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with B set at regular intervals (A6 ~ 10°) of the
rotation angle 6, we obtain a full spatial profile
of ICIDQD(kX, ky)|2. This represents the projec-
tion in & space of the probability density of a
given electronic state confined in the QD.

The model provides a simple explanation
of the magnetic field dependence of the res-
onant current features e, to e,. In particular,
the forbidden nature of the tunneling transi-
tion associated with e, and e;at B = 0 T is
due to the odd parity of the final state wave
function, which corresponds to the first ex-
cited state of a QD.

Figure 3A shows the spatial form of G(B) ~
| @, (kyo ky)|2, in the plane (k,, k,) for the three
representative QD states corresponding to the
peaks e,, e,, and e,. The measured values of
G(B) for two directions of B, parallel and anti-
parallel to the [011] axis, are shown (Fig. 3B).
The contour plots reveal the characteristic form
of the probability density distribution of a
ground state orbital and the characteristic lobes
of the higher energy states of the QD. The
electron wave function has a biaxial symmetry
in the growth plane, with axes corresponding
quite closely (within measurement error of 10°)
to the main crystallographic directions [011] and
[233]. In particular, detailed examination of the
data reveals that the projected probability den-
sity of the ground state has an elliptical form,
with the major axis along the [011] direction.

Although our measurements reveal detailed
information about the symmetry of the QD
wave functions with respect to the in-plane
coordinates, they give us no information about
the z dependence. This is directly related to the
morphology of the QDs. In general, the dot
height is much smaller than the dimensions of
the base (/). Therefore, the quantization energy
of confinement along z is much higher than that
for in-plane motion. Our discussion of the mag-
netotunneling data has made two important and
reasonable assumptions. The first is that the
motion along z is separable from the in-plane
motion. This approximation allows us to label
the QD state using the quantum numbers », and
n, for the in-plane motion and n, for motion
along z. Our second assumption is that all of the
observed peaks involve final (QD) states that
share the same type of quantum confinement
along z, i.e., have the same value of n, (= 0).

In recent years, several different approaches
have been used to calculate the eigenstates of
QDs. They include perturbation effective mass
approaches (1), eight-band k- p theory (10, 22,
23), and empirical pseudopotential models
(24). Calculations generally depict the form of
the wave functions as plots of the probability
density in real space, [\PQD(r) [2. A tunnel cur-
rent measurement can provide no information
about the phase of the wave function, but, in
general, the phase of W,,(r) is easily obtained
from a model calculation. Once the phase factor
is known, it is a straightforward task for theo-
reticians to Fourier transform the calculations of
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the wave function into & space. A direct com-
parison could then be made with our spatial
maps.

Our technique has allowed us to observe
successive features in /(V) corresponding
to resonant tunneling through a limited
number of discrete states whose wave func-
tions display the symmetry of the ground
state and first and second excited states of
QDs. However, the simple device configu-
ration does not permit us to determine
whether an excited state peak and a ground
state peak correspond to the same QD. This
question could be resolved by experiments
on structures with electrostatic gates (/8).

Despite the large number of QDs in our
sample (10 to 107 for a 100-pm-diameter
mesa), we observed only a small number of
resonant peaks over the bias range (~100
mV ) close to the threshold for current flow.
This behavior has been reported in earlier
studies (/3-18) and, although not fully un-
derstood, is probably related to the limited
number of conducting channels in the emit-
ter that can transmit electrons from the
doping layer to the QDs at low bias. There
is no reason to believe that the dots studied
are atypical of the distribution as a whole.

Magnetotunneling spectroscopy provides
us with a means of probing the spatial form of
the wave functions of electrons confined in
zero-dimensional QDs. The technique is both
noninvasive and nondestructive and allows us
to probe spatially quantum states that are
buried hundreds of nanometers below the
surface.
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Potent Analgesic Effects of
GDNF in Neuropathic Pain
States

Timothy ). Boucher,” Kenji Okuse,? David L. H. Bennett,'*
John B. Munson, John N. Wood,? Stephen B. McMahon'+

Neuropathic pain arises as a debilitating consequence of nerve injury. The
etiology of such pain is poorly understood, and existing treatment is largely
ineffective. We demonstrate here that glial cell line—derived neurotrophic
factor (GDNF) both prevented and reversed sensory abnormalities that devel-
oped in neuropathic pain models, without affecting pain-related behavior in
normal animals. GDNF reduces ectopic discharges within sensory neurons after
nerve injury. This may arise as a consequence of the reversal by GDNF of the
injury-induced plasticity of several sodium channel subunits. Together these
findings provide a rational basis for the use of GDNF as a therapeutic treatment

for neuropathic pain states.

The neurotrophic factor GDNF promotes sur-
vival of a subgroup of developing sensory
neurons (/). In adult animals, approximately
60% of dorsal root ganglion neurons normal-
ly express receptor components for GDNF (2,
3), and this factor promotes neurite out-

growth in vitro and regeneration in vivo of
both large- and small-caliber sensory neurons
(4, 5). GDNF is known to have neuroprotec-
tive effects on damaged adult sensory neu-
rons, including the reversal of axotomy-in-
duced changes in gene expression (2, 6. 7).
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One of the most important functional conse-
quences of peripheral nerve damage is the
emergence of neuropathic pain. Such pains
are often intense, persistent, and refractory to
existing analgesic therapy. Here, we have
examined the ability of GDNF to reverse the
sensory abnormalities found in animal mod-
els of neuropathic pain and have studied pu-
tative mechanisms of action.

Adult rats received a partial ligation of
one sciatic nerve (8) and continuous concur-
rent intrathecal infusion of GDNF or vehicle
(9). Ipsilateral paw sensitivity to mechanical
and thermal stimuli was assessed. Vehicle-
treated animals developed significant me-
chanical and thermal hyperalgesia (drop of
flexion-withdrawal thresholds from 12.1 = 1
to 2.2 = 0.3 g, noxious heat-induced paw
withdrawal latency from 11.9 = 0.5t0 7.4 *
0.5 s, P < 0.01; Fig. 1A). These changes
were seen within 2 days, persisting through-
out the 15-day observation period (&). With
GDNF treatment, neither mechanical nor
thermal hyperalgesia developed (no change
in threshold from baseline values at any time
after surgery, P > 0.1; Fig. 1A). In a second
model, animals received a fifth lumbar (L5)
spinal nerve ligation [modified from (10)]
with intrathecal GDNF or vehicle as before
(9). Vehicle-treated animals developed pro-
found hyperalgesia (P < 0.01); infusion of
GDNF prevented any significant changes
from preoperative baselines (Fig. 1B). Iden-
tical treatment with biologically active doses
of nerve growth factor (NGF) or the neuro-
trophin NT-3 (5, 11) had no effect on the
emergence or degree of sensory abnormality
(Fig. 1B).

We then started GDNF treatment 2 days
after spinal nerve ligation. Mechanical and
thermal hyperalgesia developed within 2 days
(drop from 12.7 = 1.5t03 = 0.6 g, 11.4 +
0.3t09.1 £0.5s, P <0.01; Fig. 1C). These
persisted in vehicle-treated animals (P <
0.01) but were reversed by GDNF treatment,
after which thresholds reverted to normal lev-
els (P > 0.1). Hyperalgesia reemerged within
3 days of cessation of GDNF infusion (P <
0.01). Identical chronic administration of
GDNF to normal animals led to no change in
responses to noxious thermal or mechanical
stimuli; withdrawal thresholds did not signif-
icantly vary from baseline values (13 *= 1 g,
13 £ 0.5s; P> 0.1). Acute peripheral treat-
ment with GDNF (plantar injections of 0.1,
1, and 10 pg) did not affect pain-related
behavior; thermal withdrawal thresholds did
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gy, University College London, London, WC1E 6BT UK.

*Present address: Department of Medicine, University
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not significantly differ from baseline values
when tested 0, 2, 4, 6, and 24 hours after
injection (P > 0.5).

A critical and necessary event for neuro-
pathic pain is the development of spontane-
ous activity following nerve damage (/2).
This activity arises from damaged neurons
themselves and from those whose axons are
intact but comingle in peripheral nerves along
with degenerating axons [(/3), see (I4)].
Therefore, we studied ectopic activity in both
L5 and L4 DRG neurons after spinal nerve
ligation of L5 alone and tested the effects of
GDNF treatment (15). In the L5 dorsal root 3
and 7 days after this injury, 31 £ 3 and 19 =
2% of damaged myelinated sensory fibers
exhibited spontaneous activity, compared
with essentially zero in the acutely cut nerve
(1237 myelinated units sampled; Fig. 2A).
Mean spontaneous activity was 23 *+ 2 spikes
per second. No spontaneous activity was seen
in C fibers at these time points (0/197 units).
With GDNF treatment, fewer fibers exhibited
spontaneous discharges (18 = 1 and 11 * 1%
at 3 and 7 days, respectively; P < 0.01,
ANOVA), and these units discharged less

frequently (14 = 2 spikes per second; P <
0.05, ¢ test). Thus, the afferent barrage enter-
ing the cord was greatly reduced (from 6.7 *
0.7 to 2.5 = 0.4 impulses per second per
myelinated fiber; P < 0.01, ¢ test; Fig. 2B).
Using spike-triggered averaging, we found
that spontaneously active units were among
the slower conducting A fibers (Fig. 3B).
GDNEF selectively prevented ectopic activity
in the slowest of these (P < 0.05, Kolmog-
orov-Smirnov test).

Qualitatively similar changes were seen in
the L4 dorsal root after L5 spinal nerve liga-
tion, with 14 *= 2% of myelinated sensory
fibers exhibiting spontaneous activity (270
units sampled), averaging 16 = 2 spikes per
second. With GDNF treatment, fewer L4 fi-
bers exhibited ectopic discharges (3 = 2%; P
< 0.01, ¢ test), and the afferent barrage was
reduced from 2.5 *+ 0.5to 0.7 * 0.5 impulses
per second per myelinated fiber (P < 0.03, ¢
test; Fig. 2B). The conduction velocity of
spontaneously active units in L4 was not
significantly different from that of silent
units, suggesting that most were low-thresh-
old mechanoreceptors (P > 0.1, ¢ test; Fig.
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Fig. 1. Nociceptive responses of animals subjected to either partial sciatic ligation (PSL) or L5 spinal
nerve ligation (SNL) combined with trophic factor treatment. Mechanical (upper) and thermal
(lower) thresholds were tested. (A) PSL results in mechanical and thermal hyperalgesia in vehicle-
treated animals (open circles). GDNF prevented the development of these sensory abnormalities
(filled triangles). (B) L5 SNL also results in mechanical and thermal hyperalgesia. Intrathecal GDNF,
but not NGF (open squares), NT-3 (filled circles), or vehicle prevented this. (C) Delayed infusion of
GDNF but not saline reverses the sensory abnormalities established by a previous L5 SNL. The
cessation of GDNF infusion results in the reemergence of hyperalgesia. Asterisks denote significant
difference between vehicle- and GDNF-treated animals on each testing day (mean * SEM; see text
for details). Filled squares denote pretreatment thresholds.
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3A). GDNF prevented ectopic activity across
this range of conduction velocities (distribu-
tion of saline and GDNF-treated units not
significantly different, P > 0.05, Kolmog-
orov-Smirnov). No spontaneous activity was
seen in C fibers in L4.

Ectopic activity in damaged nerves can be
blocked with low concentrations of tetrodo-
toxin (TTX), suggesting a role for TTX-
sensitive sodium channels in this event (16).
Nerve damage induces novel, rapidly reprim-
ing sodium-channel activity (/7). Concomi-
tantly, transcripts encoding the type III em-
bryonic sodium channel are up-regulated, and
the two TTX-resistant channels in DRG neu-
rons, SNS and NaN, are down-regulated (/8).
We examined the transcript levels of SNS,
NaN, and the type III channel in the L4 and
L5 DRG after L5 spinal nerve ligation using
reverse transcriptase—polymerase chain reac-
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Fig. 2. GDNF reduces ectopic discharges in L4
and L5 sensory neurons following L5 spinal
nerve ligation. (Top) Spontaneously active
units were recorded from fine strands of the L4
or L5 dorsal root (circled 1) (example inset),
and the total number of units in each strand
was calculated by stimulating the whole root
(circled 2). For L4 recordings the L4 spinal nerve
was acutely cut 10 mm distal to the DRG. (A)
L5 spinal nerve ligation induces spontaneous
activity in many L4 and L5 myelinated affer-
ents. This effect is markedly reduced by intra-
thecal GDNF treatment. (B) GDNF reduces the
proportion and firing frequency of ectopically
discharging units, thereby dramatically de-
creasing the total afferent barrage entering the
spinal cord. Asterisks denote significant differ-
ence between vehicle- and GDNF-treated ani-
mals (mean * SEM; see text for details).
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tion (RT-PCR) (19). In L5, expression of the
type III channel was increased, and SNS and
NaN transcripts were decreased after this in-
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Fig. 3. The conduction velocity of spontaneous-
ly active sensory neurons after L5 spinal nerve
ligation was estimated by spike-triggered aver-
aging. (Top) A spontaneously active unit in the
dorsal root (circled 1) triggered a retrospective
averaged recording in the appropriate whole
root (circled 2). The conduction velocity of
silent afferents was calculated from the stimu-
lation experiments shown in Fig. 2. For L4 sen-
sory neurons (A), ectopic firing is seen in units
with a wide range of conduction velocities, and
the whole of this range appears to be affected
by GDNF treatment. For L5 sensory neurons
(B), spontaneously active units are a slower
subset of myelinated fibers, and GDNF treat-
ment selectively affects the slowest of these.
These slower conducting afferents may have
been erstwhile myelinated nociceptors, or fi-
bers representative of the whole population of
myelinated afferents but particularly slowed
following axotomy.

jury (Fig. 4A). By using PCR conditions in the
linear range (/9), densitometric analysis of
band intensity showed an increase in type III
expression (26 = 6 to 180 = 21, arbitrary units)
and decreases in SNS and NaN expression
(146 £ 12 to 58 * 8 and 180 * 8 to 100 * 23
respectively; P < 0.05, ANOVA,; Fig. 4B). The
only significant change in the L4 DRG 7 days
after L5 spinal nerve ligation was an increase in
SNS expression (185 = 5 to 307 * 2, arbitrary
units; P < 0.001, ANOVA). GDNF treatment
suppressed expression of the type III channel
and partially restored SNS and NaN levels in
L5 (mean band intensities 54 + 12, 117 % 12,
137 = 33 respectively; not significantly differ-
ent from naive, P > 0.1, ANOVA), but had no
effect on the subunits measured in L4. Changes
in TTX-resistant channels are therefore poorly
correlated with ectopic activity and neuropathic
pain behavior. Plasticity of type III expression

" in damaged afferents is consistent with a sig-

nificant role for it in the pathogenesis of neu-
ropathic pain (20). The lack of significant
changes in L4 may reflect the lower incidence
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Fig. 4. Altered expression of sensory neuron
sodium channel a subunits after L5 spinal nerve
ligation: effects of GDNF treatment. RT-PCR
analysis of L5 DRG RNA extracts from naive
and nerve-injured rats treated with GDNF or
vehicle. RT-PCR reactions using primer pairs for
type Hll, NaN, cyclophilin, and SNS were added
to the reaction mixture (79). (A) Nerve injury
up-regulates type lll and down-regulates NaN
and SNS; treatment with GDNF prevents the
novel expression of the type Il channel and
partially restores SNS and NaN transcripts. (B)
Densitometric analysis of band intensity across
each experimental group. Asterisks denote sig-
nificant difference from naive; P < 0.05,
ANOVA.
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of ectopic activity in these neurons and/or other
contributory mechanisms.

The nerve damage that precipitates neuro-
pathic pain leads to many changes in sensory
neurons, including alterations in putative
neurotransmitters/modulators, receptors, ion
channels, structural proteins, and anatomic
terminations (27). The relative contributions
of these reactive changes are currently un-
known, especially the role of small-caliber
nociceptive neurons or large-caliber mech-
anosensitive afferents (22). There is conflict-
ing evidence regarding the role of nocicep-
tors. Antisense treatment against SNS (nor-
mally expressed in nociceptors) reduces neu-
ropathic pain behavior (23). However, few
unmyelinated afferents discharge ectopically in
neuropathic models (24), and mechanical hy-
peralgesia is unaffected by the C fiber toxin
RTX (25). We have also found that the devel-
opment of neuropathic pain behavior is unaf-
fected in null mutant mice lacking the SNS
channel (26). In contrast, the data here and in
the literature support a pivotal role for myelin-
ated afferents in the generation of neuropathic
pain: animal models show that an essential
drive for abnormal pain sensitivity is the gen-
eration of ectopic activity in damaged sensory
neurons (12, 27), arising almost exclusively in
myelinated neurons; in human neuropathic pain
states, activation of large A afferents is capa-
ble of inducing pain (28); selective lesions of
large myelinated afferents reduce neuropathic
pain behavior in animals (29).

The ectopic activity that arises in neuropath-
ic conditions is TTX-sensitive. Only the expres-
sion of the TTX-sensitive type III o subunit is
known to increase following nerve injury (20),
and we show here that GDNF prevents this. It is
unclear whether GDNF acts tonically to repress
type III expression under normal circumstanc-
es. As GDNF treatment does not affect pain-
related behavior in normal animals, the analge-
sic actions reported here are unlikely to repre-
sent general effects on pain signaling systems.
However, as GDNF regulates the expression of
a variety of genes in both large- and small-
caliber sensory neurons, including some func-
tionally relevant for nociceptive behavior
[P2X3 and VR1 (6, 7)], effects other than those
on the type III sodium channel may contribute
to its analgesic actions. This question can only
be definitively addressed with specific, type I
channel blockers, which have yet to be devel-
oped. However, the data presented here provide
a rational basis for, and demonstrate the effica-
cy of, GDNF in the treatment of neuropathic
pain.
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Long-Term Survival But
Impaired Homeostatic
Proliferation of Naive T Cells in
the Absence of p56'*

Benedict Seddon,’ Giuseppe Legname,? Peter Tomlinson,’
Rose Zamoyska'*

Interactions between the T cell receptor (TCR) and major histocompatibility
complex antigens are essential for the survival and homeostasis of peripheral
T lymphocytes. However, little is known about the TCR signaling events that
result from these interactions. The peripheral T cell pool of p56'* (lck)-defi-
cient mice was reconstituted by the expression of an inducible Ick transgene.
Continued survival of peripheral naive T cells was observed for long periods after
switching off the transgene. Adoptive transfer of T cells from these mice into
T lymphopoienic hosts confirmed that T cell survival was independent of lck but
revealed its essential role in TCR-driven homeostatic proliferation of naive T
cells in response to the T cell-deficient host environment. These data suggest
that survival and homeostatic expansion depend on different signals.

Despite environmental antigenic stimulation and
thymic production, the size of the peripheral T
cell pool is maintained at a remarkably constant
level (Z). In common with cells of other tissues,
T cells require specific signals in order to sur-
vive. In contrast to memory T cells (2—4), naive
T cells require interactions of the TCR with self
major histocompatibility complex (MHC) anti-
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gens for their prolonged survival (5-10). Fur-
thermore, T cells also have the capacity to pro-
liferate under T lymphopoienic conditions, and
for naive T cells this too requires recognition of
self MHC antigens (8, 11-13). However, less is
known about the TCR signals that govern these
processes. The src family protein tyrosine kinase
p56' (Ick) is involved in the most proximal
phosphorylation events during TCR signaling
and plays crucial roles at multiple points in T
cell development (/4, 15). It seemed likely,
therefore, that Ick would play a critical role in
the transduction of survival and homeostatic
signals through the TCR.

To evaluate the role of Ick in T cell ho-
meostasis, we produced mice that express Ick in
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