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SUMMARY AND CONCLUSIONS 

1. Left upper quadrant (LUQ) cells isolated from the abdomi- 
nal ganglion of Aplysia were maintained in culture to study how 
the cellular and synaptic properties of individual neurons contrib- 
ute to the generation of patterns of electrical activity by neuronal 
ensembles. 

2. Conventional microelectrodes were used to examine the 
spiking characteristics of individually cultured LUQ cells in vitro 
and to characterize their synaptic interactions. 

3. In vitro, in contrast to in situ, LUQ neurons innervate other 
LUQ neurons. Intracellular recordings from pairs of LUQ cells 
showed that the prevalent type of postsynaptic potential was 
purely inhibitory. The other type of response was a dual-action 
postsynaptic potential, with inhibition followed by a delayed, slow 
excitation. 

4. We established a set of criteria for the use of multiple-site 
optical recording techniques, in combination with impermeant 
probes of membrane potential, to observe the patterns of electrical 
activity generated by ensembles of co-cultured LUQ cells. 

5. The spiking activity of individual cells within the neuronal 
ensembles was detected by means of the change in optical absorp- 
tion of cells that were vitally stained with the dye RH 155. The 
change in absorption was typically AA N 4 X loo4 per spike. We 
achieved a signal-to-noise (peak-to-peak) ratio of - 10 for a 50 x 
50-pm photodetector field and an incident intensity of - 10 mW/ 
cm2, close to the theoretical limit. 

6. These conditions permitted, for the first time, continuous 
optical recording from cultured neurons for periods of up to 3 h 
with yto discernible photodynamic damage or photobleaching. 
This long-term optical recording permitted examination of the 
different patterns of electrical activity generated by individual neu- 
ronal ensembles under several different experimental conditions. 

7. An elaborate tracery of regenerated neurites present in these 
cultures resulted in individual photodetectors recording simulta- 
neously the activity of multiple neurons. We reconstructed the 
temporal firing patterns for individual neurons within ensembles 
even with all of the neurons active simultaneously and determined 
the functional connections in the ensemble by analyzing the tem- 
poral relationships between firing patterns of individual neurons. 
Excitatory as well as inhibitory functional interactions could be 
observed within the neuronal ensemble, the latter after the tonic 
activity of the neurons was increased by reducing the extracell- 
ular [ Mg2+]. 

8. Examination of the optical data from ensembles constructed 
from identified cells having characteristic physiological responses 
allowed us to address the question of how cellular and synaptic 
properties affect the patterns of electrical activity generated by 
neuronal ensembles. In one particularly interesting ensemble, the 
firing patterns observed when two cells were stimulated simulta- 
neously were not predicted by the simple superposition of the 
firing patterns when the cells were stimulated individually. Activa- 
tion of the individual cells revealed excitatory functional connec- 

tions. However, with pairwise stimulation, no functional connec- 
tions were observed. 

9. The dynamic patterns of functional connectivity exhibited 
within the neuronal ensembles we investigated may be attributed 
to the contributions of different cellular and synaptic properties of 
the participating LUQ cells. These studies illustrate how the cellu- 
lar and synaptic properties of individual neurons, such as post- 
burst hyperpolarization, inhibitory synapses, and dual-action syn- 
apses, can interact to generate multiple patterns of electrical activ- 
ity within a single neuronal ensemble. 

INTRODUCTION 

A basic question in neurophysiology concerns the emer- 
gence of patterns of electrical activity in neuronal circuits. 
This question has been studied through a broad variety of 
experimental and theoretical approaches (e.g., Koch and 
Segev 1989; Lund 1989; Selverston 1985). At the systems 
level, patterns of activity are observed in nervous systems 
with repetitive architecture. Examples include localized ac- 
tivity in the visual cortex that coincides with the underlying 
columnar architecture (Blasdel 1989; Hubel and Wiesel 
1977) and widespread, oscillatory activity in the olfactory 
cortex that tracks along the association fibers (Haberly 
1985). At the circuit level, patterns of activity among identi- 
fied neurons have been studied primarily in motor systems 
of invertebrates (e.g., Delcomyn 1980; Getting 1989a; Kris- 
tan 1980) and in the mammalian spinal reflex arc (Burke 
and Rudomin 1977). The formation of output patterns in 
these circuits results from some combination of intrinsic 
cellular properties, the connection between neurons, and 
external inputs. The precise interplay among these features, 
however, has often been difficult to establish in in vivo prep- 
arations (e.g., Kleinfeld et al. 199 1; Selverston 1980). 

An alternative approach to studying the mechanisms that 
give rise to patterns of activity is to construct model circuits 
in cell culture. This approach allows simplified circuits to 
be examined so that certain cellular and synaptic properties 
can be held constant while others are varied. Thus ques- 
tions that could not be adequately addressed in situ can be 
examined with systems in cell culture. Examples are the 
analysis of circuits with multiple, persistent output states 
(Kleinfeld et al. 1990b) and the study of a reconstructed 
rhythmic pattern generator (Syed et al. 1990). 

Here we address some aspects of the electrical activity 
that occurs in “defined” ensembles of cultured Aplysia neu- 
rons. We begin with the problem of simultaneous recording 
of the electrical activity of many neurons for extended pe- 
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riods of time, using an approach based on potentiometric 
molecular probes and multiple-site optical recording tech- 
niques (e.g., Cohen and Salzberg 1978; Grinvald et al. 1988; 
Salzberg 1989; Salzberg et al. 1973, 1977, 1983). 

Previous studies have established the feasibility of using 
optical techniques to record simultaneously the activity of 
many cells in in situ preparations (Grinvald et al. 198 1 a; 
London et al. 1987; Salzberg et al. 1977; Woolum and 
Strumwasser 1978; Yagodin et al. 1988; Zecevic et al. 
1989). Studies using in vitro preparations are less devel- 
oped. Ross and Reichardt (1979) first obtained optical re- 
cordings from vertebrate neurons in tissue culture. The 
work of Grinvald et al. ( 198 1 b) demonstrated that optical 
techniques can be used to record activity in cultures of neu- 
roblastoma cells, albeit for very brief periods. Parsons et al. 
(1989a) showed that optical methods can be used to record 
the activity of synaptically interacting pairs of Aplysia neu- 
rons. This latter work suggested the utility of using optical 
methods with larger ensembles of cultured neurons. 

The present work establishes that optical techniques can 
be used to record from identified Aplysia neurons in vitro 
for extended periods of time as long as 3 h. Such long record- 
ing times are valuable for probing the interactions that oc- 
cur in neuronal ensembles under a variety of experimental 
conditions. We demonstrate the feasibility of extracting the 
temporal firing patterns of individual cells within complex 
ensembles of at least six co-cultured neurons with intermin- 
gled neurites. The temporal firing patterns observed under 
different experimental conditions were used to infer sets of 
functional connections between the neurons (Aertsen et al. 
1989). LUQ cells do not innervate each other in vivo (Fra- 
zier et al. 1967); however, they were observed to form inhibi- 
tory synapses and dual-action synapses in culture. We have 
exploited these results to study how the cellular and synap- 
tic properties of individual identified neurons contribute to 
the generation of dynamic patterns of functional connec- 
tivity within a single neuronal ensemble. 

Preliminary reports of this work have appeared (Klein- 
feld et al. 1989; Obaid et al. 1989; Parsons et al. 1989b,d). 

METHODS 

Our procedures are modified from those described in Parsons et 
al. (1989a). 

Culture techniques 

Juvenile Aplysia calzjbmica ( l-5 g) raised in mariculture were a 
gift of the Howard Hughes Medical Institute (Woods Hole, MA) 
or field collected by Sea Life Supply (San Diego, CA) or Marks 
(Long Beach, CA). Left upper quadrant (LUQ) cells (Frazier et al. 
1967) were isolated from the abdominal ganglion and maintained 
in cell culture as described (Dagan and Levitan 198 1; Schacher 
and Proshansky 1983). Ensembles were formed by plating four to 
six LUQ cells on a first day and replacing dead cells on a second 
day. The neurons were initially arranged in the shape of an aster- 
isk, with cell bodies on the outside and overlapping initial seg- 
ments in the center. For some experiments we isolated neuron 
R 15; this cell was identified by its anatomic location (Frazier et al. 
1967) and known cellular properties (Strumwasser 1965). 

The ensembles were photographed using Hoffman modulation 
optics (Modulation Optics. New York. NY) immediatelv prior to 

the optical measurements. This allowed us to visualize the spatial 
distribution of the regenerated neurite outgrowth. 

Solutions 

All staining procedures and most physiological measurements 
were performed in normal artificial sea water (ASW), consisting of 
(in mM) 460 NaCl, 10 KCI, 10 N-2-hydroxyethylpiperazine-IV’-2- 
ethanesulfonic acid (HEPES), 10 glucose, 55 MgCl,, and 10 
CaCl,, pH 7.6. The excitability of neurons can be modulated by 
varying the concentration of either Ca2+ or Mg2+ in the external 
media (Frankenhaeuser and Hodgkin 1957). We chose not to 
lower [Ca2’] below 6 mM in our experiments, so that synaptic 
transmission would not be noticeably modulated or impaired. 
Thus the tonic activity of the neurons, in some experiments, was 
titrated by perfusing the cells with an ASW that had a reduced 
concentration of divalent ions. The solution consisted of (in 
mM) 550 NaCl, 10 KCl, 10 HEPES, 10 glucose, 0.5 MgCl,, and 6 
CaC12, pH 7.6. 

Electrophysiology 

Standard current-clamp methods were used. Cellular properties 
were studied by impaling the neurons with two microelectrodes 
filled with 3 M KC1 (I& N 20 Mfi). Synaptic properties were stud- 
ied by impaling each of a pair of neurons with two microelec- 
trodes, one to inject current and the other to monitor voltage 
changes. Electrotonic coupling between neurons was measured as 
previously described (Bennett 1977). At least one neuron in each 
ensemble was penetrated with an electrode before the optical mea- 
surements. This permitted us to stimulate selected cells and pro- 
vided an independent measure of cell viability over the course of 
the experiment. 

Optical recording 

Optical experiments were performed at room temperature 3 to 
7 days after plating. The optical system utilized an inverted micro- 
scope and an array of 124 photodetectors (Fig. 1). The intensity 
and spectral bandwidth of the light were controlled with neutral 
density filters and narrow band interference filters, respectively. 
The arrangement of the optical system allowed us to measure activ- 
ity-dependent changes in the optical absorption of the neurons 
and also allowed concurrent intracellular recordings to be made in 
one or two neurons. We either stored l-s records containing the 
output of all of the photodetectors and the electrodes, or we stored 
the summed outputs from sets of six adjacent photodetectors with 
an FM recorder. 

The neurons were vitally stained for 10 min with a 0. l- to 0.2- 
mg/ml solution of the potentiometric dye RH 155 (Grinvald et al. 
1980) (inset, Fig. 2) in ASW. The cells were subsequently washed 
for 15 min with a 0.0 1-mg/ml solution of the dye to reduce the 
concentration of unbound dye in the recording chamber. We 
maintained this dilute concentration of free dye throughout the 
measurements as a means of counteracting photobleaching of 
membrane-bound dye during prolonged illumination. 

Intracellular dyejills 

Neurons were simultaneously impaled with two microelec- 
trodes, one to inject the fluorescent dye and the other to monitor 
the membrane potential. The tips of the injection electrodes were 
filled by capillary action with a solution of the dye: either 4% 
(wt/vol) Lucifer yellow (L-453, Molecular Probes, Eugene, OR) in 
100 mM ethylene glycol-bis(P-aminoethyl ether)-N, N, N’,N’-tet- 
raacetic acid (EGTA), 10 mM HEPES, and 2 mM LiCl, pH 7.6, or 
2% (w/v) sulforhodamine 101 (S-359, Molecular Probes) in 1 M 
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FIG. 1. Schematic drawing of the optical recording system, built around an inverted microscope to allow simultaneous 
intracellular and optical recording from cells in culture. Light from a tungsten-halogen lamp was collimated; the bandwidth 
was limited by a heat-absorbing filter and an interference filter, and the intensity was limited by neutral density filters. Light 
was focused onto the preparation by the use of Koehler illumination. Transmitted light was collected with a 25x, 0%NA 
objective and either projected onto a 12 X 12 array of silicon photodiodes located at an image plane or projected through an 
eyepiece for viewing and photography. The field of each photodiode collected light from a 50 X 50-pm area. Currents 
generated by the individual photodiodes were amplified by AC-coupled current-to-voltage converters. Outputs were either 
digitized and stored as 1 -s records or selected detector signals were summed and stored as continuous analog records. 

KCl. The shanks of the electrodes were back-filled with the respec- 
tive buffer. Hyperpolarizing current pulses (4-8 nA, 50% duty 
cycle at 1 Hz for 2 h) were used to iontophorese Lucifer yellow into 
a cell. Pressure pulses (50% duty cycle at 1 Hz for 2 h) were used to 
inject a cell with the sulforhodamine. Photomicrographs were 
taken with an inverted microscope equipped for epifluorescence. 
Phase-contrast photomicrographs of the same field were obtained 
before and after the fluorescence photomicrographs were taken. 

Analysis 

The temporal firing patterns of the active neurons in each en- 
semble were determined from the optical records (London et al. 
1987). Neurons were active as a result of either tonic firing, stimu- 
lation by the injection of pulses, or stimulation via synaptic excita- 
tion. Typically, some of the neurons in an ensemble were inactive. 

We interpreted the temporal firing observed for each experimen- 
tal condition in terms of a set of functional connections between 
the neurons (Aertsen et al. 1989). This method of analysis uses the 
correlation in activity between different, active neurons to infer 
their functional connection. It is particularly useful for under- 
standing how the firing patterns produced by neuronal circuits are 
shaped by their cellular and synaptic properties (e.g., Ts’o et al. 
1986.) 

Neurons that were quiescent but that spiked after a neighboring 
cell was stimulated were assigned excitatory functional inputs. In 
contrast, tonically active neurons with a firing rate that transiently 
decreased after a neighboring cell was stimulated were assigned 
inhibitory functional inputs. Tonically active neurons with a fir- 
ing rate that decreased after the termination of a brief depolarizing 

intracellular current-pulse were assigned an autoinhibitory func- 
tional connection. 

RESULTS 

Characterization of cellular and synaptic response of LUQ 
cells in vitro 

SPIKING PROPERTIES OF LUQ CELLS. LUQ neurons modulate 
renal function in Aplysia (Koester and Alevizos 1989). 
These cells are believed to produce a rhythmic bursting out- 
put in vivo (Kramer and Zucker 1985; Scholtz et al. 1988). 
In contrast, previous studies found that these cells do not 
produce rhythmic bursts in vitro (Camardo et al. 1983; 
Kleinfeld et al. 1990~; but see Obaid et al. 1989). We reex- 
amined this issue, given the importance of having a clear 
understanding of the spiking properties of LUQ neurons for 
interpreting the neuronal firing patterns produced by cells 
in the ensembles. 

We studied the firing properties of LUQ neurons in three 
different culture environments, i.e., isolated LUQ neurons 
(n = 20), co-cultured pairs of neurons (55 pairs; n = 1 lo), 
and ensembles of four to six neurons (30 ensembles; n = 
45). The firing properties were found to be independent of 
the environment. We observed the following. 1) All of the 
neurons were quiescent in the absence of external stimula- 
tion when bathed in normal ASW (Fig. 2A). 2) The cells 
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FIG. 2. The firing properties of an isolated LUQ neuron in vitro. A: 

output from an LUQ neuron with no external intracellular current. This 
cell stayed near its resting potential, -52 mV, and did not produce bursts of 
action potentials over a period of 2 h. It is typical of the cells used in this 
study. B: output from the same LUQ neuron after it was depolarized by the 
injection of 0.5 nA. This cell fired tonically at a rate of -0.8 spikes/s for 
230 min. C: output from a cultured R15 neuron. This cell produced well- 
characterized bursts of action potentials, with no external input, that were 
characteristic of its in vivo bursting properties (see text). These data suggest 
that our culture procedures do not interfere with the intrinsic firing proper- 
ties of the cultured Aplysia neurons. D: postburst hyperpolarization in a 
cultured LUQ neuron. Cell was tonically activated over the course of the 
experiment by the continuous injection of 0.3 nA. Brief bursts of activity 
were elicited by an additional l.O-nA pulse ofcurrent. Note that a transient 
quiescent period follows the termination of the burst of activity. 

could be induced to fire tonically by the constant injection 
of small, depolarizing currents (Fig. 2B). A current of -0.5 
nA was typically needed to drive a cell just above its thresh- 
old for firing. Cells typically fired at 0.3-l spike/s near 
threshold, and the tonic output persisted for 220 min. This 
period was longer than the period of the stimulus paradigm 
with the ensembles. 3) No LUQ cell produced a rhythmic 
bursting output under any of our experimental conditions.’ 

’ Although none of the LUQ neurons produced rhythmic bursting 
under the conditions used in the present study, LUQ neurons may produce 
a bursting output in vitro under other experimental conditions (Obaid et 
al. 1989). 

The firing properties of the neurons could, in principle, 
be altered by the isolation and culture procedures. Thus we 
checked our techniques by examining the firing properties 
of cultured R 15 cells. This cell produces a stereotyped out- 
put, consisting of bursts of action potentials that are sepa- 
rated by periods of hyperpolarization (Adams and Benson 
1985; Strumwasser 1965). The bursting properties are 
readily lost from damage and manipulations (Kramer et al. 
1988; Meech 1979). 

The output from a cultured R 15 cell is shown in Fig. 2C. 
Note the regularity of the burst frequency and the stereo- 
typical pattern of spiking within each burst. These features 
correspond closely with the behavior reported for R15 in 
vivo (Strumwasser 1965). Similar results were found with 
other cultures of R 15 cells (n = 5). These results suggest that 
our culture techniques do not markedly alter the intrinsic 
properties of neurons. 

POSTBURST HYPERPOLARIZATION IN LUQ CELLS. In OUT 
analysis of the behavior of neuronal ensembles, we stimu- 
lated individual neurons with strong pulses of intracellular 
current. The pulses were typically 5 s in duration and 
caused a neuron to fire at -5-10 spikes/s. This firing rate 
was much greater than the rate at which neurons fired toni- 
cally in ASW with reduced concentrations of Mg’+ (com- 
pare Figs. 8 and 10). Thus we examined the firing properties 
of LUQ cells after strong, transient excitation. 

Individual LUQ neurons (n = 30) were maintained at a 
low firing rate (- 1 spike/s) through the intracellular injec- 
tion of current. An additional depolarizing current-pulse 
was briefly superimposed and caused the neurons to fire 
transiently at a high rate, - 10 spikes/s. At the termination 
of the pulse we observed that the neurons stopped firing 
rather than return to their initial low rate of activity (Fig. 
20). The postburst hyperpolarization typically lasted for 
-40 s. 

SYNAPTIC INTERACTIONS BETWEEN LUQ NEURONS. Two 
forms of synaptic interactions were found in the present 
study. The most prevalent interaction was a slow, inhibi- 
tory response (Fig. 3A). A hyperpolarizing postsynaptic po- 
tential was observed in response to a brief burst of action 
potentials in the presynaptic cell. Single action potentials or 
firing rates less than -0.3 spike/s in the presynaptic cell did 
not elicit a postsynaptic response. The hyperpolarization 
had an onset time of - 1 s and decayed with biphasic ki- 
netics. The decay time of the faster phase was - 10 s, 
whereas that of the slower phase was substantially longer 
(Fig. 3A). The synaptic response could be canceled, but not 
reversed, after the injection of hyperpolarizing current into 
the postsynaptic cell. 

We also observed a novel dual-action postsynaptic re- 
sponse between co-cultured LUQ cells (Fig. 3B). An inhibi- 
tory response was followed by delayed excitation. The hy- 
pet-polarization had an onset time that was similar to that 
for the solely inhibitory response (cf. Fig. 34 and B). The 
onset of excitation was delayed by 5- 10 s from the burst of 
spikes in the presynaptic cell. 

The delayed excitation of the dual-action response could 
arise directly from a synaptic mechanism or secondarily 
from the activation of an intrinsic, depolarizing cellular 
current. The latter possibility occurs in many invertebrate 
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FIG. 3. Synaptic interactions between pairs of co-cultured LUQ neu- 
rons. Change in intracellular potential, AV, was recorded from the post- 
synaptic cell in response to a burst of ~20 action potentials in the presyn- 
aptic cell. Burst was elicited by a 2-s pulse of intracellular current, A I. A: a 
solely inhibitory postsynaptic response between LUQ cells. This was the 
most common response (see text). B: a dual-action postsynaptic response, 
with inhibition followed by excitation (thick line). Thin line shows the 
response when the postsynaptic cell was hyperpolarized via the injection of 
- 1 nA. Note that the inhibitory response is nulled, whereas the excitatory 
response persists, implying that the excitation is not the result of postin- 
hibitory rebound. This response occurred in a relatively small fraction of 
the co-cultured cells (see text). 

neurons and is referred to as postinhibitory rebound (Sat- 
terlie 1985). Two experiments were performed to distin- 
guish between these possibilities. First, the postsynaptic re- 
sponse was observed while hyperpolarizing current was in- 
jected into the postsynaptic cell. We found that excitation 
was accentuated, although the magnitude of the inhibitory 
response was reduced by the hyperpolarization, suggesting 
that the excitation arises from a synaptic mechanism that 
does not depend on the preceding inhibition. 

In a second set of experiments, we observed the response 
of individual LUQ neurons after the injection of a hyperpo- 
larizing current-pulse. The duration of the pulse was varied 
between 5 and 15 s and its magnitude was adjusted to give a 
potential change of approximately - 10 mV; these values 
are close to the characteristics of the inhibitory synaptic 
response (Fig. 3). Essentially no depolarization occurred 

after the termination of a pulse (data not shown). This sug- 
gests that the excitation is not the result of an intrinsic cellu- 
lar mechanism.2 

Solely inhibitory connections occurred in 35% of the co- 
cultured LUQ pairs we examined (n = 55; each pair used 
cells from the same animal). Reciprocal inhibitory connec- 
tions occurred in 12% of the pairs. Only a small fraction of 
dual-action connections occurred in the co-cultured neu- 
rons, - 10%. However, the fraction of such connections 
was greater, -20%, in ensembles that contained four or 
more neurons, as opposed to two neurons. The reasons for 
this enhancement are unclear. Last, many of the cultured 
cells formed relatively weak electrical connections (k = O.l- 
0.2) in addition to chemical connections. 

Long-term optical recording 

OPTIMAL INCIDENT WAVELENGTH. Previous work has shown 
that the potentiometric probe RH 155 is bound by Aplysia 
cells both in vivo (Zecevic et al. 1989) and in vitro (Parsons 
et al. 1989a). These studies were concerned with the general 
feasibility of using optical methods to observe electrical ac- 
tivity in Aplysia neurons. They showed that the change in 
absorption of the dye accurately followed the change in 
membrane potential. However, the dependence of the ab- 
sorption change on the wavelength of the incident light was 
not quantified for this preparation. This quantification is 
critical for the choice of optimal wavelength and spectral 
bandwidth. 

The change in optical absorption for a neuron stained 
with the dye RH 155 is shown as a function of wavelength in 
Fig. 4. An isolated LUQ neuron was stained and subse- 
quently impaled with a microelectrode. A single photode- 
tector in the array collected light from the initial segment of 
the neuron. We injected brief pulses of current into the cell 
and recorded the changes in optical absorption that oc- 
curred at the peak of the action potential. The spectral 
bandwidth at each wavelength was 10 nm. The absorption 
changes in the cell were normalized by the change in the cell 
membrane potential. The essential results were (Fig. 4A) as 
follows. I) The absorption change was biphasic. 2) The larg- 
est absorption change occurred at 700 nm, with a band- 
width of -40 nm (full width at half maximum). The mag- 
nitude of this change was typically AA/A Y = 6 X 1 OS6 per 
mV, approximately AA N 4 X 10e4 per spike. 3) The magni- 
tude of the maximum response varied within a range that 
included a factor of - 3 among different Aplysia cells (n = 
50) in this spectral range. 

MINIMUM LIGHT INTENSITY. The intensity of the incident 
illumination affects the measurement in two ways: I) the 
signal-to-noise ratio of the change in absorption measured 
by each detector is a function of the intensity; and 2) re- 
moval of dye by photobleaching and the generation of toxic 
reactive products of the dye molecules’ excited state (photo- 
toxicity), both of which depend on the intensity of the illu- 
mination, limit the recording time. 

2 We assume that the effects of electrotonic attenuation between the 
soma and the processes are small, as has been demonstrated for other 
Aplysia neurons in culture (Spira et al. 1988). 
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FIG. 4. Optimal conditions for long-term optical recording. A: wavelength dependence of the optical absorption change 
of membrane stained with the dye RH 155 that accompanied an action potential in cultured Aplysia neurons. An isolated 
LUQ cell was vitally stained (METHODS) with RH155 at a concentration of 0.1 mg/ml. Changes in the absorption were 
measured by exciting the cell with a brief pulse of current through an intracellular electrode. Inset, top lefr: optical signal 
recorded by a single photodetector during illumination at 7 10 nm (Cl). Inset, bottom right: signal observed for illumination at 
660 nm (A). Inset, bottom left: chemical structure of RH 155. B: the calculated S/N ratio for observing an action potential 
from a typical neuron, with AA = 4 x 10m4. Top curve, with CY = 0, corresponds to the shot noise limit. Other curves 
correspond to cases in which the S/N ratio is limited by technical noise (a = Jrech/li,hoto # 0). A S/N ratio of -3 is required to 
detect an action potential in a single sweep. Dot corresponds to the data shown in C. C: long-term continuous optical 
recording from a cultured LUQ neuron. Intensity of the incident light was I0 - 100 mW/cm2 throughout the 30 min shown. 
Output from a single photodetector is shown at lo-min intervals; action potentials were elicited by a current-pulse through 
an intracellular electrode. Note that there was essentially no deterioration of the optical signal over the course of this 
experiment. 

The signal is the change in absorption that accompanies a 
spike. It depends on the absorption change, AA, the inci- 
dent light intensity, I,, and the area of cell membrane 
within the field of each photodetector. For the relevant case 
of small changes in absorption, the signal current, AZP,,,, , is 
given by AZPhofo = 2.3 . AA l  IPhoto. The steady-state photo- 
current, IPhoto $ is related to the incident light intensity by 
z Photo = R. IO, with the responsivity, R, determined to be 
R N 4 X low9 A l  rnW-’ l  cmV2 for the field of view of each 
photodetector in our system (Fig. 1). 

There are many sources of noise that may contribute to 
optical measurements of membrane potential (e.g., Cohen 
and Lesher 1986; Salzberg et al. 1977). In our experiments 
the dominant noise source at low intensities of illumination 
was the statistical fluctuation in the intensity of the light, 
i.e., shot noise. The dominant source of noise at high inten- 
sities was technical noise, resulting from changes in absorp- 
tion that occurred secondary to vibrations of the lamp and 

The shot current, Zshot, is given by ZShot = 
where e is the electronic charge and AV is 
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the amplifier bandwidth; Av ‘v 300 Hz tor our system.’ The 
technical noise current, ITech, can be expressed as ITech = 
4vhlo,o 3 where the factor Q(V) depends on the physical 
characteristics of the system. We found that (Y(V) could be 
approximated as a constant that lies in the range 10m5 < 
a < 10-4. 

A plot of the S/N I :tion of I,, and (Y, for AA = 
4 x 10e4, is shown in Fig. 4B. The S/N ratio increases with 
increasing intensity until it reaches an asymptotic value of 
S/N = 2.3(AA/cx). 

The signal-to-noise ratio must be S/N - 3 to observe a 
spike reliably in a single optical record (e.g., Motchen- 
bather and Fitchen 1973). For a single photodetector, this 
implies a minimum intensity of I, - 1 mW/cm’ (Fig. 4B). 
Higher intensities may be required, both to compensate for 
weakly stained cells and to facilitate the analysis of the opti- 
cal signal when many neurons are simultaneously active in 
the field of a detector (next section). In practice, this sug- 
gests that typical light intensities must be I, 2 3 mW/cm’. 
LONG-TERM RECORDING. We examined the long-term via- 
bility of cultured Aplysia cells under continuous illumina- 
tion in the range I, - 3- 100 mW/cm2 with X = 700 + 5 

Consideration of the signal-to-noise ratio allows the min- 
imum value of I, to be calculated. The ratio of the signal to 
the root mean square value of the noise (S/N) is 

’ More generally. the shot noise isgiven by Is,,,,, = 2( I + ~)e. I,,,,; Au, 
where n = I for an incoherent source, such as a filament lamp, and c = 0 
for a coherent source, such as a laser (Kingston 1978). 

Illustration of the extensive 
neurite outgrowth in an ensem- 
ultured neurons. A: phase-con- 
micrograph. The 5 somata and 
segments, as well as a plethora 

ited fine processes, are seen. B: 
Igraph of Ihtorescently labeled 
at illustrates the true extent and 
neurite outgrowth. Processes 
cells, one Injected with Lucifer 
the other with sulforhodamine, 
ed to overlap extensively with 
(e.g., larger arrow) and with un- 
s (e.g.. smaller arrow). Scale bar, 
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means FWHM = 10 nm. A typical example of the output 
observed with a single photodetector, using the relatively 
high intensity of I, = 100 mW/cm2, is shown in Fig. 4C. 
The cell was illuminated continuously, and the optical sig- 
nal was probed at 5-min intervals by injecting a brief pulse 
of depolarizing current. We observed a S/N - 20, which is 
close to the theoretical limit (dot in Fig. 4B). There was 
essentially no deterioration of the optical signal, either from 
photobleaching or photodynamic damage, over a period of 
20 min (- lo3 s) and only slight photobleaching of the prep- 
aration after 30 min (Fig. 4C). 

We were able to record for several hours (- lo4 s) with 
light intensities of I0 - 3 mW/cm2. In our best preparations 
we achieved an apparent shot noise limited signal-to-noise 
ratio of S/N = 3- 10; the precise value of the S/N ratio was 
dependent on the staining characteristics of the neurons. In 
the worst cases, in which the preparation was weakly 
stained or the technical noise was unusually high, the sig- 
nal-to-noise ratio for each photodetector was <3 at these 
intensities. Enhancement of the signal-to-noise ratio was 
obtained by summing the outputs (spatial averaging) of 
photodetectors with fields that encompassed the same neu- 
ron (Fig. 1). Summing the outputs of adjacent photodetec- 
tors was often effective in canceling technical noise that 
originated from a cell vibrating across the boundary of two 
detector fields. 

Determination of functional connectivity. 

ENSEMBLES OF LUQ NEURONS. We recorded optically the 
patterns of electrical activity that were generated by ensem- 
bles consisting of four to six LUQ cells (n = 30). First, the 
temporal firing patterns of individual neurons within the 
ensemble were determined, and then this information was 
used to infer the functional connectivity between the neu- 
rons of the ensemble. The tonic activity of the neurons 
was increased by using ASW with reduced concentrations 
of Mg2+. 

SPATIAL DISTRIBUTION OF THE OPTICAL SIGNAL. Cultured 
Aplysia neurons are capable of exuberant regeneration of 
neurite processes in vitro (Schacher and Proshansky 1983). 
This leads to extensive overlapping of the processes of indi- 
vidual neurons with those of other cells, because individual 
neurons must be placed in close proximity to each other to 
facilitate synaptic interactions (Camardo et al. 1983; Klein- 
feld et al. 1990b). 

We illustrate the overlapping nature of the cellular out- 
growth from an ensemble of five LUQ neurons with phase 
contrast microscopy in Fig. 5A. Details of the extent of 
overlap between the processes of individual neurons were 
followed by staining two of the five cells with the fluores- 
cent dyes Lucifer yellow and sulforhodamine, respectively. 
The outgrowth from each of the stained cells was observed 
to have a distinct pattern (Fig. 5B). Further, the processes 
were highly intertwined in a directed manner. The fine pro- 
cesses from one cell track along the processes of the other 
cell (larger arrow, Fig. 5B), and processes from both cells 
localize to the region of an unlabeled soma (smaller arrow; 
Fig. 5B). Qualitatively similar patterns of overlap were ob- 
served with other ensembles (n = 4). 

Previous work has established that action potentials prop- 
agate in the fine processes of cultured Aplysia neurons (Par- 
sons et al. 1989a) and that these processes are approxi- 
mately equipotential with the cell soma (Spira et al. 1988). 
The overlapped outgrowth of the processes should thus 
cause each photodetector to record the activity of many 
cells. We examined this issue by recording the spatial pat- 
terns of optically detected electrical activity from individual 
cells in an ensemble. This is illustrated using the ensemble 
shown in Fig. 6A, in which intracellular electrodes were 
placed in two of the five cells (a and b, Fig. 6A). A pattern of 
electrical activity is resolved in 25% of the photodetectors 
after activation of cell a with a current pulse (Fig. 6B). The 
pattern mirrored the gross morphology of the cell. A differ- 
ent pattern was observed after activation of cell b (Fig. 6C). 
The spatial distribution of activity in each cell remained 
invariant over the recording time of 1 h, with I, - 10 mW/ 
cm2. This indicates that the cells and their fine processes 
remained viable. 

The differences between the two patterns of activity that 
were detected optically should allow one to resolve the con- 
tributions from the individual neurons when both cells are 
active. We examined this issue by sequentially activating 
cells a and b. The summed outputs from photodetectors 
comprising six different non-overlapping regions (Fig. 6, A 
and D) are shown in Fig. 6E. The amplitude of the optical 
changes observed in regions 3 and 5 are largest for the two 
action potentials induced in cell a (cf. AA3 and AAS with 
A T/a, Fig. 69. The fields in these regions contain the initial 
segment from cell a but largely exclude the segment from 
cell b. In contrast, the optical changes observed in region 1 
are largest for the action potential induced in cell b (cf. AA, 
with A yb, Fig. 6E). This region contains a portion of the 
initial segment of cell b but none of that of cell a. The 
optical changes in other areas, such as region 4, are roughly 
the same amplitude for action potentials in either cell. This 
region contained the initial segments of both cells. 

Our results suggest that the electrical activity of individ- 
ual neurons within )an ensemble can be resolved with opti- 
cal methods. The resolution depends on I) the spatial distri- 
bution among different optical fields of temporally coin- 
cident events, e.g., action potentials from the same cell; and 
2) differences in the amplitude of discrete temporal events, 
e.g., spikes from different cells, within the same optical field 
(Nakashima et al. 1989; Zecevic et al. 1989). 
DISCRIMINATION OF INDIVIDUAL TEMPORAL FIRING PATTERNS. 
The derivation of single cell firing times from the optical 
records is critical for understanding the synaptic interac- 
tions between neurons within in vitro ensembles (Parsons 
et al. 1989a). We sought to use the spatial and temporal 
differences in the activity, discussed above, to decompose 
the optical signals observed from ensembles of simulta- 
neously active cells. An ensemble of five LUQ cells is shown 
in Fig. 7A. Three cells were subsequently determined to be 
spontaneously active during the experiment and two cells 
were activated by the injection of intracellular current. The 
summed optical outputs from five different regions (Fig. 
7A) are shown in Fig. 7B; a temporal expansion of the 
records is shown in Fig. 7C. 

The spikes recorded from a given region of the ensemble 
could be classified according to their relative amplitude. 
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FIG. 7. Reconstruction of the individual spike trains from the optical records of an ensemble of LUQ neurons partially 
activated using ASW with a low concentration of divalent ions. Incident light intensity was -8 mW/cm*. These data 
illustrate our procedure for interpreting the complex, multiple-site optical records that occur when many or all ofthe cells in 
an ensemble are active. A: photomicrograph of the ensemble of 5 neurons. Outlines indicate the regions for each set of 
consolidated photodetector outputs. B: records of the summed detector outputs. High level of background activity was 
induced by bathing the cells in ASW having a low concentration of divalent ions. Spiking activity of different amplitudes and 
temporal patterns can be seen on all 5 records. Note that 2 of the 5 cells were stimulated with intracellular current pulses. C 
temporal expansion of outlined region of the records in B. Spikes occurring within a given record were sorted according to 
their relative amplitude. Those with the same amplitude in a given record, or that occurred at the same time in different 
records, were assigned a common symbol; record 1, 0, *, A; record 2, *, A; record 3, A, +; record 4,0, A, +; and record 50, 
A. D: representation of the firing patterns for the 5 cells active in the optical record shown in C. Each of the spikes labelled 
with different symbols in C was assumed to represent the output of an individual neuron; cell a did not spike during this 
expanded portion of the record. 

FIG. 6. Multiple-site optical recording of the electrical activity from individual cells within an ensemble. Incident light 
intensity was -30 mW/cm2. This figure illustrates the spatial extent of signals recorded from cells with extensive, overlap 
ping neurite outgrowth. A: photomicrograph showing the exuberant neurite outgrowth of the co-cultured cells. B: changes in 
the optical absorption, recorded by each photodetector, after the excitation of cell a with an intracellular current-pulse. 
Spatial distribution of the optical signals corresponds to the location of the soma and initial segment of cell u, although 
optical changes in the fine processes can be discerned. C activation ofcell b results in a different pattern of activity from that 
in cell a. D: changes in optical absorption that are observed when cells a and b are activated sequentially. Complex multicel- 
lular optical signals occurred when a photodetector measured the changes from both cells. E: 5 optical changes, AA, through 
AA,, represent the off-line summation of the output from 6 photodetectors (each) within the regions outlined in A and D. 
Voltage changes AV, and A Vb are the intracellular records ofthe electrical activity in cells a and b, respectively. Note that the 
relative amplitudes of the optical signals that reflect discrete events (e.g., 2 spikes in cell a and 1 spike in cell 6) varied among 
the 5 regions, whereas the timing of these signals was essentially invariant among the regions. 

325 
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FIG. 8. Determination of functional connectivity within a neuronal ensemble. A: photomicrograph of the ensemble of 5 
LUQ cells. Outlined areas correspond to fields of 5 summed photodetector outputs. An intracellular electrode was placed in 
cell c during the experiments. B: multiple-site optical records for summed detector outputs. Preparation was stained with the 
dye RH 155 and illuminated at a wavelength of 700 rf- 5 nm and an intensity of 15 mW/cm*. Ensemble was bathed in ASW 
with [Mg”] = I mM during the experiment to excite some of the neurons. Cell c was stimulated as indicated. C: temporal 
firing patterns of the 3 cells in the ensemble that were active during the stimulus paradigm. Patterns were deduced from 
optical records in B. Initially, cell a was tonically active and b was quiescent. After the activation of c, the output of a 
transiently stopped, whereas b was transiently activated. D: Summary of the signs of the functional neuronal connections in 
this circuit. 

The classification was essentially unique when the S/N ra- 
tio was large, S/N - 10 (AA, in Fig. 7C). When the S/N 
ratio was small, S/N 5 3, the classification of individual 
events was often ambiguous (AA2 in Fig. 7C). Nonetheless, 
the presence of ambiguous activity m the records from 
some regions was offset by the redundancy achieved by re- 
cording simultaneously from many regions. Spikes that oc- 
curred at essentially the same time (At = 1 ms) in records 
from different regions were classified as originating from 
the same neuron. Their temporal and spatial distribution is 
indicated by the symbols in Fig. 7C (0, *, A, +). The num- 
ber of independent classifications was a measure of the 
number of active neurons (note that cell a is not repre- 
sented in the records in Fig. 7C). This procedure allowed us 
to determine the temporal firing patterns for the five cells in 
the ensemble (Fig. 7E), making exclusive use of the optical 
records. Similar, unique determinations of the spiking activ- 
ity of simultaneously active neurons were made with other 
ensembles (n = 30). 

DETERMINATION OF FUNCTIONAL CONNECTIONS. To ihs- 
trate the optical determination of functional connections, 
we focus on the results obtained with an ensemble that 
showed simple functional inhibitory and excitatory con- 
nections. The ensemble and the optical receptive fields sub- 
sumed by each of five consolidated (summed) photodetec- 
tors outputs are shown in Fig. 8A. The ensemble was super- 
fused with low divalent ASW to induce tonic activation of 
as many neurons as possible. Cell c was stimulated to fire 
transiently at a relatively high rate by the injection of depo- 
larizing current-pulses. 

An example of the optical changes recorded during the 
period of stimulation is shown in Fig. 8B. This record was 
used to construct the temporal firing patterns of individual 
neurons (Fig. 8C). Three cells in the ensemble were ob- 

served to spike within the time of the record. One cell, a, 
was tonically active. It stopped firing after c was stimulated 
and then recovered to its initial, tonic firing rate (Fig. 8C). 
In contrast, b was initially quiescent but was transiently 
activated subsequent to the stimulation of c (Fig. 8C). 

The data imply that cell c makes an inhibitory functional 
connection with a and a delayed, excitatory connection 
with b (Fig. 80). The inhibitory interaction from c to a was 
initiated immediately on the activation of c, whereas the 
delayed, excitatory interaction from c to b occurred after 
the stimulation of c. 

It is unlikely that polysynaptic pathways had a role in 
determining the electrical activity of this neuronal ensem- 
ble. Over 100 neurons have been studied with conventional 
microelectrodes while being monitored simultaneously 
with potentiometric probes. A spike has never been re- 
corded electrically that was not also detected optically, and 
thus we are confident of our ability to monitor optically all 
suprathreshold events. Furthermore, previous work (Par- 
sons et al. 1989a) has demonstrated that the LUQ cells in 
vitro require high-frequency (> 1 Hz) stimulation to elicit 
detectable synaptic transmission. Therefore only cell c, the 
cell into which current was injected, was a candidate for 
transmitter release in this ensemble (Fig. 8C). 

These results suggest that the same cell may express dif- 
ferent functional connections with different follower cells 
in the same ensemble. Similar effects were seen with other 
ensembles (n = 6). 

Dynamic patterns of functional connectivity in neuronal 
ensembles 

The results described above establish methods for moni- 
toring and interpreting the patterns of electrical activity 
generated by ensembles of neurons in vitro. We used these 
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methods to analyze functional connectivity within neuro- 
nal ensembles under a variety of stimulus conditions. Be- 
cause the probability of any two LUQ neurons forming a 
synaptic connection in vitro is considerably < 1 (Parsons et 
al. 1989~) and the patterns of neuritic outgrowth are re- 
markably varied, each ensemble can thus be considered as a 
unique, anatomic circuit. Our analysis of one particularly 
interesting ensemble in which dynamic functional connec- 
tivity was observed is presented here. 

tdg*+1= 10 mM B 

PARADOXICAL PATTERNS OF FUNCTIONAL CONNECTIVITY. 
We describe the results obtained with an ensemble of five 
LUQ cells (Fig. 94. Two of the neurons, designated a and 
b, were stimulated either singly or jointly with intracellular 
injections of current. Examples of the optical records are 
shown in Fig. 9B. Although the [Mg2’] in the ASW had 
been reduced to - 10 mM, all of the cells were quiescent 
before stimulation (Fig. 9B). A delayed, excitatory response 
or no response at all was seen when cells a and b were 
stimulated. 

The temporal firing patterns deduced from the optical 
records of Fig. 9B are shown in Fig. 10, A-C. These indicate 
that three of the five neurons in the ensemble were active. 
The average activities obtained from repeated measure- 
ments under each experimental condition are displayed in 
the form of peristimulus time histograms (Fig. 10, D-F) 
(Glaser and Rushkin 1976). In each histogram, we averaged 
the number of spikes that occurred in consecutive 5-s inter- 
vals. This interval is the nominal time-scale of the underly- 
ing synaptic responses (Fig. 8) and preserved the essential 
features of the data. 

A unique temporal firing pattern for each neuron was 
observed for every set of experimental conditions, i.e., stim- 
ulus paradigm (cf. Fig. 10, ,4-C). The features of the tem- 
poral firing patterns obtained in a given measurement com- 
pared favorably with those of the average response. This 
suggests that the essential features of the patterns were in- 
variant when the stimulus paradigm was repeated and dem- 
onstrates the robust nature of the temporal firing patterns. 

[Mg2*]= 1 mM C 

When the cells were quiescent, stimulating a caused b to 
fire transiently after a delay (Fig. 10, A and D). This is inter- 
preted in terms of an excitatory functional connection from 
a to b (Fig. 1 OG). Stimulating b caused c to fire after a delay 
(Fig. 10, B and E), implying that there is also an excitatory 
connection from b to c (Fig. 10H). Surprisingly, when a and 
b were stimulated together, there was no delayed output 
in either b or c (Fig. 10, C and F). For this paradigm there 
were no functional connections between the neurons 
(Fig. 1 OZ). 

This analysis showed that dynamic functional connec- 
tions can be observed between the cells of a neuronal ensem- 
ble in vitro. The temporal superimposition of two stimuli 
resulted in the paradoxical change in functional connec- 

FIG. 9. A neuronal ensemble that exhibited dynamic functional con- 
nectivity. A: photomicrograph of the ensemble of 5 LUQ cells. Outlined 
areas correspond to fields of 5 summed photodetector outputs. Intracellu- 
lar electrodes were placed in cells a and b during the experiments. B: opti- 
cal records from the summed detector outputs for 3 stimulus paradigms: 
stimulation of II, stimulation of b, and concurrent stimulation of a and b. 
Preparation was stained with the dye RH 155 and illuminated at a wave- 
length of 700 + 5 nm and an intensity of -3 mW/cm*. Ensemble was 
bathed in ASW with [Mgz’] = 10 mM during this set ofexperiments. Note 
that none of the neurons were tonically active. 
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FIG. 10. Dynamic functional connectivity determined by different stimulation patterns. A-C: temporal firing patterns 
derived from optical records in Fig. 9B. Each pattern correspond to a particular stimulus paradigm. A: output after the 
stimulation of a to fire action potentials when the ensemble was tonically quiescent. Stimulation resulted in the delayed 
activation of 6. B: output after the stimulation of b. A delayed excitatory response was observed in c. C output after 
coincident stimulation of a and b. There is no delayed excitatory response in either b or c. D-F: peristimulus time histograms 
that show the average firing rate as a function of time for each of the stimulus paradigms. Seven independent measurements 
were made for each condition. Data were averaged in 5-s intervals. Note that the firing during the interval in which a cell was 
stimulated is indicated to the right of the (truncated) peak. D: average output after the stimulation of a when the ensemble 
was tonically quiescent. E: output after stimulation of b. F: output after coincident stimulation of a and 6. G-I: set of 
functional connections derived for each of the temporal firing patterns shown by histograms in D-F. Each schematic 
diagram shows the sign of the functional connection between 2 neurons. 

tions between the neurons. The finding that the simulta- 
neous presentation of two inputs that individually partici- 
pate in excitatory functional connections produced no 
functional connections is intriguing. These results suggest 
that the concomitant activation of the two neurons negated 
the excitatory functional connections between them (i.e., 
cell a to cell b), as well as onto another cell (i.e., cell b to 
cell c). 

stimulation paradigms. A fraction of the cells were tonically 
active in ASW with [Mg2+] - 1 mM (Fig. SC). Under these 
conditions predominantly inhibitory effects are observed 
after stimulation of a and b. 

The temporal firing patterns deduced from the optical 
records of Fig. 9C are shown in Fig. 11, A-C. These indicate 
that two of the five neurons in the ensemble were activated 
tonically by the low divalent solution. A third neuron was 
induced to fire after intracellular current injection. These 
are the same three neurons that were active with [Mg2’] - 
10 mM (cf. Fig. 10, A-C). The average activities obtained 
from repeated measurements under each experimental 
condition are displayed in the form of peristimulus time 
histograms (Fig. 11, D-F). A unique temporal firing pat- 

UNMASKING OF INHIBITORY FUNCTIONAL CONNECTIONS. 

Manifestation of inhibitory functional connections de- 
pends on the presence of tonic activity in the postsynaptic 
cell (cf. Fig. 8). In an effort to identify any inhibitory func- 
tional connections within the ensemble, we reduced the 
bath concentration of [Mg2+] to - 1 mM and repeated the 
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FIG. 11. Inhibitory functional connections revealed by tonic activity of a neuronal ensemble. A-C temporal firing 
patterns derived from optical records when the [Mg2’] was lowered to activate the ensemble tonically. A: output after 
stimulation of a when cells b and c were tonically active. Stimulation of a resulted in the transient cessation of activity in b 
and c. B: output after stimulation of b. Stimulation resulted in the transient cessation of activity in b and c. C: output after 
coincident stimulation of a and b. Transient cessation of activity was again observed in h and c. D-F: peristimulus time 
histograms that show the average firing rate as a function of time for each of the stimulus paradigms, as in Fig. 10. D: output 
after stimulation of a when b and c were tonically active. E: output after stimulation of b. F: output after coincident 
stimulation of a and b. G-I: set of functional connections when cells b and c were tonically active. Functional connections 
correspond to each of the temporal firing patterns shown by the histograms in D-F. Closed loops indicate autoinhibition. 
Note that, for the same stimulus paradigm, increasing the tonic level of activity reveals inhibitory interactions (compare Fig. 
10, G-I, with Fig. 11, G-l. 

tern for each neuron was observed for every set of experi- b were stimulated together (Fig. 11, C and F) could not be 
mental conditions, i.e., stimulus paradigm (cf. Fig. 11, A- interpreted in terms of a single set of functional connec- 
C). These patterns of electrical activity demonstrated the tions; the simplest possibility is shown in Fig. 111. 
same robust nature observed in the presence of higher 
[Mg2’] (cf. Fig. 10, A-F). BASISFORDYNAMICFUNCTIONALCONNECTIVITY. Thediffer- 

Cells b and c were tonically active in ASW with [Mg2+] - ent sets of coexisting functional connections in the ensem- 
1 mM. Stimulating a caused b and c transiently to stop ble of LUQ cells illustrated here (Figs. 10, G-Z, and 11, G-I) 
firing (Fig. 11, A and D). This was interpreted as the expres- can be understood in terms of the cellular and synaptic 
sion of inhibitory functional connections from a to b and to properties of the LUQ neurons. The delayed excitatory re- 
c (Fig. 11 G). Stimulating b caused c transiently to stop firing sponses observed in b after stimulation of a, or in c after 
and b to stop firing briefly after cessation of the stimulus stimulation of b (Fig. 10, D and E, respectively), are consis- 
(Fig. 11, B and E). This is interpreted as the expression of tent with the delayed excitation produced by a dual-action 
an inhibitory functional connection from b to c and an synapse (Fig. 3B). Note that when b was excited by a (Fig. 
autoinhibitory functional connection onto b (Fig. 11 H). 
The transient cessation of activity observed in c when a and 

lOD), the firing rate in b was too low, -0.5 spikes/s, to 
excite c in turn. 
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FIG. 12. Schematic of the underlying synaptic connections deduced 
from the different patterns of functional connectivity shown in Figs. 10 
and 11. Boutons marked t are dual-action synapses, with inhibition fol- 
lowed by delayed excitation. All of these neurons exhibited the cellular 
property of postburst hyperpolarization. This was the substrate for autoin- 
hibitory functional connections (Fig. 11, H and I). 

Two time-scales were present for the decay of the inhibi- 
tory responses observed in b and c. The long-lasting inhibi- 
tion of c after the stimulation of a (Fig. 11D) suggests that 
the underlying connection from a to c was a solely inhibi- 
tory synapse (Fig. 34. In contrast, the inhibition of b 
caused by the stimulation of a (Fig. 11 D) decayed relatively 
rapidly (Fig. 11 D). This suggests that the underlying con- 
nection from a to b was a dual-action synapse; the delayed 
excitation shortens the time scale of the inhibitory response 
(Fig. 3B). Similarly, the inhibition of c caused by stimula- 
tion of b (Fig. 11E) decayed relatively rapidly (Fig. 11 E), 
suggesting that the underlying connection from b to c was 
also a dual-action synapse. 

An autoinhibitory response was observed for b (Fig. 1 IE) 
when the cell was otherwise tonically active ([Mg2+] - 1 
mM). This response is consistent with the cellular property 
of post-burst hyperpolarization observed in LUQ neurons 
(Fig. 20). Post-burst hyperpolarization provides a relatively 
long-lived inhibition in b compared with the response that 
is mediated by the synapse from a to b (cf. Fig. 11, D and 
E). Thus the decay of the inhibitory response in b appears 
to be governed by the decay of the postburst hyperpolariza- 
tion, as opposed to synaptic inhibition from a, when a and 
b were stimulated simultaneously (Fig. 11F). 

The underlying cellular properties and synaptic connec- 
tions that account for all the different sets of functional 
connections we inferred are summarized in Fig. 12. This 
summary suggests why there were no functional connec- 
tions between neurons a and b when they were stimulated 
simultaneously (Fig. 10, C and F). The delayed excitatory 
response in b was canceled by the postinhibitory hyperpolar- 
ization in b, and the delayed excitatory response in c was 
canceled by the purely inhibitory input from a. These inhib- 
itory effects were observed directly when the neurons were 
tonically active (Fig. 11, D and E). 

DISCUSSION 

The present study has demonstrated that potentiometric 
probes, in conjunction with multiple-site optical recording 

techniques, can be used for the long-term recording of elec- 
trical activity from many neurons in vitro. Identified inver- 
tebrate neurons were used to construct ensembles of four to 
six cells in culture (Fig. 5). Optical measurements, made at 
suitably low levels of illumination, allowed us to monitor 
the extrinsic optical signals for up to 3 h. The signal-to- 
noise ratio was adequate for the detection of single spikes 
(Figs. 8 and 9). Further, the spike trains of individual neu- 
rons could be reconstructed from the optical signals ob- 
tained from neuronal ensembles in which the neurite out- 
growth was exuberant and in which all of the neurons were 
active simultaneously (Fig. 7). This information was used 
to infer the functional connections between the neurons 
within the ensemble (Fig. 8). Apparently paradoxical inter- 
actions between neurons within ensembles of four to six 
LUQ cells were observed when different stimulus para- 
digms were used at the same tonic level of activity (cf. Fig. 
10, D, E, G, and H with F and I). Different firing patterns 
and functional connections were also observed for the same 
input stimulus when we modulated the tonic activity of the 
neurons (cf. Figs. 10, D-I, with 11, D-I). The results dem- 
onstrate that the same anatomic circuit in vitro can exhibit 
a dynamic repertoire of functional connectivity (cf. Figs. 
10, G-I, and 11, G-I). Observations of the underlying cel- 
lular and synaptic properties of LUQ cells in vitro (Figs. 2 
and 3) allowed us to explain the generation of multiple pat- 
terns of electrical activity and functional connectivity as the 
result of their interplay (Fig. 12). 

Multiple-site optical recording in vitro 

A number of previous studies have addressed the issue of 
recording the activity of neurons in culture. Parsons et al. 
( 1989a) used optical methods to observe the activity of pairs 
of LUQ neurons that interacted via inhibitory connections. 
Relatively high intensities of illumination, -2 W/cm2, 
were used in those experiments so that details of the action 
potentials could be resolved. This limited the recording 
time to 530 s and necessitated the removal of oxygen from 
the medium to avoid photodynamic damage. Other optical 
studies of neurons in vitro considered only single cells 
(Grinvald et al. 198 1 b, 1982, 1983; Ross et al. 1987; Ross 
and Reichardt 1979). 

Long-term optical recording 

In the present study, we have assessed the relation be- 
tween the long-term viability of the preparation during op- 
tical measurements and the signal-to-noise ratio of the opti- 
cal changes accompanying a spike (Fig. 2). This allowed us 
to optimize I, so that the spiking activity from ensembles of 
neurons could be recorded continuously for periods up to 3 
h. The firing characteristics of the neurons and the spatial 
distribution of activity over the arborization of the neurons 
remained constant over this period. Our recording time was 
1 O3 to 1 O5 times longer than that achieved in previous stud- 
ies (Grinvald et al. 198 lb- 1983; Parsons et al. 1989a). The 
consolidated detectors could be positioned selectively over 
an arbitrary arrangement of cells. 

The resolution of several unexplored technical issues 
may further improve the utility of potentiometric probes 
and multiple-site optical recording techniques. In particu- 
lar, the signal-to-noise ratio in optical experiments is often 
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limited by technical noise (Fig. 4B). This situation might be 
ameliorated by the use of rapid, alternating measurements 
at two different wavelengths (e.g., X = 660 and 700 nm; Fig. 
4A) together with phase-sensitive detection techniques 
(Cardona 1969). Finally, higher resolution (more pixels) 
diode arrays should permit more nearly optimal spatial bin- 
ning (consolidation) of the detectors. 

Analysis of optical data 

We were able to reconstruct the spike trains of individual 
neurons from the optical records by the use of relatively 
simple procedures. Our analysis made use of the differences 
in the amplitude of spikes observed from each of the 
summed detector outputs and the distribution of coin- 
cident spikes recorded from different spatial fields (Figs. 6 
and 7). It allowed us to deduce, by hand, the spike trains for 
individual neurons within tangled ensembles of simulta- 
neously active cells (Fig. 7). Essentially identical procedures 
have allowed others to detect the individual activity of sev- 
eral hundred Aplysia neuron somata in situ in the abdomi- 
nal ganglion (Nakashima et al. 1989; Zecevic et al. 1989). 
With larger or more complex culture systems, it may be 
advantageous to use algorithms that have been devised to 
compute spike trains from extracellular cortical records 
(Abeles and Goldstein 1977; Salganicoff et al. 1988; 
Schmidt 1984). Note that none of the methods used to re- 
construct spike trains can determine whether a signal origi- 
nates from a single cell or from two cells that are coupled 
through strong electrotonic connections or shared inputs. 

Neuronal properties of LUQ cells in vitro 

We examined the cellular properties of individual LUQ 
neurons in vitro and the properties of synapses between 
cocultured LUQ neurons. Some of these properties were 
different from those reported for LUQ neurons in vivo 
(Frazier et al. 1967). However, all of the properties that we 
observed with cultured LUQ cells have been observed for 
Aplysia neurons other than LUQ cells in vivo. 

The LUQ cells could be stimulated to fire tonically in 
vitro either by the injection of intracellular current or by 
lowering [Mg2’] in the external medium (Fig. 2, A and B). 
Rhythmic bursting characteristic of LUQ cells in vivo 
(Kramer and Zucker 1985; Scholtz et al. 1988) was not 
observed in any of the LUQ cells used in these experiments. 
[However, under slightly different conditions, burst behav- 
ior typical of LUQs in situ was seen (Obaid et al. 1989).] 
The tonic, nonbursting output observed most often in vitro 
may result from some of the procedures used to isolate the 
neurons and maintain them in culture. However, we used 
the same procedures to culture neuron R15 and observed 
that it did produce rhythmic firing patterns in vitro identi- 
cal to those in vivo (Fig. 2C). 

Cultured LUQ neurons were capable of firing at a con- 
stant low rate for periods of 220 min. However, tonically 
active neurons hyperpolarized after the termination of a 
current-pulse that induced a period of rapid spiking. The 
postburst hyperpolarization lasted for 20-40 s, after which 
the cells resumed firing at their original rate (Fig. 20). Ces- 
sation of activity did not occur when 500 PM Cd2+, a 
known blocker of Ca2+ currents, was added to the external 
medium. These results can be explained by the presence of 

a Ca2+-activated K-current (e.g., Meech 1979; Meech and 
Strumwasser 1970). 

Co-cultured LUQ neurons formed synaptic connections 
in vitro that are not observed in vivo. In this sense, they are 
novel. The most prevalent synapse had a solely inhibitory 
response that decayed with biphasic kinetics and that could 
be nulled, but not reversed, by hyperpolarizing the postsyn- 
aptic neuron (Fig. 3A). This was consistent with the action 
of these neurotransmitters on LUQ cells in vivo (Brezina 
1987). Inhibitory connections that behaved similarly to 
those observed here have been characterized for other neu- 
rons from the abdominal ganglion in vivo (Kehoe 1972b). 
Novel inhibitory connections have also been observed be- 
tween other co-cultured Aplysia neurons (Bodmer et al. 
1984; Kleinfeld et al. 1990~; Parsons et al. 1989~; Schacher 
1988; Schacher et al. 1985). 

A fraction of the co-cultured LUQ neurons formed a 
novel dual-action synapse, with inhibition followed by a 
delayed excitation (Fig. 3B). The inhibitory part of the re- 
sponse behaved similarly to the solely inhibitory connec- 
tion (cf. Fig. 3, A and B). The excitatory response was pres- 
ent if the inhibition was nulled by hyperpolarizing the post- 
synaptic cell (Fig. 3B). This and other evidence suggests 
that the excitation is a synaptic effect and does not result 
from a cellular property such as postinhibitory rebound. 
The dual-action response observed here resembles the re- 
sponse recorded in vivo from medial cells in the left pleural 
ganglion of Aplysia (Kehoe 1985). Synapses with multiple 
action on the same postsynaptic cell have also been ob- 
served in a large variety of other nervous systems, both in 
vertebrates (Dodd and Horn 1983; Hartzell et al. 1977; 
Kuffler 1980; Tosaka et al. 1968) and in invertebrates 
(Ascher 1972; Gardner 1977; Gardner and Kandel 1977; 
Gerschenfeld and Paupardin-Tritsch 1974; Getting 198 1, 
1983; Wachtel and Kandel 197 1). 

Functional connectivity 

We used the multiple-site optical recording methods to 
measure the spiking output of the neurons in the ensemble. 
These methods, in combination with intracellular stimula- 
tion of some of the neurons, allowed us to extract the tem- 
poral firing patterns of the individual neurons in ensembles 
under a variety of experimental conditions (Figs. 8, 10, and 
11). The ability to determine simultaneously the output 
from all of the neurons allowed us to analyze the properties 
of very many ensembles, a task that would have been pro- 
hibitive if we had used microelectrodes. This was crucial for 
the present study, as only a fraction of the LUQ neurons 
developed interesting synaptic interactions. 

A particularly interesting aspect of our results was that. 
the firing pattern observed when two cells were stimulated 
together could not be predicted from the patterns observed 
when the cells were stimulated individually. Excitatory 
functional connections were inferred, using ASW with a 
high concentration of Mg2+, when each cell was stimulated 
separately (Fig. 10, A and B). In contrast, no functional 
connections were present when the cells were stimulated 
jointly (Fig. 1OC). The apparent lack of connectivity arose 
from canceling the excitatory inputs either by a second in- 
hibitory input (cell c, Fig. 12) or by activation of the cellular 
property of postburst hyperpolarization (cell b, Fig. 12). 
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These inhibitory interactions within the ensemble were 
only revealed after the tonic activity of the neurons had 
been increased (Fig. 11). Our results emphasize a serious 
limitation inherent in the use of functional connectivity as 
an approach to understanding neuronal circuitry, viz., the 
difficulty in recognizing inhibitory interactions (for further 
discussion see Aertsen et al. 1989). 

In summary, the optical methods described here allow 
one to attain long recording times, reconstruct the temporal 
firing patterns of individual cells, and determine the func- 
tional connectivity of a neuronal ensemble constructed 
from at least six identified cells. These methods, in combina- 
tion with conventional characterization of cellular and syn- 
aptic responses, can be used to begin to understand the 
collective behavior of defined neuronal ensembles or net- 
works. To that end, we have illustrated how the interplay 
among the cellular and synaptic properties of neurons can 
generate dynamic patterns of functional connectivity 
within a single neuronal ensemble in vitro. 
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NOTE ADDED IN PROOF 

Recent studies by Chien and Pine (J. Neurosci. Methods In 
Press 199 1; Biophys. J. In press 199 1) address the possibility of 
assaying circuit behavior in small co-cultures of mammalian neu- 
rons using multiple-site optical recording in conjunction with po- 
tentiometric dyes. 
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