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Abstract Dopamine is a key neurotransmitter that induces
critical effects in the nervous system and in many periph-
eral organs, via 5 dopamine receptors (DRs): DIR-D5R.
Dopamine also induces many direct and very potent effects
on many DR-expressing immune cells, primarily T cells
and dendritic cells. In this review, we focus only on
dopamine receptors, effects and production in T cells.
Dopamine by itself (at an optimal concentration
of ~0.1 nM) induces multiple function of resting normal
human T cells, among them: T cell adhesion, chemotactic
migration, homing, cytokine secretion and others. Inter-
estingly, dopamine activates resting effector T cells
(Teffs), but suppresses regulatory T cells (Tregs), and both
effects lead eventually to Teff activation. Dopamine-in-
duced effects on T cells are dynamic, context-sensitive and
determined by the: T cell activation state, T cell type, DR
type, and dopamine concentration. Dopamine itself, and
also few dopaminergic molecules/ drugs that are in clinical
use for cardiac, neurological and other non-immune indi-
cations, have direct effects on human T cells (summarized
in this review). These dopaminergic drugs include:
dopamine = intropin, L-DOPA, bromocriptine, pramipex-
ole, pergolide, haloperidol, pimozide, and amantadine.
Other dopaminergic drugs were not yet tested for their
direct effects on T cells. Extensive evidence in multiple
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sclerosis (MS) and  experimental autoimmune
encephalomyelitis (EAE) show dopaminergic dysregula-
tions in T cells in these diseases: Dl-like DRs are
decreased in Teffs of MS patients, and dopamine does not
affect these cells. In contrast, D1-like DRs are increased in
Tregs of MS patients, possibly causing functional Treg
impairment in MS. Treatment of MS patients with inter-
feron B (IFN-B) increases D1-like DRs and decreases D2-
like DRs in Teffs, decreases D1-like DRs in Tregs, and
most important: restores responsiveness of patient’s Teffs
to dopamine. DR agonists and antagonists confer some
benefits in EAE-afflicted animals. In a single clinical trial,
MS patients did not benefit from bromocriptine, which is a
D2-like DR agonist. Nevertheless, multiple evidence
showing dopaminergic abnormalities in T cells in MS
encourages testing other DR analogues/drugs in MS, pos-
sibly as “add-on” to IFN-f or other MS-immunomodu-
lating therapies. Together, abnormalities in DRs in T cells
can contribute to MS, and DRs in T cells can be therapeutic
targets in MS. Finally and in a more general scope: the
direct effects of all dopaminergic drugs on human T cells
should be studied in further depth, and also taken into
consideration whenever treating patients with any disease,
to avoid detrimental side effects on the immune system of
the patients.
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DR Dopamine receptor

EAE Experimental autoimmune encephalomyelitis
MS Multiple sclerosis

PBMCs  Peripheral blood mononuclear cells

PBLs Peripheral blood lymphocytes
TH Tyrosine hydroxylase

NK cells Natural killer cells

PD Parkinson’s disease

SLE Systemic lupus erythematosus
Teff Effector T cell

Treg Regulatory T cell

CSF Cerebrospinal fluid

RA Rheumatoid arthritis

Part 1: Introduction to dopamine: history,
structure and function in the brain

Dopamine’s chemical formula is C6H3(OH)2-CH2-CH2-
NH2. Dopamine is a monoamine, and a member of a group of
neurotransmitters called “Biogenic amines”, consisting of
dopamine, norepinephrine, epinephrine and serotonin
(Fig. 1). Dopamine’s precursor is 3,4-dihydroxyphenylala-
nine (L-DOPA). Dopamine itself is a precursor to nore-
pinephrine (noradrenaline), which in turn is the precursor of

epinephrine (adrenaline), and these three neurotransmitters
are collectively called catecholamines (CAs).

The Nobel Prize in Physiology or Medicine in 2000 was
awarded jointly to Arvid Carlsson, Paul Greengard and Eric
R. Kandel “for their discoveries concerning signal trans-
duction in the nervous system”. Arvid Carlsson received this
Nobel Prize for his pioneering studies during the late 1950s,
which showed that dopamine is an important transmitter in
the brain. He further found that patients with Parkinson’s
disease (PD) have abnormally low concentrations of dopa-
mine in the basal ganglia, due to the degeneration of dopa-
mine-producing nerve cells in this brain region, and that this
causes tremor, rigidity and akinesia. In consequence of these
findings, L-DOPA was developed as a drug for PD, and is
still the most important treatment for PD. L-DOPA is con-
verted to dopamine in the brain, and compensates for the lack
of dopamine. Since the pioneering discoveries of Arvid
Carlsson, an enormous amount of research has been per-
formed worldwide on many aspects of dopamine physiology
and pharmacology, contributing substantially to many fields
and topics in biology and medicine. Among these fields are:
neurology, cognition, attention, memory, psychiatry, psy-
chopharmacology, drug addiction, reward, cardiology,
emergency medicine, blood pressure and others (Iversen and
Iversen 2007).

HO

HO

NH

Biosynthesis of dopamine and other catecholamines

Tyrosine hydroxylase DOPA decarboxylase

L-Tyrosine = L-DOPA —>

Dopamine f hydroxylase

Dopamine

Phenylethanolamine
N-methyltransferase

= Norepnephrine = Epinephrine

Fig. 1 The catecholamines. The figure shows the chemical structure and biosynthetic pathway of the catecholamines (CAs): L-DOPA,

dopamine, norepinephrine (noradrenaline) and epinephrine (adrenaline)
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Dopamine is known now as one of the principal neu-
rotransmitters in the CNS of both humans and animals,
involved in behavior, cognition, control of movement,
endocrine regulation and cardiovascular function. Dopa-
mine has also many important exocrine and paracrine
effects on few peripheral organs and systems among them:
the blood, kidneys, pancreas, intestine, heart and the entire
immune system. As to the potent and important effects of
dopamine on the immune system: in recent years it has
become clear that most if not all types of immune cells
express functional on dopamine receptors (DRs) their cells
surface, that dopamine by itself activates its DRs in
immune cells, especially T cells, and induces powerful
effects on these cells (see Fig. 3), and that some immune
cells can in fact produce dopamine and even affect them-
selves (in an autocrine manner) and other cells (in a
paracrine manner) via their immune-derived dopamine. All
of this is reviewed and discussed in “Parts 3—-6” this
review, in an already published book chapter on dopamine
in the immune system, and in a related review (Levite
2012, 2016). “Part 6” of this review specifically focuses on
the abnormalities of the dopaminergic system in patients

with multiple sclerosis (MS) in comparison to healthy
individuals, and in animals afflicted by experimental
allergic encephalomyelitis (EAE).

Part 2: Introduction to dopamine receptors

The dopamine receptors (DRs) (Fig. 2; Beaulieu et al.
2015) are metabotropic G protein-coupled receptors
expressed in various cell types in various organs and tis-
sues, including several regions of the CNS, the heart,
kidney, gastrointestinal tract, various vascular beds, and the
immune system. In the latter, different types of immune
cells, among them T cells, DCs and others, express func-
tional DRs on their surface which mediate very important
effects, as discussed in “Parts 4 and 5” below, in (Levite
2012), and of course in the original papers of various
groups that discovered these effects, and that are cited
below in the respective parts. Peripheral DRs influence
cardiovascular and renal function by decreasing afterload
and vascular resistance and promoting sodium excretion
(Hussain and Lokhandwala 2003).

Dopamine receptors

NH, The D1R-like receptors
The family of Have a long intracellular
D1-like dopamine receptors carboxy-terminal loop
Stimulate the formation of cyclic AMP
and phosphatidyl inositol hydrolysis
COOH

The family of

D2-like dopamine receptors

Fig. 2 The dopamine receptors (DRs). The DRs are a class of G
protein-coupled receptors that are prominent in the vertebrate CNS, in
several peripheral organs, and in many types of immune cells. There
are at least five DR types: DIR, D2R, D3R, D4R and D5R, grouped in
two DR families: the D1-like receptor family, consisting of DIR and
D5R, and the D2-like receptor family, consisting of D2R, D3R and
D4R. Activation of the D1-like receptors, coupled to the G protein
Gos, leads to the activation of adenylyl cyclase, and subsequently to
an increase in the intracellular concentration of the secondary
messenger cyclic adenosine monophosphate (cAMP). The D2-like
receptors are characterized by a large third cytoplasmic loop and a

The D2R-like receptors

Have a large third intracellular loop
Decrease cAMP formation

Modulate K* and Ca?* currents

short carboxyl-terminal tail. Activation of the D2-like receptors is
coupled to the G protein Gai, and inhibits the formation of cAMP by
inhibiting the enzyme adenylate cyclase. Dopamine is the primary
endogenous ligand for all the DRs. Yet, there are many dopaminergic
analogues and drugs that bind selectively or preferentially only
specific DR types and affect their function, while inducing much less
potent, if at all, effects on the other DRs. In general terms, the DR
agonists activate DRs, while DR antagonists block them. Further
information about the DRs can be read in Beaulieu et al. (2015), and
in numerous original papers, reviews and book chapters published
over the years about the DRs
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Dopamine by itself, at physiological conc. of ~ 10-8M,
activates resting effector T cells and induces many beneficial T cell functions

Dopamine
(~10nM/10-8M)

Induce T cell adhesion
to fibrobectin and endothelium

Induces selective adhesion, migration

and homing of cytotoxic CD8" T cells
(CD8*>>> CD4")

Increase spontaneous migration

of T cells of cancer patients

Resting

Increase chemotactic

Dopamine
regeptor Increase production and
secretion of certain cytokines

like TNFa and IL-10

Induce IL-6-dependent
IL-17 production

via D1-like receptors
on CD4+ naive T cells

human

migration of T cells
of cancer patients

ﬁ

/

Increase migration of T cells
of cancer patients
towards their autologous tumor

Increase homing of T cells

Fig. 3 The direct and potent effects of dopamine on resting effector
T cells, in a low physiological concentration range. Dopamine by
itself induce many, direct, potent and important effects of T cells.
Dopamine on its own, at an optimal physiological conc. of ~10 nM
(1078 M) activates and/or elevates several important functions and
features of human resting Teffs, resulting in an elicitation or
augmentation of key effective T cell responses. Some of the
dopamine-induced T cell functions known so far are listed in the

There are at least five subtypes of DRs: D1R, D2R, D3R,
D4R, and DSR (Fig. 2). These are grouped in two DR
families: the D1R-like family, consisting of DIR and D5R,
and the D2R-like family, consisting of D3R, D4R and D5R.
Figure 3 shows few characteristic features of the two DR
families. The D1-like receptors are coupled to the G protein
Goss, which subsequently activates adenylyl cyclase,
increasing the concentration of cyclic adenosine
monophosphate (cAMP). In contrast, the D2-like receptors
are coupled to the G protein Gai, which inhibits cAMP
formation by inhibiting adenylate cyclase. There is also
some evidence suggesting the existence of possible D6R and
D7R, but such receptors have not been conclusively iden-
tified. Dopamine is the primary endogenous ligand for all
the DR types, and as such activates all of them. In contrast,
there are many types of selective DR agonists and antago-
nists that bind selectively/preferentially to specific DR types.
These selective DR agonists and antagonists are used for
biological and medical research, and some of them are also
drugs for PD and several neuropsychiatric disorders
including schizophrenia, bipolar disorder and depression.
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figure. Ongoing studies whose results are not published yet, and
further studies that will hopefully be performed in the future, will
undoubtedly reveal many more effects of dopamine on Teffs, and also
on other types of T cells, and other types of immune cells. The
figure is drawn based on the compilation of findings revealed by
several research groups worldwide, cited and summarized in this
review, and in Levite (2012, 2016)

Activate other T cells features
and functions
of effector T cells

The expression of DRs is abnormal in various types of
diseases, and the abnormal DR function is suspected to
contribute actively to the pathological scenario. Yet, in
some other diseases, the abnormal DR expression serves
only as a marker for the disease. For more information
about the localization, expression, structure, signaling and
function of the DRs in health and disease, the reader is
referred to many book chapters and reviews on this topic,
among them the review by Beaulieu et al. (2015). Inter-
estingly, in this review, Beaulieu summarizes recent evi-
dence showing that besides their canonical action on
cAMP-mediated signaling, DRs can regulate numerous
cellular responses to fine-tune dopamine-associated
behaviors and functions (Beaulieu et al. 2015).

Part 3: Dopamine production by immune cells
Dopamine is produced mainly by neuronal cells, but low

levels of dopamine have been found in several non-neu-
ronal cells, such as cells in the gastrointestinal system, the
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renal system, and also the immune system (Bergquist and
Silberring 1998). As to the later, indeed, a large body of
evidence shows that dopamine is undoubtedly produced in
many, if not all, types of immune cells, including periph-
eral blood mononuclear cells (PBMCs), peripheral blood
lymphocyets (PBLs), T cells (regulatory T cells (Tregs)
>> effector T cells (Teffs)), B cells, macrophages, and
spleen cells (Levite 2012; Bergquist and Silberring 1998;
Josefsson et al. 1996; Bergquist et al. 1994, 1997; Cosen-
tino et al. 2007; Ferrari et al. 2004; Musso et al. 1997;
Nakano et al. 2009a, b; Flierl et al. 2007, 2009; Santam-
brogio et al. 1993; Mckenna et al. 2002; Levite et al. 2001;
Besser et al. 2005). Under certain conditions, mainly upon
activation of immune cells, the internally produced dopa-
mine (and the other CAs) can be released by the immune
cells to the extracellular milieu, resulting in autocrine and
paracrine effects (Levite 2012; Bergquist and Silberring
1998; Josefsson et al. 1996; Bergquist et al. 1994, 1997,
Cosentino et al. 2007; Ferrari et al. 2004; Musso et al.
1997; Nakano et al. 2009a, b; Flierl et al. 2007, 2009;
Santambrogio et al. 1993; Mckenna et al. 2002; Levite
et al. 2001; Besser et al. 2005).

Dopamine content in various immune cells was found to
be in the range of ~ 107" to 10~'7 mol per cell (Bergquist
and Silberring 1998; Josefsson et al. 1996; Bergquist et al.
1997), or ~ 107 "2 to 10~"" mol dopamine/per 10° human T
cells (Cosentino et al. 2007).

Among all the studies performed on the production and/
or presence of CAs in immune cells, the study of Bergquist
and Silberring (1998) seems to be the most comprehensive
one. In addition, Table 1.1 in the paper of Levite (2012)
summarizes the evidence accumulated until 2012 for the
production of dopamine in various types of immune cells.

Several interesting features regarding to the production,
release and uptake of dopamine by immune cells are
summarized briefly here. Intracellular dopamine levels
increase following an increase in extracellular dopamine,
suggesting a cellular uptake mechanism in lymphocytes
(Bergquist et al. 1994). Interestingly, activation of human T
cells and B cells (called also T and B lymphocytes), for
example with a PKC activator, induce tyrosine hydroxylase
(TH) mRNA expression, as well as increase the amount of
intracellular CAs (Ferrari et al. 2004) in these cells. This
indicates that dopamine production by lymphocytes is
dynamic, activation-induced and context-sensitive. Fur-
thermore, based on various types of findings revealed by
various groups including ours, we hypothesize that the
extent and timing of dopamine production by T cells and B
cells is dependent on, and dictated by, the lymphocyte’s
internal needs and usage of dopamine for their own:

adhesion, migration, homing, survival, proliferation, com-
munication with other cells that express functional DRs
(immune, neural and other cells) and more. We further
hypothesize that lymphocytes need dopamine to combat
infectious organisms and cancer, and help the nervous
system overcome neuropathologies. Yet, at this time point,
these are indeed suggestions, and further studies, epseically
in vivo, are required to validate or rule them out. help the
nervous system overcome neuropathologies.

Of further interest are the relevant findings that neuro-
transmitters other than CAs can influence CA synthesis in
lymphocytes. This was shown for example for acetyl-
choline, that can regulate CA synthesis in lymphocytes
through activation of the rate-limiting enzyme TH (Musso
et al. 1997).

Human CD4" CD25" Tregs constitutively express TH,
and contain substantial amounts of dopamine, as well as
norepinephrine and epinephrine. These CAs are released
upon treatment with reserpine (Cosentino et al. 2007).
Moreover, dopamine released by Tregs can act in an
autocrine/paracrine inhibitory loop, resulting in down-
regulation of Treg function (Cosentino et al. 2007). Thus,
dopamine suppresses CD4" CD25™" regulatory T cells in an
autocrine manner (Cosentino et al. 2007), and as a result of
that effector T cells (Teffs) can start proliferating and
functioning.

Dopamine production and release by the immune system
is not restricted to T cells and also takes place in other
immune cells. Furthermore, the synthesis and release of
dopamine by immune cells is inducible by various stimuli,
and in turn induces by itself potent effects on other immune
cells and processes, like the T cell-derived dopamine does.
One example is dopamine in dendritic cells (DC): human
monocyte-derived DCs store and release dopamine, which
polarizes Th2 differentiation (Nakano et al. 2009a). This
interesting study (Flierl et al. 2007) identified DCs as a new
source of dopamine, which functions as a Th2-polarizing
factor in DC-naive T cell interface. Another example is
dopamine in phagocytes: phagocytes generate, store and
release CA, and exposure of phagocytes to LPS leads to a
release of CAs, and to an induction of CA-generating and
degrading enzymes. These findings indicate that phago-
cytes contain the complete intracellular machinery for the
generation, release and inactivation of CAs (Flierl et al.
2007), and that CAs release by phagocytes is induced by
specific molecules. Furthermore, up regulation of phago-
cyte-derived CAs augments the acute inflammatory
response (Flierl et al. 2009). The abnormalities in the
production of dopamine and of the other CAs by PBLs or T
cells of MS patients is discussed below in “part 6.
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Part 4: Various types of immune cells, especially
normal human T cells, express various types

of functional dopamine receptors on their cell
surface

Most, if not all types of immune cells express DRs, but at
different levels and compositions. The immune cells shown
so far to express DRs include: PBLs, effector T cells
(Teffs), regulatory T cells (Tregs), B cells, natural killer
(NK) cells, DCs, monocytes, macrophages, microglia and
neutrophils (Cosentino et al. 2007; Santambrogio et al.
1993; Mckenna et al. 2002; Levite et al. 2001; Besser et al.
2005; Nakano et al. 2009b; Gaskill et al. 2009; Sarkar et al.
2010; Pacheco et al. 2009; Zhao et al. 2013; Ricci et al.
1997a, b, 1999). For a summary of the DR types expressed
by each type of immune cell, see part G1 and Table 1.2 in
the book chapter of Levite (2012), and the numerous
original papers cited therein. DR expression in immune
cells is highly dynamic, context-sensitive and variable. It
changes from one immune cell type to another, and in any
given immune cell according to its resting or rather acti-
vated state. Exposure of resting immune cells to different
stimuli/molecules/drugs can also change their DR expres-
sion [reviewed in (Levite 2012, 2016)]. Moreover, age-
dependent changes in the expression of DRs subtypes in
human PBLs has been reported (Barili et al. 1996).

The most studied immune cells with regard to their DR
expression and function are T cells. The main findings thus
far with regards to the expression of DRs in human T cells,
which are the focus of this review, are summarized and
discussed briefly in the following paragraphs, and dis-
cussed in further depth in Levite (2012, 2016), and in the
original papers cited in them.

1. In general, human T cells express on their cell surface
functional DRs of all DIR-D5R types, but the
expression level of each of the DRI-D5R types differs
between different T cell types and subtypes, and
between resting and activated T cells. In general,
activated T cells express higher levels of DRs than
resting T cells. DR expression in T cells is also very
sensitive and dynamic, and sometimes different in
patients with various diseases compared to healthy
subjects [reviewed in Levite (2012, 2016)] and men-
tioned again in point 3 below).

Collectively, the T cells types and subtypes found so
far to express DRs include the following: heteroge-
neous population of peripheral normal human T cells,
CD8+ cytotoxic T cells (CD8™" Teffs), CD4+ helper T
cells (CD4" Teffs), naive CD45RA™ T cells, naive
CD3" CD4" CD45RAT CCR7T T cells, memory
CD45RO" T cells, central memory CD3" CD4*
CD45RA™ CCR7' T cells, effector memory CD3™"

@ Springer

CD4" CD45RA™ CCR7™ T cells, and CD44 CD25+
Tregs (Levite et al. 2001; Besser et al. 2005; Cosentino
et al. 2007; Watanabe et al. 2006; Kustrimovic et al.
2014). These T cell types and subtypes differ in the
protein levels of the functional DRs expressed on their
cell surface, and in their DR mRNA levels. For
example, a different level and composition of DRs is
expressed in helper CD4" T cells vis-a-vis cytotoxic
CD8' T cells, in Thl cells vis-a-vis Th2 cells, in
CD41 CD25™ Teffs vis-a-vis CD4+ CD25™ Tregs, and
in naive CD45RA* T cells vis-a-vis memory
CD45RO™ T cells.

The protein levels of the DRs expressed on the cell
surface of T cells are often without any correlation to
their DR mRNA levels [see for example Cosentino
et al. 2007; Kustrimovic et al. 2014)]. Due to that, and
since in terms of DR activity only the membrane-
anchored functional DRs are important (because they
are the receptors that bind and respond to dopamine
and DR analogues), further studies should focus
primarily on the functional membranal DRs, and avoid
reaching conclusions on DR function only based on
DR mRNA levels.

In several human autoimmune diseases, like MS,
systemic lupus erythematosus (SLE) rheumatoid
arthritis (RA), and/or in their animal models, the T
cells have various dopamine-related abnormalities,
including abnormal DR expression, and/or abnormal
response to dopamine, and/or abnormal production of
dopamine, or other [summarized in Levite (2012)].
Abnormalities in SLE have been reported by Jafari
et al. (2013), and in RA by Nakano et al. (2011).
Evidences for such abnormalities in MS and EAE are
summarized and discussed in “part 6” based on
original studies, among them (Basu et al. 2010; Fiszer
et al. 1994, 2001; Rocc et al. 2002; Nagai et al. 1996;
Hisanaga et al. 2001; Bas et al. 2001; Blandini et al.
2009; Alberio et al. 2012).

Cancerous T cells: T leukemia cells and T lymphoma
cells express functional DRs on their cell surface (Basu
et al. 2010).

In some neurological and psychiatric disorders, includ-
ing PD, schizophrenia, Alzheimer disease, Tourette,
depression and migraine, the patient’s T cells have
abnormalities in: DRs expression, and/or responses to
dopamine, and/or production of CAs [summarized in
Levite (2012, 2016)]. Evidences for such abnormalities
in PD are shown in various studies, among them:
(Fiszer et al. 1994, 2001; Rocc et al. 2002; Nagai et al.
1996; Hisanaga et al. 2001; Bas et al. 2001; Blandini
et al. 2009; Alberio et al. 2012; Kurkowska-Jastrzeb-
ska et al. 1999; Benner et al. 2008; Reynolds et al.
2009; Wandinger et al. 1999). Other studies reported
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DR abnormalities in T cells in schizophrenia (Kwak
et al. 2001; Ilani et al. 2001; Brito-Melo et al. 2012;
Boneberg et al. 2006), or Alzheimer disease (Barbanti
et al. 2000; Cosentino et al. 2009) and migraine (Levite
2008; Barili et al. 1996; Strell et al. 2009).

Part 5: Dopamine by itself, at low physiological
concentration (~10"® M = 10 nM) induce many
direct, potent and important effects on immune
cells, by directly activating resting effector T cells
and inducing many key effector T cell functions,
and also by suppressing activated regulatory T
cells in an autocrine/paracrine manner

Dopamine on its own, at low physiological concentration
of ~107® M, induce many direct, potent and important
functions on immune cells. The evidences for that were
reported in various original papers (cited below).

T cells are the immune cell type most studied for their
expression of functional DRs, and for their response to
dopamine, DR agonists and DR antagonists. Collectively,
the various studies show that dopamine by itself (without
any additional molecules) triggers or increases substan-
tially specific functions of resting effector T cells (Fig. 3).
In addition, and in contrast, dopamine suppresses or
decreases potently various functions of activated T cells
and of Tregs. Thus, dopamine by itself, in a low physio-
logical range ~ 10~ M, can activate effector human Teffs
in two independent ways: (1) direct activation of resting
Teffs (Fig. 3), and (2) suppression of Tregs, which leads to
activation of Teffs.

The main findings made thus far regarding dopamine
effects on normal resting Teffs are summarized very briefly
below, listed in Fig. 3, reviewed by Levite (2012, 2016),
and of course described in the many original papers written
by the research groups worldwide that revealed the
pioneering findings.

1. Dopamine-induced effects on T cells are very different
for different dopamine concentrations, different T cell
types and subtypes, different resting or activation
states, and different healthy or diseases states [re-
viewed in Levite (2012, 2016)]. Thus, when talking
about dopamine-induced effects on T cells, and also
about the effects of other neurotransmitters on T cells,
one needs to keep in mind that: “It is a matter of
context” (Levite 2008).

With regard to the activation of resting Teffs:
dopamine at an optimal physiological concentration
of ~1078 M, and on its own (i.e., in the complete
absence of any other stimulating molecules such as
antigens, mitogens, anti-CD3/CD28 antibodies,

cytokines or others) activate resting/naive Teffs,
(CD8* Teffs seem to be more responsive than CD4*
Teffs) and induce many key T cell functions, includ-
ing: T cell adhesion to fibronectin and laminin (the
main proteins of the extracellular matrix), T cell
chemotactic migration, T cell migration towards
autologous cancer (of cancer patients), T cell homing
into specific organs, T cell secretion of key cytokines
primarily TNF-o and IL-10, and other T cell functions
(Levite et al. 2001; Besser et al. 2005; Watanabe et al.
2006; Strell et al. 2009; Saussez et al. 2014; Levite
2012, 2016).

Dopamine affects Thl, Th2 and Thl7 differentiation
(Nakano et al. 2008, 2009a, b, 2011; Nakagome et al.
2011; Prado et al. 2012; Nakano and Matsushita
2007).

Dopamine inhibits already activated Teffs, (i.e., mito-
gen/antigen/anti-CD3 £+ CD28  antibodies/cytokine-
activated Teffs) (Bergquist et al. 1994, 1997, 2000;
Josefsson et al. 1996; Strell et al. 2009; Cook-Mills
et al. 1995; Saha et al. a, b; Ghosh et al. 2003; Carr
et al. 2003; Ilani et al. 2004; Giorelli et al. 2005; Sarkar
et al. 2006; Huang et al. 2010; Ferreira et al. 2011).
Dopamine inhibits activated Tregs in an autocrine/-
paracrine manner. In other words, dopamine “sup-
presses the suppressors”. The dopamine-induced
autocrine suppressive effect on Tregs can take place
since Tregs produce and release dopamine, which
subsequently binds to its D1-like receptors in Tregs,
leading to the autocrine suppression of these T cells
(Cosentino et al. 2014; Kipnis et al. 2004).
Dopamine affects intracellular signaling
molecules/cascades in T cells, e.g., ERK, Lck, Fyn,
NFxB and KLF2, mainly after the T cells have been
activated by either antigen, mitogen, anti-
CD3 4+ CD28 antibodies or PKC activators (Strell
et al. 2009; Ghosh et al. 2003; Sarkar et al. 2006).
Dopamine is important for antigen-specific interac-
tions between T cells and DCs (Nakano et al.
2009a, b). This conclusion is based, for example, on
the observations of Nakano et al. that monocyte-
derived DC (Mo-DCs) store dopamine in secretary
vesicles, and that antigen-specific interaction of
these cells with naive CD4" T cells induces the
release of dopamine-containing vesicles from Mo-
DCs. Subsequently, the secreted immune-derived
dopamine affect various immune target cells
(Nakano et al. 2009a, b).

Dopamine itself, and also various approved drugs
that affect the dopaminergic system, either still in
use or that were used in the past, have various types
of potent effects on human T cells (Table 1). These
dopaminergic molecules include:
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Dopamine, T cells and multiple sclerosis (MS)
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dopamine = intropin, = L-DOPA,  bromocriptine,
haloperidol, quinpirol, reserpine, pergolide, ecopi-
pam, pimozide, amantadine, tetrabenzine, nomifen-
sine, and butaclamol.

The effects of these dopaminergic molecules on T
cells are described in the respective original studies
(Josefsson et al. 1996; Bergquist et al. 1994, 1997;
Cosentino et al. 2007; Nakano et al. 2009a;
Wandinger et al. 1999; Carr et al. 2003; Ilani
et al. 2004; Huang et al. 2010; Tsao et al. 1998;
Mori et al. 2013; Musso et al. 1996; McMurray
2001; Bissay et al. 1994), as well as in (Levite
2012, 2016). Because these and other approved
drugs that affect DRs or dopamine levels are
different in their nature, mechanism of action and
effects on different cell types, including T cells, it
would be too long, complicated and potentially
confusing to discuss the effects of each of them on T
cells here, but the reader is referred to Table 1 -
herein. This table lists the approved drugs that act as
dopamine agonists or antagonists, or that change the
level of dopamine, and cites very few examples of
their reported effects on T cells revealed so far.
Table 1 also shows few dopaminergic drugs that
their effects on T cells were not tested yet.

8. Dopamine, DR agonists and DR antagonists have
potent effects on human autoimmune diseases and/or
on their animal models [summarized in part by
Pacheco et al. (2014a, b)], including the supressive
effect of DR antagonists on EAE (Nakano et al. 2008)
(discussed below in “part 6”), and on collagen-induced
arthritis (Nakashioya et al. 2011).

9. Dopamine, DR agonists and DR antagonists affect T

cell cancers: T-lymphoma and T-leukemia (Meredith
et al. 2006).
Based on all the above, we suggest that it may be
therapeutically advantageous to use either dopamine
itself or selective DR agonists to activate DRs in
resting Teffs of patients with either solid cancers or
severe chronic infectious diseases. Such activation of
DRs in ‘good’ Teffs may augment the T cell’s ability
to reach and eradicate the cancer and the disease-
causing microorganisms. In addition and indepen-
dently, we hypothesize that it could be therapeutically
advantageous to block DRs in autoimmune T cells
that cause T cell-mediated autoimmune diseases.
Likewise, it may be therapeutically beneficial to
block/target DRs in cancerous T cells: in T-leukemia
and T-lymphoma (and maybe other types of cancers).
Blocking in vivo DRs expressed in such detrimental
T cells is expected to block or even kill the disease-
causing T cells.

@ Springer

Part 6: Dopamine and its receptors in multiple
sclerosis and experimental autoimmune
encephalomyelitis

Abnormalities in dopamine levels, receptors,
transporters or function in multiple sclerosis
patients

With the exception of a study published in the late 1970s,
suggesting that some patients with MS may have lower
homovanillic acid, one of the main metabolites of dopa-
mine, in the cerebrospinal fluid (CSF) (Tabaddor et al.
1978), there is no direct evidence concerning dopaminergic
pathways and activity in the CNS of MS patients. Such
findings in the CSF were recently partially confirmed by
another study which showed that homovanillic acid levels
are lower only in progressive MS, with a negative corre-
lation to duration of illness, and a strong negative corre-
lation to EDSS score (Markianos et al. 2009).

Hyperprolactinemia is a common finding in MS patients,
and it is usually considered as an indicator of hypothalamic
lesions. It is, however, uncertain whether this implies
specific dysfunction of the dopaminergic tuberoinfundibu-
lar pathways which are involved in the tonic inhibition of
prolactin secretion (Kira et al. 1991).

Of potential interest, two haplotypes of the DR D2 gene
have been reported to be possibly associated with the age at
onset and/or diagnosis of MS. However, such results have
not yet been published. Their relevance is, therefore, hard
to be established (J.P. MacMurray et al. unpublished
observation, cited by Gade-Andavolu et al. (1998).

In contrast with the lack of data regarding CNS,
extensive evidence indicates that in MS, dopaminergic
pathways are dysregulated in the peripheral immune sys-
tem (Cosentino et al. 2002). It has been reported that
dopamine production is reduced in stimulated lymphocytes
of patients with chronic progressive MS or relapsing-
remitting MS in relapse. We suggest that under health
conditions endogenous CAs in human lymphocytes may
contribute to the regulation of activation-induced apoptosis
(Cosentino et al. 2002). If so, reduced dopamine production
in cells of MS patients may be associated with the impaired
apoptotic mechanisms occurring in activated immune cells
during MS.

Protein and mRNA levels of DSR (D1-like DR), but not
of D3R (D2-like DR), are reduced in PBMCs of untreated
relapsing-remitting MS patients (Giorelli et al. 2005). In
the same study, in vitro experiments showed that dopamine
reduces the proliferation, IFN-y secretion, and matrix
metalloproteinase-9 production in activated (by anti-CD3
antibodies + IL-2) PBMCs of healthy subjects, but not in
the activated PBMCs of MS patients. Upon treatment of
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patients with IFN-B, however, lymphocytes showed
reduced D3R and restored ability of dopamine to regulate
cell functions (Giorelli et al. 2005).

In a longitudinal study of relapsing-remitting MS
patients undergoing treatment with IFN-f (Zaffaroni et al.
2008), it was found that during the 12 months of treatment,
the mRNA levels of D5SR (D1-like DR) increased in cir-
culating PBMCs, while the D2R (D2-like DR) mRNA
levels progressively decreased, suggesting that IFN-f
treatment affects dopaminergic pathways in circulating
lymphocytes, shifting the balance from D2-like DR
prevalence in untreated patients, towards Dl1-like DR
prevalence after IFN-f treatment. Interestingly, the D1-like
D5R is possibly inhibitory on both human CD4" and CD8*
T cells (Saha et al. 2001a, b), while activation of D2-like
DRs in resting T cells leads to activation of these cells and
to the induction of several T cell functions among them:
adhesion, migration, cytokines secretion and others (Levite
et al. 2001; Levite 2012, 2016; Besser et al. 2005) (Fig. 3).

Zaffaroni et al. (2008) also measured TH mRNA levels
and the production of endogenous dopaminergic, nora-
drenaline and adrenaline in circulating PBMCs of MS
patients treated with IFN-B. They showed that IFN-f
therapy increases TH mRNA as well as CAs production.
Such an effect resembles the previously reported in vitro
ability of IFN-P to increase TH as well as endogenous CAs
production and release in human lymphocytes (Cosentino
et al. 2005).

Recently, Cosentino et al. showed that higher mRNA
levels for the D1-like D5R in circulating lymphocytes may
predict subsequent response to IFN-f therapy in relapsing-
remitting MS patients (Cosentino et al. 2014).

The effect of IFN-f therapy on MS was also studied in
circulating CD4"CD25™&"FoxP3™ Tregs. These suppres-
sor Tcells may be directly involved in EAE and MS [re-
viewed by Venken et al. (2010) and Zozulya et al. (2008)].
Tregs contain dopamine, noradrenaline and adrenaline.
Interestingly, the endogenous dopamine in Tregs inhibits
their own suppressive function in a D1-like D5R-mediated
autocrine/paracrine mechanism (Cosentino et al. 2007). In
relapsing-remitting MS patients undergoing IFN-f treat-
ment, before treatment (i.e., in drug-naive subjects) Tregs
have increased mRNA of D1-like DSR and of TH. During
IFN-B, both DSR and TH mRNA decrease to values lower
than those of cells of Tregs of healthy subjects (Cosentino
et al. 2012). In functional in vitro experiments, dopamine
reduces the suppressive activity of Tregs of healthy sub-
jects, and completely abolishes the suppressive activity of
Tregs of untreated MS patients. In contrast, dopamine has
no inhibitory effects on Tregs of patients treated with IFN-
B (Cosentino et al. 2012). The increased TH mRNA in
Tregs of untreated patients suggests increased dopamine
production, which in turn may suppress the regulatory

function of Tregs through increased D1-like D5SR (whose
mRNA is actually increased). This is indirectly confirmed
by the reported ability of dopamine to completely abolish
ex vivo the regulatory function of Tregs. Increased
endogenous dopamine-dependent inhibition of Tregs likely
contributes to the functional impairment of these cells in
MS, resulting in enhanced disease activity (Venken et al.
2010; Zozulya et al. 2008). In agreement with this
hypothesis, TH mRNA after 12 months of IFN-f was
higher (on average 55%) in Tregs of patients experiencing
clinical relapses, in comparison to those without relapses
during the study (Cosentino et al. 2012).

In summary, endogenous CAs in lymphocytes are
extensively involved in MS. Dysregulation seems to affect
mainly (even if not only) dopamine. This is, however,
different in the various cell subsets. In PBMCs as a whole,
the production of CAs may be impaired. Cell sensitivity to
D1-like -mediated anti-inflammatory effects is reduced. In
Tregs, CA production may be increased, and D5R path-
ways (which in these cells “suppress the suppressors”,
enhancing the effective immune responses) show increased
activity. A recent study shows that in T cells of MS patients
not taking any immunomodulatory drug for at least
3 months, dopamine has pro-inflammatory effects, ampli-
fying glucocorticoid-resistant Th17 cells, possibly through
IL-6 production by monocytes and CD4" T cells (Ferreira
et al. 2014). IFN- therapy in MS patients possibly restores
a “physiological” situation in all the lymphocyte subsets,
exerting opposite effects in PBMCs and in Tregs (Table 2).

Part 7: Abnormalities in dopamine levels, receptors,
transporters or function in experimental
autoimmune encephalomyelitis-afflicted animals

White et al. (1983) showed that in rats with EAE most
spinal cord regions are depleted of noradrenaline, while
dopamine depletion is specific to the cervical dorsal horn.
In rats with EAE, splenic dopamine concentrations
decreased on day 14 post-inoculation (at the peak of the
clinical symptoms of EAE), but they were not different
from controls on day 7 and 52 post-inoculation.

As to mice with EAE induced by myelin oligodendro-
cyte glycoprotein (MOG) 35-55 in complete Freund’s
adjuvant (CFA) - in the acute phase dopamine levels in the
striatum were higher, while the ratio of homovanillic
acid/dopamine = (HVA/dopamine) and 3,4-dihydrox-
yphenylacetic acid/dopamine was lower, suggesting
decreased dopamine turnover (Balkowiec-Iskra et al.
2007a, b). Significantly, immunization with MOG 35-55
peptide in CFA of C57BL mice previously intoxicated with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, a
neurotoxin whichupon conversion to MPP+selectively
kills dopaminergic neurons in the substantia nigra),

@ Springer
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Table 2 Summary of
dysregulation of dopaminergic

Untreated MS patients

MS patients receiving IFN-3 therapy

pathways in lymphocytes of

. . . PBMCs
patients with relapsing-
remitting MS, and the effects of TH Decreased
IFN-f therapy Dopamine Decreased
D1-like
DI nd
D5 Decreased
D2-like
D2 nd
D3 Unchanged
D4 nd

Tregs PBMCs Tregs

Increased Increased Decreased

Not tested Increased nd

nd nd nd

Increased Increased Decreased

nd Decreased nd

Unchanged Decreased/unchanged Decreased/unchanged
nd nd nd

For the interpretation of the reported results, it should be considered that Tregs are a small percentage of
circulating T cells (Sakaguchi et al. 2011; Miyara et al. 2011). Therefore changes in total PBMCs likely
mirror those occurring in other lymphocyte subsets

The data in the table are based on the published studies (Cosentino et al. 2012; Zaffaroni et al. 2008;
Giorelli et al. 2005; Cosentino et al. 2002)

Nd not detected

resulted in a reduction of dopamine in striatum as com-
pared to non-immunized animals. This suggested that a
suppressive influence of autoimmune reaction was induced
after injury on regeneration of MPTP-intoxicated
dopaminergic neurons (Balkowiec-Iskra et al. 2003).
Reduced dopamine release and unbalanced D1-like/D2-like
dopamine receptor signaling in mice with EAE have been
recently reported and linked to increased expression in
striatum of interleukin-1p and associated with depressive-
like behavior of the animals (Gentile et al. 2015).

Part 8: The effect of dopamine and/or its agonists
and antagonists on multiple sclerosis patients

Berne-Fromell et al. (1987) report on a clinical study in
which 300 MS patients were treated with the dopamine
precursor L-DOPA and with tri- and tetracyclic antide-
pressants. There were substantial sensory, motor and
autonomic symptom improvements in 75% of the subjects
after 1-2 months (Berne-Fromell et al. 1987). The effects
were interpreted in terms of increased noradrenaline, but a
contribution of dopamine cannot be ruled out in view of the
pharmacology of the drugs employed.

The D2-like agonist bromocriptine (an ergoline deriva-
tive selective for the D2-like D2/D3 receptors) was tested
on 18 patients with MS (10 relapsing-remitting and 8
chronic progressive), in an open pilot study with 2.5 mg
two times a day. After one year, 14 of the 15 patients who
completed the study showed disease progression, suggest-
ing that bromocriptine does not suppress ongoing disease
activity in MS patients (Bissay et al. 1994).

Amantadine, an antiviral and anti-Parkinson drug with
several pharmacological activities, (including dopaminergic,

@ Springer

noradrenergic and serotoninergic, MAO-A blockade and
NMDA receptor antagonism (Huber et al. 1999)), is pre-
sently recommended for the treatment of MS-related fatigue.
Improvements in fatigue may be, however, small. A recent
review concludes that good quality randomized clinical tri-
als are still needed (Qiu et al. 2004). Amantadine has been
shown in a double-blind, placebo-controlled cross-over trial
in MS patients to be beneficial on early cognitive processes,
but only in subjects with longer disease duration (Sailer et al.
2000). The relevant mechanism(s) involved in this effect has
not been established.

Finally, it should be mentioned that treatment of MS
patients with dopamine antagonists (antipsychotics) is
frequent, due to the relatively common occurrence of
psychiatric symptoms in these subjects (Davids et al.
2004). There is, however, a paucity of systematic studies
about the clinical effects of these drugs in MS. In partic-
ular, their effects on MS itself have been never considered.

Part 9: The effect of dopamine and/or its agonists
and antagonists on experimental autoimmune
encephalomyelitis-afflicted animals

Neurotoxins

Administration in the CNS of 6-hydroxydopamine (6-
OHDA), which selectively kills dopaminergic and nora-
drenergic neurons, increases CD8" T cells in the perivas-
cular lesions, and reduces the clinical manifestations of
EAE in rats (Karpus et al. 1988). These results were con-
firmed by the same group. It was suggested that the effect
of 6-OHDA is due to reduced noradrenergic activity
(Konkol et al. 1990). However, in view of the mechanism
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of action of the neurotoxin, a contribution of dopaminergic
mechanisms cannot be ruled out.

CNS depletion of dopamine by use of MPTP results in
EAE exacerbation (Balkowiec-Iskra et al. 2007b).

Dopamine agonists

In female Lewis rats with EAE, administration of the
dopaminergic agonist bromocriptine reduces both the
severity and the clinical signs of EAE, an effect which can
be explained in terms of bromocriptine-induced reduction
of pituitary secretion of prolactin, which has a stimulatory
role on immune function (Riskind et al. 1991). In a sub-
sequent study, bromocriptine treatment started after the
onset of clinical signs, reduced both severity and duration
in acute EAE. In chronic relapsing EAE, it did not affect
the severity and duration of the first attack, but reduced the
duration of the subsequent second attack (Dijkstra et al.
1994).

Dopamine antagonists

SCH23390, a D1-like DIR/D5R selective antagonist, has
the ability to prevent EAE in mice, possibly by
inhibiting DC-mediated Th17 lymphocyte differentiation
(Nakano et al. 2008). The role of D5R on DCs in mice
has been extensively characterized by Prado et al.
(2012), who show that such receptors induce IL-23 and
IL-12 production, and consequently promote the activa-
tion and proliferation of antigen-specific CD4" T cells.
In the same study, D5R-deficient DC prophylactically
transferred into wild-type mice reduce the severity of
EAE, as well as the percentage of Th17 cells infiltrating
the CNS.

The atypical antipsychotic risperidone, which is a D2-
like DR antagonist, also endowed with anti-serotonergic,
anti-adrenergic and anti-histaminergic properties, reduces
the severity of EAE, and decreases both the size and
number of spinal cord lesions, possibly through the
reduction of antigen-specific production of IL-17a, IL-2,
and IL-4 by splenocytes (O’Sullivan et al. 2014). In the
same study, clozapine, another atypical antipsychotic
agent, reduced EAE. However, such an effect cannot be
attributed to Dl1-like or D2-like DR antagonism alone
(O’Sullivan et al. 2014; Fig. 4).

MAO inhibitors

The non-selective and irreversible MAO inhibitor phe-
nelzine reduces the clinical severity of EAE, and improves
the exploratory behavior in mice without affecting the
infiltration of CD4™" T cells into the spinal cord. Treatment
with phenelzine is associated with higher levels of

dopamine, as well as GABA and noradrenaline in the brain
and spinal cord (Benson et al. 2013).

Part 10: Concluding remarks

Dopamine has direct and potent effects in many types of
immune cells, particularly T cells of several types and sub-
types. These dopamine-induced effects are mediated by
functional DRs expressed on the cell surface of T cells and of
other immune cells. Dopamine on its own, at low physio-
logical concentration usually activates resting human Teffs,
and triggers various very important T cell functions. Yet,
dopamine suppresses activated Teffs. On top of that,
dopamine suppresses the suppressors, i.e., suppresses Tregs,
and by doing so activates Teffs. Immune cells also produce
dopamine. The effects of dopamine on T cells, the expression
of DRs in T cells, and the production of dopamine in T cells
are highly dynamic and context-sensitive, and vary between
T cells types, and between different conditions. Moreover,
dopamine-induced effects, and/or DR expression, and/or
dopamine production in T cells are abnormal in certain
human diseases and their animal models, and sometimes
restored to normal values upon successful treatment of the
disease. This seems to be the case in MS and EAE. Thus, an
impressive amount of experimental preclinical and clinical
data supports the immune modulating effects of dopamine
and its receptors and their role in EAE and MS. Dopamin-
ergic agents have been shown to be effective therapeutics for
EAE in several animal models. It is, therefore, quite disap-
pointing that the few trials of dopaminergic agents in MS
patients provide no evidence of clinical benefit.

In this regard, however, a key finding in recent studies,
at least in relapsing-remitting MS, is that dopaminergic
pathways are extensively dysregulated, with a prevalence
of D2-like DR-dependent pro-inflammatory effects on
Teffs, and D1-like DR-induced inhibition of Tregs, which
as a consequence possibly fail in their role of anti-inflam-
matory cells (Table 2). Interestingly, therapy of MS
patients with IFN-f§ has been shown to “reset” dopamin-
ergic pathways in lymphocytes, apparently reestablishing
the optimal conditions for the exploitation of the thera-
peutic potential of dopaminergic agonists.

There is a wide array of directly and indirectly acting
dopaminergic agents currently used for various non-im-
mune indications, with a usually favorable therapeutic
index (Cosentino and Marino 2013). Dopamine agonists
selective for D1-like receptors (e.g., fenoldopam), or D2-
like receptors (e.g., pramipexole), or active on both D1-
and D2-like receptors (e.g., rotigotine) are currently used in
therapeutics for various indications, and some of them have
been already shown to exert immune effects on T cells (see
Table 1). Some of these dopaminergic drugs could be
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Fig. 4 Dysfunctional DR
pathways and endogenous CA
in MS. Panel A. In healthy
subjects, lymphocytes express
DRs, and produce and store
CAs. Cell stimulation results in
increased intracellular CAs,
which can act as
autocrine/paracrine transmitters.
DI-like DR (mainly inhibitory)
and D2-like DR (mainly
stimulatory) modulate cell
activation processes.
Intracellular CAs contribute to
the regulation of activation-
induced apoptosis.

CD4*1 CD25™&" T cells produce
endogenous dopamine, which
subserves an inhibitory loop,
resulting in suppression of their
regulatory functions. Panel B.
In MS patients, dysregulation of
DRs and of endogenous CAs
occur at several levels: / DI-
like DRs are reduced and D2-
like DRs are increased; 2. D2-
like DR stimulation of cell
function prevails; 3. TH is
downregulated, and the
production of dopamine,
noradrenaline and adrenaline is
impaired, possibly resulting in
reduced activation-induced
apoptosis (3a) and reduced
release, consequently with
reduced effects on neighboring
cells (3b); 4 CD4TCD25Meh T
cells overexpress D1-like DRs
as well as TH, possibly resulting
in increased dopamine
production, and enhanced
activity of the auto-inhibitory
loop (for further details, see
“Part 6” and Table 2)
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potentially relevant for MS treatments. Whether D1- or D2-
like receptor agonists might be preferred is still a matter of
debate. However, available evidence seems to suggest that
beneficial effects in MS might come preferentially from
D1-like rather than D2-like receptor activation (Marino and
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Cosentino 2016). Anyway, the time is coming for clinical
trials aimed at testing dopaminergic agonists in association
with conventional first-line immunomodulating agents like
IFN-B, with the aim to improve their efficacy without
serious adverse reactions.
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