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Summary

Nitric oxide (NO) is generated from L-arginine by NO synthases, of which three forms have been
identified: endothelial, inducible and neuronal (eNOS, iNOS and nNOS, respectively). The arginine
metabolite asymmetric dimethylarginine (ADMA) is a potent, noncompetitive inhibitor of NNOS,
while its congener NG-monomethyl-L-arginine (L-NMMA) is a less potent, competitive inhibitor.
In rat neurons large amounts of ADMA are found, suggesting its importance in modulatin neuronal
activity.

Humans generate approximately 300 pmol (~60 mg) ADMA per day. It is released from myelin
basic proteins that are highly expressed in neuronal tissue. ADMA is mainly degraded by the action
of the enzyme dimethylarginine dimethylaminohydrolase (DDAH), which exists in two isoforms.
DDAH1 is highly expressed in brain, suggesting specific function in this area. The presence of nNOS
and DDAHL in brain suggests that ADMA may have specific CNS activity and be more than an
unregulated metabolite.

Increased NO production - either prior to or concurrently with opioid administration - results in an
enhanced rate and extent of development of tolerance to morphine in mice. NO produces an alteration
in the p-opioid receptor that increases constitutive receptor activity. It thereby reduces the ability of
a selective p-opioid agonist to activate the p-opioid receptor; these in vitro molecular effects occur
in a time course consistent with the in vivo development of antinociceptive tolerance in mice.
Amongst many other synthetic NOS inhibitors of varying specificity, 7-nitroindazole (7-NI) has been
shown to have a high affinity (IC50 0.71 uM) to nNOS. Selective blockade of nNOS by 7-NI
attenuated morphine withdrawal in opiate dependent rats, suggesting nNOS as a viable target for
development of pharmacotherapies.

We hypothesize that, by inhibiting nNOS and reducing NO levels, ADMA may decrease p-opiate
receptor constitutive activity, resulting in alteration of the analgesic dose-response curve of
morphine.
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Endogenous inhibitors of NOS in nervous tissue

Guanidino-methylated arginines (MA) including ADMA and its congener NC-monomethyl-
L-arginine (L-NMMA) are potent endogenous inhibitors of NOS that were first identified in
human urine in 1970 by Kakimoto et al. [1].

Although it is an analog of L-arginine, no direct route of synthesizing ADMA from the free
amino acid has been identified. Instead, a rather complex process leads to the generation of
ADMA. Protein-arginine methyltransferases (PRMTSs) catalyze the formation of
methylarginine residues from proteins that have been post-translationally methylated and
subsequently hydrolysed. These proteins are largely found in the nucleolus and appear to be
involved in RNA processing and transcriptional control. Because of its high content of
methylated proteins, asymmetric (ADMA) and symmetric (SDMA) were first isolated from
bovine brain [2].

In addition to different substrate specificities [3], two subclasses of PRMT appear to have
different catalytic activities: the myelin basic protein-specific activity (type 2) catalyses the
formation of L-NMMA and SDMA (symmetric dimethylarginine with no direct effect on
NOS), while the non-myelin basic protein-specific activity (type 1) catalyses the formation of
L-NMMA and ADMA [4-6].

Itis known that myelin basic protein, which is highly expressed in neuronal tissue, is a principal
target of the PRMT 2 isoform. In addition to the substrate specificity of PRMT 2, it also has
specificity in its catalytic activity, with this myelin basic protein specific enzyme preferentially
catalyzing the formation of NMMA [6]. Cardounel [7] and Zweier determined the
concentrations of L-arginine and MA in rat cerebellar granule neurons and homogenized whole
brain. Considerable MA and L-arginine concentrations were measured in neurons, with values
of 11.1 £ 1.1 umol/L for NMMA, 3.9 £ 0.6 umol/L for ADMA, and 88.6+6.5 pmol/L for L-
arginine. In freshly isolated and homogenized whole rat brain, the levels of NMMA, ADMA,
and L-arginine were similar to those measured in the cerebellar neurons with values (mean
S.E.) of 10.7 £ 1.3 umol/L, 5.1 £ 0.6 umol/L, and 94.0 + 7.8 pmol/L, respectively [8].

Another evidence for the role of MA in neuronal activity is its elimination (Fig. 1). Since
ADMA was found to be elevated in dialysis patients, renal excretion of ADMA was considered
to be the main route of elimination [9]. However, an early study from McDermott in a rabbit
model revealed that a catabolic pathway had to be present [10]. This major metabolic pathway
is degradation by DDAH, first isolated from the rat kidney, which hydrolyses ADMA to
dimethylamine and L-citrulline [11]. Vascular endothelium may be the chief tissue responsible
for the catabolism of ADMA via DDAH [12].

Tran et al. [13] identified two different subtypes of DDAH. DDAH1 expression predominates
in tissues that also express the neuronal isoform of NOS while DDAH2 expression
predominates in more highly vascularized tissues. Analysis of 14 brain regions revealed that
while DDAH1 expression predominated in the forebrain, significant DDAH2 expression (with
lower DDAH1 expression) was apparent in the medulla and spinal cord. The functional
significance of this finding is not yet known, but, given the primitive origins of the brainstem,
this would be consistent with an earlier evolutionary origin of DDAH2 compared with DDAHL1.

Specificity of ADMA and NMMA for neuronal NOS

NNOS is expressed both in central and peripheral neurons [14]. Both L-NMMA and ADMA
exhibit prominent dose-dependent inhibition of nNOS in the presence of physiologic cellular
L-arginine levels, and this inhibition was sustained for over 30 min [7]. L-NMMA inhibits NO
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production by 26% at 10 umol/L, with almost complete inhibition at 100 umol/L. These
experiments were carried out in the presence of 100 umol/L of L-arginine. With ADMA the
results were comparable, with 23% inhibition at 10 umol/L and almost complete inhibition at
100 umol/L. While ADMA is a potent (IC50 1.5 umol/L), noncompetitive inhibitor (Ki, 0.4
pumol/L; Kii, 1.6 umol/L) of nNOS, L-NMMA is a competitive inhibitor (Ki, 0.65 pmol/L). In
addition, ADMA is known to be preferential for nNOS over eNOS [15] (Fig. 2). In contrast to
the similarities between ADMA and L-NMMA in nervous tissues, there are dissimilarities with
regard to their content in plasma. It has been reported that plasma concentrations of ADMA
are in the range of 0.5-5 umol/L [6]. Teerlink et al. [16] reported that plasma from healthy
volunteers (n = 53) contained 0.42 + 0.06 umol/L ADMA using HPLC with limits of
quantification of 0.01 umol/L for ADMA. Plasma NMMA concentrations were much lower
(0.04-0.11 pumol/L), in agreement with previously reported values [17]. In general, L-NMMA
levels seem to range around 10% of ADMA levels and are not very often reported in clinical
studies.

Morphine tolerance and NO

There is evidence that NO is involved in the behavioral effects induced by morphine and
cocaine, e.g., behavioral sensitization [18-20], kindling [21] and conditioned place preference
(CPP) [22,23]. Furthermore, hippocampal injection of NG-nitro-L-arginine methyl ester (L-
NAME), a synthetic NOS inhibitor, blocks the enhancing effect of L-arginine on the expression
of the morphine-induced conditioned place preference [23]. Increases in NO content in rats
occur in a close temporal relationship with the loss of morphine’s antinociceptive effect [24].
Thus, NO appears to be a key modulator of morphine tolerance, and may be involved in the
receptor-based adaptations observed with chronic p-opioid receptor agonist administration.

Heinzen and Pollack [24] investigated the effects of NO on p-opioid receptor agonist and
antagonist binding and G;a activation in the presence and absence of morphine in rat brain
tissue. Systemic infusion of the NO precursor L-argining, in the absence of in vivo morphine
administration (NO control) and infusion of morphine alone (tolerant group) resulted in a dose-
dependent increase in efficacy and potency of the selective p-opioid receptor agonist [D-Ala2,
N-MePhe4, Gly-ol5]enkephalin (DAMGO) to produce Gja activation. The enhanced efficacy
of DAMGO is not due to NO-induced increases in p-opioid receptor expression. Animals
pretreated with L-arginine, followed by a prolonged morphine infusion (supertolerant group)
evidenced compromised efficacy of DAMGO to stimulate Gja binding when compared to
control, NO control, and tolerant groups. These molecular effects occurred with a time course
consistent with the development of antinociceptive tolerance and are observed as a
consequence of the enhanced p-opioid receptor constitutive activity that is apparent in the
supertolerant state and which is measured as Gja binding in the absence of agonist [25]. In the
presence of enhanced basal stimulation, opioid peptides cause reduced agonist-stimulated G
protein activation [26], thereby minimizing antinociceptive effects. This could increase the risk
of dependence by requiring use of higher doses. Recently, in rats, morphine was shown capable
of stimulating the release of NO from limbic tissues (hippocampus and amygdala) in a
naloxone- and L-NAME-sensitive manner in rats [27]. This feedback mechanism could
account for the phenomenon of tolerance.

Inhibition of NNOS and nociceptive tolerance

The molecular signal of opiate tolerance is p-opioid receptor down-regulation. Inhibition or
lack of the inducible form of NOS has been shown to reduce p-opioid receptor up-regulation
in induced intestinal inflammation in mice [28]. We postulate that inhibiting nNOS could
produce down-regulation in p-opiate receptor function. In contrast, opiate dependence and
withdrawal lead to an up-regulation of nNOS in normal mice [29] and even more so in p-opioid
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receptor deficient mice [30]. Therefore, an opiate-tolerant system with down-regulated p-
opioid receptors and increased nNOS activity should be even more sensitive to NNOS
inhibition. Elevated MA levels should protect against the development of tolerance to (and
possibly dependence on) morphine. Blockade of nNOS by a selective synthetic inhibitor, i.e.
7-NI, attenuated morphine withdrawal in rats [31], suggesting nNOS as a viable target for
development of treatment options [32]. In addition to severe irritation of the mucous
membranes by 7-NI, aromatic nitro compounds have been found to be both mutagenic and
carcinogenic [33] and are not tested in humans.

Recently it was demonstrated that in vivo inhibition of nNOS through repeated 7-NI
administration attenuates the decreased p-opioid receptor signaling (i.e., tolerance) observed
in the locus coeruleus (LC) after morphine treatment in mice [34]. The inhibitory effect of the
opioid agonist Met5-enkephalin (ME) on the cell firing rate was evaluated by single-unit
extracellular recordings of noradrenergic neurons in the locus coeruleus from brain slices, and
the antinociceptive effect of morphine was measured by tail-flick techniques: 7-NI
administration in sham-treated rats failed to change the effect induced by morphine in the tail-
flick test as compared to vehicle groups. Another study showed changes of catecholaminergic
metabolism in the locus coeruleus during morphine withdrawal using microdialysis in freely
moving rats [35].

If ADMA blunts development of opiate tolerance in a similar way the therapeutic efficacy of
u-opiates could be improved (Fig 3). To the extent that tolerance and dependence are related,
inhibition of NNOS could decrease the risk of developing opiate dependence. One potential
mechanism to achieve an increase in ADMA levels for attenuation of withdrawal symptoms
or to prevent development of opioid dependence could be the use of a novel DDAH inhibitor,
L-291, which has been originally developed and tested in rats with endotoxemia [36]. There
is an abundance of literature about increases of ADMA levels in cardiovascular deseases and
metabolic syndromes (see [37] for an overview), although the majority of subjects tested in
these studies have not been characterized for their alcohol and drug use. Studies on ADMA
infusions in healthy volunteers have shown that an increase of ADMA is associated with the
risk of decreased cerebral blood flow. Future research should concentrate on changes in ADMA
and NO levels during development of opiate tolerance and dependence and during and after
withdrawal in humans to clarify the role of ADMA in the etiology of opiate dependence and
tolerance, while animal studies will elucidate the possible beneficial effects of ADMA
increases as a therapeutic intervention.
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Formation, action, metabolism and elimination of ADMA. ADMA= asymmetrical
dimethylarginine, DDAH= dimethylaminohydrolase, NO= nitric oxide, protein c ADMA=
protein cum ADMA
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Fig 2.

Inhibition of eNOS and nNOS activity in isolated preparations by ADMA. The I1Cs values are
estimated to be about 1.5 umol/L for nNOS and 12 umol/L for eNOS. eNOS and nNOS activity
was measured as nitrite production rate.
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NO pathway and the effects on antinociceptive properties of morphine. - and + mean inhibition
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