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Selective Recording and Stimulation of Individual 
Identified Neurons in Freely Behaving Aplysia 

Abstract. A neuroethological technique is described for selective recording and 
stimulation of an individual neuron in freely behaving Aplysia by means of ajine wire 
glued into the connective tissue sheath above the identiJied cell body. A whole-nerve 
cuff electrode simultaneously monitored functionally related multiunit axon activity. 
For biophysical analysis the soma was impaled with a microelectrode when the 
ganglion was subsequently exposed. The technique is illustrated for several identi- 
fied neurons involved in different behaviors. 

Three criteria are currently used to to show that the behavior is elicited. 
establish the behavioral importance of an However, a cell could be both necessary 
identified neuron (I). To establish that a and sufficient by these criteria but not 
cell is "necessary" for a given behavior, fire appropriately during a normal behav- 
it must be selectively destroyed (or pre- ior. To establish that a cell is "appropri- 
vented from firing) in an intact animal to ate," its normal pattern of activity must 
show that the normal behavior is abol- be recorded when the behavior occurs 
ished or severely disrupted (2). To estab- spontaneously, which also specifies the 
lish that a cell is "sufficient," it must be appropriate pattern of stimulation to es- 
selectively stimulated in an intact animal tablish the sufficiency criterion. Thus, a 

Fig. 1 .  Dorsal abdomi- 
nal ganglion of Aplysia 
californica during sur- 
gical implantation of 
fine wire electrode to 
selectively stimulate 
and record from an 
identified neuron dur- 
ing normal behavior. 
The ganglion is pinned 
to a subilluminated 
stage. The fine wire, 
loosely sutured to the 
right connective (top 
right), extends caudally 
across the surface of 
the ganglion; the unin- 
sulated tip is inserted 
into the connective tis- 
sue to lie directly above 
the large, darkly pig- 
mented cell body of a 
giant neuron, cell R2 
(diameter, 600 pm). 
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technique is required for selective stimu- 
lation and long-term monitoring of an 
identified neuron in freely behaving ani- 
mals. 

Many invertebrate neurons have a 
large, pigmented cell body that is visible 
through a connective tissue sheath on 
the surface of a central ganglion, making 
it easy to identify and impale the cell. 
However, intracellular recording pre- 
vents normal behavior because it re- 
quires a surgically reduced (semi-intact 
or isolated) preparation that is often per- 
fused with artificial solutions. Further- 
more, intracellular recordings can be ob- 
tained from only a few neurons simulta- 
neously, whereas behavior (even in sim- 
ple organisms) is typically generated by 
coordinated activity in large neuronal 
ensembles. For a more representative 
sample of ongoing activity, permanently 
implanted whole-nerve electrodes can 

monitor activity in large axonal popula- 
tions during normal behavior (3). How- 
ever, when many units are active simul- 
taneously, it is difficult to recognize the 
activity of any single member of the 
population. Furthermore, it is difficult to 
stimulate selectively with whole-nerve 
electrodes. Small surface-area elec- 
trodes placed close to a target neuron 
can stimulate and record more selective- 
ly (41, as is done routinely with unidenti- 
fied units in intact vertebrates (5). How- 
ever, these techniques cannot be applied 
directly to invertebrate preparations that 
lack structures for attaching the elec- 
trodes. The fact that somas are much 
larger and less densely packed than their 
axons is an advantage in developing a 
selective, noninvasive way to monitor or 
stimulate an identified neuron during 
normal behavior. We now report a sim- 
ple technique for implantation of a fine 

wire electrode in the connective tissue 
above an identified cell body, as illustrat- 
ed by selective recording and stimulation 
of several identified neurons in intact 
Aplysia californica. 

Under anesthetic a fine (25 pm in 
diameter) insulated wire of stainless steel 
was placed on the ganglion surface and 
tied loosely to a nerve. The cut tip of the 
wire was inserted into the connective 
tissue (6) overlying a morphologically 
identified target cell body. A typical 
electrode placement for cell R2 is shown 
in Fig. 1. By recording during implanta- 
tion, signal-to-noise properties of the 
waveforms (and selectivity of stimula- 
tion) could be maximized before gluing 
the wire in position, and the identity of 
the cell could often be confirmed by its 
characteristic firing pattern (7). For si- 
multaneous whole-nerve recordings, a 
cuff electrode was implanted on the ap- 
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Fig. 2, Selective cell body and simultaneous whole-nerve recordings from identified abdominal ganglion neurons in intact Aplysia. (A) Schematic 
dorsal view of typical locations of recorded cells. In each animal (B to D), a fine wire was implanted in the connective tissue above the soma (bot- 
tom trace) and a single cuff electrode was implanted on the appropriate nerve or connective (top trace). Runouts are shown at slow (1) and fast (2) 
speeds. (31) Spontaneous activity in the pericardial-genital (PC) nerve and R15 soma during implantation of the fine wire prior to gluing. Soma re- 
cording shows parabolic bursting pattern of R1.5. (B2) Small axon spike of R15 can be identified in the fast runout by correlating cell body and ax- 
onal spikes (arrows), (Cl) Tactile body stimulation in a different intact animal elicits activity in both RI  (small unit in nerve recording) and R2 
(large unit), but only the R2 spike is recorded by the soma electrode. (C2) The first R2 spike travels along the connective to R2 cell body; 
subsequent spikes conduct away from the R2 soma (arrows). (Dl) Spontaneous activity in the pericardial-genital nerve and in the soma of a left 
upper quadrant (LUQ) bursting neuron (probably L4). The last three spikes in this LUQ cell occur during heightened activity associated with a 
"respiratory pumping" (interneuron 11) contraction. (D2) The last three LUQ spikes in the nerve record are compound (*) due to superimposed 
activity of other units, whereas the soma recordings are unitary throughout. 
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propriate peripheral nerve or central 
connective, providing an additional cri- 
terion (one-to-one correspondence be- 
tween soma and axonal spikes) for iden- 
tifying the target neuron during surgery. 
If simultaneous intracellular analysis 
was subsequently required, a shallow 
ring of plastic approximately 150 p,m in 
diameter was placed over the target cell 
body, and the entire assembly was se- 
cured to the ganglion with a thin film of 
Super Glue (8). The ring protected the 
underlying tissue from the adhesive and 
remained in place throughout the experi- 
ment; when the intact animal was surgi- 
cally reduced and the nervous system 
exposed, a microelectrode was guided 
through the open lumen into the cell 
body below. Rigorous behavioral criteria 
(including attachment to  the substrate, 
withdrawal reflexes, and feeding) were 
used to establish that postoperative be- 
havior (and presumably neuronal activi- 
ty) was normal. 

Representative cell body and simulta- 
neous whole-nerve recordings in intact 
animals are shown for three different 
identified neurons (Fig. 2A) in the ab- 
dominal ganglion. The recordings from 
R15 (Fig. 2B) show how activity is moni- 
tored during implantation and illustrate 
the good signal-to-noise properties of the 
selective soma spikes compared to the 
relatively small axonal spikes (arrows) in 
the highly active pericardial-genital 
nerve recordings. The recordings from 
R2 (Fig. 2C) demonstrate bidirectional 
conduction by comparing temporal off- 
sets (arrows) between soma and axonal 
spikes. The LUQ cell sample (Fig. 2D1) 
illustrates the selectivity of the soma 
recording, which is particularly advanta- 
geous when many other functionally re- 
lated units are active simultaneously. 
Despite the heightened activity and com- 
pound waveforms (asterisks) that devel- 
oped in the multiunit axonal recordings 
during a spontaneous "respiratory 
pumping" contraction (Fig. 2D2), only 
the target unit was recorded with the 
soma electrode. We have now obtained 
cell body recordings with good signal-to- 
noise properties from single cells or 
small groups of cells in freely moving 
animals for 2 to 3 days with little o r  no 
apparent signal o r  behavioral degrada- 
tion, suggesting that the fine wire elec- 
trodes are suitable for prolonged moni- 
toring of normal neuronal activity. With 
this technique, it may be possible to  
record from identified cell bodies whose 
axons are too small for their spikes to  be 
recorded with whole-nerve electrodes. 

The fine wire electrode was also used 
to stimulate individual identified cells 
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selectively in an intact animal (Fig. 3A). 
In this animal, both R2 and R1 were 
recorded with the whole-nerve elec- 
trodes, but only R2 was recorded with 
the soma electrode (Fig. 3A1). When the 
soma of R2 was stimulated via the fine 
wire electrode, only cell R2 was activat- 
ed and R1 remained silent (Fig. 3A2). 
Even repetitive suprathreshold stimula- 
tion of R2's soma did not produce the 
inking or  other signs of agitation that 
often accompany connective stimulation 
of R2's axon in the intact animal. After 
R2 was monitored and stimulated in the 
intact animal, the abdominal ganglion 
was exposed and the cell body of R2 was 

impaled through the lumen of the previ- 
ously implanted plastic ring (Fig. 3B2). 
As suggested by the results for the intact 
animal (Fig. 3A2), extracellular stimula- 
tion of the soma (Fig. 3B1) was as  selec- 
tive as  intracellular stimulation (Fig. 
3B2). In contrast, nerve stimulation that 
elicits R2 firing is nonselective (9): an R1 
spike was always elicited at  a lower 
threshold (Fig. 3B3) than an R2 spike 
(Fig. 3B4). Furthermore, spikes that 
failed to  invade the cell body could also 
be recorded with the fine wire electrode 
(Fig. 3, C1 to C3). 

This technique should be useful in 
other preparations in which cell body 

Double 

Fig. 3. Selective stimulation of cell R2 in intact and isolated preparations. A double cuff 
electrode (3 mm separation) was placed on the right pleurovisceral connective, and a fine wire 
electrode and plastic ring were glued in place over cell R2 (dotted area). When the nervous 
system was subsequently isolated, R2 was impaled through the ring with a two-barrel 
microelectrode. (A) Intact animal. (Al) Body stroke stimulation evokes both R1 and R2 axon 
spikes in the distal (top) and proximal (middle) cuff recordings, but only the R2 spike is seen in 
the fine wire recording (bottom). (A2) Soma stimulation through fine wire electrode (1 msec at 
1.2 mA) elicits selective 1: 1 firing of R2 (up to 9 Hz). (B) Isolated preparation (note reduction in 
signal amplitude). (Bl) Stimulation through the fine wire electrode (1 msec at 1.3 mA) again 
elicits selective 1:l  firing in the R2 axon. (B2) Cell R2 was depolarized and its soma spike 
recorded intracellularly (bottom trace) and extracellularly (middle trace). Only the R2 axon 
spike is seen in the cuff electrode recordings (top two traces). (B3) A second single-cuff 
electrode (top trace) was placed (*) between the ganglion and the double cuff. Low-intensity 
nerve stimulation via the double-cuff electrode elicits a spike only in Rl (i?) that is not seen in 
the fine wire (middle) or intracellular (bottom) recordings. Note faster sweep speed (also in B4). 
(B4) To recruit R2 activity, higher intensity nerve stimulation must be used and Rl is always 
present (traces same as in B3). (C) Isolated preparation. Fine wire electrode records electroton- 
ic spikes that failed to invade the cell body. Repeated nerve stimulation through distal channel 
of double-cuff electrode: proximal cuff channel (top trace in each part); fine wire (middle trace); 
and R2 intracellular (bottom trace). The stimulus elicits short-latency antidromic axon spikes in 
Rl and R2 (masked in the top trace by the stimulus artifact) that precede the cell body spikes. 
(Cl) First stimulus in series elicits antidromic R2 spike that invades the cell body. (C2) With 
repeated stimulation, some antidromic spikes invade the cell body with a delay that is longer 
than the refractory period and, consequently, elicit orthodromic R2 spikes (arrow). Note the 
noninvading electrotonic spike in both the intracellular and fine wire recordings. (C3) When the 
antidromic spike fails to invade the cell body, the electrotonic spike is still recorded, but no 
orthodromic spike occurs. Calibration is 100 p,V for all extracellular recordings, except for B2 
(top two traces, 25 p,V) and top trace of B3, B4, and Cl to C3 (50 p,V). Calibration for all 
intracellular recordings, 40 mV. Time calibration is 20 msec in all cases except B3 and B4 (10 
msec). 



activity is correlated with normal behav- 
ior. It combines the selectivity of intra- 
cellular approaches with the noninvasi- 
veness of extracellular approaches and 
provides a direct link between electro- 
physiological procedures used to moni- 
tor and manipulate neuronal activity in 
intact animals and procedures used in 
reduced preparations. Selective stimula- 
tion and recording provide two addition- 
al methods for assessing the behavioral 
function of an identified neuron in an 
intact animal that complement recently 
developed techniques (2) for selectively 
destroying individual identified nerve 
cells (10). 
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Auditory Intensity Discrimination at High 

Frequencies in the Presence of Noise 

Abstract. Over a wide range of intensities, subjects were able to detect small 
differences in the intensity of a high-frequency band of noise that was presented with 
a relatively intense, complementary band-reject noise. This indicates that neither of 
two possible mechanisms for peripheral intensity coding, those based on timing and 
on spread of excitation, is necessary for the large dynamic range of human hearing. 
It is shown that the information available in the firing rate of a small number of nerve 
fibers can account for these data. 

A striking and fundamental property 
of hearing is the enormous range of in- 
tensities over which the auditory system 
can operate. The loudness of a pure tone 
increases over a 130-dB range; more 
important, relatively small changes in 
intensity, approximately 1 dB, can be 
perceived over at least a 110-dB range 
(1). The dynamic range demonstrable in 
such psychophysical situations contrasts 
sharply with the 30- to  50-dB dynamic 
range of typical fibers in the auditory 
nerve (2). Clearly, usable intensity infor- 
mation over at  least a 110-dB range is 
coded in the nerve; how it is coded is not 
known. 

One general coding scheme, that 
based on the firing rate of a group of 
fibers, has been discounted primarily be- 
cause it has been thought unlikely that 
enough unsaturated fibers are available 
to signal intensity changes at  high inten- 
sities (3). A plausible alternative scheme, 
that based on information available in 
the timing of spike discharges, is exam- 
ined here. It is shown that a large psy- 
chophysical dynamic range is maintained 
at  frequencies for which a timing code is 
extremely unlikely. Thus timing informa- 
tion, specifically temporal synchrony to 
waveform fine structure, is not neces- 
sary for a large dynamic range. It is also 
shown, using a detection theory analysis 
of recent physiological data, that the 
information available in the firing rate 
of a very small number of fibers is, in 
fact, sufficient to  account for the experi- 
mental results, that is, a rate-based in- 
tensity code is a t  least theoretically pos- 
sible. 

The possibility that intensity can be 
coded temporally over a wide intensity 

range is suggested by recent data on the 
synchronization of the firing pattern of 
primary fibers to  the fine structure of 
complex waveforms (4). Of particular 
interest is the observation that the func- 
tion relating degree of synchronization to 
intensity, which for single components 
has a dynamic range comparable to  that 
of the rate-intensity function, can be 
rigidly shifted to higher intensities by the 
addition of a second component (5). The 
effect of the second component on syn- 
chronization to the first component can 
be approximately described as attenua- 
tive, that is, the reduction or suppression 
in synchrony is similar to  reducing the 
intensity of the first component by a 
constant proportion, independent of its 
actual intensity. This characteristic of 
synchrony suppression is similar to the 
effect of adaptation in the visual system 
and, as  in vision, may be the mechanism 
that permits a large dynamic range, a t  
least for complex stimuli. 

The experiment reported here exam- 
ined intensity discrimination of a band of 
noise that was presented with a relative- 
ly intense band-reject noise whose spec- 
tral notch corresponded to the passband 
of the signal. The experiment is similar 
to previous intensity discrimination ex- 
periments with band-reject noise (6), 
with the important difference that the 
frequency range over which the intensity 
changes occur is 6 to  14 kHz and is 
above that for which primary fibers pre- 
serve temporal synchrony to waveform 
fine structure (7). The use of band-reject 
noise minimizes the possibility that in- 
tensity changes are signaled by unsatu- 
rated fibers that are activated or  "re- 
cruited" by the intensity-dependent 
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