 
individual neurons illustrated in Figure 2 was 0.25-2.17, a factor 
of 8.7. Thus, statistical measures applied to individual neurons 
should be dominated by the variability in the response of in- 
dividual neurons rather than the confounding (but much small- 
er) effect of habituation. To show that this was the case, we 
computed statistical measures (see below) on the original data 
and on data normalized for the effect of habituation; normal- 
ization had only small effects (data not shown). We also com- 
pared the statistical measures from the first seven trials of Figure 
2 and from all eight trials. In terms of summed activity it is the 
eighth trial that has the largest decline in response. Omitting 
the eighth trial had only small effects (data not shown). From 
these results we conclude that the confounding effect of habit- 
uation was small. 

Variations in response versus mean response. The mean re- 
sponse, the SD, and the coefficient of variation (CV) were mea- 
sured for each neuron in Figure 2. These CV values are the data 
points in the top panel of Figure 4, where the CVs are plotted 
against the mean response. The CVs decrease from values of 
greater than 2 for small mean responses to values of about 0.3 
for large means. These experimentally determined CVs can be 
compared with the CVs predicted from the means on the as- 
sumption that the variations follow a Poisson distribution. For 
a Poisson distribution the SD is the square root of the mean 
and therefore the CV is equal to m-‘12. This relationship is 
plotted in Figure 4 as the middle curve in the top panel and the 
curves in the bottom two panels; these curves fit the data rea- 
sonably well although, as expected, there is substantial scatter 
in the data. The top and bottom curves in the top panel represent 
the window where 95% of the data points would fall if the CVs 
were generated from a random selection of seven spike counts 
from a Poisson distribution of the mean spike counts. While 

t 

values are much too low to reject the hypothesis that the data are fit by 
a Poisson equation. 



most of the data points fit within this window, there were 14 
data points above the window and 2 below. We presume that 
neurons with relatively dramatic trial-to-trial differences in spike 
count in Figure 2 appear as the data points above the window 
in Figure 4. Nonetheless, it is clear from Figure 4 that the trial- 
to-trial variations in spike count are fit reasonably well by a 
Poisson distribution. 

The ability of neurons to discriminate between stimulus and 
no stimulus. Using signal detection theory (Green and Swets, 
1966) and choosing the criterion response (Eq. 2) that optimizes 
for the maximum number of correct responses, we calculated 
how well each neuron could discriminate between stimulus and 
no stimulus. Using the result from Figure 4, that the trial-to- 
trial response variations can be represented by a Poisson dis- 
tribution, the distribution of the responses in the pre- and post- 
stimulus periods can be calculated from the fact that the SD is 
the (mean)1’2 of the responses during the two periods. The prob- 
ability of correct discrimination is inversely proportional to the 
fraction of the areas that lie under both distribution curves (Eq. 
3). A histogram of the mean values for the cells in all three 
mechanical touch experiments is shown in Figure 5 (top). A 
score of 0.50 represents a neuron that cannot distinguish be- 
tween stimulus and no stimulus, and 1 .OO represents a cell that 
distinguished perfectly. As can be seen, the neurons are ap- 
proximately equally distributed over all values of probability 
of correct discrimination. The lowest scores were near 0.50, 
which means that these cells could do no better than chance. 
The highest score was 0.9998. For the 11 neurons shown in the 
top section of Figure 2 the probabilities were 0.997, 0.999, 
0.967,0.996,0.980,0.938,0.851,0.958,0.931,0.945,and0.991. 
These neurons would make a response smaller than the criterion 
3, 0, 33, 4, 20, 62, 149, 42, 69, 55, and 9 times in 1000 trials. 

The probability of responding in each trial. The probability 
of correct discrimination is based on a criterion determined a 
posteriori from the mean responses and therefore cannot address 
an issue that the animal faces, that of deciding in each trial 
whether a stimulus occurred. By choosing a criterion in advance 
(to be counted as a response the spike count had to be so large 
that it would occur by chance with a probability of less than 
0.05) we could determine whether, in each trial, the neuron 
responded. The probabilities for different background spike 
counts were determined from the distribution of prestimulus 
counts. Each neuron received a binary score (response-no re- 
sponse) for each trial. The response probability of the neuron 
is simply the fraction ofthe trials that were scored as responding. 
The grouping of the cells in Figures 2 and 3 was done using the 
response probability score. The cells at the top made a response 
(using the criterion of 0.05) in every trial; those at the bottom 
did not make a response in any trial by that criterion. However, 
even in the group with 0.0 response probability, a response is 
detected if we sum the activity of all the cells (histograms on 
the left of Figs. 2, 3). 

A histogram of the number of cells in each response proba- 
bility category from the experiment illustrated in Figure 2 is 
shown in the top panel of Figure 6. As with the probability of 
correct discrimination, there is a wide distribution of response 
probabilities including the extremes of 0.0 and 1.0. We also 
tested a less stringent criterion for a response (0.10). The dis- 
tribution of reliabilities using this less stringent criterion was 
similarly broad (data not shown). Neurons with perfect response 
probability comprise only a small fraction; the majority are less 
reliable. 
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Figure 5. Histograms of percentage of neurons versus probability of 
correct discrimination. A value of 0.5 represents zero ability to distin- 
guish between stimulus and no stimulus; a value of 1 .O means that the 
cell discriminates perfectly. For all three kinds of stimuli there is a broad 
distribution of probability of correct discrimination values. Each bar 
represents 0.05 intervals of probability; the label gives the lowest prob- 
ability value for each group of neurons. Three panels are shown. The 
data in the top panel are the mean values from the three experiments 
using a mechanical touch. The data in the middie panel are the mean 
values from the four experiments using a suction electrode stimulus. 
The data in the bottom pane/ come from the experiment illustrated in 
Figure 3 (A2 17) using a microelectrode stimulus. Neurons with post- 
stimulus mean responses smaller than prestimulus means were not in- 
cluded in the calculations. 

We determined the locations on the diode array of the indi- 
vidual neurons in each response probability group. There was 
no apparent clustering of neurons from one group; all of the 
response probability groups had neurons in widespread loca- 
tions in the ganglion. 

Variations that are apparently systematic 
While Figure 2 illustrates the results from all of the recorded 
trials, the five trials illustrated in Figure 3 were selected from 
an experiment where eight trials were recorded. The paired t 
test comparing the differences indicated that the five trials in 
Figure 3 were not significantly different from each other. How- 
ever, the additional trials not shown in Figures 3 had differences 
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Figure 6. Histograms of number of neurons versus response proba- 
bility. A value of 0.0 represents zero response probability, and a value 
of 1 .O is perfect response probability. The response probabilities were 
calculated using a criterion of 0.05. For all three stimuli there is a broad 
distribution of reliabilities. Three panels are shown. The data in the top 
panel come from the experiment illustrated in Figure 2 (A206, me- 
chanical stimulus); the middle panel comes from the suction electrode 
experiment A 198; the bottom panel comes from the experiment illus- 
trated in Figure 3 (A2 17, intracellular microelectrode stimulus). 

in spike count that were larger, systematic, and significantly 
different. Figure 7 illustrates trials that are systematically dif- 
ferent from both of the experiments. On the left are the last two 
trials from Figure 2 and on the right three trials from the ex- 
periment of Figure 3. In the left section, the eighth trial lacks a 
late component in the response that is seen in many of the cells 
in the seventh trial. The recording of gill area, which continued 
for an additional 30 seconds (not shown), indicated that this 
late component is missing from the eighth trial because it was 
delayed past the end of the optical recording. Indeed, the timing 
of the delayed components, probably respiratory pumping ep- 
isodes elicited by the touch (Kanz et al., 1979), becomes pro- 
gressively more delayed throughout the experiment. The right 
section of Figure 7 contains three trials from the experiment 
illustrated in Figure 3. The left panel in this section (trial 3) is 
the second panel of Figure 3. Using the t test, the response in 

the middle panel (trial 2) is significantly larger than the response 
seen in trial 3. The response in right panel (trial 4) is much 
smaller, with a greatly reduced second component. 

In the three experiments using the mechanical toucher, six 
trials out of 28 were significantly different using the paired t test. 
In the microelectrode experiment, three trials out of eight were 
different. In eight out of these nine instances where there were 
systematic differences as determined by paired t test, they were 
associated with the presence or absence of a delayed component; 
only one (trial 2 in experiment A217) resulted from a simple 
quantitative change in spike counts. 

The paired t test, based on spike counts, will, however, not 
detect changes in the timing of activity. The histograms and gill 
withdrawals shown at the bottom of Figure 2 indicate that there 
are clear trial-to-trial differences in the timing of the delayed 
components of both summed spike activity and withdrawal. To 
look for systematic differences in time of maximum response, 
the time of the peak response in individual trials was compared 
with the mean peak time (time of peak response averaged over 
eight trials) for each neuron. The left panel of Figure 8 illustrates 
histograms of the differences between the time of peak in the 
indicated trial and the mean for each neuron from the experi- 
ment of Figure 2 (A206). The right panel illustrates the same 
measurements from another experiment (A207) with a me- 
chanical toucher. In the results from A207, almost all of the 
differences from the mean fall in the two bins adjacent to the 
zero time. The same result was obtained even when the bin 
widths were reduced from 640 msec to 80 msec. For this prep- 
aration no systematic trial-to-trial differences in the timing of 
peak activity were detected. Similar results were obtained for 
the microelectrode experiment (Fig. 3, A217). In contrast, for 
trials 1,2,3, and 8 ofexperiment A206 (Fig. 8, left) most neurons 
have their time ofmaximum activity earlier than the mean while 
in trials 4-6 the majority of the neurons have their maximum 
later than the mean. Thus, there were substantial systematic 
changes in the time of maximum activity in experiment A206. 

We wanted to determine whether those neurons that had the 
earliest response in the first trial of experiment A206 would also 
have the earliest response in subsequent trials. The histograms 
for the half of the neurons with the earliest times in trial 1 are 
plotted in the middle panel of Figure 8. It is clear that the 
neurons selected for having the earliest response in trial 1 do 
not continue to be the earliest responders in trials 2-8. In trials 
2-8 they have differences that are indistinguishable from the 
complete set of neurons. Thus, having an early response in the 
first trial did not mean that the neurons would also have an 
early response in subsequent trials. Even though there is a sys- 
tematic shift in time of maximum activity, an individual neu- 
ron’s position in the shifting response was not fixed. 

If we use restricted time intervals for determining spike counts, 
the systematic differences in the timing of activity can also be 
detected in increased CVs of the spike counts. Figure 9 shows 
plots of CVs versus mean spike count for two intervals, 3.25- 
6.5 set (just following the stimulus) and 9.75-l 3 set (at the end 
of the recording), in the experiment of Figure 2. In contrast to 
the result from the entire poststimulus interval from this ex- 
periment (Fig. 4, top) and for the immediately poststimulus 
interval (Fig. 9, bottom), most of the data points for the late 
interval fall above the curve predicted from a Poisson distri- 
bution (Fig. 9, top). Thus, the systematic effects have increased 
the CV of spike counts over that predicted by a Poisson distri- 
bution. 
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Figure 7. Raster diagrams of action 
potential activity from two prepara- 
tions illustrating large systematic trial- 
to-trial differences. On the /eft are two 
trials from Figure 2 (A206); on the right 
are three trials from the experiment also 
illustrated in Figure 3 (A2 17). In these 
sets of trials, many neurons show large 
and similar changes from trial to trial. 
Thejirst panel in the right section is the 
third trial in the experiment (and the 
second panel of Fig. 3). The middlepanel 
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is the second trial and the right panel 
13 SEC is the fourth trial in the experiment. 

in the abdominal ganglion. Since the position of the suction 
electrode is held fixed throughout the course of the experiment, Comparing the three kinds of stimulation 

While we think that the mechanical stimulus was reproducibly this kind of stimulation may be more consistent in terms of 
applied from trial to trial, as a control for possible effects of location on the siphon skin, With the microelectrode stimula- 
stimulus variation two additional kinds of stimulation were tion of an individual neuron in the abdominal ganglion, exactly 
used: electric shock to the siphon skin via a suction electrode, 19 action potentials were elicited in each trial, eliminating the 
and intracellular electrode stimulation of an individual neuron possibility that the trial-to-trial variability from touch or suction 
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Figure 8. Histograms of the differ- 
ences in the time of peak response in 
each trial and the mean time for all tri- 
als for each neuron in two experiments. 
These differences are relatively large and 
they change systematically from trial to 
trial in experiment A206 (left and mid- 
dle panels). The differences are small 
and there is no apparent systematic 
change in experiment A201 (right pan- 
el). For A207 almost all of the differ- 
ences from the mean time of the peak 
fall in the two bins adjacent to the mean 
time (shown as zero). In the middle 
panel, the histograms for the half of the 
cells with the earliest response in trial 
1 of A206 (left panel) are shown. Al- 
though these neurons are the earliest 
responders in trial 1, in all subsequent 
trials their time differences are similar 
to the differences seen for all cells (left 
panel). Thus, they are not consistently 
earliest. When a similar set of histo- 
grams using only the earliest neurons 
in the first trial was made for the data 
in the right panel (A207), they also did 
not remain consistently early in trials 
2-8. Raster diagrams of the data from 
experiment A207 appear in Figure 4 of 
Tsau et al. (1994). Eight trials are shown 
in each panel; the trial numbers are giv- 
en on the left. 
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electrode stimuli resulted from variability in the stimulus or in Plots ofCV versus the mean response from experiments where 
the process of sensory transduction. The raster diagram for five suction electrode and microelectrode stimuli were used are shown 
trials using the intracellular electrode stimulus is shown in Fig- in the middle and bottom panels of Figure 4. The measured 
ure 3. In each of the trials the driven cell (top trace) made 19 CVs are again reasonably well fit by the curve calculated on the 
action potentials during a 1.3 set train. Evidence suggesting that assumption that the trial-to-trial response variation follows a 
the stimulated neuron may be LIO is given in Materials and Poisson distribution. The probability of correct discrimination 
Methods. The histograms of the activity of responding neurons was also calculated for each neuron in the four suction electrode 
are shown at the bottom of Figure 3. While some neurons re- experiments and the histogram of the mean values is shown in 
spond to the driven neuron during the stimulus train, the largest the middle panel of Figure 5. The histogram for the microelec- 
response occurs about 5 set after the stimulus. trode experiment is shown in the bottom panel. The histograms 



of response probability scores from one suction electrode ex- 
periment and the microelectrode experiment are shown in the 
middle and bottom panels of Figure 6. 

Comparison of the three panels in Figures 4-6 shows that the 
three kinds of stimuli result in CVs, probabilities of correct 
discrimination, and response probabilities that are similar. All 
three kinds of stimulation resulted in similar response varia- 
bilities. 

Is the behavioral output matched by the activity of individual 
neurons? 

The bottom two panels of Figure 2 show that the behavioral 
output (gill movement) and the summed activity of all the neu- 
rons (histograms) are highly correlated. Would the activity of 
individual neurons also be highly correlated with the behavior? 
Histograms ofthe activity ofthe top 30 individual neurons from 
Figure 2 are shown in Figure 10. In this figure the histograms 
are normalized to the same peak height in all trials to emphasize 
the timing of spike activity. The bottom histogram of Figure 10 
again shows the summed activity of all of the neurons from 
Figure 2. Few, if any, of the individual neurons have activity 
patterns that match the summed activity at the bottom. The 
best match is neuron 378 (eighth from the top), which, compared 
to the summed activity, has relatively little late activity in trials 
l-3 and relatively little early activity in trials 6 and 7. Fur- 
thermore, none of the additional 119 neurons from the exper- 
iment of Figure 2 that are not illustrated in Figure 10 had activity 
patterns similar to the summed activity. 

However, the summed activity of several of the response 
probability groups was similar to summed activity of all neu- 
rons. These were response probability groups 1 .O, 0.62,0.5, and 
0.13. The summed activity of the group with lowest probability, 
0.13, is shown in Figure 10 just above the summed activity of 
all neurons. The histograms of the summed activity from the 
response probability group 0.13 and the summed activity from 
all neurons are quite similar. Thus, the activities of groups of 
neurons, but not individual neurons, are highly correlated with 
the behavioral output. 

The results from other preparations would be different. In 
preparation A207 (Fig. 8, right) all of the neurons are active 
nearly simultaneously, and thus, for this animal, there was a 
good correlation between the activity of many individual neu- 
rons and the behavior. 

Animal-to-animal differences 

Animal-to-animal differences in the response to siphon stimu- 
lation appear to be substantially larger than the differences be- 
tween trials in one preparation. The three panels in Figure 11 
illustrate the responses of three different preparations to a 2.0 
gm touch to the siphon skin. Raster diagrams are shown at the 
top, and histograms of total spike count in all cells are shown 
at the bottom. For animal 1 most of the cells make a very brief 
response immediately following the stimulus, while for animal 
3 many of the cells remain active for the remainder of the 
recording period. The response of the neurons of animal 2 is 
intermediate. These differences are reflected in the spike count 
histograms at the bottom. 

The number of neurons detected in the three recordings of 
Figure 11 also differ. However, these differences might be ex- 
plained by animal-to-animal differences in the effectiveness of 
the dye staining. Thus, we do not know if there acmally was a 
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Figure 9. Plots of measured values of the CV versus the mean number 
of spikes for each neuron (dots) and the theoretical relationship for a 
Poisson distribution (so/id curves). The top panel represents the spike 
counts for the interval between 9.15 and 13 set and the bottom panel 
represents the counts for the 3.25 set interval immediately after the 
stimulus. For the later interval many of the data points fall above the 
predicted curve, indicating that the systematic effects that led to differ- 
ences in spike timing also led to increased CVs of spike counts. Exper- 
iment A206. 

different number of neurons responding in the three different 
preparations. 

To illustrate the differences in time course of the response in 
different animals we plotted the time integral of the response 
(the integral of the summed spike count from all the neurons). 
The bottom panel of Figure 12 shows such a plot for 24 prep- 
arations; the top panel illustrates the same plot for six trials 
from one animal. The results from one animal are more tightly 
grouped than the results from different animals. We measured 
the number of seconds it took for the time integral to go from 
0% to 80% of its maximum value for 30 preparations. A his- 
togram of these times is shown as the solid line in Figure 13. 
There is a range of a factor of six between the fastest and slowest 
responding animals. The 80% times for the six trials from the 
animal shown in the top panel of Figure 12 are shown super- 
imposed as the hatched area in Figure 13. Again, these times 
have a narrower distribution than the times from different an- 
imals. 

The recordings from different animals also differ in the dis- 
tribution of spikes among neurons. In some preparations a few 
neurons contribute a large fraction of the spikes while in other 
preparations the number of spikes is more evenly distributed 
among neurons. The top section of Figure 14 illustrates the 
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Figure 10. Histograms of spike times 
for the 30 neurons from the top of Fig- 
ure 2 (top section), the summed spike 
time of the neurons from the response 
probability group 0.13 of Figure 2 (next 
to bottom row), and the summed spike 
times of all neurons from Figure 2 (bot- 
tom row). While few, if any, of the in- 
dividual neurons have activity patterns 
that are well correlated with the behav- 
ioral output, the summed activity of 
several groups, including that with a re- 
sponse probability of 0.13, is well cor- 
related with the behavior. Experiment 
A206. 13 SEC 

distribution of spikes among neurons in 12 animals. In the top 
row are three preparations where a few neurons had a large 
number of spikes and thus made large contribution; each of 
these preparations had more than seven neurons with more than 
11 spikes. In the bottom row of this section are three prepa- 
rations where no neurons made more than 11 spikes; the dis- 
tribution of spikes among cells was much more even. The bot- 
tom section of Figure 14 shows the distribution of spikes in 
three trials from a single animal. While the distribution differs 
from trial to trial, this difference is smaller than the range of 
differences seen from animal to animal. Thus, the trial-to-trial 

differences are smaller that the animal-to-animal differences. 
We determined the percentage of neurons that accounted for 
50% of the spikes in each trial of Figure 14. This number is 
shown in the figure. In the three preparations shown in the top 
row, 10% of the neurons account for 50% of the spikes while in 
the preparations shown in the bottom row of the top section, 
25% of the neurons account for 50% of the spikes. 

It is clear from comparison of the raster diagrams in Figures 
2, 3, 7, and 11 that there are additional kinds of differences in 
response from animal to animal. First, the consistency of the 
time of maximum activity can differ dramatically from animal 
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Figure II. Large animal-to-animal 
differences in the response to a me- 
chanical touch. The three panels come 
from three different preparations. The 
response of animal 1 is brief, the re- 
sponse of animal 3 is relatively pro- 
longed, and the response of animal 2 is 
intermediate. The percentage of neu- 
rons that accounted for 50% of the total 
number of spikes was 20% for animal 
1, 17% for animal 2, and 15% for ani- 
mal 3. Each vertical panel is an 8 set 
recording. The brief response of most 
neurons from animal 1 suggests that 
many of these neurons may belong in 
Group I of the categorization of Falk et 
al. (1993). 

to animal (Fig. 8). In some animals the peak of activity is rigidly 
locked to the stimulus; in others there is a large trial-to-trial 
variability. Second, the response sometimes has one and some- 
times two or more components; the two components of the 
response are relatively well separated in some trials for the 
animal illustrated in Figure 2 but not so well separated in Animal 
2 of Figure 11. Thus, individual Apfysia differ in their response 
to the touch in many ways. 

Correlation between response measures and mean spike 
count 
Evidence presented earlier suggests that neurons with larger spike 
counts have more consistent responses. Figures 4 and 9 show 
that the CVs of spike counts were, on average, smallest for cells 
with a larger mean number of spikes. A result in the same 
direction was also found for the CVs of the time of maximum 
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Figure 12. The time integral of the response to a mechanical touch- 
the integral of the difference in spike counts in the poststimulus interval 
and the mean activity summed over all neurons in the prestimulus 
interval. The results for six trials from one animal, A207, are shown in 
the top panel. These six trials were not systematically different using 
the paired t test. Results from 24 different animals are shown in the 
bottom panel. All 24 curves were from 8 set recordings using the 124 
element photodiode array. 

response (data not shown). Furthermore, inspection of Figures 
2 and 3 show that there was a positive correlation between 
response probability score and the mean spike count. In addition 
to the positive correlation for individual neurons, there was also 
a positive correlation (r = 0.42, p = 0.05, n = 8) between the 
percentage of cells in each animal with a high probability of 
correct discrimination and the average spike count per neuron. 
Animals with a larger average response to the stimulus also have 
a larger percentage of cells with a high probability of correct 
discrimination. 

Discussion 
There are serious difficulties in correlating optically detected 
neurons with previously identified neurons. First, the number 
of identified neurons, while large, is only a fraction of the total 
number of neurons. Approximately 230 neurons in the ganglion 
have been identified (J. Koester, personal communication) out 
of a total of about 900 neurons. Thus, under the simplest as- 
sumptions, only 25% of the neurons in the optical recordings 
would belong to the class that have been identified. Most (75%) 
have not yet been identified. Furthermore, the vast majority of 

TIME FOR 80% RESPONSE (SEC) 

Figure 13. The distribution of rise times (O-80%) for 30 animals (solid 
line) and for six trials in one preparation (hatched inset, A207). The 
rise times for different animals are much more widely distributed than 
those from the same animal. The 30 animals include the 24 illustrated 
in Figure 12 plus an additional six preparations whose activity was 
measured using the 464 pixel array. 

the identified neurons can be identified only after microelectrode 
impalement. Only six neurons can be unambiguously identified 
by visual inspection alone (J. Koester, personal communica- 
tion). In addition, many identified neurons are not in the outer 
layer of cell bodies and other cell bodies have to be pushed aside 
in order to reach these neurons. Finally, many identified neurons 
are not accessible to microelectrode impalement without turning 
the ganglion over. Thus, it will be difficult to obtain a compre- 
hensive map of identified neurons while keeping an intact gan- 
glion in one position. 

On the other hand, except for a small number of very large 
neurons, it is not easy to attribute neurons detected in optical 
recordings to neurons observed visually (London et al., 1987). 
With the numerical apertures that we used, the optical record- 
ings detect neurons throughout the thickness of the ganglion 
(Salzberg et al., 1977). While individual optical recordings pro- 
vide the information about neuron location in the x-y plane 
(object plane of the microscope), they give no information about 
the position in the z-axis (dorsal-ventral). Although this infor- 
mation might be obtained from repeated optical recordings at 
several focal positions, trial-to-trial variability (this article) would 
complicate the analysis. Thus, both the difficulty in obtaining 
a map of identified neurons and the difficulty of determining 
the three-dimensional location of optically detected neurons 
means that an extensive comparison of previously identified 
neurons and those recorded optically will not be easily achieved. 

Trial-to-trial differences 

We have measured the consistency of the response of neurons 
in the Aplysia abdominal ganglion. Since the best recordings 
monitored the activity of 50% of the neurons in the ganglion, 
it seems likely that we have a reasonably complete view of the 
variability, the probability of correct discrimination, and re- 
sponse probability of Aplysia neurons to this kind of stimulus; 
it is not likely that additional neurons will be found with a much 
higher consistency. 

Three kinds of stimulation were used. For the mechanical 
touch and the suction electrode stimulation it was possible that 
differences in stimulus presentation from trial to trial or differ- 
ences in the response of the sensory neurons might account for 
the response variability. However, for the microelectrode stim- 
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Figure 14. Top, Histograms of the distributions of spike counts among neurons in 12 different animals. Some animals (top row) have a few neurons 
with a large number of spikes while in other preparations (e.g., bottom row) the distribution of spikes among neurons is more even. The result 
from the first trial from Figure 2 (A206) is shown in the upper right panel. This was a preparation where a few neurons accounted for a relatively 
large proportion of the activity. Bottom, Histograms from three trials (trials 1, 4, and 7) from one animal (A207). The differences in these three 
histograms are smaller than the differences that can be seen from animal to animal. Raster diagrams of the data from experiment A207 appear in 
Figure 4 of Tsau et al. (1994). The percentage of the neurons that account for 50% of the total spike count is indicated in each panel. The number 
of cells was normalized to 100 for each panel; the number of spikes is the spike count in the 3072 data points following the stimulus. 

ulus the input to the CNS was exactly the same from trial to 
triat in terms of number of spikes in the train. Since the trid- 
to-trial variability of the responses to all three kinds of stimu- 
lation was similar, we conclude that the variations do not result 
from trial-to-trial differences in stimulus presentation. These 
variations must have an origin within the CNS. 

There are well-understood sources of random variability. First, 
the probability of release of transmitter quanta is not constant 

but follows a Poisson distribution (de1 Castillo and Katz, 1954). 
Second, there is encoding noise that results from the threshold 
properties of neurons. When the membrane potential is near 
the spike threshold, the response is all-or-none; in this potential 
range the response does not accurately reflect the input and is 
subject to variability due to membrane potential noise. Because 
of these kinds of noise, it is clear that the response of a nervous 
system to a constant stimulus cannot be perfectly consistent. 
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Table 1. Means, SDS, and CV of neuron number in invertebrate 
ganglia 

Species Ganglion 
Mean 
number SD CV 

C. elegans 
H. medicinalis 
H. ghilianii 
N. inermis 
A. californica 

(Whole animal) 
Segmental 
Segmental 
Buccal 
Abdominal 

302 (0) (0) 
395 4.0 0.01 
375 2.3 0.006 
200 40 0.20 
640 111 0.28 

However, we do not know if these sources of noise are large 
enough to account for the trial-to-trial differences we measured. 
This question might be explored by examining response vari- 
ability in realistic models of small groups of interacting neurons. 
For example, one might begin by determining the response fluc- 
tuations expected in the simplest two neuron model for a mono- 
synaptic reflex. The model could then be made more realistic 
by assuming that many sensory neurons would have to be active 
to generate spikes in the motor neuron. In addition, one could 
add interactions with various kinds of excitatory or inhibitory 
interneurons and examine the effects of each of these additions 
on response variability. 

The random differences often result in striking trial-to-trial 
differences in spike count for individual neurons. Nonetheless, 
these striking differences are only slightly larger than those pre- 
dicted from the hypothesis that the responses have a Poisson 
distribution (Fig. 4). In apparent contrast, the probability of 
correct discrimination for individual Aplysia neurons was as 
high as 0.9998. However, this measure only indicates how often 
the neuron would be scored as giving the correct response in a 
binary choice situation where “maybe” is not a possible answer. 
It seems possible, or even likely, that the behavior of the animal 
will depend, in a graded way, on the number of action potentials 
in the response. Furthermore, the neuron with a probability of 
0.9998 was unusual. On average, the 11 neurons in the top 
section of Figure 2 would not reach the criterion in 40 out of 
1000 trials. One method for obtaining a more reliable behavioral 
output in the face of random noise in the spike counts of in- 
dividual neurons is to make the output depend on the summed 
activity of several neurons. 

A second source for trial-to-trial variability is intrinsic rhyth- 
mic activity in the preparation. A well-known intrinsic rhythm 
generated by the abdominal ganglion is the respiratory pumping 
rhythm (Byrne and Koester, 1978; Kanz et al., 1979), which 
had a period of between 3 and 60 min in the experiments in- 
cluded in this article (preparations with higher spontaneous rates 
were not used). To avoid the large effects this spontaneous rhythm 
can have on evoked responses (Wu et al., 1990, 199 l), stimuli 
that were scheduled to occur during or just after a spontaneous 
event were postponed for at least 1 min. However, this precau- 
tion does not avoid the possibility that the siphon stimulus 
might trigger a spontaneous contraction. Nonetheless, such events 
could not have caused the response variability in the experiment 
using an intracellular electrode stimulus (Figs. 3,7) because there 
were no contractions in response to these stimuli. We do not 
know about the contribution that other possible intrinsic rhythms 
might make to the response variability but, clearly, systematic 
effects can be quite large. 

We used an empirical definition of random and systematic 

variations. While it is possible, or even likely, that the random 
variations may have random origins, it is also possible that 
several independently cycling intrinsic rhythms could give rise 
to variability that would be empirically indistinguishable from 
apparently random variability. Symmetrically, apparently sys- 
tematic variations could arise from the random activity of an 
interneuron with widespread effects. 

The activity of individual neurons is not a good predictor of 
the behavioral output 

The results presented in Figure 11 showed that, in general, the 
activity of individual neurons was only poorly correlated with 
the behavioral output. We have described two kinds of vari- 
ability that would tend to reduce the correlations between in- 
dividual neurons and the behavior. First, there is Poisson noise 
in the spike counts of individual neurons (Fig. 4). Second, even 
when there are systematic effects on the time of peak activity 
of the neuron population, the time of peak activity of individual 
neurons is not tightly locked to the population effect (Fig. 8, 
middle). 

On the other hand, the summed activity of several groups, as 
defined by their response probabilities, was highly correlated 
with the behavioral output. This was true even for a group with 
a low (0.13) response probability. We presume that other, equal- 
ly arbitrary, groupings of neurons would also have a summed 
output that matched the behavior. 

Even though the activity of individual neurons is not well 
correlated with the overall behavior, some neurons do have 
activity that is apparently correlated with the first phase of the 
gill withdrawal. Some of these neurons (e.g., 376-458 in Fig. 
10) may be of the type Group I (Falk et al., 1993), which might 
be more closely related to the stimulus than to behavioral out- 
put. 

Animal-to-animal differences 

Comparison of the results of optical recordings from different 
preparations must be done cautiously. First, even though the 
stimulus strength used in the three trials illustrated in Figure 1 1 
was the same, the location of the stimulus on the siphon could 
not be identical. Second, comparisons of recordings from dif- 
ferent preparations need to take into account differences in the 
optical properties of the preparation. If the voltage-sensitive dye 
staining or the amount of scattering varies from animal to an- 
imal, then the completeness of the optical recording will also 
vary. In the absence of independent measurements of complete- 
ness, we cannot use the number of optically detected cells as an 
indication of the number of cells that were actually active. The 
differences in the number of cells in the raster diagrams of Figure 
11 (49, 8 1, and 6 1 neurons for animals 1, 2, and 3) may be due 
either to real differences in the actual number of active neurons 
or to differences in the completeness of the optical recording. 

It is unlikely that differences in the completeness or small 
differences in the position of the mechanical stimulus would 
affect the time course of the response. As Figures lo-12 show, 
there are substantial differences in time course from animal to 
animal, much larger than the differences found when comparing 
different trials in one animal. Similarly, there are substantial 
animal-to-animal differences in the distribution of spikes among 
neurons (Fig. 14). The raster diagrams from the 30 preparations 
also differ with regard to several additional properties (e.g., con- 
sistency in the timing of the peak response). These differences 
are large enough to suggest that with complete recordings it 
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might be possible to distinguish every individual Aplysia simply the possible environmental sources are short-term variables such 
by measuring the abdominal ganglion response to a light touch. as differences in circadian time or in time since the last feeding 

The very large animal-to-animal differences in synaptic as well as longer-term and more difficult to control variables 
strength at a single identifiable synapse reported by Gardner such as hormonal state or time of year. 
(1986) (mean synaptic conductance ranged from 0.028 to 1.7 There were, however, characteristics where animal-to-animal 
&) did not necessarily imply large functional differences. It is differences in Aplysia were difficult to detect. The relationship 
possible that this synaptic function is carried out by several of the CV to the mean response and the broad distributions of 
synapses acting in parallel and that the sum of their synaptic the probability of correct discrimination and the response prob- 
effects could be much more consistent than an individual syn- ability were all similar from animal to animal. Furthermore, 
apse. Gardner (1990) did find that the range of synaptic strengths comparison of the CV and its relationship to the mean response 
was reduced from a factor of 6 1 to a factor of 12 when the sum in Aplysia and in several mammalian species reveals that there 
of synaptic strengths at four synapses in each animal was con- are also similarities across phyla (Heggelund and Albus, 1978; 
sidered instead of a single synaptic strength. The number of Tolhurst et al., 1983). 
neurons in 16 buccal hemiganglia from eight Nuvanux ranged 
from 149 to 288 (London et al., 1987) almost a factor of 2. A distributed versus a discrete organization 
Similarly, large differences were found in the counts of neurons The neurons involved in the response to the mechanical touch 
in Aplysia (Cash and Carew, 1989). In contrast, the number of have a broad distribution of probabilities of correct discrimi- 
neurons in nematodes (Caenorhubditis eleguns) and the number nation and response probabilities. There is a small fraction of 
in segmental ganglia of leeches (Hirudo medicinalis and Hue- the neurons that have a large probability of correct discrimi- 
menteria ghilianii) are much more consistent from animal to nation and a large response probability indicating that they might 
animal (Macagno, 1980; White et al., 1986). The number of be important for the behavior. Another fraction of the neurons 
neurons in C. eleguns is said to be invariant from animal to have a response probability of zero and a low probability of 
animal. The means, SDS, and CVs for the five species are shown correct discrimination, suggesting that they are not involved in 
in Table 1. [A reviewer called our attention to the fact that the the response and may not belong to the same neuronal pool. 
value for Aplysia comes from measurements of only two ani- However, the majority of neurons have scores between these 
mals, and thus the CV for Aplysia is very uncertain. However, extremes. We presume that a quantitative accounting for the 
Coggeshall (1967) counted 1100 neurons in an abdominal gan- behaviors generated by the abdominal ganglion would also re- 
glia from another small adult, a result that is consistent with a quire consideration of this large group of neurons. 
large CV for the number of neurons in Aplysiu.] One characteristic of a nervous system that functions in a 

Other characteristics ofAplysia also have relatively large CVs. distributed manner is that a large number of neurons are in- 
Flinn et al. (1993) measured the 5HT:dopamine ratio in the volved in each behavior. Several results presented in this article 
Aplysiu nervous system at five different ages. The mean CV of are consistent with this characteristic. First, the responses of 
the ratio was 0.24. Similarly, Lloyd et al. (1985) found dramatic individual neurons fluctuate from trial to trial. If a consistent 
animal-to-animal differences in the number of small cardioac- behavioral output is to be produced, then the summed activity 
tive peptide containing neurons in the Aplysia CNS. of groups of neurons must be integrated to generate the output. 

The CVs of the number of neurons in the two opisthobranch Second, the neuron population has a broad distribution of prob- 
ganglia are 25 times larger than those for the leech. However, ability of correct discrimination and response probabilities. Fi- 
the animal-to-animal differences in opisthobranchs might result nally, in some preparations few, if any, individual neurons have 
from shifting of neurons among central ganglia or between cen- activity that is well correlated with the behavioral output. 
tral ganglia and the periphery, or from differing numbers of Noise and inconsistency in the activity of individual neurons 
neurons serving identical functions. Thus, the functional mean- may be either detrimental or beneficial to the animal. It seems 
ing of differences in neuron numbers is not known. likely that noise would be detrimental in situations where high 

The animal-to-animal differences in synaptic strength, neuron reliability is important or in situations where errors might have 
number, and transmitter content can be given explanations that large consequences. On the other hand, during development 
would not imply large functional differences between animals. noise might contribute to generating behavioral variation. The 
However, our finding, of substantial differences in neuronal re- animal might then learn to associate these accidentally generated 
sponse between animals, is consistent with the notion that the new behaviors with outcomes that could have positive survival 
differences in synaptic strength and in number of neurons may value. 
have important functional consequences. Large animal-to-ani- 
mal differences increase the difficulty in analyzing the neuronal 
circuits responsible for the behaviors generated by the ganglia. References 
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