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Immunoneutralization of c-Fos Using Intrathecal Antibody
Electroporation Attenuates Chronic Constrictive Injury-
induced Hyperalgesia and Regulates Preprodynorphin
Expression in Rats
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Background: In vivo electroporation has been successfully
used for the introduction of DNA, RNA, oligonucleotides, and
proteins into cells for experimental and therapeutic purposes.
The authors evaluated the efficacy of electroporation-mediated
c-Fos antibody therapy for neuropathic pain in vitro and in
vivo.

Methods: First, the authors studied the inhibitory effects of
intrathecal c-Fos antibody electroporation on the activating
protein (AP-1) promoter activity in cultured spinal neuronal
cells transfected with p-AP-Luc plasmid and activated with
100 �M glutamate. The inhibitory effect of c-Fos antibody elec-
troporation in the regulation of AP-1 promoter activity was
assessed according to the relative luciferase activity. Second,
rats with chronic constrictive injury underwent electroporation
treatment for neuropathic pain using c-Fos antibody. Thermal
nociceptive thresholds were measured before chronic constric-
tive injury and then on even-numbered days, up to and includ-
ing day 14, to assess and compare the therapeutic effects of
intrathecal electroporation. The time course was assessed by
Western blot analysis and by immunohistochemical analysis.
Pronociceptive gene expression was measured by assessing
prodynorphin mRNA and dynorphin peptides on days 2 and 10
after intrathecal c-Fos electroporation.

Results: Cotransfection of c-Fos antibody significantly de-
creased glutamate-induced AP-1 activity. Intrathecal electro-
transfer of c-Fos antibody attenuated spinal dynorphin levels,
as manifested by significantly elevated pain thresholds in the
chronic constrictive injury–affected limbs.

Conclusion: This study shows that transfer of antibody into
rat spinal cords by intrathecal electroporation is a useful
method to study the function of endogenous factors of spinal-
related disorders.

AN animal model of mononeuropathy—also known as
the chronic constriction nerve injury (CCI) model—is
produced experimentally by compressing a peripheral
nerve and exhibits many of the clinical characteristics
seen in patients with nerve injuries such as hyperalgesia

and allodynia.1,2 Sciatic nerve ligation evokes an expres-
sion of Fos protein from the c-fos gene in neurons in
spinal cord dorsal horn regions associated with the trans-
mission of nociceptive messages.3 Increased Fos immu-
noreactivity directly reflects increases in neuronal activ-
ity.4,5 The increased activity of the dorsal horn neurons
in the spinal cord in response to sciatic nerve ligation
can apparently be attributed to abnormal activity in the
injured peripheral nerve and to changes in the spinal
cord dorsal horn neurons secondary to the nerve
injury.3,6,7

Neurons in the superficial layers of the lumbar spinal
dorsal horn laminae I and II are known to be involved in
nociceptive processing and relaying nociceptive infor-
mation to higher levels of the neuraxis.8 Noxious stim-
ulation of the hind paw has been shown to result in an
induction of c-fos expression in laminae I and II.9–12 The
c-fos gene encodes proteins that act as transcription
factors, binding to DNA promoter “cis-acting” elements
of the activating protein (AP-1) binding site.11,13–15 Reg-
ulation of c-fos may play a key role in the production of
late-onset gene products such as enkephalin and dynor-
phin. These changes in turn may result in prolonged
sensory alterations after nociceptive stimulation.16,17 Be-
cause the prodynorphin gene contains an AP-1–like bind-
ing site in the 5' untranscribed region,11,18 it is reason-
able to assume that knock down of the immediate early
gene can inhibit the synthesis of dynorphin, a pronoci-
ceptive opioid peptide that plays a important role in the
maintenance of neuropathic pain.19,20

Electroporation has been used for the intracellular dep-
osition of macromolecules in vitro21–24 and in vivo.24–28

Thus, transfer of antibodies into intact mammalian cells
permits the study of the function of various endogenous
factors that form complexes with these antibodies in
their natural environment29 and incorporated antibodies
that are capable of binding to vimentin30 and of neutral-
izing viruses.31 Electroporation is thus a useful tool for
studying cellular functions, because proteins such as
antibodies or enzymes can be induced to enter a viable
cell and interact with cytoplasmic or nuclear proteins.

In these experiments, we initially transferred antibod-
ies into the spinal cord in vivo by electroporation. We
assessed the effects of c-Fos antibody delivered by elec-
troporation on the AP-1 promoter activity in glutamate-
activated neuronal cells, which mimic neuronal cells
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after nerve injury. We then transferred the c-Fos anti-
body into the spinal cord by intrathecal electroporation
with a specially designed probe and observed the noci-
ceptive behavior induced after CCI to the sciatic nerve in
rats. We demonstrate that this introduction of c-Fos
antibody by electroporation in vivo can suppress the
thermal withdrawal latency in mononeuropathic rats.

Materials and Methods

Experimental Design
We divided our experiments into three parts. In the

first part, we studied the knock down effects of intra-
thecal c-Fos antibody electroporation on the AP-1 pro-
moter activity in activated cultured spinal neuronal
cells in vitro. Cultured spinal neuronal cells received
p-AP1-Luc plasmid DNA with different concentrations
of c-Fos antibody (0 –2 �g/ml) using a single brief
electric pulse of 150 V and a duration of 20 ms.
Thirty-six hours later, 100 �M glutamate was added to
the culture medium for 15 min to stimulate AP-1 pro-
moter activity according to our preliminary results. The
inhibitory effect of c-Fos antibody electroporation on the
regulation of AP-1 promoter activity was assessed ac-
cording to the relative luciferase activity. In the second
part, we studied the effects of intrathecal c-Fos antibody
electroporation on neuropathic pain status in vivo. An-
imals (six per group) were randomly assigned to one of
five treatment groups. Depending on group designation,
the animals received saline, nonspecific immunoglob-
ulin, 0.4 �g c-Fos antibody, and 4 �g c-Fos antibody
followed by electroporation or nonelectric treatment.
c-Fos antibody was administered immediately after the
sciatic nerve injury. Thermal nociceptive and mechani-
cal allodynic thresholds were measured before CCI and
then on even-numbered days, up to and including day
14, to assess and compare the therapeutic effects of
intrathecal electroporation. The time course was as-
sessed by Western blot analysis and by immunohisto-
chemical analysis.

In the third part, we identified the therapeutic mech-
anism activated using our innovative method. We mea-
sured pronociceptive gene expression by assessing pro-
dynorphin mRNA dynorphin peptides on days 2 and 10
after intrathecal c-Fos electroporation.

Transfer of Antibody into Cultured Spinal Neuronal
Cells through In Situ Electroporation
Spinal neuronal cells were isolated from rat lumbar

spinal cords, mainly using the Papain Dissociation Sys-
tem (Worthington Biochemical Corporation, Freehold,
NJ) as described previously.32 Cells were plated on a
six-well plate at 3 � 105 cells/ml in 2 ml complete
medium per well, and the cells obtained 75% confluence
on the day of electric pulse treatment. Cells were

washed twice with 1 ml Neurobasal medium (Gibco,
Grand Island, NY) and incubated using 0.6 ml Neuro-
basal medium mixed with rabbit polyclonal antibody to
c-Fos (0.2 �g/�l) or with rabbit immunoglobulin (Santa-
Cruz, Santa Cruz, CA) at a series of dilution ratios ranging
from 1 to 10�4. The cells were then exposed to a single
brief electric pulse of 150 V for 20 ms at room temper-
ature that was delivered from a BTX 35-mm Petri Pulser
(BTX; Electrogenetics, Islip, NY). Five minutes after puls-
ing, 2.4 ml prewarmed complete medium was added.
After a 3-h incubation, the medium was changed once to
ensure good cell survival.33

Luciferase Assay for AP-1 Promoter Activity
Spinal neuronal cells cultured for 10 days were co-

transfected by electroporation with an AP-1 promoter–
luciferase reporter gene construct (Stratagene, La Jolla,
CA) and with c-Fos antibody. The cells were scrape
harvested on appropriate days using 1 ml scraping buffer
(40 mM Tris–HCl, pH 7.4, 1 mM EDTA, 180 mM NaCl),
pelleted by centrifugation at 300g for 10 min, resus-
pended in 100 �l luciferase reporter lysis buffer (Pro-
mega, Madison, WI), and lysed using three freeze–thaw
cycles. Debris was removed by centrifugation at 300g for
10 min, and the supernatant protein concentration was
determined using the micro-BCA protein assay (Pierce,
Rockford, IL). A luciferase assay system (Promega) was
used to detect luciferase reporter gene activity.

Animals
The following studies were reviewed and approved by

the Chung Gang Memorial Hospital Animal Care and Use
Committee (Kaohsiung, Taiwan). A total of 198 male
Sprague–Dawley rats (250–300 g) were used. All animals
were analyzed behaviorally. One hundred eight animals
(three per time point) were used for studying the time
course of c-Fos antibody levels after intrathecal pretreat-
ment with saline, nonspecific immunoglobulin, and c-
Fos antibody with and without electroporation. Thirty
animals (n � 6 per group) were used to assess nocicep-
tive alternation over 21 days. Sixty animals were exam-
ined 2 and 10 days after intrathecal electroporation by
reverse transcription–polymerase chain reaction analysis
of preprodynorphin (n � 6) and enzyme-linked immu-
nosorbent assay of spinal dynorphin (n � 6).

The Bennett neuropathic model was used as the basis
for generation of neuropathic pain. The right sciatic
nerve was exposed during isoflurane anesthesia. Proxi-
mal to the sciatic trifurcation, � 7 mm of the nerve was
freed of adhering tissue, and four ligatures (5–0 chromic
gut) were tied loosely around it at 0.5- to 1.0-mm
intervals.

The incision was closed in layers, and prophylactic
penicillin (50 mg/kg) was administered intramuscularly,
followed by subcutaneous injection of 5 ml glucose
solution, 5%, to prevent dehydration. Sham surgery was
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done by exposing the left sciatic nerve without perform-
ing ligation. Animals were maintained under standard
colony conditions with food and water available ad
libitum.

Transfer of Antibody into Spinal Cords In Vivo by
Intrathecal Electroporation
An electrode catheter was implanted intrathecally us-

ing a previously described technique.34,35 Briefly, a dou-
ble lumen catheter was constructed using polyethylene
tubing (PE-5; Becton Dickinson, Baltimore, MD) and a
cuprophane hollow fiber dialysis membrane. Before con-
necting the dialysis membrane (1 cm in length) to one of
the PE-5 tubes (8 cm in length), a Nichrome wire
(0.0026�; Wire Tronic, Inc., Pine Grove, CA) was in-
serted into the blind-looped dialysis fiber. The other PE-5
tubing (9 cm in length) served as the intrathecal anti-
body injection. The electrode catheter was then im-
planted into the lumbar (L2–L5) intrathecal space via a
cisternal incision during isoflurane (2–2.5%) anesthesia.
All animals were allowed to recover for 2 days before the
start of the study. The specific c-fos antibody reacts to a
peptide corresponding to amino acids 210–235, map-
ping onto the amino terminus of human c-Fos (Santa-
Cruz). This primary antibody does not react with Fos-B,
Fra-1, or Fra-2 (0.4 or 4 �g in phosphate-buffered saline
added with Triton X-100, 0.2%). Nonspecific immuno-
globulin or saline samples (20 �l) were delivered
through the intrathecal catheter as controls. The intra-
thecal electrode contacted a negative electrode clamp
through the sheath. A positive electrode was placed on
the animal’s tail, and five 200-V shocks, with a pulse
duration of 75 ms and an interval of 925 ms, were
applied using a BTX pulse generator during isoflurane
(2–2.5%) anesthesia.

Localization of Incorporated c-Fos Antibody in
Spinal Cords of Rats Receiving Intrathecal c-Fos
Antibody Electroporation
Rats were killed with intraperitoneal pentobarbital so-

dium (50 mg/kg) and ethyl carbamate (600 mg/kg). They
were then perfused transcardially with 100 ml saline
followed by 500 ml fixative containing 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline (pH 7.4). The
spinal cords were removed, postfixed in the same fixa-
tive 2–4 h at 4°C, and then transferred to a solution of
sucrose, 30%, in 0.1 M phosphate-buffered saline over-
night at 4°C. Alternate serial transverse sections (10 �m
thick) of the spinal cord were cut using a freezing mic-
rotome. Sections were washed in phosphate-buffered
saline (0.1 M, pH 7.4) for 20 min and blocked with
normal goat serum, 1%, for 20 min before incubation for
12 h with antibody to NeuN (1:200; Chemicon, Te-
mecula, CA). Fluorescein-conjugated goat antibody to
mouse and rhodamine-conjugated goat antibody to rab-

bit served as the secondary antibodies (1:250; Jackson
ImmunoResearch Laboratory, West Grove, PA). Immu-
noreactivity was detected using a Leica microscope
(Leica Microsystems AG, Wetzlar, Germany. Images (at
512 � 512 pixels) were obtained with a SPOT digital
camera and processed using Adobe Photoshop 6.0 soft-
ware (Adobe Systems, Mountain View, CA).

Time Course of Incorporated c-Fos Antibody in
Lumbar Spinal Cords of Rats Receiving Intrathecal
Electroporation
The time course of c-Fos antibody immunoreactivity

was determined using Western blotting with some mod-
ifications. Total protein concentrations were determined
using a BCA protein assay (Pierce). Fifteen micrograms
of total protein was run by sodium dodecyl sulfate
(10%)–polyacrylamide gel electrophoresis and was trans-
ferred to a polyvinylidene fluoride membrane. The blot
was blocked with buffered nonfat milk, 5%, for 1 h.
Rabbit �-actin primary antibody (25 �g; SantaCruz) was
incubated in buffered nonfat milk, 1%, for 1 h followed
by washes and incubation in secondary antibody to rab-
bit immunoglobulin G (SantaCruz). The bands were de-
tected using a nonradioactive detection system (Che-
moluminescence Reagent Plus; NEN, Boston, MA).
Molecular size standards, ranging from 200 to 6.5 kd,
were run with the samples to ensure quantification of
the molecular size of the signal. For densitometric anal-
ysis, blots were scanned using the Model GS-710 imaging
densitometer (NEN), and results were expressed as the
ratio of c-Fos antibody immunoreactivity to �-actin
immunoreactivity.

Assessment of Lumbar Spinal Pronociceptive Gene
Expression Using Reverse Transcription–Polymerase
Chain Reaction Analysis
RNA was extracted using a standard TRIzolR (Gibco)

method.36 After precipitation of RNA, complementary
DNA synthesis was performed using oligo d(T) primers,
as described by the manufacturer. Polymerase chain re-
action analysis was performed using an amplification
cycle profile consisting of 94°C for 1 min, 62°C for 1
min, and 72°C for 2 min per cycle. After 30 polymerase
chain reaction cycles, an additional cycle at 72°C for 7
min was performed to ensure complete DNA extension.
The primers were designed for preprodynorphin and
were as follows: sense, 5'-GAG GAC TTG AGA AAA CAG
GCC-3'; and antisense, 5'-GGT ATT GGG GTT CTC CTG
GGA-3'. Primers for � actin were designed for the rat
cytoplasmic �-actin gene and were as follows: sense,
5'-ACA CCC CAG CCA TGT ACG-3'; and antisense, 5'-
TGG TGG TGA AGC TGT AGC C-3'.

940 LAN ET AL.

Anesthesiology, V 99, No 4, Oct 2003

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/99/4/938/337470/0000542-200310000-00029.pdf by guest on 10 April 2024



Quantification of Lumbar Spinal Dynorphin
Peptide Using Enzyme Immunoassay
During isoflurane anesthesia, animals received intra-

thecal p-hydroxymercuribenzoate (8 nmol; Sigma, St.
Louis, MO) and phosphoramidon (4 nmol; Sigma) as
described previously.37 Three hours later, the animals
were killed, and spinal cords were removed and stored
at �70°C until later use. Peptides were extracted as
previously described.38 Levels of dynorphin A(1–17) and
dynorphin A(1–8) were determined using commercial
enzyme immunoassay kits (Peninsula Laboratories, San
Carlos, CA).

Behavioral Assessment of Thermal and Mechanical
Stimulation
The thermal nociceptive threshold was measured be-

fore and after induction of the nerve injury or after
intrathecal electroporation using a technique somewhat
modified from the one originally described by Har-
greaves et al.39 in 1988. The animal was placed on a glass
plate (maintained at 30°C) for 5–10 min for adaptation.
Latency between the application of a focused light beam
and the hind paw withdrawal response was measured to
the nearest 0.1 s, with a cutoff time in the absence of a
response after 20 s.

The foot withdrawal threshold in response to a me-
chanical stimulus was determined using a series of von
Frey filaments (Stoelting, Wood Dale, IL) that ranged
from 0.23 to 59.0 g. Animals were placed in a plastic
cage with a metal mesh floor, allowing them to move
freely. They were allowed to acclimatize to this environ-
ment before the experiment. The filaments were pre-
sented to the mid-plantar surface.

Values for withdrawal latency were then determined
at daily intervals up to 14 days. Six animals per group
were used, each receiving pretreatment with 4 �g c-Fos,
0.4 �g of c-Fos plus nonspecific antibody, and saline
(total n � 30). The differences in percentage withdrawal
latency between animals pretreated with c-Fos and non-
specific antibody and saline at each time point were
assessed using nonparametric Mann–Whitney U tests,
with P � 0.05 assumed as a significant difference.

Statistical Analysis
All data are expressed as mean � SEM. The changes in

the parameters between the groups and over time were
compared using two-way ANOVA for repeated measure-
ments. If significant differences were observed, then the
post hoc Bonferroni–Dunn test was used to detect spe-
cific differences between the groups and across time.
Differences between the c-Fos electroporation group
and the control group reverse transcription–polymerase
chain reaction data were analyzed using the Student t
test for unpaired observations. Significance was assumed
at P � 0.05.

Results

Effects of c-Fos Antibody Electroporation on AP-1
Promoter Activity in Cultured Neuronal Cells
Transfected with p-AP-Luc Vector (In Vitro
Neuropathic Pain Model)
AP-1 promoter activity in cultured neuronal cells trans-

fected with the p-AP-Luc vector was activated after ex-
posure to glutamate, peaking at 100 �M (fig. 1A). Cul-
tured neuronal cells exposed to high concentrations
(� 150 �M) died, as shown by released lactate dehydro-
genase activity (data not shown). Cotransfection with
c-Fos antibody significantly decreased the effect of glu-
tamate exposure (fig. 1B).

Distribution of Incorporated c-Fos Antibody in
Spinal Cords of Rats Receiving c-Fos Antibody
Electroporation
In the control group (intrathecal c-Fos antibody injec-

tion without an electrical pulse), no immunoactivity was
noted at either time point (fig. 2A). By contrast, signifi-
cant immunoreactivity was detected in meningeal cells,
pia mater, and lumbar dorsal roots. Some immuno-
stained cells were located in the spinal cord near the pia
mater (fig. 2B). The most intensive staining was noted 1
to 2 days after electroporation, with decreases in inten-

Fig. 1. (A) Effects of glutamate on the activation of activating
protein (AP-1) promoter activity in cultured neuronal cells.
Cultured neuronal cells transfected with the p-AP-Luc vector
were incubated using 0–250 �M glutamate in Mg2�-free Hanks
balanced salt solution for 15 min. The glutamate exposure was
terminated by changing the medium. Relative luciferase activity
was determined 24 h later using a luciferase assay system. (B)
Inhibitory effects of c-Fos antibody electroporation on the reg-
ulation of AP-1 promoter activity in cultured neuronal cells.
AP-1 promoter activity in cultured neuronal cells cotransfected
with p-AP-Luc vector and c-Fos antibody (or nonspecific [NP]
antibody) and treated with 100 �M glutamate was determined
after 24 h. For all groups, n � 3 and values are mean � SEM.
*Different from value of NP group (P < 0.05). RLU � relative
light units.
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sity for all animals at 14 days. In some samples, immu-
noreactivity was also determined in the lower thoracic
spinal cord at 1 or 3 days, and the degree of expression
of immunoreactivity was positively related to the anti-

body titer. Intrathecal injections of 4 �g c-Fos antibody
resulted in higher levels of immunoreactivity and more
intense distribution than did injections of 0.4 �g c-Fos
antibody. In two control groups, no immunoreactivity
was noted at either time point. Double localization with
antibody to NeuN showed that the c-Fos antibody was
located in both neuronal and nonneuronal cells (fig. 2C).
Compared with control rats, rats receiving c-Fos anti-
body electroporation had no apparent alterations in cel-
lular morphology (data not shown).

Time Course of Incorporated c-Fos Antibody in
Spinal Cords of Rats Receiving c-Fos Antibody
Electroporation
The mean immunoreactivity of c-Fos antibody based

on results of Western blotting is summarized in figure 3.
There was an increase in the c-Fos antibody immunore-
activity from day 2 through day 14 in the rats receiving
4 �g antibody electroporation, peaking between days 1
and 3. A minor increase in antibody immunoreactivity
was also noted for rats receiving 0.4 �g antibody elec-
troporation from day 2 through day 6.

Effects of c-Fos Antibody Electroporation on
General Behavior
We observed the effects of intrathecal electroporation

of saline alone and of 0.4 and 4 �g c-Fos antibody on the
general behavior of animals (n � 6 rats in all cases). All

Fig. 2. Transverse section from lumbar (L4) spinal cords of rats
receiving c-Fos antibody via electroporation (day 2). (A) Intra-
thecal c-Fos antibody administration without electroporation as
a control (bar � 250 �m). (B) Immunohistochemical analysis
with antibody to immunoglobulin G revealed the cellular local-
ization of c-Fos antibody (bar � 250 �m). (C) Double localiza-
tion of c-Fos antibody immunoreactivity with an antibody to
NeuN (Chemicon, Temecula, CA) showed that some positive
cells were located in the dorsal neuronal cells (bar � 125 �m).

Fig. 3. Time course for c-Fos antibody (Fos Ab) immunoreactiv-
ity (from modified Western blots) after direct in vivo electropo-
ration with 4 �g c-Fos antibody (top). The relative c-Fos anti-
body immunoactivity is expressed as a ratio of c-Fos antibody/�
actin; protein levels were determined by densitometric scan-
ning of Western blots (bottom). Note the peak activity on day 2
after electroporation. 4 �g Ab � EP � intrathecal 4 �g c-Fos
antibody via electroporation; 4 �g Ab only � intrathecal 4 �g
c-Fos antibody without electroporation; NS Ab � EP � intrathe-
cal 4 �g nonspecific antibody via electroporation; 0.4 �g Ab �
EP � intrathecal 0.4 �g c-Fos antibody via electroporation;
vehicle � saline only. For all groups, n � 3 and values are mean
� SEM. *Different from value for vehicle group (P < 0.05).
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of the animals receiving intrathecal electroporation dur-
ing isoflurane anesthesia survived for as long as the rats
that did not receive electric shocks. The animals had
minor lower extremity twitches while receiving the elec-
tric pulses, but these ceased as soon as the pulses
stopped. No significant relationships were found in the
duration or degree of response, food intake, and body
weight among animals treated or not treated with elec-
tric shocks.

Effects of c-Fos Antibody Electroporation on
CCI-induced Nociceptive Behavior
In a separate set of 30 animals divided into five groups

of six, the effect of c-Fos antibody electroporation on
CCI-induced nociceptive behavior was examined. Two
groups received injections of c-Fos antibody at doses of
4 and 0.4 �g followed by electroporation, whereas an-
other two groups received injections of nonspecific an-
tibody followed by electroporation or 4 �g c-Fos anti-
body without electroporation. A fifth control group
received injections of saline alone. There were no signif-
icant differences in the contralateral sham-operated paw
withdrawal latencies (non-CCI side) among these five
groups (fig. 4A). Induction of CCI resulted in an imme-

diate decrease in the mean percentage withdrawal la-
tency (i.e., hyperalgesic state). Comparison of latency val-
ues obtained after treatment with either nonspecific
antibody or saline revealed no significant differences
(fig. 4B). However, when compared with values obtained
after treatment with c-Fos antibody electroporation, signif-
icantly longer withdrawal latencies were observed from
day 2 through day 14 for 4 �g c-Fos antibody electropora-
tion–treated animals and at day 8 for animals treated with
0.4 �g c-Fos antibody electroporation (fig. 4B).

Effects of c-Fos Antibody Electroporation on
CCI-induced Allodynic Behavior
Among these five groups, no alternation in mechanical

allodynia was demonstrated for the contralateral sham-
operated limb (fig. 5A). By contrast, mechanical with-
drawal latency was significantly increased for CCI rats at
2, 4, 6, and 8 days after lesion, comparing rats treated
with intrathecal (4 �g) c-Fos antibody electroporation
and control rats. Rats receiving 0.4 �g c-Fos antibody
electroporation and those receiving 4 �g c-Fos antibody
without electroporation also showed increased mechan-
ical latency at days 2 and 3, respectively (fig. 5B).

Fig. 4. Time course of withdrawal latency in relation to noxious
thermal stimulation in the contralateral limb with sham oper-
ation (A) and in the hind paw with induction of chronic con-
striction nerve injury (B). 4 �g Ab � EP � intrathecal 4 �g c-Fos
antibody via electroporation; 4 �g Ab only � intrathecal 4 �g
c-Fos antibody without electroporation; NS Ab � EP � intrathe-
cal 4 �g nonspecific antibody via electroporation; 0.4 �g Ab �
EP � intrathecal 0.4 �g c-Fos antibody via electroporation;
vehicle � saline only. For all groups, n � 6 and values are mean
� SEM. *Different from value for vehicle group (P < 0.05).

Fig. 5. Time course of withdrawal latency in relation to mechan-
ical stimulation in the contralateral limb with sham operation
(A) and in the hind paw with induction of chronic constriction
nerve injury (B). 4 �g Ab � EP � intrathecal 4 �g c-Fos antibody
via electroporation; 4 �g Ab only � intrathecal 4 �g c-Fos
antibody without electroporation; NS Ab � EP � intrathecal 4
�g nonspecific antibody via electroporation; 0.4 �g Ab � EP �
intrathecal 0.4 �g c-Fos antibody via electroporation; vehicle �
saline only. For all groups, n � 6 and values are mean � SEM.
*Different from value for vehicle group (P < 0.05).
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Down-regulation of Spinal Prodynorphin
Expression in Rats Receiving Intrathecal c-Fos
Antibody Electroporation
Given the proposed effects of c-Fos antibody in tran-

scriptionally inhibited animals, we analyzed the abun-
dance of prodynorphin transcripts in the lumbar spinal
cords of c-Fos antibody electroporation–treated rats and
controls by reverse transcription–polymerase chain re-
action analysis. In control rats, basal expression of pro-
dynorphin mRNA was detected. Similar levels of spinal
prodynorphin mRNA were seen in CCI rats and CCI rats
receiving c-Fos electroporation at day 2 after lesion or at
days 2 or 10 after sham surgery, whereas spinal dynor-
phin was significantly increased in CCI rats at day 10
after lesion. CCI rats receiving c-Fos electroporation at
days 10 after lesion showed markedly decreased pro-
dynorphin expression compared with CCI rats (fig. 6A).

Decrease in Lumbar Spinal Dynorphin Levels in
Rats Receiving Intrathecal c-Fos Electroporation
To assess whether the decreased basal level of spinal

prodynorphin mRNA is accompanied by a concurrent
decrease in dynorphin peptide content, the amounts of
dynorphin A(1–17) and dynorphin A(1–8) in the spinal
cord were determined by enzyme immunoassay. The
level of dynorphin A(1–17) but not dynorphin A(1–8)
was greater in the spinal cords of CCI rats than in those
of CCI rats receiving c-Fos antibody electroporation at
day 10 after lesion (fig. 6B). No significant differences
were found among the sham-operated rats, CCI rats, and
CCI rats receiving c-Fos electroporation at days 2 or
sham-operated rats at days 10 after lesion. We conclude
that depressed prodynorphin mRNA levels reflect de-
creased synthesis of dynorphin in the treated spinal
cord. Taken together, our data suggest that c-Fos anti-
body electroporation has a significant effect on repress-
ing expression of the prodynorphin gene in the spinal
cord.

Discussion

Electroporation has been successfully used to intro-
duce large molecules into eukaryotic and prokaryotic
cells for the transformation and expression of various
gene products. Because it is a physical method, electro-
poration has few biologic side effects and is free of
chemical toxicity.29 Transfer of antibodies in vitro has
previously been reported several times. Results from the
first part of our experiments suggest that electroporation
can introduce antibodies into living mammalian cells in a
very efficient manner. Luciferase activity and Western
blotting analysis showed that the incorporated immuno-
globulin was functionally intact. The level of luciferase
increased in cells stimulated by glutamate, and this in-
cremental protein was simultaneously neutralized using

incorporated antibodies that inhibit AP-1 promoter ac-
tivity. We also demonstrated that the rate of AP-1 activity
inhibition increased in tandem with the increment in
c-Fos antibody in a dose-dependent manner. These re-
sults further support the hypothesis that c-Fos is an AP-1
promoter binding protein that plays an important role in
neuronal activation. High concentrations of c-Fos anti-
body can inhibit AP-1 activity almost completely, which
indicates that c-Fos is one of the key factors in this signal
transduction pathway. Electroporation with c-Fos anti-
body is thus a feasible method for inhibiting glutamate-
induced excitation in neuronal cells.

Fig. 6. (A) Effects of intrathecal c-Fos electroporation (EP) on
spinal prodynorphin expression. Prodynorphin mRNA in lum-
bar spinal cords was assessed by semiquantitative reverse tran-
scription–polymerase chain reaction analysis. �-Actin mRNA
served as the control. Graphs represent the relative abundance
of prodynorphin-specific reverse transcription–polymerase
chain reaction products. Values obtained for each group at day
2 showed no significant difference. (B) Effects of intrathecal
c-Fos electroporation on spinal dynorphin peptide synthesis.
Values obtained for each group at day 2 showed no significant
difference. Dynorphin peptide in the lumbar spinal cord was
assessed using enzyme-linked immunosorbent assay. For all
groups, n � 5 and values are mean � SEM. *Different from day
2 value within groups (P < 0.05). †Different from day 10 value
for chronic constriction nerve injury (CCI) group.
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In the second group of experiments, we initially trans-
ferred the antibody into spinal cords in vivo using a
specially designed probe. We previously reported the
advantages of gene transfection using intrathecal electro-
poration.34 Clearly, electroporation can introduce anti-
bodies into the spinal cord very effectively and quickly,
and it took less than 10 min to complete the procedure.
The incorporated antibodies were located mostly in the
meningeal cells and superficial layers of the spinal cord.

Western blotting showed that the incorporated immu-
noglobulin was structurally intact and thus retained nor-
mal function. The level of c-Fos antibody peaked on the
second day and was still detectable on day 14 after
transfer. Thermal and mechanical withdrawal latencies
were significantly increased on days 6 through 14 and
days 2 through 8 after CCI to the sciatic nerve, respec-
tively. We also found that the effects of antihyperalgesia
increased along with the increments in c-Fos antibody in
a dose-dependent manner. These results further suggest
that c-Fos may play an important role in neuropathic
pain. High concentrations of c-Fos antibody reduce the
magnitude of neuropathic pain, which indicates that
c-Fos is one of the key factors in this signal transduction
pathway.

In the third group of experiments, the sham-treated
rats exhibited a significant up-regulation in spinal dynor-
phin on day 10 after CCI, which is similar to phenomena
previously observed in sciatic nerve–injured rats.40 This
overexpression of spinal dynorphin corresponded with
the presence of sustained neuropathic pain in the CCI
rats. This was because an accelerated recovery rate and
a decreased sensitivity to noxious thermal stimuli were
observed by day 10 after injury in c-Fos antibody elec-
troporation–treated CCI rats with decreased spinal
dynorphin.

The demonstrated increases in expression of spinal
dynorphin at day 10 after CCI supports that dynorphin is
involved in the mechanisms of c-Fos electroporation in
relation to CCI-induced pain, rather than other products
of the AP-1–related gene. It should be emphasized that
the potential reduction of proopiomelanocortin prod-
ucts such as � endorphin in these intrathecal c-Fos anti-
body electroporation–treated rats would be expected to
increase sensitivity to pain, rather than promote a de-
crease in sensitivity to noxious stimuli as observed in the
current experiments. These effects, together with the
activity of intrathecal dynorphin, decrease the effect of
decreased spinal dynorphin caused by c-Fos antibody
electroporation. The data strongly suggest that, unlike
dynorphin, a potential decrease in the expression of
proopiomelanocortin products does not play a role in
the observed consequences of CCI.

However, both sham-treated and c-Fos antibody elec-
troporation–treated CCI rats demonstrated similar pre-
dynorphin mRNA and dynorphin levels on day 2, sug-
gesting that the initiation of the postinjury state does not

depend on the action of prodynorphin products. It
should also be noted that the reversal by c-Fos antibody
electroporation was not greater than preinjury baseline
levels, indicating blockade of a pronociceptive effect
rather than production of true “analgesia.”

This activity of c-Fos underscores the likely importance
of repetitive discharge originating from the injured or
adjacent primary afferent neurons in the initiation of
CCI-induced neuropathic pain.3 Ectopic discharges are
known to occur and to peak within 1 day after sciatic
nerve injury in rats but to decrease over time to one half
the initial discharge rate by day 5 after injury.41,42 Al-
though the discharge rate of the injured nerve fibers
depends on the fiber type, it is clear that the discharge
rate diminishes with time after nerve injury.43,44 How-
ever, the observed signs of neuropathic pain remain
essentially unchanged in magnitude for several weeks.1,2

These findings suggest that the mechanisms required to
maintain the presence of the neuropathic pain state
extend beyond afferent input to the central nervous
system. Thus, intrathecal c-Fos antibody electroporation,
which inhibits the Fos protein function and downstream
prodynorphin gene expression, may provide a reason-
able treatment for neuropathic pain.

From these results, it seems that electroporation of
antibodies into spinal cords in vivo provides an efficient
and powerful tool for inhibiting certain cellular func-
tions. Using intrathecal antibody electroporation, we are
now able to study the immediate effects of the functional
absence of key regulators of neuropathic pain. The in-
troduction of antibodies into the spinal cord in vivo has
become an important experimental option for the inves-
tigation of the biologic functions of proteins within the
spinal cord. It could be widely used in the study of the
cell cycle,45 apoptosis, signal transduction, and other
cell activities. The immediate, complete, and even re-
versible inhibition of protein functions involved in pain
opens new perspectives for the study of spinal-related
disorders.
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