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Blocking Caspase Activity Prevents Transsynaptic Neuronal
Apoptosis and the Loss of Inhibition in Lamina II of the
Dorsal Horn after Peripheral Nerve Injury
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We show that transsynaptic apoptosis is induced in the superficial dorsal horn (laminas I-III) of the spinal cord by three distinct partial
peripheral nerve lesions: spared nerve injury, chronic constriction, and spinal nerve ligation. Ongoing activity in primary afferents of the
injured nerve and glutamatergic transmission cause a caspase-dependent degeneration of dorsal horn neurons that is slow in onset and
persists for several weeks. Four weeks after spared nerve injury, the cumulative loss of dorsal horn neurons, determined by stereological
analysis, is >20%. GABAergic inhibitory interneurons are among the neurons lost, and a marked decrease in inhibitory postsynaptic
currents of lamina II neurons coincides with the induction of apoptosis. Blocking apoptosis with the caspase inhibitor
benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone (zVAD) prevents the loss of GABAergic interneurons and the reduction of
inhibitory currents. Partial peripheral nerve injury results in pain-like behavioral changes characterized by hypersensitivity to tactile or
cold stimuli. Treatment with zVAD, which has no intrinsic analgesic properties, attenuates this neuropathic pain-like syndrome. Pre-
venting nerve injury-induced apoptosis of dorsal horn neurons by blocking caspase activity maintains inhibitory transmission in lamina

IT and reduces pain hypersensitivity.
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Introduction

Caspases are a family of proteases that selectively hydrolyze pep-
tide bonds on the carboxyl end of an aspartate residue (Degterev
et al., 2003). Caspases play a key role in mediating apoptosis
caused by activation of death receptors, disturbance of mito-
chondrial function, and endoplasmatic reticulum stress (Ferri
and Kroemer, 2001; Degterev et al., 2003). Apoptotic pathways
initiated by these diverse events ultimately converge on the cleav-
age and activation of the “executioner” protease, caspase-3. In the
adult CNS, caspase activation is detected after ischemic brain
damage and in animal models of Alzheimer’s disease, Hunting-
ton’s disease, Parkinson’s disease, or amyotrophic lateral sclerosis
(Yuan and Yankner, 2000; Friedlander, 2003; Tatton et al., 2003).
Strategies to improve neuronal survival include targeting up-
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stream mediators of caspase activation and direct inhibition of
these enzymes (Friedlander, 2003; Benn and Woolf, 2004). Syn-
thetic peptides such as benzyloxycarbonyl-Val-Ala-Asp(OMe)-
fluoromethylketone (zVAD), which share the recognition motif
of caspase substrates, block the activity of caspases competitively
and, depending on their linkage to halomethylketones, irrevers-
ibly (Ekert et al., 1999). Peptide-based caspase inhibitors reduce
neurodegeneration in models of cerebral ischemia, Huntington’s
disease, and amyotrophic lateral sclerosis (Friedlander, 2003).

Peripheral nerve injury produces apoptosis in the dorsal horn
of the spinal cord (Sugimoto et al., 1990; Azkue et al., 1998;
Whiteside and Munglani, 2001; Moore et al., 2002). In the super-
ficial dorsal horn (laminas I-III), interneurons containing the
transmitters GABA and glycine produce presynaptic and
postsynaptic inhibition (Malcangio and Bowery, 1996). After
partial peripheral nerve injuries, afferent-evoked IPSCs in lamina
II neurons are either abolished or markedly decreased as a result
of a reduced presynaptic release of GABA (Moore et al., 2002).
Based on the temporal coincidence of apoptotic cell death and the
reduction of inhibitory currents after nerve injury, we have
hypothesized that apoptosis of inhibitory interneurons leads to a
decrease in spinal inhibition and, thereby, to neuropathic pain
(Scholz and Woolf, 2002).

We now show that nerve injury-induced apoptosis in the dor-
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sal horn is slow in onset and occurs at low frequency but persists
for weeks. The apoptosis is triggered by primary afferent input,
mediated by glutamatergic transmission, and involves caspase-3
activation in neurons. The cumulative loss of dorsal horn neu-
rons is substantial and includes GABAergic interneurons.
Caspase inhibition reduces the number of apoptotic profiles, pre-
vents the decrease in spinal inhibition in lamina II, and dimin-
ishes pain-like behavior.

Materials and Methods

Animals. We used adult male Sprague Dawley rats (Charles River Labo-
ratories, Wilmington, MA) for all experiments. Animal procedures were
approved by the Subcommittee on Research Animal Care of Massachu-
setts General Hospital.

Nerve injury models. Surgery was performed under 3% isoflurane an-
esthesia. For spared nerve injury (SNI), we ligated the tibial and common
peroneal branches of the left sciatic nerve with 5-0 silk and transected
them distally (Decosterd and Woolf, 2000). Chronic constriction injury
(CCI) consists of four loosely tied 4-0 chromic gut sutures around the
proximal sciatic nerve (Bennett and Xie, 1988). For spinal nerve ligation
(SNL), the L5 spinal nerve was tightly ligated (Kim and Chung, 1992).
For sham operations, the sciatic nerve was exposed at its trifurcation
without injury.

Sciatic nerve block. Microspheres loaded with 75% w/w bupivacaine
(BUP) were mixed into Tissucol (Baxter, Volketswil, Switzerland) fibrin
sealant (300 mg/ml BUP). A silicone tube (length, 12 mm) was incised
longitudinally, wrapped around the proximal sciatic nerve, filled with
100 wl of the BUP microspheres in fibrin, and sealed with thrombin
(Suter et al., 2003). After recovery of the animals, we ensured by nocicep-
tive stimulation, proprioceptive and motor tests that the nerve block was
complete. Vehicle treatment consisted of a silicone tube filled with fibrin
sealant.

Intrathecal administration of drugs. For single injections of muscimol
(Sigma-Aldrich, St. Louis, MO) or zVAD (MP Biomedicals, Irvine, CA),
we inserted polyethylene catheters (PE-10) in the lumbar subarachnoid
space with the catheter tip positioned dorsally at spinal level L3. We
implanted osmotic minipumps (Alzet, Cupertino, CA) subcutaneously
for continuous delivery of 500 ng/h zVAD (Li et al., 2000), dizocilpine
(MK-801; 10 nmol/h; Sigma-Aldrich), or vehicle and connected them to
an intrathecally placed catheter. Continuous drug treatment started at
the time of nerve injury. Animals treated with MK-801 received an addi-
tional bolus injection of MK-801 (1 mg/kg, i.p.) before the pump
implantation. After completion of the experiments, we confirmed the
location of the catheter tip. Animals with neurological deficits after cath-
eter implantation were excluded.

Detection of apoptosis. After transcardial perfusion with 4% parafor-
maldehyde, we dissected the spinal cord and collected serial transverse
cryosections (10 wm) of the L4 and L5 segments. We used the ApopTag
Fluorescein In Situ kit (Chemicon, Temecula, CA) to identify apoptotic
nuclei by terminal deoxynucleotidyl transferase-mediated X-dUTP nick
end labeling (TUNEL) and chromatin staining with bisbenzimide
(Hoechst 33342; Chemicon) and counted apoptotic profiles in laminas
I-1II of the dorsal horn on samples of 10 sections selected in a uniform
random manner. We immunolabeled neurons using a monoclonal
antibody against neuron-specific nuclear protein (NeuN; 1:1000;
Chemicon). Active caspase-3 was stained with a polyclonal antibody
(1:5005 Cell Signaling Technology, Beverly, MA).

Disector counts. For total neuron counts, we perfused animals with
1.25% glutaraldehyde and 1% paraformaldehyde. We stained four uni-
form random vibratome sections (100 wm) of the L4 spinal cord free-
floating, using peroxidase—antiperoxidase immunohistochemistry for
NeuN (1:2000). Stained vibratome sections were embedded in a mixture
of Epon and Araldite and sectioned at 1 wm thickness. Photographs of
two 1 wm sections (reference and look-up) separated by three interme-
diate sections were used to construct montages. The midpoints of lamina
II-1IT and III-IV boundaries were connected with a straight line. Because
the sciatic nerve projects medially in the L4 dorsal horn, we counted
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NeuN-immunolabeled neurons in the medial half of laminas I-IIT as
delineated previously (Coggeshall et al., 2001).

For counts of glutamic acid decarboxylase 67 (GAD67) mRNA-
positive neurons, we perfused animals with 4% paraformaldehyde. In
situ hybridization was performed on five random pairs of adjacent cryo-
sections (10 wm) through the L4 dorsal horn using a digoxygenin-labeled
RNA transcript of a linearized plasmid, which contains a 460 bp GAD67
cDNA insert. Sections were incubated for 10 min in 0.125% acetic anhy-
dride and 0.675% triethanolamine and equilibrated for 30 min in hybrid-
ization buffer (50 mmol/L Tris chloride, 50% formamide, 5 mmol/L
EDTA, 0.6 mol/L NaCl, 0.25% SDS, 1X Denhardt’s solution, 10% dex-
tran sulfate, 100 pwg/ml salmon sperm DNA, and 250 ug/ml yeast tRNA).
We incubated the sections with 1 ug of antisense RNA probe per millili-
ter of hybridization buffer for 40 h at 60°C. Transcripts in sense orienta-
tion served as control. After immunodetection with alkaline
phosphatase-conjugated anti-digoxygenin Fab fragments (1:500; Roche,
Indianapolis, IN), digital photographs of the dorsal horns were mon-
taged and the number of GAD67 mRNA-positive neurons was deter-
mined by physical dissector analysis.

Electrophysiological investigations. Two weeks after SNI, we prepared a
transverse slice (thickness, 600—700 wm) of the L4 spinal segment with
the left dorsal root attached. Whole-cell patch-clamp recordings from
lamina II neurons were performed in the ipsilateral dorsal horn.
Afferent-evoked IPSCs and currents induced by muscimol were recorded
at a holding potential of 0 mV (Moore et al., 2002).

Behavioral testing. After habituation, we obtained two baseline mea-
sures during the week before SNI. Animals were examined for 4—5 weeks
after surgery. Animals were placed on an elevated wire grid, and the
plantar surface of the hindpaw was stimulated within the territory of the
sural nerve. We used a series of ascending von Frey monofilaments to test
for mechanical allodynia. The withdrawal threshold was determined as
the lowest force that provoked a paw withdrawal at least twice in 10
applications. Mechanical hyperalgesia was examined by pricking the skin
with a safety pin and measuring the duration of paw withdrawal. To test
for cold allodynia, we applied a drop of acetone to the skin (Decosterd
and Woolf, 2000).

Statistics. Investigators were blinded to all treatments in all experi-
ments. Data are presented as mean = SEM. We used an unpaired two-
tailed Student’s t test to compare between group differences after SNI. A
paired t test was applied to calculate differences between dissector counts
in the ipsilateral and contralateral dorsal horn. We performed a repeated-
measures analysis of the behavioral test results, using a mixed-effects
model in which the correlation structure over time was modeled as a
first-order autoregressive process. Asterisks in the figures indicate levels
of significance (*p < 0.05; **p < 0.01; ***p < 0.001).

Results
Peripheral nerve injury causes caspase-dependent apoptosis
of dorsal horn neurons
TUNEL-positive nuclei appear 1 d after SNI in the ipsilateral
dorsal horn of the spinal cord, manifesting chromatin changes
typical of apoptosis: condensation, fragmentation, and margin-
ation (Fig. 1A). The numbers of apoptotic profiles (TUNEL-
positive with typical chromatin changes) peak on day 7 (p <
0.001 compared with sham-operated controls) and remain sig-
nificantly elevated 21 d after injury (Fig. 1 B). The nerve injury-
induced apoptosis is restricted to the ipsilateral dorsal horn; there
is no increased occurrence of apoptotic profiles contralaterally.
We found more apoptotic nuclei after SNI in the L4 dorsal horn
(14.8 = 0.83 profiles per sample on day 7), in which the majority
of sciatic nerve afferents terminate (Swett and Woolf, 1985), than
in the L5 dorsal horn (3.80 = 0.59) (Fig. 1C). There are no signs
of necrosis in Nissl- or Fluoro-Jade B-stained (Schmued and
Hopkins, 2000) dorsal horn sections after SNI.

To explore whether the induction of apoptosis involves the
executioner caspase-3 in dorsal horn neurons, we combined im-
munostaining for cleaved (active) caspase-3 (Casp-3a) and the
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neuronal nuclear protein NeuN. Seven days after SNI, we found
Casp-3a localized in the nuclei of neurons in the L4 dorsal horn
(4.38 = 0.63 profiles per sample, compared with 0.28 * 0.18
contralaterally; p < 0.001) (Fig. 1 D). Continuous intrathecal ad-
ministration of the caspase inhibitor zZVAD for 7 d after the injury
reduces the number of apoptotic profiles (Fig. 1E), indicating
that the nerve injury-induced apoptosis of dorsal horn neurons
depends on caspase activation.

Injury-induced loss of dorsal horn neurons

To determine the loss of neurons, we performed a stereological
analysis of cells immunopositive for NeuN 4 weeks after SNI,
after the injury-provoked apoptosis had declined, and found that
the number of neurons in the ipsilateral L4 dorsal horn (laminas
I-1IT) was reduced by 22% (Fig. 1 F, G). To confirm the reliability
and specificity of the neuronal marker, we examined these sec-
tions by electron microscopy and found that all cells identified by
electron microscopy as neurons (1 = 100) are NeuN immunore-
active, whereas glial cells (n = 169) are not.

Apoptosis is triggered by afferent activity

A pattern of apoptosis similar to that produced by SNI also occurs
in two other models of peripheral nerve injury, CCI of the sciatic
nerve and ligation of the L5 spinal segmental nerve (SNL) (Fig. 2).
After SNL, we found apoptotic profiles in both the L4 and L5
segments of the dorsal horn (Fig. 2). As in SNI, there is no in-

3 7 14 21 42
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Number of neurons

Apoptosis and neuronal loss after SNI. A, Confocal images of TUNEL-positive nuclear profiles in the ipsilateral L4
dorsal horn. High magnification shows fragmentation and condensation of chromatin [stained with bisbenzimide; Hoechst
33342 (H33342)]. B, Numbers of apoptotic profiles peaked on day 7 and were significantly elevated for 3 weeks after injury. €,
More apoptotic profiles were found in the L4 dorsal horn compared with the L5 dorsal horn 7 d after SNI. Overlays from six
animals, 10 sections per animal, are shown. D, Casp-3a in the nuclei of dorsal horn neurons labeled by NeuN immunostaining.
E, Continuous intrathecal delivery of zVAD reduced the number of apoptotic profiles in the L4 dorsal horn 7 d after SNI. F, G,
Dissector counts revealed a substantial reduction in the number of neurons (NeuN) in the L4 dorsal horn 4 weeks after SNI. B, E,
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crease of apoptotic profiles in the contralat-
eral dorsal horn after CCI or SNL (data not
shown).

To explore whether afferent activity is re-
quired for the induction of apoptosis after
SNI, we blocked conduction in the sciatic
nerve proximal to the lesion site using a sil-
icone tube filled with BUP-loaded micro-
spheres (Suter et al., 2003) (Fig. 3A). The
microspheres produce a sensory and motor
block that lasts for 7-8 d. This treatment
decreases apoptosis in the L4 dorsal horn
(Fig. 3B). However, 7 d after the end of the
* BUP block (i.e., 14—15 d after the start of the
treatment), the number of apoptotic pro-
files in the dorsal horn is essentially the same
as in vehicle-treated animals 7 d after SNI

Days after surgery

C— SN, vehicle

. SN, ZVAD

(Fig. 3B). Therefore, a temporary peripheral

200001 ——conra D€rve block delays, but does not eliminate,
- - psi nerve injury-evoked apoptosis, suggesting

15000 that ongoing afferent activity is responsible

* for the protracted induction of apoptosis.

10000 The major excitatory transmitter re-
50001 leased by primary sensory afferents that
terminate in the superficial dorsal horn is

0- glutamate, which acts on ionotropic and
metabotropic receptors (Moore et al,
2000). High-calcium influx after activa-
tion of the NMDA glutamate receptor
is associated with excitotoxic apoptosis
(Hardingham and Bading, 2003). We
tested whether nerve injury-induced
apoptosis is mediated by NMDA receptor
activation using the noncompetitive an-
tagonist MK-801. An intraperitoneal in-
jection of MK-801 (1 mg/kg) at the time of
nerve injury followed by continuous in-
trathecal application (10 nmol/h) significantly decreased the
number of apoptotic profiles 7 d after SNI (Fig. 3C).

Blocking apoptosis prevents the loss of spinal inhibition
Peripheral nerve injury causes a reduction in presynaptic GABA
release, leading to a decrease in spinal postsynaptic inhibition
(Moore et al., 2002).

GADG67 synthesizes GABA and is a marker for GABAergic
inhibitory interneurons (Mackie et al., 2003). Using GAD67
mRNA in situ hybridization, we found that, 4 weeks after SNI, the
number of GABAergic interneurons in the ipsilateral dorsal horn
decreases by 24.2 = 2.7% in laminas I-II and 25.0 = 2.5% in
lamina III, compared with the contralateral side ( p < 0.001). The
number of GABAergic neurons in the contralateral dorsal horn is
unchanged compared with the dorsal horn of naive rats. To block
caspase activity and prevent injury-induced apoptosis of
GABAergic neurons, we administered zVAD intrathecally, start-
ing at the time of SNI. Continuous treatment with zVAD for 4
weeks protects against the loss of GAD67 mRNA-positive neu-
rons (106.1 * 11.0% in lamina I-IT and 104.5 = 8.2% in lamina
III compared with contralateral) (Fig. 4), indicating that the de-
crease in GABAergic interneurons results from apoptosis.

To test whether caspase-dependent apoptosis of interneurons
is responsible for the reduced postsynaptic inhibition of superfi-
cial dorsal horn neurons after nerve injury, we recorded primary
afferent-evoked IPSCs in zZVAD-treated animals after SNI. In na-
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Figure3. Nerveinjury-induced apoptosis depends on glutamatergic afferentinput. 4, Sche-

matic drawing illustrating the sciatic nerve block proximal to the lesion site. B, A continuous
conduction block produced by BUP decreased the number of apoptotic profiles on day 7 after SNI.
Seven days after the block had worn off, the number of apoptotic profiles was comparable with thatin
vehicle-treated animals 7 d after SNI. ¢, Continuous blockade of spinal NMDA receptors by
intrathecal MK-801 reduced the apoptosis in the dorsal horn 7 d after SNI (n = 5-6).

ive animals, afferent stimulation evokes IPSCs in >95% of lam-
ina II neurons (Fig. 5A). These IPSCs have two elements: a gly-
cinergic component (blocked by strychnine) and a GABAergic
component (blocked by the GABA , receptor antagonist bicucul-
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Figure 4.  Blocking apoptosis rescued GABAergic interneurons. Continuous treatment with
2VAD prevented the loss of GAD67 mRNA-positive neurons in the ipsilateral L4 dorsal horn 4
weeks after SNI. Scale bar, 100 wm.

line) (Yoshimura and Nishi, 1995; Moore et al., 2002) (Fig. 5B).
Although every recorded neuron still has monosynaptic and
polysynaptic excitatory input, the number of neurons with de-
tectable afferent-evoked IPSCs drops by ~30% 2 weeks after SNI
(Fig. 5A). In these neurons, the peak amplitude of evoked IPSCs
is 58.2 £ 6.6 pA compared with 122.9 = 13.8 pA in naive animals
(p <0.01) (Fig. 5C), and the decay time constant declines from
33.4+29to13.4 = 1.3 ms (p <0.01) (Fig. 5D). Recordings in
the presence of strychnine (0.5 wmol/L) and bicuculline (5-10
pmol/L) reveal a particularly marked reduction in the GABAer-
gic IPSC component ( p < 0.01) (Fig. 5B, E). Continuous intra-
thecal delivery of zZVAD, starting at the time of SNI, prevents the
decrease in afferent-evoked IPSCs (Fig. 5A—E) and restores the
frequency of spontaneous IPSCs (2.7 = 0.6 Hz compared with
1.2 = 0.4 Hz in vehicle controls; p < 0.05).

The nerve injury-induced loss of inhibition in the dorsal horn
is not a consequence of diminished afferent input to interneu-
rons. The number of primary sensory neurons decreases late (>8
weeks) after axotomy (Tandrup et al., 2000). There is no loss of
monosynaptic excitatory currents in lamina Il neurons (Moore et
al., 2002), and polysynaptic afferent input actually increases after
SNI (Kohno et al., 2003). Nor does the decrease in afferent-
evoked IPSCs result from a reduced sensitivity to GABA. In con-
trast, outward currents of lamina II neurons in response to the
GABA , receptor agonist muscimol (5 wmol/L) are enhanced af-
ter SNI ( p < 0.001) (Fig. 5F). We found that muscimol admin-
istration does not elicit inward currents in any neuron recorded
in lamina II. Intrathecal injections of muscimol attenuate the
hypersensitivity to mechanical stimuli after SNI (p < 0.05)
(Fig. 5G), indicating that GABA , receptors in the dorsal horn are
functional and produce analgesia.

Anti-apoptotic treatment reduces neuropathic

pain-like behavior

The nerve damage associated with SNI, CCI, or SNL elicits be-
havioral features characteristic of neuropathic pain: hypersensi-
tivity to normally innocuous tactile or cold stimuli (mechanical
and cold allodynia) and exaggerated responses to noxious me-
chanical stimuli (pinprick hyperalgesia) (Bennett and Xie, 1988;
Kim and Chung, 1992; Decosterd and Woolf, 2000). Continuous
intrathecal delivery of zZVAD for 4 weeks after SNI attenuates the
development of mechanical allodynia (p < 0.001, compared
with vehicle treatment), pinprick hyperalgesia ( p < 0.01), and
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Blocking apoptosis preserved spinal inhibition. A, Continuous zVAD treatment protected against the loss of afferent-evoked IPSCs recorded from lamina Il neurons of the ipsilateral L4

dorsal horn 2 weeks after SNI. B, Representative recordings of evoked IPSCs. €, Caspase inhibition by zZVAD prevented the decrease in peak amplitude of remaining IPSCs. Numbers of recorded neurons
are shown inside the bars. D, Shortening of the decay time constant of the IPSCs reflected a loss of GABAergic currents after SNI and was not seen in recordings from zZVAD-treated animals. £, IPSC
recordings in the presence of strychnine (0.5 mol/L), followed by bicuculline (5-10 wmol/L), confirmed the decrease in GABAergic currents. F, Bath application of the GABA, receptor agonist
muscimol elicited potentiated responses of lamina Il neurons after SNI. G, Intrathecal administration of muscimol reduced mechanical allodynia, which developed after SNI (n = 6-7). 4, C-E, G,
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cold allodynia ( p < 0.01) without altering the sensitivity of the
contralateral hindpaw (Fig. 6). Mechanical allodynia (withdrawal
threshold, 2.54 = 1.30 gin zZVAD-treated animals vs 0.70 = 0.32 g
in vehicle controls; not significant) and pinprick hyperalgesia
(withdrawal duration, 5.27 * 2.57 s vs 10.46 * 3.26 s; p < 0.05)
remain decreased 5 d after termination of the zZVAD treatment. A
single injection of zVAD (500 ng) has no effect on basal pain
sensitivity in naive animals (# = 6) nor does it reduce neuro-
pathic pain-like behavior (mechanical allodynia, pinprick hyper-
algesia, cold allodynia) in animals 21 d after SNI (# = 6; data not
shown). Blocking apoptosis with a treatment that has no intrinsic
analgesic properties, but which prevents the loss of neurons and
preserves GABAergic inhibition in dorsal horn lamina II, atten-
uates neuropathic pain.

Discussion

Peripheral nerve injury produces apoptosis in the ipsilateral dor-
sal horn of the spinal cord thatleads to a cumulative loss of >20%
of neurons in superficial laminas over 4 weeks. During this time,

are positive for a very short time, only 1-3
h (Gavrieli et al., 1992; Rossiter et al.,
1996). Using assumption-based profile
counts to estimate the number of surviving neurons (Ibuki et al.,
1997; Eaton et al., 1998; de Novellis et al., 2004) is also inappro-
priate: a quantitative evaluation of neuronal loss requires stereo-
logical counting techniques (West, 1999). Therefore, we used a
physical dissector method to determine the decrease in dorsal
horn neurons 4 weeks after SNI. Because of the delayed onset and
the extended course of nerve injury-provoked apoptosis, this
time interval is necessary to assess the neuronal loss. The pro-
tracted nature of neuronal death in the dorsal horn may explain
why previous attempts to establish a loss of neurons early after the
lesion, within the first 2 weeks, have failed (Polgar et al., 2003,
2004).

To investigate whether neuronal activity after nerve injury is
responsible for the induction of apoptosis in the dorsal horn, we
produced a temporary conduction block proximal to the injury
site. Blocking afferent input prevents the apoptosis but only for
the duration of the block. Once the conduction block is removed,
apoptosis resumes. The neurodegeneration is obviously not
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caused by the short-lived injury discharge, an intense firing of
afferent fibers that follows nerve transection (Liu et al., 2000).
Axotomy alone is insufficient to provoke a loss of dorsal horn
neurons (Coggeshall et al., 2001) or a decrease in IPSCs (Moore et
al., 2002). We show that ongoing afferent activity determines the
fate of dorsal horn neurons after partial nerve lesion. We hypoth-
esize that ectopic discharges trigger the activity-induced apopto-
sis of dorsal horn neurons. Injured afferents and neighboring
primary sensory fibers that are not directly affected by the lesion
develop ectopic activity a few days after nerve injury, and this
spontaneous activity is maintained for weeks (Liu et al., 2000;
Michaelis et al., 2000; Wu et al., 2001). Because we see many
apoptotic profiles in the L4 spinal segment after an L5 spinal
nerve ligation, a large proportion of transsynaptic apoptosis after
partial nerve injury is likely provoked by the ectopic activity of
neighboring uninjured afferents. Blocking the ionotropic NMDA
glutamate receptor reduces nerve injury-induced apoptosis, in-
dicating that excitotoxic levels of glutamate released by primary
afferents cause the degeneration of dorsal horn neurons. Presum-
ably by mimicking the effect of ectopic activity, electrical stimu-
lation of a sciatic nerve after complete transection causes substan-
tial neuronal loss (Coggeshall et al., 2001).

Four weeks after SNI, we found a 25% reduction of GABAer-
gic interneurons labeled by GAD67 mRNA in situ hybridization
(Mackie et al., 2003). The total GAD67 protein level in the dorsal
horn remains stable after SNI (Moore et al., 2002), implying that
surviving interneurons increase the synthesis of GAD67. There
are conflicting reports on changes in GABA-immunoreactive
cells after peripheral nerve injury, which likely reflect the differ-
ent timings of nerve lesions, the spinal cord segments analyzed,
and the variability of this immunohistochemical technique
(Ibuki et al., 1997; Eaton et al., 1998; Polgar et al., 2003). We
found that the proportion of lost GABAergic interneurons equals
the decline of total neurons, arguing against a selective vulnera-
bility of these interneurons to nerve injury-induced degenera-
tion. Blocking apoptosis by caspase inhibition prevents the de-
crease in GABAergic interneurons after SNI and preserves the
integrity of GABAergic spontaneous and afferent-evoked IPSCs
in lamina II. Treatment with zVAD protects from both the com-
plete loss of IPSCs in ~30% of lamina I neurons and a substan-
tial reduction of IPSCs in the remaining lamina II neurons. These
results suggest that caspase activation in the interneurons is re-
sponsible for the decrease in spinal inhibition after nerve injury.
The fact that the relative reduction of GABAergic inhibition is
greater than the loss of GABAergic interneurons indicates a
caspase-dependent functional impairment of surviving neurons.
Enhanced afferent input resulting from GABAergic disinhibition
probably further aggravates the loss of dorsal horn neurons: re-
ducing GABAergic inhibition pharmacologically with bicucul-
line results in an increased A fiber-mediated polysynaptic excita-
tion of lamina II neurons in naive animals (Baba et al., 2003). A
similar recruitment of polysynaptic A fiber input to lamina II cells
occurs after nerve injury (Okamoto et al., 2001; Kohno et al.,
2003). After peripheral nerve injury, GABA anomalously pro-
duces excitation in a subgroup of lamina I neurons as a result of
altered anion transport (Coull et al., 2003). Complementary to
the loss of inhibition in lamina II neurons, this change may well
also increase excitation and pain sensitivity after nerve injury,
particularly if present in projection neurons (Mantyh and Hunt,
2004). However, we and others (Malan et al., 2002) have observed
that intrathecal administration of GABA agonists decreases pain-
like behavior after nerve injury, indicating that the predominant
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GABAergic effect in the spinal cord is to produce inhibition, not
excitation.

Blocking nerve injury-induced apoptosis in the dorsal horn
attenuates neuropathic pain-like behavior. Because the onset of
apoptosis is slow, it is very unlikely that the degeneration of in-
hibitory interneurons contributes to the development of pain in
the first few days after nerve injury. The effect of caspase inhibi-
tion on pain-like behavior becomes evident at the time when
apoptosis peaks. The improvement is incomplete, presumably
because not all the neurons rescued from apoptosis fully main-
tain their functional integrity. In addition, other mechanisms
that are independent of the degeneration of inhibitory interneu-
rons contribute to neuropathic pain. These include afferent
activity-evoked central sensitization (Woolf and Salter, 2000),
microglia activation (Tsuda et al., 2005), and altered modulation
of sensory transmission by pathways descending from the brain-
stem (Mantyh and Hunt, 2004; Suzuki et al., 2004). The reduc-
tion of neuropathic pain produced by zZVAD outlasts its discon-
tinuation, suggesting that degeneration of inhibitory
interneurons contributes to the persistence of neuropathic pain.
The prolonged effect is certainly not attributable to the half-life of
caspase inhibition by zZVAD, which is <40 min (Garcia-Calvo et
al., 1998).

We demonstrate here that glutamate-mediated transsynaptic
apoptosis causes a loss of dorsal horn neurons, including
GABAergic interneurons, after peripheral nerve injury. Thereisa
major difference between the protracted induction of neurode-
generation in the dorsal horn after nerve injury and the rapid
neuronal loss observed in other forms of excitotoxicity. For ex-
ample, after cerebral ischemia, traumatic brain injury, or epilepsy
(Dirnagl et al., 1999; Liou et al., 2003), neurons die immediately
either by necrosis or apoptosis, depending on the extent of the
excitotoxic insult. A second wave of apoptosis may follow as the
vulnerability of neurons in the vicinity of the primary lesion in-
creases or survival conditions deteriorate (Dirnagl et al., 1999;
Liou et al., 2003). In contrast, we found no signs of necrosis in the
dorsal horn; only apoptotic cell death is observed, with a late peak
on day 7 after the lesion. Consequently, the loss of dorsal horn
neurons after nerve injury resembles a chronic neurodegenera-
tive condition rather than an acute insult. Neuroprotective treat-
ment strategies that are sustained for the duration of nerve
injury-induced apoptosis may offer a novel, disease-modifying
approach to the management of chronic neuropathic pain.
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