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�2-Adrenoceptor Stimulation Transforms Immune
Responses in Neuritis and Blocks Neuritis-Induced Pain

E. Alfonso Romero-Sandoval,1 Charles McCall,2 and James C. Eisenach1

1Department of Anesthesiology and Center for the Study of Pharmacologic Plasticity in the Presence of Pain, and 2Department of Internal Medicine, Wake
Forest University School of Medicine, Winston-Salem, North Carolina 27157-1009

Neuropathic pain may be primarily driven by immune responses in peripheral nerves. Peripherally released catecholamines may exac-
erbate neuropathic pain and also modulate immune responses in a complex and sometimes opposing manner by actions on multiple
adrenoceptor subtypes. We showed previously that injection of the �2-adrenoceptor agonist clonidine at the site of peripheral nerve
injury reduces pain behavior and local tissue pro-inflammatory cytokine content in rats. The current study used a model of acute
inflammatory neuritis to test the efficacy and mechanisms of action of �2-adrenoceptor stimulation to reduce pain. Zymosan, injected on
the sciatic nerve, caused hypersensitivity to mechanical stimuli ipsilateral to injection and contralaterally, so-called mirror image pain.
Ipsilateral hypersensitivity was inhibited dose-dependently by perineural injection of clonidine. Zymosan increased leukocyte number at
the site of injection 3 d later as well as their content of interleukin 1� (IL-1�), IL-1�, and IL-6. Perineural clonidine prevented both the
increase in leukocyte number and cytokine expression induced by zymosan. Additionally, clonidine reduced the capacity of leukocytes to
express pro-inflammatory cytokines as assessed by treatment of cells ex vivo with lipopolysaccharide, whereas no repression of IL-10
production occurred. Clonidine reduced the number of macrophages and lymphocytes as well as their expression of tumor necrosis factor
�. All of the effects of clonidine were prevented by coadministration of an �2A-adrenoceptor-preferring antagonist. These results suggest
that �2-adrenoceptor stimulation transforms cytokine gene expression, especially in macrophages and lymphocytes from a pro- to an
anti-inflammatory profile in the setting of neuritis, likely relieving neuritis-induced pain by this mechanism.
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Introduction
Neural immune interactions likely contribute to the generation
and maintenance of chronic pain after nerve injury. In the pe-
riphery, pro-inflammatory cytokines, especially interleukin 1�
(IL-1�) and tumor necrosis factor � (TNF�), exert direct excita-
tory effects on sensory afferents (Ferreira et al., 1988; Cunha et al.,
1992; Sorkin et al., 1997) and are transported centrally where they
further sensitize pain transmission (Shubayev and Myers, 2002).
In the spinal cord, microglia become activated after peripheral
nerve injury, induce central sensitization (DeLeo and Yezierski,
2001), and may underlie extension of pain to the contralateral
side, so-called mirror image pain (Twining et al., 2004).

Sympathetic nervous system activity likely exacerbates some
neuropathic pain states (Koltzenburg and McMahon, 1991),
considered to reflect novel expression of excitatory
�-adrenoceptors on nociceptors (Sato and Perl, 1991) and
sprouting of sympathetic fibers to surround sensory afferent ter-
minals and cell bodies (McLachlan et al., 1993). Sympathetic ner-

vous system effects on immune cells in pain states have been
mostly ignored, although many classes of leukocytes express ad-
renoceptors (Josefsson et al., 1996) and leukocyte responses to
challenge can be modulated by increasing sympathetic nervous
system activity or by exogenous adrenoceptor agonists (Moyni-
han et al., 2004).

The �2-adrenoceptor agonist clonidine reduces hypersensi-
tivity in animals with peripheral nerve injury (Yaksh et al., 1995)
and provides analgesia in neuropathic pain patients after spinal
injection (Eisenach et al., 1995). The effect of clonidine by this
route occurs rapidly and lasts for a few hours. In contrast, when
clonidine is injected at the site of peripheral nerve injury, it also
reduces hypersensitivity, but with an onset of days and duration
of �1 week (Lavand’homme et al., 2002). This slow time course
may reflect clonidine-induced changes in recruitment and func-
tion of immune cells at the site of inflammation, as supported by
the observation that perineural clonidine reduces pro-
inflammatory cytokine content in the injured peripheral nerve
when administered at the time of injury (Lavand’homme and
Eisenach, 2003). This effect of clonidine is unexpected, because a
report indicated that �2-adrenoceptor stimulation increases
TNF� production by lipopolysaccharide (LPS)-challenged mac-
rophages (Spengler et al., 1990), which would promote rather
than reduce inflammation.

To further understand the regulation of immune responses to
nerve injury by �-adrenoceptors, the current study used a model
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of acute inflammatory neuritis from zymosan injection on the
sciatic nerve (Chacur et al., 2001). Zymosan causes hypersensi-
tivity to mechanical stimulation of the hindpaw, which is depen-
dent on expression of IL-1, IL-6, TNF�, and reactive oxygen
species and complement at the site of inflammation (Twining et
al., 2004) and which is also dependent on activated microglia in
the spinal cord (Milligan et al., 2003). Because lymphocytes (Tit-
nchi and Clark, 1984) and macrophages (Spengler et al., 1990)
express �2-adrenoceptors, we hypothesized that the phenotype
of these leukocytes would be altered by clonidine and thereby
repress hypersensitivity. To test this, we determined whether �2-
adrenoceptor stimulation would reduce hyperalgesia in acute in-
flammatory neuritis and, if so, assessed the cell type(s) and cyto-
kine gene expression changes by which these receptors act.

Materials and Methods
Animals and surgery. Male Wistar rats, weighing 200 –300 g on the day of
surgery, were anesthetized, and a catheter was implanted in the left hind-
limb as described previously (Chacur et al., 2001). The catheter consisted
of a single distal port SILASTIC tubing attached to a piece of gelfoam that
was wrapped loosely around the sciatic nerve at mid-thigh level and
anchored to adjacent muscles with 3-0 silk suture. The external end of the
catheter was passed subcutaneously to the midline just rostral to the tail
base, where it was protected by means of a plastic and aluminum frame
and sealed with rubber and silicon glue, as described previously (Milligan
et al., 1999). The catheter location was verified at the end of the experi-
ment, and only animals with correctly placed catheters were included in
data analysis.

Drugs and treatments. Drugs were administered in the conscious ani-
mal through the perisciatic nerve catheter 4 –5 d after implantation. The
drugs used were zymosan in incomplete Freund’s adjuvant (IFA) as ve-
hicle (both from Sigma, St. Louis, MO), clonidine in saline (Roxane
Laboratories, Columbus, OH), and the �2A-adrenoceptor-preferring
antagonist (�)-2-((4,5-dihydro-1H-imidazol-2-yl)methyl)-2,3-dihydro-
1-methyl-1H-isoindole (BRL44408) in saline (Tocris, Ellisville, MO).

Animals received a single dose of zymosan (40 �g in 50 �l) or an
equivalent volume of IFA. This zymosan dose produces hypersensitivity
to mechanical stimulation ipsilateral to injection as well as mirror image
hypersensitivity contralaterally (Chacur et al., 2001). Three hours after
zymosan or vehicle injection, animals received a perisciatic nerve cathe-
ter injection of saline, clonidine (10, 20, or 30 �g), or BRL44408 (30 �g),
alone or with clonidine (30 �g), in a total injection volume of 60 �l.

Behavioral testing. The withdrawal threshold was measured twice at 10
min intervals ipsilaterally and contralaterally to drug injection using cal-
ibrated von Frey filaments (Stoelting, Wood Dale, IL) and an up– down
statistical method (Chaplan et al., 1994), and the average of these values
was used for data analysis. The withdrawal threshold was determined in
each animal before catheter implantation, 4 –5 d after catheter implan-
tation (immediately before zymosan or vehicle injection), 3 h after zy-
mosan or vehicle injection (immediately before clonidine, BRL44408, or
saline injection), and 1–3 d thereafter. The groups were IFA plus saline
(n � 11), IFA plus clonidine (n � 10), zymosan plus saline (n � 15),
zymosan plus clonidine (10, 20, or 30 �g; n � 6, 5, and 13, respectively),
and zymosan plus BR44408 plus clonidine (n � 10). The investigator was
blinded to drug treatment in all experiments.

Withdrawal thresholds were converted to percentage of maximum
possible effect according to the following formula: (withdrawal threshold
after drug � withdrawal threshold 3 h after zymosan injection) � 100/
(withdrawal threshold before zymosan injection � withdrawal threshold
3 h after zymosan injection).

Leukocyte preparation and quantification. Rats were anesthetized with
halothane and decapitated immediately after the last behavioral test. The
perisciatic nerve gelfoam was dissected and mechanically dissociated in
HBSS (20 ml) by means of micro-forceps in a plastic Petri dish, as de-
scribed previously (Gazda et al., 2001). Only preparations in which all the
gelfoam could be retrieved were used. The suspension was filtered using
a 70 �m nylon mesh to separate the leukocytes from the gelfoam. Total

leukocyte number per gelfoam insert was determined manually using a
hemocytometer, and cell viability was determined by trypan blue exclu-
sion, using 25 �l of 0.4% trypan blue solution (Life Technologies, Grand
Island, NY) mixed with 25 �l of cell suspension. Leukocyte suspensions
were concentrated to 10 7 cells/ml in HBSS, and aliquots of 200 �l were
frozen for subsequent measurement of cytokine content. The group sizes
were IFA plus saline (n � 9), IFA plus clonidine (n � 7), zymosan plus
saline (n � 11), zymosan plus clonidine (30 �g; n � 11), and zymosan
plus BR44408 plus clonidine (n � 9).

Cytokine measurement. Aliquots were thawed, sonicated for 10 s, and
centrifuged at 1500 � g for 10 min at 4°C. Two samples of 50 �l of each
supernatant were used immediately for cytokine measurement, and the
results were averaged for subsequent data analysis. A nine-plex, bead-
based rat cytokine immunoassay kit (Bio-Rad, Hercules, CA) was used
for simultaneous detection of granulocyte macrophage– colony-
stimulating factor (GM-CSF), interferon � (IFN�), IL -10, IL-1�, IL-1�,
IL-2, IL-4, IL-6, and TNF� concentrations, following the manufacturer’s
instructions and as validated previously (Hulse et al., 2005). Multi-
wavelength fluorescence and cytokine concentrations were determined
with a luminometer (Luminex 100 system; Luminex, Austin, TX) and
Bio-Rad software. Concentrations of cytokines in samples were within
the linear range of the assay in all cases. Cytokine content in total leuko-
cyte preparations was determined for IFA plus saline (n � 8), zymosan
plus saline (n � 9), zymosan plus clonidine (30 �g; n � 9), and zymosan
plus BR44408 plus clonidine (n � 8). Values are expressed as nanograms
of cytokine/10 6 leukocytes.

Leukocyte subtype analysis and TNF� expression. Leukocyte subtypes
and their TNF� expression were analyzed by flow cytometry using FAC-
Scan (Becton Dickinson, Franklin Lakes, NJ) and Cell Quest software
(Becton Dickinson). One million cells were incubated for 30 min with
surface monoclonal antibodies (mAbs), followed by cell fixation and
permeabilization and 30 min of incubation with intracellular mAbs. Cells
were kept in 1% paraformaldehyde overnight until flow cytometry was
performed. To characterize leukocyte populations, we first identified
hematopoietic cells using a mouse anti-rat CD45 mAb conjugated with
CyChrome (1 �g/10 6 cells; BD Biosciences, San Jose, CA) as described
previously (Brack et al., 2004). Only presumed viable cells were assessed,
using standard forward- and side-scatter analysis. To identify cell type,
the cell suspension was incubated with CD45 mAb plus a second mAb
conjugated with R-phycoerythrin as follows: mouse anti-rat ED1 for
monocytes/macrophages (Brack et al., 2004), mouse anti-rat CD8
for cytotoxic T-lymphocytes (Ikezumi et al., 2004), mouse anti-rat CD4
for helper T-lymphocytes (Katz et al., 1990), mouse anti-rat CD161 for
natural killer cells (Durante-Mangoni et al., 2004), mouse anti-rat OX-62
for dendritic cells (Yan et al., 2004), or mouse anti-rat RP-1 for granulo-
cytes (Brack et al., 2004). All mAbs were from Serotec (Raleigh, NC) and
used in a volume of 10 �l/10 6 cells, except for the mAb for RP-1, which
was obtained from BD Biosciences and used in a concentration of 1
�g/10 6 cells. To assess the proportion of each cell type expressing TNF�,
cells were incubated with fluorescein isothiocyanate anti-mouse/rat
TNF� (1.5 �g/10 6 cells; eBioscience, San Diego, CA) as characterized
previously (Sheehan et al., 1989). For intracellular staining (ED1 and
TNF�), cells were fixed and permeabilized with medium (Leucoperm;
Serotec) following the instructions of the manufacturer. The specificity
of the staining was verified by incubation with appropriate isotype-
matched control antibodies. Leukocyte subtype analysis was determined
for IFA plus saline (n � 7), zymosan plus saline (n � 8), and zymosan
plus clonidine (30 �g; n � 7).

In vitro challenge. Leukocytes retrieved from the gelfoam of animals
treated in vivo 3 d earlier with zymosan plus saline or zymosan plus
clonidine were challenged in vitro with LPS (Sigma) or saline. A final
concentration of 10 6 cells/ml was prepared in RPMI medium (RPMI
1640, 10% fetal bovine serum, 1% penicillin, 1% streptomycin, and 1%
L-glutamine) and treated with LPS (100 ng/ml final concentration) or
saline immediately after preparation of the leukocytes. Cells were incu-
bated overnight (16 –18 h) at 37°C in 95% O2/5% CO2. Supernatants
were frozen at �80°C until cytokines were measured using the nine-plex,
bead-based immunoassay described above.

Statistical analysis. Data are presented as mean � SEM. The effects of
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catheter implantation or zymosan or IFA injections on the withdrawal
threshold were determined using a repeated-measures, two-way
ANOVA, followed by Dunnett’s test. Comparisons among groups for
cytokine concentrations, leukocyte subtype, and the proportion of each
expressing TNF� were performed using t tests, Mann–Whitney U tests,
one-way ANOVA followed by the Student–Newman–Keuls test, or the
Kruskal–Wallis test as appropriate. p � 0.05 was considered significant.

Results
The effect of clonidine on zymosan-induced hypersensitivity
Implantation of the perisciatic catheter and gelfoam resulted in a
slightly but significantly reduced withdrawal threshold ipsilateral
to surgery (Fig. 1A). In control experiments, IFA alone failed to
further reduce withdrawal threshold ipsilateral to injection. In
contrast, zymosan significantly reduced the withdrawal threshold
3 h later, with no recovery over a 3 d period (Fig. 1A,B).
Clonidine dose-dependently reversed zymosan-induced hyper-
sensitivity ipsilateral to injection, with an onset of �48 h after
injection (Fig. 1B). Resolution of hypersensitivity beyond 3 d
from zymosan injection in control animals precluded study be-
yond this period (data not shown). However, the clonidine inhi-
bition of hypersensitivity 3 d after injection was dose dependent
with a threshold of 20 �g and a linear dose–response (Fig. 1B,C).
Coadministration of the �2A-preferring antagonist BRL44408
prevented the reversal of clonidine on zymosan-induced hyper-
sensitivity (Fig. 1B,C).

Perineural zymosan injection also reduced the withdrawal
threshold on the contralateral hindpaw (Fig. 2), as described pre-
viously (Twining et al., 2004). Perineural clonidine failed to alter
contralateral hypersensitivity (Fig. 2), in stark contrast to its effi-
cacy ipsilateral to zymosan injection.

Total leukocyte number and their cytokine expression
More than 95% of cells prepared from gelfoam in all groups
excluded trypan blue and were considered viable. The leukocyte
number increased 1.5fold 3 d after perineural injection of zymo-
san compared with saline control (Fig. 3). Perineural clonidine
had no effect on leukocyte number in animals treated previously
with saline but completely prevented zymosan-induced leukocy-
tosis (Fig. 3). This effect of clonidine was prevented by coadmin-
istration of BRL44408 (Fig. 3).

In addition to the effects on leukocyte number, zymosan and
clonidine also altered cytokine content of the leukocytes them-
selves. As such, there was a generalized pattern of increased cyto-
kine expression in leukocytes 3 d after perineural injection of

Figure 1. Withdrawal threshold ipsilateral to perineural injections. A, The withdrawal
threshold to von Frey stimulation ipsilateral to perineural catheterization before and after cath-
eter implantation and 3 h after zymosan or vehicle. *p � 0.05 compared with before the
catheter value; �p � 0.05 compared with vehicle. B, The withdrawal threshold to von Frey
stimulation ipsilateral to perineural injection of zymosan on day 0, followed in 3 h by saline or
different doses of clonidine alone or 30 �g of clonidine plus 30 �g of the �2-adrenoceptor
antagonist BRL44408. *p � 0.05 compared with zymosan plus saline; �p � 0.05 compared
with zymosan plus 30 �g of clonidine. C, The percentage of maximum possible effect (MPE) to
return withdrawal threshold to pre-zymosan treatment values 3 d after perineural injection of
zymosan alone or zymosan followed by clonidine (10, 20, or 30 �g). *p � 0.05 compared with
zymosan alone. Each value represents the mean � SE of 6 –15 animals. Zym, Zymosan; sal,
saline; clo, clonidine; clo10, clo20, and clo30, 10, 20, and 30 �g of clonidine, respectively; BRL,
BRL44408.

Figure 2. Withdrawal threshold contralateral to perineural injections. The withdrawal
threshold to von Frey stimulation contralateral to perineural catheterization before and 3 h after
zymosan (Zym) or IFA injection and then 3 d after perineural injection of saline (sal) or clonidine
(clo; 10, 20, or 30 �g alone) or with the �2A-adrenoceptor antagonist BRL44408 (BRL) is
shown. Each value represents the mean � SE of 6 –15 animals. *p � 0.05 compared with
before zymosan or IFA injection. Clo-10, Clo-20, and Clo-30, 10, 20, and 30 �g of clonidine,
respectively.

Figure 3. Leukocyte number. The number of leukocytes retrieved from gelfoam 3 d after
perineural injection of IFA or zymosan (Zym), followed by saline (Sal) or clonidine (Clo; 30 �g),
alone or with BRL44408 (BRL), is shown. Each bar represents the mean � SE of 7–11 animals.
*p � 0.05 compared with IFA plus saline; �p � 0.05 compared with zymosan plus 30 �g of
clonidine.
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zymosan compared with saline control, with statistically signifi-
cant increases in pro-inflammatory IL-1�, IL-1�, and IL-6 (Fig.
4). Compared with zymosan plus saline, perineural clonidine
reduced cytokine expression in leukocytes to a broad extent, with
statistically significant reductions in IL-1�, IL-1�, IL-2, IFN�,
and TNF� (Fig. 4). The effect of clonidine in each case was inhib-
ited by coadministration of BRL44408 (Fig. 4).

Leukocyte subtype analysis and
TNF� expression
The 1.5-fold increase in total leukocytes in
gelfoam 3 d after perineural zymosan in-
jection was attributable to a twofold to
threefold increase in monocytes/macro-
phages and cytotoxic and helper
T-lymphocytes and a nonsignificant 30%
increase in the number of granulocytes
(Fig. 5A). Perineural clonidine did not af-
fect the number of granulocytes after
zymosan-induced neuritis and completely
blocked the twofold to threefold increase
in monocytes/macrophages as well as
helper and cytotoxic T-lymphocytes (Fig.
5A).

Zymosan treatment produced a general
increase in the proportion of leukocytes
expressing TNF�, with statistically signifi-
cant increases in granulocyte and helper
T-cell subtypes (Fig. 5B). Clonidine treat-
ment generally reduced TNF� expression,
with statistically significant reductions
compared with zymosan plus saline in
monocytes/macrophages and cytotoxic
and helper T-cells (Fig. 5B).

In vitro challenge
Cells harvested from zymosan plus saline-
treated animals responded to the LPS chal-
lenge ex vivo with significantly increased
production of the pro-inflammatory cyto-
kines IL-1�, IL-1�, IL-2, IL-6, GM-CSF,
and TNF� (Fig. 6). For example, TNF�
production increased 2.8-fold to the LPS
challenge in cells from zymosan plus
saline-treated animals but only 1.7-fold to

the same challenge in cells that had been exposed to clonidine in
vivo. In contrast, cells harvested from zymosan plus clonidine-
treated animals responded to the LPS challenge with a signifi-
cantly induced production of these pro-inflammatory cytokines
(Fig. 6 I). Additionally, the LPS challenge failed to increase pro-
duction of the anti-inflammatory cytokine IL-10 in zymosan plus
saline-treated animals but significantly increased production of
this cytokine in cells from clonidine-treated animals (Fig. 6F). A
similar trend occurred with the anti-inflammatory cytokine IL-4
(Fig. 6D).

Discussion
This study shows the following: (1) zymosan treatment of the
sciatic model of neurogenic pain increases hypersensitivity both
ipsilaterally and contralaterally; (2) this altered physiological
phenotype correlates with an increase in the total leukocyte count
assessed in gelfoam; (3) constitutive increases in inflammatory
cytokines parallel the increase in leukocyte number; (4) locally
administered clonidine by receptor-specific mechanisms abro-
gates ipsilateral (but not contralateral) hypersensitivity in parallel
with reductions in pro-inflammatory mediators with no reduction
or apparent increases in anti-inflammatory mediators, further fa-
voring repression of inflammation; (5) clonidine also limits the ca-
pacity of exudative leukocytes to express pro-inflammatory genes
without concomitant repression of anti-inflammatory products; (6)
the effect of clonidine may be cell type specific (macrophages and

Figure 5. The number of leukocyte subsets and their TNF� expression. A, The number of
leukocytes per gelfoam isolate identified by flow cytometry to be granulocytes (Gran), mono-
cytes/macrophages (Mo/Ma), CD8 (cytotoxic) T-lymphocytes, and CD4 (helper) T-lymphocytes
in animals treated in vivo 3 d earlier with perineural IFA or zymosan (Zym), followed by saline
(sal) or 30 �g of clonidine (clo). B, Proportion of leukocytes expressing TNF� of the same
subsets. Each bar represents the mean � SE of seven to eight animals. *p � 0.05 compared
with zymosan plus saline.

Figure 4. Leukocyte cytokine expression. Cytokine content, expressed as picograms per milliliter in suspensions of 10 7 cells/ml
of leukocytes retrieved from gelfoam 3 d after perineural injection of IFA or zymosan (Zym), followed by saline (Sal) or clonidine
(Clo; 30 �g) alone or with BRL44408 (BRL) is shown. A, IL-1�; B, IL-1�; C, IL-2; D, IL-4; E, IL-6; F, IL-10; G, GM-CSF; H, IFN�; I,
TNF�. Each bar represents the mean � SE of eight to nine animals. *p � 0.05 compared with zymosan plus saline; �p � 0.05
compared with zymosan plus clonidine and BRL.
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T-lymphocytes); and (7) contralateral hy-
persensitivity induced by zymosan produces
pain by a mechanism that is not entirely de-
pendent on pro-inflammatory cytokine
content of leukocytes surrounding the ipsi-
lateral sciatic nerve. Together, these unex-
pected results clarify the actions of cat-
echolamines on immune responses and
provide the rationale for new approaches to
the treatment of neuropathic pain.

Immune response to
perineural zymosan
Three days after zymosan injection, the
number of leukocytes in the perineural en-
vironment increased, as did their activa-
tion state, evidenced by increased IL-1 and
IL-6 expression. It may appear paradoxical
that TNF�, which drives upregulation of
IL-1 and -6, is not increased by zymosan. It
is possible that TNF� immunoreactivity,
measured in the FACS analysis, missed an
increase in active cytokine among total im-
munoreactivity, including proforms, or
that the variability in TNF� precluded
demonstration of significance from the
strong trend ( p � 0.07) of increased
TNF�. Cytokine expression has not been
quantified previously 3 d after zymosan in-
jection in this neuritis model, although
others have shown increased TNF� and
IL-1� secretion ex vivo from leukocytes re-
covered from gelfoam at 24 h after peri-
neural zymosan injection (Gazda et al.,
2001). Zymosan activates nuclear factor
�B by binding to Toll-like receptor 2 (TLR-2) and TLR-6 (Un-
derhill et al., 1999;Young et al., 2001) and likely contributes to
pro-inflammatory cytokine gene expression by this mechanism.
These cytokines play key roles in the generation of zymosan-
induced hypersensitivity, because perisciatic nerve injection of
antibodies or receptor antagonists to these cytokines prevents the
development of ipsilateral and bilateral hypersensitivity (Twin-
ing et al., 2004). Additionally, haplotypes with enhanced IL-6
signaling impart a more than fivefold increased risk in humans
for sciatica and pain associated with intervertebral disc disease
(Noponen-Hietala et al., 2005), consistent with relevance of this
cytokine to clinical pain.

Although the number of perineural leukocytes is not in-
creased 3 and 24 h after zymosan (Gazda et al. 2001), we demon-
strate a leukocytosis 3 d after zymosan, probably reflecting the
concomitant release of chemokines and cytokines. The popula-
tion makeup of leukocytes in the gelfoam from control animals
typifies a foreign body-induced exudate, and zymosan also in-
creases leukocyte number primarily by increasing T-lymphocytes
and monocytes/macrophages. Thus, zymosan increases both the
total number of leukocytes and their cellular expression of pro-
inflammatory cytokines in this foreign body, representing a large
increase in cytokine content in the environment surrounding the
nerve. The parallel time course between the number of pro-
inflammatory leukocytes and hypersensitivity after nerve injury
(Sommer and Schafers, 1998; Shamash et al., 2002; Moalem et al.,
2004) also supports the importance of zymosan-induced leuko-
cytosis and immune activation to persistent pain in this model.

We recognize that intracellular cytokine content, as measured by
immunoreactivity in cell homogenates or by FACS in the current
study, does not measure released cytokine concentrations, and it
is conceivable that cytokine release may differ from expression.

�2-Adrenoceptors transform the immune response to
acute neuritis
Perineural clonidine prevented both the zymosan-induced in-
crease in T-lymphocytes and monocytes/macrophages as well as
their expression of pro-inflammatory cytokines. The pro-
inflammatory cytokines that were increased after zymosan injec-
tion in control animals (IL-1, IL-6, TNF�) attract immune cells,
and their reduced expression by clonidine would thereby prevent
leukocytosis. �2-Adrenoceptor stimulation induces apoptosis in
lymphocytes (Stevenson et al., 2001), providing an alternative
explanation for reduced leukocytosis in clonidine-treated ani-
mals. This mechanism seems unlikely, however, because
clonidine did not alter leukocyte number in gelfoam in the ab-
sence of zymosan or the number of leukocytes that failed to ex-
clude trypan blue.

In contrast to its effect on pro-inflammatory mediators,
clonidine failed to repress anti-inflammatory cytokine expres-
sion. Because pro-inflammatory cytokines generate hypersensi-
tivity and pain (see above) and because IL-10 reduces hypersen-
sitivity and pain (Milligan et al., 2005), we speculate that
clonidine produces analgesia by shifting cytokine expression. The
mechanisms by which clonidine affects this change require fur-
ther study. However, T-lymphocytes and monocytes/macrophages

Figure 6. Cytokine expression from the LPS challenge. Cytokine concentration after incubation in vitro with saline or LPS in the
supernatant of leukocyte suspensions from animals exposed 3 d earlier to perineural zymosan (Zym), followed by saline (sal) or 30
�g of clonidine (clo). Each bar represents the mean � SE of six experiments. A, IL-1�; B, IL-1�; C, IL-2; D, IL-4; E, IL-6; F, IL-10;
G, GM-CSF; H, IFN�; I, TNF�. *p � 0.05 compared with in vitro saline control; �p � 0.05 compared with in vivo zymosan plus
saline control.
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constitutively express �2-adrenoceptors (Spengler et al., 1990;
Schauenstein et al., 2000) and demonstrate �2A-adrenoceptor im-
munostaining at the site of nerve injury (Lavand’homme et al.,
2002), and therefore likely represent a site of action.

The effects of �2-adrenoceptor activation on macrophages have
received little previous attention. In isolated pure preparations of
macrophages, �2-adrenoceptor agonists stimulate pro-
inflammatory IL-12 (Kang et al., 2003) and TNF� (Spengler et al.,
1990) expression, whereas in a mixed leukocyte preparation from
whole-blood, �2-adrenoceptor agonists inhibit LPS-induced TNF�
expression (Maes et al., 2000). We propose that �2-adrenoceptor
stimulation in the microenvironment of neuritis shifts the macro-
phage phenotype from pro- to anti-inflammatory. Development of
an explant model to mimic this environment would facilitate study
of the mechanisms by which �2-adrenoceptors produce this change.

To further test whether clonidine induces a sustained pheno-
typic change among the leukocytes, we stimulated cells ex vivo
with the TLR-4 ligand LPS 3 d after zymosan injection. LPS-
induced increases in production of IL-1, IL-2, IL-6, GM-CSF, and
TNF� in cells from zymosan plus saline-treated animals is con-
sistent with a pro-inflammatory profile. Similar responses were
obtained with in vitro stimulation by zymosan of leukocytes iso-
lated 3 and 24 h after in vivo zymosan injection in this model
(Gazda et al., 2001). In contrast, clonidine treatment not only
reduced pro-inflammatory cytokine expression by leukocytes ex-
posed to zymosan in vivo, it also resulted in a phenotype that later
responded to the immunological LPS challenge ex vivo by repres-
sion of pro-inflammatory cytokine production with sustained
production of the anti-inflammatory cytokine IL-10.

�-Adrenoceptors and hypersensitivity from neuritis
The current study provides one explanation for the analgesic
efficacy of peripherally administered clonidine in neuropathic
pain. Peripheral nerve injury and resultant Wallerian degenera-
tion stimulates an immunological response throughout the
length of the nerve, extending to intact peripheral terminals, re-
sulting in pain and hypersensitivity from exposure of these nerve
endings to pro-inflammatory products. Thus, intraplantar cyclo-
oxygenase inhibition relieves hypersensitivity and abnormal ex-
citatory neuropeptide expression in afferents and the spinal cord
after nerve injury (Ma and Eisenach, 2003). Although the current
study used a model of acute neural inflammation, these parallels
in presumed mechanism support inhibition of pro-
inflammatory responses to nerve injury as the basis for efficacy of
topical clonidine to treat neuropathic pain and suggest that pe-
ripherally restricted �2-adrenoceptor agonists such as oxymeta-
zoline (Afrin), which lack sedative and hypotensive effects, could
be applied topically or via perineural injection for analgesia in
neuropathic pain.

Perineural clonidine failed to reduce mirror-image pain hy-
persensitivity in the current study. In contrast, perineural injec-
tion of agents that block TNF�, IL-6, IL-1, complement activity,
or reactive oxygen generation result in a rapid onset repression of
bilateral hypersensitivity, lasting for a few hours (Twining et al.,
2004). Similarly, acute blockade of microglial function or p38
mitogen-activated protein kinase signaling in the spinal cord im-
mediately after perineural zymosan injection blocks bilateral pain
hypersensitivity (Milligan et al., 2003), consistent with a role for
activated microglia in contralateral spread of sensitization. Al-
though these studies confirm the relevance of locally produced
pro-inflammatory mediators to hypersensitivity, their dramati-
cally different time course compared with clonidine is consistent
with acute pharmacological blockade of cytokine action with the

former and altered cytokine gene expression by the latter. Addi-
tionally, the unilateral blockade of hypersensitivity by clonidine,
but not by cytokine blockers, suggests that pro-inflammatory
signaling at the site of neuritis is not necessary for the mainte-
nance of contralateral sensitization. Alternatively, proinflamma-
tory cytokine exposure over the 2–3 d before clonidine reduced
hypersensitivity could have been sufficient to make mirror-image
pain independent of additional peripheral cytokine-driven sig-
naling to the spinal cord.

In summary, a single perineural injection of clonidine gradually
alleviates for days hypersensitivity to mechanical stimulation in a
neuritis model of pain via actions on �2-adrenoceptors. Unexpect-
edly, clonidine transforms the macrophage and T-lymphocyte phe-
notype in neuritis from pro-inflammatory and pain producing to
anti-inflammatory and pain reducing. These results provide the ra-
tionale for a novel therapeutic strategy for neuropathic pain and a
novel mechanism by which catecholamines regulate immune re-
sponses and neural-immune interactions.
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