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FFECT OF � AND � OPIOIDS ON INJURY-INDUCED MICROGLIAL
CCUMULATION IN LEECH CNS: INVOLVEMENT OF THE NITRIC

XIDE PATHWAY
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bstract—Damage to the leech or mammalian CNS increases
itric oxide (NO) production and causes accumulation of
hagocytic microglial cells at the injury site. Opioids have
een postulated to modulate various parameters of the im-
une response. Morphine and leech morphine-like sub-

tance are shown to release NO and suppress microglial
ctivation. Regarding the known immuno-modulatory effects
f selective � and � ligands, we have assessed the effect of

hese agents on accumulation of microglia at the site of injury
n leech CNS. Leech nerve cords were dissected, crushed
ith fine forceps and maintained in different concentrations
f opiates in culture medium for 3 h and then fixed and
ouble stained with Hoechst 33258 and monoclonal antibody
o endothelial nitric oxide synthase (NOS). Morphine and
aloxone (>10�3 M) but not selective � agonist, DAMGO
d-Ala2, N-Me-Phe-Gly5(ol)-enkephalin] and antagonist,
TAP [D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2] inhibited

he microglial accumulation. The effect of morphine was ab-
ogated by pre-treatment with naloxone and also non-selec-
ive NOS inhibitor, L-NAME [N�-nitro-L-arginine-methyl-ester;
0�3 M] implying an NO-dependent and �-mediated mecha-
ism. These results are similar to properties of recently found
-3 receptor in leech, which is sensitive to alkaloids but not
eptides. Both selective � agonist, U50,488 [3,4-dichloro-N-
ethyl-N-(2-(1-pyrrolidinyl)cyclohexyl)-benzeneacetamide;
10�3 M], and antagonist, nor-binaltorphimine (nor-BNI;
10�3 M), inhibited the accumulation. The effect of nor-BNI
as reversed by L-NAME. Immunohistochemistry showed de-
reased endothelial NOS expression in naloxone and
50,488-treated cords. Since, NO production at the injury site

s hypothesized to act as a stop signal for microglias, opioid
gents may exert their effect via changing of NO gradient
long the cord resulting in disruption of accumulation. These
esults suggest an immuno-modulatory role for � and � opi-
id receptors on injury-induced microglial accumulation

Corresponding author. Tel: �98-21-6695-9105; fax: �98-21-6646-1178.
-mail address: ostadnas@sina.tums.ac.ir (S. N. Ostad).
bbreviations: ANOVA, analysis of variance; CTAP, D-Phe-Cys-Tyr-D-
rp-Arg-Thr-Pen-Thr-NH2; DAMGO, D-Ala2, N-Me-Phe-Gly5(ol)-en-
ephalin; D-NAME, N�-nitro-D-arginine-methyl-ester; eNOS, endo-
helial nitric oxide synthase; KOR, kappa opioid receptor; L-NAME,

�-nitro-L-arginine-methyl-ester; LPS, lipopolysaccharide; L-15,
eibowitz-15 culture medium supplemented with 2% fetal calf se-
um, 0.6% glucose, and gentamicin (10 mg/mL); NO, nitric oxide;
or-BNI, nor-binaltorphimine; NOS, nitric oxide synthase; SPNO,
o
permine NONOate; U50, 488, 3,4-dichloro-N-methyl-N-(2-(1-
yrrolidinyl)cyclohexyl)benzeneacetamide.
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hich may be mediated via NO. © 2006 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: Hirudo medicinalis, opioids, nitric oxide, micro-
lia, cell accumulation, nerve injury.

n mammals as in other vertebrates, microglia constitute a
hysiologically distinct population of immunocompetent
ells with mesodermal origin. After insult to the CNS—
ven minor pathological changes (including trauma, infec-
ion and neurodegenerative processes)—these ramified
icroglia regain an activated phenotype and express an-

igenic markers specific to the immune system leading
ventually to the formation of a glial scar (Kreutzberg,
996). Migration and accumulation of microglial cells at the

esion are among the earliest reactions following nerve
njury, involving several steps, from activation and directed

ovement to gathering at the lesion. However, the role of
icroglia in recovery is controversial. They secrete trophic

actors that enhance neuronal survival (Barron, 1995; Elk-
bes et al., 1996) and components of extracellular matrix,
uch as laminin, that promote growth (von Bernhardi and
uller, 1995). Also, directed migration of microglia may
lay a beneficial role in the elimination of damaged neu-
ons or invading microorganisms. However, activated mi-
roglia can also be injurious to neighboring neurons by
roducing harmful cytotoxins as free radicals, excitatory
mino acids, and inflammatory cytokines that induce neu-
onal death (Thanos et al., 1993; Barron, 1995; Angelov et
l., 1998). Thus, down-regulation of the chemotactic ability
f activated microglia may prevent potential neuronal dam-
ge in areas of brain injury.

CNS injury triggers a cascade of sequential cellular
vents, but repair is ordinarily incomplete in mammals
Brecknell and Fawcett, 1996). In contrast, the sequence
f cellular events after neuronal injury in the leech CNS

eads to successful regeneration of axons, repair of syn-
ptic connections, and restoration of function (Modney et
l., 1997). Leech microglia, like leech neurons and large
lia, resemble their mammalian counterparts in their mor-
hology, physiology and histochemistry and exhibit mac-
ophage-like activity in vivo and in cell cultures. It has been
evealed that leech microglia normally lie scattered among
xons as an apparently homogeneous population of cells
ithin the nerve cord and collect at the site of lesion within
4 h of nerve injury (Morgese et al., 1983). Experiments in
hich nerve cords have been isolated in tissue culture
edium and then crushed have shown that most, if not all,

f the microglia at the lesion migrate there from within the

ved.
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ervous system. In contrast, there is no apparent shift of
ells of the perineural sheath, which are distinctive for their
attened rather than spindle-shaped nuclei. Because the
eech nerve cord lies entirely within a blood sinus and can
e removed for study without damaging the cord between
anglia, it has been possible in the leech to make clear
istinctions between resident microglia and blood macro-
hages that are a component of lesions in mammalian
NS. Moreover, there is evidently no microglial cell divi-
ion in the leech in response to injury (McGlade-McCulloh
t al., 1989), although in the mammalian brain division
dds to the number of microglia at the lesion (Perry and
eane, 1997) and makes cell counts difficult. Distinctive
roperties of the leech CNS, including its location within a
lood vessel and the clear identification of microglia in the

iving cord, lack of microglial division and great control of
ariables ex vivo at single or identified cell levels, have
ade it particularly favorable for study of the cells in situ.

It has been shown in the leech that immediately after
njury, even before microglial accumulate, activity of the
onstitutive endothelial nitric oxide synthase (eNOS) in-
reases and that some injured microglia, as well as the
njured region of the connective glia, express eNOS (Ba-
ati et al., 1993; Shafer et al., 1998). Nitric oxide (NO)

nfluences motile cells in both vertebrates and inverte-
rates via guanylate cyclase activation (Magazine et al.,
996). Microglia distributed throughout the CNS at the time
f injury, are one source of nitric oxide synthase (NOS)
ctivity (Shafer et al., 1998). Application of NO donor and
OS inhibitor leads to the hypothesis that the highest
oncentrations of NO at the crush would stop the migration
f cells.

Endogenous opioid peptides play a variety of roles in
he CNS from development to immune modulation. These
unctions are mediated mostly via specific opioid receptors
niquely localized in different brain regions and cells
Sheng et al., 1997). Mechanisms underlying CNS opioid
ffects may be mediated via immune mediators, such as
ytokines, beta-chemokines, and free radicals (i.e. reactive
xygen intermediates and NO) produced by activated glial
ells (Taub et al., 1991; Sheng et al., 1997; Chao et al.,
997). Several studies have indicated different neuropro-
ective or neurotoxic roles for � and � opioid agonists and
ntagonists (Baskin et al., 1994; Caroleo et al., 1994;
heng et al., 1997). The opioid receptor antagonist, nal-
xone, has been considered pharmacologically beneficial
o endotoxin shock, experimental cerebral ischemia and
pinal cord injury (Chang et al., 2000; Liu et al., 2000a).
lso, exposure of microglia and neurons to morphine po-

ently induces apoptosis of these brain cells (Hu et al.,
002). The inhibitory effect of morphine on the mobility and
hagocytic activity of the invertebrate microglia as well as
ertebrate microglia provides additional functional evi-
ence for a possible role of opiate-like compounds on
own-regulating immunoregulatory processes, as also ob-
erved in the circulating immunocytes (Sonetti et al.,
997). Morphine decreases not only the number of cells
merging form the excised leech ganglia but also the

egree of their transformation to the active ameboid forms 1
epending on the cell conformational state. It is important
o note that this dose-dependent and naloxone sensitive
ffect of morphine on microglial cells parallels that on
ctivated immunocytes of the same species (Sonetti et al.,
994).

It has been demonstrated that invertebrates contain
piate substances in their neural tissue. Also, the exis-
ence of a third �-receptor, �3, has been suggested in
mmunocytes and in neural tissues of the invertebrates on
uman monocytes and other human and mammalian tis-
ues (Sonetti et al., 1994; Stefano and Scharrer 1996;
tefano, 1998). The morphine-like receptor localized in

eech ganglia had no affinity for any opioid peptides or
nalogues, but had high affinity for opiate alkaloids (Lau-
ent et al., 2000). This receptor is coupled to cyclase
denylate inhibition as shown by the in vitro blockade of
yclic AMP level titration after morphine addition and a
uick NO release (Stefano et al., 1993; Stefano and Schar-
er 1996). In addition, it has been suggested that a mor-
hine-like substance exists in leech ganglia and its amount
ignificantly increased after a surgical trauma or lipopoly-
accharide (LPS) injection. This increase in morphine-like
ubstance supports the idea that this alkaloid-opiate may
lay a role in nervous, immune and vascular systems
Laurent et al., 2000; Stefano et al., 1993). Kappa opioid
eceptor (KOR) ligands, on the other hand, may play a
europrotective and immunomodulatory role against cer-
ain CNS insults (Sheng et al., 1997; Hu et al., 1998;
oyagi et al., 2003). KOR activation has been postulated

o suppress the humoral immune response and reactive
xygen intermediate production by microglia (Radulovic et
l., 1995; Hu et al., 1998). Moreover, KOR agonists such
s U50,488 (3,4-dichloro-N-methyl-N-(2-(1-pyrrolidinyl)cy-
lohexyl)benzeneacetamide) are shown to have neuropro-
ective effects in animal models of brain ischemic injury
nd HIV neurotoxicity (Itoh et al., 1993; Chao et al., 1996).

This study was designed to investigate the possible
ole of various � and � opioid agents on the accumulation
f microglial cells in the site of injury and the possible

nvolvement of the NO pathway, in the CNS of leech
irudo medicinalis.

EXPERIMENTAL PROCEDURES

nimals and operations

dult leeches (Hirudo medicinalis), weighing 3–5 g at the time of
xperimentation, were supplied from a breeding colony main-
ained in the laboratory or from a commercial local supplier (He-
amat Center, Tehran, Iran). Leeches were stored in artificial
pring water (0.5 g of solid sea salts/L H2O) at 10 °C for up to 6
onths before use. Ganglia and their associated roots and con-
ectives were dissected (Nicholls and Baylor, 1968). In brief,
nimals were anesthetized with 10% ethanol–spring water for 20
in. The nervous system of the animal was exposed by a dorsal

ut and by removal of the gut. Blood was removed from the
xposed area and the sheath covering the connectives and the
anglia of the nervous system was stripped off with fine forceps.
he connectives were dissected from the leech and pinned in a
ish coated with silicone rubber (Sylgard 184; Dow Corning, Mid-

and, MI, USA) containing leech Ringer (115 mM NaCl, 4 mM KCl,

.8 mM CaCl2, 10 mM Tris-maleate; pH�7.4) (Kuffler and Potter,



1
fi
p
S
0
1
d
E
N
a

M

T
c
M
d
f
(
r
t
h
t
2
2
a
l
1
c
g
m
m
S
c

D
l
a

I
l
c
�
(
I
G
o
1
m
g
o
a
L

c
i
L

I
m
3
g

E
a
i

A
�
(
d

w
(

S

T
n
c
o
s
n
a
c
t
r
a
h
m
c
s
F
p
v
i
C
(

M
a

N
b
H
1
c
w
(
fi
t
u
(

A
m

F
o
a
p
9
t
1
i
a
s
t
m
�
a
P
l

N. Yahyavi-Firouz-Abadi et al. / Neuroscience 144 (2007) 1075–1086 1077
964). Cords were crushed in a standard manner using a pair of
ne forceps (Dumont No. 5) ground to a width of 300 �m, and
reparations were placed in Liebowitz-15 (L-15, Gibco, Paisley,
cotland) culture medium supplemented with 2% fetal calf serum,
.6% glucose, and gentamicin (10 mg/mL) (Ready and Nicholls,
979), referred to here as L-15. Pharmacological reagents were
issolved in L-15. The protocol was approved by the Committee of
thics of the Faculty of Sciences of Tehran University (357; 8
ovember 2000). All efforts were made to minimize the number of
nimals used and their suffering.

icroglial staining and eNOS immunoreactivity

o examine the distribution of eNOS immunoreactivity, crushed
ords were immunostained with monoclonal antibodies to eNOS.
icroglial cell nuclei were stained with Hoechst 33258 fluorescent
ye to see accumulation of cells. In brief, cords were dissected
rom leeches, crushed in a standard manner and left for 3 h
maximum accumulation at the lesion obtained from previous
eports) at room temperature in L-15 with specific reagents. The
issues were then rinsed in PBS and fixed in 4% paraformalde-
yde in 0.1 M phosphate buffer, pH 7.4, at 22 °C for 30 min and
hen incubated 60 min in blocking solution (2% fetal calf serum,
% Triton X-100 in PBS; pH 7.5) (Chen et al., 2000; Kumar et al.,
001). Tissue was kept overnight at 4 °C in anti-eNOS monoclonal
ntibody developed in rabbit (Sigma, Steinheim, Germany), di-

uted 1:300 in blocking solution. For the secondary antibody, a
:50 dilution of FITC-conjugated mouse anti-rabbit IgG (gamma
hain specific, Sigma) was used. The tissue was mounted in
lycerol 85% with Hoechst 33258 dye (Fluka, Steinheim, Ger-
any) (10 mg/mL) and viewed with an Olympus fluorescence
icroscope (Olympus, Tokyo, Japan) using appropriate filters.
everal through-focus images were taken using DP-70 Olympus
amera.

etermining the effects of different � opioid receptor
igands on injury-induced microglial accumulation
nd eNOS immunoreactivity

n order to investigate the effects of various � opioid receptor
igands on the accumulation of microglia at the injury site, crushed
ords were incubated in different concentrations of non-selective
opioid receptor agonist and antagonist, morphine and naloxone

10�6, 10�5, 10�4, 10�3, 10�2 M and 5�10�2 M; Temad, Tehran,
ran), as well as selective � agonist, DAMGO [D-Ala2, N-Me-Phe-
ly5(ol)-enkephalin; 10�5-10�2 M; Sigma] and selective � antag-
nist CTAP [D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2; 10�5-
0�2 M; Sigma], respectively for 3 h, fixed 30 min in 4% parafor-
aldehyde and stained as described above (n�6–7 for each
roup). Since morphine and naloxone showed significant effects
n the level of microglial accumulation, the involvement of NO was
ssessed in this regard using a non selective NOS inhibitor,
-NAME (N�-nitro-L-arginine-methyl-ester, Sigma). Thus, crushed
ords were pre-treated with L-NAME (10�3 M), for 30 min and then
ncubated in morphine (10�2) in L-15 for 3 h. The concentration of
-NAME was obtained from previous studies (Chen et al., 2000).
n addition, to assess the involvement of � receptor in the effect of
orphine, one group was pre-treated with naloxone (10�2 M) for
0 min and then incubated in morphine (10�2 M; n�6–7 for each
roup).

ffect of selective � receptor agonists and
ntagonists on microglial accumulation and
nvolvement of NO

ccumulation was assessed in cords treated with selective
agonist U50,488 (Sigma) and antagonist nor-binaltorphimine

nor-BNI; Sigma) in different concentrations (10�5-10�2 M), as

escribed above. Moreover, the effect of pre-treatment of cords D
ith L-NAME (10�3 M) in nor-BNI treated groups was assessed
n�6–7 for each group).

tatistical analysis

o quantify peak accumulation for each group, the sampling tech-
ique was used with stained tissues, referred to here as a “line
ount” (Chen et al., 2000; Duan et al., 2003). A hairline in the
ffline through-focus images obtained from experiments was po-
itioned perpendicular to the longitudinal axis of the crush, and the
umber of nuclei within the sheath touching or intersecting the line
t the crush was then counted in a double-blind manner. To avoid
ounting the same cell twice, each time the line was moved 5 �m,
he length of a nucleus, toward the center of the crush and counts
epeated. Counts were made for both connectives at the anterior
nd posterior margins of the crush in which accumulation was
ighest, three series each and the counts were summed. This
ethod measures accumulation at the highest concentration of

ells. All results are presented as mean�S.E.M. Data were as-
essed by one-way analysis of variance (ANOVA). If a significant
value was obtained, post hoc analyses (Tukey-Kramer’s multi-

le comparison tests) were performed to determine the effects of
arious treatments on the accumulation of microglia at the site of
njury. P-values less than 0.05 were considered as significant.
alculations were performed using the SPSS statistical package

version 11.5).

RESULTS

icroglial accumulation and eNOS immunoreactivity
re highest at the site of crush

erve cords were double-stained with a monoclonal anti-
ody for eNOS and with the fluorescent nuclear dye
oechst 33258 (Chen et al., 2000). As illustrated in Fig.
A, eNOS immunoreactivity was not seen in uncrushed
onnectives (Shafer et al., 1998); also, microglial cells
ere evenly distributed throughout the connectives

Morgese et al., 1983) (Fig. 1B). Fig. 1D shows that cords
xed 3 h after the crush show eNOS immunoreactivity at
he lesion (Chen et al., 2000; Shafer et al., 1998), while
ncrushed control cords do not exhibit eNOS activity
Fig. 1C).

lkaloid � ligands attenuate the injury-induced
icroglial accumulation

ig. 2 shows the curve for effect of different concentrations
f morphine and naloxone on injury-induced microglial
ccumulation. One-way ANOVA revealed that both mor-
hine and naloxone exerted significant effects (F(6,36)�
.628, P�0.001 and F(6,35)�6.885, P�0.001, respec-
ively). Further analysis indicated that morphine (10�3,
0�2 and 5�10�2 M) decreased microglial accumulation

n comparison with control L-15 group (P�0.014, P�0.001
nd P�0.001, respectively). In addition, further analysis
howed that naloxone at concentrations equal to or greater
han 10�3 M significantly decreased the accumulation of
icroglial cells. However, neither DAMGO nor CTAP,
selective peptides, showed a significant effect on cell

ccumulation (F(4,25)�0.490, P�0.743 and F(4,25)�0.353,
�0.84, respectively) (Fig. 3). Fig. 4 shows the accumu-

ation of cells in cords treated with L-15, morphine,

AMGO and CTAP. Fig. 5 shows the microglial accumu-



l
c
l
t

E
b

I
s
t
I
l
m
2
L

1
a
a

P
p
(
t
2
i
c
a
d
m
o
m
e
m
p
P
r

F
p
m
i
a ells are
p

N. Yahyavi-Firouz-Abadi et al. / Neuroscience 144 (2007) 1075–10861078
ation and eNOS immunoreactivity in a naloxone treated
ord. Altogether, these results indicate that only alkaloid
igands but not peptides are able to reduce the accumula-
ion of microglial cells.

ffect of morphine on microglial accumulation is
oth naloxone sensitive and NO-mediated

t has been hypothesized that injury-induced NO acts as a
top signal for microglial migration. Thus, the highest concen-
rations of NO at the crush may stop the migration of cells.
ncubation of crushed cords in L-NAME (1 mM) reduces NO
evels and microglial cell in the absence of NO, continue to

igrate and do not accumulate at the lesion (Chen et al.,
000). Three groups of crushed cords were incubated in
-NAME 1 mM), D-NAME (N�-nitro-D-arginine-methyl-ester,
mM) and L-15. Consistent with previous results, there was
significant difference between microglial cell accumulation

ig. 1. Appearance of eNOS immunoreactivity and microglial cell ac
aired with the bundled axons of each connective surrounded by a
onoclonal antibody against human eNOS and with the fluorescent n

s indicated by white lines. In uncrushed cords, microglial cells are
bsent (C). In crushed cords, fixed 3 h after crushing, microglial c
redominant at the crush site (D).
t the lesion site (one-way ANOVA, F(2,15)�18.182, (
�0.001) in injured tissue treated with L-NAME (1 mM) com-
ared with tissue treated with D-NAME (P�0.001) and L-15
P�0.001) (figure not shown). Moreover, morphine is known
o stimulate NO release in leech neural tissue (Laurent et al.,
000). If microglia aggregate at a lesion as a result of locally

ncreased NO, then morphine by producing a general in-
rease in NO might disrupt the injury-induced NO gradient
nd interfere with accumulation. This experiment was con-
ucted to assess the involvement of NO in the effect of
orphine on microglial accumulation. Fig. 6 shows the effect
f pre-treatments with L-NAME and naloxone on morphine
odulation of microglial accumulation. L-NAME (1 mM) ex-
rted a significant effect on morphine-induced attenuation of
icroglial accumulation (F(2,15)�8.149, P�0.004) and com-
letely blocked the effect of morphine (P�0.012 and
�0.958 compared with morphine and L-15 control group,

espectively). Pre-treatment of crushed cords with naloxone

n at sites of CNS damage. The connectives connecting ganglia are
sheath. Adult leech nerve cords were crushed and stained with a

e Hoechst 33258. The approximate longitudinal extent of the crushes
ed throughout the connectives (A) and eNOS immunoreactivity is
accumulated at the injury site (B) and eNOS immunoreactivity is
cumulatio
cellular

uclear dy
distribut
10�2 M) for 30 min showed a significant interaction (F(2,15)�
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.074, P�0.003). Naloxone (10�2 M) completely reversed
he effect of morphine on microglial accumulation (P�0.012
nd P�0.818 compared with morphine and L-15 control
roup, respectively) and caused accumulation similar to L-15
ontrol group. Therefore, these findings suggest a naloxone
ensitive and NO-mediated action for the effect of morphine
n injury-induced microglial accumulation.

ig. 2. Alkaloid � opioid ligands attenuated the accumulation of micro
ifferent concentrations of morphine and naloxone in L-15 for 3 h, the
umber of microglial cells was counted (see Experimental Procedures
aloxone (Œ) on accumulation of microglial cells. The data are show
orphine-treated groups different from control group (�). # P�0.0

Tukey-Kramer’s multiple comparison tests).

ig. 3. The effect of different concentrations of selective � agonist, DA

ells at the site of injury. The data are shown as means of cell counts�S.E.M. S
ords (�) and no significant effect was seen.
OR ligands reduce the microglial accumulation via
O pathway

oth U50,488 and nor-BNI, selective � agonist and antag-
nist, respectively, showed significant effects on microglial
ccumulation (F(3,20)�5.429, P�0.006 and F(3,20)�9.185,
�0.001, respectively). U50,488 and nor-BNI (10�3, 10�2

at the injury site. Leech nerve cords were crushed and incubated in
nd stained with fluorescent Hoechst 33258 dye. For each sample the
rves show the effect of different concentrations of morphine (●) and
ns of cell counts�S.E.M. * P�0.05, ** P�0.01, and *** P�0.001 for

# P�0.01 for naloxone-treated groups different from control group

), and selective � antagonist, CTAP (�), on accumulation of microglial
glial cells
n fixed a
). The cu
n as mea

#

MGO (‘

elective peptide-treated cords showed accumulation similar to control
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) reduced the microglial accumulation at injury site in
omparison with their control group (P�0.008 and
�0.001, respectively) (Fig. 7). Fig. 8 illustrates microglial

ig. 4. Morphine but not selective � peptides reduces the accumulati
ncubated in different � opioid agents in L-15 for 3 h, then fixed and st
esion site (vertical line) in L-15-treated control group (A). No accumula
o control cords was seen in DAMGO- (10�2 M) and CTAP- (10�2 M)
ig. 5. The effect of naloxone on accumulation and eNOS immunoreactivity
ntibody to eNOS (B). Naloxone (10�3 M) blocks the accumulation of microgli
ccumulation and eNOS immunoreactivity in � ligand-
reated cords. The effect of pre-treatment of nor-BNI
reated cords with L-NAME (10�3 M) is shown in Fig. 9,

roglial cells at the site of injury. Leech nerve cords were crushed and
h fluorescent Hoechst 33258 dye. Microglial cells accumulated at the
een in cords treated with morphine (10�2 M) (B). Accumulation similar
ords, respectively (C, D).
on of mic
ained wit
is shown in cords stained with Hoechst 33258 (A) and monoclonal
al cells and expression of eNOS at the injury site.
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here it exerted a significant effect on microglial accumu-
ation (F(2,15)�9.207, P�0.002). L-NAME completely re-
ersed the effect of � selective antagonist on microglial
ccumulation and caused accumulation similar to L-15-
reated control group (P�0.07 compared with nor-BNI and
�0.972 compared with control group).

ig. 6. Effect of morphine on microglial accumulation is both nalox
on-selective NOS inhibitor, reversed the effect of morphine on microg
aloxone, showed the same effect. The data are shown as means of
P�0.05 in comparison with morphine-treated cords (Tukey-Kramer’s

ig. 7. Kappa ligands attenuate the accumulation of microglial cells at

�) and nor-BNI (�) on accumulation of microglial cells. The data are shown as
ifferent from control (�). ## P�0.01 and ### P�0.001 for nor-BNI-treated grou
DISCUSSION

he leech CNS has been favorable for the study of nerve
epair and synapse regeneration, which occurs success-
ully at the level of individual, identified neurons. Leech
icroglia are uniformly distributed at rest (Morgese et al.,

sitive and NO-mediated. Inhibition of NO synthesis by L-NAME, a
cumulation at the injury site. Pre-treatment of cords with � antagonist,
ts�S.E.M. ** P�0.01 in comparison with L-15-treated control group.
comparison tests).

site. The curve shows the effect of different concentrations of U50,488
one sen
lial cell ac
the injury

means of cell counts�S.E.M. ** P�0.01 for U50,488-treated groups

ps different from control (Tukey-Kramer’s multiple comparison tests).
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983), and are rapidly activated and migrate directly to-
ard a nerve injury, stopping at the lesion and accumulat-

ng there (McGlade-McCulloh et al., 1989), a process that
ppears to be regulated by NO (Chen et al., 2000). NOS
ctivity at the lesion is one of the earliest events after
rushing the leech nerve cord (Shafer et al., 1998). A
elayed appearance of NO has been reported in injured
nd diseased tissues of the mammalian CNS (Blottner et
l., 1995). For example, after peripheral axotomy, NOS
RNA (Verge et al., 1992) and protein (Vizzard et al.,
995) increase in some neuronal cell populations and NOS

nhibition is shown to enhance peripheral nerve regenera-
ion (Zochodne et al., 1997). Possible sources of NO may
e macrophages that migrate to lesions and express the

nducible isoform of NOS (iNOS), or neurons that express
he Ca2�/calmodulin-dependent eNOS and neuronal
nNOS) isoforms of NOS (Paakkari and Lindsberg, 1995).
t has been shown that application of the NO donor sperm-
ne NONOate (SPNO) to the entire injured leech cord stops
he cells in place, effectively preventing them from migrat-

ig. 8. Kappa ligands reduce the accumulation of microglial cells at the
3258 fluorescent dye. Microglial cells accumulated at the lesion (vertic

n cords treated with nor-BNI (10�2 M) (B). In addition, U50,488 (10�2

rushed cords.
ng to the crush, resulting in reduced microglial accumula- o
ion at the lesion site. It is hypothesized that application of
O donor all along the cord, eliminates the NO gradient
etween injury site and other parts of connectives and

eads to prevention of cell migration. Also, incubation of
rushed cords in the NOS inhibitor, L-NAME, reduces NO

evels and microglial cell accumulation but does not affect
he migration rate or population of microglia moving, sup-
orting the hypothesis that injury-induced NO may serve
s a stop signal for migrating microglia and disturbing the

njury-induced NO gradient along the cord, could alter
icroglial migration (Chen at al., 2000). It implies that NO

oncentration changes may be enough to alter the micro-
lial accumulation and these two agents by different and
pposite mechanisms both prevent cell migration.

Morphine can induce NO production in macrophages,
uman endothelial cells and cells from diverse animals
Magazine et al., 1996). Moreover, morphine is shown to
nduce NO release from leech glial cells (Laurent et al.,
000). It is shown that both morphine and sodium nitro-
russide, a substance that liberates NO, can cause previ-

ite. Cords are stained with monoclonal antibody to eNOS and Hoechst
L-15-treated control groups (A); however, no accumulation was seen

ed the microglial accumulation (C) and eNOS immunoreactivity (D) in
lesion s
al line) in
usly activated and ameboid immunocytes and microglial
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s well as human endothelial cells to become round (Ste-
ano et al., 1993; Magazine et al., 1996). Morphine dimin-
shes the microglial egress from the excised leech ganglia
nd in resting microglia the opiate alkaloid causes the cells
o sprout short spikes and elongate existing filopodia; how-
ver, they maintain a rounded shape. It is shown that the
ffects of morphine addition to the microglia cultures de-
end on the cell conformational state: in microglia in the
esting form the opiate alkaloid caused the cells to sprout
hort spikes and elongate existing filopodia; however, they
aintained a rounded shape. Furthermore, these cells
ave a clear tendency to aggregate. In contrast, a different
nd more impressive response is observed after microglial
xposure to morphine with the cells in transitional ameboid
onformation: microglia retire from the lamellipodia and
ecome round as they lose intercellular and substrate
dherence (Sonetti et al., 1997). The NO release inhibitor
ignificantly inhibits morphine-induced conformational
hanges in these cell types, suggesting that the effect of
orphine on cell conformation may be mediated, at least in
art, by NO (Magazine et al., 1996). On the basis of these
bservations, one may surmise that the cell rounding pre-
iously attributed to morphine’s direct action on these cells
ay actually be due to the action of morphine-induced NO

elease or be a combined action of both compounds. The
resent paper demonstrates that morphine attenuates mi-
roglial accumulation at the site of injury. This effect is
nhibited by L-NAME and is also naloxone sensitive imply-
ng a possible involvement of NO and opioid receptor. One
xplanation could be that morphine, like SPNO, induces

ig. 9. The effect of � antagonist, nor-BNI, is mediated via NO. L-NAM
he data are shown as means of cell counts�S.E.M. ** P�0.01 in co

reated with nor-BNI (Tukey-Kramer’s multiple comparison tests).
O release all along the cord, altering the NO gradient and m
herefore inhibiting microglial migration to the site of injury.
hese observations are also consistent with the above-
entioned effects of morphine on microglial conforma-

ional changes that are inhibited by L-NAME and sug-
ested to be mediated via NO pathway (Magazine et al.,
996). Concentrations required to see the effects in this ex
ivo model are higher than microglial cell culture studies
ut are relevant to other studies using nerve cord or tissue
amples (Chen et al., 2000; Duan et al., 2003).

Recently, it has been demonstrated that invertebrates
ontain opiate substances in their neural tissue (Laurent et
l., 2000). Also, the existence of a third �-receptor, �-3,
as been suggested in immunocytes and in neural tissues
f the invertebrates, on human monocytes, and other hu-
an and mammalian tissues (Sonetti et al., 1994). The
orphine-like receptor localized in leech ganglia has no
ffinity for any opioid peptides or analogues, but has high
ffinity for opiate alkaloids. This receptor appears to be
oupled to NO release, which is associated with the in-
uced conformational rounding in invertebrates and in hu-
an beings caused by morphine (Sonetti et al., 1997). In

his study, opioid alkaloids (morphine and naloxone) but
ot selective opioid peptides (DAMGO and CTAP) show
he effect that is consistent with the finding and properties
f �-3 receptor. Our data do not directly show the involve-
ent of �-3 receptor in this regard and further studies

nvestigating the exact properties and involvement of this
eceptor in nerve-injury sequential events are required.
he similarity between the effect of morphine and nalox-
ne on microglial accumulation needs to be explained by

M) inhibited the effect of nor-BNI (10�3M) on microglial accumulation.
with L-15-treated control group. ## P�0.01 in comparison with cords
E (10�3
ore detailed investigations, but it could be attributed to



t
c
I
a
t
t
t
2
m
s
r
t
s
i
g
k
l
m
s

m
N
r
a
n
g
e
N
m
v
e
a
t
c
c
s
s

a
h
o
a
1
K
i
1
U
t
m
c
a
o
a
K
r
w
p
a
s

i
a
p
t
r
Z
h
m
h
c
t
m
o
i
6
r
a
m
2

I
m
l
t
t
o
c
u
a
i

A
M
o
G
e
f
M

A

B

B

B

B

B

C

N. Yahyavi-Firouz-Abadi et al. / Neuroscience 144 (2007) 1075–10861084
he effect of these agents on NO concentration along the
ord as seen in NO donor and L-NAME-treated cords.
ncubation of crushed cords in the NOS inhibitor, L-NAME,
nd also naloxone reduces NOS activity and NO produc-
ion at the lesion leading to disturbance of cell accumula-
ion. In previous experiments, L-NAME (10�3 M) is shown
o completely inhibit microglial accumulation (Chen et al.,
000). In the present study, naloxone reduces eNOS im-
unoreactivity and exerts the same effect. However, these

uggestions are based on observed correlations and war-
ant further studies using molecular markers to evaluate
he migration machinery. Moreover, it is shown that a
urgical trauma or LPS injection provokes a large increase
n the level of morphine-like substance within 24–48 h in
anglia of leech (Laurent et al., 2000). Although, we do not
now about the exact role of released endogenous opioid
igand in sequential events after nerve lesion, blockade of

icroglial accumulation at the injury-site by naloxone may
uggest the involvement of this ligand.

Consistently, several evidences support the neuro-im-
uno-modulatory effect of opioids (Sheng et al., 1997).
aloxone is shown to protect neurons via reduction of

eactive oxygen species production by microglia (Chang et
l., 2000; Liu et al., 2000a). It also reduces LPS induced
eurotoxicity (Liu et al., 2000b) and microglia-induced de-
eneration of dopaminergic substantia nigra neurons (Lu
t al., 2000). As mentioned before, morphine stimulates
O release and induces conformational changes in human
onocytes, granulocytes, and endothelial cells and in in-

ertebrate immunocytes and microglia via NO (Magazine
t al., 1996; Liu et al., 1996; Stefano, 1998). Morphine
lters human microglial cell production and chemotaxis

oward the activated complement component C5a and beta-
hemokine, RANTES (Hu et al., 2000). It also induces
hemotaxis and brain-derived neurotrophic factor expres-
ion in microglia (Takayama and Ueda, 2005) and apopto-
is of human microglia and neurons (Hu et al., 2002).

KOR are known modulators of brain activity (Tortella
nd DeCoster, 1994). In recent years, increased attention
as been paid to the immunosuppressive effects of �
pioid ligands on macrophages (Carr et al., 1989) as well
s on lymphocytes (Taub et al., 1991; Caroleo et al.,
994). These studies have suggested the existence of
ORs on these immune cells. They suppress the humoral

mmune response both in vivo and in vitro (Radulovic et al.,
995). It has been postulated that activation of KOR (by
50,488) has an immuno-modulatory effect on the produc-

ion of reactive oxygen intermediates by cytokine-primed
icroglial cells in culture. Pre-treatment of microglial cell

ultures with an equal concentration of the selective KOR
ntagonist, nor-BNI, completely blocks the inhibitory effect
f U50,488 implying the role of KOR in superoxide gener-
tion (Hu et al., 1998). Moreover, the inhibitory effect of
OR ligand on microglial expression of HIV-1-related neu-

otoxicity (Chao et al., 1996, 2000; Gekker et al., 2004) is
ell documented. In addition, they have neuroprotective
roperties in animal models of ischemic brain injury (Itoh et
l., 1993; Widmayer et al., 1994). U50,488 has been

hown to have superior neuroprotective activity against
schemic injury when compared with dynorphin (Baskin et
l., 1994). Various effects of KOR are linked to the NO
athway (Park et al., 2002). Brain ischemic neuroprotec-
ion of KOR agonists is supposed to be related to the
educed neuronal NO production (Goyagi et al., 2003;
eynalov et al., 2006; Chen et al., 2005). In this report, we
ave shown that KOR ligands reduce the accumulation of
icroglia at the site of injury. In light of the above data, we
ave investigated the effect of L-NAME on microglial ac-
umulation alteration by nor-BNI. L-NAME has abrogated
he effect of nor-BNI, implying that NO release may be the
echanism involved in this effect. In contrast with finding
f � opioid receptor, the existence of KOR is not yet

nvestigated in leech CNS. However, the demonstration of
2% homology between human brain KOR and mu opioid
eceptor suggests a potential for functional overlap. In
ddition an endogenous opioid ligand might interact with
ore than one type of opioid receptors (Pogozheva et al.,
005).

CONCLUSION

n conclusion, the present paper is the first report of opioid
odulation of microglial accumulation at the site of injury in

eech CNS. Both � ligands and � alkaloid ligands showed
he effect which was possibly mediated via NO. Effects of
hese agents on CNS regeneration and repair in leech and
ther animals warrant further investigations. Although the
linical significance of the findings in the present study is
nknown, the therapeutic potential for the use of alkaloid �
ntagonist, naloxone and � antagonist nor-BNI in brain

njury should be considered.
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