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Bispecific antibodies can serve as mediators to retarget effector mechanisms
to disease-associated sites. Studies over the past two decades have revealed the

potentials but also the limitations of conventional bispecific antibodies. The de-
velopment of recombinant antibody formats has opened up the possibility of
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Introduction

The concept of using bispecific molecules in therapy is
based on the selective recruitment of an effector mechanism
to a defined disease-related target structure. Thus, bispecific
molecules serve as mediators (adaptors) between an effec-
tor and a target. A plethora of effector mechanisms can be
envisaged for therapeutic applications and a large number
have already been evaluated. These include the recruitment
of effector molecules (e.g. toxins, drugs, prodrugs, cytokines,
radionuclides), the retargeting of effector cells (e.g. cyto-
toxic T lymphocytes, NK cells, macrophages, granulocytes)
and the retargeting of carrier systems (e.g. viral vectors for
gene therapy)'.

Antibodies are ideally suited as starting material for the
construction of bispecific molecules as they normally bind
specifically and with high affinity to antigens. Using differ-
ent technologies, for instance hybridoma or phage display
technology, antibodies can be generated against virtually
any given antigen. Smaller portions of an antibody retaining
antigen-binding activity can be produced by proteolytic
cleavage or in recombinant form. Several methods have been
developed for the generation of bispecific antibodies. Be-
sides chemical cross-linking of two IgG molecules or two
Fab or Fab’ fragments, bispecific antibodies can also be pro-
duced by fusion of two hybridomas. This hybrid-hybridoma
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generating bispecific molecules with improved properties. This review summa-
rizes recent developments in the field of recombinant bispecific antibodies and
discusses further requirements for clinical development.

technology results in cell lines (quadroma) that produce
bispecific IgG molecules. However, the production and ran-
dom association of two different heavy chains and two dif-
ferent light chains within one cell leads to the assembly of a
substantial proportion of non-functional molecules. Thus,
the hybrid-hybridoma technology and also chemical meth-
ods produce poorly defined products and require elaborate
purification steps to obtain defined and clinically useful
material. Nevertheless, several clinical studies have been
performed to analyze the therapeutic potentials of bispecific
antibodies. Most of these studies were focused on the re-
targeting of effector cells (cytotoxic T lymphocytes, NK
cells) of the immune system to tumor cells. Mostly disap-
pointing findings were obtained from these studies'-?. The
main reasons were the induction of neutralizing antibodies
against the murine bispecific antibodies and Fc-mediated
side effects, including cytokine-release syndrome, thrombo-
cytopenia and leukopenia, which limited the maximal appli-
cable dose. Further studies indicate that the induction of
inflammation within the tumor, for example, the co-applica-
tion of inflammatory cytokines, is essential to achieve an
effective treatment. It was concluded that besides strong
and selective binding to a disease-related antigen clinically
useful bispecific antibodies should fulfill several require-
ments®?: They should be non-immunogenic to avoid a neu-
tralizing immune response. They should have a defined struc-
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ture and should bind monovalently to the effector cells to
induce activation of the effector cells only after binding to
the target cells. They should not contain an Fc-region to
avoid Fc-mediated side effects. They should have a size
which allows penetration into the tumor tissue but should
circulate sufficiently long to induce therapeutic effects.

Recombinant bispecific antibodies

Recombinant bispecific antibodies offer several advan-
tages over conventional bispecific antibodies made by chemi-
cal cross-linking or fusion of two hybridoma clones and can
be designed to meet the requirements described above. By
using only the variable domains as building blocks, recom-
binant antibodies lack the Fc-region of an antibody, and
thus do not induce Fc-mediated effects. Recombinant anti-
bodies are constructed by genetic means allowing for the
generation of human molecules in order to reduce or even
avoid the induction of a neutralizing antibody response.
Human antibody molecules used as starting blocks can be
isolated, for instance, from human antibody libraries by
means of phage display” or by using transgenic mice ex-
pressing human antibodies'. Recent studies have shown,
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however, that even fully human antibodies can be immuno-
genic leading to the generation of human anti-human anti-
bodies (HAHA)®. By identification and removal of the re-
sponsible T cell epitopes (“deimmunization”) the immuno-
genicity risk associated with human antibodies can be fur-
ther reduced®. These developments in the generation of
recombinant antibody molecules have led to a revival in the
use of bispecific antibodies for therapeutic applications!”.

A wide variety of different recombinant bispecific anti-
body formats have been developed over the past years!®.,
Amongst them tandem single-chain Fv molecules and
diabodies and various derivatives there of are the most widely
used formats for the construction of recombinant bispecific
antibodies (Figure 1). Routinely, construction of these mol-
ecules starts from two single-chain Fv (scFv) fragments that
recognize different antigens®.

Tandem scFv molecules (taFv) represent a straightfor-
ward format simply connecting the two scFv molecules with
an additional peptide linker (Figure 1). The two scFv frag-
ments present in these tandem scFv molecules form sepa-
rate folding entities. Thus various linkers can be used to
connect the two scFv fragments and linkers with a length of
up to 63 residues have been reported'”. Although the pa-
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Figure 1. A) Structures of various recombinant bispecific antibody formats derived from single-chain Fv (scFv) fragments.

B) Domain and

linker arrangements in single-chain Fv fragments (scFv), diabodies (Db), single-chain diabodies (scDb), and tandem scFv molecules (taFv).

Linker L in scFv consists of approximately 15 amino acid residues.

In Db and scDb linkers A and B have a length of approximately 5 amino

acids. Linker M in scDb is approximately 15 amino acids long. In taFv linkers A and B have a length of approximately 15 amino acids and

linker M can be of varying length (e.g. from 0 to >25 amino acids). SP=signal peptide.
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rental scFv fragments can normally be expressed in soluble
form in bacteria, it is, however, often observed that tandem
scFvmolecules form insoluble aggregates in bacteria. Hence,
refolding protocols or the use of mammalian expression sys-
tems are routinely applied to produce soluble tandem scFv
molecules. In a recent study, in vivo expression by transgenic
rabbits and cattle of a tandem scFv directed against CD28
and a melanoma-assocated proteoglycan was reported™. In
this construct the two scFv molecules were connected by a
Cyl linker and serum concentrations of up to 100 mg/L of
the bispecific antibody were found. Various strategies in-
cluding variations of the domain order or using middle link-
ers with varying length or flexibility were employed to al-
low soluble expression in bacteria. A few studies have now
reported expression of soluble tandem scFv molecules in
bacterial*'* using either a very short Ala, linker or long
glycine/serine-rich linkers. In a recent study, we employed
phage display of a tandem scFv repertoire containing ran-
domized middle linkers with a length of 3 or 6 residues to
enrich for those molecules which are produced in soluble
and active form in bacteria. This approach resulted in the
isolation of a preferred tandem scFv molecule with a 6 amino
acid residue linker'"™. At present it is unclear if this linker
sequence represents a general solution to the soluble ex-
pression of tandem scFv molecules. Nevertheless, this study
demonstrate that phage display of tandem scFv molecules
in combination with directed mutagenesis is a powerful tool
to enrich for those molecules which can be expressed in bac-
teria in active form.

Bispecific diabodies (Db) utilize the diabody format for
expression. Diabodies are produced from scFv fragments
by reducing the length of the linker connecting the V; and
V. domain to approximately 5 residues®. This reduction
forces dimerization of two polypeptide chains by crossover
pairing of the Vy; and V| domains (Figure 1). Bispecific
diabodies are produced by expressing two polypeptide chains
with either the structure V A-V, B and Vi B-V, A (V,4-V,
configuration) or V,A-VyB and V;B-V A (V. -Vy
configuration) within the same cell. A large variety of dif-
ferent bispecific diabodies have been produced in the past
and most of them could be expressed in soluble form in bac-
teria (Table 1). A recent comparative study demonstrate,
however, that the orientation of the variable domains can
influence expression and formation of active binding sites"”).
Nevertheless, the soluble expression in bacteria represents
an important advantage over tandem scFv molecules.
However, since two different polypeptide chains are ex-
pressed within a single cell inactive homodimers can be pro-
duced together with active heterodimers. This puts some

obstacles towards the use as therapeutic molecules as it
necessitates the implementation of additional purification
steps in order to obtain homogenous preparations of
bispecific diabodies.

One approach to force the generation of bispecific
diabodies is the production of knob-into-hole diabodies!®..
This was demonstrated for a bispecific diabody directed
against HER2 and CD3. A large knob was introduced in the
Vy, domain by exchanging Val,; with Phe and Leu,; with Trp
and a complementary hole was produced in the V; domain
by mutating Phey to Met and Tyrg, to Ala, either in the anti-
HER?2 or the anti-CD3 variable domains. By using this ap-
proach the production of bispecific diabodies could be in-
creased from 72% by the parental diabody to over 90% by
the knob-into-hole diabody. Importantly, production yields
did only slightly decrease by these mutations. However, a
reduction in antigen-binding activity was observed for sev-
eral analyzed constructs. Thus, this rather elaborate ap-
proach requires the analysis of various constructs in order
to identify those mutations which produce heterodimeric
molecule with unaltered binding activity.

Single-chain diabodies (scDb) represent an alternative
strategy to improve the formation of bispecific diabody-like
molecules!*?, Bispecific single-chain diabodies are pro-
duced by connecting the two diabody-forming polypeptide
chains with an additional middle linker with a length of ap-
proximately 15 amino acid residues (Figure 1). Consequently,
all molecules with a molecular weight corresponding to mo-
nomeric single-chain diabodies (50-60 kDa) are bispecific.
Several studies have demonstrated that bispecific single-
chain diabodies are expressed in bacteria in soluble and ac-
tive form (Table 1) with the majority of purified molecules
present as monomers!'*?. Thus, single-chain diabodies
combine the advantages of tandem scFvs (all monomers are
bispecific) and diabodies (soluble expression in bacteria).

Stability improvements

Stability of the recombinant bispecific antibodies under
storage conditions as well as after in vivo application is a
critical parameter with strong impact for clinical application.
The antibody has to be sufficiently stable to allow the mol-
ecules to induce a therapeutic benefit before being degrad-
ed®. Unfortunately, several studies showed that tandem
scFv molecules as well as diabodies were inactivated under
physiological conditions, with varying half-lives depending
on the antibody construct tested"*",

One approach to improve the stability of antibody mol-
ecules is the generation of disulfide-stabilized molecules
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Table 1. Applications of recombinant bispecific antibodies for cancer therapy.

Format Antibody Target Effector Expression Reference
taFv CD19 x CD3 CD19 CTL mammalian cells [45.47.48.51.52]
CD19 x CD3 CD19 CTL E. coli (53]
EpCAM x CD3 EpCAM CTL mammalian cells (10.54-56]
HER2 x CD3 ErbB2 CTL mammalian cells (53]
LeY x CD3 Lewis Y CTL mammalian cells (53]
BCL-1 x CD3 IgG idiotpye CTL mammalian cells 143
FAP x CD3 FAP CTL mammalian cells 1
OKT9 x CD3 TR CTL mammalian cells 1571
E. coli (refolding)
L6 x CD3 tumor Ag CTL mammalian cells (581
Wue x CD3 Wue CTL mammalian cells (59
M x CD28 melanoma proteoglycan CTL rabbits, cattle (
HLA-II x CD16 MHC complex NK cells mammalian cells L60J
HER2 x CD16 ErbB2 NK cells E. coli (261l
EGFR x Ad EGFR adenovirus mammalian cells L62-67]
EpCAM x Ad EpCAM adenovirus mammalian cells 67
CD40 x Ad CD40 adenovirus E. coli 131
CEA x Ad CEA adenovirus E. coli 5]
3E10 x p53 cell penetration apoptosis mammalian cells 381
Db BCL-1 x CD3 IgG idiotype CTL E. coli (€8]
CEA x CD3 CEA CTL E. coli, Pichia (24:46]
HER2 x CD3 ErbB2 CTL E. coli (]
EpCAM x CD3 EpCAM CTL E. coli (70l
IL-6 x CD3 IL-6 CTL E. coli 71
CD19 x CD3 CD19 CTL E. coli (449
CD20 x CD3 CD20 CTL E. coli 7
EGFR x CD3 EGFR CTL E. coli (refolding) (73]
MUC-1 x CD3 MUC-1 CTL E. coli (refolding) (74
Pgp x CD3 P glycoprotein CTL E. coli (73]
CD19 x CD16 CD19 NK cells E. coli (501
CD30 x CD16 CD30 NK cells E. coli 76}
Lys x Clq lysozyme complement E. coli n
Lym-1 x DOTA HLA-DR Yy E coli (78791
scDb CEA x CD3 CEA CTL E. coli unpublished
CD19 x CD3 CD19 CTL E. coli (4
EDG x CD3 endoglin CTL E. coli 22
EDG x Ad endoglin adenovirus E. coli (40}
HMW-MAA x Ad HMW-MAA adenovirus E. coli (80}
CEAx Ad CEA adenovirus E. coli 1)
CEA x b-Gal CEA prodrug E. coli 1)
tanDb CD19 x CD3 CD19 CTL E. coli (20.81)
scFv-C,3 HER2 x CD16 ErbB2 CTL mammalian cells (29

Abbreviations: Ad, adenovirus knob domain; B-Gal, B-galactosidase; CEA, carcinoembryonic antigen; CTL, cytotoxic T lymphocytes; Db,
diabody; DOTA, 1,4,7,10-tetraazacyclododecane-N,N',N",N'"-tetraacetic acid; EGFR, epidermal growth factor receptor; EpCAM, epithelial
cell adhesion molecule; FAP, fibroblast activation protein; HMW-MAA, high molecular weight melanoma-associated antigen; NK cells,
natural killer cells; scDb, single-chain diabody; taFv, tandem scFv; tanDb, tandem diabody; TR, transferrin receptor.
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introducing cysteine bridges between the V-V interfaces
to inhibit dissociation of the V; and V| domains. That this
results in an increased thermal stability has been shown for
a bivalent anti-CEA diabody”". A subsequent study with a
disulfide-stabilized bispecific diabody demonstrated that this
approach also resulted in an increase in the formation of
heterodimers similar to the knob-into-hole approach!®!.
However, a marked reduction in production yield was re-
ported for this disulfide-stabilized bispecific diabody in £
coli. Principally, this approach to improve stability by intro-
ducing disulfide-bonds between the V,; and V; domains is
applicable for any recombinant bispecific format including
tandem scFv molecules.

Several comparative studies have revealed that single-
chain diabodies are more stable than diabodies and tandem
scFv molecules!*'>'*2% " This is probably a result of the
physical linkage of the four variable domains, similar to the
improved stability of single-chain Fv fragments compared to
Fv fragments™. A recent study demonstrated that the length
and composition of the three linkers present in a single-chain
diabody molecule and its dimeric tandem form had a strong
influence on stability and functional activity™. In this study
tandem diabodies composed of 10 residue long flanking link-
ers and a long middle linker (27 residues) showed highest
stability and activity. These results emphasize the fact that
modest variations in the composition of recombinant
bispecific antibodies have strong impacts on their biological
properties.

Improvement of pharmacokinetics

One of the drawbacks of small recombinant bispecific
antibodies for therapeutic applications is the short circula-
tion time in the body. Diabodies, single-chain diabodies and
tandem-scFv molecules have a molecular weight of 50-60
kDa. This causes rapid clearance from circulation by ex-
travasation and renal elimination with an initial half-life (¢,,,,)
below 30 min®”. This is much shorter than the half-life of
whole antibody molecules, which can be in the range of sev-
eral weeks, due to its larger size and Fn receptor mediated
recycling.

Several approaches have been undertaken to improve the
pharmacokinetics of recombinant antibodies. One approach
is to increase the size of these molecules. For example, this
was achieved by fusion of a bispecific single-chain diabody
to the IgG Cy3 or Fc region via an IgG hinge®®”. A similar
approach was also applied for bispecific diabodies fusing
one of the two diabody chains to a Cy3 domain (di-
diabody)®. These fusions result in the formation of dimeric

molecules with molecular weights of 150-180 kDa containing
four functional antigen-binding sites, two for each antigen.
The advantage of using single-chain diabodies for this ap-
proach is that a single polypeptide chain is expressed result-
ing in the assembly of defined molecules with identical size
and binding activity. In contrast, the usage of two different
polypeptide chains for the expression of di-diabody may
cause formation of a mixture of non-functional diabody
molecules produced by homodimeric assembly of two iden-
tical polypeptide chains and functional diabody-C,3 fusion
proteins. Interestingly, Lu and co-workers™ could not de-
tect such non-functional diabody molecules in their prepa-
rations indicating that heterodimeric assembly of the two
polypeptide chains is favored, at least for the described
construct. Heterodimer-forming C,;3 domains containing
knob-into-hole structures were also used to generate
bispecific antibodies by fusion of two different scFv frag-
ments directed against HER2 and CD16 to these domains®.
Although not tested in vivo this bispecific minibody was
stable in mouse and human serum at 37 °C for several days
and biologically active.

Dimeric single-chain diabody molecules with a molecu-
lar weight of 100-115 kDa can also be generated by varying
the length of the linkers connecting the variable domain.
Reducing the middle linker of a single-chain diabody to less
than 13 amino acid residues results in the formation of dimeric
single-chain diabody (tandem diabodies, tanDb) most likely
with a linear arrangement of the two polypeptide chains
(Figure 1)?Y, Similarly, reduction of the flanking linkers to
0-1 amino acid residue results also in dimeric molecules, pre-
sumably in a tetrabody-like arrangement!. For tandem
diabodies it has been shown that this dimerization results in
a four- to eight fold increase in circulation time compared to
diabodies and an improved therapeutic efficacy™*".

The covalent attachment of polyethylene glycol (PEG)
chains mayrepresent another possibility to improve the phar-
macokinetics of recombinant bispecific antibodies. Several
PEGylated protein therapeutics which exhibit increased half-
lives and improved therapeutic efficacy compared to their
non-PEGylated forms have been clinically approved®™'. Al-
though as yet not applied for recombinant bispecific
antibodies, it was shown for single-chain Fv fragments that
PEGylation could prolong serum half-life up to 200-fold™?.
In this study single reactive cysteine residues were intro-
duced into the scFv molecules at defined positions, e.g. at
the C-terminus or in the linker region. This additional cys-
teine residue allowed for a site-specific coupling of a single
PE.G. chain without impairing binding activity of the scFv
fragment.



Kontermann RE

Acta Pharmacologica Sinica ISSN 1671-4083

A rather new approach is the combination of recombi-
nant bispecific antibodies with gene-therapeutic protocols
aiming at a direct in vivo expression of the antibody mol-
ecules™. This should result in high and constant levels of
antibody molecules over an extended period of time.
Furthermore, this approach obviates the need for extensive
purification and characterization of the therapeutic proteins.
However, one has to keep in mind that for therapeutic appli-
cations it is essential that expression is tightly controlled in
order to stall expression in the event of severe side effects.
In 1999 we postulated that this approach should be appli-
cable for the in vivo production of recombinant bispecific
antibody molecules!™. In this study we show that bispecific
single-chain diabodies are secreted in an active form from
mammalian producer cells in vitro and are able to selectively
recruit a prodrug-converting enzyme to tumor cells.
Subsequently, we developed an adenoviral system contain-
ing the gene for an anti-CD3 x anti-CEA bispecific single-
chain diabody. Injection of these recombinant adenoviruses
into mice resulted in high-level expression of the antibody
molecule over a period of several weeks™*. The therapeutic
effects of in vivo produced proteins were recently demon-
strated with an anti-CEA x anti-CD3 bispecific diabody in
combination with a B7-anti-CEA scFv fusion protein®, In
vivo expression was achieved by implanting near the tumor
site 293 producer cells stably transfected with the DNA en-
coding these proteins. After injection of human T cells, anti-
tumor effects were observed in a colon carcinoma tumor model
demonstrating the feasibility of this approach. Further stud-
ies are, however, needed to establish the most effective and
safe protocol, including an evaluation of in vivo and ex vivo
gene transfer, a comparison of local versus systemic
production, identification of suitable transcriptional control
elements and safe gene transfer vehicles.

Therapeutic applications

Recombinant bispecific antibodies have already been
developed for a variety of different applications with poten-
tial use in cancer therapy. These applications include the
retargeting of effector molecules (prodrug-converting
enzymes, radio-isotopes, complement components), effec-
tor cells (CTLs, NK cells) and adenoviral vectors (Table 1),
covering various therapeutic strategies, e.g. radiotherapy,
chemotherapy, immunotherapy and gene therapy. In
addition, recent work explored their use as intracellular
bispecific antibodies (intrabodies)*”. In one study an intra-
cellularly expressed diabody was used to induce a functional
knockout of two cell surface receptors®™. In another study

a bispecific tandem scFv with cell-penetrating abilities was
applied to restore p53 wild-type function by intracellular bind-
ing to p53°¥.

Most applications of recombinant bispecific antibodies
for cancer therapy focus on the retargeting of effector cells
of the immune system to tumor cells (Table 1). Extensive
work has been done on the retargeting of cytotoxic T lym-
phocytes (CTLs) through binding to the T cell co-receptor
molecule CD3. In addition, natural killer cells (NK) were
retargeted with recombinant bispecific antibodies directed
against Fey receptor III (CD16). A large variety of different
target antigens have been evaluated. Most of them repre-
sent tumor-associated antigens (TAA) over-expressed by
tumor cells, including CD19, CD20, epithelial cell adhesion
molecule (EpCAM), epidermal growth factor receptor (EGFR),
HER2, MUC-1, and carcinoembryonic antigen (CEA) (Table
1). In addition, recent focus has switched to tumor vascula-
ture as a target structure. Targeting tumor vasculature of
solid tumors has several advantages compared to direct tar-
geting of tumor cells®”. Tumor endothelial cells are directly
accessible for circulating agents, ie extravasation of effector
molecules and cells is not necessary. All solid tumors de-
pend on neovascularization to grow beyond a few millime-
ters in diameter. Thus, this approach is broadly applicable.
Endothelial cells are genetically stable and do not become
resistant to therapy. A few studies have demonstrated that
recombinant bispecific antibodies can be employed to retar-
get effector cells (CTLs) or adenoviral vectors to endothelial
cells in vitro. These studies used endoglin (CD105) or fibro-
blast activation protein (FAP) as vascular targeting struc-
tures™***!1 Other suitable antigens are described, e.g. vas-
cular endothelial growth factor (VEGF) receptor, a.-integrins
and the ED-B domain of a tumor-associated fibronectin splice
variant™*?, which allows these studies to be extended to other
targets but also to other effector mechanisms.

Several animal studies have been performed with recom-
binant bispecific antibodies and curative effects have been
demonstrated!"****>#*1  Most studies with anti-CD3
bispecific antibody molecules have shown that T cells need
a second stimulus to efficiently lyse target cells. This sec-
ond stimulus can be provided by pre-activation of isolated T
lymphocytes, e g with IL-2 and anti-CD28 antibodies. Sev-
eral studies developed approaches to provide this co-stimu-
lus in vivo by co-administering anti-CD28 antibodies or B7-
scFv fusion proteins®®*!. Interestingly, one anti-CD3 anti-
body used for the construction of bispecific tandem scFv
molecules was shown to induce a co-stimulation indepen-
dent T cell response!*”**,

Other studies evaluated various combinations of recom-
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binant bispecific antibodies with other compounds to fur-
ther improve anti-tumor responses. These approaches in-
clude the co-application of anti-CD19 x anti-CD3 diabodies,
anti-CD28 antibodies and anti-CD19 x anti-CD16 bispecific
diabodies targeting and activating two different effector cell
types and the co-application of an anti-CD19 x anti-CD16
bispecific diabody together with thalidomide as chemothera-
peutic drug*. Interestingly, these studies described syn-
ergistic effects between the different compounds indicating
that further dramatic improvements of the systems are
possible.

Currently there is one bispecific tandem scFv molecule
(MT103) directed against CD19 and CD3 in a clinical phase
I safety trial for the treatment of Non-Hodgkin’s Lymphoma
(NHL). This antibody was shown to be very potent in de-
stroying CD19-expressing tumor cells in vitro and in vivo in
a T cell costimulation-independent way“*®!. A final report of
the outcome is currently not available.

Conclusions

The past decade has led to enormous improvements in
the generation and application of recombinant bispecific
antibodies. These molecules combine the potentials of
bispecific molecules for therapeutic applications with the ad-
vantages provided by antibody engineering technologies.
Although further improvements are necessary, recent stud-
ies have shown that recombinant bispecific antibodies can
find their way into the clinic.
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Introduction

Being the only nucleus in the basal ganglia containing
glutamatergic neurons, the subthalamic nucleus occupies a
critical position in the ‘indirect’ pathway by providing an
excitatory drive to the output nuclei of this motor circuit.
Anatomical studies have shown that the subthalamic nucleus
receives GABAergic innervation from the globus pallidus
and glutamatergic innervation from the cortex as well as the
thalamus. The subthalamic nucleus then sends glutamatergic
projection back to the globus pallidus, and to the substantia
nigra pars reticulata and entopeduncular nucleus!”.

By influencing the output of the basal ganglia, the sub-
thalamic nucleus plays a significant role in mediating move-
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Abstract

Aim: The subthalamic nucleus plays a critical role in the regulation of movement,
and abnormal activity of its neurons is associated with some basal ganglia motor
symptoms. We examined the presence of functional presynaptic GABAj recep-
tors on pallidosubthalamic terminals and tested whether they were tonically ac-
tive in the in vitro subthalamic slices. Methods: Whole-cell patch-clamp record-
ings were applied to acutely prepared rat subthalamic nucleus slices. The effects
of specific GABAj agonist and antagonist on action potential-independent in-
hibitory postsynaptic currents (IPSCs), as well as holding current, were examined.
Results: Superfusion of baclofen, a GABAj receptor agonist, significantly re-
duced the frequency of GABA,, receptor-mediated miniature IPSCs (mIPSCs), in
a Cd*"-sensitive manner, with no effect on the amplitude, indicating presynaptic
inhibition on GABA release. In addition, baclofen induced a weak outward cur-
rent only in a minority of subthalamic neurons. Both the pre- and post-synaptic
effects of baclofen were prevented by the specific GABAj receptor antagonist,
CGP55845. Furthermore, CGP55845 alone increased the frequency of mIPSCs,
but had no effect on the holding current. Conclusion: These findings suggest the
functional dominance of presynaptic GABAj receptors on the pallidosubthalamic
terminals over the postsynaptic GABAj receptors on subthalamic neurons.
Furthermore, the presynaptic, but not the postsynaptic, GABA receptors are toni-
cally active, suggesting that the presynaptic GABAg receptors in the subthalamic
nucleus are potential therapeutic target for the treatment of Parkinson disease.

ment in health and in diseased state. It has been demon-
strated that the modification of the activity of subthalamic
nucleus neurons constitutes the central origin of parkinso-
nian symptoms. For example, in Parkinson disease and its
animal models, it is widely believed that depletion of dopa-
mine in the basal ganglia leads to overactivity of the subtha-
lamic nucleus. The resulting increased glutamatergic out-
put of the subthalamic nucleus contributes to excessive in-
hibition of basal ganglia targets leading to akinesia and
hypokinetic symptoms™. Recent studies on the firing prop-
erties of neurons from organotypic culture of the globus
pallidus-subthalamic nucleus network™, and from the in vivo
brain!""'" suggest that the reciprocally connected
glutamatergic subthalamic and GABAergic pallidal neurons

©2005 CPS and SIMM
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are involved in the generation of low-frequency oscillatory
activity in Parkinson disease, which is associated with tremor
in parkinsonian subjects'”!. Indeed, disruption of the activ-
ity of the subthalamic nucleus could alleviate both the patho-
logical neuronal activity and motor symptoms observed in
Parkinson disease!*"”. Thus, deep brain stimulation of the
subthalamic nucleus has been introduced as a surgical pro-
cedure for the treatment of Parkinson disease!'®.,

GABAergic innervation from the globus pallidus is the
major inhibitory factor affecting the activity of the subtha-
lamic nucleus. GABAergic input from the globus pallidus
affects the oscillation frequency of burst firing cells in the
subthalamic nucleus!'”. There are two types of GABA re-
ceptors in the central nervous system: the ionotropic,
bicuculline-sensitive GABA , receptors and the metabotropic,
G-protein coupled GABAj receptors which are activated by
baclofen. By inhibiting calcium influx and facilitating po-
tassium conductance, activation of GABAj receptors pro-
duces pre- and postsynaptic inhibitory effects, respectively.
A previous report '® showed the presence of presynaptic
GABAj receptors in the subthalamic nucleus based on the
changes of the paired-pulse ratio of evoked IPSCs. In the
current study, the presence of presynaptic GABA receptors
is studied by examining the direct effect of a GABA}; ago-
nist on the constitutive release of GABA from the presynap-
tic terminals, with the aid of a more specific GABAj;
antagonist. Because the differential activation of pre- and
postsynaptic GABAj receptors is a potential therapeutic strat-
egy in the treatment of basal ganglia motor disorders, we
also compared the degree of activation of the pre- and
postsynaptic GABAj receptors and tested whether they were
tonically active.

Materials and methods

Brain slice preparation Sprague-Dawley rats aged 13—
15 d were used for the preparation of acutely prepared brain
slices. The animals were killed by decapitation. The brains
were then immediately removed and placed in ice-cold arti-
ficial cerebrospinal fluid (ACSF) of the following composi-
tion (in mmol/L): NaCl 125, KCl 2.0, MgSO, 1.2, CaCl, 2.5,
KH,PO, 1.2, glucose 11, and NaHCO; 26, which was con-
tinuously bubbled with 95% O, and 5% CO,. Thin hemi-
coronal slices (250 um) containing the subthalamic nucleus
were sectioned using a vibrating microtome (Camden
Instrument). After equilibration in a holding chamber for at
least 30 min, the slices were transferred to a small volume
chamber mounted on an upright microscope (Zeiss
Axioskop), and superfused with ACSF at a rate of 1.5-2.0

mL/min maintained at a temperature of 34+1 °C. Neuronal
soma and proximal dendrities of neurons were directly visu-
alized by a combination of differential interference contrast
(DIC) optics and contrast-enhanced infrared (IR) video
microscopy.

Whole-cell patch-clamp recordings Whole-cell patch-
clamp recordings from the subthalamic nucleus neurons were
obtained using a patch-clamp amplifier (LM/PCA, List
Medical). Whole-cell pipettes had a resistance of 3-4 MQ,
when filled with an internal solution of the following com-
position (in mmol/L): KCI 140, HEPES 10, EGTA 1, MgCl,
2, Na,ATP 2, and Tris GTP 0.4. The inclusion of 140
mmol/L of KCI in the recording pipettes reversed the polar-
ity of the inhibitory postsynaptic currents (IPSCs) from out-
ward to inward and enhanced their detection. Capturing of
data and subsequent analysis followed the procedure of our
previous report!'”. Monitoring through a television con-
nected to the camera, a pipette was placed on the soma of a
subthalamic nucleus neuron and conventional whole-cell re-
cording was made. Normally no series resistance compen-
sation was applied but the cell was rejected if the series re-
sistance increased significantly (>20%) during recording.
The voltage and current signals were filtered at 3 kHz and
were taped using a DAT recorder (Sony) modified for re-
cording AC and DC signals at a sampling rate of 32 kHz.
On- or off-line digitization (10 kHz) was made via the
Digidata-pClamp system (Axon Instruments). Synaptic cur-
rents were analyzed by a program developed in our labora-
tory!"l. Once a synaptic current is detected, information on
the time of occurrence, peak amplitude and kinetics are gen-
erated automatically. The program also performed statisti-
cal comparison of two cumulative probabilities using the
Kolmogorov-Smirnov test.

Drugs and statistics (+)-Baclofen used in the present
study will be referred to as baclofen and was obtained from
RBI. CGP55845 was purchased from Tocris. (£)-2-Amino-
5-phosphonopentanoic acid (APS), 6-cyano-7-nitroquinoxa-
line-2,3-dione (CNQX), bicuculline and tetrodotoxin (TTX)
were also obtained from RBI.

The data were expressed as mean+=SEM. Paired Student’s
t-test was used. The level of significance was presented by
using a P value of 0.05.

Results

Pre- and postsynaptic GABAj receptors activated by
baclofen The GABA, receptor-mediated miniature IPSCs
(mIPSCs) were isolated by the addition of AP5 50 umol/L
and CNQX 20 pmol/L to eliminate glutamate receptor-
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mediated synaptic currents and TTX 0.5 umol/L to block
action potential-dependent transmitter release. These cur-
rents were sensitive to 10 pumol/L GABA, receptor antago-
nist bicuculline, confirming their GABAergic nature. Spon-
taneous synaptic currents were found in most subthalamic
nucleus neurons. Superfusion of baclofen, a specific GABAg
receptor agonist, at 30 umol/L significantly reduced the fre-
quency of mIPSCs. This effect was reversible when baclofen
was removed (Figure 1A, 1B). The inhibitory effect of
baclofen was selective to the frequency (control: 1.69+0.27
Hz; baclofen: 0.64+0.09 Hz; wash: 1.08+0.16 Hz, n=12, P<
0.01) but not the amplitude of the mIPSCs (control: 31.4+
1.9 pA; baclofen: 32.5+£2.3 pA, n=12, P>0.05), indicating
that the effect was presynaptic (Figure 1C). Furthermore, in
five cells, application of 200 umol/L of CdCl, reduced the
mIPSC frequency (control: 1.58+0.22 Hz; Cd*": 0.86+0.38
Hz; P<0.01). In this case, the effect of balcofen was largely
abolished (0.82+0.38 Hz; P>0.05 vs Cd*" alone).

To study whether baclofen directly inhibits the subtha-
lamic nucleus neurons through activation of postsynaptic
GABAj receptors, we also quantified the effect of baclofen
in inducing an outward current in subthalamic nucleus neu-
rons in the brain slice. In contrast to its presynaptic effect,
which was observed in all neurons tested, baclofen at 30
umol/L induced a weak outward current in only six out of 23
neurons (21.7 %), with a mean of 20.1£3.1 pA.

Receptor specificity and tonic activity revealed by
CGP55845 To confirm that baclofen acts on GABAj re-
ceptors and to test whether the receptors are tonically active
in the subthalamic nucleus, the effects of a recently intro-
duced potent and specific GABAj receptor antagonist,
CGP55845, were studied. When CGP55845 2 pmol/L was
applied into the superfusion solution, there was no changes
in the holding current in all six cells tested. In contrast,
CGP55845 caused a clear increase in the frequency of the
mIPSC, from 1.2240.29 Hz to 2.14+0.56 Hz (n=6, P<0.05).
These data suggest that the pre- but not the postsynaptic
GABAj receptors are tonically active (The results from a
typical cell were shown in Figure 2A, 2B). Consistent with
a presynaptic site of action, the increase in the mIPSC fre-
quency induced by CGP55845 was not accompanied by a
change in the amplitudes (control: 38.3+3.7 pA; CGP55845:
39.243.7 pA; CGP55845+baclofen: 36.7+3.5 pA, n=6, P>
0.05). Furthermore, in the presence of CGP55845, baclofen
did not decrease the frequency of mIPSCs in these neurons
(CGP55845+baclofen: 2.26+0.48 Hz, P>0.05 vs CGP55845
alone, Figure 2). These data indicate that the presynaptic
inhibitory effect observed when baclofen was applied alone
was mediated by GABA; receptors (Figure 2).

12

In the presence of CGP55845, baclofen did not activate
any outward current (n=6), suggesting that CGP55845 pre-
vented the activation of postsynaptic GABA receptors. The
receptor specificity of the postsynaptic effect of baclofen
was also tested in those neurons that responded to baclofen.
Addition of CGP55845 in the presence of baclofen com-
pletely reversed the effect of baclofen (n=3). A typical re-
sult was shown in Figure 3.

Discussion

In the present study, we provide evidence for the exist-
ence of functional presynaptic GABAj receptors in the
pallidosubthalamic pathway. This conclusion is based on
the effect of balcofen on mIPSCs recorded from subthalamic
neurons. This effect of balcofen is sensitive to specific
GABA receptors antagonist CGP55845, and also the broad-
spectrum calcium channel blocker Cd*, which presumably
blocks the influx of calcium into nerve terminals necessary
for the release of GABA. Thus, Ca*'-influx is likely to be
involved in the presynaptic effect of baclofen.

The pallidosubthalamic GABAergic pathway is the ma-
jor inhibitory pathway controlling the activity of the subtha-
lamic nucleus neurons. The present study revealed that acti-
vation of GABAj receptors in this pathway could, in
principle, exert two opposite effects on subthalamic nucleus
neurons. On the one hand, by activating presynaptic GABAg
receptor, baclofen reduces the release of GABA from
pallidosubthalamic GABAergic terminals and then disinhibits
the subthalamic nucleus neurons. On the other hand, by ac-
tivating postsynaptic GABAj receptors, baclofen directly
inhibits the subthalamic neurons. These electrophysiologi-
cal results corresponded with anatomical observations in
primates, which revealed the existence of pre- and postsyn-
aptic GABAj receptor type 1 subunits in the subthalamic
nucleus™. Since only a minority of subthalamic neurons
responded to baclofen by exhibiting an outward current,
which were nevertheless small in the amplitude, this implies
that either there is a smaller number, or a less efficient cou-
pling and signaling mechanism, of the postsynaptic GABA,
receptors compared with their presynaptic counterpart.
However, subcellular immunolabelling under an electron
microscope showed a dense postsynaptic GABA receptor
labeling in the monkey subthalamic nucleus”. Also, our
recent pre-embedding immunolabelling in the adult rat glo-
bus pallidus showed a similar level of GABA, and GABAy,
subunits at pre- and postsynaptic sites of GABAergic syn-
apses?! although the pharmacological data in young rats re-
vealed a stronger presynaptic effects in this nucleus**!,
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Figure 1. Presynaptic inhibition of GABA release by baclofen. (A) Typical traces showing that 30 pmol/L baclofen significantly and reversibly

reduced the frequency of bicuculline-sensitive mIPSCs in the rat subthalamic nucleus neurons. (B) Cumulative probability distributions of the inter-

event intervals and amplitudes of the mIPSCs from the experiment shown in panel A. Significant reduction was found in the distribution of the inter-

event intervals. (C) Means values obtained from 12 neurons showing that the inhibitory effect of baclofen was selective to the frequency but not the

amplitude. MeantSEM. °P<0.01 vs control.
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Figure 3. Postsynaptic effect of GABAj receptor activation. Typical trace showing the outward current induced by 30 pmol/L baclofen which was

reversed by CGP55845 2 umol/L.

Therefore, other factors like species variation and age might
affect the outcome of the electrophysiological studies.

The presence of presynaptic GABAgreceptors in the rat
subthalamic nucleus has been reported by Shen and Johnson™¥,
based on a study of evoked IPSCs and their paired-pulse
ratio. Our present study confirmed their work by showing
that baclofen directly decreased the probability of action
potential-independent release of GABA from presynaptic
terminals. The conclusion was also enhanced by the use of a
more specific and potent GABAgreceptor antagonist,
CGP55845. One surprising and intriguing finding of the
present study is that CGP55845 increased the frequency of
the mIPSCs but had no effect on the holding current, indi-
cating that there is tonic activation of the pre- but not postsyn-
aptic GABAj receptors. These data therefore suggest that
the tonic release of GABA from pallidosubthalamic terminals,
either from tonic firing of pallidal neurons, or from action
potential-independent activities, may play a significant role
in controlling the activity of subthalamic neurons. This find-
ing has interesting implications in the therapeutic manage-
ment of Parkinson disease. It is known that, in parkinsonian
subjects, decreased activity of the GABAergic projection
from the globus pallidus disinhibits the activity of subtha-
lamic nucleus neurons, which results in enhanced inhibition
on the basal ganglia targets. Since the tonic activity of pr-

esynaptic GABA; receptor on GABA release is expected to
maintain the excitability of subthalamic nucleus, selective
blockade of this tonic inhibition would help suppressing the
subthalamic nucleus hyperactivity and therefore beneficial
to parkinsonian subjects. This reasoning is supported by
recent morphological evidence that parkinsonism is associ-
ated with an increased GABAj receptor immuno-reactivity,
especially in the neurophil, of the subthalamic nucleus, re-
flecting an upregulation of presynaptic GABA receptors®®*,

In addition to the involvement in Parkinson’s disease,
the subthalamic nucleus has been reported to be involved in
the genesis of epilepsy. Focal inhibition of the activity of
the subthalamic nucleus by GABA , receptor agonist or high
frequency deep brain stimulation exerted anticonvulsant ef-
fect in animal model and epilepsy patients™2*. Therefore,
the results of the present study also provide a rationale for
exploring the role of subthalamic GABAj receptor systems
in the etiology and the treatment of epilepsy.
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lactate dehydrogenase (LDH) into the medium. Apoptosis rate was measured by
flow cytometry. Caspase-3-like activity was measured by fluorescence assay us-
ing the probe Ac-DEVD-AMC. The level of intracellular hydrogen peroxide and
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Dichlorodihydrofluorescein diacetate (DCFH-DA) in fluorescence assay. Lactic
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one caused an apoptotic cell death and elevated intracellular reactive oxygen spe-
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reserpine enhanced cell injury. Conclusion: Rotenone-induced apoptosisin PC12
cells was mediated by intracellular dopamine oxidation.

! Work supported by a grant from the Chinese
Academy of Science and Grant G (1998)
051108 from the Ministry of Sciences and
Technology of China.

* Correspondence to Xing-zu ZHU, PhD.

Phn 86-21-5080-6096. Fax 86-21-5080-7088.
E-mail xzzhu@mail.shenc.ac.cn

Received 2004-03-15
Accepted 2004-10-10

doi: 10.1111/§.1745-7254.2005.00003 .x

Introduction

Parkinson disease (PD) is a chronic neurodegenerative
disorder characterized by the loss of dopamine (DA) neu-
rons in the substantia nigra, decreased striatal DA levels,
and consequent extrapyramidal motor dysfunction. Although
the genes responsible for a few rare familial cases of PD
have been discovered'™), the causes of more prevalent idio-
pathic PD are still unknown. Substances that are toxic to
dopaminergic cells have been proposed as contributors to
this neurological disease!*”). MPTP (1-Methyl-4-phenyl-1,
2,3,6-tetrahydropyridine) is one of the best described neuro-
toxins. Evidence has shown that the neurotoxicity of MPTP
depends on its active metabolite, 1-methyl-4-phenyl-pyri-
dinium (MPP"), which inhibits mitochondrial complex I and
depletes cellular ATP levels, resulting in cell death!®. Thus,

©2005 CPS and SIMM

one hypothesis has focused on mitochondrial dysfunction™.

Rotenone, a naturally occurring, lipophilic compound
from the roots of certain plants (Derris species), is a spe-
cific inhibitor of mitochondrial complex I and is used as the
main component of many insecticides. Based on the mito-
chondrial dysfunction hypothesis of PD, a number of stud-
ies have evaluated the effects of rotenone on dopaminergic
neurons both in vitro and in vivo®"?. Treatment of mesen-
cephalic cultures and striatal synaptosomes with rotenone
caused neurotoxicity which was measured by a decreased
uptake of neurotransmitters™®. Studies in vivo have shown
that rotenone was capable of causing degeneration of dopam-
inergic neurons and induction of parkinsonian symptoms in
animals!'*'”. An important morphological finding in roten-
one-treated rats was that the nigrostriatal DA neurons had
accumulated fibrillar cytoplasmic inclusions containing
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ubiquitin and alpha-synuclein, similar to Lewy bodies in id-
iopathic PD"*'%l, This finding is interesting, because recent
discoveries of the two causative gene products of familial
PD, Parkin'"'"'"®l and alpha-synuclein” indicate that failure
of the ubiquitin-proteasome system might be common in both
familial PD and idiopathic PD!"”. Another reason is that
rotenone is widely used as insecticide, and therefore is a real
threat as an environmental substance to cause PD. Thus,
elucidation of its mode of action is of high importance in
understanding and potentially treating this disorder. The
present study was designed to assess the neurotoxicity of
rotenone on DA-producing PC12 cells and explore the pos-
sible mechanism.

Materials and methods

Reagents Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from GibcoBRL (Gaithersburg,
MD, USA). Horse serum and fetal calf serum were obtained
from Hyclone (Logan, UT, USA). Rotenone, reserpine,
deprenyl, N-acetyl-L-cysteine (NAC), propidium iodide (PI),
dihydroxybenzylamine (DHBA) and 2’,7-dichlorofluo-
rescein-diacetate (DCFH-DA) were purchased from Sigma
(St Louis, MO, USA). Caspase-3 substrate AC-L-aspartic-
L-glutamic-L-alyl-L-aspartic acid-7-amino-4-methylcou-
marin (Ac-DEVD-AMC) was obtained from Calbiochem (La
Jolla, CA, USA).

Cell culture The rat pheochromocytoma cell line PC12
cells (American Type Culture Collection, Rockville, MD,
USA) were propagated in DMEM, supplemented with heat-
inactivated horse serum (10%, v/v) and fetal calf serum (5%,
v/v), 100 g/L streptomycin and 100 kU/L penicillin. The
cultures were maintained in an incubator at 37 °C in a high
humidity atmosphere of 5% CO,. The medium was changed
every 2 d and cells were passaged once a week. Twenty-
four hours before addition of various reagents, the cells were
seeded on 60-mm-dishes (Falcon), covered with collagen
(Sigma), at a density of 1x10°/cm? in normal medium. Ro-
tenone and reserpine were first dissolved in dimethyl sul-
foxide (Me,SO) and then diluted in medium to a final con-
centration of Me,SO less than 0.1%. Controls for each drug
condition consisted of sister cultures treated with the vehicle
used to dissolve that drug. Stock solutions of deprenyl and
NAC were prepared in Hanks’ balanced salt solution con-
taining 2 mmol/L HEPES.

Assessment of cell viability Cell viability was assessed
by detecting the leakage of lactate dehydrogenase (LDH)
into the medium. Cells were treated with rotenone or other
reagents, then an aliquot of medium was taken and centri-
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fuged at 250xg for 5 min. Supernatant (10 mL) was added
into phosphate buffer 0.1 mol/L (pH 7.0) containing so-
dium pyruvate 2.3 mmol/L and NADH 5 mmol/L to a total
volume of 200 mL. The decrease in absorbance over time at
340 nm was monitored at 25 °C. Then the activity of LDH
in medium was calculated. Cell total LDH was obtained
after exposure of culture to 0.2% TritonX-100 at 37 °C for
30 min. LDH leakage was expressed as percentage of LDH
in medium to total LDH.

Analysis of apoptosis by flow cytometry Apoptosis rate
was measured by flow cytometry as reported previously!’.
Briefly, PC12 cells were washed with PBS (pH 7.4), fixed
in cold 70% (v/v) ethanol, and incubated under -20 °C for at
least 2 h. The fixed cells were harvested by centrifugation at
250x%g for 5 min. The cell pellets were resuspended in 1 mL
PBS at room temperature for 10 min. After another
centrifugation, the cell pellets were resuspended in 500 mL
PBS containing 0.2 g/L. RNase A and incubated at 37 °C for
30 min. After incubation, the cells were stained with 20 g/L
PI at 4 °C for 30 min. The fluorescence of cells was mea-
sured with FACSCalibur flow cytometer (BD Immunocyto-
metry Systems, San Jose, CA, USA). The relative content
of DNA indicated the distribution of a population of cells
throughout the cell cycle. Apoptotic cells caused the ap-
pearance of a sub-diploid peak in the cell-cycle profile. The
percentage of apoptotic cells was determined by using BD
CellQuest software.

Assay for caspase-3 activity Caspase-3-like activity was
measured as described in a previous study with modifica-
tion®!. In brief, the PC12 cells were collected and washed
with PBS (pH 7.4). After centrifugation at 250xg for 5 min,
cell pellets were lysed with NP-40 (0.5%)/HEPES (10
mmol/L) (pH 7.4), containing EDTA 2 mmol/L, PMSF 0.5
mmol/L and leupeptin 5 mg/L. The lysates were centri-
fuged at 7500xg for 10 min. The protein concentration in
the supernatant was determined with Lowry method. Then
50 pg of protein was incubated with caspase-3 substrate Ac-
DEVD-AMC 50 pmol/L. The increase of fluorescence was
measured every 1 min in a 30 min period using a PolarStar
plate reader (BMG labtechnologies, Australia) with an exci-
tation wavelength of 380 nm and an emission wavelength of
450 nm. The enzyme activity was expressed as fluorescent
units per min per mg protein.

Measurement of reactive oxygen species production
The level of intracellular hydrogen peroxide and other per-
oxides in PC12 cells were quantified by loading cells with
2"-7"-dichlorodihydrofluorescein diacetate (DCFH-DA) as
described previously!™”. In brief, the PC12 cells were washed
with PBS (pH 7.4), resuspended in Krebs-Ringer buffer
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(HEPES 20 mmol/L, dextrose 10 mmol/L, NaCl 127 mmol/L,
CaCl, 1 mmol/L, KCI1 5.5 mmol/L, MgSO, 2 mmol/L, pH
7.4), and then loaded with DCFH-DA 5 mmol/L for 60 min.
The cells were again washed with Krebs-Ringer buffer to
remove the extracellular dye and lysed in Tris-HCI 10 mmol/L
(pH 7.4) containing 0.5% Triton X-100. The fluorescence
in lysates was detected using a PolarStar plate reader (BMG
labtechnologies, Australia) with an excitation wavelength of
485 nm and an emission wavelength of 520 nm. The fluo-
rescence intensity was normalized based on the protein con-
centration of individual extract. The ROS production was
expressed as percentage compared with cells without
treatment.

Determination of lactic acid accumulation Lactic acid
accumulation was measured as described previously?'’. In
brief, PC12 cells were homogenized with sodium phosphate
50 mmol/L (pH 6.5) and boiled for 15 min. Lactic acid con-
tent was measured spectrophotometrically at 340 nm in a
buffer containing LDH and hydrazine (0.4 mol/L)/glycine
(0.5 mol/L) (pH 9.0). Lactic acid accumulation was nor-
malized based on the protein concentration of individual
extract, and expressed as percentage compared with cells
without treatment. Protein concentration was detected by
the Lowry method.

Measurement of dopamine in PC12 cells The DA lev-
els in PC12 cells were determined by a modification of the
methods described previously®?¥. In brief, cells were ly-
sed in 1% metaphosphoric acid containing EDTA 1 mmol/L.
Each sample added with 20 mL of DHBA was regarded as
an internal standard. After centrifugation (17 500xg for 10
min at 4 °C), the supernatant was filtered, and a 20 mL ali-
quot was immediately injected into the HPLC system for
DHBA and DA determination. The assay was done with a
BAS PMS80 pump, a Waters Nova-Pak C18 column, and an
electrochemical detector (BAS LC-4C). The mobile phase
was citric acid 0.1 mol/L, K,HPO, 0.1 mol/L, EDTA 0.1
mmol/L, 5% methanol, and sodium octylsulfate 70 mg/L (pH
3.0); the flow rate was 1.0 mL/min. The potential of the
electrode was set at +0.7 V. DA level in each sample was
quantified by comparing DA and DHBA peak areas with
those of standard solutions containing DA and DHBA, and
then normalized based on the protein concentration of each
individual sample. The DA level was expressed as percent-
age compared with control cells without reserpine treatment.

Statistics Data for cell viability, caspase-3 activity, ROS
production and lactic acid accumulation were presented as
mean+SD of four independent experiments. Data for dopam-
ine levels in cells are means+SD of three experiments per-
formed in triplicate. Statistical analysis was performed by

applying the Student’s ¢-test and one-way ANOVA.

Results

Oxidative stress is involved in rotenone-induced neu-
rotoxicity When PC12 cells were treated with 12.5 and 25
nmol/L rotenone for 48 h, LDH leakage increased from
7.8%+1.1% to 19.7%+1.1% and 30.1%+3.6% (P<0.01 vs
control), respectively (Figure 1A). The rotenone-induced
cell injury was associated with caspase-3 activation (Figure
1B), supporting the notion that an apoptotic cell death mecha-
nism was involved in rotenone-induced neurotoxicity. Ro-
tenone treatment induced a concentration-dependent increase
of ROS levels within PC12 cells (Figure 1C). Rotenone treat-
ment also induced an increase in lactic acid accumulation in
PCI12 cells (Figure 1D), suggesting that both oxidative stress
and mitochondrial dysfunction were responsible for cell
injury. The effects of rotenone were attenuated by 2.5 and 5
mmol/L NAC co-treatment (Figure 2A-2C), further support-
ing the notion that oxidative stress was involved in rotenone
neurotoxicity. In addition, 2.5 and 5 mmol/L NAC also at-
tenuated rotenone-induced increase in lactic acid accumula-
tion (Figure 2D).

Rotenone-induced ROS accumulation is mediated by
DA oxidation To test whether manipulation of DA levels
would attenuate rotenone-induced cell death, PC12 cells were
first depleted of intracellular DA using reserpine and then
treated with rotenone. Reserpine (1 and 5 pmol/L) treat-
ment for 3 h induced 66% and 87% depletions of DA re-
spectively as compared with the control (Figure 3). The ro-
tenone-induced elevation of LDH leakage and caspase-3 ac-
tivation were attenuated in reserpine-pretreated PC12 cells
(Figure 4A—4B), suggesting that DA played an important role
in rotenone-induced cell injury. The rotenone-induced in-
tracellular accumulation of ROS was also attenuated by this
manipulation (Figure 4C). The results suggest that DA oxi-
dation is involved in the production of ROS. In addition,
lactic acid accumulation assay indicated that the rotenone-
induced energy crisis was partially alleviated if PC12 cells
were pretreated with reserpine (Figure 4D).

Analyzed quantitatively by flow cytometry, the apoptotic
rates increased significantly in PC12 cells treated with ro-
tenone (12.5 and 25 nmol/L) for 48 h (Figure 5A). The co-
treatment with NAC 2.5 and 5 mmol/L or pre-treatment with
reserpine 1 and 5 mmol/L for 3 h also decreased the roten-
one-induced apoptotic rate (Figure 5B and 5C).

DA auto-oxidation is responsible for rotenone-induced
neurotoxicity To test whether DA deamination or auto-oxi-
dation was more responsible for rotenone-induced neuro-
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toxicity in PC12 cells, deprenyl, a monoamine oxidase-B
(MAO-B) inhibitor, was used. The treatment with deprenyl
at concentration between 25 to 200 pmol/L for 48 h had no
significant effects on the LDH leakage in PC12 cells (Figure
6). When PC12 cells were first treated with 100 pmol/L
deprenyl for 30 min and then co-treated with deprenyl 100
pmol/L plus rotenone 25 nmol/L for 48 h, no significant
difference was found in the LDH leakage, caspase-3 activa-

tion or ROS production if compared with PC12 cells treated
with rotenone 25 nmol/L alone (Table 1). The results sug-
gest that the oxidative deamination of DA catalyzed by MAO-
B was not a major source of ROS in the present studies.
Vesicular monoamine transporter is crucial for cell
survival when there is mitochondrial dysfunction plus
enchanced DA auto-oxidation To examine whether vesicu-
lar monoamine transporter (VMAT) was involved in roten-
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Table 1. Effects of brief reserpine treatment before the completion of 48 h deprenyl plus rotenone treatment on LDH leakage, caspase-3-like activity,
and ROS production. Mean+SD from four independent experiments. *P<0.01 vs control. P<0.01 vs 100 pmol/L deprenyl plus 25 nmol/L rotenone

treatment.
LDH leakage/ Caspase-3-like DCF-H
% of cell activity/ fluorescence/
total LDH fluorescence unit % of control
‘min’-mg' protein

Control 7.83+1.10 18.60+3.41 100.00+5.09
Rotenone (25 nmol/L)! 30.12+0.34¢ 33.87+4.70° 351.77+4.27¢
Reserpine (1 mmol/L)> 7.5442.01 19.56+1.08 122.78+13.98
Reserpine (5 mmol/L)? 9.08+0.59 20.12+3.10 125.92+8.54
Rotenone (25 nmol/L)+Reserpine (1 mmol/L)* 32.47+2.01° 34.46+2.31° 360.23+5.87¢
Rotenone (25 nmol/L)+Reserpine (5 mmol/L)’ 33.01+1.79¢ 34.89+0.79¢ 369.49+7.81°¢
Deprenyl (100 umol/L)+Rotenone (25 nmol/L)® 31.27+2.22°¢ 34.02+1.14¢ 357.39+7.83¢
Deprenyl (100 pmol/L)+Rotenone (25 nmol/L)+Reserine (1 mmol/L)’ 44.68+3.49F 38.78+2.02f 378.45+2.08"
Deprenyl (100 pmol/L)+Rotenone (25 nmol/L)+Reserpine (5 mmol/L)* 51.37+2.62° 42.54+1.84F 435.72+5.47°

'"PC12 cells were treated with 25 nmol/L rotenone for 48 h.

2PC12 cells were treated with 1 mmol/L reserpine for 30 min.

3 PC12 cells were treated with 5 mmol/L reserpine for 30 min.

4 PC12 cells were treated with 25 nmol/L rotenone for 48 h and then with 1 mmol/L reserpine before the end of 48 h rotenone treatment.

> PC12 cells were treated with 25 nmol/L rotenone for 48 h and then with 5 mmol/L reserpine before the end of 48 h rotenone treatment.

®PC12 cells were pretreated with 100 pmol/L deprenyl for 30 min and then with 100 pmol/L deprenyl plus 25 nmol/L rotenone for 48 h.

"PC12 cells were pretreated with 100 umol/L deprenyl for 30 min and then with 100 pmol/L deprenyl plus 25 nmol/L rotenone for 48 h. Reserpine (1
mmol/L) was added 30 min before the end of 48 h deprenyl plus rotenone treatment.

8 PC12 cells were pretreated with 100 pmol/L deprenyl for 30 min and then with 100 pmol/L deprenyl plus 25 nmol/L rotenone for 48 h. Reserpine (5
mmol/L) was added 30 min before the end of 48 h deprenyl plus rotenone treatment.
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rotenone treatment in the absence of reserpine.

one-induced neurotoxicity in PC12 cells, 1 or 5 pmol/L re-
serpine was added 30 min before the end of 48 h-rotenone
treatment. No change was found in rotenone-induced neu-
rotoxicity with the briefreserpine treatment. However, when
PC12 cells were pretreated with deprenyl 100 umol/L for 30

min and then with deprenyl 100 pmol/L plus rotenone 25
nmol/L for 48 h, the 30-min incubation with reserpine 1 or 5
pmol/L before the end of 48-h treatment with deprenyl plus
rotenone induced significant increases in LDH leakage,
caspase-3 activation, and ROS (Table 1).
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Figure 6. Effects of deprenyl on PC12 cells. Mean+SD values of four
independent experiments for each treatment group. °P<0.01 vs control.

Discussion

In the present study, the mechanisms of rotenone-induced
neurotoxicity in DA-producing PC12 cells was invesigated.
We found that rotenone induced an apoptotic type of cell
death. This result is similar to the results reported by Bal-
Price and Brown®, They found that a 24-h incubation of
PC12 cells with nitric oxide donors or rotenone, in the pres-
ence of glucose, induced apoptosis of PC12 cells as deter-
mined by nuclear morphology and caspase-3 activation. We
found that rotenone induced apoptosis in PC12 cells accom-
panied with an elevated ROS production. Given that mito-
chondria is a major cellular source of ROS™and that roten-
one is a kind of complex I inhibitor, it could be hypothesized
that rotenone-induced ROS might be originated from
mitochondria. Indeed, high concentrations of rotenone have
been reported to induce superoxide production in vitro and
in vivo™ . In isolated nerve terminals, Sipos et al*" found
that inactivation of complex I to a small extent (16%) re-
sulted in a significant increase in ROS formation. However,
other studies have suggested converse results®>*¥. Lotharius
and O’Malley™ found that low doses (5-50 nmol/L) of ro-
tenone killed dopaminergic neurons with a similar time course
and morphology to MPP'. However, no increase was found
in intracellular superoxide levels after the dopaminergic neu-
rons were treated with rotenone for 0.5, 1, 3, and 6 h. Be-
cause the classic complex I inhibitor rotenone did not in-
duce ROS, they concluded that MPP*-induced superoxide
did not arise from blockade of electron transport. In the
present study, however, we found a significant increase of
ROS production from PC12 cells after rotenone treatment
for 48 h. While DCFH-DA was used as a probe to measure
the redox state of a cell, the resluts were validated carefully.

24

We found that the rotenone-induced ROS accumulation and
cell death were attenuated by an antioxidant, NAC. This
result supports the notion that an oxidative stress mecha-
nism is involved in rotenone-induced neurotoxicity in PC12
cells.

If toxic agents were involved in the pathogenesis of PD,
this should likely reflects a multifactorial etiology in which
the effects of environmental insults are compounded by
predisposing genetic traits, age-related changes and interac-
tions with endogenous elements (i.e. factors inherent to the
nigrostriatal tissue). The presence of dopamine within nigro-
striatal neurons may itself constitute a risk factor that en-
hances their vulnerability to toxic events, such as increased
production of oxidizing species. To test whether manipula-
tion of DA levels would attenuate rotenone-induced cell
death, cells were depleted of intracellular DA using reser-
pine prior to rotenone treatment. In the present studies, we
demonstrated that reserpine induced a concentration- and
time-dependent DA depletion in PC12 cells. When PC12
cells were treated with 1 and 5 mmol/L reserpine for 3 h,
66% and 87% decreases in DA levels were found respec-
tively, as compared with the control (Figure 3). Our results
were similar to those reported by Brautigam et al® who
reported more that 50% depletion of intracellular DA in PC12
cells after reserpine incubation. Our finding that DA deple-
tion significantly attenuated rotenone-induced ROS produc-
tion and cell death suggests that DA plays an important role
in rotenone-induced ROS production and cell death. Since
DA in the cytoplasm can be readily autoxidized™” or deami-
nated”® by MAO-B to produce ROS", deprenyl, a MAO-
B inhibitor, was used to test whether MAO-B inhibition could
protect PC12 cells from rotenone-induced ROS accumula-
tion and cell death. Although it has been shown that MAO-
B inhibition by pretreatment with deprenyl significantly re-
duces cellular DOPAC formation in PC12 cells™”, it had no
effect on the rotenone-induced ROS accumulation and cell
death in our studies, suggesting that the oxidative deamina-
tion of DA catalyzed by MAO-B was not the main source of
ROS in rotenone-treated PC12 cells and that DA auto-oxi-
dation is responsible for rotenone-induced oxidative stress.

The presence of dopamine within nigrostriatal neurons
can itself constitute a risk factor that enhances their vulner-
ability to toxic agents. For example, rotenone-induced den-
drite loss was severe in the substantia nigra, whereas nonca-
techolamine neurons, such as those in the perifornical
nucleus, were more resistant™!. Other factors might also
play roles in the vulnerability to toxic agents since some
dopamine neurons in hypothalamic A1l and the ventral teg-
mental area were spared when treated with rotenone. By in
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situ hybridization, a weaker expression of VMAT was found
in the rat substantia nigra than in the ventral tegmental
area™, If VMAT effectively protects the cell against oxida-
tive stress induced by dopamine, the weak expression of
VMAT in substantia nigra might account for its particular
vulnerability to toxic agents.

No change was found in the rotenone-induced neurotoxi-
city. However, when PC12 cells were pretreated with
deprenyl and then with deprenyl plus rotenone for 48 h, sig-
nificant increases in LDH leakage, caspase-3 activation, and
ROS production were found. The results suggest that VMAT
activity might be important for cell survival if there is mito-
chondrial dysfunction. In other words, disruption in dopam-
ine disposition and/or metabolism could underlie the pro-
gressive degeneration of dopaminergic neurons in PD.

As a specific inhibitor of mitochondrial complex I, the
metabolic consequence of mitochondrial electron flow block-
age induced by rotenone would be the incomplete oxidation
of glucose and consequent lactic acid accumulation. Indeed,
we showed that rotenone treatment also induced an increase
in lactic-acid accumulation. The results support the notion
that mitochondrial dysfunction is responsible for rotenone-
induced cell death in PC12 cells. Mitochondria in PC12
cells can become more vulnerable to hydrogen peroxide-in-
duced oxidative stress when complex I is inhibited.

Taken together, our results demonstrated that both oxi-
dative stress and mitochondrial dysfunction were responsible
for rotenone-induced apoptotic cell death in PC12 cells, and
that rotenone-induced ROS accumulation was mainly DA
auto-oxidation mediated.
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Aim: To construct an HEK293 cell line stably expressing human dopamine D,
receptor (D,R). Methods: cDNA was amplified by RT-PCR using total RNA
from human embryo brain tissue as the template. The PCR products were subcloned
into the plasmid pcDNA3 and cloned into the plasmid pcDNA3.1. The cloned
DR cDNA was sequenced and stably expressed in HEK293 cells. Expression of
DR in HEK293 cells was monitored by the [’H]SCH23390 binding assay. The
function of D|R was studied by the cAMP accumulation assay, CRE-SEAP re-
porter gene activity assay, and intracellular calcium assay. Results: An HEK293
cell line stably expressing human DR was obtained. A saturation radioligand
binding experiment with [*H]SCH23390 demonstrated that the K, and B,,,, values
were 1.540.2 nmol/L and 2.94+0.15 nmol/g of protein, respectively. In the
[*H]SCH23390 competition assay, D,R agonist SKF38393 displaced
[PH]SCH23390 with an IC, value of 2.0 (1.5-2.8) umol/L. SKF38393 increased
the intracellular cAMP level and CRE-SEAP activity through DR expressed in
HEK?293 cells in a concentration-dependent manner with an ECy, value of 0.25
(0.12-0.53) pmol/L and 0.39 (0.27-0.57) pmol/L at 6 h/0.59 (0.22—1.58) pmol/L
at 12 h, respectively. SKF38393 also increased the intracellular calcium level in
a concentration-dependent manner with EC,, value of 27 (8.6-70) nmol/L.
Conclusion: An HEK293 cell line stably expressing human D R was obtained
successfuly. The study also demonstrated that the CRE-SEAP activity assay could
be substituted for the cAMP accumulation assay for measuring increase in cAMP
levels. Thus, both intracellular calcium measurements and the CRE-SEAP acti-
vity assay are suitable for high-throughput screening in drug research.
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Introduction

The neurotransmitter dopamine (DA) plays a prominent
role in a variety of vital brain functions including motor
control, short-term memory, attention and reward!". In the
CNS, DA modulates neuronal excitability by regulating
ligand- and voltage-gated ion channels*. The actions of
DA are mediated by a family of seven-transmembrane G
protein-coupled receptors (GPCRys), i.e., D,, D,, D5, D,, and
D;, encoded by five distinct genes”. These five subtypes
have been grouped into two different classes based on phar-

©2005 CPS and SIMM

macology and biochemistry: the D,-like and D,-like
receptors. The D,-like receptors, D, and D5, mediate dopam-
ine stimulation of adenylyl cyclase, whereas D,-like
receptors, D,, D; and D,, mediate dopamine inhibition of
adenylyl cyclase®*.

Assays capable of detecting and quantifying GPCR-ligand
interactions are valuable tools for both fundamental studies
of cell siganaling and drug development. Drug screening
has mainly relied upon binding assays on membrane prepa-
rations using radioligands or assays measuring second mes-
sengers or enzymes modulated by these receptors. The abil-
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ity to conduct high-throughput screening based upon func-
tional activity of a given GPCR in a cell-based assay offers a
more direct way of identifying lead agonists or antagonists’” *.,

In the present study, by using HEK293 cell lines stably
expressing human DR, we developed a series of method
check character for analyzing GPCR activities in cell lines
including CRE-SEAP activity assay and the intracellular cal-
cium assay.

Materials and methods

Materials High glucose Dulbecco’s modified Eagle’s
medium (DMEM), fetal calf serum, G418, penicillin and
streptomycin were obtained from Gibco. Restricted enzyme
(Hindl, EcoRl, Xhol, BamHI), T4 DNA ligase, reverse tran-
scriptase and buffer were purchased from Promega (USA).
Pyrobest DNA polymerase and buffer for PCR were obtained
from TaKaRa (Dalian, China). (+)-SKF-38393 hydrochlo-
ride (SKF38393) and (+)-Butaclamol hydrochloride
(Butaclamol) were obtained from RBI (Natick, MA, USA).
Forskolin, Fluo-3/AM, p-(dipropylsulfamoyl)benzoic acid,
3-isobutyl-1-methyl-2,6(1H,3H)-purine-dione (IBMX),
pluronic F-127, 4-methyl-umbelliferyl phosphate (4-MUP),
HEPES, Triton X-100 , bovine serum albumin leupeptin,
pepstatin A, aprotinin and PMSF were purchased from Sigma
(USA). [*H]SCH23390 was purchased from Amersham
(USA). Plasmids pcDNA3, pcDNA3.1(+) and Lipofecta-
mine”® were purchased from Invitrogen (USA), and pCRE-
SEAP was from BD Biosciences Clontech (USA). cAMP
assay kit was purchased from Shanghai Second Medical Uni-
versity (Shanghai, China). Human embryo brain tissue was
donated by Huashan Hospital (Shanghai, China). PCR prim-
ers were synthesized by Shenyou (Shanghai, China).

Cloning of the human dopamine D,R ¢DNA Human
brain total RNA was obtained from human embryo brain
tissue. The total RNA was reverse-transcribed using oligo-
dT18 as a primer. With the cDNA, PCR was carried out
using the primers D,R-1SE and D R-1AS (Table 1). Gel-
purified PCR product was treated with BamHI/Xhol and
subcloned into the BamHI/Xhol site of the mammalian ex-
pression vector pcDNA3. With the subcloned D, R-pcDNA3
plasmid as a template, PCR was carried out using the prim-
ers D,R-2SE and D,R-2AS (Table 1), which resulted in full
length codon sequence of cDNA. Gel-purified PCR prod-
uct was treated with BamHI/EcoRI and cloned into the
BamHI/EcoRlI site of the mammalian expression vector
pcDNA3.1(+).

Production of HEK293 cell lines stably expressing
human dopamine D,R HEK?293 Cells were transfected with
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the D,R-pcDNA3.1(+) expression vector, using the
Lipofectamine reagent. Cells were treated with selection
medium containing G418 (1 g/L) for 3 weeks to select sta-
bly transfected cells displaying neomycin resistance. Be-
tween 2 and 3 weeks into the selection process, resistant cells
began to appear. They were separated out by serial dilution
and allowed to grow from single cells. Receptor expression
of single cell-derived colonies was tested by the radioligand
binding assay.

Cell culture Human embryonic kidney (HEK293) cell
lines were cultured in DMEM containing streptomycin (100
pg/mL), penicillin G (1000 kU/L) and fetal bovine serum
(10%). Cells were incubated at 37 °C in 5% CO,. Stably
transfected HEK293 cell lines were cultured in DMEM high
glucose medium containing streptomycin (100 mg/L), ben-
zylpenicillin (1000 kU/L), G-418 (200 mg/L) and fetal bo-
vine serum (10%). Cells were incubated at 37 °C in 5%
CO,. For passaging, the cells were detached from the cell
culture flask by washing with phosphate-buffered saline
(PBS) and brief incubation with trypsine (0.5 g/L)/EDTA
(0.2 g/L). The cells were passaged every 3 d.

Membrane preparation The D, cells were lifted from
Petri dishes with a cell scraper. Harvested cells were washed
twice with ice-cold PBS and centrifuged at 420xg for 5 min
at 4 °C. The cell pellet was resuspended with hypotonic
buffer (5 mmol/L Tris-Cl, 2 mmol/L EDTA, pH7.4, leupeptin
1 mg/L, pepstatin A 1 mg/L, aprotinin 1 mg/L, PMSF 1 mmol/
L) and sonicated (18 s) three times on ice. The homogenate
was centrifuged at 960xg for 10 min at 4 °C. The precipi-
tated nucleic fraction was discarded and the supernatant was
centrifuged at 40 000xg for 30 min at 4 °C. The pellet was
washed with 50 mmol/L Tris-Cl buffer (pH 7.4) and centri-
fuged again with the same conditions. Finally, the pellet
was resuspended in the same buffer, and protein concentra-
tion was determined by the BCA Kit (Pierce) as described
previously!'”,

[*H]SCH23390 binding assay Membranes (30-50 ug
protein) from D, cells were resuspended in 50 mmol/L Tris-
Cl (pH 7.4, 120 mmol/L NaCl, 5 mmol/L KCI, 2 mmol/L
CaCl, and 1 mmol/L MgCl,). Saturation assays were per-
formed at different concentrations of ["H]SCH23390 (0.05—
6 nmol/L), using butaclamol (10 pmol/ L) to obtain nonspe-
cific binding. Competition curves were obtained by using
0.5 nmol/L [*H]SCH23390 and different concentrations of
dopamine DR agonist SKF38393. The incubation was car-
ried out at 37 °C for 30 min.

Binding assays were stopped by rapid filtration through
Whatman GF/B filters, which were immediately washed three
times with ice-cold buffer. Filters were then transferred to
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Eppendoff tubes, and scintillation liquid was added to mea-
sure the radioactivity.

cAMP accumulation experiment After scraping the
cells off the culture plates, they were washed twice with PBS
and resuspended in PBS at a concentration of 0.5x10°-
1.0x10° cells/mL. Aliquots of 0.2 mL were transferred to
test tubes along with the phsophodiesterase inhibitor IBMX
(100 umol/L) and different concentrations of dopamine DR
agonist SKF38393 added to a final volume of 0.3 mL. The
reaction was terminated with 1 mol/L perchloric acid to a
final concentration of 0.5 mol/L after a 15 min incubation at
37 °C. Samples were neutralized with 75 pL 2 mol/L KOH,
and the cAMP content in the supernatants were determined
with a protein binding assay!''!. cAMP concentrations were
calculated using a standard curve according to the protocol
of the assayfkit.

CRE-SEAP activity assay Using the secreted form of
human placental alkaline phosphatase (SEAP) as the reporter
enzyme transcriptionally regulated by cAMP response ele-
ments (CREs)!">"*], CRE-SEAP activity was measured. The
pCRE-SEAP plasmid was transfected into D, cells using the
calcium phosphate precipitation method (Promega). Cells
were seeded in 100 m* plates, and transfection was performed
when cells were 50% confluent. DNA 25 pg and 60 pL
CacCl, 2 mol/L were mixed in H,O in a total volume of 500
pL and then slowly mixed with HEPES buffered saline
(HBS). The reaction mixture was incubated at room tem-
perature for 30 min and then evenly added to the cell culture
dish containing 10 mL of fresh media. After 12 h, the trans-
fection media was replaced with fresh media, and the trans-
fected D, cells were seeded into 24-well plates (1.5x10° cells
per well) and cultured overnight before experiment!'”. The
medium was then replaced with 500 pL of free serum DMEM
containing 100 umol/ L IBMX and the different concentra-
tions of SKF38393 then cells were incubated for 6 h and
12 h, respectively. The SEAP assay was subsequently per-
formed (see below).

Following the incubation period of transiently transfected
cells, the culture medium was inactivated for 30 min at 65 °C
and centrifuged at 15 000xg at 4 °C. The supernatant (80 uL),
was transferred to a new 96-well plate and mixed with 100
puL SEAP assay buffer (50 mmol/L Tris/0.1% BSA buffer,
pH 8.0) containing 36 umol/L 4-methylumbelliferyl phos-
phate (4-MUP). The mixture was incubated for 1 h at 37 °C,
and the fluorescence intensity was measured at 460 nm us-
ing FLUOstar plate reader. Excitation wavelength was 355 nm.

Intracellular Ca** concentration ([Ca*'],) measure-
ment Ca’' fluorescence measurements were performed us-
ing a NOVOstar plate reader with a pipettor system (BMG

Labtechnologies, Offenburg, Germany). D, cells were har-
vested with 0.05% trypsin/0.02% EDTA and rinsed with high
glucose DMEM containing 10% fetal bovine serum, 100 mg/
L streptomycin, 1000 U/mL penicillin G. Pelleted cells were
resuspended in fresh medium and kept under 5% CO, at 37 °C
for 1h and vortexed every 15 min. After twice washes with
Krebs-HEPES buffer, cells were loaded with 5 pmol/ L Fluo-
3/AM containing 1% pluronic F-127 and 2.5 mmol/L
p-(Dipropylsulfamoyl)benzoic acid for 30 min. Then cells
were rinsed three times with Krebs-HEPES buffer contain-
ing 0.5% bovine serum albumin, diluted, and evenly plated
into 96-well plates ata density of 1x10°* cells/well. Microplates
were kept at 37 °C for 15 min!"*. Buffer alone or different
concentrations of SKF38393 were then injected sequentially
into separate wells, and fluorescence intensity was measured
at 520 nm for 50 s at 0.2 s intervals. The excitation wave-
length was 485 nm.

[Ca*'],was calculated as follows: [Ca*' =K, (F-F,,;,)/
(Foax-F). F.a refers to the fluorescence intensity measured
after permeabilization of the cells with 1% Triton X-100.
Ten mmol/L EDTA was added to chelate Ca*" and minimum
fluorescence intensity was obtained (F,,;,). A K, value of
324 nmol/L was used for Fluo-3.

Data analysis Experiments were performed in triplicate.
All data were expressed as mean+SD and analyzed with the
GraphPad Prism 4.0 program (GraphPad Software, San
Diego, CA, USA). Student’s 7-test was used for statistical
analysis.

Results

Cloning of the human dopamine D,RcDNA To obtain
the cDNA with full length codon sequence of D|R, a reverse
transcription reaction was carried out using the total RNA
extracted from embryo brain tissue. Using cDNA with the
full length codon sequence of DR, a PCR product (1707
bp) was obtained using primers described previously. The
PCR product was subcloned into pcDNA3 plasmid and a
cDNA (1341 bp) containing the full D,R codon sequence
was obtained using this subcloned vector as a template. The
cDNA was then cloned into the mammalian expression vector
pcDNA3.1. Sequence analysis demonstrated that the se-
quence of the constructed D,-pcDNA3.1 expression vector
was identical to that of human DR cDNA in the gene bank.

Selection of cell clones Colonies of the selected stable
integrants were initially analyzed for human DR expression
by receptor binding assay using ["H]SCH23390. From the
transfected HEK293 cell clones, one cell line was obtained
with specific ['H]SCH23390 binding.
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Binding assays with the D,R antagonist ['"H]SCH-
23390 Scatchard analysis revealed a K, value of 1.5+0.2
nmol/L) and B,,,, value of 2.95+1.53 nmol/g of protein
(Figure 1). Figure 2 shows a competition of a D,R agonist
SKF38393 for [*’H]SCH23390 with an ICs, value of 2.0 (1.5—
2.8) umol/L (means, 95% confidence intervals, n=3).
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Figure 1. Saturation curve of [PH]SCH23390 binding to dopamine D,
receptors in plasma membrane isolated from D, cells. Inset: Scatchard
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Figure 2. Representative competitive inhibition curve of the dopamine
D, receptor agonist SKF38393 versus the D, receptor antagonist
[PH]SCH23390 in membrane preparations from D, cells. 1Cs, values were
expressed as means (95% confidence intervals) obtained from three inde-
pendent experiments performed in triplicate.

D,R agonist SKF38393 induced accumulation of
cAMP D,R agonist SKF38393 induced a concentration-
dependent accumulation of cAMP with a ECy, value of 0.25
pmol/L (0.12—0.53) (means, 95% confidence intervals, #=3,
Figure 3).
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Figure 3. The cAMP accumulation induced by the D, receptor agonist
SKF38393 in D, cells. The EC,, value was expressed as a mean (95%
confidence intervals) obtained from three independent experiments per-
formed in triplicate.

D,R agonist SKF38393 induced CRE-SEAP activity
In D, cells transiently transfected with pCRE-SEAP reporter
vector, SKF38393 induced a concentration-dependent in-
crease in the CRE-SAEP activity. EC,, values at 6 h and
12 h were 0.39 (0.27-0.57) and 0.59 (0.22—1.58) pmol/L
(means, 95% confidence intervals, n=3), respectively. No
significant difference was found between these two values
(Figure 4).

D,R agonist SKF38393 induced elevated intracellu-
lar calcium level D R agonist SKF38393 induced a con-
centration-dependent increase in the intracellular calcium
level. The ECy, value was 27 (8.5-70) nmol/L (means, 95%
confidence intervals, n=3). The SKF38393-induced increase
of the intracellular calcium level was completely blocked by
butaclamol (100 umol/ L), a DA receptor antagonist (Figure 5).

Discussion

In the present study, a HEK293 cell line stably express-
ing human DR was constructed. Functional analysis with
cAMP accumulation assay, the CRE-SEAP activity assay,
and intracellular calcium assay demonstrated that their ECy,
values were 0.25 (0.12-0.53) umol/L, 0.39 (0.27-0.57)
pmol/L for 6 h and 0.59 (0.22—1.58) pmol/L for 12 h and 27
(8.6-70) nmol/ L, respectively. No significant difference in
the EC,, values was found between SKF38393-induced
cAMP accumulation and CRE-SEAP activation.

DR can activate adenylyl cyclase, which then results in
cAMP production. At present, radioimmunoassay is one of
the most widely used methods for the measurement of cAMP
accumulation™¥. Cell based assays relying on transcription-
ally controlled reporter gene have been developed and are
suited to monitoring the cellular responses induced by
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Figure 4. CRE-SEAP activity induced by dopamine D, receptor agonist
SKF38393. (A) incubation with SKF38393 for 6 h; (B) incubation with
SKF38393 for 12 h. ECs, values were expressed as mean (95% confi-
dence intervals) obtained from three independent experiments performed
in triplicate.

GPCRs. Since CRE is a pivotal target in GPCR signaling
pathways, it has become one of the most widely used
response elements in reporter gene assays. The cAMP re-
sponse element binding protein (CREB), a transcription
factor, is the major regulator of CREs. It can be activated
(phosphoryl-ated) by protein kinase A (PKA) and members
of calcium/calmodulin kinase (CaMK) family in vitro. Both
G- and G,,-coupled receptors are signaled through CREs
121516 - Since the transcription of CRE-SEAP reporter genes
is controlled by CRE-containing promoters, CRE-SEAP ac-
tivity can be used to monitor the activation of receptors. In
the present study, the ECy, value obtained using CRE-SEAP
activity assay is similar to that obtained from cAMP accu-
mulation assay. These results suggest that CRE-SEAP ac-
tivity assay can be used to estimate the G,,-coupled receptor
function.

G,-coupled receptors activate adenylyl cyclase, leading
to an increase in CAMP level. cAMP activates PKA, which
subsequently phosphorylates different targets. This pathway
can lead to an increase in intracellular [Ca*'] either from
intracellular Ca*" stores or from the extracellular matrix!™>'7.
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Figure 5. Concentration-response curves for the effect of SKF38393 on
intracellular [Ca*']; in D, cells. n=3. Mean+SD. ECj, value was mean
(95% confidence intervals) obtained from three independent experiments
performed in triplicate.

Direct activation of Ca*" ion channels by G, is also possible!"*'*!,
We found that a significant difference was observed in the
EC,,value of the intracellular calcium assay and cAMP ac-
cumulation assay. While the EC;,value to induce the cAMP
accumulation was 0.25 (0.12-0.53) umol/L, the EC,,value
to induce an increase in the intracellular calcium was 27
(8.6-70) nmol/L. This is likely to reflect the difference in
signaling between intracellular calcium increase and cAMP
accumulation. Intracellular calcium signals may be directly
transduced, bypassing the adenylyl cyclase pathway and rep-
resenting transient binding with ligand. Therefore, combi-
nation CRE-SEAP activity assay or a cAMP accumulation
assay with an intracellular calcium assay will obtain more
information on the effect of ligands. Our study demonstrates
that the CRE-SEAP activity assay and intracellular calcium
assay are suitable for high-throughput screening in drug
research.
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Abstract

Aim: To evaluate the antiapoptotic effect of the A20 gene in primary hippocam-
pal neurons both in vivo and in vitro. Methods: Primary hippocampal neurons in
embryonic day 18 (E18) rats were transfected with the A20 gene by using the new
Nucleofector electroporation transfection method. We then examined, whether
A20 -neurons possessed anti-apoptotic abilities after TNF-a stimulation in vitro.
A20-neurons and pcDNA3 -neurons were transplanted into the penumbra of the
brains of rats that had been subjected to 90-min of ischemia induced by left middle
cerebral artery occlusion (MCAO). Results: A20-neurons resisted TNF-a in-
duced apoptosis in vitro. The apoptosis rate of neurons overexpressing A20
(28.46%+3.87%) was lower than that in neurons transfected with pcDNA3
(53.06%+5.36%). More A20-neurons survived in the penumbra both 3-d and 7-
d after transplantation than did sham pcDNA3 neurons. Conclusion: The novel
function of A20 may make it a potential targets for the gene therapy for neurologi-

doi: 10.1111/§.1745-7254.2005.00002.x cal diseases.

Introduction

Uncontrolled gene expression and apoptosis result in the
development of various diseases. Excessive apoptosis plays
arole in the pathogenesis of AIDS and neurological diseases
such as Alzheimer disease and stroke!'.

The zinc finger protein A20 is a novel protein type in
that it seems to have a dual activity, both as an inhibitor of
NF-«B activation and as an antiapoptotic molecule in some
cell systems, but not in the case of human cervix carcinoma
HeLa cells, lung epithelial A549 cell, or human hepatoma
HepG2 cells®™™®. The reason why some cell lines are pro-
tected by A20 and others not are still unclear.

Little research work has been done on the functions of
A20 in primary cultured neurons, although cell apoptosis is
involved in many neurological diseases. The poor transfec-
tion efficiency resulting from the extreme resistance of cul-
tured neurons to chemical transfection vectors has limited
further research!”,

In this study, we overexpressed A20 by means of electro-
poration gene transfer into neurons to investigate whether

©2005 CPS and SIMM

A20 can inhibit TNF-induced apoptosis in primary cultured
neurons both in vivo and in vitro.

Materials and methods

Cloning of the A20 gene Human umbilical vein endot-
helial cells were treated with TNF-oo 1000 kU/L and cyclo-
heximide 10 ug/L for 4 h. Poly(A)"-mRNA was extracted
with Trizol Reagents (Gibco) and identified by electrophore-
sis on a 1.2% agarose gel. cDNA was obtained by using
reverse transcription-polymerase chain reaction (PCR). The
PCR was performed with a sense primer (5-AAC GAGCG-
GTTCCGATGCC-CTGAG-3’) and an anti-sense primer (5
TGTCGCCTTCACCGTTC-CAGTT-3") using 30 cycles of
95 °C for 1 min, 62 °C for 1.5 min, 72 °C for 2.5 min. The
pcDNA3 expression vector containing the CMV immediate
early promoter was used for this study.

Analysis of A20 mRNA contents Isolation of total
mRNA from the transfected neurons cultured in vitro or in
the penumbra tissue was performed using Trizol reagent
(Promega, Charbonnieres, France), followed by RT-PCR
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using the following primers: forward 5~“CGGTACCGCACA-
ATGGCTGAACAAGTCCTTCCT-3" and reverse 5-CGTC-
TAGAGTTAGCCATACATC-TGCTTGAACTG-3". The
PCR was run at 95 °C for 5 min, followed by 30 cycles of
95 °C for 1 min, 62 °C for 1.5 min, and 72 °C for 2.5 min,
with a 10 min final extension period at 72 °C. The house-
keeping gene B-actin was used as a control.

Western blotting Protein was isolated from the trans-
fected neurons and the penumbra of the MCAO rats using
RIPA reagent 10 d after transfection. The samples were then
resolved on a 15% SDS-PAGE gel and electrophoretically
transferred onto poly-vinylidene difluoride membranes. The
membranes were probed overnight at 4 °C with mouse mono-
clonal anti-human A20 antibody (1/2000, Oncogene). After
being incubated with goat anti-mouse-HRP (1/5000) for 1 h
at room temperature, antigens were revealed by enhanced
chemilumincescence reaction buffer.

Cell culture Hippocampal neurons from embryonic day
18 were freshly prepared by hippocampal dissection. The
C-shaped hippocampus was cut off and trypsinized for 20
min at 37 °C in a 5% CO, incubator. The cells were broken
apart by pipetting with complete media and were then plated
with a density of 3x10®cells/L in neurobasal medium supple-
mented with B27 (all materials from Gibco Invitrogen, Grand
Island, NY).

Rat neuron Nucleofector transfection Transfection was
accomplished using a Rat Neuron Nucleofector kit and the
device from Amaxa. For each example, the prepared neu-
rons were resuspended in Rat Neuron Nucleofector Solu-
tion to a final concentration of 1x10°~6x10° cells/L. Then,
100 pL of cell suspension was mixed with 1-3 pg DNA (in
1-5 uL H,O or TE). Each nucleofection sample was trans-
ferred into an Amaxa certified cuvette. Insert the cuvette
into the cuvette holder (Amaxa, Germany) and rotate the turn-
ing wheel clockwise to the final position. And tranfection
program G-13 was initiated. The transfections efficiencies
were evaluated and cell transplantation was carried out 3 d
later.

Immunocytochemistry Three days after transfection,
the wells were fixed with 4% paraformaldehyde for 15 min.
Then the wells were incubated for 12 h at 4 °C with mouse
anti-rat NF antibody (1:100, DAKO) and mouse anti-human
A20 antibody (1:200, Oncogene), diluted in blocking buffer.
The wells were incubated with rhodamine-labeled second-
ary antibodies (1/500, Kirkegaard Perry Laboratories, MD,
USA) and FITC-labeled secondary antibodies (1/200,
DAKO) in blocking buffer for 60 min at room temperature.
Fluorescence staining was evaluated using a Leica fluores-
cent microscope.
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Cell counting Neurons stained positively for A20 were
counted on coded slides using an Olympus CAST Grid sys-
tem (Denmark). The area of each culture well was delin-
eated and a counting frame was randomly placed to mark
the first area to be sampled. The frame was then systemati-
cally moved through the delineated area. The total number
of neurons and A20-immunoreactive neurons was extrapo-
lated from the data, and the transfection efficiency was
evaluated.

For the experiments in vivo, 3 d and 7 d after transplanta-
tion, rats were anesthetized and perfused intracardially with
phosphate buffered saline (PBS, pH 7.4) followed by 4%
paraformaldehyde dissolved in PBS (pH 7.4). Then, serial
coronal brain cryostat sections were cut at 20 pm thickness
and every third section was used to count the surviving cells.
To assess the survival of grafted Hoechst-stained neurons, a
similar method was employed™.

Neurons cultured with TNF-a Three days after trans-
fection, TNF-a was added to A20-neurons and pcDNA3-
neurons to a final concentration of 2000 kU/L, and the cells
were incubated at 37 °C in 5% CO, for 8 h. Then, the
apoptosis rates were accessed by flow cytometry using a
FACStar (Becton Dickinson) with excitation wavelength set
at 585 nm.

Labeling of neurons for transplantation Seventy-two
hours after transfection, Hoechst 33258 (Sigma) was added
to each well to achieve a final concentration of 10 mg/L.
One hour later, cells were rinsed 3 times with PBS to com-
pletely flush out excess fluorescence and the cells were then
collected for transplantation.

Surgical procedure All animal experimental procedures
were approved by the local animal protection authority.
Twenty-four male Sprague-Dawley rats (250-300 g) were
randomly allocated to four groups of equal size (group A-
D). Rats in groups C and D were anesthetized with 10%
chloralhydrate, a midline neck incision was made and a 30-
mm long piece of 4-0 monofilament nylon suture was ad-
vanced from the external carotid artery (ECA) through the
common carotid artery (CCA) and into the lumen of the in-
ternal carotid artery (ICA) until it blocked the origin of the
middle cerebral artery (MCA). One and a half hours after
the occlusion, the filament was withdrawn™. The rats were
allowed to recover and were monitored daily for behavioral
and neurological deficits (motor weakness of extremities).
The rats that did not show neurological deficits were ex-
cluded .

Transplantation surgery Immediately after MCAOQ, the
rats’ heads were immobilized in a stereotaxic frame. Either
A20 or pcDNA3 neurons (3x10°cells) 2 uL were injected
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into the penumbra at the following coordinates: 1.00 mm
rostral to bregma, 3.0 mm right of the midline, and 1.2 mm
ventral from the dural surface, with the incisor bar set at
zero. Another 12 normal rats serving as controls received
identical grafts!"!. Rats were divided into 4 groups: normal
rats with A20-neurons (group A), normal rats with pcDNA3-
neurons (group b), MCAO rats with A20-neurons (group C),
MCADO rats with pcDNA3-neurons (group D).

Statistical analysis Data are expressed as mean+SD.
Statistical analysis was performed by one-way ANOVA and
the #-test, using statistical software package SPSS 10.0. Sta-
tistical significance was set at a level of P<0.05.

Results

Identification of primary cultured cells and evalua-
tion of transfection efficiency The fact that most cells were
immunoreactive for NF indicates that most cells were neu-
rons (Figure 1). Seventy-two hours after gene delivery, neu-
rons immunoreactive for A20 were counted as described
above for quantitative determination of transfection effi-

Figure 1. E18 hippocampal neurons tagged with anti-NF antibody on
day 3 after plating (x100).

ciency (Figure 2). The percentage of neurons successfully
transfected with A20 was 52.46%+5.26%.

Expression of A20 in neurons in vitro and after
transplantion into MCAO brains Activation of A20 was
detected 10 d after transfection by both RT-PCR (Figure 3A)
and Western blot analysis (Figure 3B).

Induction of apoptosis by TNF-a in vitro The results
of FACS analysis showed that after the proapoptotic insult
with TNF-a, the apoptosis rate of neurons overexpressing

Figure 2. The immunocytochemical staining for protein A20 of the rat
E18 primary hippocampal neurons 3 d after transfection (x100).

A
2370 bp —»

531 bp —p»

Figure 3. A) RT-PCR showed the expression of A20 in neurons 10 d
after transfection both in vivo (lane 2) and in vitro (lane 4). Neurons
transfected with pcDNA3 were chosen as the negative control both in
vivo (lane 7) and in vitro (lane 9). The B-actin was selected as intrinsic
standard (lanes 1, 3, 6, 8). B) Western blot analysis showed the expres-
sion of protein A20 in neurons 10 d after transfection both in vivo (lane
1) and in vitro (lane 3). Neurons transfeced with pcDNA3 were chosen
as the negative control both in vivo (lane 2) and in vitro (lane 4).

A20 (28.46%+3.87%) was lower than that in neurons trans-
fected with pcDNA3 (53.06%+5.36%) (P<0.05, Figure 4A,
4B).

A20 protected the transplanted neurons from apo-
ptosis in the penumbra of the MCAQ brain Cells de-
rived from the hippocampus of E18 Sprague-Dawley rats
were transfected with A20 or pcDNA3 and grafted into the
apoptotic zone (penumbra) of MCAO rats, and at an identi-
cal position in normal rats. Grafts were identified in vivo 3
d and 7 d after transplantation by staining using the Hoechst
33258 stain. A large number of cells implanted into the nor-
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Figure 4. The apoptosis rate of the cultured neurons at 3 d after trans-
fected with A20 under TNF-o stimulus (B). The neurons transfected
with native pcDNA3 was as the control group (A).

mal rat brain survived, with no significant difference in the
cell survival rate between the A20 group and the pcDNA3
group on d 3 or d 7 (P>0.05). On the other hand, a great
deal of grafted cells died when transplanted into the apoptotic
zone of the ischemic brain. In this case, neurons with A20
that were grafted into MCAO rats had a greater survival rate
compared to pcDNA3 cells both on d 3 and d 7 (P<0.05,
Figure 5A-5H, 6).

Discussion

A20 is encoded by a primary response gene which was
originally identified as a TNF-inducible gene in human um-
bilical vein endothelial cells!"?. It seems to have a dual
activities, serving not only as an inhibitor of NF-xB
activation, but also as an antiapoptotic gene in some cell
systems. Primary cells that are taken directly from the body
are morphologically and physiologically similar to the par-
ent tissue. Gene transfer using primary cells is a much bet-
ter way to mimic the in vivo situation. This method permits
much more precise medical and scientific conclusions than
when genes are transferred into degenerated cell lines!"*.

In our research, we used rat primary hippocampal
neurons, which form an important in vitro model for the re-
search of many central nervous system diseases (such as brain
ischemia and Parkinson disease) and for studying routine
events in most parts of the brain. And a newly developed
electroporation method known as Nucleofector technology
was employed in the study of the rat primary hippocampal
neurons. It is a physical method that is suitable for the trans-
fection of nonphagocytic and nonproliferating cells, such as
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peripheral leukocytes and stem cells, which are usually re-
fractory to chemical transfection vectors. In addition, it is
free of biocontaminants and does not induce immune reac-
tions!"”. The results of immunocytochemical analysis indi-
cated that Nucleofector technology obtained a 52.46%=
5.26% transfection efficiency for the A20 gene, which is the
highest transfection efficiency reported so far involving
nonviral gene transfer of primary cell cultures. This high
rate of efficiency is important for advanced functional
experiments. RT-PCR and Western bloting analysis further
proved the continuous expression of A20 proteins both in
vitro and in vivo 10 d after transfection.

FACS analysis demonstrated that the A20 could protect
the primary culture neurons from TNF-induced apoptosis in
vitro. The mechanism of action has not yet been completely
clarified. Some researchers speculate that A20 might inter-
fere with TNF-R-associated death domain (TRADD) bind-
ing to TNF-R1 and might, thus, negatively regulate TNF in-
duced cytotoxicity™.

Most of the evidence supporting the role of apoptosis in
neuronal cell death comes from studies using animal models
of global or focal cerebral ischemia. In the focal ischemia
models, which create a condition emulating human strokes,
transient ischemia followed by reperfusion is often associ-
ated with massive induction of apoptosis-like cell death!'®.,
After reversible middle cerebral artery occlusion in adult rats,
both TNF and TRAIL proteins are expressed in the apoptotic
areas of the post-ischemic brain (the penumbra), thus pro-
viding conditions for inducing apoptosis. TRAIL mRNA
levels increase in response to ischemia and reperfusion,
reaching a maximum after 3 d. In contrast to TRAIL, TNF-
o mRNA is not consistently upregulated in the ischemic
hemisphere. TNF-a mRNA exhibits a first peak after 24 h,
followed by a decline after 3 d, and a second rise after 5 d!'”.
Furthermore, in focal cerebral ischemia, NF-xB is activated
and promotes cell death!"”®. So when cultured neurons are
injected into this zone, apoptosis is expected to occur. Cell
counting of surviving neurons in the present study confirmed
this speculation. Higher levels of cell death were observed
in the case of both A20-neurons and pcDNA3-neurons when
grafted into MCAO rats than when grafted into normal rats.
This result proves that apoptosis-inducing circumstances
definitely exist in the penumbra following transient cerebral
ischemia. On the other hand, among the two groups of
MCAQO rats, more A20-neurons survived than the sham group
pcDNA3-neurons. This result indicates that A20 protein can
protect the neurons from the cytotoxicity associated with the
ischemic zone. Some further points should be made. First,
the transfection efficiency was approximately 50%, and neu-
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Figure 5. Immunostained 20-pm cryosections of surviving neurons from Sprague-Dawley rats subjected to MCAO and subsequently reperfused for
different lengths of time (x200). Hoechst reactive neurons which had been transfected with A20 and pCDNA3 were seen scattered throughout the
penumbra at 3 d after A20-neurons (E) and pcDNA3-neurons (F) transplanted to the penumbra of MCAO rats, and 7 d after A20-neurons (G) and
pcDNA3-neurons (H) transplanted to the penumbra of MCAO rats. There were corresponding controls to normal rats at 3 d after A20-neurons (5A) and
pcDNA3-neurons (B) transplanted to the normal rats, and 7 d after A20-neurons (C) and pcDNA3-neurons (D) transplanted to the normal rats.
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E A20 into normal rats (A group)
pcDNA3 into normal rats (B group)
B A20 into MCAO rats (C group)
B3 pcDNA3 into MCAO rats (D group)

10-*xNumber of survived cells

Time after transplantation/d

Figure 6. Number of the surviving cells at 3 d and 7 d after transfected
neurons were transplanted into the brains of MCAO rats and normal rats.
n=3. Mean£SD. ®P<0.05 vs A group. °P<0.05 vs D group.

rons that did not express the A20 protein would likely be
induced to undergo apoptosis. Second, the transplanted neu-
rons were influenced not only by TNF and TRAIL, but also
by multiple other toxic factors, such as the CD95-ligand,
starvation, etc. Thus 7 d after transplantation into the is-
chemic zone, the fact that large number of A20-neurons nev-
ertheless died indicates that the function of A20 protein can
only partly and not completely protect the neurons in vivo.

In conclusion, our study showed that the zinc finger pro-
tein A20 was an effective neuroprotective agent that improved
the survival of both cultured and grafted embryonic hippoc-
ampal neurons, which suggests that the A20 may have thera-
peutic potential in gene therapy for diseases of the central
nervous system.
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Introduction

The formalin test, first established by Dubuisson and
Dennis!", is a model of acute and tonic pain that is com-
monly used in studies of nociception in rodents and in the
discovery of novel analgesics. The test has been character-
ized most extensively in rats, cats, and mice!" . The injection
of diluted formalin into the hindpaw of rats elicits a biphasic
nociceptive behavioral response. This response is complex
and includes such behavior as rearing, turning, jumping,
crossings, flinching, shaking, elevating, clutching, and lick-
ing the affected paw and dysphoria. These responses have
been most frequently monitored either by assessing a single,

©2005 CPS and SIMM

Abstract

Aim: To investigate the validity and sensitivity of an automatic movement detec-
tion system developed by our laboratory for the formalin test in rats. Methods:
The effects of systemic morphine and local anesthetic lidocaine on the nocicep-
tive behaviors induced by formalin subcutaneously injected into the hindpaw were
examined by using an automated movement detection system and manual mea-
suring methods. Results: Formalin subcutaneously injected into the hindpaw
produced typical biphasic nociceptive behaviors (agitation). The mean agitation
event rate during a 60-min observation period increased linearly following in-
creases in the formalin concentration (0.0%, 0.5%, 1.5%, 2.5%, and 5%, 50 uL).
Systemic application of morphine of different doses (1, 2, and 5 mg/kg) 10-min
prior to formalin injection depressed the agitation responses induced by formalin
injection in a dose-dependent manner, and the antinociceptive effect induced by
the largest dose (5 mg/kg) of morphine was significantly antagonized by systemic
application of the opioid receptor antagonist naloxone (1.25 mg/kg). Local anes-
thetic lidocaine (20 mg/kg) injected into the ipsilateral ankle subskin 5-min prior
to formalin completely blocked the agitation response to formalin injection. These
results were comparable to those obtained from manual measure of the incidence
of flinching or the duration time of licking/biting of the injected paw. Conclusion:
These data suggest that this automated movement detection system for formalin
test is a simple, validated measure with good pharmacological sensitivity suitable
for discovering novel analgesics or investigating central pain mechanisms.

presumably representative, behavior (eg, the incidence of
flinching, the duration of licking/biting)™*”", or by using a
weighted-scored measure!! to evaluate the global response.
However, these measurements, based on a subjective inter-
pretation of the behaviors, are labor-intensive, time-
consuming, tedious, and dependent on human judgement.
The need to automate behavioral pain tests is obvious not
only to facilitate their use but also to allow researchers from
academic institutes and pharmaceutical companies to easily
use more sophisticated and perhaps more predictive tests
than the usual acute pain test. Therefore, different automated
detection systems have been established for nociceptive be-
havior in the formalin test®'%. However, the computer-
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driven, dynamic-force automatic system™ or the automated
method of pain scoring”'"! were difficult to purchase.
Recently, a simple automated movement detection system
has been described primarily by our laboratory to quantify
the agitation responses elicited by subcutaneous (sc) forma-
lin injection into the rats’ hindpaw!'*. The purpose of the
present study was to further investigate the pharmacological
sensitivity and validity of this system. The agitation responses
elicited by different concentrations of formalin (50 pL) sc
injected into the rat hindpaw were determined with this au-
tomated system, and then the effects of systemic morphine
of different doses and local anesthetic lidocaine on the
agtitation responses induced by the largest concentration of
formalin (5%) were examined in the rat. As comparable
control, manual measurement of the duration of licking/bit-
ing and the incidence of flinching of the injected paw were
also simultaneously monitored in each test.

Materials and methods

Subjects Sixty adult male Sprague-Dawley rats weigh-
ing 260-280 g were provided by the Experimental Medical
Animal Center of Shaanxi Province, China. Animals were
housed in cages in groups of six with food and water avail-
able ad libitum on a 12 h light/dark schedule (lights on at 8:
00 AM). The experiment was performed according to the
Guidelines of the International Association for the Study of
Pain!"* and approved by the Institutional Animal Care Com-
mittee of Xi’an Jiaotong University.

Formalin test

Automated movement detection system The trans-
formed part of the automated movement detection system
consisted only of a spring balance (0-2.0 kg) and an electro-
magnetic transducer, a permanent magnet (1.5 cmx1.5 cmx
1.0 cm) with an intensity of 0.5 T connected to the plane of
the balance, which placed both the N and S poles of the
magnet in a horizontal plane. One thousand five-hundred
turns were wound on an E6 electric core and then installed
in the magnetic field. Such an electromagnetic transducer
was able to pick up and transform the mechanical movement
of the spring balance plane into the induced current in the
winding in the magnetic field, as shown in Figure 1. On the
day of testing, each rat was moved to the laboratory and
placed in a hexagonal polycarbonate chamber (L:16 cm; H:
8 cm) for about 15-20 min to acclimate it to the experimen-
tal environment. The criterion for adequate acclimation was
that rats did not freeze or defecate in the test chamber!"* and
rarely exhibited spontaneous activities. Then, the rat was
talen from this chamber and formalin (50 pL) was adminis-
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Figure 1. Schematic diagram of the automated movement detection sys-
tem for recording the agitation response induced by formalin.

tered sc into the hindpaw pad. The rat was immediately re-
placed in the chamber, which was placed on the spring bal-
ance with the electromagnetic transducer. Nociceptive be-
havior (agitation) elicited by the formalin injection such as
flinching shaking, elevating, clutching, and favoring the af-
fected paw, and dysphoria activities-induced movements of
the balance, which was picked up and transformed into elec-
trical signals via the electromagnetic transducer. The elec-
trical signals were amplified, filtered (100 Hz), and displayed
on an oscilloscope, and fed into a window discriminator to
minimize the non-specific signals induced by spontaneous
movement of the animal. A computer system that allowed
quantitative recording of the number of agitation events and
construction of time histograms over a 60-min observation
period. To examine the different concentrations of forma-
lin-induced agitation responses, rats were restrained lightly
and received a single sc injection of saline (50 pL) or forma-
lin (0.5, 1.5, 2.5, 5.0%, 50 pL, respectively) into the plantar
surface of right hindpaw. Each rat was used only once and
was killed by a lethal dose of pentobarbital at the end of the
experiment.

Manual detection method To evaluate the validity of
the automated movement detection system for formalin test,
the classical manual detection methods were also used
synchronously. A mirror was positioned below the chamber
at a 45° angle for unobstructed observation of the rats’ paws.
The response to formalin injection was monitored by mea-
suring the total duration(s) of licking/biting and the incidence
(times) of flinching of the injected hindpaw over 5-min in
the 60-min observation period, respectively, by two
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experimenters, as reported previously™* .

Pharmacological experiment To determine the phar-
macological validity of the automated movement detection
system, the effects of sc injection of morphine hydrochlo-
ride of different doses (1, 2, and 5 mg/kg, dissolved in 0.9%
saline) 10 min before formalin injection on the formalin-
induced agitation responses were observed. In the subse-
quent experiments, the blocking effects of opioid receptor
antagonist naloxone on morphine-induced inhibition of the
agitation responses were further examined, ie, after
administertion of the largest dose (5.0 mg/kg) morphine,
which produced a maximal antinociceptive effect, naloxone
hydrochloride (1.25 mg/kg, dissolved in 0.9% saline, Sigma,
MO, USA) was administered sc just before formalin injection.
The doses of morphine and naloxone were selected accord-
ing to previous studies by using the weighted-scores method
for behavioral measurement of nociception in the formalin
test™"!. In another experimental group rats received an in-
jection of lidocaine (2%, 20 mg/kg) into the ipsilateral ankle
subskin of the rat 5 min prior to formalin (5%, 50 pL) injec-
tion to observe the effects of the local anesthetic on the for-
malin-induced agitation responses. The same volume of sa-
line was injected before formalin injection in the control
experiment. In all these experiments, after formalin injection,
the nociceptive agitation responses were monitored for 60-
min by using both the automated movement detection sys-
tem and the manual detection method.

Data analysis Data were expressed as the agitation event
rate (Hz), the duration(s) of licking/biting and the incidence
(times) of flinching of the injected paw per 5-min observa-
tion period. The correlation coefficient between the con-
centration or dose of drug and effect on nociceptive behav-
ior was calculated with linear regression. Differences in drugs
effects among groups were tested statistically by two-way
repeated measures of analysis of variance (two-way RM
ANOVA) with a post hoc multiple comparison (Bonferroni
t-test) for analysis of the differences over the entire observa-
tion time or at each time point among different groups.
P<0.05 was considered to indicate statistical significance.

Results

Nociceptive behavior induced by formalin injection
to the hindpaw Injection of formalin into the rat hindpaws
elicited a characteristic biphasic nociceptive agitation re-
sponse when the response was monitored with the automatic
system. The first phase (early phase) began immediately
after formalin injection and lasted for approximately 5-6 min.
After the first phase, there was one 6—10 min interphase,

during which the rat was relative quiet in the chamber and
rarely exhibited nociceptive agitation activities. The sec-
ond phase (late phase) began approximately 10—-15 min af-
ter formalin injection and lasted for approximately 40-50
min. In the second phase, the response peak appeared at
about 35 min after formalin injection. The time histograms
of the mean agitation events induced by formalin of differ-
ent concentration (saline, 0.5, 1.5, 2.5, and 5.0%, 50 pL,
n=>6 for each treated group) was shown in Figure 2A—-2E.
The agitation event rate induced by 5.0% formalin during a
60-min observation period was significant larger than that
of the saline, 0.5% or 1.5% formalin group (P<0.01, n=6)
and that induced by 2.5% formalin was significantly larger
than that of the saline group (P<0.05). Although there was
no significant difference between the 5.0% and 2.5% forma-
lin groups in overall effects, there were significant differ-
ences at three of 12 time points (P<0.05, Figure 2E). Linear
regression analyses indicated that the nociceptive agitation
response to formalin increased following the formalin con-
centration increase with a correlation coefficient () of 0.
781 (P<0.01).

Similarly, the formalin-elicited biphasic response mea-
sured manually was comparable to that obtained with the auto-
matic detection system (Figure 2G, 2H). These results were
similar to previous reports using either automatic or manual
methods!™'*",

Effect of morphine on formalin-elicited nociceptive
behavior Injection of morphine (0, 1, 2, and 5 mg/kg) de-
pressed the nociceptive agitation response to the largest dose
(5%, 50 pL) of formalin injection in a dose-dependent man-
ner with a correlation coefficient () of 0.876 as monitored
by the automatic detection system (Figure 3A—3D). The in-
hibitory effect induced in both the 2 and 5 mg/kg morphine
group during the 60-min observation period was significantly
larger than that of the saline group (P<0.01, n=6). Although
there was no significant difference between the 1.0 mg/kg
morphine and saline groups (P>0.05, n=6) in the overall
effect, the differences were significant at two of 12 time points
(P<0.05). The inhibitory effect of the 1 mg/kg morphine
group was significantly smaller than that of 2 mg/kg and 5
mg/kg morphine groups (P<0.05) at the 35 min time point
after formalin injection (Figure 3E).

The inhibitory effect of morphine to the formalin-evoked
nociceptive behavior was also measured manually. The
decreases in the licking/biting duration induced in the 2 and
5 mg/kg morphine groups were significantly different from
that of the saline group (P<0.05, P<0.01, n=6) during the
60-min observation period. At two time points the effect in
1 mg/kg morphine group was different from saline group
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Figure 2. Left side (A-E): Mean time histograms showing the nociceptive agitation responses induced by different concentrations of formalin injected

into the hindpaw detected using the automatic detection system. Bin=2 s. Right side: Time course curves showing the nociceptive behavior induced by

different concentrations of formalin injected into rat hindpaw per 5-min observation period. (F) Agitation event rate (Hz) recorded using automated

system; (G) duration time (s) of licking/biting the injected paw; (H) incidence (times) of flinching the injected paw. Mean+SEM. n=6. *P<0.05,
°P<0.01 vs saline. °P<0.05, 'P<0.01 vs 0.5 % formalin. "P<0.05, 'P<0.01 vs 1.5 % formalin. *P<0.05 vs 2.5 % formalin.

(P<0.05). The inhibitory effect of 5 mg/kg morphine was
significantly different from those of the 1 and 2 mg/kg mor-
phine in overall effects (P<0.01, n=6). Similarly, the de-
creases in the flinching incidence in the 1, 2, or 5 mg/kg
morphine group were all different from the saline group
(P<0.01, n=6). However, no-significant differences were
found among the three morphine groups either in the entire
effects or at any time point, as shown in Figure 3F, 3G.
Effect of naloxone on morphine-induced inhibition of
nociceptive behavior in the formalin test Injection of the
opioid receptor antagonist naloxone 1.25 mg/kg after mor-
phine (5.0 mg/kg) application completely antagonized the
morphine-evoked inhibition of agitation responses induced
by formalin injection (Figure 4A—4C). There was statisti-
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cally significant difference (P<0.01, n=6) between the
effects induced by naloxone plus morphine and those by mor-
phine alone, but no significant difference (P>0.05) was de-
tected between effects in the naloxone plus morphine group
and the saline group (Figure 4E).

When manual detection methods were used, naloxone
significantly blocked the decrease in the licking/biting dura-
tion (P<0.01) and flinching incidence (P<0.01) elicited by
morphine (Figure 4F, 4G).

Effect of lidocaine on the nociceptive behavior induced
by formalin Injection of lidocaine 20 mg/kg into the ipsi-
lateral ankle subskin completely blocked the agitation
response to formalin injection as measured by the automatic
system. There was a statistically significant difference
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Figure 3. Lift side (A-D): Mean time histograms showing the inhibitory effects of different doses of morphine on the agitation responses induced by

5.0 % formalin injection using the automatic detection system. Bin=2 s. Right side: Time course curves showing the effects of different doses of

morphine (0, 1, 2, 5 mg/kg) on 5.0 % formalin-evoked nociceptive behavior per 5 min observation period. (E) Agitation event rate (Hz), (F) duration
time (s) of licking/biting the injected paw, (G) incidence (times) of flinching the injected paw. Mean+SEM. °P<0.05, °P<0.01 vs saline. °P<0.05,

P<0.01 vs 1.0 mg/kg morphine. P<0.01 vs 2.0 mg/kg morphine.

(P<0.01) between the effects in saline group and the lidocaine
group (Figure 4A, 4D).

When manual detection methods were used, there were
also significant differences in the duration of licking/biting
(P<0.01) and flinching incidence (P<0.01) between the sa-
line and the lidocaine groups (Figure 4F, 4G).

Discussion

The present study found that a typical biphasic nocicep-
tive behavior (agitation) induced by formalin injection into
the rat hindpaw could be detected by the automated move-
ment detection system developed by our laboratory?, and
that this response was proportional to those obtained from
manual scoring method both in the time course and the mag-

nitude of change. It is identical to previously reports about
the formalin test in rats!"*'%, either using a weighted-scores
measurement or a single nociceptive behavior measurement
such as licking/biting or flinching the injected paw. This
indicates that the simple automated movement detection sys-
tem for quantifying the nociceptive behavior elicited in the
formalin test is a validated measure and produces results that
are comparable to those found using a computer-driven, dy-
namic-force automatic detection system'™ or a new automated
method of pain scoring™™'!,

The first phase of response elicited in the formalin test
was believed to be a result of direct activation of peripheral
nociceptors, whereas the second was mediated by a combi-
nation of low ongoing activity in primary afferents and in-
creased sensitivity of spinal cord neurons (inflammatory
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Figure 4. Left side (A-D): Mean time histograms showing the blocking effects of naloxone on 5 mg/kg morphine-evoked inhibition of agitation

responses and of lidocaine on agitation responses induced by 5% formalin applied to rat hindpaw using the automatic detection system. Bin=2 s. Right

side: Time course curves indicating the blocking effects of naloxone on morphine-evoked inhibition of nociceptive behavior and of lidocaine on

nociceptive behavior induced by 5% formalin applied to rat hindpaws per 5-min observation period. (E) Agitation event rate (Hz) recorded by using the

automatic detection system; (F) duration time (s) of licking/biting the injected paw; (G) incidence (times) of flinching the injected paw. Mean+SEM.

°P<(.05, °P<0.01 vs saline. °P<0.05, ‘P<0.01 vs morphine.

hyperalgesia)l'“'”). Therefore, the intensity of the agitation
response to formalin recorded by using the automatic sys-
tem should be of a stimulation-response relationship. The
results of this study demonstrated that the nociceptive agita-
tion response increased linearly following the increase of
stimulation intensity with a greater correlation coefficient
which is similar to the results that obtained from manual
detection methods. These results were also consistent with
those obtained by using a weighted-scores method of be-
havioral pain rating!" and using a computer-driven, dynamic-
force automatic detection system!”. Therefore, the results
reinforced the validity of the new automatic detection sys-
tem for monitoring the nociceptive response to formalin
injection.

The validity of the automatic system was further con-
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firmed by the results obtained from systemic morphine-
evoked analgesia. The nociceptive agitation response to
formalin as monitored by the automatic detection system was
inhibited by sc injection of morphine in a dose-dependent
manner which was similar to that described in other studies™*",
The antinociceptive effect of the largest dose (5.0 mg/kg) of
morphine could be effectively antagonized by opioid recep-
tor antagonist naloxone. These results were also compa-
rable to those obtained using manual methods suggesting
that the automatic system has a good sensitivity to analge-
sics and therefore provides a good measurement to evaluate
the effect of analgesics.

In the present study, the data obtained with both the au-
tomatic detection system and manual methods indicated that
the nociceptive response could be completely blocked by
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pre-administration of the local anesthetic lidocaine. The
results are identical to those reported previously!'™'”. It has
been demonstrated that intraperitoneal injection of lidocaine
(10-30 mg/kg) induced significant antinociceptive effect in
both phases of the formalin test using the paw-licking mea-
surement"®. A pre-injection of lidocaine (sc) into the ankle
before formalin could markedly decrease the formalin-
evoked Fos-immunoreactivity in the dorsal horn neurons!”’.
These studies showed that the automated movement detec-
tion system provided a good pain measurement and a phar-
macological validation for the system. The results correlate
well with the licking duration and incidence of flinching mea-
sures for invention and detection of new analgesic drugs.

In summary, the data from the present study show the
validity of an automatic detection system with following
advantages: (1) it is an objective measure; (2) global analy-
sis of pain-induced behaviors superior to the recording of a
single parameter such as licking duration or flinching
incidence; (3) the system is less time consuming spent by
the experimenter; (4) that the new automatic detection sys-
tem could be used in pharmacological studies in inflamma-
tory pain; and (5) the transducer equipment in the automatic
system is very simple and cheap. In a general electrophysi-
ological laboratory, this system can be easily made and used
in studies of nociception and antinociception. Although the
automatic system cannot clearly distinguish the agitation re-
sponse and the spontaneous activities, the latter can be re-
duced to smallest if the animal adequately habituated to the
experimental arena and were kept quiet in the chamber be-
fore formalin administration.
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Abstract

Aim: To investigate effects of the cyclin-dependent kinase5 (Cdk5) inhibitor
roscovitine on formalin-induced nociceptive responses in rats. Methods: The
flinch response as a methood of pain threshold measurement and intrathecal in-
jection techniques were used. Cdk5 and phosphorylation of its downstream target,
DARPP-32 (dopamine- and cAMP-regulated phosphoprotein of M, 32 kDa), were
investigated by Western blot analysis. Results: Rats demonstrated a typical flinch
response after formalin injection. Intrathecal roscovitine injections significantly
suppressed the flinch response in a dose-dependent manner. Western blot analy-
sis showed that phosphorylated DARPP-32 at Thr75 increased in concentration
after formalin hyperalgesia, with this effect reduced by roscovitine administration.
This antinociception was partially attenuated by administration of naloxone be-
fore the formalin test. Conclusion: DARPP-32 phosphorylation is involved in
acute inflammatory pain response. Intrathecal roscovitine administration attenu-
ates formalin-induced nociceptive responses and there is potential for further

application.

Introduction

Tissue injury is associated with sensitization of
nociceptors and subsequent changes in the excitability of
central neurons, known as central sensitization. Nociceptor
sensitization and central sensitization are believed to under-
lie the development of primary and secondary hyperalgesial"l.
Glutamate, acting at the spinal N-methyl-D-asparate
(NMDA) receptor, has been implicated in the development
of secondary hyperalgesia®’). Downstream of NMDA re-
ceptor activation, spinal nitric oxide (NO), protein kinase C,
and other mediators have been implicated in maintaining such
hyperalgesial. Among these mediators, cyclin-dependent
kinase-5 (CdkS5) has been found to be involved in modula-
tion of the NMDA and metabotropic glutamate receptors™.

DARPP-32 (dopamine- and cAMP-regulated phosphop-
rotein of M, 32 kDa) is a cytosolic protein that is selectively
enriched in medium spiny neurons in the neostria-
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tum!®”. When DARPP-32 is phosphorylated by cAMP-de-
pendent protein kinase (PKA) on Thr34, it is converted into
a potent inhibitor of protein phosphatase-1 (PP-1)". This
leads to an increase in the phosphorylation of downstream
PP-1 substrates, including various neurotransmitter recep-
tors and voltage-gated ion channels'®. IfDARPP-32 is phos-
phorylated at Thr75 by CdkS5, it inhibits PKA activity and
thereby reduces the efficacy of dopamine signaling!®. Thus,
DARPP-32 is a bi-functional signal transduction molecule
that controls the activity of PP-1 and PKA by phosphoryla-
tion at different sites.

Roscovitine is a potent selective inhibitor of Cdk5, and
competes for the ATP-binding site of the kinase (ED5,=0.16
pumol/L)?). Injection of roscovitine inhibits Cdk5 activity in
the hippocampus and reduce the NMDA-evoked currents'?,
Recently, we demonstrated roscovitine mediated antinocicep-
tion and attenuated morphine tolerance in rats™""). Therefore,
in the present study, the effect of roscovitine on the nocice-

©2005 CPS and SIMM
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ptive flinch response, evoked by subcutaneous formalin
injection, and its possible molecular mechanism, was
investigated.

Materials and methods

Drug Roscovitine was obtained from LC Laboratories
(Woburn, MA, US) and Me,SO was purchased from Sigma-
Aldrich (St Louis, MO, USA).

Animal care and intrathecal catherterization Male
Sprague-Dawley rats (250-300 g) were provided by the “Na-
tional” Science Council, Taiwan, China. The rats were
housed in a room with a 12:12 h dark-light cycle, and a tem-
perature of 22+0.5 °C, with food and water ad libitum. The
ethical guidelines specified by the Chang-Gung Memorial
Hospital Animal Ethics Committee were followed through-
out the study. Chronic intrathecal catheters were implanted
under isoflurane anesthesia. Through an incision in the
atlanto-occipital membrane, a polyethylene (PE-5) catheter,
filled with 0.9% saline, was advanced 8.5 cm caudally to
position its tips at the level of the lumbar enlargement. The
rostral tip of the catheter was passed subcutaneously, exter-
nalized on top of the skull, and sealed with a stainless-steel
plug. Rats showing neurological deficits after implantation
were excluded from the study. Rats were used for experi-
mentation three days after implantation.

Behavioral testing and animal grouping For formalin
injection, 50 uL of a 5 % formalin solution was injected sub-
cutaneously into the dorsal surface of the right hind paw us-
ing a 27-gauge needle. Animals were then placed in a clear
Plexiglas cylinder (30 cmx30 cm) for observation. A mirror
was placed below the floor (Plexiglas) at a 45° angle, to en-
able unencumbered observation during the test. Within 1
min of the injection, the rats displayed the typical behavior
of'this model, holding the paw just offthe floor. During this
period, spontaneous flinching of the injected paw was also
observed. Flinching was readily discriminated, and was char-
acterized as a rapid and brief withdrawing or flexing of the
injected paw. Pain-related behavior was quantified by count-
ing the number of flinches over 1 min intervals during the
first 5 min, and then at 5 min intervals 10-60 min after for-
malin injection. Two phases of spontaneous flinching re-
sponses were observed. An initial acute pain response (phase
I, during the first 1-5 min after formalin injection) was fol-
lowed by a relatively short quiescent period and then by a
prolonged tonic phase (phase II, beginning approximately
10-60 min after formalin injection). Criteria for exclusion
from the study included incomplete formalin injection, or
excessive bleeding from the injection site. Time-response

data was presented as the mean+SD per minute for the pe-
riod of 1-9 min, and then at 5 min intervals up to 60 min.
For the dose-response analysis, data from phase I and phase
IT observations were considered separately. In each case,
the observation interval was calculated for each rat. The
cumulative flinching response was calculated for each animal,
and the dose-response curve represents the mean+SD. To
determine the dose dependency and time course of the
antinociceptive action of an intrathecal injection of
roscovitine, animals were randomly assigned to five groups
receiving different doses of roscovitine: 0, 10, 50, 100, 200
pg (n=>6 in each group), injected intrathecally 30 min before
formalin administration. For exploring possible p-opioid
involvement in the effect of intrathecal roscovitine, nalox-
one (1 mg/kg) was given intraperitoneally 1 h before the
formalin test in the 200 pg roscovitine group (n=6).
Roscovitine was dissolved in dimethyl sulfoxide (Me,SO)
and delivered with a microsyringe in a total volume of 10
uL, followed immediately by 5 uL of Me,SO to flush out the
catheter.

Western blot analysis One hour after formalin injection,
the rats were killed under deep isoflurane anesthesia, then
decollated and spinal cord was removed. The lumbar spinal
cords were homogenized in a lysis buffer (20 mmol/L Tris
pH 7.6, 150 mmol/L NaCl, 1 mmol/L EGTA, 5 mmol/L NaF
and 1 mmol/L dTT, supplemented with protease inhibitor
cocktail tablets (Roche, Mannheim, Germany) and complete
phosphatase inhibitors. For analysis of Cdk5 and DARPP-
32 protein expression after the formalin test, 25 pg protein
extracts were electrophoresed on a 12% acrylamide SDS
polyacrylamide gel electrophoresis and immunoblotted onto
polyvinylidene fluoride membranes. The membranes were
blocked for 1 h at room temperature and incubated over-
night with Cdk5 (C-8) (1:1000) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), DARPP-32 (1:1000) (Cell Signal-
ing Technology, Beverly, MA, USA), phospho-DARPP-32
(Thr-75) antibody (1:500) (Cell Signaling Technology), and
a-tubulin antibody (1:1000) (Santa Cruz Biotechnology) was
used as an internal control. Antibody binding was detected
using a goat anti-rabbit horseradish peroxidase-linked IgG.
The bands were visualized by an ECL detection system
(Amersham-Pharmacia Biotech, Little Chalfont, England).
Band intensities were quantified by using an image analyzer
(Densitograph AE-6900M, Atto, Tokyo, Japan).

Statistical analysis All the data in this study are pre-
sented as means+SD and analyzed by one-way ANOVA fol-
lowed by Dunnett’s test for post-hoc analysis. P<0.05 was
considered significant.
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Results

Roscovitine attenuated the formalin-induced flinch
response Formalin (5%, 50 pL) injected into the dorsal sur-
face of a rat hind paw produced characteristic behaviors.
The intrathecal administration of 0, 10, 50, 100, and 200 pg
roscovitine produced a dose-dependent decrease in the flinch
response to formalin (Figure 1). The cumulative phase I
flinch counts were 79+6, 81+4, 60+7, 60+6, and 23+2,
respectively. There was a statistically significant difference
between the 200 pg group and the 0 pg group (P<0.01).
The cumulative phase II flinch counts were 1176, 112+7,
65£25, 46£11, and 16+2. The 50, 100, and 200 pg groups
all showed significant inhibition of the phase II flinch re-
sponse compared to the 0 pg group (P<0.01).

Naloxone reversed the roscovitine mediated anti-
nociception Another six rats were given naloxone (1 mg/
kg) 1 h before the formalin test in the 200 pg roscovitine
group. The cumulative phase I flinch count was 4845 and
the phase II flinch counting was 92+10. The difference in
phases I and II were statistically significant compared to the
200 pg group (P<0.01) (Figure 1).

Roscovitine attenuated the phosphorylated DARPP-
32 upregulation after formalin hyperalgesia Western blot
analysis showed that the CdkS5 expression did not change
significantly in any groups, and neither did the total DARPP-
32, the downstream target of CdkS5 (Figure 2). However, the
phosphorylated-DARPP-32 at Thr-75 was upregulated sig-
nificantly after formalin hyperalgesia compared to the sham
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Figure 2. Western blot analysis of the effect of intrathecal roscovitine
administration on Cdk5, total DARPP-32, and a-tubulin after the forma-
lin test. a-Tubulin was used as an internal control. There was no signifi-
cant change in CdkS5 and total DARPP-32 between groups.

group, which did not receive formalin injection on the paw.
Intrathecal roscovitine attenuated the increase in the propor-
tion of phosphorylated DARPP-32 proportion significantly
as compared to the 0 pg group [25+6, 1045, 15+6, 2047,
and 10+4 (arbitrary percentage calculated by phosphorylated-
DARPP-32 Thr-75/DARPP-32) in 10 pg, 50 pg, 100 pg,
200 pg, and sham groups respectively after three separate
experiments, P<0.01] (Figure 3).

Discussion

The formalin test is a model that is believed to underlie
abnormal pain perception in humans following injury"'>",
Following subcutaneous injection of formalin into the hind
paw of a rat, the animal displays spontaneous pain behavior,

Roscovitine 0 ug

Roscovitine 10 yg
Roscovitine 50 ug
Roscovitine 100 pg
Roscovitine 200 ug
Roscovitine 200 pig+naloxone

Time/min

Figure 1. Number of flinches per minute in the formalin test over time, assessed after intrathecal administration of the Cdk5 inhibitor roscovitine.

MeantSEM. n=6.
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Figure 3. A) Immunobloting of phosphorylated DARPP-32 at Thr-75.
B) Quantitative analysis of the proportion of phosphorylated DARPP-32
at Thr-75 after formalin hyperalgesia. Intrathecal roscovitine attenuated
the increase of phosphorylated form with statistical significances as com-
pared to the 0 pg group (P<0.01vs 0 pg group. Three separate
experiments). Arbitrary unit (100 %) was defined as percentage of phos-
phorylated DARPP-32 in the formalin+roscovitine 0 ug group.

that is, increased hind paw flinching and licking™. Two

distinct phases were observed, an early acute phase (phase
I) followed by a later tonic phase (phase II). The response
to formalin during the acute phase is attributed to the pain
intensity itself. The response during tonic phase is believed
to be mediated through increased spontaneous activity of
the spinal cord dorsal horn neurons!.

CdkS5 is a member of the Cdk family of serine/threonine
kinases. Recently, both NMDA and metabotropic glutamate
receptors have been shown to be modulated by Cdk5™. Pre-
vious experiments have shown that inhibition of Cdk5 activ-
ity in hippocampal CA1 neurons by roscovitine injection
results in a reduction of long-term potentiation and NMDA -
evoked currents!'”. Cdk5 may be one of the most important
kinases in the regulation of neurotransmitter release. The
induction of neurotransmitter release by Cdk5 inhibitors is
caused by the regulation of P/Q-type voltage-dependent cal-

cium channel activity'®l, Therefore, Cdk5 might play an im-
portant role in nociception by controlling neurotransmitter
release.

In this study, intrathecal roscovitine reduced the flinch
response after formalin hyperalgesia in a dose-dependen
manner. Western blot analysis revealed that the levels of
phosphorylated DARPP-32 at Thr-75 were increased after
formalin hyperalgesia, and this upregulation was blocked by
intrathecal roscovitine administration. Hence, Cdk5 may
affect this inflammatory pain model through the DARPP-32
pathway.

Interestingly, naloxone markedly decreased intrathecal
roscovitine-induced antinociception, suggesting the involve-
ment of p-opioid receptors. It is noteworthy that naloxone
did not completely block roscovitine-induced antinocicep-
tion. The exact underlying mechanism is not clear. However,
it might suggest that the p-opioid receptor and CdkS5 are in-
tegrated in the DARPP-32 pathway as reported by Green-
gard!.

This is the first study exploring the antinociceptive ef-
fect of intrathecal roscovitine on formalin-induced pain. Our
findings suggest an induction of phosphorylated-DARPP-
32 at Thr-75 after formalin hyperalgesia. Intrathecal roscovi-
tine administration attenuated these flinch responses, at least
in part, through inhibition of CdkS5 activity. Taken together,
these data suggest that spinal CdkS5 activity might play an
important role in nociception, and that its inhibitor, roscovi-
tine, could be applied in the management of acute inflam-
matory pain.
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Introduction

Alterations in intracellular calcium signaling has played
a key role in the pathophysiology of heart failure, and gene
therapy has been identified as an important tool to help un-
derstand the relative contribution of specific calcium-hand-

ing proteins in heart failure!".

Phospholamban (PLB) was a critical regulator of the Ca*"
affinity of the cardiac sarcoplasmic reticulum Ca*" ATPase
(SERCAZ2a) and of cardiac contractility”. Studies on PLB-
knockout and PLB-over expression mice have indicated that
the expression ratio of PLB to SERCA2a was a potential
target for improvement of diastolic function of the failing

©2005 CPS and SIMM

Abstract

Aim: To construct a recombinant adeno-associated virus (rAAV) vector contain-
ing gene encoding phospholamban antisense RNA (asPLB), and analyse its effect
on expression of PLB, expression and activity of sarco-endoplasmic reticulum
Ca*'-ATPase (SERCA), and the change of intracellular free Ca*" concentration
([Ca*']) in rat cardiomyocytes. Methods: The target gene encoding PLB antisense
RNA was inserted inversely into the adeno-associated virus plasmid pAAV-MCS
digested by corresponding restricted endonuclease enzyme. The recombinant plas-
mid and pAAV-RC and pHelper were co-transfected into 293 cell. At the same
time, a viral production positive control (rAAV-LacZ) and negative control were
performed. The recombinant viruses were used to transfect the cultured rat
cardiomyocytes. Site f-Galactosidase staining were performed to observe the
transfer efficiency. Reverse transcription-PCR and Western blot were used to
determine the mRNA and protein expression of PLB and SERCA. The activity of
SERCA and the [Ca®']; were measured. Results: The rAAV vectors were con-
structed successfully and were transfected into rat cardiomyocytes effectively.
The PLB mRNA and protein expression were reduced in rat cardiomyocytes trans-
fected by rAAV-asPLB compared with controls. The activity of SERCA was
increased. In rest state, the level of [Ca®'], in the rAAV-asPLB transfected group
decreased. The level of [Ca®']; increased when induced by isoproterenol.
Conclusion: AAV-asPLB vector was constructed successfully, which disrupted
the expression of PLB, enhanced the activity of SERCA, reduced the resting
[Ca*"],, and improved the cardiac function.

heart™. The ablation of PLB in mice resulted in stimulated
SR Ca*" uptake and enhanced contractile performance,
whereas PLB over expression resulted in opposite effects™”.
Thus, PLB is an attractive target for treatment of cardiovas-
cular diseases, and decreasing the level of PLB through the
use of PLB antisense RNA (asPLB ) would be a novel strat-
egy for gene therapy of heart failure!®”.

The ideal vector for myocardial gene delivery would al-
low the efficient and stable transduction of cardiomyocytes.
The method of injection of plasmid DNA vectors directly
into the left ventricular myocardium has been limited by the
lower efficiency of cardiomyocyte transduction, while, the
adenovirus-mediated gene transfer had been limited by

51



LiJ etal

Acta Pharmacologica Sinica ISSN 1671-4083

immue responses to viral and foreign transgene protein. In
the present study, adeno-associated viruses (AAV) were cho-
sen as the gene transfer vector because AAV featured versa-
tility in the host rang, long-term gene transfer potential, and
minimum immune response. Recombinant adeno-associated
viruses (rAAV) of rAAV-asPLB and rAAV-LacZ were con-
structed by AAV Helper-Free system, and the effect on ex-
pression of PLB in cultured rat cardiomyocytes was analyzed.
This was to make arrangements for future PLB gene therapy
in animal models.

Materials and methods

Plasmids and reagents The AAV Helper-Free System
was obtained from Stratagene. The system includes: pAAV-
MCS containing inverted terminal repeat (ITR) of adeno-
associated virus, multiple clone site (MCS), and cytomega-
lovirus enhance/promotor and SV 40 poly-adenylation;
pAAV-RC containing AAV replication and capsid genes;
pHelper contains adenovirus-derived genes (i.e. E2A, E4,
and VA RNA gene); pAAV-LacZ containing ITR and report
gene lacZ. AAV-293 cells and XL10-Gold ultracompetent
E coli cells, were also obtained from Stratagene, too. Re-
striction enzymes were obtained from Promega. Mouse
monoclonal antibody and IgG were from ABR. Fluo 3-AM
was from Molecular Probes, Eugene, OR, USA.

Cloning of rat PLB cDNA and construction of PLB
antisense RNA plasmid vector (pAAV-asPLB) Rat PLB
cDNA fragment (695 bp ) was synthesized by reverse tran-
scription-polymerase chain reaction (RT-PCR) from total
RNA isolated from the heart of Wistar rats. The primers
used for PCR contained a BamH]1 (5") and EcoR 1 (3") linker
(in lower-case letters): 5-cgggatccCGCAGCTGAGCTGA-
GCTCCAGACTTCA-3", and 5~cggaattcTTTAAATTTCA-
TTTATTCCCCAA-3". PCR was carried out as follows:
94 °C for 5 min followed by 30 cycles at 94 °C for 30 s, 55 °C
for 60 s, and 72 °C for 60 s, followed by the final step at
72 °C for 10 min.

The synthesized PLB cDNA was subsequently digested
by BamH I and EcoR I simultaneously, while the adeno-
associated virus plasmid pAAV-MCS digested by corre-
sponding restricted endonuclease enzyme. The ligation re-
action was conducted with DNA ligase at 4 °C for 16 h. The
pAAV-asPLB was generated by cloning the PLB cDNA into
EcoR 1I/BamH 1 sites of pAAV-MCS reversed orientation
relative to the promoter. Identification of the gene was con-
firmed by restriction enzymes digestion and sequencing.

Construction of recombinant adeno-associated virus
To construct the rAAV, AAV-293 cells were co-transfected
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with three AAV Helper-Free System plasmids: an ITR-con-
taining plasmid (pAAV-asPLB or pAAV-LacZ), pAAV-RC,
and pHelper. AAV-293 cells maintained in DMEM me-
dium supplemented with 10% fetal calf serum, in a 37 °C
incubator at 5% CO,. When 293 cells reached 70%—-80%
confluence in 100-mm culture plate, the concentration of
each plasmid was adjusted to 1 g/L in TE buffer, pH 7.5.
The three plasmids (10 pL of each) and CaCl,/HBS were
mixed gently, and the mixture were co-transfected into 293
cells immediately. After 6 h, the medium was replaced with
10 mL of fresh DMEM medium, and 293 cells were cultured
for an additional 6672 h.

To monitor the progress of AAV particle production, 293
cells were divided into four groups according to the differ-
ence of mixture: (1) AAV-asPLB group: pAAV-asPLB,
PAAV-RC, pHelper, and CaCl,/HBS; (2)AAV- LacZ group:
pAAV-LacZ, pAAV-RC, pHelper, and CaCl,/HBS, which
served as a positive control; (3) pAAV-RC, pHelper, and
CaCl,/HBS ,which served as a negative control; (4) only
CaCl,/HBS served as a blank control.

The 293 transfected cells were subject to four rounds of
freeze/thaw and centrifugation at 10 000xg for 10 min. The
supernatant (primary rAAV) was purified by CsCl gradient
centrifugation. rAAV was verified by PCR. The genome
titer and infectious titer of rAAV were measured by PCR
and in site B-galactosidase staining according to instruction
1891

Rat cardiomyocytes culture and infection Rat neona-
tal cardiomyocytes were isolated, cultured conventionally,
and infected with the rAAV at a multiplicity of infection
(MOI) of 100 for 48 h!'%. Cardiomyocytes were divided
into three groups: (1) infected with rAAV-asPLB; (2) infected
with rAAV- LacZ; (3) normal control.

X-gal staining to detect the infection efficiency Cardio-
myocytes were fixed with glutaraldehyde-formaldehyde so-
lution for 10 min at room temperature, stained overnight with
staining solution that contains X-gal. In infected cells, -
galactosidase cleaves X-gal to produce a blue stain. The
infection efficiency was the percentage of stained cells in
the total population.

Semi-quantitative RT-PCR analysis of PLB and
SERCA gene expression Total cellular RNA was isolated
from cells using TRIzol. Semiquantitative RT-PCR was per-
formed to analyse PLB and SERCA gene expression. -
actin ( 332 bp ) served as endogenous control. The primers
of B-actin used for PCR were: 5-GAGACCTTCAACACC-
CCAGCC-3", and 5-GGCCATCTCTTGCTCGAAGTC-3".
The primers of PLB gene were described in previous text.
The primers of SERCA (134 bp) gene were: 5~AAGCAGT-
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TCATCCGCTACCT-3, and 5-~AGACCATCCGTCACCA-
GATT-3". PCR products were resolved on a 2% agarose gel
and the bands could be seen using ethidium bromide staining.
Each band was analyzed on Kodak Digital Science Image
Analysis System. The gene expression level was determined
semi-quantitatively by calculating the ratio of density met-
ric value from the PLB gene in relation to internal standards.

Western blot analysis of PLB and SERCA protein ex-
pression Cells were lysed in lysis solution at 4 °C. The con-
centration of the protein in each lysate was determined with
Coomassie Brilliant Blue G-250. Protein was fractionated
on sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred onto nitrocellulose
membranes. The membrane was incubated with monoclonal
antibody (1:1000) and IgG (1:500). The immune complexes
were visualized by the ECL chemiluminescence method.
Each protein band was analyzed on Kodak Digital Science
Image Analysis System. The protein expression level was
determined by calculating the ratio of density metric value
from rAAV infected group in relation to normal control.

SERCA activity The activity of SERCA was determined
following the methods of Larsen™!. Assays for complete
quantification of Ca**-ATPase in homogenates of rat ven-
tricular myocardium by determination of Ca*-dependent p-
nitrophenyl phosphatase (pNPPase) activities were evalu-
ated and optimized.

Measurement of [Ca*"]'¥ After Fluo 3-AM (5 pmol/L)
loading, the coverslip was mounted in the cell chamber with
200 pL Hanks’ solution. The fluorescence intensity (FI) was
detected by confocal microscope (Leica, Mannheim,
Germany) and inverted microscope with 40xobjective and
488 nm blue laser for excitation and 530 nm for emission at
room temperature. Stimulating agent (isoproterenol, 50
pmol/L) 10 pL was added to the preparation and the data
were stored in disk. The fluorescence signals were normal-
ized as AF/F, (%), where F;was the resting fluorescence and
AF was Ca®' change relatively the resting fluorescence.

Statistical analysis Data were expressed as mean+SD
and statistically compared by one-way ANOVA with
Dunnett’s test. P<0.05 was taken as statistically significant.

Results

Construction and infection efficiency of recombinant
adeno-associated virus The results of pAAV-asPLB restric-
tion enzymes digestion and sequencing demonstrated that
the sequence and direction of PLB cDNA fragment (695 bp)
were precise (Figure 1). The rAAV-asPLB and rAAV-LacZ
were harvested in rAAV-asPLB group and rAAV-LacZ group,

bp

1116
883
692
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404
333

Figure 1. Identification of the pAAV-asPLB by restriction enzymes
digestion. Lane 1: pUC Mix Marker; Lane 2: PCR production of PLB
cDNA fragment (695 bp); Lane 3: pAAV-asPLB digested by EcoR I and
BamH T; Lane 4: ADNA/EcoR 1+HindIll Marker.

respectively. However, the negative control and blank con-
trol showed nothing. The genome titer and infectious titer
of rAAV were 1x10" particles/L and 3% 10" infectious units/
L, respectively. Cardiomyocytes were infected with rAAV-
LacZ and stained with X-gal, the percentage of blue stained
cells is approximately 80% (Figure 2).

Figure 2. Infection efficiency of rAAV were detected by X-Gal staining
(%200). A blue stain was produced in infected cardiomyocytes.

PLB mRNA expression in infected cardiomyocytes
Total RNA was extracted from rAAV-asPLB infected
cardiomyocytes, rAAV-LacZ infected cardiomyocytes, and
normal control cardiomyocytes, respectively. The result of
RT-PCR showed that the level of PLB mRNA expression
was decreased in rAAV-asPLB infected cardiomyocytes com-
pared with rAAV-LacZ infected cardiomyocytes and normal
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control cardiomyocytes (P<0.05, Figure 3).
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Figure 3. PLB mRNA expression in normal control, rAAV-LacZ infected,
and rAAV-asPLB infected cardiomyocytes. B-Actin (332 bp) served as
an endogenous control. Data from three independent experiments were
expressed as % vs endogenous control. P<0.05 vs normal control.

PLB protein expression in infected cardiomyocytes
The level of PLB protein expression was decreased in rAAV-
asPLB infected cardiomyocytes compared with rAAV-LacZ
infected cardiomyocytes and normal control cardiomyocytes
(P<0.05, Figure 4).
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Figure 4. Analysis of PLB protein expression in normal control, rAAV-
LacZ infected, and rAAV-asPLB, infected cardiomyocytes. Data were
expressed as % of control. n=3. MeantSD. *P<0.05 vs control.

SERCA mRNA and protein expression and activity
The level of SERCA mRNA and protein expression was
not changed in rAAV-asPLB infected cardiomyocytes.
However, the PLB/SERCA ratio was decreased because
of a decrease of PLB expression. While the activity of
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SERCA was higher in rAAV-asPLB group than that in
rAAV-LacZ group (2.04£0.09 vs 1.83+0.22 umol g™
protein'min™") and normal control (2.04+0.09 vs 1.84+0.03
umol-g™ protein-min™) (P<0.05).

Effect of rAAV-asPLB on [Ca*"]; Resting state, fluo-
rescent intensity of [Ca*"]; in rAAV-asPLB group (9.13+0.80)
was lower than that in rAAV-LacZ group (13.82+0.80) and
normal control (14.98+1.08) (P<0.05). Isoproterenol induced
[Ca®"]; increase in cultured cardiomyocytes. The AF/F, of
[Ca?']; in rAAV-LacZ group and normal control was 354%
and 324%, respectively. However, the level of AF/F;in
rAAV-asPLB group was 459%.

Discussion

Heart failure represents an enormous clinical challenge
in need of effective therapeutic approaches. The possibility
of gene therapy for heart failure merits considerations at this
time because of improvements in vector technology, cardiac
gene delivery, and most importantly, our understanding of
the molecular pathogenesis of heart failure. PLB is an en-
dogenous muscle-specific inhibitor of SERCA2, cardiac-
specific disruption of PLB in mice results in a marked in-
crease in myocardial contractility!®!. In this study, PLB
cDNA fragment was cloned and inserted inversely into
PAAV-MCS, which constructed the plasmid vector of pAAV-
asPLB.

Previous gene transfer approaches that used direct injec-
tion of plasmid DNA or replication-defective adenovirus
vectors have been limited by low transduction frequencies
and transient transgene expression due to immune response,
respectively!'¥. In this study, adeno-associated virus (AAV)
was chosen as the gene transfer vector. In traditional AAV
recombinant systems, the requirement for wild-type aden-
ovirus co-infection, the contamination of adenovirus and the
regeneration of wild-type AAV are major problems.
However, the AAV Helper-Free system allows the produc-
tion of infective recombinant AAV-2 virus without the use of
a helper virus. Most of the adenovirus gene products re-
quired for the production of infective AAV particles are sup-
plied on the plasmid pHelper that is co-transfected into 293
cells.

We constructed the rAAV vectors containing target gene
(PLB) and reporter gene (lacZ) with AAV Helper-Free
system. The rAAV vectors were identified and measured by
PCR and in site B-galactosidase staining. Cardiomyocytes
was infected with rAV-LacZ and stained with X-gal. The
result shows that the rAAV is able to infect the cardiomyo-
cytes effectively.
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The antisense RNA can bind to its target RNA (sense
RNA) thereby controlling expression of the target gene. In
comparison to the ribozyme technique, antisense RNA tech-
nique has the advantages of simple designing, strong
specialty, easy operating, and being economic and time sav-
ing!" In the present study , rat neonatal cardiomyocytes
were cultured and infected by rAAV vectors. RT-PCR and
Western blot results showed that the expression of PLB was
decreased as compared with normal group and the rAAV-
LacZ infected group. This indicated that the as PLB had
partly blocked the transcription of PLB mRNA and inhib-
ited the translation of PLB protein.

The PLB/SERCA ratio was decreased in rAAV-asPLB
infected cardiomyocytes because the SERCA mRNA and
protein expression had no change. While, the activity of
SERCA was enhanced. Our results demonstrated that re-
ducing PLB inhibition to SERCA enhanced the SERCA
activity. Further study on [Ca”']; showed the concentration of
resting [Ca®']; was decreased in rAAV-asPLB-infected
cardiomyocytes. The [Ca?'], was elevated after isoproter-
enol was induced. However, a higher [Ca®']; was observed
in rAAV-asPLB infected cardiomyocytes. These data sug-
gested that asPLB enhanced the affinity of SERCA for Ca*"
and therefore improved diastolic/contractile function in
rAAV-asPLB-infected cardiomyocytes.
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Abstract

Aim: To investigate the effect of ginsenoside Rg1, an effective ingredient from
ginsenoside, on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
substantia nigra neuron lesion. Methods: C57-BL mice were given MPTP to
prepare Parkinson disease mice model. Different doses of Rgl (5, 10, and 20
mg-kg'-d") or N-acetylcystein (NAC) (300 mg-kg'-d") were given 3 d prior to
MPTP in the pretreatment groups. Glutathione (GSH) level and total superoxide
dismutase (T-SOD) activity in substantia nigra were determined by spectrophoto-
metry. Nissl staining, tyrosine hydroxylase immunostaining, and TUNEL label-
ing were used to observe the damage and apoptosis of nigral neurons. Western
blot analysis was used to detect the phospho-JNK and phospho-c-Jun levels in
midbrain homogenates. Results: Pretreatments of C57-BL mice with different
doses of Rgl or NAC were found to protect against MPTP-induced substantia
nigra neurons loss. Rgl or NAC prevented GSH reduction and T-SOD activation
in substantia nigra, and attenuated the phosphorylations of JNK and c-Jun follow-
ing MPTP treatment. Conclusion: The antioxidant property of Rgl along with
the blocking of JNK signaling cascade might contribute to the neuroprotective
effect of ginsenoside Rgl against MPTP.
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Introduction

The pathological hallmark of Parkinson disease (PD) is
the loss of dopaminergic neurons in the substantia nigra (SN),
which leads to the major clinical and pharmacological ab-
normalities that characterize the disease. Although the ex-
act cause of neuronal loss is still unknown, current evidence
points to the presence of ongoing oxidative stress and the
generation of radical oxygen species (ROS) selectively in
the pars compacta of substantia nigra (SNPC) of parkinso-
nian brainst>?., Human postmortem studies also suggested
that oxidative damage to lipids, proteins, and DNA occurred
in the SNPC of PD patients®™!. The neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) is metabolized in
the brain by monoamine oxidase-B to its toxic metabolite,
1-methyl-4-phenylpyridinium ion (MPP"), which is then se-
lectively taken up into the dopaminergic neurons. MPP*
exerts its toxic effect in the dopaminergic neurons by inhib-
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iting mitochondrial NADH dehydrogenase (NADH-DH)™.
MPTP could induce PD-like symptoms in humans and pri-
mates and causes degeneration of dopaminergic neurons in
several animal species. The MPTP animal model is the ideal
PD model for studying the pathogenesis of the disease.
The c-Jun NH,-terminal kinase (JNK) signaling cascade
has been implicated as a mediator of MPTP-induced
apoptotic neuronal death™®. Oxidative stress is an impor-
tant activator of the JNK signaling cascade. In differenti-
ated PC12 cells and cultured sympathetic neurons, increases
in oxidative stress induced by antisense inactivation of su-
peroxide dismutase led to increased JNK activity®.
Current treatments of PD are symptomatic and lack
neuroprotective effect. Antioxidants have been focused on
as candidates for the future treatment of PD. Ginsenoside
Rgl, one of the active ingredients of ginseng, has potential
neurotrophic and neuroprotective effects!'”. In our previ-
ous study, we found Rg1 could protect substantia nigra neu-
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rons against MPTP-induced apoptosis''"), and in a in vitro
study we revealed that Rg1 could suppress intracellular oxi-
dative stress to prevent PC12 cells from dopamine-induced
apoptosis''?. The aim of the current study is to further in-
vestigate whether Rgl could suppress oxidative stress and
block the activation of the JNK signaling cascade, and there-
fore protects dopaminergic neurons from apoptosis in an
MPTP animal model. One antioxidant N-acetylcystein, which
has been proved to protect against MPTP-induced substan-
tia nigra neurons loss!"*), was used as a positive contrast in
this study.

Materials and methods

Animals and treatment Male C57-BL mice weighing
18-22 g were divided into six groups (n=8). MPTP (Sigma,
St Louis, MO, USA) was dissolved in saline at concentra-
tions of 4 g/L.. Ginsenoside Rgl (purity >98 %), obtained
from the Department of Organic Chemistry of Norman
Bethune Medical University (Changchun, Jilin, China), was
also dissolved in saline at concentrations of 1 g/L. Model
animals were injected subcutaneously with saline for 3 d,
followed by injection (subcutaneously) of MPTP (30
mg-kg'-d") for 5 consecutive days. Three preventive groups
were injected (ip) with Rgl (5 mgkg'-d", 10 mg-kg'-d", 20
mgkg'-d"). Positive contrast group was injected (sc) with
NAC (Jingke, Beijing, China, 300.0 mg-kg'-d") for 8 days,
and from the fourth day both Rgl preventive groups and the
positive contrast group were received injection (sc) of MPTP
(30 mg-kg'-d", 2 h after Rgl or NAC injection) for 5 con-
secutive days. The control group received saline only. The
animals were killed 24 h after the last injection. The mice
were anaesthetized with euthanal and perfused transcardially
with ice-cold saline prior to decapitation. The midbrain con-
taining the substantia nigra was dissected, and quickly fro-
zen at -80 °C until ready for later analysis. For immunohis-
tochemistry analysis, the midbrain was fixated in 4 % for-
mal-dehydum polymerisatum-PB and imbedded in paraffin.
Serial 5-um-thick sections were cut transversely from the
middle of the midbrain.

Spectrophotometry Substantia nigra were homogenized
with 0.01 mol/L Tris-HCI (pH 7.4) consisting of 0.01 mol/L
sucrose and 0.1 mmol/L EDTA, followed by centrifugation
at 4000xg for 15 min. The supernatant was saved and
analyzed. The dithio-binitrobenzoic acid method and xan-
thine/xanthine oxidase method were used to test glutathione
(GSH) level and total superoxide dismutase (T-SOD) activity.
Reaction product was determined by spectrophotometry. Test
Kits were purchased from Jian Cheng Bioengineering Insti-

tute (Nanjing, China).

TUNEL Deparaffinized and hydrated sections were
incubated with proteinase K (20 mg/L in 10 mmol/L Tris/
HCIl, pH=7.4-8.0) for 30 min at 37 °C, then incubated with
TdT reaction mixture and AP-conjugated anti-fluorescein
antibody (TUNEL detection kit, BM, Germany) for 1 h at 37 °C.
Finally sections were visualized with NBT-BCIP. The nu-
clei of positive cells were stained blue-black.

Nissl staining Paraffin sections were deparaffinized and
hydrated, stained with methylene blue buffer for 10 min and
then immersed into acetic acid buffer for 2 min.

Immunohistochemistry Paraffin sections were
deparaffinized and hydrated, then incubated with a goat anti-
mouse TH polyclonal antibody (1:40 dilution in 0.01 mmol/L
phosphate buffer saline, pH 7.4) at 4 °C overnight. Slides
were then incubated with a biotinylated rabbit anti-goat IgG
and SABC-reagent (SABC kit, BOSTER, Wuhan, Hubei,
China), respectively for 30 min at 37 °C. At last, sections
were stained with diaminobenzidine (DAB). Hemotoxylin
was used to counterstain nuclei for one minute.

Western blot analysis Substantia nigra was homog-
enized (50 g/L) in lysis buffer (10 mmol/L Tris, 50 mmol/L
NaCl, 0.03 umol/L sodium pyrophosphate, 50 mmol/L so-
dium fluoride, and 1% Triton X-100) containing 1 mmol/L
phenylmethylsulfonyl fluoride, 20 mg/L aprotinin, and 1
mmol/L sodium vanadate!'*. After homogenization, samples
were centrifuged at 15 000xg for 15 min. The supernatants
were taken for further analysis. Protein concentration was
determined by the Bradford method!"¥. Approxiamately 10
pg of total protein was separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes. The membranes
were probed with polyclonal anti-p-JNK1/2 or anti-p-c-Jun
rabbit antibody (Cell Signaling, Beverly, MA, USA). Im-
munoreactive bands were visualized by the addition of horse-
radish peroxidase-conjugated antibodies against rabbit Fab
and chemiluminescent substrates (Pierce, Rockford, IL,
USA), according to the manufacturer’s instruction.

Image analysis The numbers of Nissl, TH, TUNEL-
positive neurons in full microscopic fields of SN were
counted with a digital medical image analysis system (Motic,
Beijing, China). Three tissue sections per animal were
counted for each index.

Data analysis Data were expressed as means=SEM.
TUNEL-positive cells were calculated as: [TUNEL-positive
cells/(TUNEL-positive cells+Nissl staining cells)]x100%.
For statistical evaluation one-way analysis of variance
(ANOVA) was employed. Student Newman Keuls test was
performed when variance was equal, and Games-Howell test
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was performed when variance was not equal. Pearson cor-
relation analysis was also carried out to some indices. Sta-
tistical difference was considered to be significant only if P
<0.05.

Results

Effect of ginsenoside Rgl on MPTP-induced apoptosis
of substantia nigra neurons MPTP clearly had a detri-
mental effect on dopaminergic neurons. Treatment with
MPTP decreased the numbers of TH-positive and Nissl-
positive neurons and increased the percent of TUNEL-
positive neurons in SN. Pretreatment with ginsenoside
Rgl or NAC significantly ameliorated the neuronal loss
and apoptosis induced by MPTP (P<0.01) (Figure 1-3).
Rgl at 10 mg/kg showed the best protective effect among
all the doses but made no significant difference (P>
0.05) at 5 mg/kg and 20 mg/kg, which suggested that the
effect of ginsenoside Rgl might have an optimal dose
range. There was no significant difference between NAC
and Rgl (10 mg/kg) treatment group.

Effect of ginsenoside Rgl on GSH level and T-SOD
activity in SN Decreased GSH level and increased T-SOD
activity were detected in the substantia nigra of MPTP-treated
mice. Both changes were attenuated by pre-administration
with ginsenoside Rgl or NAC (Table 1, P<0.01). Better
preventive effects were observed at doses of 10 and 20
mg/kg than at 5 mg/kg among Rgl treated groups, but there
was no significant difference among 10 mg/kg, 20 mg/kg of
Rgl, and NAC (300.0 mg/kg). Correlation analysis showed
a positive correlation between the positive neuron ratio of
TH and the GSH level (=0.885, P<0.01), and negative cor-
relation between the positive neuron ratio of TH and the T-
SOD activity (r=-0.882, P<0.01). These results indicate that

Table 1. Effect of ginsenoside Rgl on GSH level and T-SOD activity.
Mean+SEM. n=8. °P<0.01 vs control group. ‘P<0.01 vs MPTP group.
iP<0.01 vs MPTP+Rgl 5 mg/kg group.

Group GSH level/ SOD activity/
mg-mg”' protein  NU-mg™' protein

MPTP 35.30+0.81°¢ 142.42+1.0¢
Control 56.96+0.41 116.53+1.03
MPTP+NAC(300 mg/kg) 56.18+0.74% 118.38+0.85"
MPTP+Rgl(5 mg/kg) 40.360.53" 131.85£0.79"
MPTP+Rgl (10 mg/kg) 50.090.48" 120.90:£0.89"
MPTP+Rgl (20 mg/ke ) 50.44+0.36" 122.84:0.73"

58

enhanced oxidative stress was involved in the neurotoxicity
of MPTP; and suitable doses of Rg1 could attenuate the oxi-
dative stress induced by MPTP, while overdoses of Rg1 did
not show better preventive effect.

Influence of MPTP-induced JNK and c-Jun phospho-
rylation by ginsenoside Rgl MPTP treatment increased
the levels of p46 and p54 phospho-JNK protein, as com-
pared with the control. Preadministration of Rgl or NAC
partially attenuated the MPTP-mediated elevation in
phospho-JNK and phospho-c-Jun levels in midbrain
homogenates. A 10 mg/kg dose of Rgl showed the greatest
inhibition as did NAC, but the weak inhibition was observed
at the dose of 20 mg/kg. These results suggested that Rgl
attenuated MPTP-induced phosphorylation of JNK and
c-Jun, but a higher dosage was detrimental.

Discussion

Ginseng has been used in traditional Chinese medicine
to enhance stamina and capacity to deal with fatigue and
physical stress for thousands of years. Ginsenoside Rgl is
one of the active ingredients of ginseng. Previous in vitro
studies showed that Rg1 could save cell from oxidative stress
induced-apoptosis!'®. In the current study, we observed that
TH-positive neurons loss in SN caused by MPTP could be
attenuated by Rgl or NAC pretreatment; the result showed
the neuronal protective effect of ginsenoside Rgl against
MPTP. Our study also revealed the neuroprotective mecha-
nisms of Rgl in preventing MPTP-induced loss of dopam-
inergic neurons in SN. The neurotoxin of MPTP is depen-
dent on the inhibition of Complex I in the mitochondrial res-
piratory chain by MPP", subsequently followed by ATP deple-
tion and increased production of ROS!"”, eventually leads
to the cell death. As one of the most important antioxidant
molecule, GSH could clear H,0, and prevent its reaction
with iron to form the highly reactive OH radical in the Fenton
reaction. Following MPTP treatment, GSH was consumed
and its level dropped!'®". We also observed the activity of
T-SOD (including Cu/Zn-SOD and Mn-SOD), another im-
portant radical scavenger, was elevated in SN of MPTP
treated mice; this change corresponded with those observed
in PD patients'® . NAC is a free radical oxygen scavenger.
Furthermore, it can be converted into cysteine after entering
cells, and is an important substrate for GSH production. In
our current study, pretreatment with NAC could attenuate
the loss of GSH and the increased activity of T-SOD follow-
ing MPTP treatment, same changes were observed among
Rgl pretreatment groups. We found that the antioxidative
effect of Rgl had an optimal dose of 10 mg/kg, this dosage
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Figure 1. TH immunostaining (1), Nissl staining (2), and TUNEL staining (3) of mouse substantia nigra neurons. A: model group; B: control group;
C: pretreatment with NAC group at 300.0 mg/kg; D: pretreatment with Rgl group at 10.0 mg/kg; 1: x40. 2, 3: x400.

of Rg1 showed the similar effect as NAC, but there was no
improvement beyond this dose. The results demonstrated
that Rgl possessed the same antioxidant property as NAC.

There has been no direct evidence indicating that Rgl
could scavenge radical by itself, therefore we tried to inves-
tigate whether Rg1 act as an antioxidant through mediator.
In our previous study, we found the protective effect of Rgl
against MPTP-induced nigral neurons apoptosis was related
to enhancing Bcl-2 expression and reducing iNOS expres-
sion!'l, Bcl-2 is an anti-apoptotic protein located in the outer
mitochondrial membrane, nuclear membrane and endoplas-
mic reticulum membrane. Bcl-2 participates in the regula-
tion of cell death through multiple mechanisms, one of which

regulates the steady state of cellular ROS levels. This can
be achieved either by modulating their production, usually
by the mitochondria, or by affecting the antioxidant capac-
ity of the cells. In vitro and in vivo studies provided evi-
dences that Bcl-2 could attenuate cell injuries caused by
oxidative stress. Bcl-2 could protect against the increased
level of ROS caused by dopamine metabolism in PC12
cells®), Transfection with Bcl-2 provided the PC12 cells
with marked protection against dopamine-induced apoptosis
and inhibited dopamine oxidation to dopamine-melanin®*,
Further studies demonstrated enhanced oxidative stress and
susceptibility to oxidants in the brains of Bcl-2-deficient
mice®.. Our previous study showed that Rg1 could prevent
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Figure 2. Number of Nissl (black) and TH (white) staining-positive neu-
rons in SN. Pretreatment with Rgl significantly increased the number of
survival neurons and TH-positive neurons, as determined by one-way
ANOVA. A 10 mg/kg dose of Rgl showed the best protective effect
among all the doses, and showed no significant difference with NAC.
n=8. MeantSEM. °P<0.01 vs the model group.
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Figure 3. Percentage of TUNEL-positive neuron numbers in SN. The
percentage of TUNEL-positive neurons in the model group increased sig-
nificantly compared with other groups. Pretreatment with Rgl signifi-
cantly decreased the percentage of TUNEL-positive neurons. A 10 mg/kg
dose of Rgl showed the best preventive effect of all the doses, and showed
no significant difference with NAC. n=8. Mean+SEM. °P<0.01 vs the
model group.
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Figure 4. Western blot detection of phospho-JNK and phospho-c-Jun levels respectively. The histogram showed the comparisons of OD odds among
different groups. 1: NAC; 2: model; 3: control; 4: 5 mg/kg Rgl+MPTP; 5: 10 mg/kg Rgl+MPTP; 6: 20 mg/kg Rgl+MPTP. n=3. Mean+SEM.

°P<0.01 vs the MPTP group.

the decrease of Bcl-2-positive cell numbers following MPTP
treatment, so this might contribute to the antioxidant prop-
erty of Rgl.

Another important protein involved in oxidative stress is
nitric oxide synthase (NOS), of which three isoforms have
been described: neuronal NOS (nNOS) and endothelial NOS
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are calcium-calmodulin-dependent enzymes, while inducible
NOS (iNOS) activity is independent of intracellular calcium
levels. Nitric oxide (NO), an important free radical gener-
ated by NOS, can react with superoxide radicals to form the
oxidizing agents peroxynitrite (ONOO") and OH 2%, and
eventually induce DNA strand breakage and apoptosis?”.
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Numerous experimental studies have shown that iNOS play
an important role in MPTP-induced dopaminergic neuron
injury or in PD patients™?), it is in agreement with our pre-
vious observation that MPTP increased the numbers of iNOS-
positive cells. Therefore, changes of Bcl-2 and iNOS ex-
pressions could play important roles in the antioxidative ef-
fect of Rgl, this could explain the antioxidant property of
Rgl. However, the exact pathway leading to the changes of
Bcl-2 and iNOS expression in SN is still unclear.

The JNK signaling cascade is a main pathway that medi-
ates the neurotoxicity of MPTP!"Y, CEP-1347/KT-7515, an
inhibitor of JNK activation, can attenuate MPTP-induced
nigrostriatal dopaminergic degeneration'”. Transgenic mice
expressing the JNK binding domain (JBD) of INK interact-
ing protein 1 could resist the neurotoxicity of MPTP™,
Oxidative stress is an important activator of the JNK signal-
ing cascade. In differentiated PC12 cells and cultured sym-
pathetic neurons, oxidative stress induced by antisence in-
activation of superoxide dismutase increased JNK activity™.
In our previous study, we observed that JNK pathway was
activated after the exposure of SHSYSY cells to the mito-
chondrial complex I inhibitor MPP", Rgl could attenuate
the elevation of ROS and reduce the JNK activation after
MPP" treatmentP”). In the present in vivo study, we also
found that pretreatment with Rgl or NAC could attenuate
the elevated phosphorylation of JNK and c-Jun induced by
MPTP in SN. The dose of 10 mg/kg of Rgl showed better
effect than dose of 5 mg/kg and 20 mg/kg. There was no
significant difference between NAC and 10 mg/kg Rgl, but
it is a puzzle why 20 mg/kg Rgl had weaker inhibition than
10 mg/kg Rgl. The toxicity of higher doses of Rgl could
compromise its ability as a radical scavenger. However, this
change is associated with the loss of dopaminergic neurons
at different Rgl doses. This results confirms previous stud-
ies that JNK signaling cascade play an important role in
dopaminergic neuron apoptosis induced by MPTP, and ap-
propriate dose of Rgl could attenuate the MTPT induced
activation of INK signaling cascade. Itrequires further study
to find out whether Rgl influences JNK pathway through
mechanisms other than antioxidation.

In conclusion, the present study indicates that pretreat-
ment with certain doses of Rgl could reduce the loss of
dopaminergic neurons caused by MPTP in SN. The
neuroprotective effects of Rgl are potentially due to its anti-
oxidant property that involves Bcl-2 and iNOS, and its in-
hibitory effect on JNK signaling cascade activation. Further
studies will be carried out to evaluate whether ginsenoside
Rgl, an important ingredient of ginsenoside, could benefit
as a future preventive and therapeutic drug of PD.
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Introduction

Excitotoxicity is a process by which glutamate or other
excitatory amino acids induce neuronal cell death in the cen-
tral nervous system'. It is thought that excitotoxicity might
contribute to the pathogenesis of human neuronal cell loss
by sustained epilepsy, trauma, ischemia, and hypoglycemia,
and might also underlie certain neurodegenerative diseases
Excessive stimulation of the three types of ionotropic
glutamate receptors, including the N-methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA), and KA receptors, produces neuronal cell
death by increasing intracellular Ca** and Na', and therefore

©2005 CPS and SIMM

Abstract

Aim: To investigate neuropeptide Y (NPY) expression in mouse hippocampus
within early stages of kainic acid (KA) treatment and to understand its role in
neuronal excitotoxicity. Methods: NPY expression in the hippocampus within
early stages of KA intraperitoneal (ip) treatment was detected by immunohis-
tochemistry (IHC) and in situ hybridization (ISH) methods. The role of NPY and
Y5, Y2 receptors in excitotoxicity was analyzed by terminal deoxynucleotidyl
transferase-mediated UTP nick end-labeling (TUNEL) assay. Results: Using
IHC assay, in granule cell layer of the dentate gyrus (DG), NPY positive signals
appeared 4 h after KA injection, reached the peak at 8 h and leveled off at 16 and
24 h. In CA3, no positive signal was found within the first 4 h after KA injection,
but strong signal appeared at 16 and 24 h. No noticeable signal was detected in
CAL at all time points after KA injection. Using the ISH method, positive signals
were detected at 4, 8, and 16 h in CA3, CAl, and hilus. In DG, much stronger
ISH signals were detected at 4 h, but leveled off at 8 and 16 h. TUNEL analysis
showed that intracerebroventricularly (icv) infusion of NPY and Y35, Y2 receptor
agonists within 8 h after KA insult with proper dose could remarkably rescue
pyramidal neurons in CA3 and CAl from apoptosis. Conclusion: NPY is an
important anti-epileptic agent. The preceding elevated expression of NPY in gran-
ule cell layer of DG after KA injection might partially explain its different
excitotoxicity-induced apoptotic responses in comparison with the pyramidal neu-
rons from CA3 and CAl regions. NPY can not only reduce neuronal excitability
but also prevent excitotoxicity-induced neuronal apoptosis in a time- and dose-
related way by activation of Y5 and Y2 receptors.

drastically changing normal cellular physiology!?.

KA is an analog for glutamate and is also an excitotoxin
in the hippocampus!®* that induces ongoing convulsions by
directly stimulating KA receptors and indirectly increasing
the release of excitatory amino acids from nerve terminals,
degeneration of cornu ammonis (CA) pyramidal neurons in
the hippocampus, and hyper-excitability of surviving CA
neurons® ). Thus, KA-induced seizures have been widely
used as an epilepsy model for studying mechanisms under-
lying both seizure susceptibility and neuronal cell loss!'*™4,

Increasing evidence suggests that NPY is a powerful en-
dogenous anticonvulsant in the hippocampus!'>'*'". NPY
knockout mice exhibit uncontrollable seizures and enhanced

[3-5]
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fatality in response to KA administration'?. Moreover,
intracerebroventricular infusion of NPY reduces epileptiform
after discharges and inhibits KA-induced seizures'®!. The
possible mechanism for the anticonvulsant properties of NPY
is the inhibition of calcium influx and glutamate release!>'>'7,
However, the exact role of NPY in vivo in excitotoxicity is
unknown. Although excitotoxicity induced an ongoing neu-
ronal apoptosis, it was mainly determined at early stages af-
ter excitatory amino acids treatment”*'¥, Thus, to investi-
gate the sequential and spatial expression of NPY in the hip-
pocampus within early stage of KA injection, and to under-
stand its role in excitotoxicity, could be of unique importance.

Materials and methods

Animals and drugs Mice of 8 to 9 weeks age were used
for analysis. All mice were housed with food and water ad
libitum in a 12-h light cycle room. Our protocol was ap-
proved by the Institutional Animal Care and Use Committee
of Xi’an Jiaotong University, and we strictly followed NIH
guidelines for the care and use of laboratory animals. All
efforts were taken to minimize both animal suffering and the
number of mice used. KA (Sigma Chemical, St Louis, MO,
USA) was dissolved in ddH,0, neutralized by NaOH and
injected (ip) in a dose of 20 mg/kg of body weight to the
mice. Human NPY, NPY13-36 (Y2 agonist), or human pan-
creatic polypeptide (hPP) (Y5 agonist) were purchased from
Bachem (Torrance, CA, USA).

IHC analysis of NPY expression At 0 (normal control
treated with saline), 2, 4, 8, 16, or 24 h (8 each group) after
KA injection, surviving mice were deeply anesthetized with
sodium pentobarbital (60 mg/kg of body weight, ip), and
then transcardially perfused with phosphate buffered saline
(PBS), pH 7.4, and 4% paraformaldehyde in PBS for 15 min.
After perfusion, their brains were removed, postfixed overnight
with 4% paraformaldehyde in PBS at 4 °C, submerged in
20% sucrose at 4 °C for 48 h, and then sections were cut
coronally at 40 pm to encompass the entire hippocampus
using a freezing microtome. Every eighth of serial coronary
brain sections through the rostral-caudal extent of the hip-
pocampus in 40-pm thickness were selected for immunohis-
tochemistry (IHC) detection of NPY expression in the hip-
pocampus using rabbit anti-NPY antibody (1:1,000,
Chemicon, CA, USA) as previously described!"*"?,

Probe preparation for in situ hybridization (ISH)
analysis The plasmid construct pT7T3D-Pac, containing
561 bp mouse NPY gene, was from the University of Cin-
cinnati Microarray Center. The construct was first linear-
ized by EcoR I or Hind III respectively. The EcoR I linear-
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ized template containing T3 promoter was used for anti-sense
probe transcription. The Hind III linearized template con-
taining T7 promoter was used for sense probe transcription
(negative control). Transcription reaction mixture 20 pL in
a RNase free eppendorf tube [4 pL Sxtranscription buffer
(Promega, USA), 1 pL linearized DNA (1 pg), 2 uL NTP
mix (Dig-UTP) (Roche, Germany), 2 pL 0.1 mol/L DTT, 9
puL H,O, 1 uL RNase inhibitor (Invitrogen, USA), 1 uL RNA
polymerase (T3 or T7) (Promega, USA)] was incubated at
37 °C for 2 h, then 2U DNase I (RNase free) (Promega) was
added, incubated at 37 °C for 15 min to digest DNA template.
Reaction was stopped with 2 puL of 0.2 mol/L EDTA, pH
8.0. Then 2.5 uL LiCl 4 mol/L and 75 pL prechilled (-20
°C) 100% EtOH was added and mixed well. It was placed at
-20 °C for 2 h and centrifuged at 2-8 °C, 44 500xg, for 15
min. The supernatant was discarded carefully. Samples were
dried under a vacuum and then dissolved for 30 min at 37 °C
in 100 pL diethyl-pyrocarbonate (DEPC) H,0O. RNA probe
was quantified by spectrophotometric analysis (OD,/OD,q)
and stored at -80 °C, or stored in aliquots at -20 °C.

ISH detection of NPY expression For ISH analysis, 0
(normal control), 4, 8, or 16 h (8 each group) after KA
injection, mice were killed by cervical dislocation, brains
were removed quickly and kept in dry ice powder for 5 min
and then stored at -80 °C for at least 48 h before sectioning.
Brain sections of 12 um, containing hippocampal formation,
were cut and placed on Superfrost Plus slides (pretreated
with 0.1% DEPC H,O for 2 h at 37 °C) and air dried at room
temperature for 30 min and then stored at -80 °C before use.
Every fifteenth of serial coronary brain sections through the
rostral-caudal extent of the hippocampus were analyzed by
ISH as described previously”.

Cannula implantation and infusion of NPY and its
agonists Mice were anesthetized with an injection of
Equithesin (34 mg/kg of body weight, ip) and atropine (0.35
mg/kg of bodyweight, ip). Animals were placed in a stereo-
tactic device (Kopf Instruments), and cannulas were im-
planted into the lateral ventricle (0.6 mm posterior; 1.9 mm
lateral; and 2.0 mm ventral to bregma). Mice were allowed
to recover from surgery for 2 d. First, to determine the tim-
ing of NPY infusion after KA injection, icv injection of hu-
man NPY (5.0 pg in 1 pL of neutral buffered solution) or
saline was performed 2, 8, or 24 h after KA injection (8 to
10 each group) using an infusion pump (KD Scientific) at a
constant rate of 1 uL/min as described"?. Then, to deter-
mine the dose of NPY infusion, 8 h after KA injection, the
effect of icv infusion of NPY at a dose of 2.5, 5.0, and 10.0
pg was compared. Finally, to investigate the receptors that
mediate its role in excitotoxicity, icv infusion of 3.0 pg
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NPY13-36 or 5.0 ug hPP was carried out 8 h after KA
injection. The dose of NPY and its agonists were based on
previous studies'*'¥, Cannula placement was verified post-
hoc in all animals by injection of 1% cresyl violet solution
before brain dissection. Three days after KA injection, brain
sections were made as IHC assay above for TUNEL staining.

TUNEL assays Every eighth of serial coronary brain
sections through the rostral-caudal extent of the hippocam-
pus in 40-pm thickness were used for TUNEL staining using
the in situ Cell Death Detection Kit (TUNEL POD) (Roche
Applied Science, Germany) as described!*!.

Statistical analysis THC and ISH signal is in every of
sub-region of each section was obtained with densitometric
scanning, and data were analyzed by one—way ANOVA. All
TUNEL positive cells in every sub-region of each section
were counted regardless of sizes and shapes. The mean num-
ber of cells per section was used for comparison. Data were
analyzed by one-way ANOVA and post-hoc Student-
Newman-Keuls (SNK) test. Statistical significance was set
as P<0.05.

Results

NPY expression in the hippocampus by IHC method
In the granule cell layer of DG, no NPY positive cell was
detected at basal condition (0 h) and 2 h after KA injection
(Figure 1A, 1B). NPY positive cells appeared at 4 h (Figure
1C), reached the peak at 8 h (Figure 1D), and were reduced
remarkably at 16 and 24 h (Figure 1E, 1F). In the CA3 sub-
region, no positive signal was found within the first 4 h after
KA injection (Figure 1A,1C), NPY positive signals appeared
at 8 h (Figure 1D), strong signals appeared at 16 and 24 h
(Figure 1E, 1F). No noticeable signal was detected in the
CA1 sub-region at all time points within the first 24 h after
KA injection. In the hilus, NPY positive signals were no-
ticeably intensified at 8 h (Figure 1D), and reached the peak
at 16 and 24 h (Figure 1E, 1F). One-way ANOVA results
showed a significant time-dependent effect (P<0.05) in both
DG and CA3 regions (Figure 2).

NPY expression in the hippocampus by ISH analysis
Under physiological condition, NPY expression in the gran-
ule cell layer of DG, CA3, and CA1 was less noticeable
(Figure 3A). Positive ISH signals were detected in DG, CA3,
and CA1 sub-regions at each time point after KA treatment
(Figure 3B-3D). Four hours after KA injection, ISH signals
in the DG sub-region were stronger than those in CA3 and
CA1 (Figure 3B). Eight and sixteen hours after KA injection,
ISH signals were significantly reduced in DG sub-region but
remarkably elevated in CA3, CA1l, and hilus sub-regions
(Figure 3C, 3D, P<0.05). One-way ANOVA result showed

Figure 1. Expression of NPY in the hippocampus by IHC method. In
the granule cell layer of DG region, no positive signals were detected at 0
(control) and 2 h (A, B), positive signals appeared at 4 h (C), reached the
peak at 8 h (D), were remarkably reduced at 16 and 24 h (E, F). In CA3
regions, no positive signals were detected at 0, 2, and 4 h (A—C), positive
signal appeared at 8 h (D), reached the maximum at 16 h (E), and became
less stronger at 24 h (F). No obvious signal was detected at all time
points in CAl. Arrow denotes positive signal. Scale bar: 100 pm. x40.

DG CA3 CAl

Relative density of NPY expression

02 481624

02 4 81624
Time/h

02 481624

Figure 2. Quantitative analysis of NPY expression from IHC results.
NPY expression in the hippocampus was detected by IHC and followed
by analysis with densitometric scanning. Data represent the ratio of mean
signal density relative to background=SEM. NPY expression was in a
time-dependent manner in DG and CA3 regions (P<0.05).

a significant time-dependent effect (P<0.05) in all regions
(Figure 4).
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Figure 3. ISH analysis of NPY expression in the hippocampus. Weak
signal was detected under physiological condition (A). Positive signals
were elevated in DG, CA3, and CA1 4 h after KA injection (B), but sig-
nals in DG were much stronger than that in other regions. At 8 and 16 h
(C, D), NPY positive signals in DG were remarkably leveled off, but in
CA3 and CAl, signals were more intensified in comparison with the 4 h-
group. Scale bar: 100 pm. x40.

DG CA3 CAl

Releative density of NPY expression
[

0 4 8 16 0 4 8 16 0
Time/h

4 8§ 16

Figure 4. Quantitative analysis of NPY expression from ISH results.
NPY expression in the hippocampus was detected by ISH and followed
by analysis with densitometric scanning. Data represent the ratio of mean
signal density relative to background+SEM. NPY expression was time-
dependent in DG, CA3, and CALl regions (P<0.05).

NPY prevents neuronal cells from apoptosis in a time-
and dose-related manner In CA3 and CAl, less massive
apoptotic pyramidal cells were detected in mice with NPY
infusion at 2 and 8 h after KA treatment (Figure 5SA-5D)
compared with control mice (Figure 5G, H). Similar TUNEL
signals were detected in CA3 and CA1 between mice in-
fused with NPY at 24 h after KA injection and control mice
(Figure SE-H). One-way ANOVA showed significant time-
dependent effects in both CA3 and CA1 (P<0.05, Figure
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24 h

Control

Figure 5. NPY prevents neuronal cells from excitotoxic-induced apoptosis
in a time related manner. In CA3 and CAl, less massive apoptotic pyra-
midal cells were detected in NPY treated mice at 2 and 8 h after KA
injection (A, C, and B, D) than in control mice (G, H). But NPY infusion
at 24 h after KA treatment (E, F) had no noticeable effect in comparison
with control mice (G, H). Scale bar: 100 pm. x%200.

6A). Post hoc SNK test showed a more noticeable effect at
2 h than that at 8 h of NPY infusion (P<0.05) though they
both significantly reduced apoptosis in comparison with con-
trol mice (P<0.05) (Figure 6A). Figure 6B shows the quan-
titative results of TUNEL staining in CA3 and CA1 sub-re-
gions 3 d after KA treatment with icv infusions of 2.5, 5.0,
or 10.0 pg human NPY or saline (8 to 10 mice each group)
at 8 h after KA injection. One-way ANOVA showed signifi-
cant dose-dependent effect in both CA3 and CA1 among
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Figure 6. Quantitative analysis of neuronal apoptosis from TUNEL
results. (A) The time-related effect of NPY on neuronal apoptosis. (B)
The dose-related effect of NPY on neuronal apoptosis. A significant anti-
apoptotic effect with infusion of 10.0 and 5.0 pg NPY at 8 h after KA
injection was shown (P<0.05). (C) Neuronal protective role of Y5 and
Y2 receptors. Y5 and Y2 agonists could both prevent neuronal cells from
death in comparison with control (P<0.05), but there was no additive
effect between them (P>0.05). Data represent meanstSEM/each section.
°P<0.05 vs control. *P<0.05 vs 8 h.

four groups (P<0.05). Post hoc SNK test showed a signifi-
cant effect with infusion of 10.0 and 5.0 pg NPY at 8 h in
comparison with control (P<0.05).

NPY prevents neuronal cells from apoptosis by acti-
vating both Y5 and Y2 receptors Y5 and Y2 agonists icv
could both prevent neuronal cells from death 8 h after KA

injection, but there was no additive effect between them.
One-way ANOVA showed significant effects in both CA3
and CA1 (P<0.05). Post hoc SNK test showed no signifi-
cant difference among Y5, Y2, and Y5/Y2 agonists treated
three groups, but significant difference was detected between
these three groups and control mice, respectively (Figure 6C,
P<0.05).

Discussion

Increasing evidence suggests that NPY is a powerful en-
dogenous anticonvulsant in the hippocampus!>">'"., Tts ex-
pression can be elevated by experimentally induced seizures
initiated by electrical kindling, kainic acid, and pentylene-
tetrazol®' >, Excitotoxicity induced an ongoing neuronal
apoptosis, which was mainly determined at early stage after
excitatory amino acid treatment”*'*,  According to these
findings, we for the first time focused on NPY expression
pattern in the hippocampus within early stages after KA in-
jection using both IHC and ISH methods, and tried to under-
stand its implication in excitotoxicity. From our IHC and
ISH results (Figure 1-4), we concluded that NPY expres-
sion in the granule cell layer of DG sub-region was prior to
CA3 and CALl after KA-treatment, seizure-induced increase
of NPY in the hippocampus was the result of transcriptional
activation, and might be a compensatory mechanism to re-
duce excitatory neurotransmission. ICV infusion of NPY
and its Y5, Y2 receptor agonists at 2 and 8 h after KA insult
could rescue pyramidal neurons in CA3 and CA1 regions
from apoptosis (Figure 3-6). It is also well established that
the pyramidal cells in CA3 and CA1 are more susceptible to
KA-induced apoptosis than the granule cells in DG,
Taken together, we presume that the preceded elevation of
NPY expression in the granule cell layer of DG after KA
injection might partially explain its different excitotoxicity-
induced apoptotic responses in comparison with the pyra-
midal neurons from CA3 and CA1 regions.

Activation of NPY receptors is neuroprotective against
excitotoxicity in rat hippocampal slice cultures™. For den-
tate granule cells and CA3 pyramidal cells, selective activa-
tion of Y1, Y2, or Y5 receptors, respectively had a neuro-
protective effect against AMPA and KA, whereas only the
activation of Y2 receptors was effective for CA1 pyramidal
cells in the rat. Some physiological and pharmacological
work showed intracerebroventricular administration of NPY
reduced epileptiform afterdischarges and inhibited KA-in-
duced seizures in rats; and Y5 and/or Y2 receptors were re-
sponsible for modulation of seizure activity in mouse hip-
pocampal slices'®*"]. But, to date, whether NPY can pre-
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vent neuronal cells from excitotoxicity-induced apoptosis in
vivo, what receptors are responsible for this function, what
is the effective time and dose of NPY and its agonists infusion,
are not known. We found icv infusion of NPY and its Y5,
Y2 agonists within 8 h of a proper dose, after excitatory amino
acid injection, could rescue neuronal cells from apoptosis in
mice (Figure 5, 6). These data are quite useful for the poten-
tial clinical application of NPY in anti-epilepsy. The pro-
tective signal transduction pathway of its different receptors
should be included in our future research.

With THC detection, NPY positive or negative signal does
not mean that NPY is synthesized or is not synthesized. As a
neurotransmitter®), NPY can be released from one cell where
it is synthesized and be taken up by other cells through syn-
aptic formation. Comparing the IHC result (Figure 1) with
the ISH result (Figure 3), we found although NPY mRNA
transcripts were synthesized in all regions of the hippocam-
pus at 4, 8, and 16 h after KA treatment, no noticeable sig-
nals were detected in the CA1 region by IHC assay at any
point. Probably, NPY in this region was transmitted to other
places as a neurotransmitter after translation. Or the sensi-
tivity of IHC is not high enough to detect NPY expression in
this region.

In conclusion, the preceding elevated expression of NPY
in granule cell layer of DG after KA injection may explain
partially its different excitotoxicity-induced apoptotic re-
sponses in comparison with the pyramidal neurons from CA3
and CAl regions. NPY can not only reduce neuronal excit-
ability but also prevent excitotoxicity-induced neuronal
apoptosis by activation of Y5 and Y2 receptors.
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Introduction

ATP-sensitive K" channels(K ;p) have been identified in
multiple cells!. In vascular smooth muscles, K ,;p can regu-
late vascular tone™. The functions of vascular K, can be
modulated by nucleotides, potassium channel blockers,
sulfonylureas, such as glibenclamide (Gli), and K, openers,
such as pinacidil (Pin)*. Recent molecular biological and
electrophysiological studies on recombinant K ., have iden-
tified that K,y is a hetero-octameric complex composed of
an inwardly rectifying K" channel (Kiry,) serving as a pore-
forming subunit and regulatory sulfonylurea receptors
(SURs) belonging to the ATP-binding cassette protein su-
perfamily™. The binding sites for nucleotides, sulfonylureas,

©2005 CPS and SIMM

Abstract

Aim: The alterations of the binding sites for ATP-sensitive K* channel (K p)
openers and blockers in aortic strips were investigated in hypertensive rats.
Methods: Radioligand binding techniques were used to compare the specific bind-
ing properties of [*’H]JP1075 and [*H]glibenclamide (Gli) in normotensive (NWR)
and reno-vascular hypertensive rat (RVHR) aortic strips. Results: The K, values
of [*'HJP1075 binding were increased by 1.5-fold, while the B, values were un-
changed in RVHR. The IC;, values of P1075 and pinacidil (Pin) for displacing
the [*'H]P1075 binding in RVHR were increased by 1.8- and 1.7-fold, respectively.
The kinetic processes of association and dissociation of [’HJP1075 binding were
slower in RVHR. Glibenclamide pretreatment slowed down the kinetic processes
of the association and dissociation of [PH]P1075 binding in NWR, but failed to
alter the kinetic processes of ["'H]P1075 binding in RVHR. The IC,,values of Gli
for displacing the [’H]Gli binding at high-affinity sites were increased by 3-fold,
while those at low-affinity sites remained to be unchanged in RVHR. The kinetic
processes of association of [*H]Gli binding were decreased and those of the dis-
sociation were accelerated in RVHR. The treatment with Pin slowed down the
association kinetic processes but accelerated the process of the dissociation of
[*H]Gli binding in NWR, but did not alter the kinetics of [’H]Gli binding in RVHR.
Conclusion: The affinity of binding sites for [’H]P1075 and of high-affinity binding
sites for ["H]Gli are decreased, and the negative allosteric interactions between
the two binding sites are impaired in RVHR aorta.

and potassium channel openers are localized in the SURs,
which explains the complex sensitivity to these drugs'®.
Furthermore, it has been found that binding experiments have
been carried out in vascular smooth muscles, using [*H]Gli
and [*’H]P1075, that the binding sites of K, openers are
different from those of blockers, and negatively allosteric
interaction exists between these two binding sites””®. The
functional alterations of K,p in vascular smooth muscles
from hypertensive animals have been investigated by using
patch-clamp techniques; the dose-response curves of the K p
openers pinacidil and aprikalim, for inducing relaxation of
isolated aorta and basilar arteries, were shifted rightward™,
and the effects of levcromakalim on K currents in mesen-
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teric arteries were decreased in SHR!'", But the mechanisms
underlying the hypertensive changes of K, remain to be
investigated.

In the present study, the characteristics of [*'H]JP1075 and
[*H]Gli binding in aortic strips, derived from normotensive
and hypertensive rats, were compared for investigation of
the hypertensive changes of K, in vascular smooth muscles.

Materials and methods

Drugs [*H]Gli (specific activity 1850 GBg/mmol=50 Ci/
mmol ) was purchased from Dupont/ New England Nuclear
(Boston, MA, USA). [*HJP1075 (specific activity 121 Ci/
mmol) from Amersham International (Buckinghamshire,
United Kingdom). The radiolabels were stored in ethanol at
-20 °C. Gli, Pin, and Tris from Sigma Chemical Co (St Louis,
MO, USA). HEPES from Boehringer Mannheim (Baden-
Waurttemberg, Germany). Dimehylsulphoxide (Me,SO) from
Merck Company (West point, USA). P1075 was kindly do-
nated by Leo Pharmaceuticals (Ballerup. Denmark). All other
chemicals and reagents were of analytical grade. Both P1075
and Pin were dissolved in Me,SO (25 g/L) and were diluted
as appropriate so that the final concentration of Me,SO was
less than 0.1%.

Animals Wistar rats (NWR, male, weighing 235421 g,
n=106), were provided by the Laboratory Animal Center of
Institute of Pharmacology and Toxicology, Academy of Mili-
tary Medical Sciences, Beijing, China.

Reno-vascular hypertension Reno-vascular hyperten-
sion was produced by coarctation of the abdominal aorta
between the origin of the renal arteries, under ether
anesthesia, as described by Liu ez a/!''!. The rats were used
30 d after the surgery. One day before the experiment, a
polyethylene catheter was inserted into the carotid artery for
blood pressure measurements with a two-channel physiologi-
cal recorder (LMS-LB). Mean arterial pressure was 202+25
mmHg in RVHR and 140+11 mmHg in NWR. All animals
were kept in a temperature-controlled room on a 14 h/10 h
light/dark cycle and had free access to a standard rat chow
diet and tap water.

Aorta strips All rats (NWR, n=55; RVHR, n=51) were
decapitated and exsanguinated. Aorta strips were prepared
as described in a previous study!"”. The preparations were
then weighed and assigned into tissue holders and immersed
in ice-cold HEPES-buffered physiological salt solution (PSS)
containing (in mmol/L): NaCl 139, KCI 5, CaCl, 25, MgCl,
1.2, glucose 11, HEPES 5, gassed with 95% O,/5% CO,and
titrated to pH 7.40 with NaOH at 37 °C.

Equilibrium binding experiments
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Saturation assay Binding assays of ['H]P1075 or
[*H]Gli were routinely performed in duplicate in 0.50 mL PSS
containing 3—5 mg wet weight of aorta strips at 25 °C or
37 °C. Nonspecific binding, determined in the presence of
50 pmol/L unlabeled P1075 or 30 umol/L Gli, accounted for
48.6%+6.4% or 44%+6% of total bound ligand under the
conditions employed. Specific binding was obtained by sub-
tracting the nonspecific binding from the total binding.

For saturation experiments, aorta strips were incubated
with different concentrations of label (0.25-30 nmol/L) for
90 min. They were then washed by adding 9 mL of ice-cold
quench solution (NaCl 154 mmol/L, Tris 50 mmol/L, pH
7.40) for 1 min, blotted, and dissolved hermetically over 2 h
in 50 uL. of 60% perchloric acid and 100 pL of 30% H,0, at
80 °C. The samples were supplemented with 2.5 mL of eth-
ylene glycol ethyl ether and 5 mL of dimethylbenzene
containing 1% 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-
1,3,4-oxadiazole for 8 h. Radioactivity was determined with
liquid scintillation spectrometry (at an efficiency of 42%-
55%). The equilibrium dissociation (K) and the maximum
number of binding sites (B,,,,) of label were determined by
Scatchard analysis, and Hill coefficient (n,) was calculated
from Hill equation.

Displacement assay Aorta strips were incubated with
5 nmol/L [*H]P1075 or 3 nmol/L [*H]Gli and unlabeled in-
hibitors of interest, then washed and determined as described
above. Specific binding of [*'H]P1075 or [*H]Gli in the pres-
ence of unlabeled drugs was normalized to percentage of
specific binding in the absence of these drugs. The concen-
tration of drug inhibiting 50% of specific labeled-ligand bind-
ing (ICy,) was analyzed using the weighted non-linear least-
squares regression program. This program fits data assum-
ing the presence of one or more binding sites and allows
comparison of the relative goodness-of-fit using F-test. A
two-site fit was accepted as superior to one-site fit only if
significance exceeded P<0.05.

Kinetic assay To determine the association kinetics, the
aorta strips were incubated with 3 nmol/L [*'H]Gli or 5 nmol/L
[PH]P1075 and aliquots were withdrawn at various time
points for separation of bound and free ligand as described
above. To measure the dissociation kinetics, the labels were
equilibrated with aorta strips for 90 min. Dissociation was
initiated by addition of a large excess of unlabeled ligands
(Gli 30 pmol/L, P1075 50 pwmol/L) and bound-label was de-
termined at various time intervals ranging from 1 to 90 min.
The constants of association and dissociation were calcu-
lated according to equations (1) LN[ eq-(B-B)"]:Kapp-t, 2)
K,,,=K:[L[+K,, and (3) LN(B-Beq'l):-Kz-t where B represents
the amount of specific [*'H]Gli or [*H]P1075 binding at dif-
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ferent time points, B, denotes the amount of the receptor-
label complex at equ111br1um and K, the apparent rate con-
stant of association, which depends on the rate constants of
the association and dissociation (K}, K,), and on the concen-
tration of labeled ligand employed ([L]).

Statistical analysis Results are expressed as mean+SD.
Statistical significance of differences between groups of
means was assessed by ANOVA followed by Dunnet’s test
using the Instat Programme (Graphpad SAS Software, San
Diego, USA) and was accepted at the P<0.05 level.

Results

[*H]P1075 bindings [*H]P1075 bound in a saturated
manner to aorta preparations in NWR and RVHR within the
concentration range employed. Scatchard analysis of the
data suggested that in NWR aorta strips [’H]P1075 bound
to a single class of sites with a K|, value of 7.7+2.0 nmol/L,
and B,,,, value of 26+8 pmol/g wet weight. In RVHR,
[*H]P1075 also bound to a single class of sites. The K}, value,
however, increased ~1.5-fold and the B,,,, value showed no
change compared with those in NWR (Figure 1, Table 1).

K opener P1075 and Pin, as well as blocker Gli, con-
centration-dependently inhibited specific [*H]P1075
binding. However, only K, opener P1075 and Pin were
able to inhibit the specific [’H]P1075 binding completely,
whereas inhibition at saturation by Gli was incomplete only
by up to 72% of maximal specific binding in NWR and RVHR
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Figure 1. Equilibrium binding of [’H]P1075 to aorta strips in normoten-
sive Wistar rats (NWR, open circle) and reno-vascular hypertensive rats
(RVHR, solid circle). Strips were incubated with varying concentrations
(0.01-25.00 nmol/L) of [*’H]P1075 ina 0.50 mL assay volume at pH 7.40
and 37 °C. Inset: Scatchard analysis of the specific binding data. The

data are summarized in Table 1.

Table 1. Scatchard analysis of [’H]P1075 binding in normotensive Wistar
rats (NWR) and reno-vascular hypertensive rats (RVHR). Mean+SD.
°P<0.05 vs NWR.

Animals n Ky/ B/ Ny
nmol-L"! pmol-g wet weight
NWR 5 7.7£2.0 26+8 1.2+0.4
RVHR 4 11.2+4.0° 25+4 1.1+0.2

aorta preparations. Compared with those in NWR, inhibi-
tion curves of ["H]P1075 binding to aorta strips in RVHR by
these modulators were shifted to the right along the concen-
tration axis (Figure 2). Statistical analysis with the F-test
showed that the fit of inhibition curves by P1075 and Pin to
the one-site model was significantly superior to two-site
model, which corresponded to their ny being close to unity.
IC,, for the inhibition of [*'H]P1075 binding to RVHR aorta
preparations by P1075 and Pin were increased by approxi-
mately 1.8- and 1.7-fold, respectively, compared with those
in NWR. The change in ICy, value for inhibition of
[’H]P1075 binding by P1075 in RVHR aorta strips was in
fair agreement with that in the K, value obtained in the satu-
ration equilibrium experiments in Figure 1.

Inhibition of [*'H]P1075 binding by Gli exhibited a
biphasic plot (Figure 2) with ny significantly different from
unity (Table 3). In addition, statistical analysis with the F-
test showed the fit of inhibition curve by Gli to the two-site
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Figure 2. Inhibition of [*H]P1075 binding to aorta strips by P1075, Pin,
or Gli in NWR and RVHR. Aorta strips were incubated with 5 nmol/L
[PH]P1075 and increasing concentrations of these compounds for 90 min
at 37 °C. Specific binding (B,) was 10.5+1.5 fmol-mg™' wet weight, cor-
responding to 51.4%+6.4% of total binding. Data (as B,) were fitted with
one-site and two-site model; the fitting parameters were listed in Table 2.
Depicted were representative plots of 4—5 separate experiments performed
in duplicate.
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Table 2. Analysis of inhibition curves in Fig 2 of [’H]P1075 binding to aorta strips by K,;, channel modulators. For experiment details see Figure 2.

n=4-5 experiments. MeantSD. °P<0.01 vs NWR.

One-site fit

Two-site fit

F-test for hypothesis:

Groups Modulators one-site model is correct
IC,y/nmol-L"! ny ICsp y/nmol-L™! ICs,/pmol-L™! F value PY

NWR P1075 9.1£1.3 1.14+0.10 8.2+0.9 0.03+0.007 0.42 0.6651
Pinacidil 200+44 1.16+0.14 18142 1.0£0.2 0.76 0.4798
Glibenclamide 589+46 0.79+0.08 204+22 3.0+0.5 164 <0.0001

RVHR P1075 16.5+0.8° 1.134£0.11 15.7+1.1 2.1£0.3 0.85 0.4429
Pinacidil 337+36° 1.10+0.13 258+34 1.4+£0.2 1.65 0.2165
Glibenclamide 1478+81°¢ 0.74+0.10 443£109¢ 3.4+0.7 46.6 <0.0001

Y If P>0.05, the hypothesis will be accepted; If P<0.05, the hypothesis is rejected, and the fit of the two-site model is significantly superior, statistically,

to the one-site model.
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Figure 3. Modulation of association (A) and dissociation (B) kinetics of
[*H]P1075 (5 nmol/L) with aorta strips in NWR and RVHR by vehicle or
Gli 100 pmol/L preincubated for 10 min. Data fitted equation 1 and 3,
respectively. The traces were representative of 4-7 experiments.

model was significantly superior to one-site model (Table
2). These results suggested that two binding sites for Gli
were present. The ICs, values for the high- and low-affinity
binding sites of Gli were shown in Table 2. Their respective
ny values were found to be close to unity (not shown). ICy,
value for inhibition of ['H]P1075 binding in RVHR aorta
strips by Gli at high affinity site increased by more than 2-
fold compared with that in NWR aorta preparation, but there
was no significant difference between 1Cs, values at the low
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affinity site in RVHR and in NWR (Table 2).

The kinetics of association and dissociation of [*H]
P1075, measured at large excess of label over binding sites,
are illustrated in Figure 3. In NWR, association kinetics of
[*HJP1075 at 5 nmol/L followed a pseudo first-order kinetics,
and the fit of this kinetics to equation 1 yielded a K,,, value
of 0.044+0.004 min™. After equilibrium was reached, dis-
sociation of the receptor-label complex was initiated by ad-
dition of 50 pmol/L unlabeled P1075. The dissociation also
followed a pseudo first-order kinetics with a K, value
0f 0.029+0.005 min™'. Using equation 2, these values of
K,,, and K, allowed calculation of the second order rate con-
stant of association, X, to 0.009+0.001 nmol-L™‘min". From
these rate constants, K, value of 3.3+1.0 nmol/L, where the
large error in this value is explained by the propagation of
errors, was calculated.

After NWR aorta strips were pretreated with Gli 100
pmol/L for 10 min, association and dissociation kinetics of
[PH]P1075 still followed the pseudo first-order kinetics.
However, association and dissociation were slowed down
with the reduced K,,, and K, value, but with increased K,
value compared to those in vehicle (Table 3).

In RVHR, the association and dissociation of [*H]
P1075 with aorta strips were also fitted the pseudo first-
order kinetics, but slower association and dissociation ki-
netics were observed with increased K, value compared to
those in NWR. Gli at 100 pmol/L preincubated with aorta
strips for 10 min, did not alter the association and dissocia-
tion of [P'HJP1075 with RVHR aorta strips (Figure 3, Table 3).

[*H]GlIi binding experiments The competitive inhibi-
tion curve of 3 nmol/L [*H]Gli binding to aorta strips in NWR
and RVHR by unlabeled Gli exhibited biphasic plots with
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Table 3. Modulation by vehicle or Gli 100 pmol/L, preincubated for 10 min, of the association and dissociation kinetics of [*H]P1075 with aorta strips
in NWR and RVHR. n=4-7 separate determinations performed in duplicate. MeantSD. °P<0.05, °P<0.01 vs NWR, °P<0.05, ‘P<0.01 vs vehicle. For

experiment details see Figure 3.

Animal Pretreated Association kinetics Dissociation kinetics
groups factors K, ,,/min™' K,/nmol-L"-min"! K,/min’! K/nmol-L"!
NWR Vehicle 0.044+0.004 0.009+0.001 0.029+0.005 3.3+1.0
Glibenclamide 0.031+0.002° 0.002+0.001° 0.020+0.005¢ 8.342.1F
RVHR Vehicle 0.034+0.004° 0.003+0.001° 0.021+0.003° 8.1+£1.0¢
Glibenclamide 0.035+0.004 0.003+0.001 0.022+0.004 8.5+1.2

ny significantly different from unity (Figure 4, Table 4). In-
hibition curves were fitted with the one-site and two-site
model, respectively. Statistical analysis with the F-test
showed that the fit of curves of the two-site model was sig-
nificantly superior to the one-site model (Table 4). Thus,
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Figure 4. Inhibition of [*H]glibenclamide (Gli) binding to aorta strips in
NWR and RVHR by unlabeled Gli and Pin. Aorta strips were incubated
with [*’H]Gli 3 nmol/L in the presence of various concentrations of unla-
beled Gli or pinacidil for 90 min at 25 °C. Depicted are representative
plots. B,,, was 30.5+2.5 pmol-g”' wet weight. The Data are summarized
in Table 4.

two distinct binding sites for [*H]Gli were present in NWR
and RVHR aorta preparations. In NWR aorta strips, the ICs,
value for the inhibition of [’H]Gli binding at the high- and
low-affinity sites by unlabeled Gli was 1842 nmol/L and 21+4
pumol/L, respectively. The fit of one-site model gave n;; equal
to 0.80+0.09; a value in favor of heterogeneous class of bind-
ing sites with a negative cooperativity. In RVHR aorta strips,
the IC5, value for inhibition of [*H]Gli binding at low-affin-
ity sites by unlabeled Gli showed no difference from that in
NWR aorta preparations, but IC, at high-affinity sites in-
creased approximately 4 fold. Pin, at concentrations up to
500 pmol/L neither inhibited the [*H]Gli binding to aorta
strips in NWR nor in RVHR (Figure 4).

[*H]Gli binding to NWR aorta strips was rapid and ap-
proached equilibrium after a 40-50 min incubation period at
25 °C (data not shown). After equilibrium was reached, the
dissociation of [*H]Gli-receptor complex was initiated by
the addition of 30 umol/L unlabeled Gli. Association and
dissociation of [*H]Gli followed pseudo first-order kinetics.
The fit of the association and dissociation to equation 1 and
3 yielded K, and K, 0of 0.046+0.004 and 0.007+0.001 min™,
respectively. After NWR aorta strips were pretreated with
Pin (100 pumol/L) for 10 min, association and dissociation

Table 4. Displacement of [*H]Gli binding to aorta strips in NWR and RVHR by unlabeled Gli. For experiment details see Fig 4. Analysis with one-site
model showed n,, was significantly different from unity. n=4-5 experiments performed in duplicate. Mean+SD. °P<0.05, °P<0.01 vs NWR.

. . F-test for hypothesis:
One-site fit Two-site fit ] P )
Group one-site model is correct
1C,y/nmol-L"! ny 1Cs, y/nmol-L"! 1Csy,/pmol-L"! F value PY
NWR 3547 0.80+0.09 1842 2144 171 <0.0001
SHR 54+9° 0.82+0.12 59+4° 2246 142 <0.0001

U If P>0.05, the hypothesis will be accepted; If P<0.05, the hypothesis is rejected, and the fit of the two-site model is significantly superior, statistically,

to the one-site model.
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of [*H]Gli still followed pseudo first-order kinetics.
However, when the association was retarded, X,,, wasre-
duced by 45.6%, but when the dissociation was accelerated,
K, was increased approximately 2 fold (Table 5).

In RVHR aorta strips, association and dissociation of
[*H]Gli were also fitted pseudo first-order kinetics, but when
association became slower, K, was reduced by 39%, but
when dissociation was faster, K, was increased 1.5-fold.
From these kinetics, the K, value calculated was increased
3.3-fold compared with those in NWR aorta strips. After
RVHR aorta strips were pretreated with Pin 100 pmol/L for
10 min, the association and dissociation of [’'H]Gli were not
altered. From these kinetics, the K, value calculated was

also unchanged (Table 5).

Discussion

Comparison of [*'H]P1075 binding in NWR with that
in RVHR In the present study, saturation experiments in
NWR showed that aorta strips [’[H]P1075 bound to a single
class of sites with high affinity (K,=7.7+2.0 nmol/L) and
relatively low density (B,,,,=26+4 nmol-g”" wet weight).
These results are similar to those reported by Quast et al'™®).
The K, value determined here corresponded well to the po-
tency of P1075 as a vasorelaxant agent!'¥. The K,;, opener
P1075 and Pin, as well as blocker Gli, inhibited [’H]P1075
binding according to the Law of Mass Action. The ICy, value
(9.1£1.3 nmol/L) for inhibition of [*H]P1075 binding by
P1075 was in fair agreement with the K, value obtained in
the saturation experiments. The association and dissocia-
tion of [*’H]JP1075 with NWR aorta strips were time-depen-
dent and monoexponential, these kinetic experiments allow
a calculation of K, value of 3.3+1.0 nmol/L in reasonable
agreement with the result of the saturation experiments (Table
1) and of competitive inhibition experiments (Table 2).

In the present study, [’'H]P1075 binding in RVHR aorta
strips was reported. The binding data showed that ['H]P1075
binding sites in RVHR aorta strips had similar qualities to
those in NWR aorta preparations. However, some differ-
ences in [’H]P1075 binding in RVHR aorta strips were
found: (1) K value of [’H]P1075 binding increased ap-
proximately 1.5-fold; (2) ICs, value for the inhibition of [*H]
P1075 binding by P1075 and Pin increased by 1.8- and 1.7-
fold, respectively; (3) association and dissociation became
slower. These results suggest that the affinity of ["H]P1075
binding sites to K, openers is reduced in RVHR aorta strips.
Therefore, we suggest that chronic hypertension might re-
duce the affinity of binding sites for K, openers in aorta.
Furthermore, the B, value of [’H]P1075 binding to aorta
strips and the maximum inhibition of [*'H]P1075 binding by
P1075 and Pin showed no difference between RVHR and
NWR. It is suggested that the number of [’H]P1075 binding
sites is not altered in RVHR aorta strips. The present find-
ings might explain why the dilatation of isolated aorta
precontracted with norepinephrine or KCI in response to
activation of K ,p channels by Pin was impaired in SHR, why
dilatation of the basilar artery by aprikalim was impaired in
stroke-prone SHR in vivo®; and why the action of levcro-
makalim on K, channels in mesenteric artery muscle cells
of SHR was decreased compared to normotensive rat cells!'”.
The present findings also exclude the possibility that differ-
ences in response to Pin, aprikalim and levcromakalim are
related to genetic differences between normotensive rats and
SHR that are unrelated to hypertension.

Comparison of [*'H|Gli binding in NWR with RVHR
In the present study, the binding of [*’H]Gli in NWR aorta
strips was specific and reversible. Using a wide range of
concentrations for Gli, we obtained evidence for the pres-
ence of both high and low affinity Gli-binding sites in aorta

preparations: the former ranging from 1x10™"" to 1x10”mol/L

Table 5. Modulation by Pin(100 umol/L) preincubated for 10 min, of the association and dissociation kinetics of [*H]Gli binding to aorta strips in
NWR and RVHR. n=4-7 separate determinations performed in duplicate. Mean+SD. *P<0.05, °P<0.01 vs NWR; °P<0.05, ‘P<0.01 vs Vehicle. For

experiment details see Figure 3.

Animal Pretreated Association kinetics Dissociation kinetics
groups factors K,p/min’ K /nmol-L ™" min"! K,/min"! K/nmol-L™!
NWR Vehicle 0.046+0.004 0.013+0.001 0.007+0.001 0.55+0.14
Pinacidil 0.025+0.007°¢ 0.004+0.002F 0.014+0.003° 3.50+0.87°
SHR Vehicle 0.028+0.009° 0.006+0.003° 0.011+0.002° 1.83+0.67¢
Pinacidil 0.026+0.005 0.005+0.002F 0.012+0.004 2.00+0.42

K,,, denote apparent rate constant of association, K;: rate constant of association, K,: rate constant of dissociation.
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with nanomolar affinity constant, and the latter from 1x107 to

1x10™* mol/L with micromolar affinity constant. Our re-
sults are consistent with those reported previously in retard-
ing vascular smooth muscle!'”.

[*H]Gli binding in these preparations had similar quali-
ties to those in NWR. However, [’H]Gli exhibited slower
association and faster dissociation with an increased K, value
in RVHR than in NWR (Table 5). The ICs, value for the
inhibition of [*H]Gli binding by Gli at the high affinity com-
ponent was increased, but was unchanged at the low affinity
component. This indicates that the affinity of high affinity
sulfonylurea sites is decreased in RVHR aorta strips.

Interaction of binding sites for K,,, openers and
blockers in NWR In the present study, ['H]P1075 bound
to a single site in NWR aorta strips, whereas [*H]Gli bound
to both high and low affinity sites in NWR aorta strips.
[’HJP1075 binding can be inhibited by opener P1075 and
Pin, but not completely by blocker Gli, whereas [*’H]Gli bind-
ing could be inhibited by Gli, but not by Pin. Furthermore,
[*HJP1075 and [*H]Gli binding present a similar association
rate (0.044 and 0.046 nmol-L™"-min™") but different dissocia-
tion rate(0.029 and 0.007 nmol-L"-min"', respectively). The
most plausible explanation for these results is that K ,;» open-
ers and blockers bind to different binding sites. In addition,
Pin, preincubated with NWR aorta strips, slowed down the
association of [*’H]Gli and sped up the dissociation of
[*H]Gli-receptor complex. It is suggested that the binding
sites for K, channel opener Pin negatively allosterically
couple to the binding sites for K, channel blocker Gli. The
plausible mechanism is that the binding of Pin to its sites in
SURs brings about configuration alteration in the Gli-sites,
which hinders the binding of [*’H]Gli to its sites and facili-
tates faster release of the radiolabel from receptor-label
complex. Likewise, Gli, preincubated with NWR aorta strips,
also slowed down the association of [’H]P1075 and sped up
the dissociation of ['H]P1075-receptor complex. It was in-
dicated that the sites for K, channel blocker Gli also nega-
tively allosterically coupled to the sites for K, channel
opener P1075. Alternatively, Gli down-regulates the affin-
ity of the P1075 binding sites through inducing its configu-
ration alteration. The evidence for a negative allosteric cou-
pling between the sites for P1075 and Gli has been previ-
ously obtained for the rat aorta™. In the experiments,
however, rat aorta preparations were only labeled with
[*HJP1075, and the dissociation of ['H]P1075-receptor com-
plex was initiated by addition of an excess of Gli rather than
P1075 after ['H]P1075 binding reached equilibrium. In the
present study, aorta strips were pretreated with Gli, and dis-
sociation was initiated by addition of an excess of P1075

rather than Gli. A negative allosterism between the sites for
openers and blockers was identified in a different experi-
mental protocol in this study.

Interaction of binding sites for K,,, openers and
blockers in RVHR In the present paper, we studied the
interaction between the binding sites for K., openers and
blockers in RVHR aorta strips. The evidence that K, open-
ers and blockers bound to different binding sites was also
obtained in RVHR. In contrast to NWR, pretreatment with
Gli failed to alter the association and dissociation kinetics
of [’H]P1075 with aorta strips in RVHR. It is suggested that
the negative allosteric action of sulfonylurea Gli on the bind-
ing sites for the opener P1075 was damaged in RVHR aorta
strips. Similarly, pretreatment of Pin did not alter the asso-
ciation and dissociation kinetics of [’H]Gli with RVHR aorta
strips. It is indicated that the negative allosteric action of
opener Pin on the binding sites for sulfonylurea Gli is also
damaged in SHR aorta strips.

In conclusion, the affinity of P1075 binding sites and
high-affinity sulfonylurea binding sites are reduced, and the
negative allosteric interactions between the two binding sites
are impaired in RVHR aorta strips.
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Introduction

It is well known that the classic signaling pathway of o,-

Abstract

Aim: To investigate the a,z-adrenoceptor (o,3-AR)-mediated cAMP response and
underlying mechanisms in HEK293 cells. Methods: Full-length cDNA encoding
o,5-AR was transfected into HEK293 cells using the calcium phosphate precipi-
tation method, and a,3-AR expression and cAMP accumulation were determined
by using the saturation radioligand binding assay and ion-exchange chromato-
graphy, respectively. Results: Under agonist stimulation, o,3-AR mediated cAMP
synthesis in HEK293 cells, and blockade by PLC-PKC or tyrosine kinase did not
reduce cAMP accumulation induced by NE. Pretreatment with pertussis toxin
(PTX) had little effect on basal cAMP accumulation as well as norepinephrine
(NE)-stimulated cAMP accumulation. In addition, pretreatment with cholera toxin
(CTX) neither mimicked nor blocked the effect induced by NE. The extracellular
Ca’ chelator egtazic acid (EGTA), nonselective Ca** channel blocker CdCl, and
calmodulin (CaM) inhibitor W-7 significantly reduced NE-induced cAMP accu-
mulation from 1.59%+0.47% to 1.00%+0.31%, 0.78%=+0.23%, and 0.90%+0.40%,
respectively. Conclusion: By coupling with a PTX-insensitive G protein, o 5-
AR promotes Ca?"influx via receptor-dependent Ca®" channels, then Ca®" is linked
to CaM to form a Ca*-CaM complex, which stimulates adenylyl cyclase (AC),
thereby increasing the cAMP production in HEK293 cell lines.

inhibit NE-induced cAMP accumulation, whereas anti-G,,
antiserum inhibited the response, which suggests that o -

adrenoceptor (AR) is to couple with the G, protein and
then stimulate phosphatidylinositol turnover'?. However,
it has been recently discovered that a,,-AR can also stimu-
late adenosine 3':5'-cyclic monophosphate (cAMP) accumu-
lation in several cell lines, tissues and organs®®'?. Our pre-
vious study showed that each of the three o;-AR subtypes
was able to mediate cAMP generation in human embryonic
kidney 293 (HEK293) cells. As for the signal transduction
pathway by which o,-AR mediates cAMP production, sev-
eral studies have shown that cAMP production is secondary
to the a,-AR-induced phospholipase C (PLC)-phosphoki-
nase C (PKC) stimulation!'®"?, which cross-talked with AC"!,
Horie et al'™ found that in a Chinese hamster ovary (CHO)
cell line transfected with a,5-AR, none of the PKC inhibitor,
the Ca®" ionophore, or the pertussis toxin (PTX) was able to

©2005 CPS and SIMM

AR activates AC and increases intracellular cAMP by di-
rectly coupling with G,,. In fact the signal transduction path-
way involved in a,5-AR-mediated cAMP generation remains
unclear. Therefore, we transfected HEK293 cells (human
embryonic kidney 293 cell line, which does not express any
other adrenoceptors except native 3,-AR) with full-length
c¢DNA encoding o,5-AR and selected for subcloning cell lines
stably expressing o,5-AR. This was a good model to investi-
gate the regulating effects of the PLC-PKC pathway, the ty-
rosine kinase pathway, the Ca®" signal system, and G pro-
teins on cAMP production.

Materials and methods

Norepinephrine (NE), phenylephrine (PE), methoxam-
ine (ME), prazosin (PRZ), propranolol (Prop), Triton X-100,
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cAMP, 3-isobutyl-1-methyl-xanthine (IBMX), pyruvic acid,
hygromycin B, cyclopiazonic acid (CPA), phorbol 12-
myristate 13-acetate (PMA), genistein, tyrphostin A25,
egtazic acid (EGTA), nifedipine (Nif), CdCl,, PTX, and chol-
era toxin (CTX) were from Sigma Chemical Co (St Louis,
USA); BAPTA/AM, Ro-31-8220, calphostin C, and W-7
were products of Calbiochem-Novabiochem International
(San Diego, USA). BE2254 {[2-B(4-hydroxyphenyl)-
ethylaminomethyl]-tetralone} was from Beiersdorf Co (Ham-
burg, Germany); [*H]adenine was from Amersham Bio-
sciences (Piscataway, United States); 2,5-diphenyl-oxazole
(PPO) was bought from Farco-Pharma (Koln, Germany);
fetal bovine serum (FBS) and Dulbecco’s Modified Eagle’s
Medium (DMEM) were from Hyclone China (Beijing,
China); HEK293 (human embryonic kidney 293) cells and
full-length cDNA of hamster a,5-AR (pREP4) were kindly
provided by Prof Kenneth P MINNEMAN (Emory Univer-
sity, USA).

Transfection of HEK293 cells with cDNA encoding
a.;5-AR using the calcium phosphate precipitation method
HEK?293 cells were cultured in DMEM containing 10% FBS
at 5% CO, at 37 °C. The cells were transfected with pREP4/
a,5-AR by calcium phosphate precipitation at 70%
confluence and selected with hygromycin B (0.05 g/L). Three
days later the cells were diluted and planted in a 96-well
dish, with 0-5 cells in each well. After 2 to 3 cloning sessions,
a cell line stably expressing o,;-AR was obtained. The cells
were continuously cultured and kept in DMEM containing
selective antibiotics.

Determination of a,;-AR expression by a saturation
radioligand binding assay The cells were grown in 75-mL
flasks and harvested in PBS. After centrifugation at 3000xg,
4°C for 10 min then at 21 000xg, 4°C, for 20 min, the pellet
was resuspended with 30 mL PBS and kept on ice. The
ligand-binding properties of the receptors were determined
in a series of radioligand binding studies using the o,;-AR
antagonist radioligand ['*I]BE2254, which was radioio-
dinated to theoretical specific activity as described by Engel
and Hoyer!"”. Saturation reactions (total volume 250 uL)
containing 100 puL or 50 pL PBS with 1% bovine serum al-
bumin (BSA), 50 uL of ['*1] BE2254 at different concentra-
tions (15 000-500 000), and 100 pL cell membranes. Nonspe-
cific binding was determined in the presence of 50 pmol/L
phentolamine. Reactions were allowed to proceed for 20
min at 37 °C. Reactions were terminated by adding 7 mL
ice-cold Tris-HCI buffer (pH 7.4) and the mixture was fil-
tered onto glass fiber filters. Filters were washed twice
with 7 mL ice-cold Tris-HCI buffer and then dried. Bound
radioactivity was measured using an auto-gamma counter.
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Binding data were analyzed by using nonlinear regression
and Scatchard analysis (GraphPad Prizm Software) on a com-
puter and thus the dissociation constant (K},) between the
receptor and antagonist and maximal bound capacity (B,,.)
could be obtained. Protein content was determined by using
the Coomassie protein quantitation method.

cAMP determination in intact cells using ion-ex-
change chromatography HEK293 cells expressing o, -
AR were cultured in 24-well dishes at 37 °C, 5% CO,, with
2.5x10° cells per mL medium. When the cells were fully
confluent, the medium was changed, and [*H]adenine 18.5
MBq (0.5 mCi) was added into each well. After incorpora-
tion for 4 h at 37 °C in 5% CO, , the medium was discarded
and the cells were washed twice with pre-warmed Krebs’
solution. After addition of antagonists in 1 mL Krebs’ solu-
tion containing 200 umol/L IBMX and incubation for 30 min,
the cells were incubated for a further 20 min with different
concentrations of agonists. The reaction was terminated by
adding 100 pL of 77% trichloracetic acid, followed by a
centrifugation at 3000xg, 4 °C, for 20 min. Then 50 puL
supernatant was transferred into 3 mL scintillation liquid to
measure radioactivity as total activity (cpm). The remain-
ing supernatant was applied to Dowex columns and aluminal
columns. After being washed with distilled water, the
aluminal columns were eluted with 2 mL Tris-HCI (pH 8.0),
and the radioactivities of the eluates were measured as newly-
produced cAMP. cAMP accumulation is equal to propor-
tion of total radioactivity represented by newly-produced
cAMP as a percentage. The formula is as follows:

cAMP accumulation =
Radioactivity of newly-produced cAMP (cpm) X100 %
Total radioactivity (cpm)x22

Twenty-two is the volume constant.

Statistical analysis Results are expressed as mean+SD.
To compare mean values between two groups, Student’s ¢-
test was used; ANOVA was used for comparison among three
or more groups. P<0.05 was considered statistically
significant.

Results

Density of a,;-AR HEK?293 cells transfected with o -
AR were cultured under selective pressure from hygromycin
B for several passages, thus we obtained a cell line stably
expressing a,z-AR. The density of a,z-AR was 2004£138
pmol/g as determined by a radioligand binding assay (n=5,
data not shown).

cAMP accumulation induced by stimulation of a,;-
AR In blank HEK293 cells , NE (100 nmol/L-30 pmol/L),
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PE (100 nmol/L-300 umol/L), or ME (1 pmol/L—1 mmol/L)
did not cause cAMP accumulation in the presence of
propranolol, an antagonist of 3-AR (data not shown).

However, NE, PE, and ME all increased cAMP accumu-
lation in HEK293 cells transfected with a,5-AR in a dose-
dependent manner, with R _,./pD, of (3.32%=+ 0.34%)/
(6.15%0.33) (n=7), (2.43%=+0.46%)/(5.37+0.55) (n=8), and
(0.66%=0.17%)/(3.79£0.39) (n=6), respectively (Figure 1),
all of which were antagonized by prazosin (100 nmol/L)
(Data not shown).

cAMP accumulation/%

-8 -7 -6 -5 -4 -3
Agonist/lg mol-L!

Figure 1. NE (M, n=7), PE (®, n=8) and ME (@, n=6) induced cAMP
synthesis in a dose-dependent manner in the presence of propranolol (1
pmol/L) in HEK293 cells transfected with o ;-AR.

PLC-PKC pathway In the presence of propranolol (10
pmol/L) to block 3,-AR in HEK293 cells, NE (10 pmol/L)
increased cAMP accumulation from a basal level of 0.28%+
0.07% to 4.93%+1.13% (n=11, P<0.01). The PLC inhibitor,
U73122, had no effect on the NE-induced cAMP accumula-
tion at 1 umol/L (4.91%=+1.43%, n=11) or 10 pmol/L
(4.97%+1.15%, n=11, Fig 2A) for 1 h incubation. Neither
U73122 itself (0.26%+0.09%, n=5) nor the vehicle alone
(Me,SO0, 0.1% v/v final, 0.26%+0.05%, n=3) affected the
basal level of cAMP (0.28%+0.07%, n=11). Similarly, when
PKC inhibitors were added, neither Ro31-8220 (5.37%=
1.33%) and (4.99%+1.56%, n=8) nor calphostin C (5.14%+
1.09%) and 4.70%+1.28%, n=8) at 10 nmol/L and 100
nmol/L affected NE-induced cAMP production (4.93%+
1.13%, n=11, Figure 2B). The two inhibitors had no effect
on the basal cAMP level (0.24%+0.07%, n=5, and 0.22%+
0.09%, n=5, respectively, vs 0.28%+0.07%, n=11). To fur-
ther clarify the role of PKC in this response, we examined
whether PKC activator had any effect on cAMP synthesis.
Without any AR agonist or antagonist, pretreatment with 1,
10, and 100 nmol/L PMA did not increase cAMP synthesis,
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Figure 2. (A) NE-induced cAMP accumulation and the effect of U73122
(n=11) in the presence of 10 umol/L propranolol in HEK293 cells ex-
pressing o,3-AR. (B) NE-induced cAMP accumulation and the effects
of Ro31 and calphostin C (#=8) in the presence of 10 umol/L propranolol
and cAMP accumulation in the presence of PMA at 1-100 nmol/L (n=7),
respectively. MeantSD. "P<0.05 vs basal accumulation.

the levels of which were (0.23%+0.03%, n=7), (0.22%=
0.08%, n=7), and (0.24%=+0.08%, n=7), respectively, show-
ing no significant difference compared with the basal level
(0.28%+0.07%, n=11).

Tyrosine kinase signaling pathway The effects of two
kinds of tyrosine kinase inhibitors, tyrphostin A25 and
genistein, on NE-induced cAMP synthesis were examined.
Tyrphostin A25 and genistein (0.30%+0.07% and 0.30%z=
0.04%, n=5, respectively) or the vehicle alone (Me,SO,
0.1% v/v final, 0.26%0.03%, n=3) had no effect on the basal
cAMP level (0.28%= 0.07%, n=11). After pretreating cells
with tyrphostin A25 or genistein at 1 pmol/L and 10 pmol/L
for 1 h, neither tyrphostin A25 (4.98%+1.33% and 4.75%+
1.07% at the two concentrations, respectively, n=7) nor
genistein (4.97%+1.30% and 4.69%=+0.62%, respectively,
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n=7) influenced NE-induced cAMP synthesis (4.93%+
1.13%, n=11 in the presence of propranolol 10 pmol/L)
(Figure 3).
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Figure 3. The effects of tyrphostin A25 and genistein (n=7) on NE-
induced cAMP accumulation in the presence of 10 pmol/L propranolol in
HEK?293 cells transfected with a,3-AR. Mean+SD. °P<0.05 vs basal
accumulation.

Regulation of cAMP response by G proteins After in-
cubating cells with PTX 500 pg/L for 16 h, the effects of
PTX on basal or NE-induced cAMP accumulation were
examined. The results showed that PTX neither had any
effect on basal cAMP (0.31%+0.07% vs 0.23%+0.07%, n=8)
nor affected the NE-induced cAMP response (1.76%+0.50%
vs 1.52%=+0.44%, n=8, Figure 4). In order to examine
whether a,-AR mediates cAMP response by directly cou-
pling with the G protein, we compared cAMP accumulation
upon stimulation of the G, protein after incubation with 500
pg/L CTX for 3 h with NE-induced cAMP accumulation.
The results showed that cAMP accumulation induced by CTX
alone was significantly higher than that induced by 10 pmol/L
NE (2.50%%0.60% vs 1.52%+0.44%, n=8, P<0.05), and
when CTX and NE were used simultaneously, cAMP accu-
mulation (5.24%+1.37%, n=8) was significantly higher than
their combined effect when used alone (P<0.05, Figure 4).

Regulating effects of Ca** signaling system Because
o,,-AR can induce the release of the IP;-sensitive Ca”* store,
CPA, a Ca®'-ATPase inhibitor, was used to block Ca*" being
taken in sarcoplasmic reticulum again so as to increase [Ca*'];
and deplete the Ca®'store. The results showed that CPA 10
pmol/L alone did not increase cAMP accumulation
(0.20%+0.03% vs 0.22%+0.12%, n=8), neither did it have
any effect on NE-induced cAMP production (1.63%+0.56%,
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Figure 4. The effects of PTX 500 pg/L and CTX on basal and NE-
induced cAMP accumulation (#n=8) in the presence of propranolol 10
pmol/L in HEK293 cells transfected with o,3-AR. Mean+SD. °P<0.05
vs basal accumulation. °P<0.05 vs NE-induced cAMP accumulation.
"P<0.05 vs CTX-induced cAMP accumulation.

n=8 vs 1.59%+0.47%, n=9, Figure 5A).

In addition, the influence of the Ca®* influx on cAMP
synthesis was studied. It was found that NE-induced cAMP
accumulation under Ca*'-free condition was equal to that
when Ca?" was present (1.63%z% 0.40% vs 1.59%+0.47%,
n=9). However, when an extracellular Ca** chelator, EGTA
(50 umol/L), was added in Ca*'-free Krebs buffer to pretreat
the cells for 1 h, the NE-induced cAMP synthesis was obvi-
ously reduced (1.00%+0.31%, »=9, P<0.05, Figure 5B),
whereas 10 umol/L intracellular Ca®* chelator, BAPTA/AM,
had no effect on the NE-induced cAMP response under Ca*'-
free conditions (1.62%+0.58% vs 1.59+0.47%, n=9). There
was no further inhibition on cAMP synthesis when BAPTA
was used in combination with EGTA (1.03%+0.28% vs
1.00%+0.31%, n=9, Figure 5B).

To find out what type of Ca*" channel admitted Ca*, we
examined the effects of two kinds of Ca*" channel blockers
on cAMP response and found that nifedipine 10 pmol/L (L-
type Ca®* channel blocker) did not affect the NE-induced
cAMP synthesis (1.47%+0.38% vs 1.59%+0.47%,n=9),
whereas CdCl, 1 mmol/L (nonselective Ca*" channel blocker)
obviously reduced NE-induced cAMP accumulation (from
1.59%+0.47% to 0.78%+0.23%, n=9, P<0.05, Figure 5C).
Moreover, when pretreating cells with W-7, a calmodulin
(CaM) inhibitor, NE-induced cAMP synthesis decreased
markedly (0.90%= 0.40%, n=8, P<0.05, Figure 5C), and the
extent of decrease was similar to that induced by EGTA or
CdCl, (P>0.05), while neither of them had any effect on the
basal cAMP level.
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Figure 5. (A) NE-induced cAMP accumulation (#=9) and the effect of
CPA 10 pmol/L (»=8) in the presence of propranolol 10 pmol/L in HEK293
cells transfected with a,;3-AR. (B) NE-induced cAMP response in Krebs’
buffer and in Ca*'-free Krebs’ buffer, and the effects of EGTA 50 pmol/L,
BAPTA 10 pmol/L , and EGTA plus BAPTA (n=9) on NE-induced cAMP
response under Ca?®'-free conditions in the presence of propranolol 10
pmol/L. (C) NE-induced cAMP response and the effects of nifedipine 10
umol/L (n=9), CdCl, 1 mmol/L (#n=9), and W-7 500 pmol/L (n=8) in the
presence of propranolol 10 pmol/L in HEK293 cells transfected with
o3-AR. Mean+SD. "P<0.05 vs basal accumulation. °P<0.05 vs NE-
induced cAMP accumulation.

Discussion

Several studies have demonstrated that o, ;-AR mediates
the cAMP response in HEK293 cells. However, the signal-
ing pathway through which a,-AR mediates the cAMP re-
sponse is unknown. Many studies have indicated that be-
sides its classical signaling pathway, a,-AR can stimulate
many other signal transduction pathways as well, such as the
tyrosine kinase pathway!'*'®, the phospholipase A,-arachi-
donic acid (PLA,-AA) signaling system™, etc. Moreover,
a,-AR also associates with other signaling pathways through
its classical signal transduction pathway and consequently
produces cross-talk. cAMP is a second messenger, a prod-
uct of ATP catalyzed by adenylyl cyclase (AC), and a sub-
strate of phosphodiesterase (PDE). There are at least 10
isozymes of AC. Besides the G, and G; proteins, many fac-
tors have been found to regulate their activities®"*?. In the
present study, we investigated the underlying mechanism
involved in o,-AR-mediated cAMP synthesis using HEK293
cells transfected with o, 5-AR.

PLC-PKC pathway o,-AR preferentially activates its
classical signaling pathway. It stimulates PLC by coupling
with the G, protein, then PLC hydrolyzes PIP, to produce
IP, and DAG, which induces Ca®' release and stimulates
PKC, thereby producing biological effects. It has been re-
ported that in some cell lines transfected with o,-AR
subtypes, o,-AR first stimulates PI turnover to activate PKC,
and then stimulates AC. This means that o,-AR-mediated
cAMP response is secondary to the PLC-PKC pathway!'*'?.,
However, our results indicated that neither the PLC
antagonist, U73122, nor the PKC antagonists, Ro31 and
calphostin C, inhibited o,-AR-mediated cAMP synthesis, and
the PKC activator, PMA, did not increase cAMP
accumulation. Furthermore, there was no influence on cAMP
synthesis when using the Ca*'-ATPase inhibitor, CPA, to
block Ca®' restoration and thus deplete the Ca®* pool. All of
the above suggests the taches lying in downstream of PLC in
the classical pathway are not connected with o,-AR-medi-
ated cAMP response.

Tyrosine kinase signal transduction pathway The
tyrosine kinase signal transduction pathway relates closely
to the classical signaling pathway of a,-AR. Some studies
have shown that tyrosine kinase probably participates in o,-
AR-mediated biological effects™>'®. In our previous study,
we found that the major functional o,-AR subtype of the
vascular bed in rat hind legs was a,,,-AR, and that tyrosine
kinase antagonists could dose-dependently reduce the vas-
cular contractive response to NE. Moreover, tyrosine ki-
nase antagonists can inhibit a,-AR-mediated increase in in-
tracellular Ca*" in HEK293 cells'®, showing that o,-AR can
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activate tyrosine kinase. It is also known that tyrosine
kinase can indirectly stimulate AC through the PLC-y-IP,/
DAG pathway, which results in intracellular Ca*" mobiliza-
tion and stimulation of PKC, Since we have confirmed
that a,-AR does not mediate cAMP synthesis through the
PLC-PKC pathway in HEK293 cells, the possibility men-
tioned above can be excluded. Although it is known that
tyrosine kinase can indirectly stimulate AC through the PLC-
y-1Py/DAG pathway™!!, this would not happen in HEK293
cells because our study indicated that the PLC-PKC path-
way was not involved in a,-AR-mediated cAMP accumula-
tion. However, whether tyorsine kinase plays a role through
other pathways or taches is unclear. In our present study,
two kinds of tyrosine kinase inhibitors, different in structure
and mechanism, exerted no influence on NE-induced cAMP
synthesis, suggesting that tyrosine kinase is not involved in
o,5-AR-mediated cAMP response in HEK293 cells.
Regulation of cAMP response by G proteins o,-AR
is a typical G protein coupled receptor, whose classical sig-
naling pathway is to couple with the G, protein. But it has
been found that a,-AR also couples with G, and G; pro-
teins"**. Overexpressed o,,-AR in the heart of transgenic
mice can couple with the G; protein and inhibit AC**. Horie
et al found that stimulation of transfected o,-AR
directly activated G, and increased cAMP accumulation.
These phenomena occur when the density of o,-AR is much
higher than normal. Some researchers!'**! consider that
receptor-G promiscuity happens when receptors are
overexpressed, ie, receptors not only couple with their tradi-
tional G proteins, but also couple with irrelevant G proteins
under normal conditions, and then produce new biological
effects. This phenomenon is called receptor-G protein
promiscuity, which would occur when receptors are
overexpressed**). Since our experiments were performed
under similar conditions, this leads to the following question:
did promiscuity occur between o,-AR and other G proteins?
Firstly, the results showed o,5-AR-mediated cAMP response
was not affected by PTX, thereby excluding the possibility
that G; protein or Gg,, which is sensitive to PTX*”and acti-
vates ACII and IV2"***] which is involved in the response.
Secondly, cAMP accumulation induced by CTX alone was
markedly higher than that induced by NE, and when CTX
and NE worked together cAMP accumulation was far higher
than the sum of cAMP accumulation when each of them
worked alone. The response induced by NE 10 umol/L
almost reached a maximum, and since there is no receptor
reserve in cloned HEK293 cells™), if a,5-AR directly coupled
with the G, protein while the number of G, were relatively
insufficient or equally by the number of o ;z-AR, cAMP
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accumulation induced by NE should equal that induced by
CTX, and should not increase further when NE was added
together with CTX. However, it did not occur. Thus there
are two possibilities, one is that o,;5-AR directly couples with
the G, protein but that the amount of G, protein far exceeds
what a,5-AR requires; another is that o, 5-AR itself does not
couple with the G, protein, which is more likely, because in
our study, stimulation of a,5-AR and the G, protein at the
same time induced a synergistic effect. In addition, the G,
Gg, subunit should not be ignored, because it has been shown
to activate ACIL and IV*****. However, because Gy, is PTX-
sensitive?!, and PTX did not inhibit NE-induced cAMP
sythesis in our study, we conclude that G, does not partici-
pate in the response.

Regulating effects of Ca** signaling system o,-AR can
induce the mobilization of intracellular Ca*" as well as the
influx of extracellular Ca*". As the most ubiquitous and most
active second messenger in cells, Ca* not only mediates many
physiological effects directly, but also regulates many sig-
naling pathways and molecules. It has been shown that the
Ca?'-CaM complex can stimulate ACI, III, and VIII**?, For
this reason the effect of Ca® on o;;-AR-mediated cAMP re-
sponse was investigated. Our results showed that the Ca*'-
ATPase inhibitor, CPA, had no effect on NE-induced cAMP
accumulation, indicating that mobilization of intracellular
Ca®" was not involved in the response. NE-induced cAMP
accumulation was not reduced under Ca?*-free condition, but
reduced after addition of the extracellular Ca*' chelator,
EGTA. We speculate that it is because even under Ca*'-free
conditions, there inevitably existed a little Ca*" in the buffer,
which is enough to meet with the needs of the o z-AR-medi-
ated cAMP response. When extracellular Ca*" is chelated
by EGTA, Ca?®" cannot flow into cells, thereby reducing
cAMP production. So cAMP production was reduced. All
of the above shows that extracellular Ca*" influx plays a role
in the a,;-AR-mediated cAMP response. It is well known
that extracellular Ca*" enters cells mainly via voltage-depen-
dent Ca*" channels (VDCC) or voltage-independent Ca®"
channels, which includes Ca?" store depletion-dependent Ca*"
channels (SDDCC), receptor-dependent Ca®* channels, and
soon. Then arises the new question of what kind of channel
is involved in this response. It has been proving that there
is no VDCC in HEK293 cells®®”, and in our study, the L-
type Ca®* channel inhibitor nifedipine did not affect NE-
induced cAMP sythesis. The nonselective Ca?" channel in-
hibitor CdCl, obviously reduced NE-induced cAMP accumu-
lation, and the extent of reduction was the same as that with
EGTA. If these facts are taken together with the fact that
CPA-induced Ca?" store depletion did not increase cAMP
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accumulation, it seems that it was via receptor-dependent
Ca®" channels that extracellular Ca** entered the cells. CaM
inhibitor W-7 significantly reduced NE-induced cAMP
accumulation, with the extent of reduction almost equal to
that induced by EGTA and CdCl,, which indicates that it is
Ca’-CaM that activates AC. Intracellular Ca®" chelator
BAPTA can chelate Ca*" released from the Ca®* store as well
as Ca®" entering cells from the outside, so theoretically it
should have an effect similar to EGTA. In fact, it neither
inhibited NE-induced cAMP synthesis nor enhanced the in-
hibitory effect of EGTA. As for the reason why intracellular
Ca’" chelator BAPTA could not inhibit NE-induced cAMP
synthesis, we suppose either that the penetrability of BAPTA/
AM into HEK293 cells was rather weak, or that the activity
of esterase in HEK293 cells is so low that BAPTA/AM can-
not be degraded to active BAPTA. Furthermore, our previ-
ous study showed that [Ca*']; increased to 4-5 times the basal
level 8 s after activation of o,-AR. Active BAPTA was per-
haps not enough to chelate all intracellular Ca* completely
and rapidly, so BAPTA/AM had little effect. However, the
exact mechanism by which the system functions remains to
be studied. In summary, the results suggest that stimulation
of a,3-AR triggers the receptor-dependent Ca*" channel via
an unknown pathway and lets extracellular Ca*" in, then Ca*"
links CaM into a Ca*"-CaM complex, which activates AC to
increase cCAMP synthesis. However none of EGTA, CdCl,,
and W-7 are able to completely inhibit NE-induced cAMP
accumulation, suggesting that the Ca*" influx is only partly
involved in the response.

In conclusion, by coupling with a PTX-insensitive G
protein, o,3-AR promotes Ca?"influx via receptor-dependent
Ca?" channels, then Ca* links to CaM to form a Ca*-CaM
complex, which stimulates adenylyl cyclase (AC) and thereby
increases the cAMP production in HEK293 cell lines. But
Ca* only partly contributes to o,3-AR-mediated cAMP
accumulation. The other mechanisms remain to be
investigated.
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Signal pathways underlying homocysteine-induced production of MCP-1 and
IL-8 in cultured human whole blood'

Xiao-kun ZENG? You-fei GUAN?, Daniel G REMICK®, Xian WANG?*¢

’Institute of Vascular Medicine, Peking University Third Hospital; *Department of Physiology, Basic Medical College; *Key Laboratory of Molecular
Cardiovascular Science of Education Ministry; Peking University, Beijing 100083, China; Department of Pathology, University of Michigan Medical
School, Ann Arbor, MI 48109, USA

Abstract

Aim: To elucidate the mechanisms underlying homocysteine (Hcy)-induced
chemokine production. Methods: Human whole blood was pretreated with in-
hibitors of calmodulin (CaM), protein kinase C (PKC), protein tyrosine kinase
(PTK), mitogen-activated protein kinase (MAPK), and NF-xB and activators of
PPARYy for 60 min followed by incubation with Hcy 100 pmol/L for 32 h. The
levels of mitogen chemokine protein (MCP)-1 and interleukin-8 (IL-8) were de-
termined by enzyme-linked immunosorbant assay (ELISA). Results: Inhibitors
of PKC (calphostin C, 50-500 nmol/L and RO-31-8220, 10—-100 nmol/L), CaM
(W7, 28-280 pmol/L), ERK1/2 MAPK (PD 98059, 2-20 umol/L), p38 MAPK
(SB 203580, 0.6—-6 umol/L), INK MAPK (curcumin, 2—10 pmol/L), and NF-xB
(PDTC, 10-100 nmol/L) markedly reduced Hey 100 umol/L-induced production
of MCP-1 and IL-8 in human cultured whole blood, but the inhibitors of PTK
(genistein, 2.6-26 umol/L and tyrphostin, 0.5-5 pmol/L) had no obvious effect on
MCP-1 and IL-8 production. PPARY activators (ciglitazone 30 pmol/L and
troglitazone 10 umol/L) depressed the Hcy-induced MCP-1 production but not
IL-8 production in the cultured whole blood. Conclusion: Hcy-induced MCP-1
and IL-8 production is mediated by activated signaling pathways such as PKC,
CaM, MAPK, and NF-kB. Our results not only provide clues for the signal trans-
duction pathways mediating Hcy-induced chemokine production, but also offer a
plausible explanation for a pathogenic role of hyperhomocysteinemia in these
diseases.
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Introduction steinemia and the cardiovascular disease and thrombosis has

Hyperhomocysteinemia is an independent risk factor for
atherosclerosis and venous thrombosis. We have found that
an increased homocysteine (Hcy) levels in cultured whole
blood can promote the production of monocyte chemo-
attractant protein-1 (MCP-1) and interleukin-8 (IL-8)™. As po-
tent proatherosclerotic factors, MCP-1 and IL-8 are consid-
ered to be vital contributing factors in the pathogenesis of
atherosclerosis and venous thrombosis® ®. Therefore, increased
MCP-1 and IL-8 levels in plasma may be an important mecha-
nism by which hyperhomocysteinemia promotes the progres-
sion of atherosclerosis.

In addition, the relationship between hyperhomocy-

©2005 CPS and SIMM

been well established. Recent clinical investigations have
found that hyperhomocysteinemia is also associated with
many different diseases such as inflammation, autoimmune
diseases, and cognitive diseases”"*!. These new findings
imply that Hcy may also mediate the development of these
medical conditions by presently-unknown mechanism(s).
Previous studies have found that the signaling pathways
involving protein kinase C (PKC), protein tyrosine kinase
(PTK), or mitogen-activated protein kinase (MAPK) play a
vital role in the mediation of MCP-1 and IL-8 production in
response to other stimuli"*'®, Thus, these signaling path-
ways are examined in the present study to explore which
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signaling pathways are involved in the Hcy-induced produc-
tion of MCP-1 and IL-8. Our results presented here demon-
strate that inhibitors of PKC, CaM, MAPK and NF-kB in-
hibit Hcy-induced MCP-1 and IL-8 production in cultured
whole blood. Our results suggest that activation of these
signaling pathways is involved in Hey-induced chemokine
production. Considering the fact that abnormally activated
PKC, CaM, MAPK, and NF-kB play important roles in the
initiation and progression of autoimmune and cognitive dis-
eases!'**, our study provides useful clues as to why Hey
may be involved in these diseases.

Materials and methods

Human whole blood culture The investigation conforms
to the principles outlined in the Declaration of Helsinki. The
human whole blood cultures were slightly modified from our
previous studies™ . Briefly, blood from healthy donors
was drawn into heparinized syringes. Whole blood was then
placed on a rotator and incubated at 37 °C in an atmosphere
containing 5% CO,. Cell viability was evaluated by Trypan
blue exclusion. Only cell preparations with a 95% or greater
viability were used.

Measurement of MCP-1 and IL-8 protein secretion
Human whole blood was treated with Hey for indicated times
and/or preincubated for 60 min with genistein, tyrphostin,
calphostin C, RO-31-8220, W7, SB 203580, PD 98059, and
curcumin or other pharmacological reagents. The plasma
was harvested and transferred to other polypropylene tubes
and stored at -30 °C for not more than 1 week before mea-
surement of chemokines MCP-1 and IL-8 protein concen-
trations in the plasma, which were determined by ELISA
(R&D Systems Inc, Minneapolis, MN).

Chemicals L-homocysteine (L-Hcy), L-cysteine,
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L-methione, genistein, tyrphostin, and pyrrolidine dithiocar-
bamate (PDTC) were purchased from Sigma Co (St Louis,
MO). Calphostin C, RO-31-8220, W7, SB 203580, PD
98059, and curcumin were purchased from Calbiochem Co
(LaJolla, CA). 2-7-DCFH-DA was obtained from Molecu-
lar Probes (Eugene, OR). RPMI-1640 was purchased from
Gibco Laboratories (Grand Island, NY). Other chemicals
were purchased from the Chinese Chemical Co (Beijing,
China).

Statistical analysis Results are expressed as mean+=SEM.
The number of samples used for each group is presented in
the figure legends. The data were analyzed using one-way
ANOVA and further analyzed using the Student-Newmen-
Keuls test for multiple comparisons within treatment groups
or the #-test (unpaired test with Welch’s correction) for com-
parison between two groups with non-normal distribution.
P<0.05 was considered a significant difference between treat-
ment groups.

Results

Effect of L-methionine and L-cysteine on MCP-1 and
IL-8 production from human whole blood To understand
the role of thiol residues in Hey-induced chemokine
production, human whole blood was treated with sulfur-
containing amino acids, L-methionine and L-cysteine 100
pumol/L for 32 h. Neither L-methionine nor L-cysteine el-
evated the production of MCP-1 and IL-8 in cultured human
whole blood (Figure 1A, 1B). These data suggest that the
thiol residues do not play an important role in the Hcy
mechanisms.

PKC, PTK, and CaM in Hcy-induced secretion of
MCP-1 and IL-8 A substantial body of evidence indicates
that activation of PKC, CaM, PTK, MAPK, and NF-kB may
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Figure 1. Effects of L-methionine (Met) and L-cysteine (Cys) on the secretion of MCP-1 and IL-8 in cultured human whole blood. The levels of
MCP-1 (A) and IL-8 (B) in cultured human whole blood were measured by ELISA assays after incubation with Met or Cys 100 umol/L for 32 h. n=6.

Mean+SEM. *P<0.05 vs corresponding untreated control (con) group.
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be involved in chemokine production. Therefore, we hy-
pothesize that such signaling pathways might contribute to
Hcy-induced chemokine expression and secretion in cultured
whole blood. Human whole blood was pretreated with in-
hibitors of CaM (W7, 28-280 pmol/L), PKC (calphostin C,
50-500 nmol/L and RO-31-8220, 10-100 nmol/L), PTK
(genistein, 2.6-26 umol/L and tyrphostin, 0.5-5 umol/L).
CaM and PKC inhibitors significantly inhibited Hey-induced
MCP-1 and IL-8 production in cultured human whole blood
(Figure 2). However, the inhibitors of PTK had no obvious
effect on chemokine production (Figure 3). These data show
that the activated signaling pathways of PKC and CaM are
involved in the Hey-induced production of MCP-1 and IL-8
in cultured whole blood.
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Figure 2. Effects of CaM and PKC inhibitors on Hcy-induced MCP-1
(A) and IL-8 (B) production in cultured human whole blood. Cultured
whole blood was pretreated with the CaM inhibitor W7 or the PKC in-
hibitors calphostin C (Cal) and RO 31-8220 (RO) for 60 min and then
stimulated by Hey 100 pmol/L for 32 h. n=4. Mean+SEM. °P<0.05 vs
the Hey only group.
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Figure 3. Effects of PTK blockers on Hey-induced MCP-1 (A) and IL-8
(B) in cultured human whole blood. Cultured whole blood was pretreated
with the the PKC inhibitors tyrphostin and genistein for 60 min and then
stimulated by Hey 100 pmol/L for 32 h. n=4. Mean+SEM. °P<0.05 vs
the Hey-treated only group.

MAPK and NF-B in Hey-induced MCP-1 and IL-8
production To further study the role of the downstream sig-
naling molecules of PKC and CaM, such as MAPK and NF-
kB, in the Hey-induced MCP-1 and IL-8 production, the in-
hibitors of ERK1/2 MAPK (PD 98059, 2-20 umol/L), p38
MAPK (SB 203580, 0.6-6 umol/L), INK MAPK (curcumin,
2-10 umol/L), and NF-kB (PDTC, 10—-100 nmol/L) were
added to cultured whole blood for 60 min, respectively. This
was followed by stimulation with Hcy 100 umol/L for 32 h.
As shown in Figure 4, MAPK (p38, ERK1/2, and JNK) in-
hibitors significantly inhibited Hey-induced MCP-1 and
IL-8 production in cultured human whole blood. In addition,
the NF-kB inhibitor PDTC also prevented Hcy-induced

87



Zeng XK et al

Acta Pharmacologica Sinica ISSN 1671-4083

10000 l A

7500
5000

2500

MCP-1 level/ng -L"
b
-
b

|=

& & & & & s
& AR =
Hey 100 gmol/L
15000 -
B
< 10000 - ‘
£
El
2 b
-
= 5000 b b b
.
0 | \

S S &
F & ¢ ¢©©
0‘9 D Q'» A Q’b
e (OIS S M RS

Hey 100 pmol/L

Figure 4. Effects of MAPK blockers on Hey-induced MCP-1 (A) and
IL-8 (B) in cultured human whole blood. Cultured whole blood was pre-
treated with the p38 MAPK inhibitor SB 203580 (SB), or the ERK1/2
inhibitor PD 98059 (PD) or the JNK inhibitor curcumin (CU) for 60 min
and then stimulated by Hecy 100 pmol/L for 32 h. n=3. Mean+SEM.
°P<(.05 vs the Hcy-treated only group.

MCP-1 and IL-8 production in the cultured whole blood
(Figure 5A, 5B). These data show that the activation path-
ways of MAPK and NF-«B are involved in the regulation of
the Hey-induced secretion of MCP-1 and IL-8. In the range
of inhibitors examined, Hcy (10-1000 umol/L) did not sig-
nificantly increase LDH release as compared with the con-
trol (data not shown), indicating that Hey plus the inhibitors
did not have an obvious toxic effect on human whole blood.

Influence of PPARYy activators on Hcy-induced MCP-
1 and IL-8 production Cultured whole blood was pretreated
with the activators of PPARy (ciglitazone 30 pmol/L and
troglitazone 10 pmol/L) for 60 min, respectively. It is fol-
lowed by stimulation with Hcy 100 umol/L for 32 h. The
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Figure 5. Effects of NF-kB on Hey-induced MCP-1 (A) and IL-8 (B) in
cultured human whole blood. Cultured whole blood was pretreated with
the NF-«B inhibitor, PDTC (10-100 nmol/L) for 60 min and then stimu-
lated with Hey 100 pmol/L for 32 h. n=3 independent experiments. Mean+
SEM. °P<0.05 vs the Hcy-treated only group.

data showed that PPARy activators depressed the Hey-in-
duced MCP-1 production but not IL-8 production in the cul-
tured whole blood (Figure 6A, 6B).

Discussion

Our previous work showed that an increased Hcy level
promoted the production of MCP-1 and IL-8 in cultured
whole blood. This suggests that hyperhomocysteinemia may
upregulate MCP-1 and IL-8 levels in plasma and conse-
quently promote the initiation and progression of atheroscle-
rosis and venous thrombosis. Our present study demonstrated
that activated signaling pathways such as PKC, CaM,
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Figure 6. Effects of PPARy agonists on Hey-induced MCP-1 (A) and IL-
8 (B) in cultured human whole blood. Cultured whole blood was pre-
treated with PPARY activators, ciglitazone (30 umol/L) and troglitazone
(10 umol/L) for 60 min and then stimulated by Hcy 100 umol/L for 32 h,
respectively. n=3 independent experiments. Mean+SEM. "P<0.05 vs
the Hey-treated only group.

MAPK, and NF-kB were involved in the mediation of Hcy-
induced MCP-1 and IL-8 production. These data indicate
that Hcy promotes MCP-1 and IL-8 production in cultured
whole blood by activating these signaling pathways. It fur-
ther suggested that abnormally activated signaling pathways,
which were caused by Hey, might play roles as vital mecha-
nisms underlying Hcy-mediated inflammatory, autoimmune,
and cognitive diseases.

PKC is thought to play an important role in Hey-induced
MCP-1 production in cultured vascular smooth muscle cell
lines, but not in endothelial lines™*. Our present results shows
that the activation of PKC is necessary for both IL-8 and
MCP-1 production induced by Hcy, since calphostin C and
RO31-8220, inhibitors of PKC, significantly reduced MCP-

1 and IL-8 synthesis. No inhibitory effect was observed with
the PTK inhibitors, genistein and tyrphostin, which indicates
that protein tyrosine kinase might not be involved in Hey-
mediated MCP-1 and IL-8 synthesis. Previous studies have
also shown that calcium/CaM plays an important role in the
mediation of IL-8 production in several other cell systems®",
To test whether calcium/CaM is involved in the Hey-induced
chemokine synthesis, we used W7, a potent inhibitor of CaM,
to study its influence on Hey-induced chemokine synthesis
in cultured whole blood. Our data demonstrated that W7
significantly decreased both MCP-1 and IL-8 production.
Taken together, these results reveal that both activated PKC
and CaM are involved in Hey-induced MCP-1 and IL-8 pro-
duction in cultured whole blood. PTK, however, had no
significant effect on Hcy action.

MAPKSs represent a family of eukaryotic protein kinases
involved in various cellular processes. Three parallel cas-
cades are now commonly described, each of which is named
after its end-moiety: p38, the extracellular signal regulated
protein kinases (ERK), and stress activated protein kinase/c-
Jun N-terminal kinases (JNK)*. As the upstream signaling
molecules of MAPK, the activated PKC and CaM may me-
diate the activation of MAPK, such as MEK, p38MAPK,
and JNK. For example, as the intermediate signaling path-
way molecules, MAPK is indispensable in the PKC-medi-
ated signaling transduction system®"*'", Thus, we investi-
gated specific downstream signaling molecules that could
be potentially important as the targets of activated PKC and
CaM. We demonstrated that PD98059, SB 203580, and
curcumin, the selective inhibitors of MEK1, p38 MAPK, and
INK respectively, significantly decreased IL-8 and MCP-1
production. This data is consistent with other reports that
MAPK is required for IL-8 and MCP-1 production in sev-
eral other cell systems in response to various stimuli®.

NF-kB is an important transcription factor in the initia-
tion of cell growth and secretion. Consistent with its role as
a primer in synthesis, NF-kB binds to the kB site of various
gene promoter regions®?. Our data demonstrate that Hey-
induced chemokine production is almost competently
blocked by PDTC, a specific inhibitor of NF-kB. These
results agree with those obtained in other studies®™, sug-
gesting that NF-xB has a role in the regulation of IL-8 and
MCP-1 production.

Another interesting finding is that PPAR-y activation can
lead to a decrease in Hey-induced MCP-1 production in cul-
tured whole blood. PPAR-y is a ligand-activated transcrip-
tion factor belonging to the nuclear receptor family. PPAR-
vy is expressed in differentiated human mono/macrophages
and functions as a regulator of cellular proliferation, differen-
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tiation, and apoptosis®*. Although PPAR-y seems to be ab-
sent from isolated monocytes, PPAR-y can regulate mono/
macrophage physiology?***!. Furthermore, Jiang et al”®
reported that incubation of human monocytes with the natu-
ral PPAR-y ligand, or with synthetic agonists, inhibited the
production of proinflammtory cytokines. Other studies
showed that PPAR-y inhibited the transcriptional activity of
genes by interfering with transcription factors such as
NF-kB®".. Our data showed that Hcy-mediated MCP-1 and
IL-8 production was NF-kB-dependent, thereby the influ-
ence of activated PPAR-y in the Hey-induced chemokine pro-
duction was detected. The activators of PPAR-y significantly
depressed the production of MCP-1 but not IL-8. It sug-
gests that this is an important pathway for attenuating the
damage of Hey or other inflammatory mediators. The dif-
ferent inhibitory effects on MCP-1 and IL-8 production im-
ply that the regulation of Hey-induced MCP-1 and IL-8 pro-
duction is slightly different, at least in the cultured whole
blood system.

Our previous studies and other work showed that Hcy
potentiated lymphocyte proliferation. Also the thiol-contain-
ing compounds, such as cysteine had similar effects on lym-
phocyte proliferation!”'*], The other compounds without
thiol have no such effect. This suggests that thiol residue
plays a key role in Hey-induced lymphocyte proliferation.
Our current studies found that thiol-containing compounds,
such as cysteine and methionine, failed to promote MCP-1
and IL-8 production in the cultured whole blood. These re-
sults are consistent with previous work™, suggesting that
thiol may play a less important role in Hcy-induced chemo-
kine production. Thus, there is the possibility that different
sites of Hey are responsible for different Hey action.

Our current research has three implications; first, Hey-
induced MCP-1 and IL-8 production is mediated by acti-
vated signaling pathways such as PKC, CaM, MAPK, and
NF-kB. Second, although the exact mechanism is unclear,
current studies suggest that Hcy is able to activate the PKC,
CaM, MAPK, and NF-kB signaling pathways. When we
take the consideration that these activated signaling path-
ways are involved in many pathological and physiological
functions, especially, in the initiation and progression of many
immune and cognitive diseases, our findings shed light on a
possible answer to why hyperhomocysteinemia has been
found to be linked with not only cardiovascular diseases,
but also so many inflammatory, autoimmune and cognitive
diseases. Finally, activated PPAR-y inhibited Hcy-induced
MCP-1 production. This study provides a novel approach
to partly attenuate the proatherogenic effect of hyperhomo-
cysteinemia.
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Introduction

Abstract

Aim: To investigate the effects of pravastatin, a potent 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitor, on impaired endothelium-depen-
dent relaxation induced by lysophosphatidylcholine (LPC), the major component
of oxidized low-density lipoprotein, in rat thoracic aorta. Methods: Both the
endothelium-dependent relaxation response to acetylcholine and the endothelium-
independent relaxation response to sodium nitroprusside of aortic rings were
measured by recording isometric tension after the rings were exposed to LPC in
the absence or presence of pravastatin to estimate the injury effect of LPC and the
protective effect of pravastatin on the aortic endothelium, respectively. Results:
Exposure of aortic rings to LPC (1-10 pmol/L) for 30 min induced a significant
concentration-dependent inhibition of endothelium-dependent relaxation to
acetylcholine, but did not affect endothelium-independent relaxation in response
to sodium nitroprusside. Pre-incubation of aortic rings with pravastatin (0.3-3
mmol/L) for 15 min and then co-incubation of the rings with LPC (3 umol/L) for
another 30 min significantly attenuated the inhibition of endothelium-dependent
relaxation induced by LPC. This protective effect of pravastatin (1 mmol/L) was
abolished by N°-nitro-L-arginine methyl ester (30 pmol/L), an inhibitor of nitric
oxide synthase, but not by indomethacin (10 pmol/L), an inhibitor of cyclo-
oxygenase. Moreover, protein kinase C inhibitor chelerythrine (1 pmol/L) the
superoxide anion scavenger superoxide dismutase (200 kU/L), and the nitric ox-
ide precursor L-arginine (3 mmol/L) also improved the impaired endothelium-
dependent relaxation induced by LPC, similar to the effects of pravastatin.
Conclusion: Pravastatin can protect the endothelium against functional injury
induced by LPC in rat aorta, a fact which is related to increasing nitric oxide
bioavailability.

component of ox-LDL?!. LPC has been shown to increase

Endothelial dysfunction is an early step in the pathogen-
esis of atherosclerosis and is characterized by an impaired
endothelium function associated with a decreased produc-
tion of nitric oxide (NO), reduced vasodilatation or abnor-
mal vasoconstriction in response to acetylcholine. Oxidized
low-density lipoprotein (ox-LDL) is an oxidative product of
native LDL in vivo. It has been well established that ox-
LDL plays an important role in the development of athero-
sclerosis!'l. Lysophosphatidylcholine (LPC) is the major
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the production of superoxide anions by activation of protein
kinase C (PKC)™ and has been implicated in impaired en-
dothelium-dependent relaxation™’). Exposure of normal
blood vessels to LPC in vitro also mimicked the inhibitory
effects of ox-LDL on endothelium-dependent relaxation'®?,
Therefore, preventing the deleterious effects of LPC on en-
dothelium is an effective approach for preventing the devel-
opment of atherosclerosis.

Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
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CoA) reductase inhibitors, are cholesterol-lowering drugs
and widely used in the treatment of hypercholesterolemia to
prevent the development of atherosclerosis™®. However,
many studies have shown that statins have some beneficial
effects on the cardiovascular system-independent of their cho-
lesterol-lowering effect, such as restoring the endothelium-
dependent relaxation function™®, preventing the adhesion
of monocytes to endothelial cells™, inhibiting the aggrega-
tion of platelets’, suppressing the proliferation of vascular
smooth muscle cells"”, and regulating angiogenesis!'! and
blood pressure!'?, which may be related to the up-regulation
of nitric oxide synthase (NOS) expression. In addition, statins
have been demonstrated to have anti-oxidative properties,
as shown by their ability to reduce LDL oxidation!"*! and
scavenge oxygen-derived free radicals!'Y. Pravastatin is a
potent inhibitor of HMG-CoA reductase. Recently, a num-
ber of studies have demonstrated that pravastatin significantly
inhibits the production of superoxide anions stimulated by
phorbol ester in vascular endothelial cells™™, suppresses the
increase in oxidative stress induced by LPC in vascular
smooth muscle cells!'”, and improves the impairment of en-
dothelium-dependent relaxation in humans and animals with
atherosclerosis and diabetes!'* '™ Therefore, it is important
to determine whether pravastatin protects the vascular en-
dothelium against damage due to LPC. In the present study,
we sought to investigate the effects of pravastatin and its
mechanisms on impaired endothelium-dependent relaxation
induced by LPC in isolated rat aortic rings.

Materials and methods

Chemicals All chemicals were of the highest purity
available. LPC, phenylephrine, acetylcholine, sodium
nitroprusside, L-arginine, N°-nitro-L-arginine methyl ester
(L-NAME), indomethacin, and chelerythrine were purchased
from Sigma Chemical Co (St Louis, MO, USA). Superox-
ide dismutase (SOD) was the product of Changsha Biologi-
cal Pharmaceutical Factory (Hu-nan, China). Pravastatin was
kindly presented by Blue Treasure Pharmaceutical Factory
(Guangdong, China). They were dissolved in distilled water
and diluted with Krebs’ buffer before use.

Organ chamber experiments The study protocol was
approved by the Animal Care and Use Committee of Central
South University. Male Sprague-Dawley rats weighing 200-
220 g were used. Rats were anaesthetized by intraperitoneal
injection of sodium pentobarbital (30 mg/kg). The thoracic
aorta was immediately isolated and placed in 4 °C Krebs’
bicarbonate buffer of the following composition (in mmol/L):
118.3 NaCl, 4.7 KCl, 2.5 CaCl,, 1.2 MgSO,, 1.2 KH,PO,,

25.0 NaHCOs;, 11.0 glucose. The thoracic aorta was then
dissected free of adherent connective tissue. The aortic seg-
ment was cut into rings of 3—4 mm in length, taking special
care to avoid stretching or touching the luminal surface of
the rings. The rings were suspended horizontally between
two stirrups in organ chambers filled with 5 mL Krebs’ solu-
tion at 37 °C and aerated continuously with 95 % O, and 5 %
CO,. One stirrup was connected to an anchor and the other
was connected to a force transducer for recording isometric
tension. The solution in the chambers was changed every
15-20 min. Rings were equilibrated for 60 min under 2 g
resting tension and then challenged with 60 mmol/L KCI
at least three times until a reproducible maximal contractile
response was obtained. After repeated washing and a fur-
ther equilibration period of 30 min, rings were contracted
with a submaximal concentration of phenylephrine (1 pmol/L)
and relaxed with cumulative concentrations of acetylcho-
line (0.03-3 pmol/L) at the plateau phase of the phenyle-
phrine contraction to assess the integrity of the endothelium.
The rings with the maximal relaxation (£,,,,) to 3 umol/L
acetylcholine of more than 80 % were considered to be en-
dothelium-intact and used in the study.

Experimental protocol After each ring was serially
washed and re-equilibrated, the rings of the control group
were incubated for 45 min with Krebs’ buffer. The rings of
LPC group were incubated with Krebs’ buffer for 15 min and
then exposed to LPC (1-10 pmol/L) for 30 min. In the
pravastatin group, the rings were pre-incubated with various
concentrations of pravastatin (0.3—-3 mmol/L) for 15 min be-
fore exposure to 3 pmol/L LPC for 30 min, respectively. To
determine whether increasing prostacyclin or NO produc-
tion is involved in the protective effect of pravastatin on
impaired endothelium-dependent relaxation induced by LPC,
aortic rings were pretreated with indomethacin 10 pmol/L,
an inhibitor of cyclooxygenase or L-NAME 30 pumol/L, an
inhibitor of NOS in the presence of pravastatin (1 mmol/L) for
15 min and then exposed to 3 pumol/L LPC for 30 min.

To determine whether the activation of PKC, increased
production of superoxide anions, and decreased NO synthe-
sis contribute to the detrimental effects of LPC, rings were
pre-incubated with chelerythrine (1 pmol/L), an inhibi-
tor of PKC, SOD (200 kU/L), a scavenger of superoxide
anions, or L-arginine (3 pmol/L), a precursor of NO for 15
min and then exposed to LPC (3 pmol/L) for another 30
min.

After the above incubations, all rings were re-contracted
with 1 umol/L phenylephrine and concentration responses
to acetylcholine (0.03—3 pmol/L) were repeated. Before fin-
ishing the experiment, the relaxation response to sodium ni-
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troprusside (10 umol/L) at the plateau phase of the phenyle-
phrine contraction was also tested in isolated aortic rings.
Statistical analysis Results are expressed as Mean+
SEM. Relaxation and the maximal relaxation (E,,,,) pro-
duced by acetylcholine was calculated and expressed as the
percentage of contraction elicited by phenylephrine. The
half-maximal relaxation (ECs,) response to acetylcholine was
estimated by linear regression from log concentration-effect
curves. Differences between groups were tested for statisti-
cal significance by analysis of variance followed by the
Newman-Keuls test. P<0.05 was considered significant.

Results

Effects of LPC on endothelium-dependent relaxation
There was no difference in the relaxation response to acetyl-
choline in rat aortic rings during the initial examination be-
tween groups (data not shown). After incubation with Krebs’
solution for 45 min, acetylcholine (0.03—3 umol/L) still
evoked a significant concentration-dependent relaxation in
aortic rings in the control group during the later repeat ex-
amination (Figure 1), in which the E,,, value reached
90.4%+4.3%, and the EC, value was 74.9+£9.6 nmol/L (Table
1). Exposure of aortic rings to LPC (1-10 pmol/L) for 30
min significantly inhibited the endothelium-dependent re-
laxation response to acetylcholine in a dose-dependent
manner; there were lower E,,,, and higher EC, values in aortic
rings of the LPC groups compared with the control rings

07 ¢
20 1
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=
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=
5
& 60
80 4 Control
—4— 1 pumol/LLPC
—=— 3 umol/LLPC
—a— 10 ymol/L LPC
100 -
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Acetylcholine/-lg mol -L”!

Figure 1. Effect of lysophosphatidylcholine on the endothelium-
dependent relaxation in isolated rat aortas. n=5. Mean+SEM. °P<0.05,
°P<0.01 vs control group.
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Table 1. Effects of drugs on the E,

max

and ECj, values for acetylcholine-
induced relaxation of rat aortic rings. n=5. Mean+SEM. °P<0.01 vs
control group. °P<0.05, P<0.01 vs LPC 3 pmol/L group. 'P<0.01 vs PT
1 mmol/L+LPC 3 pmol/L group (Newman-Keuls test).

Treatment AChE, /% AChEC,/
nmol-L"!
Control 90.4+4.3 74.9+9.6
LPC 1 umol/L 80.2+£3.0 160.9+13.7
LPC 3 pmol/L 63.8+£3.1° 268.8+31.1°
LPC 10 pmol/L 46.8+6.0° 273.6+49.7°
PT 0.3 mmol/L+LPC 3 pmol/L 87.4+2.2f 159.0+23.0°
PT 1 mmol/L+LPC 3 pmol/L 86.2+3 .4° 99.2+19.1f
PT 3 mmol/L+LPC 3 pmol/L 86.4+4.0 75.9+11.1F
Indo 10 pmol/L+PT 1 mmol/L 86.0+£3.2 93.0+9.1
+LPC 3 pmol/L
L-NAME 30 pmol/L 63.0+5.0! 203.1£36.7'
+PT 1 mol/L+LPC 3 pmol/L
Che 1 pmol/L+LPC 3 pmol/L 87.0+6.0° 151.3£9.4¢
L-Arg 3 mmol/L+LPC 3 umol/L 94.2+2.9f 87.0+10.1°
SOD 200 kU/L+LPC 3 umol/L 91.8+3.5f 87.6+13.3f

The maximal relaxation (E,

max.

) response to acetylcholine (ACh) 3 umol/L
of rat aortic rings was expressed as percentage of contraction elicited by
phenylephrine 1 pmol/L. The half-maximum effective concentration
(ECy) response to ACh was calculated by linear regression from lg con-
centration-effect curves of ACh. Pravastatin: PT; lysophosphatidylcholine:
LPC; indomethacin: Indo; chelerythrine: Che; L-arginine: L-Arg.

(Figure 1, Table 1). These results indicated that LPC im-
paired the endothelium-dependent relaxation response to ace-
tylcholine in rat aortic rings.

Effects of pravastatin on the inhibition by LPC Pre-
incubation of rat aortic rings with pravastatin (0.3-3 mmol/L)
for 15 min and then co-incubation of rat aortic rings with
LPC 3 pumol/L for 30 min attenuated the inhibitory effect of
LPC on endothelium-dependent relaxation. The E,,, value
increased and the EC,, value was reduced in aortic rings of
pravastatin groups compared with the LPC 3 umol/L group
(Figure 2, Table 1).

Incubation of aortic rings with L-NAME (30 pmol/L) in
the presence of pravastatin (1 mmol/L) for 15 min abolished
the protective effect of pravastatin on the impairment of en-
dothelium-dependent relaxation induced by LPC, whereas
indomethacin did not change the beneficial effects of
pravastatin. Significant differences were obtained when the
E,... and ECy, values of the L-NAME group, but not of the
indomethacin group were compared with those of pravastatin
group (Figure 3, Table 1). In addition, pravastatin per se did
not affect the endothelium-dependent relaxation of aortic
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Figure 2. Effect of pravastatin (PT) on the impaired endothelium-de-
pendent relaxation of rat aortas induced by lysophosphatidylcholine (LPC).
n=5. Mean+SEM. °P<0.01 vs control group. P<0.01 vs LPC 3 umol/L
group.

—o— Control
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Figure 3. Effects of L-NAME and indomethacin (Indo) )on the protec-
tion by pravastatin (PT) against impairment of endothelium-dependent
relaxation induced by lysophosphatidylcholine (LPC). »#=5. Mean+SEM.
°P<0.01 vs control group. 'P<0.01 vs LPC 3 pumol/L group.

rings in the absence of LPC or endothelium-independent re-
laxation of aortic rings in the presence of LPC (data not
shown).

Effects of chelerythrine, L-arginine, and SOD on the
inhibition by LPC In an analogous manner, pre-incuba-

—o— Control

07 ¢ —e— 3 umol/LLPC
—t— 1 mmol/LPT+LPC
—a— 10 pmol/L Che+LPC
| —=— 200 kU/L SOD+LPC
20 —v— 3 mmol/L L-Arg+LPC
404
2
=
z
Z 60+
80 -
100 r f

7.5 7.0 6.5 6.0 5.5
Acetylcholine/-1g mol -L?!

Figure 4. Effects of chelerythrine (Che), superoxide dismutase (SOD),
and L-arginine (L-Arg) on the impaired endothelium-dependent relax-
ation of rat aortas induced by lysophosphatidylcholine (LPC). n=5.
Mean+SEM. °P<0.01 vs control group. °P<0.05, ‘P<0.01 vs LPC 3 pmol/L
group.

tion of aortic rings with chelerythrine (1 pmol/L), L-
arginine (3 mmol/L), or SOD (200 kU/L) also decreased the
inhibition of endothelium-depedent relaxation by LPC. Sig-
nificant differences were observed when the E,,, and EC4,
values of chelerythrine, L-arginine, or SOD group were com-
pared with those of LPC group (Figure 4, Table 1).

Discussion

The present study confirmed previous reports that LPC
inhibited endothelium-dependent relaxation of isolated rat
aortas in a concentration-dependent manner™”, and demon-
strated that pravastatin, an inhibitor of HMG-CoA reductase,
reduced the inhibition by LPC on endothelium-dependent
relaxation. The protective effect of pravastatin on the im-
pairment of endothelium-dependent relaxation induced by
LPC is very similar to that of chelerythrine, SOD, and
L-arginine. These results suggest that pravastatin protects
endothelium against injury from LPC and this may be re-
lated to enhancing the bioavailability of NO through increas-
ing NO synthesis and decreasing NO oxidative inactivation
in endothelial cells.

NO-mediated and endothelium-dependent relaxation is
inhibited early in the atherosclerotic process, even before
histological evidence of plaque formation is evident.
Ox-LDL, an oxidative product of native LDL in endothelial
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cells and/or macrophages which presents in atherosclerotic
lesions, is primarily responsible for this inhibition!' . The
inhibitory action of ox-LDL has generally been attributed to
LPC, which is abundant in oxidized LDL and also accumu-
lates in atherosclerotic lesions!' !, Removal of LPC from
ox-LDL with phospholipase B! or albumin!'”! has been
shown to render ox-LDL inactive, and conversely, direct
treatment of arterial rings with LPC can mimic the inhibi-
tory effects of ox-LDL on endothelium-dependent relaxa-
tion™". In the present study, we also confirmed that expo-
sure of rat aortic rings to LPC (1-10 umol/L) did inhibit the
endothelium-dependent relaxation response to acetylcholine,
but did not affect the endothelium-independent relaxation
response to sodium nitroprusside. These results are consis-
tent with other studies™, and suggest that the concentra-
tions of LPC used in the current study had endothelium-spe-
cific effects that were not due to its cytotoxicity.

Although the precise mechanisms responsible for the in-
hibition of endothelium-dependent relaxation induced by
LPC have not been elucidated, increasing oxidative degra-
dation of NO and decreasing production of NO in endothe-
lial cells could be implicated in this inhibition. A number of
studies™*” have suggested that LPC stimulates superoxide
anion production by activating PKC in vascular cells, which
can inactivate NO by oxidation. In addition, LPC has been
shown to inhibit the high-affinity arginine transporter in en-
dothelial cells, decrease the availability of arginine, and sub-
sequently reduce the synthesis of NO; supplementation with
exogenous L-arginine reversed the inhibition by LPCY. In
the present study, we found that chelerythrine, an inhibitor
of PKC, improved the impairment of endothelium-depen-
dent relaxation by LPC. Furthermore, the current study also
demonstrated that the inhibition of endothelium-dependent
relaxation induced by LPC was completely reversed by SOD,
a scavenger of superoxide anions and by L-arginine, a pre-
cursor of NO. Taken together, these findings strongly sup-
port the proposal that LPC-induced inhibition of endothe-
lium-dependent relaxation may be due to decreasing the
bioavailability of NO via increasing the oxidative degrada-
tion of NO and reducing the synthesis of NO.

Evidence has accumulated that ox-LDL plays a critical
role in atherogenesis, and LPC, the major lipid constituent
of ox-LDL, has been recognized as an important factor that
triggers disturbed endothelium-dependent vasodilatation of
atherosclerosis. Therefore, finding effective drugs to reverse
endothelial dysfunction induced by LPC may prevent the
development of atherosclerosis. Pravastatin, like the other
statins, is a competitive inhibitor of HMG-CoA reductase,
which markedly reduces hepatic cholesterol in vivo by in-
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hibiting the rate-limiting step in cholesterol synthesis cata-
lyzed by HMG-CoA reductase’. A number of studies have
demonstrated that pravastatin can reduce adverse cardiovas-
cular events in patients suffering from coronary artery disease
with or without hypercholesterolemia®*. Recently, some
authors have reported that pravastatin improved the defec-
tive endothelium-dependent vasodilatation of atherosclerotic
vessels before the reduction of plasma cholesterol levels in
humans and animals'®*®l. However, it is still unknown that
whether pravastatin acts directly against the adverse effect
of LPC on endothelium-dependent relaxation in addition to
its cholesterol-lowering action. This study provides the first
evidence that pravastatin protects endothelium against in-
jury induced by LPC in isolated rat aortas. Although experi-
ments in vitro can not completely mimic the conditions in
vivo and are not good for studying the chronic effects of
drugs, they are useful because they can exclude the effects
of many factors in vivo and directly investigate the effects of
drugs in some (pathological) conditions. Therefore, the en-
dothelium-dependent relaxation of isolated aortic rings is
extensively used to measure the function of endothelium in
physiological conditions and some pathological conditions,
such as atherosclerosis, or mimic intervention with ox-LDL
or LPC.

The mechanisms by which pravastatin improves endot-
helial function are not completely understood. Results from
the present study indicate that the protective effect of
pravastatin on vascular endothelium is related to increasing
the synthesis of endothelial NO. We found that the protec-
tive effect of pravastatin on the inhibition of endothelium-
dependent relaxation induced by LPC was similar to that of
L-arginine. Furthermore, the beneficial effect of pravastatin
was reversed by L-NAME, but not by indomethacin. An-
other study has reported that pravastatin can up-regulate the
expression of NOS and enhance the production of NO in
endothelial cells'®®!. Treatment with statins including
pravastatin of patients and rabbits with atherosclerosis re-
sults in up-regulated eNOS expression, increased NO
synthesis, and simultaneously improved endothelium-
dependent relaxation, which was reversed by N”-nitro-
L-arginine®™®, These findings suggested that pravastatin
enhanced the production and release of NO from endothe-
lium to improve endothelial function. However, Parker et a/*
reported that treatment of normal rats with simvastatin, but
not with pravastatin, impaired the endothelium-dependent
relaxation of their isolated aortic rings although it was able
to enhance eNOS expression in endothelial cells. Chen ez al*"
reported that pravastatin did not influence IL-13-induced NO
synthesis in vascular smooth muscle cells. The discrepan-
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cies between our findings and theirs could be attributed to
the different functional states of vascular endothelium, in
different cells and under treatment with different stimulated
factors or different drugs. In fact, many studies have shown
that pravastatin did increase NO production and restore en-
dothelium-dependent relaxation in atherosclerotic animals
and humans!"® "1, Another potential mechanism by which
pravastatin improved endothelial function is by reducing the
oxidative inactivation of NO. Recent investigations have
demonstrated that statins can decrease lipid peroxidation pro-
duction™, suppress NADPH oxidase activity®, and increase
the activity of catalase™), and superoxide dismutase!”’, which
decreases the generation of oxygen free radicals resulting in
reduction of NO activation. Moreover, a number of studies
have shown that pravastatin can also reduce superoxide an-
ion production by suppressing PKC activity in vascular
cells!"*" In the present study, we demonstrated that
chelerythrine, an inhibitor of PKC and SOD, a scavenger of
superoxide anions, reversed the inhibition of endothelium-
dependent relaxation induced by LPC, which was similar to
effects of pravastatin. These results indirectly suggest that
the protective effect of pravastatin against the damage to en-
dothelium induced by LPC is related to decreasing NO oxi-
dative inactivation via suppressing PKC activity and reduc-
ing superoxide anion production.

In conclusion, the present study demonstrates for the first
time that pravastatin has a protective effect on endothelium
against injury elicited by LPC, and that this protective effect
is related to enhancing the bioavailability of NO through
increasing NO synthesis and decreasing NO oxidative inac-
tivation in endothelial cells.
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Introduction

Between the end of 2002 and June 2003, a severe epi-
demic disease called severe acute respiratory syndrome
(SARS) broke out in China and quickly spread to more than
30 other countries. A novel coronavirus, SARS-CoV, was
identified as the etiological agent of SARS infection by us-
ing biophysical and biochemical techniques! . Coronavirus
(CoV) is a positive-stranded RNA virus and involves the larg-
est viral RNA genome known to date. Phylogenetic studies
have shown that SARS-CoV is a previously unknown
coronavirus, which is neither a member nor a mutant of any
known coronavirus group, and is believed to be a novel human

©2005 CPS and SIMM

Abstract

Aim: To characterize enzymatic activity of severe acute respiratory syndrome
(SARS) coronavirus (CoV) 3C-like protease (3CL"™) and its four site-directed
mutants. Methods: Based on the fluorescence resonance energy transfer (FRET)
principle using 5-[(2 ~aminoethyl)-amino] naphthelenesulfonic acid (EDANS) and
4-[[4-(dimethylamino) phenyl] azo] benzoic acid (Dabcyl) as the energy transfer
pair, one fluorogenic substrate was designed for the evaluation of SARS-CoV
3CLP™ proteolytic activity. Results: The kinetic parameters of the fluorogenic
substrate have been determined as K,,=404 umol-L", k,~=1.08 min", and k_,/K,=2.7
mmol"-L-min”. SARS-CoV 3CL"™ showed substantial pH and temperature-trig-
gered activity switches, and site-directed mutagenesis analysis of SARS-CoV
3CL™ revealed that substitutions of His*, Cys'®, and His'® resulted in complete
loss of enzymatic activity, while replacement of Met'®* with Ala caused strongly
increased activity. Conclusion: This present work has provided valuable infor-
mation for understanding the catalytic mechanism of SARS-CoV 3CLP™®. This
FRET-based assay might supply an ideal approach for the exploration SARS-
CoV 3CLP" putative inhibitors.

coronavirus, possibly originating from a non-human host!*.,
Proteolytic processing of viral polyproteins is a vital step
in the replication cycle of many positive-strand RNA viruses
and such processing is commonly performed by virus-
genome encoded protease™. The open reading frame (ORF)
of the coronavirus replicase gene for encoding the proteins
which is required for virus replication and transcription, en-
compasses more than 20 000 nucleotides™ and encodes two
overlapping polyproteins, ppla (replicasela, around 450
kDa) and pplab (replicaselab, approximately 750 kDa). It
is known that the replicase gene features the sequence mo-
tifs of both papain-like protease and 3-chymotrypsin like pro-
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tease (3CLP™)P'%, 3CLP®, which is also called main protease,
functions as a key protease to control the activities of
coronavirus replication complexes.

It has been concluded from previous research data that
3CL"-mediated processing pathways are conserved in
coronaviruses. Coronavirus main proteases employ cysteine
and histidine residues as the catalytic dyad in the catalytic
site but lack a corresponding third catalytic site™"""*], which
is an acidic residue in chymotrypsin. Previous research has
also confirmed that substrate specificities for the coronavirus
main proteases are well defined, with the known proteolytic
sites involving bulky hydrophobic residues (mainly leucine/
isoleucine) at the P2 position, conserved glutamine at the P1
position, and small aliphatic residues at the P1’ posi-
tion!"*], In addition, secondary structural studies for sub-
strates of SARS-CoV 3CL™ have revealed that substrates
with more beta-sheet like structures tend to be cleaved
quickly!"®. The determination of the crystal structures for
human coronavirus (strain 229E) 3CL"™ and the inhibitor
complex of porcine coronavirus (transmissible gastroenteri-
tis virus, TGEV) 3CLP™ also confirmed a remarkable degree
of conservation of the substrate binding sites for coronavirus
3CLP™0I", The recently reported crystal structures of SARS-
CoV 3CLP® and its complex with an inhibitor revealed sub-
stantial pH-dependant conformational changes that correlate
well with the varying activity of 3CL™ at different pH levels,
and an unexpected model of inhibitor binding!"®. In fact, it
has already been shown that 3CLP™ is an ideal target for
screening anti-virus agents!'>'>?, Like other 3CLP™, SARS-
CoV 3CL"™ might become an attractive target in discover-
ing new agents for the treatment of SARS!"".

In our previous work, we reported a 3D model of SARS-
CoV 3CLP™ with its inhibitors, designed by virtual screen-
ing®?", and the molecular cloning, expression and purifica-
tion of SARS-CoV 3CLP™, with a preliminary study on its
mass spectral characterization®?,

To date, the proteolytic activity of SARS-CoV 3CLP™
has been almost determined by substrate-analog peptide
cleavage assays using conventional RP-HPLC techniques®.
In fact, the fluorescence-based assay is another method for
quantitative protease activity assay, eg fluorescence reso-
nance energy transfer (FRET) has been successfully used to
develop spectrophotometric assays for many proteases "),
The FRET-based method is more sensitive and less time-
consuming compared with the RP-HPLC technique.
Recently, a fluorogenic 14-amino acid peptide has been re-
ported to measure SARS-CoV 3CLP™® enzymatic activity®®.
In the present report, we describe how this methodology can
be used to design a 12-amino acid fluorogenic peptide with
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EDANS/ Dabcyl as the fluorescence quenching pair. This
fluorogenic substrate has been successfully used to charac-
terize the proteolytic activities of wild type SARS-CoV
3CLP™ at different pH levels and temperatures, and its four
site-directed mutants including two catalytic residues and
two substrate-binding sites as well. To our knowledge, such
a fluorescence-based assay is the first to be used for site-
directed mutation analysis of SARS-CoV 3CL™. We hope
that this present FRET-based assay will supply an ideal plat-
form for the exploration of SARS-CoV 3CLP™ putative
inhibitors.

Materials and methods

Materials All chemicals were of HPLC grade and pur-
chased from Sigma (St Louis, MO). The Ni-NTA chelating
affinity column, protease for tag-cleavage and low molecu-
lar weight marker for SDS-PAGE were from Amersham
Pharmacia Biotech (Uppsala, Sweden).

Cloning, expression and purification of SARS-CoV
3CLP™ SARS-CoV 3CLP® was cloned, expressed, and
purified, as described by Sun et al™. The purified His-tagged
SARS-CoV 3CL"™ was analyzed by SDS-PAGE, concen-
trated by centriprep (Milipore), and stored in sodium phos-
phate 20 mmol-L" pH 7.5/NaCl 100 mmol-L"/dithiothreitol
(DTT) 5 mmol-L"'/ethylene diaminetetraacetic acid (EDTA)
1 mmol-L"at 4 °C. The structural integrity was analyzed by
circular dichroism (CD).

Site-directed mutagenesis of SARS-CoV 3CLP" Site-
directed mutagenesis was effected by using a modified re-
combinant PCR method. Four mutant SARS-CoV 3CL"™
(SARS-CoV 3CLP™ His*"Ala, Cys'* Ala, His'®Ala, and
Met'Ala) were prepared with the QuickChange site-directed
mutagenesis kit (Stratagene) using pQE30-SARS-CoV
3CLP" as a template. The nucleotide sequences of the prim-
ers used for site-directed mutagenesis were given in Table 1.
The pQE30-SARS-CoV 3CLP” plasmids encoding mutant
forms of SARS-CoV 3CLP™ were verified by sequencing and
then transformed into E coli M15 cells, and the mutant pro-
teins were expressed and purified in a similar procedure to
that for the wild type protease. The purity and structural
integrity of the mutant proteins were analyzed by SDS-PAGE.
The circular dichroism (CD) spectra of four site-directed
mutants were compared with those of wild type SARS-CoV
3CL"™ to exclude the possibility of structural misfolding
caused by site-directed mutation (data not shown).

Synthesis of fluorogenic substrate The 12-amino acid
fluorogenic substrate EDANS-Val-Asn-Ser-Thr-Leu-Gln-
Ser-Gly-Leu-Arg-Lys(Dabcyl)-Met was synthesized and
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characterized using a modified procedure described by
Garcia-Echeverria and Rich?”, N°-tert-butyloxycarbonyl
(Boc)-protected amino acids were used in all coupling steps.
The base liable-protecting group, 9-fluorenylmethyloxycar-
bonyl (Fmoc), was used for the protection of the side chain
of lysine, while the benzyl (Bzl) group was employed for the
protection of C-terminal carboxyl group of the peptide. The
Boc protecting group was removed before coupling by us-
ing HC14 mol/Lin dioxane. Peptide couplings were achieved
by overnight reaction with 1,3-dicyclohexylcarbodiimide
(DCC) or 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride and 1-hydroxybenzotriazole (HOBt) in N,N-
dimethylformamide (DMF). After completion of synthesis,
the benzyl group was removed by hydrogenolysis in
methanol. The commercially available 5-[(2-aminoethyl)-
amino] naphthelenesulfonic acid (EDANS) and 4-[[4-
(dimethylamino) phenyl] azo] benzoic acid (Dabcyl) groups
were attached to the peptides with conventional condensa-
tion reactions”, and the Fmoc group was removed from the
lysine e-amine group by treatment with piperidine-N,N-
dimethylformamide (1:1 v/v) to give the final fluorogenic
substrate. The crude products were purified by means of
HPLC on a Kromasil 7-um Cg column (25 mmx*250 mm).
The purity of the final products was evaluated by reversed-
phase HPLC on a Kromasil 5-pum Cg column (4.6 mmx250
mm). The integrity of the purified peptides was determined
by LCQ-DECA mass spectrometry (Thermofinnigan, San
Jose, CA), and the observed molecular mass was found to
agree with the calcula