
Habituation: Regulation through Presynaptic Inhibition 

Abstract. During tail-flip escape responses of crayfish, synaptic transmission at 
the habituation-prone synapses of the lateral giant reflex pathway is presynapti- 
cally inhibited. This prevents transmitter release and all subsequent postsynaptic 
actions and spares the reflex from becoming habituated to stimuli produced by 
an animal's own escape movements. These observations demonstrate the existence 
of a control circuit whose adaptive function is to regulate the malleability of 
inherently plastic synapses. They also suggest that regulation of plasticity could 
be a common use of presynaptic inhibition. 

The neuronal circuit which mediates 
"tail-flip" escape responses to sudden 
tactile stimulation of the abdomen in 
crayfish has been elucidated in terms of 
identified neurons (Fig. 1) (1-3). This 
escape reflex habituates readily, and the 
habituation is due to either decreased 
transmitter output or synapse-specific 
postsynaptic desensitization (hereafter 
called collectively "synaptic depression") 
at the first, chemical, synapses of the 
reflex arc (Fig. 1) (1, 4). 

The ability of this reflex to habituate 
is presumably of adaptive value to the 
crayfish. However, it presents the ani- 
mal with a special problem. Whenever 
animals swim via rapid abdominal 
flexions-which they do, not only dur- 
ing escape from abdominal contact but 
also under other circumstances (5)- 
many of the sensitive tactile afferents 
of the reflex will fire. Since the synapses 
between these afferents and the first- 
order interneurons of the reflex are 
labile, they would be expected to be- 
come depressed during tail-flip locomo- 
tion and to leave the animal unable to 
react to subsequent threats. This prob- 
lem is acute, because even stimuli oc- 
curring as infrequently as once in 5 
minutes cause habituation, which then 
can persist for many hours (4); further- 
more, swimming sometimes involves 
long sequences of repetitive tail flips, 
which would be expected to depress the 
first-order synapses particularly severely. 
There thus arises the need for a mech- 
anism which can protect these synapses 
from change during tail flips. 

We report here that protection from 
synaptic depression does occur and is 
due to a pathway that appears to 
operate by presynaptically inhibiting 
the afferent terminals of depressable 
synapses during tail-flip responses (6). 

The phenomena discussed here are 
mediated by the abdominal nerve cord 
(1-5). In our experiments this region 
was isolated from the remainder of the 
nervous system and was either dis- 
connected from flexor musculature or 
entirely excised to prevent movement. 
Stimuli were single shocks to ganglionic 
roots containing sensory fibers. The 
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degree of escape reflex excitation was 
measured by the size of intracellularly 
recorded excitatory postsynaptic poten- 
tials (EPSP's) evoked in the cord's 
lateral giant (LG) fibers (Fig. 1), 
which are the command neurons for 
the reflex (7). In order to determine 
the extent to which the reflex was pro- 
tected from depression due to tail-flip 
responses, we activated the motor circui- 
try for such responses by directly stim- 
ulating either the medial giant fibers of 
the nerve cord (which normally drive 
tail flips in response to visual or rostral 
tactile stimulation) or the LG's them- 
selves (8). 

When stimuli which initially evoke a 
large EPSP in the LG are repeated at 
5-second intervals, there is a 25 to 35 
percent diminution of EPSP amplitude 
within a few trials (trials 1 to 11, Fig. 
2A) due to synaptic depression of the 
reflex's first tier of chemical synapses. 
This effect is the physiological correlate 
of behavioral habituation of the reflex. 
However, if an identical sequence of 
stimuli is presented, but each stimulus 
is preceded by activation of tail-flip 
motor circuits, little or no depression 
occurs (trial 11*, Fig. 2A). 

We have also carried out behavioral 
experiments on animals implanted with 
permanent giant fiber stimulation and 
recording electrodes in order to verify 
that neither tactile stimuli delivered dur- 
ing behavioral tail-flip responses nor 
repeated tail flips themselves (evoked by 
direct giant fiber stimulation) produce 
habituation in intact animals; identical 
tactile stimulation given alone causes 
marked habituation, which lasts for 
more than 2 hours. 

These effects cannot be due to sensi- 
tization of reflex excitability or "disha- 
bituation" of the reflex, such as has been 
described in other systems (9), because 
(i) repeated activation of tail-flip motor 
circuitry by itself does not cause an in- 
crease of escape reflex excitability, (ii) 
repeated activation of tail-flip motor 
circuitry in an already depressed prep- 
aration in no way facilitates recovery 
from depression, and (iii) stimuli must 
occur specifically at the time when an 

intact animal would be making a power 
stroke (10 to 40 msec after activation 
of tail-flip circuitry) for the effect to 
be maximal. We therefore consider that 
the first tier of synapses has been 
protected from synaptic depression. 

It seemed plausible that such protec- 
tion might be accomplished by pre- 
synaptic inhibition of transmitter re- 
lease from the afferent terminals of the 
labile synapses, thus minimizing highly 
probable causes of synaptic depression 
(1, 4) such as transmitter depletion 
and postsynaptic desensitization of those 
synapses. It has for some time been 
known that the escape reflex is in fact 
inhibited after activation of tail-flip 
motor circuitry (10), and the magni- 
tude of protection at various times after 
motor circuit activation does correlate 
almost perfectly with the magnitude of 
this inhibition (Fig. 2B). However, 
heretofore the inhibition of the reflex 
has been attributed exclusively to post- 
synaptic inhibition of the LG command 
neuron itself (pathway 3, Fig. 1) where 
it should not be able to influence synap- 
tic depression at the first tier of syn- 
apses. Therefore, evidence of presynap- 
tic inhibition of transmission across the 
first tier of synapses was sought by re- 
cording directly from first-order inter- 
neurons of the escape circuit. Con- 
sistent with the hypothesis of primary 
afferent inhibition, extracellular record- 
ing from several first-order tactile in- 
terneurons showed that both inhibition 
of transmission and protection from 
depression occur at the initial synapses 
of the reflex arc. 

In order to determine more directly 
whether presynaptic inhibition was op- 
erating, intracellular analysis was carried 
out on the largest of the identified first- 
order interneurons (Fig. 1, interneuron 
A), which was impaled near the initial 
segment of its main axon (11). In this 
neuron a sequence of ten stimuli de- 
livered 5 seconds apart normally re- 
sulted in a 10 to 30 percent reduction 
in amplitude of evoked EPSP's. How- 
ever, when activation of tail-flip motor 
circuits preceded each stimulus by 20 
to 30 msec, there was virtually no habit- 
uation. Accompanying this protection 
was a profound inhibition of transmis- 
sion (Fig. 2, C1 and C3) whose magni- 
tude correlated closely with that of the 
protection (Fig. 2D). 

Whereas the correlated occurrence of 
protection and inhibition in this first- 
order interneuron suggests the operation 
of presynaptic inhibition, the intracel- 
lular records show an obvious postsyn- 
aptic input following activation of tail- 
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flip motor circuits (Fig. 2, C2 and C3; 
pathway 2, Fig. 1). The depolarizing 
phase of this biphasic effect can cause 
firing when it is added to a subthreshold 
EPSP, and so is itself probably an 
EPSP. The subsequent hyperpolarization 
is an inhibitory postsynaptic potential 
(IPSP), which is associated with a 
measured conductance increase of 30 

percent. This postsynaptic inhibition is 

potent enough to rapidly repolarize an 
EPSP during its rising phase (Fig. 2, 
C4 and C5), and might have been 

thought sufficient to account for the in- 
hibition of transmission at this synapse. 

However, it seemed extremely un- 

likely to us that postsynaptic events 
could be responsible for protection, and 
a careful comparison of the time courses 

Fig. 1. Crayfish lateral giant escape reflex circuit (1-3). The 
basic circuit, in terms of named neurons, is indicated at the 
bottom of the figure. Feedback pathways (specific neurons not 
yet identified) activated by tail-flip motor circuits are indicated 
by pathways 1 to 3 at the top of the figure. Pathway 1 is 
the focus of this report. Thin lines indicate formerly established 
circuitry; bold lines, circuitry reported here; dashed lines, cir- 
cuitry conjectured on the basis of symmetry. Note that motor 
neurons F1, and so on, can be driven by other command 
systems not shown. Also, cross connections between interneurons 
A, B, and so on, monosynaptic connections to LG, and the 
inhibitory motor neuron Fio, which are not relevant to this 
report, are omitted. 

of the IPSP, functional inhibition, and 
protection supports this view. In each 
of six experiments both inhibition and 
protection outlasted the IPSP by 20 to 
more than 100 msec, and on the aver- 
age both were still at 30 percent of 
their maximum levels as the IPSP re- 
turned to baseline (Fig. 2D). Thus, both 
inhibition and protection can occur in 
the absence of any visible postsynaptic 
effect. This result supports the notion 
that presynaptic inhibition (pathway 1, 
Fig. 1) is operating and is responsible 
for protection. 

If this conclusion is correct, one 
would expect conductance increases and 
perhaps depolarizations in tactile sensory 
axon terminations during inhibition (12, 
13), and these might alter the extent to 

which focal shocks near these termina- 
tions could evoke antidromic spikes in 
the axons of origin. In fact antidromic 
volleys set up in a sensory root 
which feeds interneuron A were 
changed in size (Fig. 2E) when 
evoked after activation of tail-flip 
motor circuits (14, 15). Most often 
decreases (as in Fig. 2E) were found, 
which suggests that the result is at- 
tributable to the shunting effects of 
terminal axon conductance increases 
rather than to terminal depolariza- 
tion (16). The time course of these 
effects paralleled that of total in- 
hibition and of protection rather than 
that of the IPSP in interneuron A. 

In this instance, as in others, it has 
not been possible to obtain absolute 
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Fig. 2. (A) Excitory postsynaptic potentials (EPSP's) in LG 
during repeated stimulation. Eleven trials at one per 5 seconds 
produce rapid depression (trials 1, 2, 10, and 11 are shown). 
These provide a control for the next manipulation. After recov- 
ery, 11 stimuli at 1 per 5 seconds were again presented, but each 
of the first 10 stimuli was preceded by activation of tail-flip motor 
circuitry (via intracellular medial giant shocks). There is a 
relative lack of depression on trial 11* as compared to trial 11. 
Stimulus electrodes were on the second root of the third 
abdominal ganglion (calibration, 4 mv and 20 msec). (B) Time 
course of inhibition and protection. Percent inhibition is 
defined as 100 (1 - inhibited EPSP/control EPSP), where 
EPSP magnitude is measured from any IPSP present in the LG 
as a baseline (see text). Percent protection is defined [referring 
to format of (A)] as, 100 (trial 11* EPSP - trial 11 EPSP)/ 
(trial 1 EPSP--trial 11 EPSP). Open circles indicate mean 
percentage inhibition; closed circles indicate mean protection. 
(C) Postsynaptic potentials in interneuron A. Ci, EPSP evoked 
by shocking afferent fibers (first root, last ganglion). C2, Re- 
sponse to activation of tail-flip motor circuitry. Ca, Inhibition 
of EPSP: the motor circuitry was activated at the dot; stimulus 
of C1 at triangle. C4, Repolarization due to IPSP; the symbols 
are as in Ca; the IPSP is timed to start during the probable 
time of maximum excitatory transmitter action. C5, Graphical 
superimposition of C4 minus C3 (dashed) on C1 (calibration, 2 
mv, 20 msec). (D) Time course of hyperpolarization (closed 
circles), total inhibition (open symbols), and protection (crosses) in 
interneuron A. Afferent stimuli delivered via first root of last 
ganglion. For hyperpolarization measurements the abscissa values 
represent the times since giant fiber firing. Percentage inhibi- 
tion and protection were calculated as in (B). All measures were 

normalized to 100 at their maximum value in each experiment. Hyperpolarization and protection are given as means; total in- 
hibition is given for individual preparations (different symbols). Error markers are standard deviations over six preparations. (E) 
Antidromic sensory root responses during inhibition. Compound action potentials in the fourth (sensory) root of the last ganglion 
were elicited by shocking the terminal region of the root via a 5-Aum stainless steel electrode in neuropile. Antidromic stimuli were 
given 20 msec (E1), 80 msec (E2), and 100 msec (E3) after tail-flip motor circuit activation. In each case control responses to 
antidromic stimulation alone (the larger response) is superimposed on the test response (calibration, 1.0 msec). 
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proof of the existence of presynaptic as 
opposed to remote postsynaptic inhibi- 
tion. However, we think that, when all 
the facts reported above are considered 
together, it becomes very difficult to 
escape the conclusion that presynaptic 
inhibition is operative here and that it 
functions to protect the first synapse of 
the reflex pathway from depression dur- 
ing tail-flip responses, thereby protecting 
the animal from maladaptive habitua- 
tion. 

The theoretical possibility of a pro- 
tective mechanism based on presynaptic 
inhibition would be predicted from most 
currently favored explanations of pre- 
synaptic inhibition and synaptic depres- 
sion (17). Similarly, protection from 
postsynaptic potentiation and temporal 
facilitation seem theoretically possible, 
and the latter has been found (18). 

We believe the importance of these 
observations to be twofold. (i) Intrinsic 
changes of synaptic efficacy which play 
an important role in normal function- 
ing are not obligatory. There are mech- 
anisms which can operate to prevent 
them specifically when they would be 
maladaptive. (ii) The role of presynap- 
tic inhibition in achieving such regula- 
tion of inherent plasticity suggests a 
new and perhaps rather general func- 
tion for presynaptic inhibition in the 
nervous system. 

FRANKLIN B. KRASNE 

JOAN S. BRYAN 

Department of Psychology, 
University of California, 
Los Angeles 90024 
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of pristane, and 39 to 56 days later they were infected with Abelson murine leu- 
kemia virus, which is a lymphosarcomagenic variant of Moloney virus. Fifty-eight 
percent of the mice developed lymphosarcoma, and 28 percent developed immuno- 
globulin-producing plasmacytomas within 20 to 93 days (77 to 149 days after 
the pristane injection). Two of 57 control mice developed plasmacytomas at days 
138 and 166 after a single injection of pristane; no plasmacytomas were found in 
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mice treated with virus alone. 

The immunoglobulin-producing, trans- 
plantable murine plasmacytomas have 
proved valuable in elucidating the 
structure and function of antibodies and 
the mechanisms by which they are 
synthesized (1). Although spontaneous 
plasmacytomas are rare, they can be 
induced in BALB/c mice by the intra- 
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peritoneal implantation of various ma- 
terials, including solid plastics, mineral 
oils, and chemically pure oils such as 
2,6,10,14-tetramethylpentadecane (pris- 
tane). These agents induce a diffuse peri- 
toneal granuloma in which plasmacyto- 
mas develop after 150 to more than 600 
days (1-3). Endogenous viruses have 
been suspected of playing a role in 
plasmacytoma development. However, 
aside from the presence of C-type and 
intracisternal A-type particles (4), little 

Fig. 1. Cumulative percentage of mice 
given a single intraperitoneal injection of 
pristane on day 0 and infected with Abel- 
son virus (MLV-A) on day 57 that de- 
veloped lymphosarcomas (LS) or plasma- 
cytomas (PCT) in experiment 2. For com- 
parison the cumulative percentage of mice 
in a previous experiment that developed 
plasmacytomas following three intraperi- 
toneal injections of pristane given on days 
0, 60, and 120 is shown. 
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