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PERSPECTIVES

The mechanisms for the regulation of synaptic dopamine (DA) 
include its release from presynaptic vesicles, its interaction 
with post-synaptic and pre-synaptic DA receptors, the reuptake 
of DA, via dopamine transporter (DAT), the diffusion of DA 
and its metabolism by mono-amine oxidase (MAO) and cate-
chol-O-methyl transferase (COMT). DA controls complex and 
specialized functions including, movements, behavior, mood, 
perception, reward, and more recently, neurogenesis (Popolo et 
al., 2004; Reimer et al., 2013) and neuroregeneration (Hoglinger 
et al., 2004; Yang et al., 2008). These functions are varied and 
of high fidelity. Movement, as an example, requires regulatory 
mechanisms for initiating, stopping, slowing-down speed-
ing-up, changing directions, for governing the relentless urges 
to move in the young and sedentariness in the old as well as in 
motor-freezing, catalepsy, tremor and stereotypy. 

DAT is presented as the key regulator of DA synaptic func-
tions. Its location in the pre-synaptic membrane means that 
DAT will efficiently transport DA molecule that are closer to 
the pre-synaptic zone. DA close to the post-synaptic mem-
brane and those coupled to DA receptors will likely escape the 
reuptake process. For those reasons the reuptake process will 
reduce extra-synaptic DA, but will not terminate DA neuro-
transmission. Furthermore, the finding that DAT is located 
mostly at extra-synaptic sites of dopamine axon terminals, 
rather than within the synaptic active zone (Deutch and Roth, 
1999) raises questions about the efficiency of DAT as the key 
regulator of dopaminergic synaptic functions. Diffusion will 
not efficiently remove DA binding to the DA receptors, and 
DA oxidation occurs mostly in presynaptic endings. So, there 
are knowledge gaps in matching the regulation of the synap-
tic activity of DA with the fidelity of the functions that DA 
modulates. For example, the accepted mechanisms for the reg-
ulation of synaptic DA cannot explain why psychotropic do-
paminergic drugs take weeks to manifest their actions neither 
can they explain tolerance and withdrawal related to drugs 
that modulate DA. Thus, other regulatory mechanisms ought 
to be involved in the control of the synaptic activity of DA. 
This perspective will present studies, established findings and 
a rational hypothesis to show that, between the release process 
and the second messenger system for DA, biological methyla-
tion plays a vital role in the regulation of the synaptic activity 
of DA that resembles biological off-switches. The operation of 
these putative switches, as single unit, simultaneously or se-
quentially, may fit better, the fidelity of the functions that DA 
controls. 

Methylation of dopamine within the synaptic cleft may serve 
as a phasic down regulating switch for dopamine 
neurotransmission
The methylation of free DA (f-DA) at the synapse (Axelrod, 
1971) irreversibly changes DA to 3-methoxytyramine (3-MT), 
and 3-MT has been shown to serve as a competing molecule 

for DA binding (Charlton and Crowell, 2000; Alachkar et al., 
2010). Accordingly, the methylation of f-DA in the synapse will 
reduce the synaptic activity of DA proportionately to the ratio 
of [3-MT]/[f-DA] and will not terminate the actions of DA 
in the presence of continuing DA release. So, this methylation 
function, at DA synapse, resembles a phasic down-regulating 
switch and may govern measured reduction in locomotor ac-
tivity.

Direct methylation of DA receptor protein reduces the Vmax 
and Km for D1 and D2 receptors and may serve as an 
irreversible and accumulative down-regulating switch
Studies showed that S-adenosyl-L-methionine (SAM) inhib-
ited the binding of ligands to cloned D1 and D2 DA receptors 
(Lee et al., 2004a). The inhibition was irreversible and both the 
Vmax and the Km for DA receptor binding were reduced in 
a concentration dependent manner (Lee et al., 2004a). More-
over, the interactions involved the carboxylmethylation of DA 
receptors proteins (Lee et al., 2004a), a reaction that is stable at 
physiological pH, and suggests that methylation permanently 
down-regulates a fraction of the DA receptors. The process 
therefore is additive, may serve as a permanent accumulative 
down-regulating switch for DA synaptic activity, and since 
methylation reactions are increased with aging, it may explain 
the progressive reduction of movements that occur during ag-
ing, and precipitates the symptoms of Parkinson’s disease (PD), 
of which aging is the major risk factor. 

Methylation of membrane phospholipid increases 
lyso-PTC. Lyso-PTC increases membrane fluidity and 
reduces the Vmax, but not the Km, for D1 and D2 DA 
receptors, and may serve as a momentary down-regulating 
switch for DA synaptic activity
SAM methylates phosphatidyl-ethanolamine (PTE) to phospha-
tidylcholine (PTC) (Bjornstad and Bremer, 1966; Crews et al., 
1980; Lee and Charlton, 2001), and PTC is readily hydrolyzed to 
lyso-PTC (Lee and Charlton, 2001). Lyso-PTC increases mem-
brane fluidity (Poole et al., 1970) and causes hypokinesia (Lee 
et al., 2005), and it inhibites the Vmax, but not the Km, for DA 
D1 and D2 receptors (Lee et al., 2004b). So, lyso-PTC may cause 
DA receptors to be less available, due to receptor submersion in 
the soluble membranes. This may explain motor slowing, e.g., 
malaise, feeling of ‘having a bad day’ or the ‘on-off effects’ if the 
binding is undulating, presenting an on-off switch operation.

Methylation of DA while DA binds to its receptors may serve 
as a rapid off-switch for DA neurotransmission 
It is proposed that DA molecules that are inserted into the DA 
receptor pocket will be protected from methylation that occurs 
in the synaptic cleft and catalyzed by soluble COMT. Recep-
tor-bound DA will also escape the reuptake process, but it will 
be susceptible to methylation, catalyzed by membrane-bound 
COMT. Methylation of receptor-bound DA will suddenly de-
prive DA receptors of DA, a phenomenon hypothesized to cause 
a sudden and complete inactivation of DA synaptic activity, and 
may serve as a rapid down-regulation switch for DA synaptic 
functions, and may underlie changes such as catalepsy, mo-
tor-freezing or faked-death defensive posture in some animals. 
The framework for the interaction of DA with its receptor is 
based on the beta-adrenergic receptor model (Strosberg, 1990), 
in which DA forms 1 amino and 2 hydroxyls stable 3-points 
association with its receptors. During methylation, a hydroxyl 
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of DA is substituted with the methyl of SAM, changing DA to 
3-MT, and converting the stable 3-position anchorage to a 2-po-
sition unstable anchorage that allows the molecule to uncouple 
from the receptor. The hydrophobic 3-MT will also interfere 
with DA molecules entering the receptor pocket, since 3-MT 
competes with DA for binding sites (Charlton and Crowell, 
2000; Alachkar et al., 2010), but 3-MT may be easily displaced 
since it binds weakly to DA receptors (Alachkar et al., 2010).

Additional supports for the role of methylation in the synap-
tic activity of DA include: (i) findings that the methyl metab-
olite, 3-MT, binds DA receptors (Charlton and Crowell, 2000; 
Alachkar et al., 2010), (ii) manipulations demonstrating that 
increased brain methylation caused profound DA deficiency 
states (Crowell et al., 1993; Charlton and Mack, 1994; Charlton 
and Crowell, 1995), (iii), the utility of 3-MT and homovanillic 
acid, the oxidized product of 3-MT, as reliable markers for DA 
synaptic activities and (iv) the association of COMT with do-
pamine synaptic mechanism (Cooper et al, 1991).

Summary
Methylation of free-DA at the synaptic cleft, methylation of 
receptor-bound DA, methylation of DA receptors and the ac-
tion of lyso-PTC on inhibiting DA receptor binding are events 
that modulate the synaptic activity of DA. They will serve in a 
coordinated way with DA release and reuptake processes, and 
diversify the regulation of dopaminergic functions. The release 
of DA and its binding to its receptors will cause the full activa-
tion of DA neurotransmission. The reuptake of DA will cause 
rapid reduction and will set limits on DA synaptic activity. 
The methylation of free-DA will cause gradual reduction of 
DA synaptic activity and the methylation of receptor-bound 
DA will cause abrupt inhibition of DA synaptic activity. The 
methylation of DA receptor protein is a stable phenomenon 
that may serve to progressively down-regulate DA synaptic ac-
tivity, causing age-related decline in movements. Reduction of 
the Vmax for DA receptor binding by lyso-PTC may be related 
to increases in membrane fluidity, facilitating submersion of 
DA receptors. This perspective ties together long-established 
findings, recent discoveries and a hypothesis to show that 
methylation, along with the standard release and uptake pro-
cesses for DA, may help to explain the fidelity by which the 
functions that DA controls are regulated. Accepting the role of 
methylation in the synaptic activity of DA may lead to better 
ways of managing disorders related to DA synaptic functions. 
The well-known association of COMT with DA nerve endings 
may be a further support for the role of methylation in the 
synaptic activity of DA. Other relevant enzymes that may be 
strategically associated with DA synapse, including methonine 
adenosyl transferase (MAT), phenylethanonamine-N-methyl 
transferases (PENMT) and protein carboxylmethyl transferase 
(PCMT). The proposed ‘off-switches’ role of methylation in 
DA synaptic functions matches findings that excess methyl-
ation caused PD-like changes (Crowell et al., 1993; Charlton 
and Mack, 1994; Charlton and Crowell, 1995). Moreover, the 
finding that DA depletion impairs precursor cell proliferation 
in PD (Hoglinger et al., 2004) corresponds with reports that 
DA promotes neurogenesis (Popolo et al., 2004; Reimer et al., 
2013) and neuroregeneration (Hoglinger et al., 2004; Yang et 
al., 2008; O’Keeffe et al., 2009). The multiple-switch-concept 
in the regulation of DA synaptic functions is novel, fits well 
with the biomechanics and redundancy common in biology 
and requires further investigation.

Clivel G. Charlton
Department of Neuroscience and Pharmacology, Meharry Medical 
College, 1005 DB Todd Blvd., Nashville, TN, USA

Corresponding author: Clivel G. Charlton, Ph.D., Department of Neu-
roscience and Pharmacology, Meharry Medical College, 1005 DB Todd 
Blvd., Nashville, TN 37208, USA, ccharlton@mmc.edu.
Funding: NIH RO1 NS041674 and U54NS041071.
Accepted: 2014-06-04
doi:10.4103/1673-5374.135310          http://www.nrronline.org/
Charlton CG. Methylation reactions at dopaminergic nerve endings, serv-
ing as biological off-switches in managing dopaminergic functions. Neural 
Regen Res. 2014;9(11):1110-1111.                                                 
                                         

References
Alachkar A, Brotchie JM, Jones OT (2010) Binding of dopamine and 

3-methoxytyramine as l-DOPA metabolites to human alpha(2)-adren-
ergic and dopaminergic receptors. Neurosci Res 67:245-249.

Axelrod J (1971) Brain monoamines. Biosynthesis and fate. Neurosci Res 
Program Bull 9:188-196.

Bjornstad P, Bremer J (1966) In vivo studies on pathways for the biosyn-
thesis of lecithin in the rat. J Lipid Res 7:38-45.

Charlton CG, Mack J (1994) Substantia nigra degeneration and tyrosine 
hydroxylase depletion caused by excess S-adenosylmethionine in the 
rat brain. Support for an excess methylation hypothesis for parkinson-
ism. Mol Neurobiol 9:149-161.

Charlton CG, Crowell B, Jr. (1995) Striatal dopamine depletion, tremors, 
and hypokinesia following the intracranial injection of S-adenosylme-
thionine: a possible role of hypermethylation in parkinsonism. Mol 
Chem Neuropathol 26:269-284.

Charlton CG, Crowell B, Jr. (2000) Effects of dopamine metabolites on 
locomotor activities and on the binding of dopamine: relevance to the 
side effects of L-dopa. Life Sci 66:2159-2171.

Cooper JR, Bloom FE, Roth RH (1991) The biochemical basis of Neuro-
pharmacology, 6th ed. pp208. Oxford Univ. Press, NY, USA.

Crews FT, Hirata F, Axelrod J (1980) Identification and properties of 
methyltransferases that synthesize phosphatidylcholine in rat brain 
synaptosomes. J Neurochem 34:1491-1498.

Crowell BG, Jr., Benson R, Shockley D, Charlton CG (1993) S-adenos-
yl-L-methionine decreases motor activity in the rat: similarity to Par-
kinson’s disease-like symptoms. Behav Neural Biol 59:186-193.

Deutch AY, Roth RH (1999) Neurotransmitters, Cpt 8; Fundamental 
Neuroscience (Zigmond MJ, Bloom FE, Landis SC, Roberts JL, Squire 
LR ed), Academic Press New York.

Hoglinger GU, Rizk P, Muriel MP, Duyckaerts C, Oertel WH, Caille I, 
Hirsch EC (2004) Dopamine depletion impairs precursor cell prolifer-
ation in Parkinson disease. Nat Neurosci 7:726-735.

Lee ES, Charlton CG (2001) One-methyl-4-phenylpyridinium (MPP+) 
increases S-adenosylmethionine-dependent phospholipid methyla-
tion. Pharmacol Biochem Be 70:105-114.

Lee ES, Chen H, Shepherd KR, Lamango NS, Soliman KF, Charlton CG 
(2004a) The inhibitory role of methylation on the binding characteris-
tics of dopamine receptors and transporter. Neurosci Res 48:335-344.

Lee ES, Chen H, Shepherd KR, Lamango NS, Soliman KF, Charlton CG 
(2004b) Inhibitory effects of lysophosphatidylcholine on the dopami-
nergic system. Neurochem Res 29:1333-1342.

Lee ES, Soliman KF, Charlton CG (2005) Lysophosphatidylcholine de-
creases locomotor activities and dopamine turnover rate in rats. Neu-
rotoxicology 26:27-38.

O’Keeffe GC, Barker RA, Caldwell MA (2009) Dopaminergic modulation 
of neurogenesis in the subventricular zone of the adult brain. Cell Cy-
cle 8:2888-2894.

Poole AR, Howell JI, Lucy JA (1970) Lysolecithin and cell fusion. Nature 
227:810-814.

Popolo M, McCarthy DM, Bhide PG (2004) Influence of dopamine 
on precursor cell proliferation and differentiation in the embryonic 
mouse telencephalon. Dev Neurosci 26:229-244.

Reimer MM, Norris A, Ohnmacht J, Patani R, Zhong Z, Dias TB, Kuscha 
V, Scott AL, Chen YC, Rozov S, Frazer SL, Wyatt C, Higashijima S, Pat-
ton EE, Panula P, Chandran S, Becker T, Becker CG (2013) Dopamine 
from the brain promotes spinal motor neuron generation during de-
velopment and adult regeneration. Dev Cell 25:478-491.

Strosberg AD (1990) Biotechnology of beta-adrenergic receptors. Mol 
Neurobiol 4:211-250.

Yang P, Arnold SA, Habas A, Hetman M, Hagg T (2008) Ciliary neuro-
trophic factor mediates dopamine D2 receptor-induced CNS neuro-
genesis in adult mice. J Neurosci 28:2231-2241.


