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Common pattems of plasticity contributing to nociceptive
sensitization in mammals and Aplysia

Clifford ). Woolf and Edgar T. Walters

In contrast to innocuous stimuli, which only have
transient effects when applied to the body surface,
noxious stimuli gemevate persistent changes in the
nervous system. This nociceptive memory manifests
itself most prominently as a post-injury sensitization
where, after tissue damage, the avoidance reaction and
pain that result from subsequent stimuli are exagger-
ated and prolonged and can be initiated by low intensity
stimuli. Similarities between nociceptive sensitization in
mammals (including humans) and the mollusc Aplysia
californica suggest that fundamental mechanisms con-
tributing to tnjury-induced behavioral modifications
might be widespread in the animal kingdom.

All organisms encounter threats to their physical
integrity in the environment and defensive responses
to noxious stimuli are found in all major animal phyla’.
Although defensive adaptations are quite diverse in
the animal kingdom, two basic needs are shared by
virtually all animals — the need to escape from a source
of injury and the need to protect recuperating parts
from further disturbance. The latter need is met by
the generation of a state of sensitization. The term
‘sensitization’ has been used independently by physi-
ologists and psychologists to describe an increase in
sensitivity and/or magnitude of a response. Here we
only consider the sensitization induced by injury or by
physiological signals that normally signify injury. We
call this form of sensitization ‘nociceptive sensitiz-
ation’ because it involves tissue-damaging noxious
stimuli that activate nociceptors; this distinguishes it
from the sensitization produced by innocuous events
such as appetitive or novel stimuli.

The most common manifestation of nociceptive
sensitization is a hypersensitivity of the site of an
injury and of surrounding areas. If an animal has been
injured it is to the animal’s advantage that defensive
responses to subsequent stimuli near the site of ijury
are quicker and are generated at a lower threshold
than normal. Recent investigations m a number of
different mammals, including humans, and in the
mollusc Aplysia californica have shown that nocicep-
tive sensitization involves peripheral alterations at the
site of the injury and central alterations within the
neuronal circuits representing the injured region.

In humans the readiness to protect an injury is
expressed as hyperalgesia (the lowering of pain
thresholds and increased pain by normally painful
stimuli) and allodynia (the production of pain by
innocuous stimuli). This nociceptive sensitization
spreads to areas beyond the site of damage, increas-
ing the sensitivity of uninjured tissue; this phenom-
enon is known as secondary hyperalgesia. Two
general mechanisms contribute to post-injury hyper-
sensitivity states in mammals: peripheral sensitization
and central sensitization (Fig. 1A).

Peripheral sensitization in mammals
On the basis of their responsiveness to low and high
intensity stimuli, primary afferents can be character-
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ized as having a low or high threshold. Because they
respond only to noxious stimuli, primary afferents
with a high threshold are known as nociceptors.
Peripheral sensitization involves a reduction in the
threshold and an increase in the gain of the transduc-
tion processes of the primary afferent nociceptors.
Studies on single afferent fibers have demonstrated
alterations in the sensitivity of thermoreceptive noci-
ceptors in the immediate area of injury® but not in the
surrounding uninjured area®. Mechanical hypersensi-
tivity is a prominent feature at the site of injury and in
remote areas*®. An example of peripheral mechanical
sensitization is seen in a subset of articular afferents
with very high thresholds that begin to respond to
innocuous movements of the joint after experimental
arthritis®. However, changes in the thresholds of
mechanoreceptive nociceptors are rare or absent in
the zone of secondary mechanical hyperalgesia’.

Several sources of chemical signals contribute to
peripheral sensitization. Histamine, serotonin (5-HT),
hydrogen ions (H*), potassium ions (K*) and neuro-
peptides (including bradykinin and the neurokinins)
are released from injured afferents, damaged tissue
and inflammatory cells® and generate a sensitizing
‘soup’, in which the chemicals appear to act synergisti-
cally to alter the sensitivity of afferent terminals®. The
mechanisms responsible are not known but might
involve effects mediated by second messengers on ion
channels or receptors. In addition, the axon terminals
of sympathetic postganglionic neurons release amines,
purines and eicosanoids that also act on nociceptor
terminals, altering their responsiveness'".

Central sensitization in mammals

The lack of a change in the sensitivity of afferents in
areas of secondary hyperalgesia® implies that modifi-
cations in central neurons must be involved in
generating the sensory disturbances in these regions.
‘Central sensitization’ is the term that is used to
describe alterations in the responsiveness of spinal
cord neurons to normal inputs after a conditioning
noxious stimulus or peripheral tissue damage. Direct
evidence for central sensitization first appeared in a
study of the flexion withdrawal reflex in rats'!. Injury
of peripheral tissue was shown to reduce the intensity
of stimuli required to initiate a flexion reflex and to
expand the cutaneous receptive field of flexor motor-
neurons. Once these changes were established, a
local anesthetic block of the injury site did not return
the facilitated reflex to its baseline level, suggesting
that the afferent signal associated with the injury could
induce a state of prolonged facilitation in the spinal
cord''2, This effect could be mimicked by brief
electrical stimulation of peripheral nerves (1 Hz for
20 s), provided C afferents were recruited!®.

The conditioning stimuli that induce a prolonged
facilitation of the flexion reflex also produce marked
alterations in the receptive fields of dorsal horn
neurons, such as a reduction in threshold, expansion
of receptive fields and the recruitment of novel
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Fig. 1. Functional alterations and mediators implicated in nociceptive sensitization in (A) mammals and (B) Aplysia. All
entries have received some experimental support; interesting possibilities that have not yet been examined are not
listed. Question marks indicate alterations or mediators for which the evidence is indirect. Dots indicate features that
have been observed in both mammals and Aplysia. Compensatory growth of nociceptor axons in mammals might only
occur when injury is severe enough to cause denervation. (Compiled from data reviewed in text.)
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inputs'®. Similar changes have been observed in the
dorsal horn of cats and monkeys'>!. In humans
the cutaneous application of the irritant capsaicin
generates a large area of secondary mechanical
hyperalgesial”. Inputs produced by intraneural stimu-
lation of low-threshold A beta afferents with receptive
fields in such an area of secondary hyperalgesia then
begin to elicit pain, whereas before the application of
capsaicin these afferents produce only innocuous
sensations'®. These sensory changes and many of the
clinical features of acute pain are therefore likely to be
the consequence of an injury-induced sensitization of
central neurons.

The capacity of dorsal horn neurons to enlarge their
receptive fields after noxious stimuli seems to be due
to these receptive fields having an excitatory input
that is mostly subthreshold. Intracellular recordings
from dorsal horn neurons show that their receptive
fields can be divided into a high-probability firing zone,
where a stimulus elicits a discharge of action poten-
tials, and a low-probability firing fringe, where a
stimulus elicits a distinct subthreshold response but a
small, variable or absent action potential discharge'®.
By virtue of these subthreshold inputs, the receptive
fields of dorsal horn neurons can change if either
synaptic efficacy and/or membrane excitability
increases®.

The mechanism responsible for the triggering of
central sensitization in dorsal horn neurons is not
established yet. However, one clue lies in the
differences in the synaptic activation that can be
shown in ¢z vitro preparations to be produced by those
afferents that can induce central sensitization (small
diameter, high-threshold afferents) and those that
cannot (large diameter, low-threshold A beta affer-
ents). A beta afferents generate ‘fast’ excitatory post-
synaptic potentials (EPSPs) of short duration, while A
delta and C afferents produce slow EPSPs*~,
These slow EPSPs last up to 20 s after a single
stimulus and, by summating, enable a cumulatively
incrementing depolarization to occur on repeated
stimulation®®; this increases the number of spikes
elicited per stimulus and is the phenomenon of
‘windup'?*.

The slow potentials and their summation are
substantially diminished by the NMDA antagonist
p-amino-5-phosphonovaleric acid (D-APV)?3, as is
windup®>. An implication of this is that nociceptive
afferent inputs can uniquely generate a progressively
incrementing response that, because of the removal
of the voltage-dependent magnesium jon (Mg*™")
blockade of the NMDA receptor—ion channel com-
plex®8, can be further amplified in a non-linear way.
The transmitters responsible for the slow potentials
need to be established, but the neurokinins are likely
candidates?!.

The NMDA ion channel permits calcium ions
(Ca®**) to enter the cell®”; this could alter the
phosphorylation states of various proteins®. There-
fore, the potential exists for translating a brief
cumulative depolarization into a prolonged alteration
in excitability that could, because of the subthreshold
response repertoire of dorsal horn neurons, produce
dramatic changes in sensory processing in the spinal
cord — such as ‘nociceptive-specific’ dorsal horn
neurons becoming responsive to non-nociceptive
inputs®’. That the NMDA receptor has a key role in

these changes is confirmed by the demonstration in
the rat that the NMDA receptor antagonist MK-801
(dizocilpine) prevents the induction of central sensitiz-
ation # vivo and can abolish it once sensitization has
been established™.

A feature of nociceptive sensitization is its persist-
ence long after the Initiating stimulus has
terminated'>'3, A nociceptive memory has been
established, which, by contributing to an animal’s
exaggerated response to a potentially harmful situ-
ation, is adaptive. However, it should be considered
whether this sensitization is always advantageous.
Indeed the problem of chronic pain could be the
maintenance of a state of nociceptive sensitization
where such sensitization no longer has an obvious
protective role.

Nociceptive sensitization in Aplysia

Although behavioral and cellular alterations follow-
ing noxious stimulation have been studied intensively
in Aplysia for about two decades, it is only recently
that parallels between these alterations and those in
the nociceptive systems of mammals have been
recognized. Such parallels were not appreciated until
it was discovered that identified mechanosensory
neurons in Aplysia function as nociceptors. While
these sensory neurons have a wide dynamic range,

" responding with one or a few action potentials to

moderate intensity stimuli, they respond preferen-
tially to noxious mechanical stimuli, firing prolonged
high-frequency bursts in response to tissue-damaging
stimuli®".

This finding led to a series of behavioral and cellular
studies, the results of which showed that the sensi-
tizing effects of noxious stimulation in Aplysia, as in
mammals, are site specific — being greatest in the
region of noxious stimulation. Behavioral studies
showed that a brief sequence of either ten severe
pinches or electric shocks to the skin caused site-
specific sensitization of the siphon- and tail-withdrawal
responses. This sensitization was demonstrated by
test stimuli applied near the site of trauma®'. This
long-term sensitization, lasting a week or more, was
not seen when test stimuli were applied away from
the site of trauma. However, if noxious stimulation
sequences are repeated several times over a period of
hours or days, sensitization of withdrawal responses
can spread to test sites distant from the site of
trauma>* >,

Mechanisms of nociceptive sensitization
in Aplysia

Although nociceptive sensitization in  Aplysia
involves  alterations in sensory, motor and
interneurons>*, analysis has largely focused on noci-
ceptive mechanosensory neurons of wide dynamic
range that innervate the siphon and tail. These
neurons have peripheral receptive processes in the
skin that are connected by long axons to somata and
presynaptic terminals in the CNS (abdominal or
pleural ganglia). Each sensory neuron appears to
combine some of the integrative functions that, in
mammals, are distributed across primary sensory
neurons and interneurons of wide dynamic range in
the dorsal horn of the spinal cord®. Nociceptive
sensitization involves alterations in both the periph-
eral and central regions of the Aplysia sensory
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neurons (Fig. 1B). The peripheral regions of sensory
neurons innervating a traumatized region show a
decrease in mechanosensory threshold and an
increase in the number of sensory action potentials
evoked by a cutaneous test stimulus®*=?. This
peripheral sensitization is mimicked by infusing 5-HT
or molluscan small cardioactive peptide B (SCPg) into
the body wall®®*3°. Central regions of the sensory
neurons show both general and site-specific alter-
ations after noxious stimulation. A strong tail shock,
45 s in duration, causes a general facilitation of in-
active sensory neurons that lasts about 30 min and is
expressed at the synapses of sensory neurons with
receptive fields outside the shocked region®. Specific
facilitation (five times the magnitude of general
facilitation and lasting at least one day) occurs only in
neurons whose receptive fields are activated by the
shock. This activity-dependent memory of the site of
injury is functionally similar to primary hyperalgesia in
mammals®®, while the general sensitizing effect
appears to be analogous to secondary hyperalgesia in
mammals. Since the localized induction of a cellular
immune reaction in Aplysia is accompanied by an
enhancement of the excitability of nearby sensory
neurons, it seems possible that immunocytes
(perhaps similar to mammalian inflammatory cells)
might play a role in nociceptive sensitization in
molluscs*®.

Alterations In sensory neurons activated during
trauma show quantitative, but not qualitative, differ-
ences from alterations in sensory neurons that remain
silent. This suggests that trauma releases chemical
modulators that influence all the mechanosensory
neurons (‘heterosynaptic facilitation’, see Ref. 41),
and that these extrinsic influences are amplified in
sensory neurons that are firing action potentials at the
time of modulation. This activity-dependent extrinsic
modulation (ADEM) was first proposed to explain
classical conditioning***?, but a more common func-
tion of ADEM in nociceptive neurons is probably to
encode memory of a site of injury*"*¢. An important
modulator released by noxious stimulation in Aplysia
might be 5-HT*, which enhances sensory synaptic
transmission and excitability in both the CNS*41:45
and periphery®®%6. The central effects are mediated
at least in part by cyclic AMP, which causes a
depression of one or more K™ conductances, and an
increase in Ca®* transients and neurotransmitter
mobilization in presynaptic terminals of the sensory
neurons®’. Amplification of extrinsic modulatory
effects by spike activity involves Ca®* entry into the
cell; this enhances adenylate cyclase activity, increas-
ing the rate of cyclic AMP synthesis*®.

Behavioral sensitization in Aplysia, as in mammals,
can last for weeks®' 3%, A week after the tail is injured
or shocked, the mechanosensory thresholds of tail
sensory neurons are lowered and the receptive fields
are enlarged®. Long-term changes also occur in the
central regions of sensory neurons: sensory neurons
innervating a traumatized area make stronger synap-
tic connections within the CNS to follower neurons
than do sensory neurons innervating other areas™.
This is paralleled by an increase in excitability of the
centrally located sensory neuron soma®>*°, If strong
shock is repeated over hours or days, similar changes
occur in sensory neurons that have unstimulated
receptive fields*. Repeated strong shock also leads
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to morphological changes in these cells, doubling the
number of presglnaiptic varicosities and active zones
within the CNS°*%!, Indirect evidence suggests that
peripheral growth is involved in the long-term
increase in the size of the receptive field near an
injury®®. A potentially similar injury-induced expansion
of mechanonociceptor receptive fields in mammals is
suggested by observations of activity-dependent
gr%gvth of nociceptors into denervated skin of the
rat>”.

Are primitive mechanisms of plasticity
involved in nociceptive sensitization?

In mammals and Aplysia, nociceptive sensitization
is associated with profound changes in the processing
of sensory inputs. Common features include enhanced
sensitivity of peripheral sensory elements, enlarge-
ment of receptive fields, long-term modifications of
central neurons, and activity-dependent Dplasticity
(Fig. 1A,B). Because the ancestors of molluscs and
mammals diverged very early in the history of the
amimal kingdom, it is likely that some of these
similarities are due to convergent evolution of anal-
ogous processes after divergence of the groups.
These similarities might reflect common solutions to a
ubiquitous problem, that is, the dangers that follow
sublethal injury. Such processes might appear similar
at a functional level, but actually involve different
molecular mechanisms. For example, nociceptive
circuits representing an injured region show a similar
hyper-responsiveness in Aplysia and mammals.
However, one molecular mechanism, a cumulative
depolarization by the voltage-dependent unblocking of
the NMDA receptor-ion channel complex, appears to
contribute to hyper-responsiveness in mammals but
probably does not occur in Aplysia.

On the other hand, some of the similarities in
nociceptive sensitization between mammals and
Aplysia  might reflect mechanisms descended
from a primitive common ancestor of these evolution-
arily divergent groups. At present, not enough is
known about the molecular mechanisms of nociceptive
sensitization in either group to conclude that func-
tional similarities involve homologous mechanisms.
However, the arguments supporting a very early
origin of mechanisms of nociceptive plasticity®®, and
the involvement of common cellular regulatory pro-
cesses in various forms of plasticity in both groups,
suggest that homologies will be found in mammalian
and molluscan mechanisms of nociceptive sensitiz-
ation. In this regard it will be interesting to compare
the roles of various protein kinases. For example,
given the central role of cyclic AMP in depressing K™*
conductances and triggering morphological changes in
Aplysia nociceptors®™>*, it is noteworthy that cyclic
AMP can also depress K* conductances and enhance
regenerative growth in vertebrate sensory neur-
ons®> ™. Similarly, it is intriguing that sensitizing
stimulation leads to the transient expression of
‘immediate—early’ genes in rat dorsal horn neurons®®
and Aplysia neurons®®.

Because of the intense efforts underway to identify
stimulation-associated proteins in Aplysia®® and
mammals®, it seems likely that interphyletic compari-
sons of sensitization-associated proteins that display
various degrees of homology will soon become
possible. Identification of common cellular processes
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that contribute to sensitization in mammals and
molluscs might provide clues about the early evolution
of mechanisms that have widespread importance for
memory and pain.

Selected references

1 Kavaliers, M. (1988) Brain Res. Bull. 21, 923-931
2 Bessou, P. and Perl, E. R. (1969) J. Neurophysiol. 32,
1025-1043
3 Campbell, J. N,, Khan, A. A., Meyer, R. A. and Raja, S. N.
(1988) Pain 32, 327-332
4 Lewis, T. (1935) Clin. Sci. 2, 373423
5 Raja, S., Campbell, J. N. and Meyer, R. A. (1984) Brain 107,
1179-1188
6 Grigg, P., Schaible, H-G. and Schmidt, R. F. (1986)
J. Neurophysiol. 55, 635-643
7 Thalhammer, J. G. and LaMotte, R. H. (1982) Brain Res. 231,
257-265
8 Campbell, J. N. et al. (1989) Peripheral neural mechanisms of
nociception. In Textbook of Pain (2nd edn) (Wall, P. D. and
Melzack, R., eds), pp. 22—45, Churchill Livingstone
9 Lang, E., Novak, A., Reeh, P. W. and Handwerker, H. O.
(1990) J. Neurophysiol. 63, 887-901
10 Levine, J. D., Coderre, T. J. and Basbaum, A. i. (1988) in
Proceedings of the Vth World Congress on Pain (Dubner, R.,
Gebhart, G. E: and Bond, M. R,, eds), pp. 33—42, Elsevier
11 Woolf, C. ). (1983) Nature 308, 686688
12 Woolf, C. J. (1984) Pain 18, 325~343
13 Woolf, C. J. and Wall, P. D. (1986) J. Neurosci. 6, 1433—1443
14 Cook, A. )., Woolf, C. J., Wall, P. D. and McMahon, S. B.
(1987) Nature 325, 151~153
15 Chung, J. M. et al. (1989) J. Physiol. 412, 13P
16 Hoheisel, U. and Mense, S. (1989) Pain 36, 239247
17 Simone, D. A., Baumann, T. K. and LaMotte, R. H. (1989)
Pain 38, 99-108
18 Torebjork, E., Lundberg, L. and LaMotte, R. (1990) Pain 5
(Suppl.), 5114
19 Woolf, C. ). and King, A. E. (1989) J. Neurophysiol. 62,
907-916
20 Woolf, C. J. and King, A. E. (1990) J. Neurosci. 10,
2717-2728
21 Urban, L. and Randic, M. (1984) Brain Res. 290, 336-341
22 Yoshimura, M. and Jessell, T. M. (1989) J. Neurophysiol. 62,
96-108
23 Thompson, S. W. N., King, A. E. and Woolf, C. J. (1990) Eur.
J. Neurosci. 2, 638649
24 Mendell, L. M. (1966) Exp. Neurol. 16, 316—332
25 Dickenson, A. H. and Sullivan, A. F. (1987) Neuropharma-
cology 26, 1235-1238
26 Mayer, M. L., Westbrook, C. and Guthrie, P. B. (1984)
Nature 309, 261-263
27 MacDermott, A. B., Mayer, M. L., Westbrook, G., Smith, D. J.
and Barker, J. L. (1986) Nature 321, 519-521

28
29
30

31
32

33
34

35
36

37
38
39
40
41

42
43

44
45

46

47
48

49
50
51
52

53
54

55

56

57
58

59

60

Woolf, C. J. (1987) Neuroscience Lett. 73, 209-214
Woolf, C. J. and Thompson, S. W. N. Pain (in press)
Walters, E. T., Byrne, J. H., Carew, T. J. and Kandel, E. R.
(1983) J. Neurophysiol. 50, 1522-1542

Walters, E. T. (1987) J. Neurosci. 7, 400-407

Pinsker, H. M., Hening, W. A, Carew, T. J. and Kandel, E. R.
(1973) Science 182, 1039~1042

Frost, W. N., Castelluci, V. F., Hawkins, R. D. and Kandel,
E. R. (1985) Proc. Nat! Acad. Sci. USA 82, 8266-8269
Frost, W. N., Clark, G. A. and Kandel, E. R. (1988)
J. Neurobiol. 19, 297-334

Walters, E. T. (1987) J. Neurosci. 7, 408417

Billy, A. J. and Walters, E. T. (1989) J Neurosci. 9,
1254-1262

Clatworthy, A. L. and Walters, E. T. (1990) Soc. Neurosci.
Abstr. 16, 20

Klein, M., Hochner, B. and Kandel, E. R. (1986) Proc. Nat/
Acad. Sci. USA 83, 7994-7998

Billy, A. J. and Walters, E. T. (1989) Neurosci. Lett. 105,
200-204

Alizadeh, H. A, Clatworthy, A. L., Castro, G. A. and Walters,
E. T. (1990) Soc. Neurosci. Abstr. 16, 597

Kandel, E. R. and Schwartz, J. H. (1982) Science 218,
433444

Walters, E. T. and Byrne, J. H. (1983) Science 219, 405—408
Hawkins, R. D., Abrams, T. W., Carew, T. J. and Kandel, E. R.
(1983) Science 219, 400—404

Glanzman, D. L. et al. (1989) J. Neurosci. 9, 42004213
Walters, E. T., Byrne, J. H., Carew, T. ). and Kandel, E. R.
(1983) J. Neurophysiol. 50, 1543-1559

Clark, G. A. and Kandel, E. R. (1984) Proc. Nat! Acad. Sci.
USA 81, 2577-2581

Byrne, J. H. (1987) Physiol. Rev. 67, 329439

Abrams, T. W. and Kandel, E. R. (1988) Trends Neurosci. 11,
128-135

Scholz, K. P. and Byrne, J. H. (1987) Science 235, 685—687
Bailey, C. H. and Chen, M. (1983) Science 220, 91-93
Bailey, C. H. and Chen, M. (1988) Proc. Natl Acad. Sci. USA
85, 2373-2377

Nixon, B. J., Doucette, R., Jackson, P. C. and Diamond, J.
(1984) Somatosensory Res. 2, 97-126

Walters, E. T. Biol. Bull. (in press)

Nazif, F., Byrne, J. H. and Clearly, L. ). (1989) Soc. Neurosci.
Abstr. 15, 1283

Grega, D. B., Werz, M. A. and Macdonald, R. L. (1987)
Science 235, 345348

Womble, M. D. and Wickelgren, W. O. (1989) Brain Res.
485, 89-94

Kilmer, S. L. and Carlsen, R. C. (1984) Nature 307, 455-457
Hunt, S. P., Pini, A. and Evan, G. (1987) Nature 328,
632-634

Barzilai, A., Kennedy, T. E., Sweatt, J. D. and Kandel, E. R.
(1989) Neuron 2, 1577-1586

Morgan, J. |. and Curran, T. (1989) Trends Neurosci. 12,
459-462

NEUROSCIENCE IN OTHER TRENDS JOURNALS

The following is a selection of articles of possible interest to our readers
from some of TINS'sister journals.

The release and uptake of excitatory amino acids, The
by David Nicholls and David Atwell.

The nicotinic acetylcholine receptor: an allosteric

protein prototype of ligand-gated ion channel, The ras superfamily of small GTP-binding
by Jean-Pierre Changeux. proteins, by Julian Downward.
Trends in Pharmacological Sciences 11, 485-492.  Trends in Biochemical Sciences 15, 469—472.

non-NMDA receptors: types, protein
structure and molecular biology, by Eric A.
Trends in Pharmacological Sciences 11, 462—468.  Barnard and Jeremy M. Hanley.

Trends in Pharmacological Sciences 11, 500-507.

78

TINS, Vol. 14, No. 2, 1991



