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Adenosine is recognized as an important inhibitory neuromodulator in the centrai
nervous system. Through four distinct plasma membrane receptors, endogenous
adenosine is able to inhibit the release of many neurotransmitters, including glutamate
following cerebral ischemia, and also affect other non-neuronal ce11 types in brain such as
astrocytes, ~croglia,platelets and endotheLia1cells. Nudeoside transport processes are

instrumental in regulating endogenous adenosine levels and the associated effects of

adenosine. There are two broad categories of nucleoside transporters: equilibrative and
concentrative. Two equilibrative subtypes have been cloned and texmed ENTl and

ENT2. The potent nucleoside transport inhibitor nitrobenyIthioinosine W M P R ) can be
used as a marker for ENT 1 but not for ENT2. Two concentrative subtypes have also
been cloned. CNTl is pyrimidine nucleoside-selective while CNT;! is purine nucleosideselective. niere are no known selective Ligands for these transporten. In the absence of
selective ligands for transporters other than ENTI,the cloning of rat ENT;! (rENn),

CNTl (rCNT1) and CNT;? (rCNT2) has provided the fint oppominity to investigate the
distributions of specific nucleoside transporter mbtypes in rat brain. The distribution of

mRNA for the four cloned transporten was investigated ushg in situ hybrîdization with
"s-labeled cRNA probes in rat brain and using Northem blot analysis in human brain.

Transporter protein distributions were aiso studied. ['~]~itrobe~lthioinosine
(

[

3

~

]

autoradiography
~ ~ ~ ~ ~ was
)
employed to estimate the distribution of rENTl in

rat brain while rCNTl and rCNT2 distributions were studied by mapping
immunoreactivity of polyclonal antibodies generated in rabbits against both transporters
using immunocytochemistry in rat brain. Northan andysis of human brain total RNA

indicated that both hENTl and IiENT;!have a wide distribution in human brain. Both
probes detected RNA species in every region tested. In general, message for d l four
nucleoside transporters was seen in rat hippocampus, cerebellum, cerebral cortex,

stria-

and other regions with varying relative abundances among regions for each

transporter. Binding of [

3

to rat brain~sections to identify
~
rENTl
~ transporters
~

supporteci results from in siîu hybridization in thalamus, cortex and stria-,

however, in

contrast to in situ hybridization, low signal intensity was seen in hippocampus and

cerebeiium indicathg low protein expression. Iinmunocytochemistty using antibodies

for rCNTl and rCNT2 generally contimed results seen with in situ hybridization. The
broad and overlapping distributions of different nucleoside transporter subtypes
demonstrateci here indicates that the regulation of adenosine and other nucieosides
important for saivage of nucleotides with signahg capabilities is achieved through
multiple transport rnechanisms.
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Chapter 1
Introduction and Review of Purines Literature
1.

Historical Perspective
ConsiderabIe research into the physioiogy and pharmacology of purine

nucleosides and nucleotides was initiated foilowing the finding that adenosine and ATP
have potent extracellular effects in mammalian heart (Dniry and Szent-Gyorgyi, 1929).

Such research is responsible for the identification of numerous central and peripheral
actions of adenosine and ATP, and the subsequent discovery of plasma membrane
receptors thought to mediate the rnajority of these actions.

In 1963, it was found that adenosine is produced in hypoxic heart. This and
previous experirnents showing vasodilatory actions of adenine compounds (Holton and
Holton, 1954; Holton, 1959) led Berne to hypothesize that adenosine is involved in the
metabolic regulation of coronary (Berne, 1963) and cerebral circulations (Rubio et al.,
1975; Wim et al-, 1979). In the late 1960s and early 1970s a number of lines of evidence
emerged supporting the existence of plasma membrane receptors for adenosine. The first

direct evidence for receptors in the CNS was provided by Sattin and Ra11 (1970) with the
observation that adenosine increased CAMP in rodent brain slices, a process blocked by
caffeine.
Following the report of Dnuy and Szent-Gyorgyi, rnuch emphasis was placed on
the functions of adenine nucleotides in the cardiovascular systern. The next major steps
were taken in the middle 1950s up to the early 1970s when ATP was shown to be
released from sensory nerves (Holton and Holton, 1954), suggesting a role for ATP in

neural transmission. In the early 1960s a component of the ANS which used neither

acetylcholine nor noradrenaline a s a neurotransmitter was recognized in the GI tract and
other organs such as Iung and bladder. Such n m e s were termed "pUnnergic"
(Burnstock, 1972). The idea of ATP receptors was posiulated by Bumstock in 1972 and
evidence supporting this hypothesis grew mtil 1978 when the designations Pi, for
adenosine receptors, and Pz,for ATP receptors, w m proposed ( B m t o c k , 1978).
Therapeutic use of P2ceceptors has been a relatively untouched field until fairly
recently when cloning allowed elucidation of tissue distribution and fwiction of these
transporters. However, the hypotensive effects of adenosine prompted investigation of
adenosine as a therapeutic agent many decades ago. The potential therapeutic benefits of
stimulating or blocking adenosine recepton are many and provide incentive for the highvolume quaiity research seen in the area today.

2.

Recepton for Adenosine and Nucleotides

2.1

Nucleotide Recepton

ATP was proposed as a neurotranmiitter substance on the heels of findings that it

is stored in and released fiom nerve endings (Bumstock,1972). As a classical
neurotransmitter (Eccles, 1964), this required that there exist post-junctiond plasma

membrane receptors for ATP. Many papers over the next few years reported evidence
for ATP receptors (Burnstock and Brown, 198 1;Gordon, 1986). culminahg in a review
that proposed Pz(ATP) receptoa as a class of receptors distinct fioom Pi (adenosine)
recepton (Bumstock, 1978). Many different receptor-mediated responses to ATP, ADP,
and uracil nucleotides have been observed in the years since then and many of these

responses displayed different potency pro filesto various ATP andogs or uracil

nucleotides. This led to the phamiacological dissociation of two Pz receptor subclasses,

temed P2X and P2Y (Bumstock and Knuiedy, 1985) (see table 1). A third subclass,
te&

P2T. has been identified only in platelets. Further studia clearly showed that

P2X and P2Y can be distinguished on the basis of signai transduction mechanisms
(Abbrachio and Bumstock, 1994); P2X receptors are ionotmpic, or Ligand-gated ion
channels, and P2Y recepton an metabotropic, G-protein coupled receptors.

2-I . I

P2X Recepton
The first P2X receptoa were distinguished h m P2Y receptors pharmacologically

based on differing agonist potency profiles. aBmeATP>pymeATP>ATP*2meSATP=ADP was used for P2X and 2meSATP>ATP>%BmeATP=PymeATP for PZY. P2X
receptors, with the exception of one subtype (P2X7),
are also susceptible to
desensitization by aPmeATP and can be antagonized by suramin and PPADS. Doseresponse curves detemined for ATP analogs in many systems revealed alternative
agonist potency profiles for P2X receptors, providing a b a i s for subclassification
(Abbrachio and Burnstock, 1994) (see table 2). Currently there are 7 P2X receptor

subtypes identified and cloned (P2Xi-P2X7). The first cloned was the P2Xi receptor
frorn rat vas deferens where ATP causes smooth muscle contraction (Valera et al., 1994).
Each cloned subtype causes cellular signalhg by increasing conductance of the cations

Na', K+and ca2+. The P2X7receptor (Surprenant et al., 1996), fomerly the P2Z
receptor (Nuttle et al., 1993), subsequently fonns a large pore through which molecules

as large as 630 kDa may pass and in this way differs fkom the other P2X subtypes.

Table 1:

Characteristics of P2Receptor Subclasses

Receptor Type

Ion channels,
Non-selective pore

Effectodecond
Messengers

~a',
,'
K ca2+

G-protein coupled

G-protein coupled

See Table 2

Agonists
Suramin, PPADS
Desensitizatioo by

Suramin (except
pZy2.4.6)

aPmeATP
Distribution

Smooth muscle, brain,
heart, spleen

Adapted from Fredholm et al. (1994).

Wide - many in
brain, vasculature

Platelets

Table 2:

Relative Agonist Potencies for P2X and P2Y Receptor
Subtypes

P2X
Subtype

Agonists

P2Xr

2meSATP>ATP, aPmeATP inactive

P2Y

Agonists

Subtype

P2Y4

rnWS>ATP,

UDP

inactive or UTP=UDP>ATP*

P2Ys

ATP,ADP>2meSATP>UTP

P2Yd

UDP>UTP>ADP»ATP

P2Y7

ATP>ADP=UTP

t

Two grocps have cloned a P2X3recepto fiom rat DRG ce1Is. Chen et al.
( 1995) found 2meSATP to be more potent than ATP whereas Lewis et al. (1 995)
found ATP to be more potent than 2meSATP.

*

Nicholas et al. (1 996) cal1 the P2Y4receptor a UTP receptor since UTP is
much more potent than ATP and UDP is inactive. Communi et al. (1995) found
UTP and UDP to be equipotent.

Adapted h m Burnstock and King (1 996).

P2X recepton are widely distributeci but are particularly abundant in smooth
muscle, heart, brain and spleen (Fredholm et al., 1994). Al1 subtypa except P2XIand

P2X3have been found in the CNS of various species (Bumstockand King, 1996). The
P2X7receptor is found m d y on immune ceiis such as macrophages and brain rnicroglia
and is of interest a s a therapeutic target in areas of neuronal damage, where there are
large numbers of activated rnicroglia (Col10 et al., 1997).

As reviewed by Abbrachio and Burnstock (1994), there are several other potentid
therapeutic applications for either agonists or antagonists of PW receptors. The P2X7
receptor is a target on tumour cells because agonists cause cytotoxicity through apoptosis.
Because of their ability to block smooth muscle contraction, P2X receptor antagonists
have been suggested as usehl agents in the treatment of rend failure and urinary
incontinence caused by interstitial cystitis (Palea et al., 1993).

2.1.2 P2Y Receptors

The review of Burnstock and Kennedy (1985) proposed that P2Y receptors differ
fiom the P2X subtype by exhibiting a different ATP analog potency profile as follows:.

P2Y receptors are G-protein lïnked receptors that regulate second messenger responses
(Harden et al., 1995). At least two signahg pathways exist for P2Y receptoa.
Stimulation can lead to activation of PLC through a G&pe protein, or a decrease in AC
activity, through a Gi protein. The PLC rnechanism predominates in most systerns tested
to date (Harden et a l , 1995).
Subclassification of P2Y receptors, as with P2X receptors, is based on
pharmacoiogical differences (table 2). Observations of different amnities of ATP

analogs for P2Y recepton in different systems has led to the classification of P2Y
receptors into seven subtypes (P2Y -P2Y7)
(Burnstock and King, 1996). ail of which
have been cloned. The fint cloned was the P2Yi receptor fiom chick brain (Webb et al.,
1993). Since then others have cloned and expressed PLC-activating P2Y receptors fkom
mouse, rat, bovine and human tissues. P2Y receptors are widely distributed with
recepton P2Y1 identified and cloned h m brain of various species (Burnstock and

King, 1996).
At lest three of the cloned P2Y receptors are çomewhat 'atypical' in that uracil
nucleotides are more potent or equipotent to adenine nucleotides. The P2Yz receptor
(formerly Pz") is activated by UTP and ATP with equal potencies (Lustig et al., 1993).
Using receptor desensitization protocols, investigators demonstrated that cells
desensitized to ATP still responded to UTP, indicating the existence of pyrimidinocepton
other than the P2Y2(Boehm et al., 1995; Connolly, 1994). To date, two recepton, P2Y4
and P2Y6,have been cloned that are preferentiaIIy stimulated by uracil nucleotides

relative to adenine nucleotides. Characterization of the human placental P2Y4 in
transfected 132lNl human astrocytoma cells reveded equal stimulation of IP1 formation

by UTP and UDP while ATP was a partial agonist and ADP was inactive (Cornmuni et
al., 1995). A separate study aiso used cIoned P2Y4receptors expressed in 132IN1 cells

and found that UTP was 50-fold more potent than ATP while UDP was inactive
(Nicholas et al., 1996). The P2Y6pyrhnidinoceptor has been cloned b r n human
placenta (Cornmuni et al., 1996) and rat aomc smooth muscle (Chang et al., 1995).

Characterization of the human placental clone indicated an agonist potency profile of
UDPWTP>ADP>ATP (Cornmuni et al., 1996). The identification of recepton selective

for uracil nucleotides has raised awareness that UTP and UDP may be endogenous
signaling compounds (see Anderson and Parkinson, 1997 for review) and will almost
certainiy cause a change in the nomenclature and classification schemes for purino- and
pynmidinoceptors.

Another metaboû-opic P2receptor, found on plateIets but not yet cloned, is tenned

P2T. The P2T receptor is activated by ADP and antagorüzed by ATP (table 1). Since

ADP is a potent activator of platelets, an active area of research in antithrornbotic drugs is
the dwelopment of P2T receptor antagonists. Since it is metabotropic (Harden et al.,
1995) it may eventually be classified with the P2Y meptors. Ultimately, cloning and

characterkation of binding and signalhg properties will determine how the P2T receptor
is classified,

Like P2X recepton, P2Y receptors are being considered as potential therapeutic
targets. Abbrachio and Bumstock (1994) have proposai that P2Y receptor agonists may
be useful in the treatrnent of diabetes as they increase innilin production and glucose

tolerance. Aiso, improved Cl- conductance caused by P2Y2agonists may be beneficial in
cystic fibrosis.

2.2

Adenosine Receptors

In 1978, Bumstock proposed separate receptor classes for adenosine and ATP.

This was based on different relative potencies of ATP,ADP, AMP and adenosine, the
ability of methylxanthines to antagonize the effects of adenosine but not ATP, changes in

CAMPlevels caused by adenosine but not ATP and induction of prostaglandin synthesis
by ATP but not adenosine (Abbrachio and Bumstock, 1994).

By the late 1970s it was evident that more than one subtype of adenosine receptor

exiaed and two subtypes (AIARand A2AR) were proposed based on their abilities to
either activate (A2AR)or inhibit (AiAR) AC activity (Londos et al., 1980; van Caiker et
al., 1979). AzARs have since beai fiuther divideci into AuARs and A2&Rs since they
both activate AC but display ciifferait agonist binding properties and Vary in relative

anatomid distributions (Olah and Stiles, 1995). In 1991, cDNA cloning using
degenerate PCR primers based on other AR subtypes produced a fourth AU subtype
termed the A&.R (Meyerhof et al.,1991). Little is known a b u t the signahg

mechanisms and physiological fiuictioos of the A3AR relative to the other AR subtypes.

2.2. I

A Adenosine Receptors

After van Calker et al. ( 1 979) proposed the existence of two adenosine receptor
subtypes based on work in cultured nerve cells, many groups focused on the purification

of the AiAR allowing its reconstitution with Uihibitory G-proteins (Palmer and Stiles,
1995). Using degenerate PCR p r i m a based on the third and sixth transmembrane
domains of several G-protein linked receptors,two cDNAs were isolateci h m dog
thyroid and termed RDC7 and RDC8 (Libert et a l , 1989). Subsequent expression in
mammalian cells indicated that RDC7 was the canine AIARbased on ligand binding
properties. The availability of the canine AIAR sequence allowed the cloning of AiAR
cDNAs from rat (Mahan et al-, 1991; Reppert et al., 199l), bovine (Olah et ai., 1992;

Tucker et al.,1992). human (Libert et al., 1992; Townsend-Nicholson and Shine, 1992)
and rabbit (Bhattacharya et al., 1993) cDNA Iibraries. Modeling of cloned A&Rs

predicts a 326 amino acid, 36.7 kDa protein with the seven transnembrane domains

typical of other G-protein coupled receptors (Olah and Stiles, 1995). Amino acid identity

is about 90% among species homologs for cloned AiARs.

When expressed in mammalian cells, AiAR clones bind AR agonists with the
potency order R-PIA>NECA>S-PIA, the profile traditionally used to identify AIARs
(Olah and Stiles, 1995). CafTeine is an antagonist at Ai ARs at concentrations greata

than 20 pM, plasma levels of€enreached in coffee drinkers (Fredholm et al., 1994).
Theophylline is slightly more potent but other modified xanthines such as CPT, 8-PTand

DPCPX are far more potent. DPCPX is a selective AiAR antagonist with a Ki value l e s
than or equal to 1 n M (Fredholm et al., 1994). There are a number of compounds
considered to be selective agonists for AiARs (table 3). CPA, CCPA and CHA stimulate

AlARs in the range of 0.3-3 nM (Fredholm et al., 1994) without effects at other known
AR subtypes. Because of the rapid metabolism of adenosine in vivo,it has proven
difficult to determine the affinity of adenosine for AiAR.s. It is estimated that the

equilibnum dissociation constant for adenosine is about 14 nM for the hi& affinity, Gprotein coupled state of the Al AR and 7.6 pM for the low afinity state (Cohen et al.,
1996).
Al ARS are linked to Gi (1 -3, and Goproteins (Freissmuth et aL, 1991;Munshi et aL ,

1991). Binding o f an AIAR agonist causes a number of second messenger signaling
events depending on the system being studied. The most welldocumented event

associateci with the activation of AiARs is inhibition of AC causing decreases in CAMP
levels (Fredholm, 1995) but AIARscan also activate hwardly rectifying outward K+
currents independent of changes in CAMPlevels (Fredholm, 1995). N-type ca2+
channels are inhibiteci by AiARs but this likely occurs secondary to changes in CAMP

(Palmer and Stiles, 1995). In some systems such as DDTi MF-2cells AiAR agonists
cause activation of PLC and elevation of intracellular PIand ca2+levels by a CM
independent and pemissis toxin semitive mechanism (Gerwins a d Fredholm, 1992). In
general this signahg mechanism is l a s welldeEned and more system-dependent as
AIARshave been shown to inhibit (Long and Stone, 1987), activate (Gerwins and

Fredholm, 1992) or have no effect (Nanoff et al., 1990) on IP3accumulation, depending
on the ce11 type investigated.

In addition, AIARs can activate voltagedependent Cr

channefs and phospholipase D although these actions may be secondary to the above
signaling processes (Fredholm,1995).

Pharrnacologically, AIAR interaction with G-proteins can b e manipulated by a
compound called PD 8 1,723. PD 81,723 caused a 3-fold increase in the fraction of
AiARs found in the high-affinity G-protein coupled conformation and a greater than 2-

fold increase in the potency of R-PIA in CHO cells transfected wi th the human AlAR
(Bhattacharya and Luiden, 1995). PD 8 1,723 rnay also potentiate constitutive activity of
AlARS independent of Ai AR agonists (Kollias-Baker et al., 1997).

Desensitization, or lessened functional response of a receptor upon prolonged
exposure to an agonist, has been studied for AIARs. In vivo,muiti-day infusions of rats
with R-PM or other AiAR agonists leads to decreased ability of AiARs to mediate usual

physioiogid responses caused by AiAR agonists (Olah and Stiles, 1995). Decreases in
receptor density and G,

i~

levels, as well as impaired coupling to G-proteins are seen

(Olah and Stiles, 1995). Furîher studies in DDTl MF-2 cells have shown that R-PM
causes aggregation and phosphorylation of AIARs at the ce11 surface, followed by a slow

decrease in cell surface ['H]R-PM buidhg sites due p a d y to intemaiization and partly to
the inability of ce11 surface AIAEbto bind ligand (Ciruela et al., 1997).
Autoradiography, rnainiy with [
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hybridization aod immunohistochemistry have determincd that AiARs have a wide tissue
distribution including testis, heart, lung and kidney (Fredholm et al., 1994). AiARS are

highiy expressed in brain and are particularly abundant in cortex, hippocampus,
cerebellum and thalamus (Olah and StiIes, 1995). In addition, they are CO-locdizedand

functionally linked with Di dopamine receptors on GABAergic striatonigral neurons;
AIAR antagonists c m potentiate the motor effects of Di receptor stimulation (Popdi et
al., 1996). In general, Ai ARSare inhibitory in brain by attenuating the release of many

neurotransrnitters. Their wide brain d i s t r i i o n and functional coupling to important
neurotransmitter systems is the reason AlARs have been linked functionally with many

CNS processes such as ethanol intoxication, sleep and ischemic preconditioning. Ai ARS
have been considered as therapeutic targets for conditions çuch as stroke, epilepsy and
pain (Guieu et al., 1997).

2.2.2 Au Adenusine Receptors
AuARs were differentiated Eom AIARsbased on the ability of the fornier to

stimulate, rather than inhibit CAMPformation. Pharmacological differences, particularly

in the potency of some 2-substituted adenosine anaiogs, provided evidence for two A2AR
subtypes (AuAR and A&R) (Braun and Levitzki, 1979). The RDC8 cDNA isolated
from dog thyroid was found to be an AuAR (Maenhaut et al., 1990) and A&Rs

have

since been cloned fkom rat (Fink et al., 1992) and hurnan (Furlong et a!., 1992) cDNA

~

libraries, and a mouse genomic DNA library (Ledent et al., 1997). AuAR clones fhm
various species share a high degree of amino acid homology (-90%) (Onpin; and
Fredholm, 1997) and code for a seven transmembrane domain G-protein coupled integral
membrane protein. AZAARsare larger than the other AR subtypes with 410-412 amino
acids and a molecular mass of 45 kDa (Olah and Stiles, 1995). The extra 80-90 amino
acids compared to other ARS correspond to the intracellular carboxyl tail. Since AuARs
cm undergo more rapid desensitization than other ARS it was speculated that the

carboxyl tail is important for this process, however at least one study indicates this is not
the case (Palmer and Stiles, 1997).

AuAR clones expressecl in mammalian cells display the traditional AR agonist
potency profile for A-ARS, NECA>R-PIA>S-PIA. The cornpound ['WCGS 2 1680 is
used to localize AuARs and is a selective agonist, stimulating CAMP formation at
concentrationsjust above 1 nM while having no e f k t at other ARS (Fredholm et al.,
1994). Like AiARS, caffeine and other xanthine denvatives can antagonize AuARs.

CafEeine is effective at concentrations above about 30 p M (Fredholm et aL, 1994),
however xanthine derivatives, in general, display no selectivîty for the AuAR. An
exception is CSC,which is an effective antagonist of AuARs in the 20 nM range but
does not affect other AR subtypes. Another selective antagonist with similar afnaity is

KF 17837 (Palmer and Stiles, 1995). Adenosine itself seems to have similar affïnities for
both AuARs and AiARs (table 3); the eqdibnum binding constant for AuARs is
estirnateci at between I -20 n M (Fredholm et ai-,1994).

Table 3:

Characteristics of Adenosine Receptors

Gprotein

Effectors

Selective agonisa

CGS 21680

none

DPCPX, XAC

CSC,K 3 17837

none

Cortex,
cerebellum,
hippocampus,
thalamus

Striatum, nucleus

pars
tuberdis,
glial cells

CPA, CCP&

CI-IB-MECA

CHA
Selective antagonists

Activation by adenosine
Brain distribution

accumbens,
olfactory tubercle

Adapted fiom Fredholm et al. (1994).

Speciesdep.
RAT hippocampus,
cerebellum

AuARs cause activation of AC through the G,-protein. AuARs display
unusually "tight" coupling to Gs-proteins as demonstrated by data showing that the
addition of GTP failed to diminish agonist binding (Nanoff et ai., 199 1). Unlike AI ARS,
no other signahg mechanisms have been observed consistently. However recent studies
have shown that AuARs can inhibit superoxide anion formation by a CAMP-independent

activation of seruie/keonine protein phosphatases in human neutrophils (Revan et al.,
1W6),and can activate MAP kinase in endotheliai cells (Sexl et al., 1997).

Lke AiARs, Au-

undergo desensitization, however AuARs appear to

desensitize more rapidly. In DDTl MF-2cells the tx for AiAR and AuAR
desensitization was 16 h and 45 min., respectively (Ramkumar et al., 199 1). In CHO
cells, short-tenn treatment (30 min.)with AR agonists markedly decreased stimulation of
AC accompanied by a 2-foid reduction in agonist affmity but no change receptor number
(Palmer and Stiles, 1994). Agonist exposure for 30 min. also induced PKA-independent
phosphorylation of Azl\ARs. Some evidence points to a PKC-dependent desensitization
mechanism since inhibition of PKC markedly blocked the suppression of AC type VI
(AC6) during AuAR desensitization (Laiet a l , 1997). Recent experiments showed that

ihreonine 298 is essential for agonist-stimulateci receptor phosphorylation and short-tem
desensitization (Palmer and Stiles, 1997). It could be a combination of phosphorylation
events, both at A&Rs and specific AC isofoms that is responsible for short-term
AzAARdesensitization. After 24 h of AR agonist treatment, AuARs downregulate and
GiaZJ expression increases, much the same type of desensitization that &ARS undergo.

hterestingly, threonine 298 is not important for this process (Palmer and Stiles, 1997).

Noahem blotting shows expression of mRNA for A&Rs

in peripheral tissues

such as heart, thymus, liver and adipose tissue (Olah and Stiles, 1995). AuARs are also
abundant on neutrophils, platelets and in blood vessels. in brain, autoradiography with

[.'H]CGS 21680 showed enricheci expression of AuARs in the caudate-putamen, nucleus
accumbens, olfactory tubercle and the lateral segment of the globus pallidus (Parkinson

and Fredholm, 1990). RT-PCRand fimctional stuclies have shown that AuARs are also
present in regions such as hippocampus, cortex and nucleus tractus solitarius (Ongini et
al., 1997). The physiological roles of AuARs became better understood with the
development of an AuAR knockout mouse. Elhination of AuARs in mice resulted in
increased anxiety, aggressiveness, blood pressure, heart rate and platelet aggregation
while exploratory behaviour and response to acute pain were attenuated (Ledent et aL,
1997). In contrast to the inhibitory role of AIARs, AuARs in the CNS are excitatoly.

They can stimulate the release of a number of neurotransmitters and interact with
neurotransmitter receptors systems as well. Possible therapeutic uses of A 2 ~ A Rinclude
s
disorders involving basal ganglia dopaminergic systems (see section 3.1.7), respiratory
stimulation mediated through arterial chemorecepton and enhancing cognition or
controlling dementia (e.g. Alzheimer's Disease) through stimulation of acetylcholine
release (Sebastiàio and Ribeiro, 1996).

2.2.3 ArB Adenmine Receptors
As reviewed by Olah and Stiles (1993,

based on the lower afinity of A2&
different anatomical distributions. Az-

were discxirninated from AuARs

for AR agonists, as well as on the basis of
have been cloned h m both rat (Stehle et al..

1992) and human (Pierce et al., 199î) cDNA libraries. The size of the rat protein (332

amino acids) is sirnilar to the AIARand AJARand is 78 residues smaller than the rat
A-AR. The Iack of high amnity or selective compounds for A2-

has made

characterization and even identification of clones difficult. Clones were identifiai as
A&&

by lack of binding of CGS 21680 and Iow f i n i t y binding of NECA; NECA is

at Ieast 25-fold less potent at A2&Rs compared with AuARs (Fredholm et ai., 1994).
Xanthine derivatives are effective A2&

antagonists, however they are not selective.

DPCPX and 8-PTare antagonists begirming at about 20 n M whereas they are not
effective until about 200 nM for A&Rs

caffeine is an A&R

(Fredholm et al., 1994). Sirnila.to AuARs,

antagonist at concentrations above about 30 @f. A

2 have a~

much lower amnity for adenosine as well when compared to the other ARS. It is
estimated that adenosine stimulates CAMPformation through AzBARsm

g at

concentrations from 5-20 pM (Fredholm et al., 1994) (table 3).
AIsARs are linked to the Gs-protein and activate AC. The abi1ity of A 2 B ~

agonists to stimulate CAMPproduction is increased by agents that activate PKC in
severai cells (Fredholm, 1995) indicating that lower concentrations of adenosine may
have greater effets when PKC activaton are present; it is thought that PKC exerts this

effect at the G-protein Ievel. In addition, recombinant AzsARscan activate ca2+
channels via PLC activation in CRNA-injecteciXemprrs oocytes (Yakel et al., 1993).

Northem analysis in rat shows abundant A z f l mRNA in cecum, large intestine

and urinary bladder, -with lesser amounts in brain, spinal cord and Iung (Stehle et al,
1992). Although mRNA levels are relatively Iow in brain, A

2appev~to be more

widely distributeci than AuARs, with heaviest concentration in the pars tuberalis of the

pituitary (Linden, 1993). The most abundant AR subtype in astrocytes seems to be the
A&R

(Altiok et al.,1992) and this may account for the observeci ubiquitous brain

distribution of AZBARs.Since Az-

require high concentrations of adenosme to

activate AC, glial ce11 ARSare Ee1y activated in pathophysiologicd conditions when
adenosine formation is enhancd

2.2-4 A3 Adenosine Receptors

Xn 1991, using degenerate PCR primers, Meyerhof et al. cloned a cDNA h m rat
testis that resembled an adenosine receptor subtype and was termed an A3AR. AIARs
were subsequently cloned h m sheep (Linden et al., 1993) and human (Salvatore et al.,
1993) cDNA libraries and are 72% shilar to the rat AJARat the amino acid level,

displayhg more species variation than other AR subtypes. The rat AJARis a similar size
to the Ai&

encoding a pmtein of 320 amino acids. Modeling predicted a seven

transmernbrane domain structure, simila.to the other G-protein linked adenosine
receptors.
The rat A3AR cDNA expressed in CHO cells exhibitai an agonist potency profile

different fiom previously identified adenosine receptors (R-PIA=NECA>S-PM) and the
affxnities were lower than for the Ai or A2Aadenosine ncepton. Strikingly, xanthine
derivatives bound very poorly to this receptor (Zhou et ai., 1992). a characteristic not
shared by any of the other AR subtypes. Sheep and human A3ARsare somewhat more
sensitive to xanthines than rat or mouse A3ARs(Linden, 1994). Discovery of compounds
selective for A3ARshas been slow but appears to have been more successful lately.

APNEA binds to and stimulates A3ARswith a Q of 15 n M but is not selective as it is

also a potent Al/A2 agonist (Zhou et al., 1992). Currently, the most selective and potent
agonist available for A

m is Cl-IB-MECA; it is 2500- and 1400-foId more potent at

A3ARs than at AIARsand AuARs, respectively (von Lubitz, 1997). Certain substituted
xanthine dexivatives such as 1-ABOPX are able to antagonize A3ARs, however selectivïty
has not been attained. Recently, phamiaceuticai companies have disclosed compounds
purporteci to be selective antagonists for A3ARs(von Lubitz, 1997). Adenosine appears
unable to activate A3ARs until it reaches concentrations p a t e r than 1 @ (Fredholm et
al., 1994). Like A

Z

~this, may mean that A3ARsare important in pathophysiological

conditions when adenosine levels are hi&.
Like the AIAR, more than one second messenger system has been noted upon
stimulation of A3ARs. The first observations were that A3ARscould inhibit forskolinstimulateci increases in CAMPthrough a Link with the Gpprotein (Zhou et al., 1992).
Subsequent reports have revealed that A3ARscan stimulate IP3and intracellular calC
production by activation of PLC (Ramkumar et al., 1993). It is unclear under which
conditions each system predorninates. At least one study indicates that this may be
detemineci by agonist concentration and length of exposure (Ceniti et al., 1996).
Like other characteristics of A3ARs, tissue distribution is species-dependent. In
rat, A3ARsare most abundant in testis, fobwed by kichey, lung and heart; lower levels

are seen brain (Zhou et ai., 1992). In sheep, h g , çpleen and pineal gland have the

highest concentration of A
stria-

m while bralli regions including cortex, cerebellum,

and hypothalamus have fewer (Linden et al., 1993). Data in humans indicate

that lung, liver and placenta are enriched in A3ARs while fewer are found in brain, liver,

heart and kidney (Salvatore et al., 1993). While A3ARsare expressed at reiatively low

Ievels in rat brain, there are significant regional differences in levels of A3AR mRNA.

One report showed that hippocampus and cerebelium have the highest levels within rat
brain (De et al., 1993).
C N S h c t i o n s of the low aninity A f l

showed that A+

ranain unclear, however, one study

stimulation by CI-IB-MECA desensitues the inhibitory effect of

AiARS in rat hippocampus @unwiddie et al., 1997). A3ARshave also been reported to

enhance glutamate toxicity in cooperation with metabotropic glutamate recepton, cause
apoptosis in astrocytes and suppress TNFa relcase h m human macrophage and
microglial cells (von Lubitz, 1997). Considering these functional observations of A3ARs,
it is tempting to speculate that manipulating the occupancy of A3ARsmay provide
therapeutic benefit in some C N S disorders.

3.

Potential Therapeutic Uses o f Adenosine Recepton

3.1

Physiological Roles of Adenosine in the CNS:Therapeatic Implications
Adenosine has been implicated in many C N S processes including apoptosis,

synaptic plasticity, sieep/alertness and antinociception. The localization of adenosine

receptors in the CNS and the development of selective agonists and antagonists has
allowed researchers to determine specific receptor subtypes responsible for many of these
actions. This has created opportunities to explore possible therapeutic benefits of
rnanipulating adenosine receptor occupancy for conditions such as stmke, seinire,
schizophrenia, Parkinson's disease, pain and dementias.

3.1.1

An finociception
Adenosine analogs administered intrathecally or systernically produce

antinociception in tactile, pressure and heat models of the acute pain response (Sollevi,
1997). This effect is mediated through the spinai cord where AlARSand A2ARshave

been localized to the substantia gelatinosa (implicated in the control of nociception) of
the dorsal horn (Guieu et al., 1997). The antinociceptive effects are thought to be

mediated by AiARS (Sollevi, 1997) as CPA produced more effective antinociception than

CGS 21680 in a rat traascutaneous stimulation mode1 (Reeve and Dickmon, 1995).
Since rnethylxanthuies were able to block antinociceptive effects produced by morphine
and P-endorphin and opioid receptor activation caused adenosine release in spinal cord
(Sweeney et al., 1987). adenosine is thought to contribute to the antinociceptive effects of

opioids.
Several rnechaninns have been proposed to explain the antinociceptive effects of

AR sîïmulation. Antinociceptive doses of R-PLA administered to rats intraihecally
decreased cerebrospinal Buid levels of substance P (Sjolund et al., 1997). a known
mediator of certain pain respows. The ability of AiARs to decrease glutamate release

has been implicated since CPA inhibiteci glutamate-associated electrophysiological pain
responses in rat dorsal hom neurons (Reeve and Dickenson, 1995). Finally, the antiidammatory effects of AiAR stimulation may produce relief from pain associateci with
inflammation (Guieu et aL, 1997). These hduigs of the antinociceptive effects of
adenosine receptor stimulation have spurred the research and development of adenosine
receptor agonists and metabolic inhibitors of endogenous adenosine (AK inhibitors) as

local anesthetics and analgesics for acute and chronic pain, including neuropathic pain

(Guieu et ai., 1997).

3.1.2 Adenosine and S[eep/Alerhess

The most widely used psychotropic h g in the world is caffeine. The effects of
caffeine on maintainhg aiemess are well-known and studies are now showing that this is
likely due, at least in part, to antagonism of adenosine receptors (discussed in following
section).
Mesopontine and basal forebrain cholinergic neurons play a major role in EEG
arousal associated with aiertns. It has been shown that AIARs inhibit cholinergic
transmission in these neurons dong with associated EEG arousal (Rainnie et al., 1994;
Porkka-Heiskanen et ai., 1997). Microdialysis of adenosine into the cholinergic basal
forebrain and mesopontine cholinergic nuclei reduced wakefulness and EEG arousal in
cats (Porkka-Heiskanen et al., 1997) while AiARantagonists reduced paradoxical sleep

(Guieu et aL, 1997). An important question aises: 1s EEG activity associated with

mesopontine cholinergic neurons under tonic inhibitory conîml by endogenous
adenosine? Studies have found that endogenous adenosine levels increase during
wakefulness and decrease during delta wave sleep (Huston et al., 1996; Porkka-

Heiskanen et al., 1997). Since neuronal metabolic activity decreases during prolonged
wakem e s s , it is plausible to hypothesize that increasing endogenous adenosine levels

throughout wakefulness leads to decreased alertness and increased propensity for sleep.

This hypothesis was supported with the use of a potentiator of endogenous adenosine
(adenosine transport inhibitor), NBMPR NBMPR, rnicrodialyzed into the cholinergie

forebrair*was able to mimic lwels of endogenous adenosine and sIeep-wakefulness

patterns seen in sleep-deprived cats; this effect was not observed following microdialysis
of NBMPR into non-cholinergie forebrain regions (Porkka-Heiskanen et al., 199T).
Another study also found that an adenosine transport inhibitor, soluflazine, decreased
waking and increased sieep in rats (O'Connor et ai., 199 1).

AuARs may also mediate sleep as Satoh and a-workers (1 996)found that CGS

2 1680 was able to mùnic the sleep-inducing activity of prostaglandin D2in rostral basal
forebraui, caffeine would dso be expected to antagonize this effect Besida blocking

adenosine receptors, d e i n e may also contribute to decreased sleep by inhibiting
melatonin production in the pineai gland (Wright et al., 1997). Experiments such as
those discussed here have provideci evidence that adenosine is a physiological mediator
of degree of aiertness and may dso explain the mechanism of caffeine's ability to
suppress recovery sleep.

3.1.3 Adenosine and Apoptosis

While necrosis is a form of celi death that occun in response to toxic signds and

involves dimption of nuclear membranes7apoptosis is a form a ce11 death that occurs in

an orgaaized,programmed manner. Cell membrane inte@ty is maintained wliile
chrumatin condenses and nuclear disruption occurs. Chrornatin is then cleaved to high
rnolecular weight DNA hgments which are subsequently degraded m e r . Cytotoxic
effects of adenosine have been observed in human thyrnocytes, embryonic neurons,
astrocytes, microglia and endothelial cells (Chow et al., 1997). in bovine pulmonary

arterial endothelial ce& it was proposed that adenosine causes apoptosis through an

intracellular mechanism by altering Sadenosyhethionine-mediatedmethylation
reactions (Dawicki et al., 1997). In other systems, adenosine-induced apoptosis appears
to be receptor-mediateci (Chowet al., 1997).

The question of what AR subtypes are involved has not yet been answered
adequately. In human thymocytes, CGS 21680 appears to be the most potmt inducer of
apoptosis, suggesting a role for the AuAR (Szondy, 1994), while in human neutrophils

A&

delayed apoptosis (Walker et ai., 1997). In rat mimglia, adenosine analogs

caused apoptosis with a potency profile suggestive of no known AR subtype (Ogata and

Schubert, 1996). One line of research showed that high concentrations of the AJAR

agonists 1-AB-MECA and CI-IB-MECAcaused xanthine-insensitive apoptosis in HL-60
leukemia cells (Khono et a l , 19%) and primary rat astrocyte cultures (Abbracchio et al.,
1997). As reviewed by Abbracchio et a l (1997), A3ARinduced apoptosis could be
beneficial by playing a role during brain development. It could also allow the orderly
death of irreversibly darnaged cells in order to spare energy for recovering cells following

trauma or stroke. Altematively, AJAR-inducedapoptosis could be a mechanism of
pathological ce11 death in neurodegenerative events a s apoptosis has been observed in
ischemia, epilepsy, HN encephdopathy and neurodegenerative diseases (Abbracchio et
ai., 1997).

3.1.4

Adenosine and Synuptic PIastcity

The physiologicd basis of learning and memory likely involves changes in the
efficiency of synapses berneen neurons uitegrated in a network. Adenosine is thought to
be a modulator of a number of different forms of synaptic plasticity.

Paired-pulse facilitation (PPF)is the enhancement of a second stimulus when it is

preceded (tenths to hundreds milliseconds) by an initial stimulus. Adenosine was shown
to enhance PPF in hippocampus both in CAL Schaffer collateral fibres (Dunwiddie and

Haas, 1985) and cultured pyramidal cells (Debanne et al., 1996). By inhibiting release,
adenosine is thought to conseme neurotransmitter to be rdeased in a second potentiated
response following an initial stimulus. In a phenomenon termed heterosynaptic
posttetanic depression (PTD), extracellular adenosine, accumulateci during synaptic
activity, can also inhibit neural activity in a neighbouring pathway for a short time penod,
likely until adenosine is taken up or metabolized (de Mendonça and Riieiro, 1997). Two
more processes, termed long-term potentiation and long-term depression, in which
adenosine has been irnplicated have more relevance in terms of long-tenn leaming and
memory.
Long-term potentiation (LTP) is the long-tem strengthening of synaptic activity
in response to hi&-fkquency stimulation of afferent pathways. LTP is most well-studied

in the hippocampus and has been implicated as a mechanism of memory storage. In the
1980s it was found that adenosine and adenosine analogs such as 2-CA inhibited LTP in

various hippocampal neural pathways (de Mendonça and Ribeiro, 1997). an effect
blocked by the AIARantagonist DPCPX DPCPX was also able to enhance LTP on its
own (Arai and Lynch, 1992) and NBh4PR decreased LTP (de Mendonça and Ribeiro,
1994) indicating that endogenous adenosine could play a role in the modulation of LTP in
the CA1 region of the hippocampus. AuARs may also contribute to LTP as CGS 21680
facilitated evoked potentids in the hippocampal CA1 region in response to stimulation of

SchafEer fibres (de Mendonça and Ribeiro. 1994). Acting at Au&,

adenosine may

balance the effects of AtAR stimulation.
Long-term depression (LTD)is associated with a long-term decrease in synaptic
efficiency following low-Eequency stimulation. DPCPX potentiated LTD (de Mendonça
and Ribeuo, 1997) and endogenous adenosine, through AiARsTappears to attenuate

LTD. Adenosine is thought to exert its effects on both LTP and LTD through inhibition
of NMDA responses, although NMDA-independent LTP in hippocampal CA3 pyramidal
cells can also be decreased by adenosine (Hams and Cotman, 1986).

The effects of endogenous adenosine on LTP make it tempting to hypothesize that
Al AR agonists may depress cognition while antagonists of Al ARS may function as

cognitive and memory enhancers.

3. f -5 Adenosine and Ethanol intoxication
Some stimulatory effects of AR antagonists such as caffeine are thought to be
rnediated by blockade of the tonic inhibitory effects of adenosine in the CNS. It was
proposed that the CNS depressant effects of ethanol may result fiom enhancement of
these effects (Proctor and Dunwiddie, 1984).
Adenosine and ethanol have many similar effects at the ceIIular LeveI and crosstolerance between ethanol and adenosine was observed in brain (Dar et al., 1994)

suggesting that the effects of ethaool may be mediated by the adenosinergic system.

Further evidence for this hypothesis was provided when it was found that ethanol
potentiated the effects of adenosine by inhibithg uptake (Nagy et al., 1990) and
enhancing release (Clark and Dar, 1989). AiARs are thought to mediate the effects of

ethanol on motor-incoordination (MI). Intracerebellar CHA accentuateci ethanol-induced

MI in mice (Dar, 1990)while DPCPX was able to antagonize the motor effects of ethanol
(Dar, 1996). Furthemore, it was fond that pemissis toxin and stable CAMPanalogs
reverseci the effccts of CHA (Dar, 1997). A2ARs are thought to have a minimal role in

mediating the motor effects of ethanol.

nierapeutic applications of this effect of adenosine are limited, however it seerns
that drinking co&e rnay indeed attenuate motor disabilities caused by ethanol

intoxication,

3.1.6 Adenosine and EpiZepsy

During convulsions, neurons use ATP at a very high rate and endogenous
adenosine in brain increases to micromolar levels (Winn et al-, 1979). This adenosine

may be protective by acting as an endogenous anticonvulsant. Enhancing endogenous
adenosine in rat prepiriform cortex decreased seizure suscepti bi lity (Zhang et al., 1993)
and adenosine inhibited neuronal activity by activating K
' channels and hyperpolarizing
membranes (Gerber et al., 1989). The effects of adenosine are thought to be mediated by
AlARs as AiAR agonists inhibited seizures in mice (von Lubitz et al., 1994) and

suppressed statu epilepticus in rats while AzAR agonists had no effect (Young and

Dragunow, 1994). Recently A3ARshave been investigated for their role in the
anticonvulsant effects of adenosine. Chronic IB-MECA administration protected mice

against chemically-induced seinires (von Lubitz et al., 1995); the mechanism is unclear.

Based on current ideas, AIAR agonists may be usefil anticonvulsants,however,
unwanted sedation associated with AIAR stimulation is a drawback.

3.1.7 Adenosine and Affective Disorders

in the mid-1970s it was noticed that caffeine could mimic the motor effects of
dopamine receptor agonists (Fredholm et ai., 1976). Identification and localization of
Au&

to the dopamine-rich stria-

caused speculation that AuARs may play a role in

this effect of caffeine.

The most abundant type of neuron in the striatum is the GABAergic medium
spiny neuron, of which there are two subtypes. The stnatonigral and

süiatoentopeduncular neurons contain substance P and dynorphin and coexpress
dopamine DIand AIARs. Dopamine 9receptors and AuARs are colocalized on the
striatopallidal neurons, which contain enkephalin (Ferré et ai., 1997). Correlating with
the original data showing the ability of caffeine to potentiate dopamine D2receptor

effects, A2AARsand D1receptors were shown to be functionally Iinked in cultured celis

and in the striatum. AuAR stimulation caused a decrease in the affinity of dopamine
receptor agonists for Dtreceptors (Ferré et ni., 1991). Also, dopamine denervation or
chronic D1receptor blockade Led to upreguiation of AZAARsand increased sensitivity to
the motor effects of A2&R antagonists ( F e d and Fuxe, 1992). In vivo, CGS 2 1680

adrninistered into the caudate-putamen inhibited D2antagonist-induced decreasa in

GABA levels in the globus pallidus while theophylline potentiated the effects of D2
agonists (Ferré et al.,1993). Motor activation caused by AuAR antagonistr was
eliminated by reserpine (dopamine depletion) or DIreceptor blockade while CGS 2 1680
inhibited the motor-activating effects of D2agonists, importantly indicating that observed
functional coupling of the two receptors can be seen behaviourally (Ferré et ai., 1992).

At the molecular, cellular and behavioural Ievels, it is clear that AmARs and D2
receptors function in an antagonistic manner in the striatum. There are exciting possible
therapeutic implications of this relationship. Theophylline has beni reported to improve

the antiparkinsonian effects of Ldopa (Mally and Stone, 1994) raising the possibility that
AuAR antagonists given with D2agcmists may be usehl in Parkinson's disease.

Hyperkinesia in Huntington's chorea is associated with striatopallidal damage; AuAR
agonists rnay be beneficial in this case (Ferré et al., 1997). Classical anti-psychotic drugs
used in the treatrnent of schizophrenia are antagonists of DI receptors in the striatum.

AuAR agonists rnay be good anti-psychoticsby decreasing stimulation of D2receptors.

Furthemore, the major problern with using phenothiazina and haloperidol (commonly
used anti-psychotics) is tardive dyskuiesia thought to be caused by chronic blockade of

D1recepton. Some groups report that tardive dyskinesias are more prominent with D2
blockade in the dorsal rather than the ventral striatopallidal system, the region of the
more powerfui AiAAR-D2interaction (Ferré et aL, 1994). AuAR agonists may offer
relief from symptoms of schizophrenia while causing fewer extrapyramidal side effects.

3.1.7 Adenosine and cerebral bloodflow

Adenosine is a metabolic factor involved in the regdation of cerebral blood flow.

Several factors have led to this conclusion. Brain levels of adenosine rise rapidly
following hypoxia, ischemia or seinire ( W het al.,19793 and 198la). Al1 of these
conditions are associated with decreased cerebrovascular resistance (Phillis, 1989).
Adenosine (Au) receptors have been localized to, and cause dilation of, isolated cerebral
vessels, indicating a role for AuARs in the vascuiar response to adenosine. Brain

rnimvessels also possess the enzymes to fom and catabolize adenosine, and they cm
take up adenosine through transport processes. Decreased resistance caused by excess
adenosine in tintes of rnetabolic challenge may be a mechanism by which blood flow is
autoregdated in ischemia, hypoxia or seinire. Furthermore, denosine may be cleared

h m brain parenchymal tissues by passage into the blood sireaxn across the blood-brain
bmier, ailowing bld-brain barrier adenosine tramporters to be targeted therapeutically

in enhancing brain adenosine levels and neuroprotection in ischemic conditions.

3.2

Neuroprotective Effects of Adenosine in Cerebrai Ischemia

During cerebral ischemia. ATP synthesis is severely compromised and interstitial
levels of its precursor, adenosine, c m nse h m basal levels of about 50 to 300 nM,to
low rnicromolar levels (Rudolphi et al., 1992). Observations that adenosirie analogs

inhibit excessive neuronal activity associated with ischernia-induced depolarization have
led to speculation that adenosine is an endogenous neuroprotective agent. In smooth
muscle, neutrophils, platelets, glial cells and neurons, adenosine has eflects that support

this hypothesis. Almost al1 of these actions have been linked to the activation of specific
adenosine receptor subtypes. The inhibitory AIARs are suspecteci to be the most
important recepton for the neuroprotective effects of adenosine but there are also benefits

derived h m AuARs, Az&Rs and possibly A3ARsas well.

3.2.1

Al ARS and Neuroprotection

Neuronal death due to ischemia is associated with disturbed ion homeostasis and
excess membrane depolarization, excitatory amino acid neurotransmitter release

(primarily glutamate). glutamate receptor stimulation, and ca2'entry h t o cells. Necrosis

is thought to occur in response to toxic accumulation of ca2+and may be a result of
events such as lipid peroxidation, radical generation, activation of proteolytic enzymes

and pathological gene activation (SiesjG and Bengtsson, 1989). In brain, striatum and
hippocampus are regions particularly vulnerable to ischemic darnage. High affinity

AIARs are located pre- and post-synaptically in these regions and are CO-localizedwith
NMDA-type glutamate recepton (Rudolphi et al., 1992).
Pre-synaptically, adenosine inhibits the release of a number of neumtransmitters,
including glutamate (Fredholm and Dunwiddie, 1988). Calcium-dependent glutamate
release occurs upon pre-synaptic membrane depolarization associated with ischernia.
AiARS can inhibit ca2+i d u x and enhance K+emux (Fredholm and Dunwiddie, l988),
thus stabilizing the membrane and decreasing glutamate release (figure 1). It is not

known how adenosine affects ca2+-independentglutamate release or glial glutamate

uptake and release.

In post-synaptic neumns, AiARs act by a number of different rnechanisrns, essentially
leading to reduced ca2+accumulation (figure 1). Again, AiARs inhibit ca2+influx
directly through N-type ca2+
channels. AIARsalso hyperpolarize membranes by
activating K+emux and C1.influx (Mager et al., 1WO), thereby allowing less ca2+enw
through other voltage-operated ca2+channels as well. ca2+accumulation through
glutamate-gated ion channels of the NMDA and AMPAfkainate subtypes is aîtenuated by
Al ARS because of their pre-synaptic effectç on glutamate release. This decrease in

glutamate release also accounts for decreased ca2+mobilization nom intracellular stores

Figure 1:
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AiAR stimulation hyperpolarizes neuronal membranes through inhibition of

N/P-type ca2+ channels and activation of K? and CI- currents.

This causes

decreased glutamate release from pre-junctional nerves and decreased toxic

ca2+ accumulation in post-synaptic nerves. Glial cells are also hyperpolarized
and may assist neurons by taking up glutamate and K+.

in response to stimulation of metabotropic glutamate receptors (Rudolphi et ai., 1992). It
is evident that AIAR stimulation leads to a decrease in ca2' accumulation and associated
toxicity by a number of different mechanisms.

AiARs on glial cells may also aid in protecting neuT0n.sh m ischemic damage.
No cl-

role for AIARs on microglial cells has been describeci, however one shidy

reported that both AIAR and AtAR activation was necessary to cause microglial
activation and proliferation (Gebicke-Haerter et al., 1996). AiARs on astrocytes cause

membrane hyperpolarization and by this mechanism are thought to be protective by
impmving uptake of excessive glutamate and '
K (Miller and Hsu, 1992). Observations of
protective effects of Ai AR stimulation at the cellular and molecular levels have been

verified in Mvo. As sumrnarized by Miller and Hsu (1992), the AIAR agonists R-PIA
and CHA protected hippocarnpal CA1 neurons b m damage in both global and focal
ischemia models in rat and gerbil when given up to 30 minutes post-ischemia. The

importance of adenosine as an endogenous neuroprotective agent was underlined by data
that showed enhanced neuronal darnage in many species in rëspome to acute treatment
with AiAR antagonists (Rudolphi et al., 1992). Of interest is the observed regimen-

dependence of neuroprotective effects seen with AR agonists and antagonists (table 3).

Chronic treatment of gerbils with DPCPX (1 mgkg) afTorded significant protection,
presumably due to AiAR upregulation, while chronic CPA treamient led to enhancd
damage and mortality compared to controls (von Lubitz et aL, 1994). Thus, while acute

treatment with AR agonists was neuroprotective, chronic treatment exacerbateci ischemic

damage. The reverse was tme for AR antagonists. The opposite results obtained with

chronic, compared to acute, administration iikely reflect regulation of receptor densities

andor signal transduction pathways.

Table 3:

Acute

Chronic

Chronic Versus Acute Effect Reversal for PeripherauyAdministered Adenosine Receptor Agonists and
Antagonisb in Cerebral lschemia

Agonkt
CPA

Antagonist
DPCPX

Agonirt

MEC

Antagonist
CSC

Agoni&
IB-MECA

Antugonist
None

tt

-

O

tt-

-

NA

-

+f

i-t

+

u

NA

Data taken h m Jacobson et al. (1 997)

+ signifies neuroprotection (number of symbois signifies relative degree of
protection)

- signifies enhanced neuronal damage
NA, not applicable

Ischemic preconditioning occurs in heart and brain when bnef penods of
sublethal ischemia protect cells h m a subsequent more severe ischemic insult.
Adenosine is a mediator of ischemic preconditioning through AiARs aud potentially
A3ARs in heait (Linden, 1994). In brain, adenosine levels are enhanced following an

ischemic episode due to reduced ATP synthesis. AiARs are activated and

neuroprotection against a subsequent insuit occurs via openhg of ATP-sensitive Kf
charnels (Herteaux et al., 1995). A possible application of the preconditioning
phenornenon may be surgically-induced ischemia, wherein short ischemic episodes in
cardiac and brain tissues may protezt against later unavoidable insults.

3.2.2 A2ARs and Ne~1roprotection

D u ~ ischemidhypoxia,
g
extracellular adenosine Ievels can increase substantially

in brain (Winn et al., 1979,198 I a; Rudolphi et al.,1992) and are thought to contribute to
regulation of cerebral blood flow (Winn et al., 198 lb). StimuIation of AzARs is reporteci
to have neuroprotective eflects in cerebral ischemia by dancing cerebral blood flow

(Rudolphi et al., 1992), however more recent discoveries of excitatory actions caused by

A2ARs have made for an unclear picture of whether adenosine and AzAR agonists are
neuroprotective.

h brain, A2&& were first localized in seiatum, biood vessels, platelets and
neutrophils and this distribution is still thought to represent the major AwAR abundance

in brain. Beneficial effects of AUAR stimulation during ischemia rnay include
improverneni of blood and nutrient supply by vasodilation and inhibition of platelet

activity (Rudolphi et al-, 1992). AuAR-mediated inhibition of neutrophi1 activation is
thought to decrease peroxide and superoxide radical formation by stimulated neutrophils,
thus decreasing radical-induced neuronal death (Miller and Hsu, 1992). Decreased

adherence of activated neutrophils to endothelid cells also Limits capillary blocking and

M e r ischemic damage.

in addition to the effects of AuARs discussed above, a number of trophic effects
are mediated by A2ARs on differait CNS cell types and may be important for

neuroprotection. AzAR stimulation by adenosine in pathophysiological conditions may
stimulate production of neurotrophins, pleiotrophins and neuroprotective compounds by

glial cells, and may enhance neurite growth and neuronal survivai.
Severai shidies have indicated that A2AR activation may affect the re-growth and
differentiation of nemns following ischemia For example, A2ARs induced neurite
elongation in human neuroblastoma and PC 12 ceiis (Neary et ai., 1996). Furthemore,
AuAR activation caused increased NGF expression in rat mimgLia (Heese et al., 1997)

and rnay also be responsible for the hypoxic induction of 0 t h growth factors such as

vamilar endothelid growth factor (Takagi et al., 1996).
A characteristic event following ischemia is proliferation and hypertrophy of astrocytes

around the area of neuronal damage. Astrocytes are thought to be support cells for
neurons and are necessary for axonal growth and guidance. In cuftured human
asîrocytoma cells, adenosine and ADP caused increased DNA synthesis through an AzAR
(Rathbone et ai., 1992) and in vivo, GFAI? staining doubled 48 houn after cortical

injection of the non-selective AR agonist CPCA; this was abolished by an A2AR
antagonist, DPMX (Hindey et al., 1994). It cannot be determineci which AIAR subtype
is responsible since high agonist and antagonist concentrations were used in these

experiments. A&Rs

can activate MAP kinase in human endotheliai cells (Sexl et al.,

1997) and may act similarly in astmcytes to initiate a key element in the signal
transduction pathways involved in cellular proliferation, providing a possible mechanisrn

Figure 2:
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A A R s improve blood flow by causing vasodilation and by inhibiting

platelet acüvity and neutrophil adhesion to endothelial cells.

Inhibition of

neutrophil acüvity also reduces production of radical species. The AZA receptor
also stimulates NGF release from microglia and causes neurite outgrowth while
Az&Rs enhance IL-6 release from astmcytes. Reactive astrogliosis is caused by

AzARs although it is not known which subtype is responsible.

for observations of astrocytic proliferation caused by stimulation of A2ARs. A2ARs dso

enhance the release of neuroprotective substances h m astrocytes. In a recent study it
was show that adenosine can increase secretion of IL4 h m astrocytes 4- to I O-fold

through A2&Rs (Schwaninger et al., 1997). C L 4 can protect nemm h m glutamate

toxicity and stimulate neuronal differentiation, and this may be yet another
neuroprotective effect of AzAR stimulation. WhiIe A

m have not specificaily been

impbcated, some data suggest that adenosine induces astrocytic release of other
compounds such as NGF, neurotrophui-3 and pieiotrophins like bFGF (Nearyet ai.,

1996).
Besides having beneficial effects, adenosine, through stimulation of AuARs, is
an excitatory neuromodulator in some discrete neuronal pathways (Ongini et al., 1997;
Sebastiiio and Ribeiro, 1996). For example in rat cortex, CGS 2 1680 enhanced ischemiaevoked glutamate and aspartate release (O'Regan et al., 1992). These data conflict with
those previously described which suggest a protective role for A2ARs and make
prediction of in vivo funchon of A2ARs in stroke models difficult.

Treatment of gerbils with the AuAR agonist APEC improved cerebral blood flow
but did not affect neuronal sumival (Jacobson et al., 1996), suggesting that beneficial
effects of AuAR stimulation on blood flow may not be able to overcome &AAR-

induced stimulation of excitatory amino acid release. Acute AuAR antagonist (CSC)

administration significantly protected hippocarnpal neurons (Jacobson et al., 1996)
supporthg these results. Based on this study, one rnay hypothesize that a blood-borne

AuAR agonist that does not cross the blood-brain barrier rnay be neuroprotective.

3.2.3 A&

and Neuroprotecttion

The role of A3ARsin cerebral ischemia is poorly understood. It is known that
A3ARshave a low f i n i t y for adenosine and are likely activated only when adenosine

levels rise many times above basal levels as in ischemia One might hypothesize that
A3ARshave a similar function to Al ARS in ischemia since they both inhibit CAMP

synthesis when stimulated. In fact, this does not appear to be the case. In contrast to
AIAR agonists, acute treatrnent of gerbils with the A f l agonist IB-MECA resulted in a

significant increase in morphological damage and enhancement of post-ischemic

mortality (Jacobson et al., 1996). It may be the ability of A-

and limit blood flow, or alternatively, the abiiity of A*

to constrict arterioks

activation to desensitize

inhibitory responses to AI ARS (Dunwiddie et al., 1997) that account, in part, for
enhanced darnage caused by IB-MECA.

Ai ARS have been irnplicated in apoptosis in astrocytes. High concentrations of
AJARagonist caused astrocytic apoptosis while lower concentrationsand shorter
exposure times caused reactive astrogliosis (Abbracchio et al., 1997). As mentioned
earlier, it is unclear whether apoptosis in select neurons, which likely occurs with

.pathophysiological concentrations of adenosine, protects 0 t h neurons. Large numbers
of activated microglia are present following transient brain ischemia Proliferating
microglial cells acquire a nurnber of cytotoxic pmperties, one of which is the ability to
reluise TNFa (Schubert et al., 1997). Stimulation of A3ARssuppressed TNFa release

h m human macrophages (U937) (Saüadi et al., 1996) and cultured rat microglia
(Schubert et al., 1997). suggesting a possible protective role for A3ARs. Much work

remains to bring our knowledge of the C N S hctions of A

m to a point where we can

clearly explain the in vivo actions of A3AR ligands.
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Adenosine Receptor Therapeutics: Strategies and Limitations

The development of adenosinergic h g treatments has bem slow. To date, the
only denosine-based therapies used clinically are adenosine itself (Adenocardm), which

is usefil for acute treatment of paroxysmd supraventricdar tachycardia, and
dipyridamole (PersantheTu),a potentiator of endogenous adenosine, which is used as an

anti-thrombotic agent. Neither treatment is for use in the CNS yet many possible
applications have been dacribed (set section 3.1).

Many investigations have applied Ai= therapeutics to mal1animal models of
cerebral ischernia. Direct Ai AR activation by non-metabolizable adenosine analogs is
the most obvious strategy. Administered pre- or post-ischemia, in both focal and global

ischemic models, Al AR agonists c m decrease mortality, reduce neuronal loss in
selectively vulnerable regions and ameliorate behavioural neurological dysfunction in
rats gerbils, mice and pigs (Bischofberger et al., 1997). Progress in the clinical
development of these compounds has been retarded by a number of limitations discussed
below.

Efficacy of peripherally administered &AR agonists has been questioned because

of an apparent limited ability to cross the blood-brain barrier (Brodie et al., 1987). In
addition, AiAR agonist administration is associated with mild hypothennia which is
neuroprotective (Miller and Hm, 1992); it is a debatable issue whether Ai AR-induced
neuroprotection is achieved through inhibition of neuronal activity (see section 3.2.1) or

indirectly through hypothennia. Some groups found that maintainhg nonnothennia
eliminated protection a o r d e d by AIAR agonists (Miller and Hsu, 1992) while others
contend that when body and brain temperatures are controlled, hypothennia is not the
principal rnechanism of AiAR-mediated neuroprotection (Bischofberger et al., 1997). A

third uncertainty is the discrepancy reported between neurological outcornes for acute
and c h n i c dosing regimens for AiAR agonists. As discussed previously, acutely
administered Ai AR agonists are protective whereas chronic administration enhances
neuronal darnage (lacobson et al. 1996). The fourth and likely most prohibitive problem

with AIAR agonis& is that they cause bradycardia and hypotension, effects oRen
undesirable in stroke patients. These difficulties rnust be circumvented before A1A.R
agonists c m be used safely and effectively in humans.
Recently, one AiAR agonis&called ADAC, was shown to reduce mortality and
protect neurons at a lower dose (75-100 pgkg) than other AiAR agonists without causing

the usual cardiovascular side effects (von Lubie et al., 1996). Furthemore, in contrast to

CHA, ADAC is not associated with ''regimendependent effect reversal" (Bischofberger
et al., 1997). Since these effects and the effectiveness of ADAC up to 12 h post-ischemia

conflict with previous observations of AIARagonist actions, it is possible that another
mechanism is involved. However, ADAC and other struchually similar AiAR agonists
currently represent the most encouraging avenue of clinicai development of

neuroprotective agents acting at Ai ARS.

An alternative adenosinergic therapeutic strategy in ischemia involves using
compounds to inhibit metabolism or cellular uptake of excess adenosine released during
energy failure. This enhances adenosine receptor activation in areas of elevated

endogenous adenosine, producing neuroprotective effects. Additional discussion of
potentiators of endogenous adenosine will be provideci in subsequent sections.

4.

Regdation of Adenosine and Adenine Nucleotide Levels in Brain
Because of the wide distribution of receptors for adenosine and nucleotides in

brain, it is important to consider how extracelIuIar adenosine and adenine nucleotide
levels are reguiated. Points of regulation include formation, storage, catabolisrn, release,

extracellular metabolism and uptake into cells. It rnay be possible to manipulate receptor
occupancy using cornpounds that alter these pathways.

4.1

Sources and Metabolism of Adenine Compounds
Extracellular levels of endogenous adenosine have been measured using many

techniques. Methods that minirnize degradation of ATP afier death or trauma are
considered to give tne most reliable results. The cortical cup technique indicated
adenosine levels of 15-50 nM (Phillis et al., l988), microdialysis has suggested levels of
70 nM in stnatum (Pazzagli et ai., 1995) and 200 n M in hippocampus (Headrick et ai.,
1994), and CSF sampling yielded a level around 35 nM (Walter et a l , 1988). Focused

rnicrowave irradiation rnay be the best method for sacrificing animais when adenosine
levels need to be measured accurately as energy charge is maintained at 0.8 (Delaney and
Geiger, 1996), indicating more healthy tissues containing high levels of ATP versus
adenosine. This need for rapid fixation (denaturation) of the metabolic enzymes of cells
shows the extent and speed of adenosine accumulation with a change in metabolic
activiîy.

4.1.1

IntracelIuIur F m of A P and Adenosine

Several intracellular pathways contribute to the fates of ATP and adenosine (fig.
3). ATP is synthesized in mitochondria and can be stored in vesicles in nerves or used as

an energy currency. Specific vesicular ATP transporters have been identifiecl (Gualix er
al., 1996) and vesicular release of ATP occurs in central and peripherd nemes, leading to

stimulation of P2receptors (Harden et al., 1995). Release of nucleotides fiom cells can
occur by processes other than exocytosis as well. For example, hemodynamic shear
stress (Hasséssian et al., 1993). mechanical stimulation (Lazarowski et al., 1995), and
metabotropic receptor activation (Katsuragi et al., 1996) have been shown to cause
celluiar release of ATP. IntraceIIular ATP c m also be broken down to adenosine. The

rate-bting step in this process is catabolized by soluble Y-nucleotidase, which cleaves
the phosphate fiom AMP to fom adenosine. This represents the major pathway of
adenosine formation in cells. Therefore, AT'P and adenosine Ievels are ciosely linked,

explainhg why adenosine levels increase substantially when ATP is used at a high rate,

such as in seizure, or when ATP cannot be synhesized, such as d u ~ glucose
g
andior
oxygen deprivation. Minor pathways of adenosine formation in brain include catabolism
of S-adenosylhomocysteine by S A H hydrolase (Geiger et d.,1997). as weIi as CAMP
breakdown and de novo purine synthesis via 5 ' - W . Adenosine release f b m nerves has
been reportai in response to elechical stimulation (Hoen and White, 1990), increased
glutamate levels (Rudolphi et al., 1992) and the presence of NO donon pallahi et al.,
1996). Both ca2'-dependent and CC-independent adenosine release have been

documented but vesicular release &as not been demonstrated (Geiger et al., 1997). It
appears that adenosine rdease h m cells is at least partially mediated by bidirectional

membrane protein tramporters (equilibrative transporters) that dlow adenosine C

~ U X

when intracellular levels exceed extracellular levels. Efflw through concentrative,
energy-dependent nucleoside transporten may be induced by perturbation of the cellular
energy state (Borgland and Parkinson, 1997).
Adenosine levels are tightly controlled under basal conditions. Once fomed or

taken up into cells intracellular adenosine is quickiy catabolized by one of two enzymes.
Adenosine kinase (AK) cari phosphorylate adenosine to AMP to salvage nucleotides. AK
is thought to be subject tu substrate inhibition and this may hinder adenosine clearance

when adenosine levels arc high (Fisher and Newsholme, 1984). Adenosine deaminase
(ADA) can deaminate adenosine to form inosine and is not subject to substrate inhibition.
Inhibiton of both AK and ADA have been pursued as therapeutic targets in ischemia,
seinire and pain

4.1.2

Extracellultzr Fates of A TP a n d Adenosine

The receptor-rnediated effects of ATP and adenosine are influenceci by the
hydrolytic activity of ecto-nucleotidases, widely disiributeci plasma membrane-bound

enzymes with active sites onented to the extracellular medium (fig.4). In addition, ATP
is a substrate for ecto-protein kinases (Seifert and Schultz, 1989) and adenosine c m be

catabolized by ecto-adenosine deaminase to fom extracellular inosine (Ciniela et al.,
1996). Four enzymatic reactions are collectively texmed nucleotidase and include ATP

+ ADP, ADP -+ AMP, AMP + adenosine and ATP + AMP.
have been describeci to account for these reactions,

A number of enzymes

Ecto-ATPase, or E-type ATPase catabolizes ATP and is unique h m intracellular
ion-motive or mitochondrial ATPases in that it has broad nucleotide selectivity and is not
inhibited by vanadate, ouabain or oligomycin, inhiibitors of the classicai ATPases. Ecto-

ATPase activity has a ubiquitous distribution (Plesner, 1995) and enzymes associated
with this activity have been isolated h m several tissues and species. Ecto-ATPase

activity may be carrieci out by an ecto-ATPase, which hydrolyzes ATP to ADP, or by an
ecto-ATP diphosphohydrolase (ecto- ATPDase or ecto-apyrase) which hydrolyzes ATP to

AMP. ATPase activity not associated with ATPDase was evident in preparations
including striata1 cholinergie synapses (James and Richardson, 1993). in contrast, ATP
hydrolysis by ATPDase was detected in rat cortical synaptosomes (Battastini et al..
1991). Activity of ADPase, an enzyme that hydrolyzes ADP to AMP but does not

hydrolyze ATP or AMP, was identified in rat erythrocytes (Luthje et al., 1988) and lung
(Dawson el al., 1986). In contrast, ATPDase appeared responsible for hydrolysis of ADP

in rat cortical spaptosomes (Müller et al., 1993). Utimately, cloning of the enzymes
responsible for hydrolysis of ATP and ADP, as has recently been accomplished for the
CD39kto-ATPDase (Wang and Guidotti, 1W6), and subsequent cellular localization is
necessary to resolve which combinations of enzymes are responsible for hydrolysis of
nucleotides in different tissues and ce11 types.

The extracellular enzyme responsible for the formation of nucleosides is ecto-5'nucleotidase, an enzyrne with broad substrate selectivity (James and Richardson, 1993;

Zimmermann,1992). Ecto-5'-nucleotidase is ubiquitous with respect to tissue
distribution but apparently not with respect to cellular dishibution. For example, it is
rarely found on neurons but it is located on astrocytes and oligodendrocytes

Figure 3:
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ATP is synthesized mainly in mitochondria, then is stored, released or

catabolized to adenosine.

Adenosine can be fomed intracellularly by the

breakdown of ATP by ATPases and 5'-nudeotidase or to a lesser extent, by the
action of S-adenosylhornocysteine hydrolase.

Intracellular adenosine o n be

released or metabolized to inosine or AMP by adenosine deaminase or adenosine
kinase, respectively.

(Zimmermann, 1992). Ecto-5'-nucleotidase is important when considering ATP
breakdown and adenosine formation because of the role of adenosine as a signaling
molecule via ce11 surface receptors.
Extracellular catabolism of ATP and formation of adenosine is achieved by
combinations of ecto-nucleotidase enzymes that work in concert with one another to
produce cell-specific extracellular half-lives for ATP and adeaosine. Studies in striatal

cholinergie synaptosomes (James and Richardson, 1993) show a delayed production of
adenosine following ATP breakdown. This may be due to feedfomard inhibition of ecto5'-nucleotidase by ADP that accumulates because of a decreased capacity of ADPase
relative to ATPase. In contrast, ATP and ADP hydrolysis proceed with simi1a.r

,V

and

values in smooth muscle cells and no delay in adenosine production was seen

(Pearson, 1980). This picture is complicated m e r by the discovery that soluble
nucleotidases cm be released with ATP fkom sympathetic nerves (Todorov er al., 1997).
Thus, extracellular ATP and adenosine levels may be partidly regufated by nucleotidases
released from cells. Clearly, these types of tissue-specific differences in ectonucleotidase activities may affect ATP and adenosine signalhg such that delays in
degradation of ATP could enhance stimulation of P2receptors while rapid metabolism
could result in quick cessation of such signalhg and enhancecl signaling at adenosine
receptors.

4.2

Inhibiton of Adenosine Metabolism as Therapeutic Agents
Intracellular metabolism is a key point of regdation of endogenous adenosine

Ievels. Inhibitors of ADA and AK can increase endogenolis adenosine levels in certain

conditions lcading to enhanced stimulation of al1 adenosine receptors. This may or may
not be of more benefit thm ArARagonists since the roles of AtB,A3, and even AzA
adenosine receptors in neuroprotection are unclear. Using ADA and AK inhibitors may

be a viable therapeutic strategy as some are beneficial in ischemia, seizure and pain
models.

4.2.1

AdenosineDeaminase Inhibitors
The two most widely used inhibiton of ADA are EHNA (nM activity) and DCF

(pM activity) (Geiger et al., 1997). Under normal metabolic conditions EHNA had no
effect on adenosine levels or hippocampal neuronal activity (Pak et al.,1994). However,

in rat brah global ischemia, DCF enhanced adenosine release and nucleotide recovery
(Phillis and O'Regan, 1996). As well, DCF given pre-ischernia reduced CA1 neuronal
darnage in gerbils (Phillis and O'Regan, 1989) and given post-ischemia caused a
reduction in cerebral ischemic injury in newbom rats (Gidday et al., 1995). This finding
indicates that ADA may be more active during conditions of elevated adenosine
production and inhibitors of ADA may be more effective enhancers of endogenous
adenosine under these conditions.

Much work remains to make a case for the therapeutic utility of ADA inhibitors.
There are examples in both rat @elaney et al, 1993) and gerbil (Phillis and CloughHelhan, 1990) models of cerebral ischemia where DCF was not neuroprotective.
Furthemore, there is a curious lack of effect of ADA inhibitors in s e d e (Zhang et al-,

1993) and pain models (Geiger et al., 1997).

4.2.2

Adenosine Kinase Inhibitors

The most commoniy used AK inhibitors are ITUpd-ITU and 5'-mdAdo, each
active at nM IeveIs (Geiger et ai., 1997). ïKJwas an effective enhancer of endogenous
adenosine levels in brain under basal conditions whereas EHNA was not (Pak et al.,
1994). As mentio~edearlier, AK may expexience substrate inhibition or noncornpetitive

inhibition during energy depletion @ecking et al., 1997). This nay account for
observations that AK inhibition was not effective in some disease models with
pathophysiological levels of endogenous adenosine. For example, systemic ITUfailed tu
protect CA1 neurons against global ischemia in gerbils (Phillis and Smith-Barbour,

1993). Altematively, this could be due to the Iimited ability of ITU to cross the blood-

brain bamer compared to à-ITU (Geiger et ai., 1997) since d-ITU protected rats against
transient focal ischemia (Jiang et al., 1997). ITU injected into the rat prepiriform cortex
protected from bicuculline methiodide-induced seimes, in contrast to the effects of DCF

(Zhang et ai., 1993). Systemic d-ITU protected against pentylenetetrazol-induced
seizures. These data suggest that AK inhibiton rnay be more usehl than ADA inhibiton

in the treatment of seizures.

AK inhibiton may also be more effective than ADA inhibiton as antinociceptive
agents. Intristhecal 5 '-NHzdAdo,but not DCF or EfINA, enhanceci opioid-induced
antinociception in mice (Keil II and DeLander, 1994). DCF did enhance antinociception
produced by exogenous adenosine, again supporthg the idea that ADA inhibitars are

more effective at elevated adenosine levels, whereas AK inhibitors are more effective at
basal adenosine levels.

Figure 4:

Extracellular Fates of ATP and Adenosine
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Both ATP and adenosine can be released from cells. Adenosine can a d at
cell surface receptors, be taken op into cells or broken down to inosine by ecto-

adenosine deaminase. ATP can activate Pz receptors, a d as a subshate for ectoprotein phosphorylation or be catabolized by the ecto-enzymes ecto-ATPase,
ecto-ADPase, ecto-apyrase and ecto-5'-nucleotidase to form adenosine.

4.3

Nucleoside/Adenosine Transporters

Nucleoside transporters W s ) are integral membrane proteins that mediate
the flux of nucleosides fiom one side of a membrane to the other. The major role of NTs
is to satise cellular metabolic demands for nucleosides Cells such as erythrocytes that
do not have the ability to synthesize nuclcosides de novo rely on uptake and salvage of

nucleosides and nucleotides. ûther cells utilize both pathways to varying degrees (Jones,

1980)and require mechanisms for nucleoside uptake. Another important role for NTs is
to allow the cellular uptake of nucleoside d o g s used as part of anti-cancer or anti-viral
chemotherapy. For example, DCF, used for lymphoma and leukemia, acyclovir, used for
Herpes virus, and M T ,used for H N ,al1 enter cells via NTs. There is evidence that the
activity of NTs is an important determinant of cytotoxic activity of these h g s (Cass,
1995). Final1y, NTs are important in adenosine phmacology.

The actions of adenosine

at its recepton are dependent on the concentration of interstitial adenosine. As well as

factors such as reiease and metaboliçm of ATP and adenosine, extraceIIular adenosine
levels also depend heavily on its uptake and release through NT proteins.

The fint Ms were identified on human erythrocytes in thc early 1970s (Cass and
Paterson, 1972; 1973). In the 1%Os, with better methods of studying initial transport
rates, other subtypes were discovered (Cass, 1995) and currently 8 subtypes have been
identified and divided into 2 broad families, equilibrative and concentrative (table 5).
Equilibrative transport is dnven by the transmembrane nucleoside concentration
gradient and such transporters are responsible for both uptake and rdease of nucleosides.
They have been M e r divided into 2 subtypa based on inhibitor sensitivities, both of

which have been cloned and huictionally identifiexi in brain. EquiIibrative transporters
are widely distributed and may be ubiquitous (Cass, 1995).
Under normal celluIar energy conditions concentrative transporters mediate the

inward flux of nucleosides coupleci with ~a ions; they may be termed active
Na'/nucleoside symporters. They have a more lïmited distribution than equilibrative

transporters, for the most part being c o h e d to speciaüzed tissues such as kidney,

intestine and choroid plexus (Cass, 1995). Thus far, 6 subtypes have been identified

based on different pemeant selectivities and 2 of these have been cloned. The
distribution of concentrative transporters in brain is poorly understood as only a few
reports have documented Na*dependent nudeoside transport in the CNS.

4.3.1

Eguilibrative Nurleoside Tmporîers

The first NT identified from human erythrocytes was found to be an equilibrative
transporter (Cass and Paterson, 1972), or a facilitated diffusion NT. The NT activity of
this protein was later found to be sensitive to inhibition by a nucleoside analog called
nitrobenzylthioinosine (NBMPR)(Cass and Paterson, 1974). in the 1980s an

equilibrative NT system insensitive to inhibition by NBMPR was identified, first in
neoplastic cells (Belt, 1983). These two equilibrative NTs are aow termed es for
quilibrative and NBMPR-sensitive and ei for auilibrative and NBMPR-insensitive
(Vijaydakshmi and Belt, 1988). They have very similar substrate selectivities and

kinetics, and are present together on a number of cell types (Cass, 1995).

4.3.1.1

es Nucleoside Transport

The es transporter from human erythrocytes was purified (Kwong et al., 1988)
and recently cloned from human placenta (Grifnths et al.,1997) and rat jejunum (Yao et
al., 1997). The rat cDNA (rENT 1) predicts a protein of 457 amino acid residues and

molecular weight 49,984 Da while the human cDNA (hENT1) predicts a 456 amino acid,
50,249 Da protein; the two amino acid sequences are 78% similar. B o t . species
homologs predict 11 transmembrane

domains, each connected by short hydrophilic

segments. Exceptions in both human and rat are between TM 1 and 2 and TM 6 and 7

which are separated by extracellular loops of 41 amino acids and intracellular loops of 66
amino acids, respectively. rENT 1 contains 2 additional putative glycosylation sites in the
large extracellular bop compared with hENT1 suggesting that interspecies differences in
glycosylation could explain why photoamnity labehg experiments showed differences
beiween the molecular weights of human (55,000 Da) and rat (62,000 Da) es transporters.
There is some evidence that multiple isofonns of es exist, at l e s t in human, based on the
reactivity of an es polyclonal antibody in human placenta (Barros et al., 1995).
Cloned ENTl from both human and rat exhibit broad penneant selectivity. The
endogenous nucleosides adenosine, uridine, cytidine, guanosine, inosine and thymidine,
as well as some cytotoxic nudeoside analogs inhibiteci uridine influx through hENT1

(Boumah et al., 1994; Gri ffiths et al., 1997a) and rENTI (Yao et al., 1997) expressed in
Xenopus oocytes. The KM for uridine influx was 0.24 m M for hENTl (Grifnths et al.,
1997a), and 0.15 mM for rENT1 (table 6) (Yao et al., 1997).
The es transporter exhibits some selectivity for adenosine relative to other
endogenous nucleosides in CNS tissues (Geiger and Fyda, 1991). The cloned hENTl

gave a mediateci flux of adenosine 3-4 times that for uridine (Grifnths et al.. 1997a).
consistent with these observations. Identification of transporters selective for adenosine

is important when considering the role o f specific transporter subtypes in regulating
interstitial adenosine concentrations. Kinetic studies have indicated tbat es transporters in
guinea pig cortical synaptosoma had a I&
erythmcytes the

for influx of 17 pM for adenosine. For rat

was estimated at 12 pA4 (Griffith and Jarvis, 1996). in studies that

controlled for metabolism of adenosine or used the metabolicalfy stable enantiomer L-

adaiosine, the

hr adenosine in rat cortical synaptosomes was about 40 C<M (Guet al.,

1992)while in human synaptosomes it was 89 pM (Gu et al., 1993). double the value for
rat.

Both rENT1 and hENTl were sensitive to low nM concentrations of NBMPR
with a Ki previously estimated at 0.1 - 1 n M (Thom and Jarvis, 1 996). However, ENT l
displayed species differences in sensitivity to the inhibitoe dipyridarnole (DPR) and

dilazep (DZP). hENTl was sensitive to DPR and DZP inhibition in CRNA-injected
Xenopus oocytes with ICso values of 140 nM and 60 nM,respectively, while rENT 1 was

insensitive at concentrations up to 1 p M (Yao et a l , 1997). This must be taken into
consideration when using rat models to evaluate DPR and DZP for therapeutic use in

humans. On the other hanci, these data validate the use of NBMPR in rat models.

Table 6:

Kinetics of Uridine Uptake Through Eqailibrative
Transporters Expressed in Xenopw Oocytes

V- @moUmin per oocyte)

KM(mM)

--

--

-

-

-

-

Data taken kom Griffiths et al. (1 997a,b) and Yao et ai. (1997).

The es transporter appears to be metabolically regulated. A number of reports
have s h o w that PKC and perhaps PKA c m alter nucleoside uptake, release, and

['H]NBMPR binding sites in different systems. Phorbol esten decreased NBMPRsensitive adenosine transport and [

3

~

binding
]
in ~T84 intestinal
~
~ epithelial
~
cells
~

(Munet al., 1998). In chromaffin cells. adenosine transport, measured by flow
cytometry, was inhibited by close to 50% in response to phorbol esters and forskolinshulated PKA activity (Sen et al., 1998); a decrease in ['HJNBMPR binding sites was
also noted (Delicado et aL, 1991). Similady, in HL-60leukemia cells, 6 hou phorbol

ester treatrnent caused a 30% decrease in [

3

H

Jbinding
~ ~sites~and~a IO-fold

decrease in uridine uptake (Lee. 1994). Adenosine release may also be affected by PKC

activation. In DDTI MF-2 cells, AIAR activation increased nucleoside release by a PKCdependent mechanism (S inclair and Parkinson, submitted). Several compounds in

addition to DPR, DZP and NBMPR have been reported to inhibit es transporters. Since
ethanol has been shown to inhibit es, endogenous adenosine may mediate some of its
depressant effects (Nagy et al., 1990). In addition, tamoxifen, an estrogen receptor
antagonist used in the adjunctive treatrnent of breast cancer, inhibited es NTs in MCF-7

breast cancer cells raisîng the possibiHty that part of its anti-proliferative effects rnay be
due to inhibition of DNA synthesis h m lack of nucleoside salvage (Cai and Lee, 1996).

Functionally, es NTs have been deîected in many regions throughout brains of

different species. Various C N S ceil types including neurons (Sweeney, 1996) and
astrocytes (Gu et al., 1996)have es activity. Characterîzation of es NT distribution in the

CNS has been made possible by radiolabeled ligands such as ['H]NBMPR and ['HIDPR
['H-JTY'BMPR was considered the best available marka for es systems phor to the cloning
of ENTl nom rat and human and the deveiopment of antibodies (Geiger and Fyda,
1991). In the report of Bisserbe et al. (1985). hi&

Ievels of

[ 3 wbinding
~ in rat~ ~ ~ ~

brain were seen in strïatum, pyriform cortex, thaiamus, superior colliculus, substantia

nigra, nucleus of the solitary tract and substantia gelatinosa of the dorsal spinal cord.
Moderate to Iow levels were seen in amygdala and certain nuclei of the thalamus and Iow
levels were seen in cerebellum and hippocampus. Results were similar in guinea pig and
m e r indicated high [

3

~

binding
]
in ~a m postrema,
~
~ parietai
~
cortex
~
and

hypothalamus (Deckert et ai-,1988). AIAR receptor distribution correlated well in most
cases with ['HINBMPR binding suggesting es transporters are important in regulating

AiAR stimulation (Deckert et al., 1988). Notable exceptions were hippocampus and
cerebellum, where AlARs are reportedly abundant (Olah and Stiles, i 995) yet

['HINBMPR binding was low.

4.3.1.2

ei Nudeoside Transport

In contrast to es NTs, fittle was known about the structure and tissue distribution
of ei prior to its cloning. Recently, cDNAs encoding the ei NT were isolated nom human
(hENT2) placenta (Gnffiths et al., 1997b)and leukemia cells (Crawford et al., 1998). and

rat jejunum (Yao et al., 1997). The putative structure of ENT2 is very similar to ENT 1.

Both the rat and human homologs encode 456 amino acid peptides of 50,232Da and
50,173

Da,respectively, and are about 50% identical to hENT1ErENT I . Like ENT I ,

ENT2 c D N h predict 11 TM domains with shorter hydrophilic Ioops comecting TM 1
and 2 (28 residues for hENT2 and 27 for rEM2 vs. 41 for rENTlmENTI)and longer
loops connecting TM 6 and 7 (80 residua for rENT2mENT2 us. 66 for rENTImENT1).

Both rENT2 and hENT2 have two putative glycosylation sites in the loop connecting TM
I and 2, one of which is conserved in hENT 1 (Griffiths et al., 199%).

Like ENT1,ENT2 c m transport a broad range of nucleoside permeants. Al1
endogenous nucleosides were able to inhibit in

lu ri di ne influx through rENT2, however

cytidine was l e s effective than in experiments with rENTl (Yao et al., 1997). The

for uridine influx through r E N n was 0.30 m M (table 6) (Yao et al., 1997). This affinity
for uridine is in close agreement to results with hENT2, which yielded a

for influx of

0.20 rnM (Gnffiths et al., 199%). While NBMPR (1 CiM) abolished aIl uridine influx
through rENT 1.86% of activity remained in rENT2 expressing oocytes (Griffiths et al.
199%). DPR and DZP were also effective inhibitos hENT1,whiIe they were relatively
ineffective as inhibiton of hENT2 (Griffiths et al., 1997b) and rENT2 (Yao et al., 1997)
at 1

m. R d 1 that this intraspecies ciifference in susceptibility to DPR and DZP is

smaller in rat because of the surprising lack of effect of nanomolar concentrations of
these inhibitors on rENTI .
The ei NT subtype has been identified functionaily in CNS preparations from a

numbs of species including rabbit (Jones and Hammond, 1996). rat (Lee and Jarvis,
I988a) and guinea pig (Lee and Jarvis, l988b) cortical synaptosomes, and human fetal
astrocfies (Gu et nL, 1996). Species differences in CNS proportions of es to ei have been

documented. in rabbit synaptosomes, 65% of equilibrative uridine influx was through an
es system while in guinea pig and rat synaptosomes, most uridine infîux through

equilibrative NTs was via the ei subtype (Jones and Hammond, 1995). Further species
differences in relative substrate affinities between es and ei may exist in C N S tissues. In
guinea pig synaptosomes, the &nity of uridine for es was 2.5-fold greater than for ei
(Griffith and Jarvis, 1996) while in rabbit synaptosomes, the amnity of uridine for ei was
3-fold greater than fores (Jones and Hammond, 1995). There is some discrepancy in the
data for rat. The aFtinity of uridine for es was only slightly greater than for ei in rat
synaptosomes (Lee and famis, 1988a) but in cloned tnuisporten, uridine exhibited 2-fold
greater affinity for rENT 1 (es) over rENR (ei). Interestingly, uridine had a higher
amnity for the cioned hENT2 than for E N T I . Care must be taken in extending

interpretation of results among species because of differences in both relative levels and
substrate affinities of es and ei in the C N S of different species.

In the mid 1980s it was proposed that [.'H]DPR may be a good ligand for labeling
ei NTs in guinea pig and human but not rat. ['H]DPR has 2-5-fold more binding sites in

guinea pig brain than does [.'H]NBMPR (Griffith and Jarvis, 1996) and 35% more
binding sites in human parietal cortex (Deckert et al., 1994). In guinea pig, [.'H]DPR

binding was inhibiteci by 10% in cerebellar purkinje cells and by more than 65% in
anterior hypothalamus, nucleus tractus solitarius, a r a postrema and artenes (Deckert et

al., 1987) by 500 n M NBMPR. This fnding suggested that the remaining bound

[ 3 H Jmarked
~ ~ ei
~ NTs. Overall, only 40% of ['WDPR binding was susceptible to
inhibition by NBMPR in guinea pig brain. These results must be viewed with caution
however because (i) [-'H]DPR has higher non-speci fic binding than does [-'H]NBMPR;
(ii) the hydrophobic nature of [)H]DPR may allow it to bind intracellular sites whereas

I ~ ~ M isPthought
R
to bind to the extracellular d a c e of ce11 membranes only; and
(iii) ['HIDPR may bind other proteins such as glucose transporters. It is clear that the

nature of the additional [

3

binding~ sites is poorly
~
understood.
~
~ in addition, the Ki

values for nucleoside inhibition of [-'H]DPR binding are not consistent with the potency

of DPR inhibition of nucleoside uptake in guinea pig synaptosomes (Grifith and Jarvis,
1996). With cDNA sequence information for r E N n and hENn,it is now possible to

determine the distribution of mRNA for ei NTs in brain-

4.3.2

Concentrative Nucleoside Transporters

In the mid 1980s investigaton began to notice that nucleosides including
adenosine could be transported in an energy-dependent, nucleoside gradient-independent

marner by ~ a ~ - c o t r a n s ~(Le
o r tHir and Dubach, 1984). Attempts to determine pemieant
selectivity of such transport systems using nucleosides to inhibit uptake of a radioactive
permeant have revealed 6 concentrative, or N$-dependent nucleoside transporter
subtypes differentiated by permeant selectivity and sensitiviw to inhibition by NBMPR

(Griffith and Jarvis, 1996) (table 5). N1 NTs are concentrative, NBMPR-insensitive and

prefer purine nucleosides (fomycin B); N2 NTs are concentrative, NBMPR-insensitive
and prefer pyrimidine nucleosides (thymidine); N3 NTs are concentrative, NBMPRinsensitive and accept a broad range of nucleoside pemieants; N4 NTs are similar to N2

but also accept guanosine; N5 NTs are concentrative and sensitive to low nM
concentrations of NBMPR; and N6 NTs are concentrative, permeated only by guanosine

and sensitive to inhibition by low nM concentrations of NBMPR-

4.3.2.I

NI Nucleuside Transporters
NI NTs have been identifieci fiinctionally in a wide variety of tissues and cells

including rat, mouse and hamster macrophages, rabbit and mouse intestine, cultured rat
intestinal IEC-6cells, rat and bovine kidney, rat liver and L 1210 mouse Ieukemia cells

(Griffith and Jarvis, 1996). Recently, cDNAs for Nt NTs have been isolated from rat
jejunum (rCNTî; Yao et al., 1996) and liver (SPNT; Che et al, 1995). Modeling of the

cDNA sequence predicts a 659 amino acid peptide with a molecular weight of 72 D a -

rCNT2 has 14 putative hydrophobie TM domains in contrast to 11 for ENT 1 and ENTZ
Unique to rCNT2 is an ATPIGTP binding motif and putative PKC and PKA

phosphorylation sites, suggesting differential regulation of ~ a + d e ~ e n d eNT
n t subtypes.
rCNn is a purine nucleoside selective transporter, however it is also able to

transport uridine. When expresseci in Xenopw oocytes, rCNT2 significantly enhanced
adenosine uptake compared to the control; uptake of adenosine proceeded with a
pM and a,
,V

of 6

of 0.46 pmolhin per oocyte. The flux ratio of uridine to adenosine was

0.39 indicating adenosine is a preferred permeant (Yao et a:., 1996). This finding is of

particular interest because of its implications for adenosine pharmacology.

4.3.2.2

N2 Nucleoside Transporters
in contrast to N1 NTs, N2 NTs have a more limiteci distribution, thus f a having

been detected only in kidney, intestine (Griffith and Jarvis, 1996) and placenta (Ritzel et
al-, 1997). cDNAs encoding proteins with N2 NT activity have been isolated fkom rat

jejunurn (rCNT1; Huang et al., 1994) and human placenta (hCNT1;Ritzel et al., 1997).
rCNTl is 64% identical to rCNT2 and both transporters are considered mernbers of the
same gene family (CNT). The rCNTl protein contains 648 amino acid residues and has a

rnolecular weight of 7 1 kDa Like rCNT2 it has 14 putative TM domains. While rCNT 1
lacks PKC and PKA regdatory sites possessed by rCNT2, there are conserved
phosphorylation sites in the two proteins and this may indicate CO-regulation.The most

divergent parts of the respective protein sequences for lCNTl and rCNn are near the Cand N-tennini. The hctional significance of this finding is unknown.
rCNTl is selective for pyrimidine nucleosides. Uridine uptake mediated by
rCNTl transiently expressed in COS4 M c a n green monkey kidney cells proceeded

with a

of 21 p M and a V,

of 11 pmoYs per 106ceIIs; the

for thymidine was 12.5

ph4 (Fang et ai., 1996). Guanosine was unable to inhibit uridine uptake but interestingly,

adenosine (a purine) was. Up take of adenosine had a

of I 5 p M but the,V

adenosine uptake by rCNT1 was very low; though they had similar
V-/KM

for

values, the

ratio for adenosine was 0.01 compared to about 0.55 for uridine (Fang et al.,

1996).

With receptors for UTP and UDP identified in the CNS, the cellular transpon of
uridine is an important consideration for regulation of effects mediated by uracil

nucleotides (Anderson and Parkinson, 1997). In addition, if adenosine is indeed an

inhibitor of rCNT1, pathophysiological concentrations of adenosine could decrease

uridine uptake and salvage, and rnay affect signaling at PZrecepton selective for UTP
and UDP.

4.3.2-3

Other Concentrative Nucleosidc Transportes

N3 nucleoside transport has been hctionally identified in rabbit choroid plexus
(Wu et al., 1%Q), rat jejunurn (Huang et al., 1993) and Cam-2 cells (Belt et ai., 1993). A
cDNA with N3-like activity was isolated h m rabbit kidney and temed SNSTl (Pajor

and Wright, 1992). SNSTl has no significant homology with the CNT gene family but is

sirnilar to the Na'/glucose cotramporter SGLT1. SNST1 CRNA-injectedXenopus
oocytes displayed only mail increases in ~ac-dependenturidine uptake compared to

water-injected oocytes (Gnfith and Jarvis, 1996) and SNSTl transcripts were found only

in heart and kidney, differhg From the hctional distribution of M NTs. This may mean
that another uncloned transporter, perhaps a member of the C'NT family, is also

responsible for N3 activity.
Little is known about the remaining concentrative transporters. N4 activity has

been identified only in hurnan kidney (Gutierrez et al., 1992) while the classification of
the NS system is based on preliminary results showing inhibition of ~a'-dependent
formycin B uptake by low (cl0nM) concentrations ofNBMPR in human leukemia cells
(Griffith and Jarvis, 1996). Another concentrative nucleoside transporter sensitive to
inhiiition by NBMPR and selective for guanosine has recently been identified in human
leukemia cells (Flanagan and Meckling-Gill, 1997). Cloning of these subtypes will aid in
elucidation of their firnction and distribution.

4.3.2.4

Concentrative Nucleuside Trampori in Brain

Without specific inhibitors of NaC-dependentnucleoside transporters, there are no
compounds suitable for use as markers in tissues. Consequently, tissue and cellular

distributions of these transport systems are poorly undentood. In rat brais, a component
of ~a'dependent adenosine uptake was seen in dissociated cells (Johnston and Geiger,
1989), cortical synaptosomes (Bender et a[.. 1980), primary cultures of n e m n s and
astrocytes (Hosli and HGsli, 1988) and dorsal brain stem synaptosomes (Lawrence et al.,

1994). In mouse brain. ~ a + d e ~ e n d eadenosine
nt
uptake was not observed in dissociated

cells (Geiger and Fyda, 1991) but was seen in astrocytes (Bender et al., 1994) and brain
slices (Banay-Schwartz et al., 1980). Cloning of rCNT1 and rCNT2 has provided the
first molecular probes for ~ a ' d e ~ e n d e nconcentrative
t
nucleoside transporters in brain.

4.4

Adenosine Uptake Inhibitors as Neuroprotective Agents

The use of compounds to inhibit adenosine uptake through nucleoside transporten
could be beneficial in cerebral ischemia or seizure. Adenosine transport inhibiton (ATIs)
provide a site-specific potentiation of endogenous adenosine levels that have been
elevated due to decreased ATP synthesis or increased ATP use. thereby avoiding
unwanted AiAR stimulation in cardiovascular tissues and the associated side effects

discussed earlier. In contrast to AiAR agonists, this strategy allows stimulation of al1 AR
subtypes. It is unknown whether this is of added benefit to AiAR stimulation o d y given
the uncertain effects of AzAR stimulation in cerebral ischernia (see section 3.2.2).

Propentofylline (PPF) was shown to be an inhibitor of adenosîne i d w in
culhired rat hippocampal cells (Ohkubo et al., 1991) and of three specific NT subtypes
(es, ei, NI)in cultured cells (Parkinson et al., 1993). It is thought that this property of

PPF at le& partially accounts for its ability to enhance endogenous adenosine levels
(Andiné et al., 1990) and to fiord neuroprotection in animal models of stmke (Parkinson
et al., 1994). PPF given post-ischemia reduced hippocampal ce11 death in gerbil global

ischemia (Miller and Hsu, 1992), reduced infarct volume in rat focal ischemia (Park and
Rudolphi, 1994), decreased neuronal damage in a newborn rat model of
ischemia/hypoxia (Gidday et al., 1995), and improved glucose utilization in human stroke

patients (Huber et al., 1993). PPF dso has other effects. It bfocks ARSat high
concentrations, inhibits CAMPphosphodiesterase and c m enhance nerve growth factor
release in brain (Parkinson et al., 1994). Thus it is not clear whether blockade of

adenosine transporters is entirely respowible for PPF-induced neuroprotective effects.

In order to validate the use of ATIs as neuroprotective agents, similar in vivo
data to those descnbed for PPF are required for more potent and selective ATI. NBMPR

is one such compound with a sub-nanomolar K,J value for buidhg at es NTs. In mice,
NBMPR decreased locomotion and seinires when given peripherally and enhanced
antinociception when given intrathecally (Geiger and Fyda, 1991). In cats, NBMPR

enhanced the sleep-induchg effecîs of endogenous adenosine (Porkka-Heiskanen et al.,
1997). Site-specific injection of NBMPR in cortex by microdialysis improved post-

ischemic hypoperfüsion in pig global ischemia (Gidday et al., 1996)but intraperitoneal

NBMPR failed to protect in a gerbil forebrain ischemia model @eLm et al., 1988). The
poor solubility of NBMPR was, however, not addressed in this study. Furthemore,

although NBMPR is Lipophilic, its ability to cross the blood-brain bamier has not been
reporte& Clear data with NBMPR in ischemia modeis, accounting for blood-brain

banier penetrability and dnig solubility, will determine the validity of using blockm of

adenosine uptake through equilibrative transporters as a therapeutic strategy.

This chapter serves to provide background relevant to our interests in investigating
distributions of nucleoside transport inhibitors in brain, with the overall goal of clarifj,hg
specific nucleoside transporter subtype functions based on observed distributions.

EYlmbx
Nitrobenylthioinosine (NBMPR), an adenosine transport inhibitor with
potential neuroprotective effects, crosses the blood-brain barrier in suficient
quantities to inhibit transporters with a & of approximately 1-5 nM.

This hypothesis will be tested in Chapter 2 using a radiolabeled tracer technique,
as well as direct measurements of NBMPR in cerebrospinal fluid or brain extracts
following peripheral injection of NBMPR-phosphate.

Each cloned nucleoside transporter subtypes is present in brain with a

unique regional and cellular distribution. Distribution of mRNA for transporten

closely resembles protein distribution.

These hypothess will be tested using various molecular biological techniques
pmbing for both mRNA and protein distributions of four distinct nucleoside transporter
subtypes in brain.

Ability of Nitrobeaylthioinosine to Cross the Blood-Brain Bamer in Rats

Summary
Nucleoside transport inhibitors that cross the blood-brain barrier may be able to
potentiate the neuroprotective effects of adenosine. We tested whether

nitrobenzylthioinosine (NBMPR)crosses the blood-brain bamier in three types of
expenments. First, inûavenous injection of [

3

and ['4~]sucrose
~
was

~

performed. Brain volume of distribution and brain delivery were greater for [-'WMPR

than for ['4~]sucrose.Second, rats were injected intraperitoneally with NBMPR 5'monophosphate WMPR-P), a proclmg fom of NBMPR, or vehicle. Perchloric acid
extracts of brains fiom rats treated

with NBMPR-Pinhibited ['HINBMPR binding in

cornpetition binding assays nearly three-fold more than extracts from brains of vehicletreated animals. Third, cerebrospinal Buid (CSF) extracted from rats treated with

*

NBMPR-P (10 rng/kg i.p.) contained 24.1 4.4 nM NBMPR while levels were
undetectable in CSF from vehicle-treated rats. We conclude that NBMPR may cross the
blood-brain barrier in sufficientquantities to inhibit nucleoside transporters.

Introduction
Adenosine is an endogenous neuroprotective agent that stabilizes neuronal
membrane potentials and has vasodilatory, anti-platelet and anti-neutrophil activities

(Rudolphi et al., 1992). Enhancing extracellular levels of endogenous adenosine by
-

1

-.

-

-

- -

- -

- -

Anderson CM,Sitar DS, Parkinson FE (1996) Ability o f nitrobenzylthioinosinc to cross the blood-brain
banier in rats. Neurosci Lctt 2 19: 191-194.

~

~

inhibithg cellular uptake is a potentiai therapeutic intervention for conditions. such as
stmke or seinire that are characterized by excessive neuronal excitation.
Inhibiting cellular uptake and enhancing endogenous levels of adenosine are
thought to account for. or at least contribute to, the neuroprotective effects of the xanthine
derivative propento&lline (Parkinson et al., 1994). However, baides being a nucleoside
Cransport inhibitor, propentoSlline is also a phosphodiesierase inhibitor and an adenosine

receptor antagonist. Investigations using inhibitors with higher selectivity than
propentofj4line are required to investigate further whether inhibition of nucleoside
transport is associated with neuroprotection in experimental models of cerebral ischemia
However, the classicd transport inhibitors nitrobenzylthioinosine (NE3MPR) and
dipyridamole are poorly soluble in aqueous solutions. The potent and water soluble
transport inhibitor dilazep is rnetabolized by nidogenous esterasa (Geiger and Fyda,
1991) and also inhibits ~ a and
+ ca2+channe1 activity (Hoque et al.,1995). mus, these
compounds are of lirnited usefulness for characterizing neuroprotective effects of
nucleoside transport inhibitors.

In the present study, we tested whether ['H]NBMPR crosses the blood-brah
banfer in rats and determineci the concentrations of NBMPR achieved in brah samples

followhg intraperitoneai (i-p.) administration of NBMPR 5'-monophosphate (NBMPR-

P), a water soluble prodnig f o m of NBMPR that is rapidly hydrolyzed to NBMPR
following parenteral administration (Gati and Paterson, L 997).

Methods, Results and Discussion

in the first set of experiments, male Sprague-Dawley rats (350 g) were
anesthetized with sodium pentobarbital(50 mgkg i.p.). In a 5 sec interval, 260 ~1 of

phosphate-bufEered saline (0.1 M; pH 7.4) containhg 10 pCi [=-MPR

and 5 pCi

[14~]sucrose
were injected into the femoral vein. Blood samples (200 pl) were collected

h m the femoral artery at 0.25, 1,2, 5, 10,20 and 30 mùiutes &ter injection was
completed. Animals were subsequently killed by decapitation; brains were removeci, and
each cerebral hemisphere was homogenized in NCS tissue solubiluer (9 mYg)

(Amershan). Plasma (0.1 ml) or brain (1.O ml) samples were combined with 5 ml liquid

H and 14ccontent. Pharmacolcinetic
scintillation cocktail (Bechan) and analyzed for '
parameters were derïved, using the ESTRIP cornputa program (Brown and Manno,
1978), bas& on a two-cornpartment open model where plasna concentration at time t is:

C(t) = ~ e - ~
+ B~-'z',
l '
with A and B representing intercepts with the ordinate axis at time =

0, and kiand k2representing disposition rate constants. Brain volume of distribution

(VD)and brain delivery (BD) were calculated as described by Samii et al. (1994). VI, =
dprnlg brain + dpm/ml plasma; BD = (VI,
- V.) Cp(T), where VI,is brain volume of

distribution, Va is the volume of distribution of a plasma volume rnarker and equals 10
pVg (Yoshikawa and Pardridge, 1992), and Cp(T) is the teminal plasma ['HINBMPR

contentLog-ûansfomed plasma concentration versus t h e curves for [

3

and

[14~]sucrose
were curvi-linear (Fig. 5) and consistent wi th the twosompartrnent open

phamiacokinetic model chosen for analysis of disposition. Reflected by the extrapolated

values, A and B (table 7), a smaller percentage of the injected dose of ['H]NBMPR than
of [14~]sucrose
remained throughout the 30 minute monitoring period. This may refiect
[

3

binding to ~nudeoside transporters
~
associateci
~
with
~ cells such
~ as erythrocytes
~

~

~

Figure 5:

Plasma Disposition Curves for [ 3 E I land
~ ~ ~ ~ ~
[14~l~ucrose

Time after i.V. injection
(minutes)

Plasma disposition c u m s for

[

3

~

(open
]
squares)
~
~ and~ ['4~]sucrose
~
~

(filled triangles). Points are means of 5 experiments and error bars represent
standard e m r of the mean. Curves represent the best fit to a twoiompartment

pharmacokinetic model.

and endothetid cells.

[)HTNBMPR was eliminated h m plasma with disposition half-

lives ( t 3 that were not significantly ciiffernit fiom those of ['4~]sucrose(table 7). The

brain volume of distribution (Vo)for [-'HJNBMPR was more than ten-fold greater than
that for ['4~]sucroseand the brain delivery (in % injected dosdg brain) was 3.7 times
greater than for ['4~]sucrose(table 7). Since -'H
was found in homogenized brain tissue,
and both the brain volume of distribution and brain delivery were greater for

[

3

~

N thau
B for
~ ['4~]sucrose.
~ ~
However, it is also possible that o u -data reflect the

presence of tritiated metabolites rather than [.'-MPR

in btaia

To addras this concem, NBM?R content in brain tissue was determined by
injecting male Sprague-Dawley rats (250 g) with 15 mgkg M3MPR-P intraperitoneally.

Animals were anesthetized with sodium pentobarbital(50 mgkg i.p.) 45 minutes after

injection and brains were petfused in situ with 0.1 M phosphate-buffered saline (PBS;pH
7.1) after a M e r 15 minuta to remove blood from the brain. Brains were removed,
weighed and extracted with O. 1 M perchloric acid (PCA solution).

NBMPR concentrations in plasma and brain samples were determined using

['HINBMPR cornpetition binding assays (Gati and Paterson, 1997). Outdated human
blood was obtained h m The Red Cross (Winnipeg, Canada) and ghost ceIl membranes

were prepared as previously descnbed (Gati and Paterson, 1997). [~HINBMPR
(0.5 nM)
and 10 pg membrane protein were incubatecl for 1 hour (22OC) in a final volume of 1.O
ml neutralized PCA solution. Non-specific binding was detemiined in the presence of
100 pM dilazep and a standard curve was constructed with graded concentrations of

NBMPR (3 pM - 100 nM). Several dilutions ofbrain PCA extracts (1.25 - IO fold) or

Table 7:

Two-cornpartment Open Pharmacola'netic Modeiing for

SHINBMPR

kl (min-')

0.998

* 0.212

0-772 0.168

* 0.03

0.03 + 0.0 1*

Half-life (min)

Brain delivery
(%ID/g brain)

Two-compartment
disposition.

[

3

~

open

0.1 1

(5)

(4)

pharmacokinetic

model

for

C~HINBMPR

and] [14~]sucrose
~
~
were
~
injected
~
~
intravenously and

3~

levels in plasma were assayed at different times. Ail values RpESent means t
SEM; n = 5 or as indicated in brackets.

Parameters were determined from

individual experiments by cornputer modeling of plasma disposition curves using

the program ESiRIP.

*

p<0.05; mident's unpaired t-test (ho-tail).

plasma samples (300- 30,000fold) were prepared and analyzed for NBMPR Assay
mixtures were filtered through Whatman GFR3 filters using a Brande1 ce11 hawester and

washed 3 times with icecold Tris-HCI (50 mM; pH 7.4, 2S°C). Filters were then
assayed for 'H content by liquid scintillationcounting. Data were analyzed by non-linear

regression using Graphpad Prizm (version 1.0)(see inset, Fig. 6). An average inhibition
constant for NBMPR of 1.1 nM was obtained. A detection LUnit of approximately 0.13

nM, or 1 pmoVg brain, was achieved; this is about 50-fold more sensitive than HPLC
analysis of NBMPR (Gati and Paterson, 1997).

With this assay, NBMPR at a concentration of 59.4 f 8.6 pmoVg brain was
detected in brain samples h m NBMPR-Ptreated rats (Fig. 6). However, an apparent

NBMPR concentration of 22.1 i 6.1 pmoVg brain was detected in samples îrom vehicle
treated rats (Fig. 6), indicating the presence of a compound that was interfering with the
[

3

~

competîtion
]
~ binding
~
assay.
~

~

~

We hypothesized that adenosine may be responsible since its levels in rats kilIed
by decapitation are up to 50-foldgreater than in rats killed by focused rnicrowave

irradiation (Delaney and Geiger, 1996), a method thought to more closely reflect levels in

CSF of live rats. Adenosine levels were measured in brain extracts by high performance
liquid chmmatography (KPLC)as descnbed previously (Delaney and Geiger, 1995), and
found to be 7.4 I 1.2 p M and 3.1 k 1.5 pM (pc0.05,one-tailed student's t-test) in

NBMPR-P and vehicle treated animals, respectively. This indicates that peripheral
administration of NBMPR-P led to elevated brain concentrations of adenosine. We

detemineci the inhibition constant (Ki) for adenosine-mediated inhibition of [
binding to ghost membranes to be 220 and 200pM in two separate experiments. There

3

~

Figure 6:

Apparent NBMPR Content in Perchloric Acid Brain
Extracts 60 Minutes after NBMPR-P Injection (15 mg/Kg
i.p.)

NBMPR-P

Apparent NBMPR content in brain PCA extracts 60 minutes following
NBMPR-P (15 mg/kg i.p.) or vehide administration. Values are plotted as mean
i SEM for 4 animals in each group.

Insek

**

Indicates significance with p<0.01.

A representative dose-response curve for inhibition of

binding to human eryüirocyte ghost membranes by NBMPR.

*

obtained by a Cheng-Prusoff type calculation was 1.1 0.3 nM.

[

3

~

The Ki value

]

~

~

was no appreciable metabolism of adenosine during incubation with ghost cell

membranes (data not shown). Thus, the concentrationsof adenosine in brain PCA
extracts should inhibit ['HJNBMPRbinding by less than 5%, iindicating that a substance

other than, or in addition to, adenosine was present in PCA extracts and intdered with
the NBMPR detection assay.

Since PCA extracts of brains h m decapitated rats wntained one or more
substances that interfered with the NBMPR detection assay, we chose to measure

NBMPR levels in cerebrospinal fluid (CSF), a source ofbraui perfusate sampla which
has equilibrated with cerebral interstitial fluid. NBMPR-P(1O mgkg Lp.) was injected
into male Sprague-Dawley rats (250 g). AnimaIs were anathetized with sodium
pentobarbital(50 rnglkg i.p.) and CSF was extracteci from the cistema magna according
to previously descnbed methods (Walter et a l , 1988) 30 minutes following injection of
NE3MPR-P. Plasma samples were obtained and diluted as describeci above.

Detemination of M3MPR content of CSF samples, diluted 6 - 12 fold, or plasma samples
was performed using the [

3

H

Jcornpetition
~ ~ binding
~ ~ assay
~ in a total rezction

volume of 0.3 ml.

NBMPR concentrations of 4.74 * 0.52 LM (mean + SEM, n=5) and 24.1 f 4.4
nM (n=5) in plasma and CSF, respectively, were measured in sarnples h m rats treateci
with NBMPR-P.Both plasma and CSF samples from vehicle-treated animais showed no

inhibition of ['H]NBMPR binding to ghost cell membranes iadicating the NBMPR
detection assay was fke of intedering compounds. The level of NBMPR,24.1 nM.
measured in CSF samples h m NBMPR-Ptreated rats was 60-fold greater than the Kd

value of 0.39 nM for NBMPR binding to rat brain slices (Bisserbe et al., 1985). This

result suggests that followbg systemic injection of NBMPR-P, there may be sufficient

NBMPR in the cerebral interstitiun to inhibit nucleoside transporters and to affect
endogenous adenosine levels.

Previous studies to evaluate central effects of NBMPR have indicated that the
sedative effects of adenosine were potentiated in rat (Crawley et al., 1983) but NBMPR
was not neuroprotective in a gerbil mode: of cerebral ischemia (DeLeo et ai., 1988).

However, the poor solubility of this compound was not addressed and no estimates of

NBMPR Ievels in brain were made. Our study demonstrates that nanomolar
concentrations of M3MPR reacfi brain tissue and CSF followhg peripheral
administration of the prodmg form NBMPR-P. The high potency and selectivity of this
cornpound make it an excellent candidate for testing the effects of nucleoside transport

inhibitors in vivo.

Distribution of Eqniiibrative, NitrobenyIthioinosine-sensitive Nucleoside
Transporters in Brain

Summary

Nucleoside transport processes may play a mie in regulating endogenous levels of
the inhibitory neuromodulator adenosine in brain. cDNAs encoding species homologs of

one member of the ENT gene f h l y of equiIibrativenucleoside transporters have
recently been isolated h m rat (rENT1) and human (hENTI) tissues. The current study
used RT-PCR,northem blot, in situ hybridization and ['wni troben~~lthioinosine

(

[

3

~ autoradiography
~
~
~
~ to detemine
)
the distribution of mRNA and protein for

r E M l and hENT1 in rat and human brain, respectiveiy. Northem biot analysis in human
brain using a 1.2 kb cDNA probe for hENTl indicated a wide regional distribution for

LENT1 mRNA. RT-PCR ushg hENT1-specific primers aiso showed a heterogeneous
cellular distribution for hENT1 mRNA as bands were seen for mRNA Eom both human

fetal neurons and astrocytes. RT-PCRwith total RNA h m rat brain regions using

rENT1-specificprimers confirmed this wide distribution of ENTl in rat brain as well.
"s-~abeled sense and antisense riboprobes, transcribed fiam a 153-bp segrne~tof

rENT1, were hybndized to &ah frozen coronal rat brain sections (14 p).
Hybndization
of the antisense probe was widespread, confimllng results seen with RT-PCR(rat) and

northern blot (human). Message for rENTl was seen in granule and pyramidal neurons
Anderson CM et al. (1998) Distribution of equilibrative, ni~obenrylthioinosinc-semitive
nucleoside
transporters (ENTI) in brain. J Neurosci. (Submitîed).

of the hippocmpus, Purkinje and granule neurons of the cerebellum, and in cortical and
striatd neurons. Other ce11 types including astrocytes, choroid plexus epithelial cells and

smooth muscle cells, but not oligodendrocytes, also displayed signal for rENTl by in situ

hybridizaîion. Film autoradiography with [.'HJNBMPRin rat brain indicated transporter
density was highest in striatum and thalamus, intermediate in cerebral cortex and lowest
in hippocampus and cerebellurn, in contrast to results with in situ hybridization showing

high rENT 1 antisense riboprobe binding in dl of these regions. We have previously
reported the existence of mRNA for two members of the concentrative nucleoside

transporter family (
0
in rat brain. Our results here show a wide cellular and regional
distribution of hENT1 mRNA in human brain, and rENTl mRNA and protein in rat
brain, indicating that control of adenosine levels is achieved by multiple transport

processes.

Introduction

Several CNS effects including decreased alertness following prolonged
wakefulness (Porkka-Heiskanen et al., 1997) and neuroprotection in conditions such as
stroke or seizure (von Lubitz et al., 1997) have been associated with the inhibitory effects

of the purine nucleoside adenosine. These effects are mediated by four adenosine
receptor subtypes termeci Ai, Au, AZBand A3.
Stimulation of adenosine Ai receptors is inhibitoly by stabiluing cellular ionic
currents and decreasing excitatory neurotransmitter release. Through these mechanisms,
adenosine can limit cellular damage due to toxic accumulation of ca2+during metabolic

stress (Rudolphi et al., 1992). Adenosine Ai recepton may also mediate ethanol-induced

motor incoordination in cerebellum (Dar, 1997), contribute to synaptic plasticity in
hippocarnpus (de Mendonça and Ribeiro, 1997) and produce antinociception in spinai
cord (Sollevi, 1997). Stimulation of adenosine Au receptors has direct vasoddatory
effects on cerebral vessels and inhibits neutrophil and platelet activities, leading to
improved blood flow during times of reduced ATP synthais (Miller and Hsu, 1992).
Excitatory actions have dso been describeci for Au receptors in brain (Sebastiiio and
Ribeiro, 1996) as have antagonistic interactions with dopamine D2receptors in the basal
ganglia (Fméet al., 1997). Roles for adenosin= AZBand A3 receptors in the CNS are less

cIear.
Nucleoside transporters are thought to facifitate the salvage of extracellular
nucleosides for synthesis of nucleotides. In braui, the role of nucleoside transport
processes may be of M e r importance as regulaton of endogenous adenosine levels and
adenosine receptor stimulation. Endogenous adenosine levels rise significantly in brain
during cerebral ischemia and cm be potentiated by inhibiting pathways of adenosine

degradation or nucleoside transport processes (Rudolphi et al., 1992). The xanthine
derivative, propentofjdluie, is an inhibitor of cellular adenosine uptake and has
neuroprotective effects in animal models of stroke (Parkinson et aL, 1994).
Two broad categories of nucleoside transporten are equilibrative and ~ a ' dependent (see Cass, 1995 for review). At Ieast five ~ a + d e ~ e n d esubtypes
nt
exist, two of

which have been cloneci. Both rCNT1 (pyrimidine selective) and rCNT2 (purine
selective) have been identified in rat brain by RT-PCR (Anderson et al., 1996a).
Equilibrative transporters are distinguished based on sensitivity to the inhibitor
nitrobenzy1thioinosùie (NBMPR). Equilibrative, NBMPR-insensitive tranqorters are

termed ei and gcpilibrative, NBMPR-sensitive transporters are tenned es. The es

transporter has recently been cloned h m rat jejunum and human placenta and temed
rENT1 (Yao et al., 1997) and hENTf (Grifiths et al., 1997), respectively. Both

hctional studies and autoradiography with [

3

have previously
~
indicated
~ the

presence of es transport activity in rat brain (Geiger and Fyda, 1991).
Isolation of hENTl and its rat homologue rENTl has allowed investigation of the
distribution and regdation of ENTl mRNA synthesis in rat and human tissues. The

goals of the present study were to identify and to Iocalue mRNA for rENT.1 in rat brain
using RT-PCRand in situ hybridbtion, to compare mRNA distributions with
[

3

binding site~ distribution
~ in rat brain,
~ and to use ~cDNA probes to determine

the distribution and relative abundance of mRNA for hENT1 in human brain by northem

blot.

Materiais and Methods
Culture of humanfetal neuronr and astrocytes

For both neurons and astrocytes, brain specimens were O btained from fetuses of

14 to 15 weeks gestational age, with consent, h m women undergohg elective
termination of pregnancy. Al1 protocols received approval nom, and were perfomed in

accordance with, The University ofManitoba Commiitee for the Protection of Human
Subjects and the Kuman Ethics Cornmittee of the Health Sciences Center Hospital.
Cultures of human neurons were estabfished as descnbed previously (Magnuson
et a l , 1995). Briefly, the cells were mechanically dissociateci, suspendeci in OptiMEM

with 5% heat-inactivated fetal bovine senun, 0.2%N2 supplement (GIBCO),and 1%

~

~

antibiotic solution (penicillin G 104Imits/ml, streptomycin 10 mg/ml,and amphotericin B
25 pglml in 0.9% NaCl) and plated in 75 cm2culture fiasks. Cultures were maintainai
for at least 30 days, with kesh medium added every 3-4 days, prior to RNA isolation.
These cultures were >70% neurons as deteraUned by immunostaining for the neuronal

marker microtubule-associated protein 2 (MAP-2).
For hurnan fetai astrocytes, cells were mechanically dissociated, centrifugai at
270 g for 10 min,resuspended in Dulbecco's modified Eagle's medium @MEM)
containing 10% fetal calf senun (FCS), 1.O% L-glutamine and 0.2% antibiotic solution

consisting of 1000 unitshl penicillin G, 10 m g h l streptomycin and 25 p@ml
amphotericin B in 0.9% NaCl. and grown in 75 cm2culhne fiasks in 5% C a at 37OC.

Fresh media was added every 3-4 days. Seven-daysld cultures were placed on a rotary
shaker for 2 h at 333 rpm at room temperature (2S°C). Supeniatants were discarded and
the remaining cells were exposed to 0.05% ûypsin and 0.53 mM EDTA. Cells were

collected, centrifbged at 270 g for 10 min, resuspended in DMEM containing 10% FCS
and placed into 75 cm2 culture flasks. Mer 30 min, decanted cells were plated and
allowed to grow to confluence for RNA isolation. These cells were >98% astrocytes as
determined by immunostaining for glial fibrillary acidic protein (GFAP;Chernicon).
Reverse Transcriptase PCR
Total RNA was isolated firom rat cortex, cerebellurn, striatum, hippocampus and
superior colliculus using the SNAP RNA isolation kit (Invitmgen) and treated with

DNase 1. Oligo(dT) 2.is primer (300ng) was annealeci to the mRNA template (5 pg) and
cDNA synthesis proceeded at 37OC for 60 minutes ushg 3 mM Ms,
6.7pM
dithiothreitol @TT) and either 3-3 Units reverse transcriptase or l pl HZOin 60 pl O f
buffer containing 50 mM Tris-HC1 (pH8.3), 75 m .KCI, 3 m M MgCI2.

For polymerase chah reaction cDNA template solutions (2 p1) were amplified in

a mixture containhg 200 pM clNTPs, 2 m M MgC12, 1 pM each of the 5' and 3' pnmen
and 2.5 Units Taq DNA polymerase (GibcofBRL) in a total volume of 100 pl. The
amplification consisteci of 30 cycles of 30 S. at 940C730 S. at 56OC and 1 min. at 72OC.
A final 10 min. 72OC elongation step followed and sarnples were h z e n or analyzed

immediately by electrophoresis on a 1.0% agamse gel. DNA bands were viewed and
photographed under W light following ethidium bromide staining.
A 2 13-bp hgment of hENTl h m bases 907 to 1 119 was amplified using the 5'

primer 5 '-CGGGGAGCAGGAGACCAAGT-3 ' and the 3 ' primer 5 '-ACCTCAACAGTCACGGCTGGAAA-3'. rEM7 was amplified using the 5' primer 5'-GGCCïGTGCAG-

TTGTCA'ITC-3' and the 3' primer 5'-CCTCCTC'ITGGCTCCTCTCC-3'
to produce a
153-bp w e n t from bases 637 to 789.

The presence of mRNA for glyceraldehyde-3-phosphatedehydrogenase
(GAPDK), a ubiquitous housekeeping gene, was used to ver@ the qudity of cDNA
preparations, and was detected using the 5' primer 5'-GC'EGGGCTCACCTGAAGGG3' and the 3' primer 5'-GGATGACWGCCCACAGCC-3'to ampli@ a 343-bp DNA
product (bases 346 to 688) fiom the rat GAPDH cDNA (Tso et al.. 1985).

Northern Blo ts

A human brain multiple tissue northem blot was purchased (Clontech) and probed
with a 1.2 Kb ûagmcnt fiom hENTl (bases 881 to 2021). hENTl and p-actin cDNAs
were labeled with 3 2 us@
~

randorn primers and the Klenow fragment in the presence of

[U-~~PI~CT
Membranes
P.
were prehybridized at 42OC in 50% formamide, 5x SSPE (0.6

M NaCI, 40 mM NaH2P04*H20,4 mM EDTk pH 7.4), 1ûx Denhardt's solution, 2%
sodium dodecylsulfate (SDS) and 100 pglml denaturecl*sheared sahon testis DNA.
After 3 houn, an excess of 32~-labeled
cDNA probe was added (-2 x 106c p d m l ) and

hybridization was allowed to proceed for 24 hours. Blots were rinsed several times with

2x SSC (0.3

M NaCl, 30 m M Na-citrate) containing 0.05% SDS at room temperature

and then washed with high stringency at 60°C for 60 minutes in 0. lx SSC containing
O. 1% SDS. Membranes were wrapped in plastic and exposed to x-ray film for 72 hours.

In Situ Hybridimtion
Male Sprague-Dawley rats (250 g) were sacrificed 'ay decapitation and brains
were removed and frozen. Fresh fiozen sections (14 p)
were cut using a cryostat and

placed on ProbeOn Plus microscope slides (Fisher). Sections were fiozen at -80°C until
use. Sections were fixed for 2 minutes in buffered 4% pdormaldehyde, permeabilized
for 7 minutes with 0.0005% proteinase K at 37OC,acetylated for 10 minutes (0.25% v/v
acetic anhydride in 0.1 M triethanolamine buffer, pH 8.0) and dehydrated in graded
ethanol concentrations prior to hybridization.

RNA probes (nboprobes) were used to detect rENTl in rat brain. RT-PCRwas
performed using the above 3' primer and a phosphorylated 5' primer S'-phosphate-

GGCCTGTGCAGTTGTCATTC-3'to generate a 153-bp monophosphorylated cDNA
product from bases 637 to 789. This product was ligated into the pCR-Script Direct
plasmid vector (Stratagene) to produce a directional clone such that in vitro transcription
with T3 RNA polymerase produced a sense riboprobe while T7 RNA polymerase gave an

antisense riboprobe. The Ambion Maxiscnpt kit was used to transcribe RNA ffom
linêarizedproteinase K-treated templates. Transcription proceeded for 60 minutes at

37°C with 0.5 mM each of ATP,GTP and CTP, 10 mM dithiothreitol (Dm),400 pCi
[ a - 3 S(NEN)
~ ] ~and
~ 0.5
~ Units T3 or T7 RNA polymerase in a total volume of 20 pl.

Labeled RNA probes were ethanol precipitated, resuspended in solution containing L O

m M Tris-HCI (pH8.0), 1 mM EDTA, 10 m M D?T and 1% SDS, and counted for "S
content,
Hybridization was performed ovemight at 55°C in a Microprobe hybridizer

(Fisher). Hybridization solution contained 50% (vh) formamide, 10% (w/v) dextran

sulfate, 0.3 M NaCl. 1x Denhardt's solution, 10 rnM Tris-HCI(pH 8.0). 1 mM EDTA,
1 0 pg/rnl denahueci sahnon sperm DNA, 0.5 mglm1 yeast tRNA and 10 m M

Dm.

Riboprobes were added to a concentration of 5 x 10' cprn/ml hybndization solution.
Following hybridization sections were treated with RNase A (20 pg/mi) and washed with
increasing temperature and decreasing salt concentration to a h a 1 wash for 30 minutes at

60°C in 0.1~SSC with 50 m M DTT. Sections were dehydrated in preparation for
emulsion or film autoradiography. For film autoradiography, sections were exposed to

Amersbarn Hyperfih-pmax for 14 days and developed using Kodak D l 9 developing

solution. For emulsion autoradiography, slides were dipped inKodak NTB-2
autoradiographic emulsion for 14 days and dcveloped using a 1:1dilution of Kodak D- 19
developer. Sections were then counter-stained with the nuclear stain hematoxylin.

Fresh fiozen rat brain coronal sections (14 PM) were cut and placed on Supertkost

Plus slides (Fisher)as descnbed for in situ hybridization. Sections were thawed, fixed for
2 minutes in buffered 4% paraforrnaldehyde and rinsed twice for 5 minutes in ice-cofd
0.1 M phosphate-buffered saline (PBS). Total binding was detennined by incubating

sections with 1 nM [.'H]NBMPR (NEN)at 20°C for 30 minutes in the presence of 2

Unitdm1 adenosine deaminase. Non-specific binding was detemiined using the same
conditions with the addition of 10 pM nitrobenzylthioguanosine (NBTG). Following
binding, sections were rinsed twice for 10 minutes each in ice-cold PBS and blown dry

ovemight at 4OC. Tritium signal was detected by exposing slides to Hyperfilm 'H
(Amersham) in x-ray cassettes for 3 weeks at 4OC.

A multi-tissue northem blot of rnRNA h m various regions of hman brain was
probed using a 32~-labeled1.2 kb segment of the hENTl cDNA. Results indicated a

wide distribution of hENT1 mRNA in human brain (Fig. 7A). Relative mRNA levels
were quantified using Kodak Digital Science 1D software. Standardkation of hENT1

signals against Factin for each region indicated highest hENTl mRNA ievels in
amygdala and caudate nucleus. Intermediate levels were seen in corpus collosum,

hippocampus, subthalamic nucleus and thalamus while the hENT1lP-actin ratio for
substantia nigra was lowest and was approximately halfof the maximum seen for the
caudate nucleus. Bands were also detected at approximately 1.5 kb; this is due to

residual eactin signal fiom previous experiments.

RT-PCRwas perforrned with RNA isolated fiom primary culhued human fetal
neurons and astrocytes. A 2 13-bp product was seen in both ce11 types (Fig -7B)
indicating mRNA for hENTL has a broad cellular distribution as well as a broad regional
distribution. A larger product was also seen but did not remah following changes in

PCR conditions (not shown).

Regional distribution of [

3

binding sites
~
in rat brain
~

Film autoradiography using ['H]NBMPR,

~

~

a potent inhibitor of the es nucleoside

transporter, was performed to locaiize es transporter protein in rat brain regions (Fig. 8).

~

~

A, an mRNA northem blot h m human brain was probed with a "P-

labeled 1.2 Kb fragment of hEM1. A wide regional distribution for hENTl is
indicated by hybridization to a 2.2 Kb RNA species in each region. The bar graph
represents the ratio of mean band intensities for h E M ï to P-actin.

Am,

arnygdala; CN, caudate nudeus; CC, corpus collosum; Hp, hippocampus; WB,
whole brain; Sg, substatia nigra; SN, subthalarnic nucleus; Th, thalamus. B, RT-

PCR was performed with hENT1-specific primes using total RNA (5 pg) from
cultured human fetal astrocytes and neurons. The band corresponding to hENTl
is 213-bp and was present in both cell types. No product was amplified from

sarnples not treated with reverse transcriptase (RT).

Figure 7:

Regional and Cellular distributions of mRNA for hENTl in
Human Brain

AmCNCC Hp WB Sg SNTh
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Figure 8:

Brain slices were incubated with

3

[

Binding Sites
~
in Rat Brain
~

3

~

(1 ]nM) ~for 30
~ minutes
~
~ at

20°C in the presence of adenosine deaminase. The film shows moderate to high
binding of

[

3

~

throughout
]
~ rnuch
~
of~ the brain
~
~(background color indicated

by horizontal strip). Note the high binding site densities in striatum (Str) and
thalamus (Th) and the very low density in hippocampus (Hp) and cerebellum
(Cb). CC, corpus callosum; Cx,cerebral cortex.

~

~

As determined by image anaiysis performed by the Scion Image graphics program,

highest binding site density, indicating high expression of er nuclwside transporters, was
seen in the paraventicular nucleus, medial thaiamic nuclei and rhomboid and reuniens

thalamic nuclei. Optical densities of approximateiy 70% of these maximum values were
seen in lateral thalamic nuclei and the caudate putamen while bùiding site density in the

cerebral cortex was 60% of the maximumum
Lowest [

3

binding densities
~
were ~

detected in cerebellum and hippocampus. Optical densities in both regions were
approximately 40% of the maximum. The film background had an optical density
reading 33% of the maximum. niese results are in agreement with those reported
previously (Geiger and Nagy, 1984; Bisserbe et al., 1985).
Regionai identifcation ofrENTI mRNA itz rat brain uring R T-PCR

RT-PCRwas perfomed ushg RNA fiom rat brain tissues and pnmers specific for
rENT1. A 153-bp PCR product was seen in al1 regions tested including cortex,
cerebellum, striatum, hippocarnpus and superior colliculus (Fig. 9). The product was
absent in samples not treated with reverse transcriptase indicating the absence of
contaminating genomic DNA.. The presence of the housekeeping gene, GAPDH Fig. 9),
and agarose gel electrophoresis (not shown) indicated th& RNA sampies were ofgood

quality. Agarose gel band intensities were compared to GAPDH for each region to give

an estirnate of relative abundance of rENT1 mRNA for each region. While
rENTI :GAPDH intensity ratios were f d y consistent among regions teste& it was
highest in supenor colliculus (1.0) followed closely by hippocampus (0.96). Striatum
was intermediate (0.85) while cerebellum (0.81) and cortex (0.80) were Iower.

~

Figure 9:

Regional Distribution of r E N n mRNA in Rat Brain

Total RNA was isolated from superior colliculus (SC), striatum (St),

hippocampus (Hp), cerebellum (Cb) and cerebral cortex

(a),
and subjected to

RT-PCR with primes specific for rENT1. The expected product of 153-bp was

seen in a11 regions tested. No product was seen in samples not treated with

reverse transcriptase (RT) indicating good RNA quality.

Distribution of rENTl mRNA in rat brain using in situ hybridization

cRNA probes transcribed h m a 1 53-bp segment of the rENT 1 cDNA
3S~-1abeled
were used for in situ hybridization. A high level of antisense sequence binding was seen

throughout rat brain. Binding of the sense sequence in parailel sections was negligible.
Hippocampus exhibited extensive antisewe sequence binding (Fig. IO), as did striahim.
cortex, cerebellum (Fig. II) and thalamus (not shown) indicating a widespread praence
of rENTl mRNA in rat brain. This is in agreement with the human data from Fig. 7 and

RT-PCRh m Fig. 9. The habenular nucleus displayed a particularly strong
hybridization signal for rENTl mRNA (Fig. 12G, H).

In hippocampus, a strong specific signal was seen in the granule neurons of the
dentate gyms and the pyramidal nemm of the CA1 through CA4 subfields (Fig. 10).

Both granule and Purkinje neurons of the cerebellum also contain rENTl transcripts (Fig
1 I A-D). Hybridization signais were also detected with about 50% of neurons in cortex,

striatum (Fig. I IE-H) and thalamus. Co-localization studies with markers for specific
neurotransmitten are required to identie the types of neurons expressing rENTl in these
regions.
There is aiso evidence that rENTl mRNA is present in astrocytes. The subpial
layers of the brain bound antisense riboprobe?suggesting rENTl may be present in
subpial astrocytes (Fig. 1IA-D, cerebellum). Dense cellular silver grain aggregations
were aiso seen in the molecular layers of the cerebellum and dentate gyrus, as well as the
stratum radiatun of the hippocampus. Corpus callosum did not appear to display any
appreciable specific binding of the antisense rENT l nboprobe (not shown), suggesting
oligodendrocytes do not express rENT1.

Sense and antisense cfWA probes were transcribed from a 153-bp cDNA
fragment of rENTl ligated into the PCR-Script direct vector and were hybridized
to 14 pm fresh frozen coronal rat brain sections. A and B represent results of in

situ hybridization obtained with the sense cRNA probe for ENTl while C and D
are results with the antisense probe (20x magnification). Nucfei were stained
with hematoxylin as seen in bright-field images A and C. B and D are dark-field
images in which cRNA probes are detected by silver grains which appear white.
Note the broad neuronal distribution of ENTl mRNA in hippocampus as

indicated by a strong hybridization signal for the antisense cRNA probe (D). The

sense probe did not produce a hybridization signal (B). DG, dentate gyrus; CA1,
CA1 subfield; CA3, CA3 subfield.

Figure 10: Distribution of rENTl mRNA in Rat Hippocampus

Sense and antisense cRNA probes were transaibed fmm a 153-bp cDNA
fragment of rENT1 ligated into the PCR-Script direct vedor and were hybridized

to 14 pm fresh frozen coronal rat brain sections.

Nudei were stained with

hematoxylin as seen in bright-field images A, C and E to H. B and D are darkfield images in which CRNA probes were detected by siiver grains, which appear
white. A and 6 represent results of in situ hybrid-kation obtained with the sense
cRNA probe for ENTl in cerebellurn while C and D are results with the antisense

probe in cerebellurn (40x magnification). The Purkinje (Pk) and granule cell
layers (Gr) both displayed specific antisense probe binding (D). Sense probe
binding vvas negligible (B).

The pial layers (PL) of the cerebellum also contain

ENTl mRNA. E represents sense probe b-eatrnent and F represents antisense

probe treatrnent of cerebral cortical sections (400x magnifiation). Silver grains

appear black and indicate that approximately 50% of neurons in the cerebral

cortex contain mRNA for EMl (F). Sense probe binding was negligible (E). G
represents sense probe treatrnent and H representr antisense probe treatrnent of
donal lateral stnatal sections (400x magnification). Again, approximately 50%
of neurons contained mRNA for ENTl (H).

For F and H, black arrowheads

indicate rENT1-positive cells while white arrowheads show rENT1-negative cells.

Figure 11: Distribution or rENTl mRNA in Rat Cerebeihm, Cerebral
Cortex and Striatum

Sense and antisense CRNA probes were transcribed from a 153-bp cDNA
fragment of ENTl ligated into the PCR-Script direct vector and were hybridized

to 14 pm fresh fiozen coronal rat brain Sections.

Nuclei were stained with

hematoxylin as seen in bright-field images A, Cf E and G. B, Dr F, and H are
dark-field images in which

cRNA probes were detected

by silver grains, which

appear white. A to D represent renilts of in situ hybridization obtained with the
antisense cRNA probe for ENTl in a cerebral artery (A, B) and vein (CrD) (100x

magnification). A strong hybridization signal was seen in the arterial wall (B) but
only a slight signal was seen in the vein wall (D). Ar, artery; V, vein. SectÎons in
E and F were treated with the sense Ml CRNA probe while

G and H received

the antisense probe (100x magnification). Antisense binding was high in the
choroid plexus as well as the habenula nucleus (H). Again, sense probe binding

was negligible (F). CP, choroid plexus; Hb, habenular nucleus.

Figure 12: Distribution of rENTî mRNA in Rat Cerebral Blood
Vessels and Choroid Plexus

rENTl antisense hybridization signal was strong in artenal walis while that for
the sense probe was low. Low signai strerigth was seen in veins. These observations
indicate high expression of rENTl in smooth muscle cells but low expression of rENT l
in endothelid cells (Fig. 12).

Choroid plexus, a highly vascularized tissue consisting of epithelial cells, also
dispiayed a high level of r M T l antisense hybridization signal (Fig. 12E-H). Choroid
plexus regulates passage across the blood-brain barrîer and may be important in removing
nucieosides h m brain.

Discussion
The regional and cellular distributions of equilibrative, NBMPR-sensitive,
nucleoside transporters (ENTl) were investigated in the present study. hENTl mRNA is

distributed widely throughout human brain and appears to be present in both neurons and
astrocytes. In agreement, RT-PCRand in situ hybridization revealed a wide regional
distribution of rENTl mWA in rat brain and indicated that r M l mRNA is present in
many cells types inciuding neurons, astrocytes, smooth muscle celIs and epithelial cells.

The distribution of rENTl rnRNA is not ubiquitous, however, as some neurons of the

cerebrd cortex and stria-

as well as oligodendrocytes of the corpus collosum did not

appear to express rENT 1.

Until the successfbl cloning of rENT1 (Yao et al., 1997), the best method of
determining es nucleoside transporter distribution was by using [.'WMPR,

an inhibitor

of nucleoside transport through es systems with a Kiof O. 1 - 1 nM (Griffith and Jarvis,
1996). We found that both [

3

and antisense
~ rENT 1 riboprobe
~
binding
~
were

~

moderate to high in rat cortex, thalamus and striatum. An intereshg hding of this m d y
is that while in silu hybridization revealed abundant mRNA for rENTl in rat cerebellum

and hippocampus, particularly pyramidal neurons and dentate g y m granule cells,
['HINBMPR autoradiography indicated low levels of rENTl protein in these regions.
The explanation for this contradiction will require M e r study but several possibilities
exist. Hippocampus and cmbellum may express a homologous protein with high
similarity to ENTl in the sequence correspondhg to our hybridizaîion probe. A
homology search with the sense sequence of our probe indicated no significant similanty

to any known coding sequences. It is also possible that only a s m d proportion of ENTl

rnRNA is being translated. Altematively, there may be an mRNA splice variant or p s t translational modincation resulting in an ENTI isofom not recognized by NBMPR At
least one previous study found evidence for heterogeneity of NBMPR binding sites in

mammaiian brain (Hammond and Clanachan, 1985). Interestuigly, the degree of
disparity between rENTl message and ['H]NBMPR binding sites may Vary by species.

In contrast to low levels in rat, human hippocampus and cerebellum express a moderate
nurnber of ['H]NBMPR binding sites (Glass et al., 1996).
Despite low [ 3 H l ~ ~ binding
M P ~ in rat cerebellum as detemineci by thk and

other studies (Geiger and Nagy, 1984; Bisserbe a a[., 1985), there is some fhctional
evidence for es adenosine transport in this mgion. Low nM concentrations of NBMPR
inhibiteci approxùnately 50% of [3~adenosine
uptake in cultured cerebellar grande cells
(Sweeney, 1996). This suggests our results obtained by in situ hybndization reflect
transport activity in rat cerebellum. While NBMPR has been f o n d to inhibit adenosine
uptake and neuronal activity in hippocampus (Ohkubo, et a l , 1991; Haas and Greene,

1988; Hada et al., 1996). NBMPR concentrations used (1- l O pM) were too high to
differentiate between es and ei transporters.
Functional data support the presence of es adenosine transport on both neurons

(Gu and Geiger, 1992; Lee and Jarvis, 1988) and astrocytes (Gu and Geiger, 1996). In
agreement, our results indicate that hENT1 and rENTl mRNAs are present in both cell
types in human and rat. Such a broad cellular distribution suggests an important role for

es transporters in nucleoside uptake for metabolic salvage. In addition, we found rENT1

mRNA to be present in cells previously reporteci to be rich in adenosine recepton. Rat
hippocampai pyramidal cells, cerebellar Purkinje cells, and thalamic, cortical and striatai

neurons al1 have rENTl mRNA and are reported to exhibit extensive binding of

[3~]cyclohexyladenosine,
a marker for adniosine Acreceptors (Bisserbe et al., 1985).

This suggests that rENTl is important for regulation of extracellular adenosine levels and
adenosine receptor stimulation in these brain regions. Regulation of adenosine receptor
stimulation by rENT1 could have many functional implications in the C N S .
One implication of this control by rENTl may be observable during ethanol
intoxication. Adenosine Ai recepton are thought to mediate ethanol-induced motor
incoordination in the cerebellum (Dar, 1990). This may be partly due to inhibition of es
adenosine uptake by ethanol at concentrations reached following excessive ingestion of
ethanol (Clark and Dar, 1989; Nagy et ai., 1990). We have shown that rENT1 is present

in cerebellar ceils expressing adenosine Ai receptors, providing support that ethano1
blockade of es transport would enhance adenosine levels in the vicinity of cerebellar Ai
receptors

It is likely that rENTl represents an important mechanism of extracellular
adenosine reguiation in hippocampus and striatum, regions sensitive to ischemic damage

and nch in neuroprotective adenosine receptors (Miller and Hsu, 1992). Inhibitors of
adenosine uptake through es transporters may be neuroprotective in cerebral ischemia by
potentiating endogenous adenosine Ievels which can rïse up to 100-fold during periods

of reduced ATP synthesis. The neuroprotective effécts of the d m g propentofjdline in
ischemic rnodels have been attributed, at least in part, to its ability to block es adenosine

transport (Parkinsonet al., 1994). NBMPR is a more potent and selective es transport
inhibitor that has recently been found to cross the blood-brain barrier in rats (Anderson et

al., 1996b). Cortical NBMPR administration improved post-ischernic hypopemision in
pigs (Gidday et al., 1996). Further succas with NBMPR in animal ischemic models
along with our data showing a wide regional and cellular distribution of rENTl will
support the development of es transport inhibitors as neuroprotective agents in cerebrai
ischemia

Besides neuroprotection and ethanol-induced motor incoordination, adenosine has
been implicated in many CNS processes including apoptosis, antinociception, synaptic
plasticity and sleep. The present study suggests that rENTl is a major contributor to
adenosine regulation in brain regions responsible for these effects.

Distribution of mRNA encoding a nucleoside transporter insensitive to inhibition by
nitrobenylthioinosine (ENT2) in rat and human brain

Summary
Nucleoside transporten may play a d e in regulating levels of extraceilular
adenosine and adenosine receptor activity. Two members of the equilibrative nucleoside
transporter family have recently been cloned. ENTl is potently inhibiteci by
nitrobenzylthioinosine (NBMPR) (K, = 1nM) and was previously found to have a wide
distribution in rat and human brain. ENT;!is insensitive to inhibition by NBMPR at low
nanornolar concentrations and there is Iittle previous data descnbing its distribution in the

CNS. The present study examined the expression of ENT2 in rat and human brain.
Northem analysis using a 178-bp cDNA probe nom hENn gave 2 hybridization signals
of about 1 kb and 4.4 kb in every region examined. RT-PCRshowed the expected 178bp product in primary cultures of both human neurons and astrocytes. RT-PCRfor

rENT2 in dissected rat brain regions showed a 21 1-bp band in each region tested. In situ
hybridization revealed a strong hybridization signal in regions including hippocampus,
cortex and cerebellum. Evidence that astrocytes contain mRNA for rENT2 was provided
by hybridization in molecular and some subpial layers of the brain. Our results indicate a
wide cellular and regional distribution for ENT2 in both rat and human brain, similar to

ENT1,indicating that control of adenosine levels in brain is achieved by multiple
transport processes.

'Anderson, CM.et al. (1998) Manuscript in prcparation.

Introduction

Adenosine is a ubiquitous purine mcleoside and an important inhibitory
neuromodulator in the CNS. Actions of adenosine at its four identifiai plasma membrane
receptors are implicated in processes as diverse as antinociception, sleep and synaptic
plasticity (Guieu et al., 1997). Because of the wide range of effects of adenosine in the

CNS, processes that control endogenous adenoshe levels are important and may be
considered as a therapeutic targets to d a n c e adenosine receptor stimulation.
Transport of adenosine across plasma membranes is an important determinant of
extracellular endogenous adenosine levels an4 therefore, of the degree of adenosine
receptor stimulation. Nucleoside transport processes are membrane-bound proteins that
mediate nucleoside influx andlor efflux. Two broad categories of nucleoside transporters
(NTs) exist: concentrative and equilibrative. Concentrative transporters are proteins that

mediate the influx of nucleosides coupled to the inward movement of ~ a ions.
*
At
present, hvo memben of the concentrative NT gene family have been cloned, CNTl

(concentrative, NT 1;Huang et al, 1994; Ritzel et al, 1998), a pyrimidine nucleosideselective NT, and CNT2 (Che et al, 1995; Yao et al, 1996), a purine nucleoside-selective
NT. Equilibrative NTs are facilitated dinusion carriers that allow nucleosides to cross
membranes in either direction acwrding to their concentration gradients. Two
equilibrative NT subtypes accepting both purine and pyrimidine nucleosides as well as a
number of synthetic nucteoside analogs have been cloned and termed ENTl (Gnffithset
al, 1997a; Yao et al, 1997) and ENT2 (Gnffiths et al, 199%; Yao et al, 1997; Crawford
et al, 1998). Functionaily, ENTl and ENT2 are differentiated based on their sensitivity

to inhibition by the nucleoside analog nitrobenylthioinosine (NBMPR). ENTl is also

t m e d es (sensitive to low nanomolar concentrations of NBMPR) and ENT2 is also

t m e d ei (insensitive to low nanomolar concentrations ofNBMPR).

Both cloned concenirative NT'S were detected in rat brain by RT-PCR(Anderson
et al, 1996a) and ENTl

was detected in human brain by northem analysis and RT-PCR,

and in rat brah by in situ hybridization and ['H]NBMPR autoradiography (Anderson et
al, submitted). Previously, detection of ei NTs in brain was accomplished by functional

transpor: assays using radiolabeled nucleoside analogs in the absence of ~ a 'ions and in
the presence of enough NBMPR to inhibit es but not ei transporters. In addition,

[3Hjdipyridamoltautoradiography in species with high sensitivity of ei to dipyridamole,
such as guinea pig and human, may be able to identw ei NTs @eckert et al, 1987); as
dipyridamole has low amnity for ei in rat, such experiments are not possible with this
species. While functional studies in rat brah preparations have indicated a higher
proportion of ei activity cornpared to es activity (Jones and Hamrnond, 1995), little is

known about the regional or cellular distribution of ei NTs in rat and human CNS. The
cloning of rat and human cDNAs for ei NTs (rENT2 and hENT2) has allowed such
investigations and in the present study, we exanilnecl the regional and cellular

distributions of ENT2 rnRNA in rat and human CNS preparations.
Materials and Methods
Cuhme of h m a n fetal neurons and mtrocyties
For both neurons and astrocytes, brain specimem were obtained fkom fetuses of
14 to 15 weeks gestational age, with consent, firom women undergohg elective

termination of pregnancy. Al1 protocols received appmval h m ,and were perfomed in

accordance with, The University of Manitoba Committee for the Protection of Human

Subjects and the Human Ethics Committee of the Health Sciences Center Hospital.
Cultures of human neurons were established as described previously (Magnuson
et ai., 1995). Briefiy, the ceils were mechanicaiiy dissociated, suspended in OptiMEM

with 5% kat-inactivated fetai bovine senun, 0.2% N2 suppiement (GIBCO), and 1%
antibiotic solution (penicillui G 104units/ml, streptornycin 10 mg/rnl, and amphoterkin B

25 pg/ml in 0.9% NaCI) and plated in 75 cm2 culture flasks. Cultures were maintaineci

for at ieast 30 days, with Eesh medium added every 3-4 days, prior to RNA isolation.
These cultures were >70% nemm as detennined by imrnunostaining for the neuronal
marker microtubule-associated protein 2 (MAP-2).

For human fetd astrocytes, cells were mechanically dissociated, centrifugai at
270 x g for 10 min, resuspended in Dulbecco's modified Eagle's medium @MEM)
containing 10% fetd calf senun (FCS), 1.O% L-glutamine and 0.2% antibiotic solution

consisting of 1O00 uniWml penicillin G,10 mg/ml streptornycin and 25 &ml
amphotericin B in 0.9% NaCI, and grown in 75 cm2culture flasks in 5% COz at 37°C.

Fresh media was added every 3-4 days. Seven-day-old culîures were placed on a rotary

shaker for 2 h at 333 rpm at room temperature (25OC). Supemaîants were discarded and
the remaining cells were exposed to 0.05% trypsin and 0.53 m M EDTA. Cells were

collected, cenûifuged at 270 x g for 10 min, resuspended in DMEM containing 10% FCS

and placed into 75 cm2culture flasks. Mer 30 min, decanted cells were plated and
dlowed to grow to confluency for RNA isolation. These c e k were *8%

astrocytes as

determined by immunostaining for glial fibrillary acidic protein (GFAP;Chernicon).

Rewrse TrunscriptasePCR

Total RNA was isolated h m rat cortex, caebellum, Stnatum, hippocampus and
supexior colliculus using the SNAP RNA isolation kit (Invitmgen) and treated with
DNase 1. Olig~(dT)i~.~~
primer (300 ng) was annealecl to the mRNA template (5 pg) and

cDNA synthesis proceeded at 37OC for 60 minutes using 3 mM d N T P s , 6.7 pM
dithiothreitoi @TT) and either 3.3 Units reverse transcriptase or 1pl H20 in 60 pl of

buffer containing 50 rnM Tris-HCI (pH 8.3), 75 m M KCI, 3 m M MgCl*.
For polymerase chah reaction cDNA template solutions (2 pl) were amplified in
a mixture containing 200 J.LMd N ï P s , 2 m M

MgCb 1 pM each ofthe 5' and 3' prirners

and 2.5 Units Taq DNA poiymerase (GibcdBRL) in a total volume of 100 pl. The

amplificationconsisted of 30 cycles oE 30 S. at 94OC, 30 S. at 56OC and 1min. at 72'C.
A final 10 min 72OC elongation step followed and samples were h z e n or analyzed

immediately by electrophoresis on a 1 .O% agarose gel. DNA bands were viewed and
photographecl under W light following ethidium bromide staining.
A 178-bp hgment of hENn h m bases 729 to 906 (Griffiths et al, 1997b) was

amplified using the 5' primer 5'-CCAGTCTGATGAGAACGGGATTC-3
' and the 3'
primer 5' -GAAGACCAACACAAGGCACAGC-3'. rENT2 waç amplified using the 5'
primer 5'-CTGGAAGmGCCCGTTAC-3' and the 3' primer 5'CGACAAAGACCGAAGGTT-3' to produce a 21 1-bp hgment h m bases 800 to 1010.

The presence of mRNA for glyceraldehyde-3phosphatedehydrogenase

(GAPDH), a ubiquitous housekeeping gene, was used to veriQ the quality of cDNA
preparations, and was detected uing the 5' primer 5'-GCTGGGGCTCACCTGAAGGG3' and the 3' primer 5'-GGATGACCITGCCCACAGCC-3'
to ampli@ a 343-bp DNA

pmduct (bases 346 to 688) h m the rat GAPDH cDNA (Tso et al., 1985).

NOTE TO USERS
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other cioned member of the ENT gene family. The search dso failed to detect any other
cloned rat sequence. This product was ligated into the pCR-Script Direct plasmid vector

(Stntagene) to produce a directional clone such that in vitro transcription with T3 RNA
polymerase produced a sense tiboprobe while T7 RNA polymerase gave an antisense
riboprobe. The Ambion Maxiscript kit was used to transcnbe RNA from
linearized/pmteinase K-treated templates. Transcription proceeded for 60 minutes at

37°C with 0.5 mM each of ATP. GTP and CTP, 10 mM dithiothreitol

(Dm,400 pCi

[~-%]uTP(NEN)and 0.5 U n h T3 or T7 RNA polymerase in a total volume of 20 pl.
Labeled RNA probes were ethanol precipitated, resuspended in solution containing 10

m M Tris-HCI (pH 8.0). 1 m M EDTA, 10 m M DTT and 1% SDS, and counted for "S
content.
Hybridization was performed overnight at 55°C in a Microprobe hybridizer

(Fisher). Hybridization solution contained 50% (vh) formamide, 10% (w/v) dextran
sulfate, 0.3 M NaCI, 1X Denhardt's solution, 10 m M Tris-HC1 (pH 8.0), 1 mM EDTA,
100 pg/ml denaturecl salmon sperm DNA, 0.5 m g h l yeast tRNA and 10 mM DTT.
Riboprobes were added to a concen'don of 5 x 106cpmfml hybridization solution.
Following hybridization sections were treated with RNase A (20 pglml) and washed with
increasing temperature and decreasing salt concentration to a final wash for 30 minutes at
60°C in O. lx SSC with 50 rnM DTT. Sections were dehydrated in preparation for

emulsion or film autoradiography. For film autoradiography, sections were exposed to

Amenham Hyperfilm-pmax for 14 aays and developed using Kodak D-19 developing
solution. For emulsion autoradiography, slides were dipped in Kodak NTB-2
autoradiographic emulsion for 14 days and developed using a 1:1 dilution of Kodak D- 19
developer. Sections were then counter-stained with the nuclear stain hematoxylin.

Results
Identification of h E N n RNA in humun brain
A random-primed, 32~-labeled
1W b p cDNA nom the large intracel1uIa.r bop

between transmembrane domains 6 and 7 (bases 729-906) of hENT2 was used to probe a

human brain northem blot with poly(~)+
RNA Eorn multiple regions. Two major bands
were obtaineu in al1 brain regions tested (Fig. 13A). The major RNA species was
approximately 1 kb in length and an average 18-fold more abundant than the other RNA
band which appeared at 4.4 kb. A third faint band at 2.6 kb was detected in dl tissues as

well. The relative abundances of both major bands were deterrnined by densitometry

with Kodak 1D software. Numbers in brackets indicate intensity (corrected for
background) relative to P-actin. For the 1 kb band, the order of intensity was
hippocampus (1.26) > subthalamic nucleus (1.1 1) >. caudate nucleus (1-03)> arnygdala

(0.98) > thalamus (0.96) > corpus collosum (0.88) > substantia nigra (0.74). For the 4.4

kb band, the order was hippocampus (0.15) = thalamus (0.15) > arnygdala (0.12) >
subthalamic nucleus (0.1 1) > substantia nigra (0.06 1) > caudate nucleus (0.023) > corpus
collosum (0.019).

RT-PCR was performed with total RNA isolated from human fetal neurons and
astrocytes. A product of 178-bp was expected and was seen in both ce11 types (Fig. 13B).

A second product of about 380-bp was also detected. These data indicate that hENT2

mRNA is present in both astrocytes and neurons in a wide variety of brain regions.

Regional identrication of r E N n in rat bain by RT-PCR

RT-PCR was performed with total RNA isolated firom various regions of rat brain
using primers specific for rENT2. The expected 2 1 1-bp pmduct was detected in al1

regions tested including cerebral cortex, cerebellum, hippocampus, striatum and superior
colliculus (Fig. 14). The presence of a 350-bp product for the housekecping gene

GAPDH was used to veriQ the quality ofRNA preparations for RT-PCR.Relative
intensities of the 21 1-bp bands standardized against the appropriate GAPDH bands were

measured and found to be high in superior colliculus (1.O), moderate in hippocampus
(0.78) and cerebral cortex (0.73) and low in striahm (0.63) and cerebellum (0.59).

Distribution of rEN2Z mRNA in rat b a i n ucing in situ hybridization
Sense and antisense 3S~-labeled
cRNA probes were synthesized from linearized

plasrnids containing a 21 1-bp cDNA insert fÏom rENT2 and used in in situ hybridization
with h z e n coronal rat brain sections (14 pm). In general, a mong hybridization signal
was detected throughout rat braln with the antisense riboprobe while sense probes

exhibited only low levels of hybridization.

In hippocampus, strong labeling was seen in the granule cells of the dentate gynis
and pyramidal cells (Fig. 15). The dentate gyrus molecular layer and stratum radiatum
displayed a moderate hybridization signal. In cerebellum, the most prominent signal was

in tDe granule cells (F'ig. 16). In a minority of anùnals, Purkinje cells were more densely
labeled than granule cells (not shown), suggesting there may be variability among

animals in rENT2 expression in these cells. rENT2 antisense cRNA probes bound to
virtually al1 cells of the cerebral cortex (Fig. 17). showing rENT2 to be nearly ubiquitous

A, A poly(A)+ RNA northem blot for multiple regions of human brain was

probed with a radiolabeled 178-bp fragment of r E M 2 unique from EMI. Two
RNA species were detected wiai the major band appearing at about 1 kb and a

les intense band at 4.4 kb. p-acün was detected at 2.0 kb. Am, amygdala; CN,
caudate nucleus; CC, corpus collosum; Hp, hippocampus; WB, whole brain; Sg,
substatia nigra; SN, subthalamic nucleus; Th, thalamus.

B, RT-PCR was

perforrned with hENIZ-specjfic primers using total RNA (5 pg) from cultured

human fetal astrocytes and neurons.

The expected band corresponding to

hEM2 is 178-bp and was present in both cell types. A second produd of about
380-bp was also amplified. No product was arnplified from sarnpleç not treated
with reverse transcriptase (RT).

Figure 13: Regional and Cellular Distribution of mRNA for hENT2 in
Human Brain

Neurons
nn

Astrocytes

Figure 14: Regional Distribution of rENT2 mRNA in Rat Brain

GAPDH

Total RNA was isolated from superior colliculus (SC), striatum (St),

hippocampus (Hp), cerebellum (Cb) and cerebral cottex

(a),and subjected to

RT-PCR with primes specific for rEM2. The expected product of 211-bp was

seen in al1 regions tested. No product was seen in amples not treated with
reverse transcriptase (RT) indicating good RNA quality.

Sense and antisense cRNA probes were transaibed frorn a 211-bp cDNA
fmgment of r E N l 2 ligated into the PCR-Script direct v e r and were hybridized
to 14 pm freçh frozen coronal rat brain secb'ons. A and B represent results of in
situ hybndization obtained wioi

the sense dZNA probe for rEM2 whiie C and D

are results with the anb'sense probe (2ûx magnification).

Nudei were stained

with hematoxylin as seen in bright-field images A and C. B and D are dark-field
images in which cRNA probes are detected by silver grains which appear white.
Note the broad neuronal distribution

of rENTl mRNA in hippocampus as

indicated by a çtrong hybridization signal for the antisense cRNA probe (D).
Signal was also seen in the dentate gyrus molecular layer (ML) and stratum

radiatum (SR). The sense probe did not pmduce a hybridization signai (B). DG,

dentate gyrus; CA1, CA1 subfield; CA3, CA3 subfield.

Figure 15: Distribution of r E N n mRNA in Rat Hippocampus

Sense and antisense &NA probes were transcribed from a 211-bp cDNA
fragment of rENR ligated into the PCR-Script direct vector and were hybridized

to 14 pm fresh &zen coronal rat brain secüons.

Nuclei were stained with

hematoxyiin as seen in bright-field images A and C. B and D are dark-field
images in which CRNA probes were detected by silver grains, which appear
white. A and B represent reçults of in situ hybridization obtained with the sense

cRNA probe for rENTl in cerebellum while C and D are results with the antisense
probe in cerebellum (100x magnification). The Purkinje (Pk) and granule cell

layen (Gr), as well as the molecular layer (ML), all displayed specific anüsense
probe binding (D). Sense probe binding was negligible (6).

Figure 16: Distribution of r E N n mRNA in Rat Cerebenum

Figure 17: r E N n mRNA in Cerebral Cortical Cens

A represents sense probe treatrnent and B represents antisense probe

treatrnent of cerebral cortical sections (400x magnification). Silver grains appear
black and indicate that approximately 80-90% of neurons in the cerebral cortex
contain mRNA for rEM2.

Sense probe binding was negligible (8). In B,

armwheads indicate rEM2-positive tells while the diarnond-shaped head shows
an rENT2-negative cell.

throughout the layers of the cortex. Simila.results were seen in thalamus and striatum
(not shown).
rENT2 was detected in non-neuronal ce11 types in rat brain as well. Signal was

seen in the molecular layers of the dentate g y m and cerebellum as well as in some

subpial layers, suggesting the presence of rENT2 in astrocytes, in agreement with human

RT-PCRdata. r E N n was also detected in arterial walls within brain tissues (Fig1ûA,B). As well, choroid plexus, a highly vascufarized tissue responsible for regulating
cerebrospinal Buid (CSF) composition, displayed a strong hybribtion signal for r E N n

(Fig. 18C-F); thus, r E N n may play a role in regulating nucleoside concentrations in

CSF.
Discussion
We have s h o w that EhT2, or ei NTs have a wide disûibution in rat and human

brain. A poly(~)'RNA northern blot of different regions of human brain probed with a
178-bp cDNA from a region unique to h m 2 indicated that hENT2 is present

throughout the brain. RT-PCRshowed the expected 178-bp product in both neurons and
astrocytes. In situ hybridization and RT-PCRin rat brain both indicated a wide regional

and cellular distribution for rENT2, in agreement with the data for hENT2. rENT2
appeared to be expressed in a wide variety of ce11 types including neumns, astrocytes,
smooth muscle cells and possibly choroid plexus epithelial cells. Only about 10%of

cells in the rat cerebral cortex and striatum did not express r E N n .

In the absence of seiective ligands or specific antibodies, the cloning of ENT2
fiom rat and human provided the fïrst specific probes for these transporters. A previous

report found 2.6 kb hanscripts when using a full-length hENn cDNA to probe a

multiple tissue human northem blot (Crawford et ai, 1998). The same study found the
predominant hybndization signal to be at approximately 4 kb. Our results support this

finding as we found that this band is more prominent than the 2.6 kb band which
appeared only very faintly on our blot. There is a slight discrepancy in the size we report
(4.3-4.4 kb) compared with that of Crawford et al. (4 kb).

By far the most intense

hybridization signal appeared on our blot between 0.8 and 1 kb. This is likely a ûanscript

encoding the 326 residue HM?36 protein, a growth factor-induced delayed early response
gene of &own

function that uses an initiation codon dowastream to that used for full-

length ENT2. Uridine uptake assays showed that oniy the Ml-length ENïZ,and aot the
tnincated HNP36,possessed nucleoside transport activity (Crawford et al., 1998). A
sequence homology search for our hENT2 probe did not detect hENTl confiming that
we were not seeing signal from the other cloned member of the ENT gene family.

Altematively this 1 kb band codd be a degradation product, although that is unlikely

because there was no evidence of degradation of îhe P-actin mRNA.

RT-PCRin human fetal neurons and astrocytes produced the expected 178-bp
product. The neuron preparation, however, contained 10-20% astrocytes so we c m only

definitively conclude that h E N n is present in astrocytes, which were not contarninated

with neurons. A second product of about 380-bp was amplifiai as well. The ongin of
this product is not known. It is not likely that it is denved h m hENTl since the PCR

primers were chosen to minimize this likelihood. It is possible that there is an
alternatively spliced mRNA fiom the same gene as the cloned hENT2. Because this band

Sense and antisense cRNA probes were tranxribed from a 211-bp cDNA

fmgment of EN2 ligated into the PCR-Script direct vector and were hybridized
to 14 pm fresh frozen coronal rat brain sections.

Nuclei were stained with

hematoxylin as seen in bright-field images A, Cr and E. 6, D, F and G are dark-

field images in which cRNA probes were detected by silver grains, which appear

white. C and D show the hybridization signal after in situ hybridization with the
antisense CRNA probe for rENT2 in choroid plexus sections. A and B received the
sense probe and displayed no appreciable signal (100x magnification). A strong
antisense hyb'ridization signal was seen in artenal walls (G) while sense binding
was negligible (E, F) (100x magnification).

Figure 18: Distribution of rENT2 mRNA in Rat Cerebral Arteries and
Choroid Plexus

was not amplified h

m samples not treated with reverse transcriptase, we can conclude

that the unknown band is not due to contaminating genornic DNA.
In agreement with RT-PCRin cultureci human fetal astrocytes, in situ

hybndization indicated the presence of rENT2 in brain regions rich in astmcytes such as
cerebellar and hippocampal molecular layers and subpial layers. Co-staining with glial
fibnllary acidic pmtein (GFAP)is rcquired to confirm this ftnding.

Our study found hENTZ transcript in total RNA isolated from culturecl hurnan
neurons and astrocytes and supporied a similar distribution of rENT2 in rat brain. This is

in agreement with previous studits in rat cortical synaptosomes (Lee and Jarvis, 1988a;

Gu and Geiger, 1992) and human astrocytes (Gu et al., l996), a11 of which found
significant levels of NBMPR-insensitive nucleoside uptake in the absence of N a ions. In
situ hybridization indicated that about 90% of cells in the cortex had message for rENT2.

This is greater than the 50% reported for rENTl (Anderson et al., submitted) and
suggests that rENT2 is the predominant nucleoside transport process in rat brain.

This

has been reported previously in fûnctional studies as well. For example, Lee and Jarvis
(1988a) f o n d 60% of equilibrative ['4~]uridineuptake to be through ei type NTs in

cerebral cortical synaptosomes fiom rat. This es:ei ratio appears to be speciesdependent
however, as rabbit cortical synaptosomes exhibited 65% es activity (Jones and

Harnrnond, 1995). Human brain also has higher es activity than ei while guinea pig
closely resembles rat in that ei predominates.

This is the fmt study to report the distribution of ei NTs in hurnan or rat brain.
We have found a widespread distribution of ENT2 throughout the brain of both species

including regions known to express adenosine receptors richly. It is possible that rENT2

is important in the regdation of extracellular adenosine levels and therefore the degree of
adenosine receptor stimulation. As stated, fimctional assays in brain tissues have detected
adenosine transport activity via ei transporters. In addition, there have been many reports
de-bing

effects of dipyridamole, a non-selcctive inhibitor of ei,on adenosine receptor

activation in brain. Because dipyridamole also inhibits es transporters, a function for ei is
not yet clear. Its identity to HNP36

may mean that ENT;!is a delayed early response

gene product. Selective inhibitors or strategies to determine function, such as ENT;!
knockouts or antisense knockdowns, are required to clarify M e r the role of E

brain.

'in

Demonstraüon of the existence of mRNAs encoding the Nl/cif(CNn) and NZlcit
(CNTI) concentrative nucleoside transporters in rat brain

Sommary
Nucleoside transport may be involved in the regdation of exûacellular levels of
adenmine, an inhibitory neuromodulator in the central nervous system. At least two
firnctionally distinct equilibrative (Na+-independent)nucleoside transport processes are
present in rat brain. In addition, ~ a + d e p d e n tor
. , concentrative, nucleoside transport in

rat brain has also been documented. Recently, two ~a+/nucleoside
cotransporter cDNAs
were cloned. A cDNA encoding a pyrimidine-selective nucleoside transporter (rCNT1)
was cloneci h m rat jejunum and subsequently, a purine-selective transporter cDNA

(rCNT2) was isolated fiom rat liver. In the present study we tested various regions of rat
brain including choroid plexus, posterior hypothalamus, hippocarnpus, stria-,

supenor

colliculus, cortex, brain stem and cerebellum for the presence of mRNA for rCNïl or

rCNT2. Total RNA was isolated and reverse transcriptase polymerase chah reaction

(RT-PCR)was performed using primers designeci to ampli& the rCNTl nucleotide
sequence nom base 1593 to 1911 (309-bp) or the CNT2 nucleotide sequence h m base
1228 to 1462 (235-bp). Agarose gel elecûophoresis of rCNT1 RT-PCRproducts

indicated a product of the expected size in al1 brain tissues investigated. Southem blot
analysis, restriction digests and cDNA sequencing codimed that thae products were
derived h m rCNTl mRNA. Agarose gel electrophorais of rCNT;? RT-PCRreactions

indicated products of the predicted size in al1 brain regions tested. The sequence of this

pmduct was identicai to that of bases 1228 to 1462 of the rCNT2 sequence.
Anderson CM et al. (1996) Demonstration of the existence of mRNAs encodiag N l l c ~ ~ a nNUcit
d
sodiumlnucltosidc catransportcrs in rat btain. Mol Brain Res 42:358-361.

These experiments demonstrate the presence of both rCNTl and rCNT2 mRNA
in rat brain and suggest that at least two £ÛnctionalIy distinct Na+dependentnucleoside

transporters are present in brain.

Introduction
Nucleoside transport pfocesses are membrane-bound carrier proteins that mediate
the transfer of nucleosides across biological membrants. At present, seven nucleoside

transporter subtypes have been characterized (for review see Cass, 1995). These have
been broadly divided into equilibrativeMa+-independentand concentrativeMaCdependent transportas. Equilibrative transporters are further classified into es and ei,

based on sensitivity or insensitivity, respectively, to inhibition by nanomolar levels of the
nucleoside analog nitrobenzylthioinosine (NBMPR) (Vijayaiakshmi and Belt, 1988).
Five Naçdependent transporters have been identified to date and are primady
distinguished by perrneant selectivity. N l/ciftransporters are purine-selective, N Z c i t and
N4/cit are pyrimidine-selective, and N3/cib and NS/a accept both purines and

pyrimidines as permeants (Cass, 1995).

Nucleoside transport processes are important components of nucleoside çalvage
pathways, providing cells with nucleosides that are required for cellular metabolism. In

addition, adenosine is an endogenous nucleoside with inhibitory neuromodufatory effects

in the central nervous system (CNS) (Fredholm and Hedqvist, 1980; Snyder, 1985). The
CNS actions of adenosine are mediated by A, and A, plasma membrane receptors and
adenosine levels in brain are regdateci by metabolkm and by nucleoside transport
processes (Geiger and Fyda, 1991).

~a'dependent nucleoside transport in dissociated brain cells (Johnston and
Geiger, 1989) as well as in brain stem and choroid plexus (Bender et aL., 1994; Bender et
al., 1981;Lawrence et al., 1994; Spector and Huntoon, 1984; Wu et al., 1992) has been

reporteci. To date. there have been no data describing specific Na+-dependentnucleoside
transporter subtypes in brain other than the observation of broadly-selective, N3/cib
activity in rabbit choroid plexus (Wu et al.,1992). A pyrimidine-seleetive. N2/cit

transporter cDNA was recently cloned h m rat jejunurn epithelium by expression
screaiing in Xenopus oocytes and termed rCNTl (Huang et ai., 1994). Subsequently, a
cDNA encoding an Nllciftransporter, termed rCNn,or SPNT, was isolated nom rat

jejunum (Yao et al., 1996) and bile canalicular membranes (Che et aL, 1 995).
respectively. rCNT2 has 64% amino acid identity to rCNT1, indicating that the two Na+-

dependent tramporters are f?om the same genc f d y . In the present study, we have
used reverse transcriptase polperase chain reaction (RT-PCR) to demonstrate the
presence of mRNAs for both rCNTl and rCNT2 in rat brain.

Materials and Methods
Isolation of Total RNA

Male, Sprague-Dawley rats weighing 250-300 g were used in this study. The

animals were obtained fkom The University of Manitoba Central Anùnal Care facility,
Winnipeg, Canada.

Animals were sacnficed by decapitation, dissections pmceeded on ice, and al1
tissues were immediately fkozen on dry ice to minimize RNA degradation by endogenous
nbonucIeases. The guanidinium isothiocyanate method (Chornczynski and Sacchi, 1987)

was used to isolate total RNA fiom rat jejunum, cerebrai cortex, cerebellum, striatum.
hippocampus, supenor colliculus, brain stem, choroid plexus. and posterior

hypothalamus. Briefly, h z e n tissues were placed in 4 M guanidinium isothiocyanate

(GIBCO)containing 0.1 M P-mercaptoethanol (Sigma), and homogenized. Total RNA
was extracted in the aqueous phase f b m the homogenate following the addition of 2 M

sodium acetate (pH 4.0) and pheno1:chlorofom (51) (Sigma). RNA was precipitated

with isopropanol (Sigma, USA), resuspended in denatuhg solution and re-precipitated
for increased purïty. The pellet was washed in 75% ethanol, resuspended in an
appropriate volume O f diethylpyrocarbonate (DEPC) treated distilleci de-ionized water,
and stored at -80°C. The concentration of RNA was determineci by spectrophotometric
absorbance at 260 nm and its punfl was assesseci h m the ratio of its absorbance at 260

nm to that at 280 nm;al1 ratios were greater than 1.7. Structural integrity was rnonitored
by agamse gel electrophoresis.

Northem and Southern BIots
For northem blots, 10 pg of total RNA h m each tissue or brain region was nin

on a denaturing 1.O% agarose (Promega) gel with 18% fonnaldehyde (Sigma,USA).
Gels were stained with ethidium bromide (0.2

(Sigma) and photographed under

ultraviolet light Gels were soaked in 0.05 N NaOH for 20 minutes and 20x SSC (3 M

sodium chlonde, 0.3 M sodium citrate, pH 7.0) for 45 minutes and RNA was transferred
to GeneScreenm nylon membranes (DuPont/NEN). RNA was fixed to membranes by
baking at 80°C. Membranes were prehybridized for 3 hours at 42OC in 50% formamide
(Boehringer Mannheim, Canada) solution containing 5x Denhardttssolution (Sigma), 5x
SSC, 1% sodium dodecyisuifate (SDS)(Boehringer Mannheim), and 100 pgml

denatureci saimon testis DNA (Sigma). Following overnight hybridization in the
presence of random primed, 32P-labeled denahued cDNA probes, membranes were

washed with high stringency for 90 minutes at 6 8 T in 0 . 2 ~
SSUO.1%SDS solution and
placed on Kodak XAR X-ray film in a cassette with intensifyhg screen at -80°C for 48

hours.
For Southem blots, gels were stained with ethidiurn bromide and photographed.
They were treated with 0.5 N NaOW1.5 M NaCl denaturing solution for 45 minutes then

neutralized in 1 M Tris-Cl(pH7.4) for a M e r 45 minutes. The tramfer of DNA to

nylon membranes, hybridization of cDNA probes, washing of membranes and
autoradiography proceeded as described above for northern blots.

Reverse Transwip~asePulperase Chain Reaction (RT-PCR)
Total RNA h m jejunurn, cerebral cortex, cerebellum, brain stem, hippocampus

and stria-

was treated with 0.005 pglj~lDNase 1 (Pharmacia) in the presence of 10 mM

MgCl,, 1 rnM dithiothreitol (Boehringer Mannheim) and 0.025 unitdpl ribonuclease

inhibitor (Pmmega). The resulting mixture was extractcd with pheno1:chloroform (5: 1)
and precipitated with 0.1 volume 3 M sodium acetate (pH 5.2) and 2.5 volumes 1000/0

ethanoi. DNase treafment was not performed with RNA h m choroid plexus, posterior

hypothalamus or superior collicdus due to the limited quantities of RNA obtained. Total
RNA @Nase I treated or untreated) h m each tissue (1 0 pg) was reverse transcribed.
Briefly, RNA was anneaieci to 100 ng/pI oligo(dT) primer (Stratagene) and treated with
Moloney murine leukernia Wal reverse transcriptase (1 unit/@) (GIBCO)in the presence

of 6.7 m M dithiothreitol and a 4 m M dNTP mixture. The resuiting first strand cDNA (3
pl) was added to 200 ph4 d N ï P mixture, 1.5 rnM MgCl,, 1 @f of each primer and 2.5

units of Taq DNA polymerase (GIBCO).PCR wnsisted of an initial 5 minute denaturing
step (94OC), followed by a 5 minute primer annealhg step (54OC) and 30 cycles oE 30
sec. at 94OC, 30 sec. at 5S°C and 1 minute at 72°C. A final 10 minute elongation step

(72OC) was performed and the samples were cooled to -9°C.The resulting amplifieci

DNA (25 pl) was run on a 1.2% agarose gel. rCNTl product gels undenvent Southem
blot aaaiysis. In control reactiow that were not treated with reverse transcriptase, dl
steps were the same except stede, DEPC-treated water was added in place of reverse

transcriptase. For some experiments, RNase A (-15 pg/p1) was added to RNA samples,
prior to RT-PCR, in order to verify an mRNA origin of products.

PCR Pniners and cDNA Probes
Rat rCNTl cDNA was detected using the 21-mer 5' primer 5'-CCGGTAGTGGC-

TGAGTTGCTG-3' and the 2 1-mer3' primer 5'-ACAGGCGTITAGCAGGGACAC-3' to
ampli@ a 309-bp DNA product (bases 1593 to 1911) o f rCNT1. This was detected on

Southern blots with a 6 12-bp (bases 1309 to 1920) 32P-labeled rCNTl cDNA probe

(Huang et al., 1994) isolated fkom the plasmid pBluescript (Stratagene) by restriction
digestion with the enzymes Acc 1 and BamHl (both h m GIBCO).
Rat rCNT2 cDNA was detected using the 20-mer 5' primer 5'-TCTGCTCATCC-

GTCCCTACC-3' and the 22-mer 3' primer 5'-CTTCACTCCCTCCTTGCTC'ITG-3' to
ampl*

a 235-bp DNA product (bases 1228 to 1462) of SPNT. A second 19-mer sense

primer with sequence 5'-ACTTCTGTGAAAGACTTCA-3'was used with the 3' primer
to ampli@ a 1468-bp product (bases 1228 to 2694).

The presence of mRNA for glycerddehyde-3-phosphatedehydrogenase

(GAPDH), a ubiquitous housekeeping gene, was used to verify the quality of cDNA
preparations and was detected using the 20-mer 5' primer 5'-GCTGGGGCTCACCTGAAGGG-3' and the 20-mer 3' primer 5'-GGATGACCTTGCCCACAGCC-3'
to ampli@ a

343-bp DNA product (bases 346 to 688) h m the rat GAPDH cDNA (Tso et ai., 1985).

rCNTl and rCNT2 PCR prirners were synthesized by the GIBCO Custom Primers

Laboratory. GAPDH primers were synthesized by The Univmity of Manitoba
Oligonucleotide Synthesis Facility.

RT-PCRProduct Sub-cloning and Sequencing
Polyrnerase chah reaction was pdormed as describeci above. Products were nui

on 1.2% agarose gels, viewed by ethidiurn bromide staining and bands of interest were
excised fiom the gels. Gel slices were immediateiy b z e n at -80°C, then thawed and
centrifiiged at 13,000 x g for 15 minutes. Supematantswere collecteci and DNA was

precipitated with 95% ethano1 following extraction with chloroform:isoamyl alcuho1
(24: 1).

The pCR-Scriptw cloning kit (Stratagene) was used to subclone the PCR
products. Gel-purified RT-PCRproducts amplified h m cortex RNA were blunted with

Pfir DNA polymerase (Stratagene) and ligated into the Srf 1resûiction site of the pCRScript vector, as per the manufactureis protocol. Transformation into E. coli was
performed and ceils with inserted PCR products w m selected a s white or light Mue,

ampicifi-resistant colonies on LB-agarplates treated with isopropyl-P-D-thiogalactopyranoside (IPTG), 5 -brom&c hloro-3-indoy1-fbD-gaiactopyranoside(X-gal)

(GIBCO)and ampicillin (50 &ml). Cells were grown to saturation in LB-broth
containing ampicillin (50 pg/ml) and plasmids were isolated and purified with the Wizard
DNA clean-up system (Promega).
Purifiecl plasmids were sequenced using both T7 and T3 sequencing primers by

the DNA Sequencing Laboratory at the University of Alberta.

Resalts

RT-PC. with rCNTI primers
No evidence for the presence of mRNA for rCNTl in rat brain was found by
northern analysis of total RNA (data not shown). Agarose gel electrophoresis hdicated

RT-PCRproducts of the expected size (309-bp) were amplified from RNA isolated fiom
jejunum and rat brain regions. Southern blot analysis of these RT-PCRproducts using a

32P-labeled 612-bp segment of rCNTl revealed hybridization signals in all brain regions
tested (Fig. 19A). Qualitativeiy, the stmngest hybridimtion signais were seen with RT-

PCR products h m braîn stem, choroid plexus, cortex and hippocarnpus while the
weakest signals were observed with products from stria-

and superior colliculus (Fig-

Total RNA was isolated fmm dissected rat brain regions and jejunum and
treated with (Panel A) or without (Panel B) reverse transcriptase. Çouthem blot

analysis of K R produds obtained with Ml-spedfic primers vvas performed
with

a 3*P-labeled 612-bp cDNA fragment of rCM1. Reverse transcriptase

treated RNA sarnples show a 309-bp product in al1 regions, while the product is

absent in RNA samples not treated with reverse transcriptase. Panel C: Agarose
gel eleckophoresis showed that a 343-bp produd was obtained from RT-PCR
perfomed with GAPDH primers. Abbreviations: J = Jejunum, Cx = Cerebral

cortex, Cb = Cerebellurn, Hp = Hippocampus, St = Stnatum, Sm = Brain stem,
SC = Superïor collialus, PH = Posterior hypothalamus, CP = Choroid plexus.

Figure 19: Distribution of mRNA for rCNTl in Rat Brain

19A). Intermediate levels of hybridization intensity were seen with posterior
hypothalamus and cerebellurn RT-PCRproducts. For RNA simples that had been
incubated with DEPC-treated water in place of reverse transcriptase, no hybxidization
signals were seen on Southem Mots (Fig. 19B), indicating that d W A , and not
contarninating genomic DNA, was the source of the amplification products. GAPDH

mRNA was detected using RT-PCR with every tissue extraction tested indicating good
quality RNA preparations (Fig.1 9 0 . PCR was also performed with GAPDH-specific

primers on RNA sarnples that were incubated with DEPC-treated water in place of

reverse transcriptase and no products were detected (data not shown).
The RT-PCRproduct arnplified h m cortex RNA was digested with the
restriction enzyme Shr 1. Two hgments of sizes consistent wiîh digestion of the 309-bp

rCNTl RT-PCRproduct ùito 212-bp and 97-bp fragments were obtained (Fig. 20). The
cortex RT-PCRproduct was subsloned and sequenced, and the nucleotide sequence
obtained exactly matched that predicted from the published rCNTI sequence (Huang et
al., 1994).

R T-PCR with rCNn primers
RT-PCR was performed using primers designed to ampli@ a 235-bp segment of
rCNT2. A reaction product of the expected size was seen in ail brain regions testai (Fig.
21A). The 235-bp pmduct was not evident following PCR with RNA samples not treated

with reverse transcriptase indicating that mRNA was the source of the 235-bp product
(Fig. 2IB).

nie cortex RT-PCR product was digestecl with Alw44 1, an enyme predicted to
cut once w i t b the N1-length rCNT2 nucleotide sequence;two hgments consistent

with 162-bp and 73-bp hgment sizes predicted by the published rCNn nucfeotide
sequence were obtahed (Fig. 22). Nucleotide sequnicing of the sub-cloned RT-PCR

Figure 20: Shi 1Restriction Digest of Cortex rCNTl RT-PCR Prodact

Stu I

Uncut

Following RT-PCR performed with cerebral cortex RNA, a 309-bp produd

was digested with Stu 1. Agarose gel electrophoresis of the resulting mixture
indicated that the cut pmduced two fragments consistent with the 212-bp

and 97-bp predicted sizes.

Total RNA was isolated fmm dinected rat brain regions and jejunum, and

treated with (Panel A) or without (Panel €3) reverse transcriptase. Agarose gel
elecbophoresis of PCR pmducts obtained with rCNT2-spedfic pnmen indicated a
235-bp product in jejunum and each brain region for RNA treated with reverse
transcriptase; this product was not obtained with RNA samples that were not
treated with reverse transcriptase. A 316-bp product was present in CP, PH and

SC in the presence or absence of reverse transcriptase treatment.
Abbreviations: As in legend for figure 19,W = Water.

Figure 21: Distribution of mRNA for rCNT2 in Rat Brain Using RT-

PCR

Figure 22: Alw44 1restriction digest of cortex 235-bp r C N n RT-PCR
product

Alw44 I

Uncut

Following RT-PCR performed with cerebral cortex RNA, a 235-bp product

was digested with Alw44 1. Agarose gel electrophoresis of the resulting mixture
shows that the cut produced two fragments consistent with the 162-bp and 73bp predicted sizes.

product confirmed that it is 235-bp in length and identical to the predicted product (data
not shown).
A second PCR product of approximately 300-bp was obtained with RNA fkom

choroid plexus, posterior hypothalamus and superior collicuius, sampies that were not
treated with DNase 1 (Fig. 21A). The product was obtained in the absence of reverse
transcriptase treatment (Fig. 218), or following RNase treatment of RNA (data not

shown), indicating that its source was contaminating genomic DNA. Nucleotide

sequencing of this larger RT-PCRproduct showed that it was 3 16-bp in length and had
an identical sequence to the 235-bp product except for an in-fi-ame 81-bp insert d e r
position 115' (Fig. 23).

Discussion

This study represents the first identification of specific subtypes of ~ a + d a ~ e n d e n t
nucleoside transporters in mammalian brain. Specificaily, the results demonstrate the
presence of -As

for two ~a'/nucleoside cotransporter subtypes in rat brain.

Messenger RNAs for rCNT1, which encodes an N2cit transporter, and for

which

encodes an Nl/ci/transporter were identified with RT-PCRanalysis. While rCNT2 RT-

PCR products were amplifieci similady h m several brain regions, the amounts of rCNTl

RT-PCRproduct, detected by Southem Mot, variai among brain regions tested.
Since there are no selective radioligands for Na+dependent transporters, the
distribution of these transporters in C N S was previously evduated by functional studies.

Bender et al. (198 1) reported a 35% decrease in adenosine uptake in cerebral cortical
+ were removed and Lawrence et al. (1994) reported a
synaptosomes when ~ a ions

greater than 90% decrease in adenosine uptake in brain stem synaptosomes in the absence

of ~ a ions.
+ This cornlates well with the findings of this study, which demonstrate the
5

The nucleotide sequence of this cDNA has been submitted to the GenBankN/EMBL Data Bank with

accession number U67084.

Figure 23: Nucleotide Sequence of 316-bp rCNT2 RT-PCR Prodnct
(foilowing page)

Total RNA from cerebral cortex was analyzed by RT-PCR.

product was obtained, isolated and sub-cloned.

A 316-bp

Nucieotide sequencing was

perfotmed using both T7 and T3 DNA sequencing primes. The sequence is
identical to the 235-bp product until base 115, at which point an 51-bp sequence
is inserted. The two sequences merge again at base 116 of the 235-bp product

and at base 197 of the 316-bp product.

1-

TCTGCTCATC

61-

TGGAGGC'M'T

1 16-

begins GTGAG

17 1-

GTGCTAATCC CCATCTGGCT TTACGG

CGTCCCTACC TTGCAGACAT GACCCTCTCT GAAATCCATG CAGTGATGAC
GCTACTATAG CAGGCACAGT GTTGGGAGCC TTCATATCCT

TTGGG insert

GCACAGTCAA CAGAATCGCT CTTGGTGCAC CCACGTTGAT CCCTATAGTG
insert ends

ATTG ATGCATCATC C'ITGATTTCT

221- GCCTCAGTGA TGGCTGCCCC TTGTGCACTT GCCTTGTCCA AACTGGTATA TCCAGAAGTA
28 1-

GAAGAGTCCA AGTTCAAGAG CAAGGAGGGA GTGAAG

presence of mRNA for rCNTl and rCNn in these brain regions. Additiodly, Na+dependent uptake of adenosine by cultured mouse astrocytes has been descnbed (Bender
et aL,1994)-and indicates that glial ceils may transcnbe mRNA for ~a+dependent

nucleoside transporters.

The regions of brain hvestigated in the present study were chosen according to
previous indications of high or Iow es and/or ei activity and Na+-dependent nucleoside

transport activity (Bender et al-, 198 1;Johnston and Geiger, 1989; Spector and Huntoon,
1984; Wu et al., 1992). High densities of [3HlNBMPR and [3K&iipyridamole binding

sites, indicative of high es a d o r ei activity, were reported in superior couiculus, choroid
plexus, striatum, hypothalamus, cerebellum and cortex (Bisserbe et a[.,1985; Deckert et
ai., 1987; Geiger and Fyda, 1991). rCNT1 and rCNT2 transcnpts were present in al1

these regions, suggesting that ce11 types within these tissues may possess many

transporter subtypes. Hippocampus was investigated because of its iow [3H]M3MPR and
[3H]dipyridamolebinding site densities (Bisserbe et al., l985), indicating low es and ei
activity. In the present study, mRNAs for both rCNT1 and rCNn were identified in
hippocampus, suggesting that Na+dependent transporters may be the predominant

mechanism by which nucleosides are transported in this region.

The function of ~a+-dependentnucleoside transporters in brain is unclear. Other
active transport systems in CNS serve to transport neuroactive substances into neurons or
glia as a rnechanisrn of inactivation of chernical messengers. Adenosine receptorç are
abundant in regions of rat brain where rCNTl and rCNT2 have been identified,

suggesting that Na+dependent nucleoside transporters rnay be invoived in the regdation
of adenosine receptor activation by endogenous adenosine. It was previously believed
that rCNTl is selective for adenosine and pyrimidine nucleosides (Cass, 1995).

However, it has recentiy been shown that adenosine is transported more slowly than
uridine or thymidine in mammalian (COS-1) cells trançiently transfected with rCNTl

(Fang et al., 1995); similar resuits were seen in Xenopus oocytes injected with mRNA

h m rat jejunum (Yao et ai., 1996). If adenosine is also a poor pemieant for rCNTl in
rat brain, it may be cleared slowly h m the interstitiun in areas containing rCNTl
transporters, thereby resulting in prolongation of adenosine receptor-mediated effects.
Alternatively, rCNn a d o r rCNTl may play a role in neural systems containing P,

purinoceptors. P2X, P2Y and P2U receptors are activated by ATP and have been
identifiai in C N S tissues in rat (Zimmman, 1994). P2U receptors are also activated by

UTP. This is o f interest considering the ability o f rCNT1 to transport uridine, dthough a
signahg role for UTP has not been descnbed.

The processes involved in adenosine formation, metabolism, receptor stimulation
and transport are al1 possible points of intervention for enhancing the receptor-mediateci
effects of adenosine. The cioning and sequencing o f NI/cifand N2/cii Na+/nucleoside

cotransporter cDNAs has provided valuable tools to investigate the presence and
distribution of mRNAs for these transporters.
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Chapter 6

Distribution of concentrative nucleoside transporters (CNT)in rat brain: An in situ
hybridhtioa and immunocytochemical study

Summary
Much evidence exists showing that purine nucleosides and nucleotides are
important signaling molecules in the CNS. There is building evidence that this is also the
case for uridine (pyrimidine) nucleotides. Therefore, transport of purine and pyrimidine
nucleosides is an important consideration in the extracellular regdation of these
compounds. We have determined the distribution of two concentrative nucleoside
transporter subtypes, rCNTl and rCNT2, in rat brain using irnmunocytochemistry and in
situ hybridization with 3S~-labeled
cRNA probes. In situ hybridization showed a wide

distribution for both rCNTl and rCNT2 mRNA with varying signal intensities among
regions. For rCNT1, low levels were seen in hippocampal granule and pyramidal cells
and the rnolecular layers. Low levels were also detected in cerebellar granule, Purkinje

and molecular layers. A small percentage (10-20%) of cells in the cerebral cortex and
striatum were positive for rCNTl mRNA. rCNT2 mRNA was most abundant in granule
cells in the dentate gyrus, cerebellum and layer II of the cortex and in pyramidal cells in

the hippocampus. Cerebellar Purkinje cells were also positive. In contrast to rCNT1,
cerebellar and hippocampal molecular layes exhibited very low signal relative to the
neuronal layers of the hippocampus and cerebellum. About 4040% of cells in the
cerebrai cortex and stria6

were positive for rCNT2. Immunocytochemistry localized

Anderson, C.M. et al, (1998) Manuscript in preparation.

rCNTl and rCNT2 to cells bodies and supported the distributions seen by in situ
hybridization.

Introduction

Both purine and pyrimidine nucleosides and nucleotides have been implicated in
signaling in the CNS. Four plasma membrane receptos for adenosine, a purine
nucleoside, have been identified in the CNS and a growing body of evidence supports the
pyrimidine nucieotides UDP and UTP, as well as the purine nucleotides ADP and ATP as
endogenous signaling molecules.
Important considerations for the regdation of receptor-mediated actions of
nucleosides and nucleotides are metabolism and tramport across the ce11 membrane.
Transport of nucleosides is achieved by two broad categories of nucleoside transport
proteins: equilibrative and concentrative. EquiIibrative transporters are facilitated
difision protein carriers that shuttle nucleosides across the ce11 membrane in either
direction according to the concentration gradient. Two equilibrative transporter subtypes
that accept both purine and pyrimidine nucleosides as perrneants have been cloned from

human tissues to date and are termed hENTl (Griffiths et al.. 1997a) and hENT2
(Gnffiths et al., L997b; Crawford et al., 1998). The rat cDNAs were subsequently

isolated and termed rENT 1 and rENT2 (Yao et al., 1997). Concentrative nucleoside
transportes are energy dependent ~a'/nucleoside symporters and are classified according
to their permeant selectivities and sensitivity to inhibition by the nucleoside analog

NBMPR. Currently, six subtypes are recognized. N 1 is purine selective, N2 is
pyrimidine selective, N3 accepts a broad range of nucleoside perrneants. N4 is pyrimidine

and guanosine selective, N5 accepts a b

d range of nucleoside permeants and is

sensitive to inhibition by NBMPR, and N6 is guanosine selective and sensitive to
inhibition by M3MPR. Two members of this CNT gene family have been cloned from
rat. An N2 cDNA was isolated nom jejunum and termed rCNT 1 (Huang ef ni., 1994)
and NI was cioned From liver (Che et al., 1995) and jejunurn (Yao et al., 1996) and

tenned rCNT2.
There is some functional evidence for concentrative, or Na'-dependent nucleoside

transport in rat brain (Johnston and Geiger, 1989; Bender et al., 198 1; Lawrence et al.,
1994). In addition, we have recently demonstrateci the presence of mRNA for rCNTl and

r C W in rat brain regions by RT-PCR (Anderson et al.. 1996a). The objective of the

present study was to determine the regionai and cellular distributions of rCNT1 and

rCNT2 mRNA and protein in rat brain using in situ hybridization and
immunocytochemistry.

Materiah and Metho&
In Situ Hybridization

Male Sprague-Dawley rats (250 g) were sacrificed by decapitation and brains

were removed and fiozen. Fresh frozen sections (14 p)were cut using a cryostat and
placed on ProbeOn Plus microscope slides (Fisher). Sections were frozen at -80°C ÿntil
use. Sections were fixed for 2 minutes in buffered 4% paraformaldehyde. permeabilized

for 7 minutes with 0.0005% proteinase K at 37OC, acetylated for 10 minutes (0.25% v/v
acetic anhydride in 0.1 M triethanolamine buffer, pH 8.0) and dehydrated in graded

ethanol concentrations pnor to hybridization.

RNA probes (riboprobes) generated by reverse transcriptase PCR were used to
detect rCNTl and rCNT2 in rat brain. For rCMI, the 5' primer S'-phosphateCTTCTTGATGGTCGCCTGC-3' and the 3' primer 5'-GCGGTGTCCAGAGATAGCC-

3' were used to generate a 23 1-bp monophosphorylated cDNA product from bases 444 to
674. For rCNT2, the 5' primer 5'-phosphate-TCTGCTCATCCGTCCCTACC-3'
and the
3' primer 5'-CTTCACTCCCTCCTTGCTCTTG-3'were used to generate a 235-bp
monophosphorylated cDNA product from bases 1228 to 1562. These products were
ligated into the pCR-Script Direct plasmid vector (Stratagene) to produce a directional
clone such that in vitro transcription with T3 RNA polymerase produced sense riboprobes

while T7 RNA polymerase gave antisense riboprobes. The Ambion Maxiscnpt kit was
used to transcribe RNA fiom 1inearizecVproteinase K-treated templates. Transcription
proceeded for 60 minutes at 37OC with 0.5 rnM each of ATP, GTP and CTP, IO m M
dithiothreitol ( D m ,400 pCi [ a - 3 5(NEN)
~ ] ~and
~ 0.5
~ Units T3 or T7 RNA
polymerase in a total volume of 20 pl. Labeled RNA probes were ethanol precipitated,
resuspended in solution containing 10 mM Tris-HCI @H 8.0), 1 mM EDTA. 10 mM

DIT and 1% SDS, and counted for 3 5 content.
~
Hybndization was performed ovemight at 5S°C in a Microprobe hybridizer

(Fisher). Hybridization solution contained 50% (v/v) formamide, 10% (w/v) dextran
sulfate, 0.3 M NaC1, lx Denhardt's solution, 10 mM Tris-HCI (pH 8.0), 1 m M E D T k
100 pg/ml denatured sdmon spenn DNA,0.5 rng/ml yeast R N A and 10 mM DTT.
Riboprobes were added to a concentration of 5 x lobcpmlml hybridization solution.
Following hybridization sections were treated with RNase A (20 &ml) and washed with
increasing temperature and decreasing s d t concentration to a final wash for 30 minutes at

60°C in 0 . 1 SSC
~ with 50 m M DTT. Sections were dehydrated in preparation for
emulsion or film autoradiography. For film autoradiography, sections were exposed to
Amersharn Hyperfilm-Bmax for 14 days and developed using Kodak D- 19 developing
solution. For emulsion autoradiography, slides were dipped in Kodak NTB-2
autoradiographic emulsion for 14 days and developed using a 1:1 dilution of Kodak D- 19
developer. Sections were then counter-stained with the nuclear stain hematoxylin.
Immunohistochernistry
Polyclonal antisenim for rCNT2 was prepared by Commonwealth
Biotechnologies (Richmond, VA). Rabbits were injected with synthetic immunogenic
peptide fiom the carboxyl terminal of rCNT2 (LNGTNMPSFSGPWQDC; amino acids
624-638). Antiserurn used was fiom the third bleed because these sarnples had the
highest antibody titer. For rCNTI, an aflïnity-puified anti-GST fusion protein bearing
residues 2 1-78 of rCNT1 as well as an afinity-purified antibody generated against
residues 505-524 of rCNTl were obtained from Dr. S. Baldwin, University of Leeds.

Fresh fiozen sections (5 pm) were cut fiom male Sprague-Dawley rat brains,
placed on Superfiost Plus slides (Fisher) and fiozen at -80°C until use. Sections were

fixed with 4% paraformaldehyde for 5 min and permeabilized with O. 1% triton X-100 for
10 min Endogenous peroxidase activity was inhibited by treatment with 0.5% H202for

25 min and non-specific binding sites were blocked with blocking solution containing 2%
bovine senun albumin and 10% normal goat semm for 30 min Al1 treatments were at
room temperature unless otherwise indicated. Following this, sections were treated
overnight with blocking solution, normal rabbit serum or diluted primary antisera
generated against either rCNTl or rCNT2. Sections were then washed thoroughly with

0.1 M phosphate-buffered saline (PBS) and treated with biotinylated goat anti-rabbit IgG

(Boerhinger; 1000x dilution) for 60 min After washing again with PBS,streptavidinlinked horse-radish peroxidase (Boerhinger, 2000x dilution) was piaced on the sections

for 45 min Binding distribution of the prirnary antibody was determined by the brown
product formed by the reaction of the peroxidase with the substrate diaminobenzidine

@AB). Sections were subsequently dehydrated with graded ethanol concentrations,
cover-SIipped, viewed and phot ographed.

Western Blots

Membrane protein fractions were prepared by centrifuging tissue homogenates at

1000 x g for 10 minutes at 4°C and then centrifuging the supernatant for 1 hour at
100,000 x g at 4°C. Protein concentrations were measured using the Lowry metliod and
20 pg were loaded in to each well of a 10% polyacrylamide gel containing 0.2% sodium

dodecylsulfate (SDS). The samples were electroblotted onto PVDF membranes for I
hour at 4°C and membranes were placed in blocking solution containing 2% bovine
sertun albumin and 2.5% skim milk powder ovemight at 4OC. Primary antibodies were
diluted either 500x (antisenun, rCM-2) or 4000x (affinity-purified, rCNTI) in blocking
solution and incubated with the membranes for 3 hours at room temperature. Blots were
washed 4 times for 5 min each in phosphate-buffered saline containing O. 1% Tween 20

(PBS-T) and incubated with biotinylated goat anti-rabbit IgG diluted 1500x in blocking
solution for 1 hour. Following a M e r 4 washes in PBS-T,membranes were incubated
with streptavidin linked horse-radish peroxidase (POD; 2500x dilution) for 1 hour in

blocking solution. Blots were finaily washed and treated either with the Boehnnger-

Mannheim chemiIuminescence substrate for L min and exposed to film for 10-60min, or
with diarninobenzidine ( D M )to achieve a colour reaction.

Results
Distribution of rCNT2 mRNA using in siîu hybridizatiion

In situ hybridization was performed on fiozen 14 pm coronal rat brain sections
with 3S~-labeled
sense and antisense cRNA probes transcribed from a 235-bp cDNA From

rCNT2. Message for rCNT2 was detected by hybridîzation of the antisense riboprobe.
The sense probe displayed low non-specific binding to tissue sections.
Varyïng levels of hybridization signal intensity were seen throughout rat brain.
Highest Ievels were detected in the granule cells of the dentate gynis (Fig. 24). A more
moderate signal appeared in other regions of the hippocampus. The pyramidal cells of
the CA1 and CA2 subfields displayed roughly 50% of the hybridization intensity of the
dentate g y w granule cells as determineci by densitometry performed by Scion Image
software. In general, the CA3 and CA4 pyramidal cells had approximately only 25% of

the signal intensity of dentate g y m grande cells.
A strong hybridization signai, comparable to that of the dentate gyrus granule

cells, appeared in cerebellar grande cells (Fig. 25). Examination of sections under high
magnification indicated that Purkinje ceils dso appear to contain r C M 2 tramcnpts (not
shown).

Layer II cortical grande cells also were heaviIy labeled with silver grains.
indicating high Ievels of rCNT2 mRNA (Fig. 26) while a moderate level of hybridization
occurred throughout the rest of the cortex where approximately 40-50% of cells were

positive for rCNT2 rnRNA. Results were similar in striatum and thalamus (not shown).
Co-localïzation studies with cell-specific markers are required to detetmine ce11 types.
There is no evidence that rCNT2 is present on astrocytes. There is minimal signal

in the molecular layers of the dentaie g y m and cerebellum. The same is true for the

stratum radiatum of the hippocampus and the subpial layers of the brain (Fig. 25,26), al1
areas of relatively dense astrocyte populations. Choroid plexus epithelial cells, however,
do appear to be a non-neuronal ce11 type possessing rnRNA for rCNT2 (Fig. 26). rCNT2
may be important for the transport of purine nucleosides into or out of the brain.

Disttibution of rCNT2 using immunocytochemis~
Antiserum raised against an immunogenic rCNT2 peptide was used in western
blots. Irnmunoblotting with plasma membrane protein fractions fkom h g , heart, kidney
and brain indicated one major band at approximately 80-90 kDa (Fig. 27). Levels of this
protein were highest in heart and kidney while lung and brain homogenates gave rise to
faint signals with the rCNT2 antiserum.
The same antiserum was used for immunocytochernistry with 5 pn frozen
coronal rat brain sections to look at r C N R protein expression. Substantial
immunostaining was seen in hippocampus, cerebellum, cerebral cortex and choroid
plexus, in agreement with in situ hybridization data No colour product was formed in
control sections treated with normal rabbit s e m in place of the antisenun.

A consistent level of colour was detected on the ce11 bodies of the dentate gynis
granule cells and on the pyramidal cells (Fig. 28). Staining appeared darker around the
cell perimeter indicating the transporter is located on the ce11 membrane (Fig. 28C).

Cerebellar granule cells stained positive with rCNTZ antisenim (Fig. 29), again

agreeing with data obtained with in situ hybridization. Purkinje cells appeared negative
for rCNT2. Some ce11 bodies in the cerebellar molecular layer were stained.
As seen with rCNT2 in situ hybridization, there is staining throughout the cortex

with particularly dense staining of ceils in layer II (Fig. 30).
Choroid plexus ce11 bodies were stallied by the rCNT2 antiserum (Fig. 3 0 6 , again
agreeing with in situ hybridization and suggesting that rCNT2 may be important in

reguiating purine nucleoside levels in brain.

Distribution of KIVI uing in situ hybriditation

In situ hybndization was perfomed on frozen rat brain sections using 3S~-labeled
sense and antisense riboprobes w c r Î b e d from a 23 1-bp cDNA fiom rCNTI. A signal

of variable intensity throughout the brain was seen with the antisense probe while the
sense probe produced no hybridization signds.
The antisense probe produced a hybridization signal throughout the hippocampus.
Figure 3 1 is representative of the distribution seen for rCNTl antisense binding. The

granule cells of the dentate gyrus and the pyramidal cells appear to have rCNTl mRNA
but generally produced signals of similar intensity to the molecular Iayer and stratum

radiatum, providing evidence that rCNT.1 rnay be present on astrocytes. This is in
contrat to rCNT2, which was prominent in granule and pyramidal cells and not evident
in the molecular layer and stratum radiatum (see Fig. 24).

A hybridization signal was present in the cerebellum as well. Generally, low
levels of antisense binding were detected in the granule cells and Purkinje cells (Fig. 32).

Signal was also seen in the molecular layer and subpial layers, a m e r indication that
rCNTl may be present on astrocytes.
Hybridization signal was detected in cerebral cortex and stria-

as well.

Examination of sections at high magnification indicated silver grain aggregation on 1020% of ce11 bodies in these regions (not shown).

Distribution of rCNTl using immunocytochemisîry

Two affinity-purified antibodies raised in rabbits against a GST fusion protein

bearing residues 2 1-78 of rCNTl (AB 1 ) or residues 505-524 (-2)

of rCNT 1 were

tested on western blots containing plasma membrane protein isolated fiom lung. heart.

kidney and brain. AB 1 recognized a band of 80-90 W)a in al1 four tissues with greatest
intensity in heart and kidney Fig. 33). Simila.results were seen with AB2 but a second
band of 70-75 kDa,the expected size of the unmodified rCNTl protein, was also detected
(not shown).
Both antibodies were used in immunocytochemistry with rat brain sections. AB2
gave a signal in every ce11 (Fig. 34). This signal appeared to result from an interaction

with ce11 nuclei and thus, is not likely to represent the distribution of rCNT1.
Immunocytochemistry with AB 1 gave rise to membrane staining. I t pmduced a positive
signal in the hippocampus (Fig.

3 3 , similar to in situ hybridization for rCNTI.

Staining

in the dentate gynis molecular layer and stratum radiatum was less than predicted from in
situ hybndization, however. AB 1 produced a signal in cerebellar granule cells, Purkinje

cells and other brain regions such as cerebral cortex (Fig. 36), thalamus and s t r i a t u (not

shown) showed some cells stained positive for rCNTl AB 1. Co-staining sniciies are
needed to determine the cells types stained.

Discussion

This is the first snidy to investigate the distribution of mRNA and protein for two
members of a concentrative nucleoside transporter gene farnily, rCNTl and rCNT2, in rat
brain sections. In situ hybridization showed rCNT2 to be abundant in cortical and
cerebellar grande cells, the grande and pyramidal cells of the hippocampus and in
choroid plexus cells. Results of imrnunocytochemistry with an rCNT2 antibody
supported these results. rCNT1 seemed to be more widely distributed at lower levels.

mRNA for rCNTl was present in hippocampus and cerebellum like rCNT2 but unlike

rCNT2 appeared in ce11 layers where glial cells are present Immunocytochemistry with
an antibody for rCNT l showed a similar distribution except for a lower than expected
signal in the molecular layen of the cerebellum and hippocampus.

Since rCNTl and rCNT2 are members of the same gene farnily and share 64%

arnino acid identity (Che et al., 1995), it is important to consider the degree of homology
between the probes used for each sequence. The probe used for rCNTl did not identie
the rCNT2 sequence in a BLAST homology search, indicating the rCNTl probe is

seiective for rCNTI. The rCNT2 pmbe is 76% identical to the rCNT1 sequence at the
nucleic acid level between bases 1116 and 1359. Slides were washed with high
stringency ( 0 . 1 ~SSC, 60°C,30 min) to minimize hybridization of the rCNT2 probe to

K N T l mRNA-

Immunocytochernistry was performed with antibodies for both rCNTl and rCNT2
that each recognized one major band on western blots at 80-90 k D a The predicted size
of both r(=NTI and CNT2 proteins is approximately 72 kDa It is possible that the
translated rCNT 1 and rCNT2 proteins are modified and migrate at a slower rate. For
instance, rCNT2 has five prospective N-linked glycosylation sites and relative mobility is
decreased with glycosylation. To show that glycosylation is responsible, an e n q m e
deglycosylation step would have to be taken prior to SDS-PAGE.
There is 1imited previous evidence for concentrative nucleoside transport in brain.

Rat dissociated brain cells (Johnston and Geiger, I989), rat corticai synaptosomes
(Bender et al., 198 1), rat brain stem synaptosomes (Lawrence et aL, 1 994) and mouse
astrocytes (Bender et al., 1994) have ail been shown to have a component of ~ a ' dependent (concentrative) nucleoside uptake. The rnost consistent evidence for Na'dependent nucleoside transport in brain is in choroid plexus (Spector and Huntoon, 1984;

Wu et ai., 1992). Our previous results with RT-PCR(Anderson et aL,1996a) showed
rCNTl and rCNT2 amplification products throughout rat brain and, with the results of the
present study, are in agreement with the earlier reports of ~a'-dependent nucleoside

transport in brain. Wiîh the exception of brain stem, which was not investigated, both
rCNTl and rCNT2 were detected in the regions where functional Na'dependent
transport had been previously documented.
The fhctional significanceof the distributions of these transporten is unknown.
Hippocampus is a brain region selectively vulnerable to ischemic damage. Since
hippocampus is also rich in Ai-,

endogenous adenosine could be effective

neuroprotectant. Since rCNT2 appears to be present in hippocampus, it may play a role

in tegulating adenosine levels. m T 1 and ENT2 mRNA are also present in hippocampus
(unpublished data) thus adenosine levels rnay be regulated by multiple coexisting
transporters. In ischernia, perturbations of the cellular energy state and Na' gradient
would be expected to inhibit rCNT2-rnediated adenosine uptake and maybe even cause
reversal of <NT2 prornoting release of adenosine and enhancement of neuroprotective

effects; reversal of the transporten has been demonstrated in vitro (Borgland and
Parkinson, 1997).

rCNTl has a high afEnity for adenosine but transport of adenosine proceeds very
slowly, prompting one group to cal1 adenosine an inhibitor of rCNTl (Fang el al., 1996).
Uridine, however, is transported by CNTl with a,V

approximately 60-fold greater

than for adenosine (Fang et al., 1996). This rnay be of importance given findings that
uridine nucleotides rnay be signaling molecules in brain via Pt receptors (Anderson and
Parkinson, 1997). As nucleotides are metabolized extracellularly, CNT 1 rnay facilitate

reuptake of the nucleoside product of UDP or UTP. CNTl rnay be a cellular marker of
cells using UDP or UTP as signaling molecules.
The discovery of the presence of concentrative nucleoside transporiers in
different areas of rat brain is an important step in understanding how endogenous
nucleosides, including adenosine, are regulated and rnay have importance for signaling
actions of nucleo tides.

Sense and antisense cRNA probes were bansuibed fkom a 235-bp cDNA

fragment of rCMZ iigated into the PCR-Script direct vector and were hybridized

to 14 p m fresh frozen coronal rat brain sections. A and B represent results of in

siCu hybridization obtained with the sense c

W probe for CM2 while C and D

are results with the antisense probe (20x magnification). Nuclei were stained
with hematoxylin as seen in bright-field images A and C Band D are da&-field
images in which cRNA probes are detected by silver grains which appear white.
A strong hybridization signal for rCNl2 was seen in neuronal layen of the

hippocampus as indicated by binding of the antisense cRNA probe

(0. Signal

was low the dentate gyms molecular layer (ML) and straturn radiatum (SR). The
sense probe did not produce a hybridization signal (B). DG, dentate gynis; 011,
CA1 subfield; C43,CA3 subfield.

Figure 24: Distribution of &NT2 mRNA in Rat Hippocampus

Sense and anüsense cRNA probes were transcribed from a 235-bp cDNA
fragment of <NT2 ligated into the PCR-Script direct vector and were hybridized
to 14 pm fkesh froren coronal rat brain semons.

Nuclei were stained w*Rh

hematoxylin as seen in bright-field images A and C B and D are dark-field
images in which cRNA probes were detected by silver grains, which appear

white. A and B represent results of in situ hybridization obtained with the sense
cRNA probe for rCM2 in cerebellurn whiIe Cand Dare resulh wiai the antisense

probe in cerebellum (40x magnification). The granule cell layer (63and Purkinje
cells (Pk) al1 displayed specific antisense probe binding (0. Signal in molecular
layers (ML) and subpial layen (PL) was low. Sense probe binding was negligible

(4.

Figure 25: Distribution of rCNT2 mRNA in Rat Cerebellnm

Sense and antisense cRNA probes were transcn'bed from a 235-bp cDNA
fragment of r C M 2 ligated into the PCR-Script direct vector and were hybridized

to 14 prn fresh frozen coronal rat brain sections.

Nuclei were stained with

hematoxylin as seen in bright-field images A, C, E and E

4 D,

G and H are

dark-field images in which cRNA probes were detected by silver grains, which

appear white. A and B represent results of in s i ' hybridization obtained witti the
sense cRNA probe for rCMZ in cortex layer II on either side of the bisection line
of the 2 cerebral hemispheres, while C and D are results with

probe in cortex layer

the antisense

II (100x magnification) and show substantial hybridization

signal (D). Sense probe binding was negligible (8). Eand Frepresent results in

other cortical layers (4ûOx magnification). F was treated with the antisense
probe and shows 40-5O0/0 of cells positive for rCM2 while sense probe binding

was negligible (E). Trïangular arrowheads represent cells positive for r C M 2
mRNA and diamond-shaped arrowheads represent negative cells. Gshows sense

probe treatrnent of a chomid plexus section. Binding of the sense probe was low

while the antisense probe produced a strong hybridization signal (H). PL, Subpiai
layer.

Figure 26: Distribution of r C N n mRNA in Rat Cerebrai Cortex and
Choroid Plexus

Figure 27: Multi-tissue Western Biot Using Anti-rCNn An tibody

Brain Kidney Heart Lung

A western blot was treated

with rCNR antiserum (500x dilution) and

subsequently with biotinylated goat anti-rabbit IgG, streptavidin-linked horseradish
peroxidase (POD) and diaminobenzidine (DAB) substrate system. A band of 80-90 kDa

was detected with high levels in heart and kidney and lower levels in lung and brain.

Sections of rat brain were fixed and treated with antisenim against an rCMZ
peptide.

Signal was detected using a secondary biotinylated goat anti-rabbit IgG

antibody, streptavidin-linked horseradish peroxidase (POD) and diaminobenzidine (DAB)
POD subsbate.

Results in hippocampus are shown here.

A shows a grayscale

representation of the DA6 colour product in dentate gynis (DG) granule cells the CA1
subfield (GU) of the hippocampus (40x magnification). A control section treated with
normal rabbit semm is shown in B and displays no signal. C represents DG granule
cells at 400x rnagnification. Staining occun on the cell perimeters.

Figure 28: Distribution of r C N n Irnmnnoreactivity in Rat Hippocarnpus

Figure 29: Distribution of rCNT2 Immnnoreactivity in Rat Cerebellum

Semons of rat brain were fixed and treateû with antiserurn against an rCM2
peptide.

Signal was detected using a secondary biotinylated goat anti-rabbit IgG

antibody, streptavidin-linked horseradish peroxidase (POD) and diaminobenzidine (DAB)
POD substrate. A and Bshow a grayscale representation of the DAB colour produd in

cerebellum at 4ûOx magnification. A control section treated with normal rabbit serum is

shown in A and displays no signai while Bshows dense staining in the granule ceil layer

(4.

Very liffle staining of Purkinje cells (PM and cells of the molecular layer (ML) was

noted.

Sections of rat brain were fixed and treated with antiserum against an rCNl2
peptide.

Signal was detected using a secondary biotinylated goat anti-rabbit IgG

antibody, streptavidin-linked horseradish peroxidase (POD) and diaminobenzidine (DAB)
POD substrate. Results in cerebral cortex and choroid plexus are shown here. Control

sections treated with normal rabbit serum are shown in A and Cand display no signal.
Bshows that a proportion of cells are labeled in the cortex (indicated by arrows) (400x
magnification). D shows heavy staining of layer II of the cerebral cortex on either side

of the bisection line of the 2 cerebral hemispheres (100~magnification). E cleariy
shows that cell bodies within the papillae of the choroid plexus are stained by the antirCiW2 antibody.

Figure 30: Distribution of rCNn Immunoreactivity in Rat Cerebral Cortex
and Choroid Plexus

Sense and antisense cRNA probes were ûanscribed from a 231-bp cDNA
fragment of rCWl ligated into the PCR-Script Direct vector and were hybridized to 14
pm fresh frozen coronal rat brain sections.

A and B represent results of in

situ

hybridization obtained with the sense cRNA probe for KNTl while Cand D are results
with the antisense probe (2Ox magnification). Nuclei were stained with hematoxylin as

seen in bright-field images A and C 6 and D are dark-field images in which silver
grains appear white. A consistent low level of antisense hybridization signal was seen
for KNTl throughout the hippocampus (Li).

Dentate gyrus granule (DG) cells and

pyramidal neurons in the CM-CA4 subfields showed a hybridization signal as do the
molecular layer (ML) and stratum radiatum (SR). The sense probe did not produce a
hybridization signal (B).

Figure 31: Distribution of rCNTl mRNA in Rat Hippocampus

Sense and antisense CRNA probes were transcrîbed frorn a 231-bp cDNA
fragment of r C M ï ligated into the PCR-Script Direct vector and were hybridized ta 14

pm fresh frozen coronal rat brain secîions.

A and 6 represent results of in situ

hybridization obtained with the sense cRNA probe for rCNTl while C and D are results
with the antisense probe (100x magnification). Nudei were staineâ with hernatoxylin as

seen in bright-field images A and C B and D are dark-field images in which silver
grains appear white. All cerebellar layes displayed a consistent low level of antisense
hybridization signal for rCNTl (D). The sense probe did not produce a hybridization

signal (B). Pk, Purkinje layer; Gr, Granule layer; PL, Subpial layer of the brain; ML,
Molecular layer.

Figure 32: Distribution of rCNTl mRNA in Rat Cerebellum

Figure 33: Multi-tissue Western Blot Using Anti-rCNT1 Antibody (AB1)

Lung Heart Kidney Brain

A western blot was treated with rCNT1 antibody AB1 (4000~dilution) and

'

subsequently with biotinylated goat anti-rabbit IgG, streptavidin-linked honeradish
peroxidase (POD) and diaminobenzidine (DAB) substrate system. A band of 80-90 kDa

was deteded with high levels in heart and kidney and lower levels in lung and brain.

174

Figure 34: Apparent Nnclear Staining with rCNTl AB2

Sections of rat brain were fixed and treated with the AB2 rCM-1 antibody. Signal

was deteded using a secondary biotinylated goat anti-rabbit IgG antibody, streptavidinlinked horseradish peroxidase (POD) and diaminobenzidine (DAB) POD subsbate. This
figure shows that AB2 produced a signal in every discemable ceIl nucleus in the
cerebellum, much the same as a nuclear stain like hematoxylin. Results were the same

throughout al1 brain regions tested.

Figure 35: Distribution of rCNTl Immunoreactivity in Rat Hippocampus

Sections of rat brain were fixed and treated with the AB1 r C M l antibody. Signal
was detected using a secondary biotinylated goat anti-rabbit IgG antibody, streptavidinlinked horseradish peroxidase (POD) and diarninobenzidine (DAB) POD substrate.
Results in cerebral cortex and choroid plexus are shown here. A control section treated
with normal rabbit serurn is shown in A and displays no signal. B shows staining of
granule cells of the dentate gyrus (DG) and CA1 sublield

(al)
(40x rnagnification).

Light staining of the molecular layer and stratum radiatum was noted.

Sections of rat brain were fixed and treated with the AB2 rCNTl antibody. Signal

was detected using a secondary biotinylated goat anti-rabbit IgG antibody, streptavidinlinked horseradish peroxidase (POD) and diaminobenzidine (DAB) POD substrate.
Results in cerebral cortex and choroid plexus are shown here. Control sections treated
with normal rabbit semm are shown in A and Cand display no signal. Bshows labeling
of multiple layers of the cerebellurn. Granule cells (Gd and Purkinje cells (Pk) show
irnrnunoreactivity for rCNIZ. A small number of cells in the molecular layer (ML) are
also stained (400x rnagnification). D shows that a proportion of cells are labeled in the
cortex (indicated by arrows) (4ûOx magnification).

Figure 36: Distribution of rCNTl Irnmnnoreactivity in Rat Cerebellnrn and
Cerebral Cortex

Chapter 7

Geaeral Discussion

The results presented in this thesis are the first to report the distribution of specific
nucleoside transporter subtypes, other than ENT1,in brain. Probes for both hENTl and

hENT2 detected RNA species in every region tested in northem analysis of human brain
total RNA. In general, message for al1 four cfoned nucleoside transporter subtypes,

determined by in situ hybridization, was seen in rat hippocampus, cerebellum cerebral
cortex, striatum and other regions with varying relative abundances among regions for

each transporter. rENTl and rENT2 message was abundant throughout neuronal and
non-neuronal cells layes of hippocampus and cerebellum and was detected in 50% and
80090% of cerebral cortical neurons, respectively; results were similar in sûiatum and

thalamus. rCNTl expression was consistent throughout the layers of the hippocampus
and cerebellum but generally at a low level; only about 10-20% of cells in cortex and
stria-

were positive. rCNT2 distribution appeared more heterogeneous. About 40-

50% of cortical cells were positive. In hippocampus, dentate gynis grande cells and
CA1 pyramidal cells were rich in rCNT2 &A.

Similady, cerebellar grande neurons

showed a strong hybridization signal. In contrast, predorninantly non-neuronal ce11 layers
in hippocampus and cerebellum showed low signal intensity. Binding of ['H]NBMPR to

rat brain sections to identifi rENTl transporters supported fesults from in situ
hybridization in thalamus, cortex and striatum, however, in con-

to in situ

hybridization, low signal intensity was seen in hippocampus and cerebellum indicating

low protein expression. Immunocytochemistry using antibodies for rCNTl and rCNT2
generaily confirmed results seen with in situ hybridization.
We saw a wide regional and cellular distribution for both equilibrative nucleoside
transporters, rENT.1 and rENT2, in rat brain. This suggests that the primary hinction of
equilibrative transportes may be comrnon in al1 cells, such as salvage of nucIeosides for
nucleotide synthesis. In rat, ei (rENT2) appears to be more abundant than rENTl as 80-

90% of cells in the cerebral cortex and other regions studied had rENT2 message whiIe
approximately 50-60% contained rENTl mRNA. This is consistent with fùnctionai data
in rat cerebral cortical synaptosomes reporting 60% ei transport and 40% es transport

(Lee and Jlarvis, 1988a). Many ce11 types appeared to have mRNA for both equilibrative
transporten. The reason why two nucleoside transporter subtypes with nearly identical
properties are necessary to a ce11 is unclear. The ratio of ei to es transport varies arnong
species (Lee and Jarvis, 1998a,b; Jones and Harnrnond, 1995). This finding suggests that
total equilibrative nucleoside transport capability is important since there is no clear
functional outcome of this inter-species variation. The two equilibrative transporter
subtypes could be altematively regulated, providing flexibility in the cell's ability to
adjust total equilibrative transport levels. rENTl has three putative N-linked
glycosylation sites (Yao et al., 1997) and is known to be glycosylated in vivo (Kwong et

al., 1993). rENT2 has one conserved and one additional N-linked glycosylation site.
These differences dong with other modifications may lead to differential regdation of

rENTl and rENT2. rENTl also appears to be regulated by protein kinase C activation
(Sen et al., 1998; Lee, 1994; Sinclair and Parkinson, 1998). It is not known if rENT2 is
regulated in a similar manner. Similarly, it has not yet been determined whether E N I 2 is

sensitive to inhibition by ethanoi, as is ENTI. The identity of rENT2 to the full-le@
rHNP36 product may provide a due as to the purpose of rENT2. rHNP36 is
transcriptionally activated by growth factors indicating a proliferative role (Williams and

Lanahan, 1995). It is possible that rENT2 is similady activated. The truncated W 3 6
protein is nucleolar and has been detected in brain. This likely explains why we saw a
band of -1 kb on human northem blots. The question of interest is: do differences in
h c t i o n a d o r regdation of rENTl and rENT2 exist in cells that express both

transporters? Enough evidence exists currently to speculate that this may be the case,
however fiirther experiments are required- This is now more feasible with the availability

of clones for hrnnan and rat ENT2 homologs.
A broad distribution of both concentrative nucleoside transporter subtypes was
also seen. Because rCNTl is selective for pyrimidine nucIeosides and rCNT2 is selective
for purine nucleosides, diis fmding is not as surprising as with the equilibrative

transporters. Cells making use of concentrative nucleoside transport may need at least
two systems to achieve transport of a broad range of nucleoside permeants. Additionally,

however, the enriched message for <NT2 compared to rCNTl seen in cortex (40-50% vs
10-20% of celis, respectively), dentate gynis, CA1 and cerebellar grande cells indicates

that cells in these regions preferentiaily require a means of transportuig p e n e
nucleosides. It is tempting to specuiate that the need for regdation of adenosine and its

signaling properties in these regions is the reason for this finding.
Both equilibrative and concentrative nucleoside transporters may be involved in
the regdation of endogenous adenosine levels in brain. Cloneci rENTl and rENTZ both

transported adenosine well (Yao et al., 1997), although kinetic studies have not yet been

published with adenosine. rCNT2 is able to transport adenosine with a KMo f 4 p M and

a V-

35-fold higher than the pyrimidine nucleoside thymidine (Che et ai., 1995).

KNTl has a high afinity for adenosine (-1 5 FM vs -20 p M for uridine) but a very low

,V

(V-/KM

= 0.0 1 vs -0.5

for uridine) (Fang et ai-, 19%). Adenosine is considered

an inhibitor of CNTl in view of these data. Regulation of adenosine by rCNT2, rENTl
and rENR appears to be important for regulation of adenosine receptor stimulation. We

have show that these three transporter subtypes are present in brain regions rich in
adenosine receptoa. AuARs are abundant in striaturn (Parknson and Fredholm, I W O )

where we saw varying levels of expression of ail four transporter subtypes. AzsARs are
present on glial ceils and are nearly ubiquitous in brain; we saw evidence for rENT1,

r E N n and rCNTl mRNA in glial cells of rat brain. While genedy expressed at Iow
levels in brain, A3ARsare relatively densely localized to the hippocarnpus and
cerebellum in rat brain, two regions where expression of equiIibrative and concentrative
transporters was evident. Perhaps of greatest interest with respect to cerebral ischemia is

the AIAR. High IeveIs of expression have k e n reported in cortex, cerebellum,
hippocampus and thalamus (Fredholm et al., 1994). Again, these are regions where
mRNA and protein for both equilibrative and concentrative nucieoside transporten were
detected, suggesting that there may be cellular CO-localizationand participation by

nucleoside transporters in regdation of adenosine receptor activation. Co-locaiùation
studies with adenosine receptor probes would be usefixi to detennine which transporterls

idare CO-expressedwith ARS on specific ceil types.
A case of particular interest to us is regulation of endogenous adenosine levels

during cerebral ischemia Large increases in adenosine levels occur during ischemic

damage because of severely depressed ATP synthesis. As discussed earlier, the effects of

adenosine at AiARs are neuroprotective. From a thenpeutic standpoint, it may be useful
to inhibit reuptake of adenosine, thereby enhancing neuroprotective effects of &AR

stimulation. Theoretically in ischemia, extracellular adenosine lcvels rise enhancing the
concentration gradient driving uptake through equilibratve transporters. In support of

this, NBMPR (unpublished data) and propentofylline (Parkinson et al., 1994), inhibitors
of adenosine uptake, both protected hippocampal neurons following ischemic injury.
Adenosine transport through Na'dependent (concentrative) transporters in brain is linked
to energy supply in a manner unlike that seen with equihbrative transport. Since

adenosine uptake through CNT2 is ATPdependent, depressed ATP production would be
expected to aiuse inhibition of adenosine uptake and enhancement of extracellular
adenosine levels. Some evidence suggests that reversal of CNT;! is possible Ni vitro,
allowing adenosine release (Borgland and Parkinson, 1997). There is no supporting
evidence for this observation in vivo.
It is important to recognize that regulation of endogenous adenosine Ievels in vivo

involves multiple processes. Not oniy adenosine release through transporten must be

considered, but also breakdown of extracellular ATP to adenosine, both intra- and
extracellular metabolism of adenosine itself, and how different transporter subtypes
interact togeiher on different ce11 types to achieve interstitial adenosine regdation in a
locaiized area A number of M e r experiments are required to investigate overall
regdation of adenosine. Firsf it is important to detennine the cellular distributions of

each cloned transporter subtype. Co-localization shidies with GFAP, to detennine
astrocytic transporter subtypes, and MAP-2, to determine neuronal subtypes in the CAL

subfield of the hippocampus would be useful for our interest in ischemia in the CA1
subfield of the hippocampus. Further studies CO-Iocalizingtransporter subtypes with
ecto-nucleotidases and ecto-adenosine deaminase activity would also help to dari@ the
processes by which adenosine is regulated. When this information is available, it will be
easier to predict trends in adenosine leveis in locaiized regions of brain.

Finally, while determining the distributions of transporter subtypes in relation to
adenosine receptoa and metabolizing enzyrnes is an important step, dtimateiy the goal is

to ascertain the function of these nucleoside transporters in vivo. Employing conditional
knockout or in vivo antisense strategies would provide valuable information regarding
h c t i o n by allowing observation of the phenotypic consequences of deleting or
decreasing expression of particular transporter subtypes in brain. Two strategies may be

of particular use in the current situation. Knockout of one of the equilibrative
transportes would be useful to determine if expression of the remaining equilibrative
subtype is enhanced in response to maintain overd1 equilibrative adenosine transport
levels. A knockout strategy would also reveal any obvious phenotypic outcomes of

deleting one of the equilibrative transporters and both knockout and antisense strategies
would allow anaiysis of differences in the way adenosine levels are reguiated in ischernic
conditions relative to normal animals. A sirnilar approach would be helpful in

understanding the role of CNTZ in regulating adenosine in brain. Few functional studies
have been able to detect concentrative nucleoside transport in brain preparations yet we
have shown a wide distribution in rat brain. Traditionally, concentrative nucleoside

transporters were cousidered to have a specialized distribution, being localized to tissues
important for îransporting many compounds (kidney, jejunum, choroid plexus). As a

result, linle is known about the purpose of CNT2 in brain. A knockout strategy would
assist in reveding the roles of CNT;? in, adenosine or non-adenoshe-mediated.

To summarize, the determination of the regional, and to some extent cellular,
distributions of specific nucleoside transporter subtypes in rat and human brain is a
valuable contribution to understanding how adenosine levels are regulated in brain.

Many studies remain, however, in order to decipher how adenosine levels are regulated in
vivo in specific brain regions, and to eiucidate the functions of specific nucleoside

transporter subtypes.
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