presence of multiple limbs (for example, the
two legs of Tesnusocaris or the leg and wing
of an insect) on a single hemisegment.
Modulation may occur by the regulation of
the original dorsoventral position of DIl ex-
pression or by the migration of a subset of
cells from a larger cluster (33). Our data are
consistent with a common origin of all ar-
thropod limbs from a more primitive struc-
ture that also expressed DIl. This structure

was probably unjointed, like the lobopods of -

modern onychophorans (1, 34). An exam-
ination of whether and where DIl is ex-
pressed in lobopods would test this view.
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Selective Opioid Inhibition of Small
Nociceptive Neurons

Abraha Taddese,* Seung-Yeol Nah,{ Edwin W. McCleskey

Opioid analgesia, the selective suppression of pain without effects on other sensations,
also distinguishes between different types of pain: severe, persistent pain is potently
inhibited by opioids, but they fail to conceal the sensation of a pinprick. The cellular basis
for this specificity was analyzed by means of patch-clamp experiments performed on
fluorescently labeled nociceptive neurons (nociceptors) that innervate rat tooth pulp.
Activation of the . opioid receptor inhibited calcium channels on almost all small noci-
ceptors but had minimal effect on large nociceptors. Somatostatin had the opposite
specificity, preferentially inhibiting calcium channels on the large cells. Because persistent
pain is mediated by slow-conducting, small nociceptors, opioids are thus likely to inhibit
neurotransmitter release only at those primary synapses specialized for persistent pain.

Nociceptors are primary sensory neurons
that are specialized to detect tissue damage
and to evoke the sensation of pain (I).
Their cell bodies are located in peripheral
ganglia together with other sensory neu-
rons, and their axons form synapses in the
central nervous system that are targets for
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opioids (2). Each neuron in a sensory gan-
glion transduces a particular sensory modal-
ity. To be able to identify this modality in
dissociated tissue culture, we fluorescently
labeled nociceptors in vivo by placing crys-
tals of a lipid soluble dye, DilC,g, in the
tooth pulp of rats. Through retrograde
transport back to the cell body, DilC,q
identifies the neurons projecting to tooth
pulp (3). Pain is the only sensation per-
ceived by humans when any type of physi-
ologic stimulus is applied specifically to
tooth pulp (4). Thus, labeling the cells that
innervate tooth pulp identifies a nearly pure
population of nociceptors, sensory neurons



specialized for pain perception.

Two to five days after placing a crystal of
dye at the dentin-pulp border in the max-
illary molars of adult rats, we dissected and
dissociated the two trigeminal ganglia that
contain the cell bodies of sensory neurons
that innervate the face and teeth (5). Typ-
ically, 30 to 50 labeled nociceptors were
obtained among the thousands of unlabeled
sensory neurons in each preparation (Fig.

Fig. 1. Fluorescently la-
beled tooth pulp noci-
ceptors in dissociated
cell culture. Phase (up-
per) and fluorescence
(lower) photographs of
two fields -of freshly dis-
sociated trigeminal gan-
glion neurons. (A) Small
(27 wm in diameter) no-
ciceptor. (B) Large (47
wm in diameter) noci-
ceptor. Scale bar, 100
pm. Labeted cells had
diameters as small as 20
pwmor aslarge as 60 um,
but there were more
cells between 30 and 40
wm than in any other
range.

Fig. 2. Opioids and somatostatin inhibit
Ca?* channels in different populations of
nociceptors. (A) DAMGO (1 pM) inhibits /-,
on a small nociceptor (25 wm in diameter),
but 5 wM somatostatin (Som.) has relative-
ly minimal effect. Traces show currents
evoked by pulses from —70mVto +10mV
(100-ms duration, applied every 20 s) in the
absence and in the presence (asterisk) of
DAMGO; bar above the base line indicates
the data points that were averaged to ob-
tain /-, amplitude. Graph plots /., ampli-
tude versus time; arrows indicate data
from the two traces, and bars indicate ap-
plications of somatostatin and DAMGO. As
shown in previous preparations (79),
DAMGO effects were eliminated by excess
naloxone, a competitive inhibitor of opioid
receptors. (B) The same protocol as in (A)
applied to a large nociceptor (45 pm in
diameter). DAMGO has no effect, but so-
matostatin causes marked inhibition. (C)
Average percentage inhibition (+SEM) of
Ic, by 1 pM DAMGO in small (=30 pm in
diameter) and large (=40 um in diameter)
nociceptors ( Tooth pulp) and unlabeled tri-

Average inhibition (%)

1). We compared cells at either end of the
range of cell body diameters; the small no-
ciceptors (=30 wm; average, 26.4 wm) con-
stituted about 20% of the total, and the
large nociceptors (=40 wm; average, 44.8
pm) about 25%.

We recorded current through voltage-
gated Ca?* and Na* channels with whole-
cell patch clamp in labeled nociceptors
with no neurite outgrowth; sustained Ca’*
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S
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geminal ganglion neurons (Random). Numbers of cells are indicated in parentheses. DAMGO caused
>10% inhibition of /., in 4 of 36 large nociceptors, and in 42 of 53 small nociceptors. (D) Average
percentage inhibition of /-, by 5 pM somatostatin in small and large nociceptors and in unlabeled
trigeminal ganglion neurons. Somatostatin caused >10% inhibition of /-, in 7 of 22 small nociceptors and
in 42 of 47 large nociceptors. Ca?* current was clearly inhibited (=10% decrease in amplitude) on 43%
of medium-sized nociceptors tested with 1 pM DAMGO (n = 44) and on 43% tested with 5 pM
somatostatin (n = 49). Asterisks in (C) and (D) indicate significant differences (paired ¢t test; P = 0.001 for

somatostatin and <0.001 for DBAMGO).
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current (I,) amplitude was measured about
40 ms after Na™ channels were inactivated
(6). The pentapeptide (D-Ala?,N-Me-Phe?,
Gly-ol)-enkephalin (DAMGO) was used to
activate the p opioid receptor, the binding
site for morphine; somatostatin (somatosta-
tin-14), which suppresses spinal nociceptive
responses differently than opioids do (7),
was used to activate somatostatin receptors.
In a typical small nociceptor (25 pwm in
diameter), DAMGO (1 uM) potently in-
hibited I-,, whereas somatostatin (5 pM)
had relatively minimal effect (Fig. 2A). In
contrast to its effect on small nociceptors,
DAMGO had no effect on a typical large
nociceptor (45 pm in diameter), whereas
somatostatin markedly inhibited I, (Fig.
2B). Average inhibition by DAMGO (1
M) was 21% in small nociceptors and 5%
in large nociceptors (Fig. 2C). Average in-
hibition of I, by somatostatin (5 pM) was
11% for small nociceptors and 30% for large
nociceptors (Fig. 2D). Nociceptors of inter-
mediate size (30 to 40 wm) differed unpre-
dictably in their opioid and somatostatin
sensitivities (Fig. 2), as did unlabeled sen-
sory neurons of all sizes.

In addition to targeting different popula-
tions of nociceptors, DAMGO and soma-
tostatin differed in their effective concentra-
tions and in their time courses of Ca?* chan-
nel inhibition. Half-maximal inhibition of
I, occurred at about 200 nM for DAMGO,
but inhibition by somatostatin required 10
times higher concentrations (Fig. 3A). As
expected, because of its local, fast signal
transduction pathway (8), DAMGO inhib-
ited Ca?* channels reversibly, and there was
no evidence of desensitization during expo-
sures of several minutes (Fig. 3B); therefore,
successive applications of DAMGO gave
roughly identical responses. Inhibition by so-
matostatin was more complex. Brief applica-
tions of somatostatin caused reversible inhi-
bition, but I, never fully recovered after a
prolonged application (Fig. 3C). After this
partial recovery, subsequent applications of
somatostatin diminished I, to the previous
level of inhibition, but the original, uninhib-
ited baseline of I, was never reached. Pos-
sibly, somatostatin inhibits I, through two
pathways: one that is reversible and one that
fails to reverse in the timescale of our exper-
iments. The differences between DAMGO
and somatostatin are not caused by targeting
different types of Ca’* channels; both
DAMGQO and somatostatin inhibit N-type
Ca** channels in nociceptors, as inhibition
by either peptide was virtually eliminated on
application of -conotoxin (w-CgTx)
GVIA (Fig. 3, D and E), a selective inhibitor
of N channels.

Opioids inhibit “second pain,” the dull
ache that persists after a noxious stimulus,
but they have a relatively minimal effect on
“first pain,” the initial sharp sensation (9).
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The cellular mechanism for this specificity
is unknown, but nociceptors may play a role
because two different types of nociceptors
mediate first and second pain, respectively:
action potentials for first pain are transmit-
ted by rapid-conducting, myelinated axons,
and for second pain, by slow-conducting,
unmyelinated axons (10). In teeth, shoot-
ing pain is mediated by the rapidly conduct-
ing axons, and persistent toothache by the
slowly conducting axons (11). Because ax-
ons were severed when we dissected the
neurons, we can infer axon properties only
from cell body size. Cell diameter does not
predict conduction velocity for medium-
sized sensory neurons, but very small cells

Fig. 3. Comparison of DAMGO and soma-
tostatin modulation of /. (A) Average per-
centage inhibition of /-, by different con-
centrations of DAMGO (open symbols, av-
erages from five cells of 25-pm mean di-
ameter) and somatostatin  (closed
symbols, averages from seven cells of 44-
wm mean diameter). The best least-
squares fits of Hill plots (curves) having
identical slope and maxima provide an es-
timate of concentrations for similar effects

by the two peptides. (B) Time course of /-, B

amplitude with multiple applications of
DAMGO (1 M) on a representative small
nociceptor. Opioid inhibition is character-

ized by rapid reversibility and reproducible @
inhibition on successive applications. On <
average, the increase in current on remov- $
ing DAMGO after 3 min was 0.76 *= 0.04
(SEM) of the initial decrease in current with
DAMGO (n = 6 cells of 27 wm mean diam-

eter); we attribute the incomplete reversal

to the rundown of /,,, that inevitably occurs

in 3 min. (C) Time course of /-, amplitude

with multiple applications of somatostatin

(6 pM) on a representative large nocicep-

tor. Ca2* current does not fully reverse af-

ter a 3-min application, and subsequent 3‘
applications elicit a smaller, reversible inhi- s
bition. The average increase in currenton ~ ~
removing somatostatin after 3 min was

0.41 * 0.07 (SEM) of the initial decrease of
current (n = 8 celis of 42 pm mean diam-

eter); this is markedly less recovery than

that achieved with DAMGO. (D and E)

reliably have slow-conducting axons and
very large cells have rapid-conducting ax-
ons (12). Our observations are analogous:
opioid inhibition of Ca?* channels is pre-
dictable for nociceptors at the extremes of
cell body size, but not for medium-sized
cells. Therefore, we suggest a mechanism
for selective opioid inhibition of second
pain: Activation of the w opioid receptor
inhibits Ca?* channels predominantly on
unmyelinated, slow-conducting nocicep-
tors, thereby selectively suppressing Ca’™"
evoked neurotransmitter release from those
presynaptic terminals subserving second
pain (Fig. 4). An assay of neurotransmitter
release from nociceptors might rigorously

A
304 ° DAMGO
= Som.

1 10
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§ 2 352
2_
1 1 1 1 o 1 1 L 1
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Time (min) ’ Time (min)
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Time courses of /, amplitude with applications of DAMGO or somatostatin before and during application
of w-conotoxin GVIA, a selective blocker of N-type Ca2* channels. The toxin eliminates virtually all of the
I, that is modulated by the two peptides (n = 4 for both DAMGO and somatostatin).

Fig. 4. Hypothesis for selective opioid inhibition of
second pain. (A) Biphasic pain. When a noxious
stimulus is applied to a distal limb, pain is per-
ceived intwo waves: first pain, the sharp, transient
sensation that uses nociceptors with myelinated
axons, is perceived a fraction of a second before
second pain, the dull, persisting sensation that
uses nociceptors with unmyelinated axons. (B)
Opioid analgesia. By inhibiting Ca* channels only
on the small, unmyelinated nociceptors, opioids
diminish Ca2*-evoked neurotransmitter release
only from presynaptic terminals subserving sec-
ond pain.
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test this proposal, which presently assumes
that Ca’* channels at the presynaptic ter-
minals are modulated like those at the cell
body.

Selective suppression of second pain al-
lows endogenous opioids to relieve the pain
petsisting from a previous injury without
eliminating the awareness of immediate
danger triggered by the pain of a new injury.
This specificity is why opioids are typically
used for postoperative pain relief but not for
surgery: opioids, at analgesic doses, do not
eliminate the initial sensation of a knife
cut. There are a variety of anatomic loca-
tions where opioids suppress pain (13), and
opioids modulate both Ca** and K* chan-
nels. Is it reasonable to suggest that opioid
specificity for second pain arises solely
through inhibition of Ca?* channels on
nociceptors? The synapse formed by noci-
ceptors is the first synapse in the pathway
for sensing pain, but it may be the final site
for specificity between first and second pain
because there is no evidence that their sig-
nals remain divergent at higher synapses.
However, the postsynaptic membrane,
where opioids activate K* channels (14),
may be as important in the selective inhi-
bition of pain as the presynaptic membrane,
where opioids inhibit neurotransmitter re-
lease (2). The modulation of K* channels,
which is essential to the postsynaptic action
of opioids, has no presynaptic function in
this case because opioids do not affect K*
channels in sensory neurons (15, 16). Evi-
dently, the inhibition of Ca’* channels,
coupled with the exponential dependence
of transmitter release on Ca?* entry (17), is
the primary method of presynaptic inhibi-
tion of nociceptors by opioids.

Tooth pulp innervation is complex; sen-
sory endings contained in the tooth pulp
respond to mechanical, thermal, or chemi-
cal inputs (18). Nevertheless, any physio-
logic stimulation of the pulp evokes the
sensation of pain, and patients cannot dis-
tinguish between different types of stimuli
(4). This necessarily implies that all sensory
neurons innervating the pulp, despite their
heterogeneity, form synapses on central
neurons in the signaling pathway leading to
pain perception. By providing in vitro iden-
tification of -the presynaptic cell of this
synapse, our preparation makes possible dif-
ferent cellular and molecular studies of pain
and analgesia.
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Regulated Expression of the Neural Cell
Adhesion Molecule L1 by Specific Patterns
of Neural Impulses

Kouichi ltoh, Beth Stevens, Melitta Schachner,
R. Douglas Fields*

Development of the mammalian nervous system is regulated by neural impulse activity,
but the molecular mechanisms are not well understood. If cell recognition molecules [for
example, L1 and the neural cell adhesion molecule (NCAM)] were influenced by specific
patterns of impulse activity, cell-cell interactions controlling nervous system structure
could be regulated by nervous system function at critical stages of development. Low-
frequency electrical pulses delivered to mouse sensory neurons in culture (0.1 hertz for
5 days) down-regulated expression of L1 messenger RNA and protein (but not NCAM).
Fasciculation of neurites, adhesion of neuroblastoma cells, and the number of Schwann
cells on neurites was reduced after 0.1-hertz stimulation, but higher frequencies or
stimulation after synaptogenesis were without effect.

Developing before the establishment of
synapses, spontaneous electrical activity in
prenatal neurons is of undetermined impot-
tance (1). Evidence suggests that impulses
can regulate neuronal differentiation, but
the molecular mechanisms are unknown
(1-3). The neural cell adhesion molecule
L1 has a major influence on morphogenesis
of the nervous system, by regulating cell
adhesion, neurite outgrowth, fasciculation,
myelination, and transmembrane signaling
(4). Possible control of L1 expression by
patterned impulse activity was explored in
mouse dorsal root ganglion (DRG) neurons
maintained in a multicompartment cell cul-
ture preparation (Fig. 1A) (5), designed to
deliver electrical stimulation in patterns re-
sembling the normal impulse activity in
developing sensory neurons (1).
Stimulation at a rate of one action po-
tential every 10 s (0.1 Hz) reduced L1
mRNA by a factor of 12.7 * 1.46 after 5
days of stimulation (P < 0.001; n = 8), as

K. ltoh, B. Stevens, R. D. Fields, National Institutes of
Health, National Institute of Child Health and Human De-
velopment, LDN 49/5A38, Neurocytology and Physiolo-
gy Unit, Bethesda, MD 20892, USA.

M. Schachner, Department of Neurobiology, Swiss Fed-
eral Institute of Technology, Honggerberg, 8093 Zurich,
Switzerland.

*To whom correspondence should be addressed.

SCIENCE e« VOL.270

24 NOVEMBER 1995

measured by quantitative polymerase chain
reaction (PCR) (Fig. 1, C through E). Com-
pared to 0-Hz stimulation (n = 6), differ-
ences were not significantly lower after 1 or
3 days of stimulation at 0.1 Hz (79 = 11%,
n = 3;and 89 * 5.6%, n = 3). Alternative
PCR strategies, with neuron-specific eno-
lase (n = 4) or cyclophilin (n = 6) for
normalization, or coamplification with the

_ internal L1 mimic (n = 27) (Fig. 1B), con-

firmed the reduction after 5 days.

We next investigated whether regula-
tion of L1 mRNA was sensitive to the
particular pattern of impulses, as would be
required to optimize structural and func-
tional relations according to the informa-
tion processing efficacy of the newly formed
circuit. Stimulation at higher frequencies
for 5 days (0.3 or 1 Hz; n = 3 and 4) (Fig.
1B) and pulsed stimulation (0.5-s, 10-Hz
bursts every 2 s; n =.2) failed to alter levels
of L1 mRNA. Chronic membrane depolar-
ization for 5 days with 60 mM KCI was
without effect (n = 3).

Protein immunoblot analysis showed a
decrease in L1 polypeptide amounts accom-
panying the reduction of L1 mRNA (Fig.
2). Both molecular species of L1 in DRG
neurons (210 and 230 kD) (6, 7) decreased
significantly after 5 days of 0.1-Hz stimula-
tion (P < 0.05, n = 21), but not after an
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