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Identified Interneurons Produce Both Primary 
Afferent Depolarization and Presynaptic Inhibition 

Abstract. Crayfish interneurons were identijed that appear to be directly responsi- 
ble for presynaptic inhibition of primary afferent synapses during crayfish escape 
behavior. The interneurons are fired by a polysynaptic pathway triggered by the 
giant escape command axons. When directly stimulated, these interneurons produce 
short-latency, chloride-dependent primary afferent depolarizations and presynapti- 
cally inhibit primary afferent input to mechanosensory interneurons. 

Presynaptic inhibition decreases syn- 
aptic efficacy by reducing the release of 
transmitter substances from presynaptic 
terminals ( I ,  2). In the central nervous 
system of invertebrates and vertebrates, 
presynaptic inhibition of the release of 
transmitters in primary afferent fibers is 
correlated with primary afferent depolar- 
ization (PAD) ( 3 , 4 ) .  The mechanisms for 
PAD and presynaptic inhibition in the 
central nervous system have not been 
determined, in part because the interneu- 
ronal pathways effecting PAD are un- 
known (5). We have studied the polysyn- 
aptic pathway by which the giant, escape 
command axons of the crayfish inhibit 
transmitter release in primary mechano- 
sensory afferents. The synapses of these 
afferents are depression-prone and are 
responsible for behavioral habituation of 
the escape tail-flip (6). The pathway pro- 
ducing presynaptic inhibition is of spe- 
cial interest because it protects the affer- 
ent synapses from the depression that 
would result as a consequence of reaffer- 

ence during the tail-flip (7), and thus 
prevents habituation of the escape re- 
sponse caused by the animal's own 
movement. We have identified what ap- 
pear to be the final inhibitory interneu- 
rons for command-derived presynaptic 
inhibition. These newly identified cells 
are fired by the giant escape command 
neurons and produce both PAD in me- 
chanosensory afferents and presynaptic 
inhibition of primary afferent input to  
first-order mechanosensory interneu- 
rons. 

Our experimental preparation was the 
isolated abdominal nerve cord of the 
crayfish Procambarus clarkii (8). Simul- 
taneous intracellular recordings were ob- 
tained from interneurons and primary 
afferent axons in the neuropil of the sixth 
abdominal ganglion. Many of the pri- 
mary afferent axons are of large diameter 
(6 to 30 pm) and can be routinely im- 
paled with intracellular electrodes (9). 
With intracellular dye injections we de- 
termined that the afferents terminate 

within 300 km of the margin of the 
neuropil after entering the sixth gangli- 
on. Our electrodes were positioned in 
the afferent axons near the point where 
they entered the neuropil and thus were 
close to the sites of PAD production. 
This is supported by the fact that the 
amplitude of PAD could be altered by 
imposed polarization of the afferent 
membrane as well as intracellular chlo- 
ride injection. In several experiments a 
sucrose gap recording of PAD from the 
fifth sensory root was combined with 
intracellular impalements of a PAD-pro- 
ducing inhibitory interneuron (PADI) in 
the sixth ganglion and an identified pri- 
mary sensory interneuron. A simplified 
diagram of the pathways studied and the 
sites of recording and stimulation is pre- 
sented in Fig. 1A. 

To be classified as a PADI, a cell had 
to produce short-latency PAD and be 
fired by a single giant axon impulse. We 
studied a total of 34 PADI's in 31 ani- 
mals. A single action potential in a giant 
escape command axon results in presyn- 
aptic inhibition of primary afferent syn- 
apses (7). Cells identified as PADI's al- 
ways fired, and sometimes gave multiple 
spikes, after a single giant axon impulse 
(Fig. 1B). The time from the giant axon 
impulse to the first spike in a PADI was 
11.4 rt 4.6 msec (mean + standard devi- 
ation). Several lines of evidence (10) 
indicate that the pathway from the giant 
axons to the PADI's is polysynaptic and 
involves interganglionic interneurons. 
PADI's were never fired by stimulation 
of any of the sensory roots at stimulus 
intensities below the threshold of the 
lateral giant escape command axons (11). 

When PADI's were fired directly by 
the injection of depolarizing current, 
their spikes produced constant PAD's 
with a mean latency of 0.97 + 0.12 msec 
( n  = 15) and a mean duration of 
36.2 r 9.2 msec ( n  = 15). These unitary 
PAD's were capable of following PADI 
impulses one-for-one at frequencies 
greater than 100 Hz, and their amplitude 
was increased by intracellular injection 
of chloride. Another notable aspect of 
the unitary PAD's was that their ampli- 
tude fluctuated in discrete steps (Fig. 
1C). We have not analyzed these fluctua- 
tions, but the short, constant latency 
makes it highly unlikely that they are 
caused by the intermittent firing of an 
interposed interneuron. 

In the seven cases tested, directly elic- 
ited PADI impulses produced both PAD 
and presynaptic inhibition of primary 
afferent input to  identified sensory inter- 
neurons. An example from one experi- 
ment is presented in Fig. 1, D to G.  
Primary afferents were stimulated by 
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shocking a sensory root with a stimulus 
strength just sufficient to  consistently 
produce a single impulse in the postsyn- 
aptic interneuron (Fig. ID) (12). When 
the afferent volley was preceded by a 
pair of directly elicited spikes in the 
PADI, the excitatory postsynaptic po- 
tential (EPSP) in the interneuron was 
reduced in amplitude to a level sub- 
threshold for impulse production (Fig. 
1E). PAD was recorded with a sucrose 
gap on the fifth root (top trace in Fig. 
1E). The reduction in EPSP amplitude 
was maximal when the peak of the uni- 
tary PAD'S coincided with the afferent 
root shock. 

The PADI's produced no detectable 
inhibitory postsynaptic potentials 
(IPSP's) in the mechanosensory inter- 
neurons (13), and the existence of a 

remote increase in postsynaptic conduc- 
tance was ruled out by the following 
observations. First, there was no obvi- 
ous change in the time course of sub- 
threshold, evoked EPSP's in the sensory 
interneurons when paired with PADI 
spikes at latencies producing maximal 
inhibition. Second, the amplitude of anti- 
dromic spikes in the sensory interneu- 
rons was not influenced by concurrent 
firing of the PADI's. Finally, impulses in 
the sensory interneuron elicited directly 
by depolarizing current were not influ- 
enced by concomitant driving of the 
PADI's (Fig. 1, F and G). Thus we 
conclude that inhibition of the mechano- 
sensory interneurons by the PADI's was 
entirely presynaptic. 

The structure (14) of the PADI's is 
consistent with their physiologically de- 

termined connections (Fig. 2). We have 
seen three morphological types of PADI. 
All three have unilateral dendrites (15) 
located in the dorsal part of the neuropil 
in the anterior part of the ganglion, a 
region that also contains axonal termi- 
nals of interganglionic interneurons fired 
by the giant axons. The PADI axonal 
branches (15) and their varicose termi- 
nals are bilateral and ramify extensively 
within the ventral innervation fields of all 
ten sensory roots of the sixth ganglion 
(16). One type of PADI (Fig. 2) has a 
very fine axon in the ventromedial region 
of the nerve cord ipsilateral to its den- 
drites. Its cell body is also located ipsi- 
lateral to  its dendrites in the rostra1 soma 
cluster (17); these neurons may be re- 
sponsible for the inhibition and short- 
latency PAD that can be produced by 

I I 2 msec  

1 Recls t im 

D 
l 

I 1 SQAP - SGAP 

SGAP 
0.2 
10 m v L  Fig. 1. The physiological characterization of 50 10 msec 

PADI's and demonstration of presynaptic in- 10 msec 
hibition. (A) Schematic of the pathway pro- 
ducing presynaptic inhibition, with the sites of 

E G 
recording (rec) and stimulation (stim) indicat- 
ed. The pathway from the lateral giant (LG) to 
the PADI's is polysynaptic. All other connec- 
tions illustrated are thought to be monosynap- 
tic. The mechano~ensor~ primary afferents 
(MSA's) and interneurons (MSI's) are part of MSI 

the pathway exciting the LG (8). (B) Simulta- 
neous intracellular recordings from a PADI 
dendrite (15) and a terminal process of a 
second root primary afferent (MSA). A single PAD1 - LG spike causes a burst of PADI impulses. 
(C) Single PADI impulses cause large, unitary PAD components. Note the fluctuations in successive unitary PAD amplitudes. The oscilloscope 
was triggered from the rising phase of the PADI spikes and several responses were superimposed. The amplitude of unitary PAD was increased 
by intracellular chloride injection. (D) A single shock to the second sensory root fires the impaled sensory interneuron (MSI), physiologically 
identified as 6C1 (17). (E) Presynaptic inhibition of primary afferent input to 6C1. The second root shock was preceded by a pair of PADI spikes 
elicited directly by intracellular current injection, and the EPSP in 6C1 is reduced to subthreshold for spike production. Note that the peak PAD, 
seen in the sucrose gap recording (SGAP) of the fifth sensory root, coincides with the second root shock. (F and G) Remote postsynaptic 
conductance increases do not occur after PADI impulses. (F) A constant-current pulse was injected into the MSI (6C1) and directly elicited a 
single action potential. (G) The PADI was concurrently driven by a step of injected current (trace not shown) and produced repetitive unitary 
PAD as recorded in the sucrose gap (arrows). However, the impulse in 6Cl continued to occur, and at the same time with respect to the onset of 
the current pulse. 
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Fig. 2. Structure of a 
PADI (14). Inset: low- 
magnification view 
showing the outlines 
of the sixth abdominal 
ganglion. Vertical 
dotted lines indicate 
the midline of the 
nerve cord. 

stimulation of axon bundles in the rostra1 
nerve cord (18). In three preparations, 
we dye-filled two such interneurons with 
highly overlapping processes and juxta- 
posed cell bodies. In all cases at least 
one of the filled cells was physiologically 
identified as  a PADI, and in one case 
each cell was shown to be a PADI. 

Another type of PADI (n = 4) was 
nearly identical to  that described above, 
but lacked an axon in the nerve cord 
(that is, it was a "local" neuron). A third 
type, (n = 3), also local, had its soma in 
the caudal cell body cluster (17). The 
three morphological types were physio- 
logically indistinguishable. Thus we have 
evidence for three structurally distin- 
guishable PADI's that cause equivalent 
and additive PAD; the examples of two 
cells with highly overlapping processes 
suggest that each cell type may represent 
a small population of similar neurons. 
Since the PADI's have bilateral axonal 
branches, our results predict a minimum 
of eight PADI inputs to an afferent, as- 
suming that the PADI's are bilaterally 
paired and have completely overlapping 
connectivity. In support of this predic- 
tion, unitary PAD produced by an indi- 
vidual PADI has been recorded succes- 
sively in first-, third-, fourth-, and fifth- 
root afferent terminals. In addition, af- 
f e r e n t ~  in any given sensory root that 
receive giant axon-evoked PAD have 
invariably received unitary PAD from 
the simultaneously impaled PADI. 

In an effort to determine the number of 
PADI's impinging on a given primary 
afferent, we hyperpolarized an impaled 
PADI and prevented it from firing after a 
giant axon stimulus. However, because 
PADI's fire multiply and unitary compo- 
nents of PAD are large, a relatively small 

number of inputs can cause PAD to 
plateau at the reversal potential. These 
factors prevented us from estimating the 
total number of PADI's in the pathway. 

We conclude that, in this system, pre- 
synaptic inhibition is effected by a popu- 
lation of inhibitory interneurons, each of 
which synapses on a great many afferent 
terminals. We have shown that a single 
PADI produces both PAD and presynap- 
tic inhibition. Preliminary evidence sug- 
gests that the inhibitory interneurons re- 
lease y-aminobutyric acid (GABA) and 
cause PAD by increasing the chloride 
conductance of the afferent terminals 
(18, 19). We cannot absolutely exclude a 
role for extracellular potassium accumu- 
lation in the production of PAD, but any 
such role must act in concert with the 
synaptic effects. 

Afferent axons in the crayfish have 
large diameters and sparse terminal 
branching, and single afferents produce 
easily recorded, unitary EPSP's in iden- 
tified sensory interneurons (8). There- 
fore, it is feasible in this system to test 
directly the contributions of depolariza- 
tion, shunt conductance increase (1 ,3 ,4 ,  
20), and calcium conductance decrease 
(2, 21) to  the production of presynaptic 
inhibition. The mechanisms of presynap- 
tic inhibition described here may also 
apply to the vertebrate central nervous 
system, since, in both crayfish and verte- 
brates, presynaptic inhibition of primary 
afferent release is of long duration and is 
associated with PAD that is attributed to 
a GABA-mediated increase in chloride 
conductance. 
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