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Summary

Pleasure is described as a state or feeling of happiness and satisfaction resulting from an experi-
ence that one enjoys. We examine the neurobiological factors underlying reward processes and
pleasure phenomena. With regard to possible negative effects of pleasure, we focus on addiction
and motivational toxicity. Pleasure can serve cognition, productivity and health, but simultaneous-
ly promotes addiction and other negative behaviors. It is a complex neurobiological phenome-
non, relying on reward circuitry or limbic activity. These processes involve dopaminergic signaling.
Moreover, nicotine, cocaine and alcohol appear to exert their pleasure providing action via endog-
enous morphinergic mechanisms. Natural rewarding activities are necessary for survival and appe-
titive motivation, usually governing beneficial biological behaviors like eating, sex and reproduc-
tion. Social contacts can further facilitate the positive effects exerted by pleasurable experiences.
However, artificial stimulants can be detrimental, since flexibility and normal control of behavior
are deteriorated. Additionally, addictive drugs are capable of directly acting on reward pathways,
now, in part, via endogenous morphine processes.
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BACKGROUND

The biological mechanism mediating behavior which is mo-
tivated by events commonly associated with pleasure is called
‘reward’. It may govern normal behavior through pleasur-
able experiences [1]. Pleasure is a subjective phenomenon,
i.e., subjective quality. Hence, an intimate association be-
tween reward and pleasure exists [1,2]. Pleasure or reward
is found in motivation circuitries imbedded in the central
nervous system (CNS). Anatomically, these pathways are
particularly linked to the brain’s limbic system.

When biologists (or psychologists) talk about motivation,
behavior, reward and, particularly, pleasure, they usually re-
late to vertebrates or mammals, including humans. It has
been suggested to use the term ‘reinforcement’ instead to
characterize comparable behaviors and biological strate-
gies in primitive animals, or the general biological princi-
ple involved, thereby avoiding linguistic vagueness and even
confusion, yet emphasizing the fact that reward and plea-
sure are regarded as highly subjective experiences (“feel-
ings”), i.e., interpretations, due to higher organizational
levels [3,4]. Also, primitive animals like invertebrates don’t
possess a brain, and therefore don’t have a mammalian-like
limbic system. However, when neurobiologists adopt a more
distant position they find surprising analogies and similari-
ties [5,6]. Especially, the molecular and physiological struc-
tures and substances involved in reinforcement and reward,
including the specific receptors used, are largely identical.
Further, the autoregulatory systems activated in motivational
signaling have been conserved during evolution, thus they
are, in a biological sense, extremely conservative, as we and
others have shown for the endocannabinoids and opioid
peptide as well as opiate alkaloid signaling systems [7-9].
Thus, with this work, we will outline and examine the com-
mon and underlying organization of reward and pleasure
phenomena to form our hypothesis, rather than focusing
upon the undeniable differences in motivation biology, e.g.,
with reference to genus.

Motivation may be divided into two categories, appetitive
and aversive motivation [6]. Appetitive motivation concerns
behavior directed towards goals that are normally associat-
ed with positive hedonic, i.e., pleasurable, processes (food,
recreational drugs, sex, etc.). In contrast, aversive motiva-
tion involves getting away from hedonically unpleasant con-
ditions [1]. Pain and pleasure conditions, in specific situa-
tions, have the capacity to serve survival. The physiological
substrate for reward and avoidance primarily lies within the
limbic system [10-14].

Neurobiologists have long known that the euphoria induced
by drugs of abuse, sex or other stimuli arises because of com-
plex circuits of nerve cells that evolved to make us feel good
and they are related to survival and passing along our genes
[15-17]. Reward pathways are evolutionarily ancient [5]. A
crucial component of CNS reward and motivation circuit-
ries are nerve cells that originate in the ventral tegmental
area (VTA), near the base of the brain. These cells send pro-
jections to target regions in the frontal brain, most notably
to a structure deep beneath the frontal cortex, (i.e., nucle-
us accumbens) [15,16]. The essential neurotransmitter of
this connection is dopamine. In mammals (humans), the
reward circuit is more complex, and it is integrated with sev-

eral other brain regions that serve to enrich an experience
with “emotion” and direct the individual’s response or be-
havior toward rewarding stimuli, including food, sex and
social interaction [2]. The amygdala, for instance, is a spe-
cial part of limbic and reward systems that is closely relat-
ed to emotion (especially fear) and has post-synaptic recep-
tors for inhibitory gamma-aminobutyric acid (GABA) [5].
Diazepam and other anxiolytics mimic the action of GABA
at this site. Recent findings also link endogenous morphine
production to these limbic structures [18-21].

The amygdala also helps to assess whether an experience is
pleasurable or aversive (and whether it should be repeated
or avoided) [15,16]. Meanwhile, the hippocampus partic-
ipates in recording memories of an experience, including
where, when and with whom it occurred [2]. The frontal
cortex, however, coordinates and processes all this infor-
mation and consequently determines the ultimate behav-
ior. Finally, the VTA-accumbens pathway acts as a measur-
ing tool and regulator of reward: it ‘tells’ the other brain
centers how rewarding an activity is [2]. The more reward-
ing an activity is deemed, the more likely the individual is
to remember it well and repeat it [2].

With regard to frequent neuronal reward ‘tracks’ within
the CNS, activation of the medial forebrain bundle (MFB),
as it courses through the lateral hypothalamus to the ven-
tral tegmentum, produces robust rewarding effects [1,22].
Again, dopamine is involved [23]. Electrophysiological and
neurochemical techniques revealed: CNS stimulation may
activate a descending component of the MFB which is syn-
aptically coupled at the ventral tegmentum to the ascend-
ing mesolimbic dopamine system, i.e., nucleus accumbens
[1,2,22-24]. Pleasure-inducing electrical stimulation thus
involves a circuitous reward pathway, first activating a de-
scending MFB component and then the ascending meso-
limbic dopamine pathway. Clearly, we can speak of brain’s
reward and motivation circuitries.

Taken together, the brain possesses multifunctional pathways
that mediate pleasure, reward and motivation. Psychomotor
stimulants and exogenously administered opiates, similar
to experimental electrical stimulation, activate this reward
system by their pharmacological actions in the VTA and nu-
cleus accumbens [15,16,24]. Ventral tegmental activation,
however, as well as other essential CNS reward features, in-
volves dopamine signaling. Other neurotransmitters (e.g.,
GABA, glutamate, serotonin, stress hormones) may play a
critical role too [6,25,26]. Natural rewards like food and
sex in accordance with other substances, such as caffeine,
ethanol, nicotine, may also activate brain’s reward and mo-
tivation circuitries [6,24,27].

ADDICTION

Reward and motivation can be considered a natural com-
ponent of normal behavior as noted earlier. Clearly, reward
pathways serve to direct behavior towards goals that are nor-
mally beneficial and promote survival of an organism or
species, e.g., food and water intake, reproductive activities
[17,28-30]. These generally pleasurable actions are useful
and may not constitute addiction. However, a loss of flexi-
bility and the disability to make free decisions, i.e., extreme
control of behavior, as described in addiction, may be seen
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Figure 1. Individuals have conventional motivation
items that depend on brain neural
circuits as described in the text (A). Once
these motivational items are achieved
such endowed individuals feel good, i.e.,
reward processes. These processes in part
depend on opioid and opiate signalling.
If these chemical messengers are taken
exogenously (B), normal motivational
stimuli are lost since the same result
can be achieved by bypassing these
processes. Recently, it was demonstrated
that other substances having the
potential for abuse (nicotine, alcohol and
cocaine) work in part by enhancing the
release of endogenous morphine, adding
a commonality factor to this complex
phenomenon. However, because high
doses of these chemical messengers can
be taken these neural circuits become
tolerant to these substances, and by the

as one of the distinguishing features between pleasure /re-
ward and addiction [6]. This addiction-related behavior-
al inflexibility and the impossibility of normal rewards to
govern behavior has been refereed to as motivational toxicity
by Bozarth [1].

In biology, drugs of abuse are able to act as ‘positive reinforc-
ers’ (see above), meaning that they are stimuli able to pro-
mote an increase in the probability of responses on which
they are contingent. This ability does not necessarily rely
on a hedonic property of these substances [31]. However,
the molecular basis of these responses obviously lies within
the autoregulatory signaling systems, e.g., reward circuitries
[10,32], still allowing for scientific dispute upon the correct
use of terms like ‘reward’ and ‘pleasure’ in association with
drug administration in non-human animals [33]. Even more,
pleasure, reward, reinforcement and instrumental learning,
although they all possibly relate to positive motivational or
behavioral responses in animals and humans, may, in a bio-
logical sense, not all be the same [33-35]. For our hypothe-
sis, however, these biological or, depending on the specific
approach chosen, semantic distinctions appear to be of mi-
nor interest, since the common and underlying neurobiol-
ogy seems to allow us to infer and form our more generally
admitted molecular hypothesis, as stated in the title of this
work. Clearly, drug ingestion influences these dopamine-
morphine pathways and physiology (see below).

Some drugs, like cocaine and heroin, quickly and uniform-
ly exert extreme control over behavior, while others are
less potent, such as moderate alcohol consumption or oc-
casional nicotine or marijuana use [1]. The most power-
ful drug rewards include the psychomotor stimulants (e.g.,
amphetamine, cocaine) and opiates (e.g., heroin, mor-
phine). Indeed, drug influence on behavior not only de-
pends on the amount, duration and frequency of abuse but
also on the type of substance involved and the environment
[15,16,36,37]. Thus, personality, social and genetic factors,
in addition to individual differences in reward or motivation
system functioning and physiology, may also play an impor-
tant role [1,2,5,10,38-49]. Taken together, addiction may be

circuits nature the individual wants to
experience more artificial reward process
activity, leading to higher doses and
eventual dependence. Thus, substances
of abuse create a short-circuit, producing
reward activity at a level that was

never meant to be. We surmise because
this short-circuit requires not only
adaptations by physiological process

but molecular modifications, that some
of the resulting CNS changes may be
permanent.

characterized by a loss of control over pleasurable and bio-
logically useful events (‘healthy drug use’), turning a posi-
tive motivation into a disaster.

In creating this artificial state of pleasure some chemicals
bypass the sensory receptors mediating natural rewards (see
above; Figure 1) [5,6]. In fact, caffeine, alcohol and nico-
tine, given as examples, all activate brain reward pathways
directly. This raises a major question, how do they do this?
Moderate use of these substances (especially alcohol) has
gained widespread acceptance. Moreover, low-dose con-
sumption sometimes is considered healthy [50-53]. Further,
some drugs are known for their recreational use, involving,
for instance, desirable psychological effects, such as relax-
ation and stress reduction [5,14,39]. Much like moderate
caffeine and alcohol use, potent addictive drugs activate
brain reward systems directly. But this activation may also
be much more intense, causing the individual to crave the
substance and focus activities solely around drug ingestion
[1,2]. Thus, the ability of addictive drugs to strongly acti-
vate CNS reward systems and to chemically alter normal
functions of these systems is a crucial feature of addiction
[1,38,54-57].

With regard to neuropathophysiological mechanisms sup-
porting addiction, we find uniform signaling pathways and
common CNS activities underlying different forms of drug
abuse and different subjective experiences. At the bottom,
as described, lies limbic and reward system stimulation, in-
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cluding VTA, extended amygdala and prefrontal cortex
activity. However, addiction is a complex phenomenon.
Immediately after drug ingestion, feelings of pleasure, eu-
phoria, and rush predominate (the sublenticular extend-
ed amygdala and VTA are of particular importance here),
followed by induction of craving with accentuated amyg-
dalar and nucleus accumbens activity [15,16]. The craving
grows as the euphoria wears off. Moreover, initial drug ex-
posure triggers tolerance and, in the drug’s absence, dis-
comforts that only more drugs can cure [2]. Tolerance and
dependence are related to a suppression of the brain’s re-
ward circuitry that, ironically, is a key feature of frequent
and continued drug abuse [2,15]. Thus, the reward system
fails to give rewards in the end. The situation changes, how-
ever, when drug consumption is stopped for a longer pe-
riod of time. But the neurophysiology then does not nec-
essarily return to normal, since relapse vulnerability stays
and may even grow bigger. Ultimately, following a ‘success-
ful’ withdrawal, drug sensitization may take over [15,16,58].
This secondary effect of drug consumption, i.e., addiction,
is associated with a characteristic pattern of cellular gene
and protein production.

Briefly, there is a growing body of evidence regarding intra-
cellular cascading actions of addicting compounds. When
drugs are ingested, dopamine levels especially in the nu-
cleus accumbens rise, stimulating dopamine-responsive
cells to enhance cyclic AMP (cAMP) concentrations, ac-
tivating CREB (cAMP response element-binding protein)
[2,59,60]. CREB induces a specific gene expression, cod-
ing for proteins that, for example, suppress the reward cir-
cuitry (i.e., tolerance induction) [15,16,60]. One of these
CREB-dependent proteins is dynorphin, a natural molecule
with opium-like effects, that is synthesized in the nucleus
accumbens and triggers a negative feedback loop, exerting
inhibitory effects on VTA neurons [2,24,61]. The increase
in dynorphin also facilitates dependence, since its reward
suppression leaves one depressed and unable to take plea-
sure in previously enjoyable activities (in the drug’s ab-
sence) [2,61]. Although such loss of interest in previously
pleasurable activities has been reported in human studies,
some studies in rodents have found opposite results, again
demonstrating the complex physiology behind these phe-
nomena and therefore, this possible link between dynor-
phin and mood disturbance is still a matter of contrarian
scientific debate [62-64]. Furthermore, CREB is switched
off only shortly after drug consumption has ended. Thus,
this transcription factor may not be responsible for condi-
tions that draw ‘former’ addicts back to substance abuse
after years of abstinence. Such relapse is driven, for exam-
ple, by drug sensitization, a phenomenon that sets in when
drug use stops and tolerance wanes [15,16,60]. Delta FosB,
a transcription factor that exerts its functions in response to
chronic drug abuse, is released in the nucleus accumbens
[60,61,65]. This stable protein remains active for months
following drug ingestion, possibly controlling gene expres-
sion even after the cessation of drug taking [2,60]. Hence,
delta FosB may cause drug addicts to become hypersensi-
tive to drugs, leading to relapse even when only minimal
doses of drugs are encountered [15,60,65]. Interestingly,
it is also induced in response to repetitious non-drug re-
wards and may therefore represent a more general mech-
anism participating in reward-associated behavior change
[2,15,16]. Sensitization suggests that certain rewards are es-

pecially wanted by an organism, including useful (i.e., ben-
eficial) and plainly pleasurable activities.

Many questions with reference to FosB, dynorphin and
CREB activation still remain open. For example, experi-
mental conditions that lead to CREB activation in the nu-
cleus accumbens and dynorphin upregulation also enhance
enkephalin, a condition that has previously been thought
and discussed to have opposite effects on mood regulation
[60,66-68]. Thus, the exact pathways and processes yet have
to be determined and then put into the broader picture,
since the final outcome of accumbal CREB-related chang-
es still is unclear.

Taken together, reward circuitry alterations in the course of
pleasure-seeking behavior and drug abuse potentially pro-
mote tolerance, dependence, craving, relapse and vulner-
ability [2,16,60]. Pleasure is a substantial feature of drug
consumption and prolonged abuse facilitates tolerance and
dependence. Due to CREB activity, sensitivity to the drug is
reduced at first [2,60]. Yet, with more prolonged abstention,
changes in delta FosB activity and glutamate signaling pre-
dominate [15,16,60,61,65]. These actions may trigger relapse
by increasing sensitivity to the drug’s effects (if used again),
eliciting powerful responses to memories of past highs and
cues that bring those memories to mind [2,15,568].

DoPAMINE

Dopamine is regarded as a key player in pleasure and reward
physiology [6]. Although substantial parts of the brain’s re-
ward and motivation circuitry have already been discovered
in the 1950’s, it took over 20 years to apply this knowledge
to the study of mechanisms involved in the rewarding as-
pects of substance abuse [69]. Within this context, opiate
antagonists are capable of blocking the dopamine agonist
activation of the CNS reward system [69]. Opioid receptors
and their endogenous ligands are necessary for dopamine
action on the reward system. Thus, dopamine and endoge-
nous opiates/opioid peptides appear to be interconnected
in the drug-pleasure-reward chain [69,70]. Yet, dopamine
may represent a basic link of this chain.

Although dopamine and its CNS systems seem to be a key play-
er in reward, pleasure, and even placebo physiology [6,71],
evidence exists showing that critical parts of these neural
systems get activated by different kind of stimuli, regardless
of their hedonic or pleasure value, at least at first sight. For
example, dopamine release is seen in response to pleasur-
able but also to painful or even novel stimuli [72]. However,
maybe stress is of importance here and/or the expectation
of a specific outcome, i.e., positive (but not feeling absolute-
ly confident about it), together with an attitude of curiosity,
that triggers higher dopamine levels, since these character-
istics are linked to dopamine release [73,74]. Thus, a direct
hedonic value must not be the primary aspect or goal of re-
ward- or motivation-related CNS dopamine release.

Dopamine has received special attention from psychophar-
macologists, due to its obvious role in mood, affect and moti-
vation regulation [1,24,59]. Also, stress regulation and social
behavior depend on dopamine physiology, since, for exam-
ple, higher dopamine concentrations (i.e., in the brain) lead
to greater aggressiveness and elevated social status in ver-
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tebrates [75-77]. Although several distinct dopamine sys-
tems (i.e., receptors and subtypes, functional circuits) exist
in the brain, the mesolimbic appears to be the most impor-
tant for motivational processes [1,61]. Many drugs seem to
exert their effects on behavior by stimulation of the meso-
limbic dopamine activity [1,2,58]. Drugs of abuse cause the
nucleus accumbens to receive a flood of dopamine [15,16].
Cells in the mesolimbic dopamine system, however, show
spontaneous activity — that is, action potentials are constant-
ly generated at a slow rate. The result is a steady (basal) re-
lease of small amounts of dopamine into the synaptic cleft,
maintaining normal affective tone and mood [1,78,79].
Moreover, some forms of clinical depression may result
from unusually low dopamine levels [1,12,80], which also
may be associated with drug consumption, since repeated
use of cocaine or morphine, for example, may deplete do-
pamine from the mesolimbic dopamine system and reward
circuitry [1,2,15]. These dopamine depletions may be re-
sponsible for normal rewards to lose their motivational sig-
nificance (i.e., tolerance induction, motivational toxicity).
At the same time, the mesolimbic dopamine system becomes
even more sensitive to activation by psychomotor stimulants
and opiates. Consequently, sensitization develops (as illus-
trated). Counter intuitively, abstinence from cocaine or
morphine after repeated administration may also decrease
dopamine levels in the mesolimbic dopamine system/VTA
[81,82]. This deteriorated dopamine function may be re-
lated to the intense craving associated with withdrawal in
human drug addicts [1]. Taken together, initial or inciden-
tal drug use may enhance dopamine output and increase
the resulting feelings of pleasure. Over time, however, this
physiological reward function may collapse, causing dopa-
mine concentrations to drop down and possibly leading to
depression and other negative affective states.

Various addictive drugs share the common feature of stim-
ulating the same dopaminergic brain reward system (for
example, heroin enhances dopamine levels by increasing
dopamine release, whereas cocaine inhibits the dopamine
reuptake), and this action has been related to their appe-
titive motivational effects [1,2,83]. Thus, appetitive rather
than aversive motivation may induce drug-taking behavior
and addiction [84]. Reward processes, based on dopami-
nergic signaling, clearly exhibit a positive motivational po-
tential and with that they may be useful for medical strate-
gies focusing on behavior change, i.e., stress management
and lifestyle modification programs (see below).

VTA neurons communicate with the nucleus accumbens
by dispatching dopamine from the terminals of their long
projections to receptors on nucleus accumbens neurons
[15,16]. This dopamine pathway from VTA to nucleus ac-
cumbens appears to be a critical component of the reward
physiology, including pleasure and addiction: in animals
with lesions in these regions, a loss of interest in drug con-
sumption has been observed [2,58]. Moreover, cocaine
and other stimulants temporarily disable the return of do-
pamine to the VTA neuron terminals and opiates, in ad-
dition, bind to inhibitory neurons in the VTA that usually
shut-down the dopamine production (thereby allowing do-
pamine-secreting cells to release dopamine). Both strate-
gies finally support excess dopamine to act on the nucleus
accumbens [15,16]. Opiates may further generate a strong
‘reward message’ by acting directly on the nucleus accum-

bens [2,70]. Again, we find the complexity that rules dopa-
minergic reward processes.

When drugs of abuse increase dopamine release from the
VTA into the nucleus accumbens, they further alter the re-
sponsiveness to glutamate [2,15,16]. Changes in sensitivi-
ty to glutamate may then enhance both the release of do-
pamine from the VTA and responsiveness to dopamine in
the nucleus accumbens, thereby promoting CREB and del-
ta FosB activity (see above). Furthermore, it seems that this
altered glutamate sensitivity strengthens the neuronal path-
ways that link memories of drug consumption and related
cues with high reward, thus feeding the desire to seek the
drug, i.e., vicious circle [15,16,58]. Finally, drugs of abuse
obviously influence the shuttling of glutamate receptors in
the reward pathway [2].

Linking the dopamine hypothesis to opiate alkaloid endog-
enous system has been substantiated in recent years because
it has now been demonstrated that animal tissues and whole
animals, including human, can make morphine [85-87].
Simultaneously, on a nervous system level these findings
then place endogenous morphine in the mental health field,
transcending analgesic and reward processes. It also appears
likely that functional bases exist that facilitate coupling of a
variety of drugs of abuse in reward and pain pathways to do-
pamine and endogenous morphine expression [82,88-93].
The alteration of dopamine functions, especially mesolim-
bic, appears to be a common factor for many substances of
abuse [82,88-93]. Dopamine serves as a major precursor of
endogenous morphine [85-87]. Therefore, dopamine me-
tabolism alteration may induce modifications in morphine
synthesis and consequently weaken endogenous morphine’s
action on the “dopamine” reward system.

MORPHINE SIGNALING

Recently, normal healthy human white blood cells (WBC)
and invertebrate neural tissues were found to have the abili-
ty to synthesize morphine, opening up a new world of com-
prehension concerning endogenous morphine processing
and signaling [85,86]. Human morphine synthesis was dem-
onstrated in human white blood cells (WBC), specifically
polymorphonuclear neutrophils cells (PMN), from its pre-
cursors, L-DOPA, reticuline, THP and tyramine, in a concen-
tration-dependent manner [86]. Furthermore, we identified
CYP2D6 as a major enzyme regulator in this pathway [86].
CYP2D6 appears to act at critical steps of the morphine bio-
synthetic pathway in PMN [85,86,94-99]. We also demonstrat-
ed that bufuralol, a CYP2D6 substrate, as well as a CYP2D6
competitive substrate, diminished morphine synthesis in
PMN exposed to tyramine. This provides additional support
for the ability of this tissue to synthesize morphine via do-
pamine since we and others have shown that this enzyme is
expressed in PMN [56,87,99,100]. Interestingly, CYP2D6 is
also involved with morphine synthesis in Mytilus edulis pedal
ganglia, demonstrating the conservation of this mechannism
in organisms 500 million years divergent in evolution [85].
Therefore our data show that a key enzyme family, which is
also present in mammalian brain, is expressed in WBC and
is capable of synthesizing morphine via tyramine.

The CYP2D6 isoenzyme, found on chromosome 22, is part
of the CYP2 family and is expressed in human neural, im-
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mune and hepatic tissues [101]. CYP is involved with the me-
tabolism of many endogenous compounds such as biogenic
amines, steroids, leukotrienes, fatty acids and prostaglandins,
where it may generate inactive or active compounds [101].
The CYP system is involved in the oxidative metabolism of
pharmaceutical compounds as well. For example, anti-ar-
rhythmics, beta-blockers, antidepressants, anti-psychotics, va-
sodilators and, as demonstrated in the present report, anal-
gesics are also substrates for this enzyme [101].

In regard to dopamine, the morphine-enhancing effect of
L-DOPA and its key position in animals, including man,
in both the dopamine and morphine biosynthesis path-
ways suggest that morphine may be involved in a regulato-
ry step controlling its own synthesis [56,94]. The observa-
tion that L-DOPA can also lead to increased PMN morphine
concentrations suggests that an additional pathway besides
that originating from tyramine for morphine synthesis ex-
ists via tyrosine [56,85-87]. It is important to note that WBC
(i.e., both B and T lymphocytes) also contain dopaminer-
gic signaling components [102-104], further supporting
this hypothesis. Furthermore, dopamine can significantly
affect the immune system [reviewed in [105]]. Depending
on the environment (in vitro vs. in vivo) and cell type, do-
pamine has activating and suppressive effects on cytokines
such as IL-1B, IL-2, IL-6, TNF and interferon. How these ef-
fects are mediated is unknown, however our data suggest a
potential role for morphine signaling in some of these pro-
cesses [106,107].

In addition to a direct metabolic link, there are alternative
hypotheses regarding the interactions between dopamine
and morphine. For example, dopamine may be acting via
cell surface dopamine receptors, supported by the obser-
vation that dopamine receptor antagonists can block mor-
phine-induced immunomodulation [108]. The time course
for these observed changes is likely much slower, since do-
pamine is a morphine precursor, than the metabolic link
between dopamine and morphine that we have described
in this study.

In summary, several data support the coupling of the mor-
phine and dopamine biosynthetic pathways [7,87], a find-
ing that has tremendous biomedical significance that crosses
many physiological systems. Further studies that more clear-
ly elucidate the potential interplay between these two reg-
ulatory chemical messengers and their effects on immune,
neural and vascular systems are currently under way.

NICOTINE

In a somewhat parallel story with opiate alkaloid induced
addiction [6], nicotine also is addictive [109]. As with mor-
phine, it exerts profound cellular and synaptic actions that
modulate motivational and behavioral changes that can be
associated with addiction [6,21,109-112]. It is known that
patients with schizophrenia who are on neuroleptic dopa-
mine receptor blocking medications readily develop nic-
otine addictions. With a decrease in the availability of D2
receptors, cigarette smoking in schizophrenic patients in-
creases [113].

As noted earlier, we have recently demonstrated that mor-
phine can be made by invertebrate ganglionic tissues and

human white blood cells in a process mediated, in part, by
CYP2D6, a CYP 450 isoform [85,86]. Again, this parallels
the nicotine metabolic pathway that is mediated by a CYP
450 isoform, namely CYP2A6 [114]. Nicotine is C-oxidized
to cotinine, which is catalyzed by CYP2A6 [114]. Calcium
cellular mechanisms are involved in both morphine and
nicotine signaling [115,116]. On a comparative level, as
noted earlier, nicotine stimulates dopamine presynaptic
release [117], accounting for the drop in morphine levels
after the initial increase in M. edulis ganglia [27]. This fur-
ther suggests that acetylcholine may stimulate morphine
presynsaptic release. Furthermore, nicotine may lead to el-
evated CNS dopamine levels in balance (boost effect), as
experienced, e.g., by smokers [118]. Both morphine and
nicotine appear to share the property of immunosuppres-
sion [119-125].

Comparatively, exposing M. edulis pedal ganglia to reticu-
line increases endogenous ganglionic morphine levels [126].
L-DOPA injection into normal and healthy M. edulis has also
resulted in an increase in ganglionic morphine levels [127]
as it does in human tissues [86]. In addition, these animals
contain norlaudanosoline (tetrahydropapoverine), anoth-
er precursor in the proposed animal morphine biosynthet-
ic pathway [128]. As in humans, CYP2D6 is involved in this
synthesis [85,86]. M. edulis also exhibits cholinergic signal-
ing. Nicotine in a receptor mediated manner also can en-
hance and depress endogenous morphine levels, acting bi-
phasically [27]. Mollusks have muscarinic- and nicotinic-like
receptors [129-132]. This same situation exists in Mytilus
edulis [133]. These findings make M. edulis tissues an ideal
model for examining the effects of various compounds on
dopamine and morphine metabolism and signaling.

Additionally, nicotine does promote a statistically significant
enhancement of '¥I-trace labeled morphine released from
invertebrate ganglia into the extracellular medium in a con-
centration dependent manner [134]. The same has been
shown to occur in human white blood cells [135], suggest-
ing that nicotine’s effects occur via an enhancement of en-
dogenous morphine signaling.

In another study, it was demonstrated that nicotine medi-
ates an unusually potent pharmacological effect on release
of ®I-trace labeled morphine from lobster nerve cord that
is attributed to selective activation of invertebrate nicotinic
receptors based on pharmacological inhibition by o-BuTx
[136]. The observed pharmacological effects of nicotine
were validated by a second series of drug trials employing
the selective nicotinic receptor agonist epibatidine, albe-
it at concentrations 2-3 orders of magnitude higher than
those realized with nicotine. Co-administration of nicotine
(60 nM) and the pre-junctional ganglionic nicotinic an-
tagonist hexamethonium (1 pM) produced a marked po-
tentiation of '®I-trace labeled morphine release. The nov-
el potentiated response was also observed for epibatidine
(35 pM) co-administered with the competitive nicotinic an-
tagonist chlorisondamine, providing independent confir-
mation of putative nicotinic autoreceptor activity in lobster
nerve cord. The muscarinic antagonist atropine at 1 pM
promoted ex vivo evoked release of '*I-trace labeled mor-
phine, indicating the presence of a tonic cholinergic inhib-
itory tone mediated by separate populations of muscarinic
receptors. The observed effect of ethanol to promote en-
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hanced release of endogenous morphine was not affected
by co-administration of a-BuTx at 1 pM, indicating that its
pharmacological actions are not mediated by evoked re-
lease of acetylcholine via convergent activation of nicotin-
ic receptors [136].

Excitatory effects of acetylcholine are mediated through mus-
carinic- and nicotinic-like receptors in invertebrate ganglia
[129-133]. The presence of nicotinic receptors in inverte-
brates is supported by other studies in insects and lobsters
[137-139]. This receptor, mediating nicotinic effects on
endogenous morphine, is sensitive to &-BuTx binding and
action as is also supported by the present study [137-139].
The fact that nicotine is 1000 times more potent than epi-
batidine suggests novel and highly selective nicotinic re-
ceptors mediating this phenomenon. Furthermore, nico-
tine is associated with nitric oxide release in insects [138].
The results of this and other recent studies [136] strong-
ly suggest a sophisticated cholinergic interaction between
muscarinic and nicotinic type receptors mediating the re-
lease of morphine, which also has been documented in
Aplysia [140]. It also suggests tonic inhibition of this release
as well as the presence of auto receptors mediating release
[141,142]. Interestingly, this level of sophistication involv-
ing cholingeric receptors, including novel types and actions
of inhibitors, is documented in the literature, including in
invertebrates [140-143].

Taken within the context of the lobster study, as described,
nicotinic signaling is coupled to endogenous morphinergic
processes and associated behaviors in a very precise man-
ner [136]. Chlorisondamine, a nicotinic antagonist, pre-
vents nicotine from exerting its rewarding effect on the CNS
[144]. Epibatidine, a nicotine agonist [145], can exert an-
algesic actions [146,147]. These mammalian observations
are supported in the lobster study by the fact that nicotine
and epibatidine release neuronal stores of morphine, ac-
counting, in part, for the nicotinic induced analgesia and re-
ward properties noted in mammals earlier [136]. This cou-
pling is further enhanced by the fact that both compounds
appear to release constitutive nitric oxide in a calcium de-
pendent manner in mollusks [148]. Thus, it would appear
that there is a significant amount of convergence between
these signaling mechanisms, supporting our hypothesis
that nicotine exerts its rewarding and addictive actions via
endogenous morphine release, allowing it to become ac-
tive and the actual signal behind these reward/pleasure/
addictive processes.

It would appear that links may exist in these pathways, cou-
pling these signaling molecules in reward and pain pathways,
as well as others. The data taken as a whole demonstrate that
nicotine enhances ganglionic morphine levels followed by
a statistically significant decrease [27], suggesting this as a
role for ganglionic acetylcholine. It also strongly suggests
nicotine’s addictive properties may arise from this ability to
enhance endogenous morphine levels, opening up a new
level of understanding in nicotine induced addiction and
behavioral effects as well as morphine regulation.

ETHANOL

Zhu and colleagues (2006) demonstrate that exposing M.
edulis pedal ganglia to ethanol results initially in significant

increases in ganglionic morphine levels, which is time- and
concentration-dependent [134]. This initial effect is fol-
lowed by a significant lowering of endogenous morphine
levels. They surmised in man that the ability to alter endog-
enous morphine levels may represent an underlying pro-
cess whereby ethanol can provide pleasure and depression
as well as its reported addicting properties. In M. edulis this
may just represent a “rewarding” experience, leading to re-
petitive seeking of an activity linked to this process, feed-
ing via controlling ciliary activity [149-153]. Furthermore,
alcohol promotes a statistically significant enhancement
of #I-labeled morphine released from invertebrate gan-
glia into the extracellular medium in a concentration de-
pendent manner [134]. The same occurs in human white
blood cells [135], suggesting that alcohol’s effects occur via
an enhancement of endogenous morphine signaling. These
results are in congruence with that demonstrated for nico-
tine, as discussed earlier.

Supporting this conclusion are the studies that demon-
strate alcohol is addicting and interacts with the reward sys-
tem of the human brain, including exogenous morphine
actions [154-158]. We now demonstrate that ethanol in-
creases endogenous ganglionic morphine levels, as is the
case for nicotine [27,134]. Thus, we surmise ethanol’s ad-
dicting and short pleasure-promoting properties may be re-
lated to its morphine enhancing effect and its depressing
effect to reducing neural morphine levels. Again, similari-
ties between nicotine and ethanol on the neuroregulatory
level become obvious.

Additionally, studies also link alcohol’s effects with dopa-
mine neural signaling. Microdialysis studies have shown that
ethanol increases extracelluar dopamine concentrations
in rat nucleus accumbens [159]. Tetrahydroisoquinoline
alkaloids, which can be endogenous morphine precur-
sors including norlaudanosoline (tetrahydropapaveroline
[THP]), were regarded strictly as catecholamine-derived
alkaloids found in brain tissues with weak binding activity
for catecholamine receptors [154,160,161], suggesting an-
other function. Ethanol treatment increased THP levels in
L-DOPA treated rat brains [162]. Administration of ethanol
and L-DOPA, as compared to the administration of L-DOPA
only, markedly increased brain levels of dopamine as well.
Thus, the dopamine-derived alkaloids, the tetrahydroiso-
quinolines (TIQs), were suspected of playing a role in the
pathogenesis of alcoholism since alcohol induced the for-
mation of THP and norcoclaurine in the rat brain [155].
The coupling of these processes was further strengthened
in examining regional cerebral blood flow via PET scan-
ning after consuming moderate amount of alcohol. It was
found that neural structures were activated that were asso-
ciated with the so-called cerebral reward system and the as-
cending reticular activating system [156].

The above observations become even more important since
we now know animals can make morphine [21,163-172], in-
cluding invertebrates [20,27,32,85,94,128,172-181], includ-
ing human cancer cells [182-184]. Comparatively, in healthy
M. edulis, morphine synthesis was demonstrated, including
the use of reticuline, THP, DA and L-DOPA as precursors
for making endogenous morphine [85,94,126-128]. THP
was also found in mammalian tissues and invertebrate neu-
ral tissues. Taken together, it appears that ethanol increases
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endogenous morphine levels and the levels of morphine’s
precursor’s in neural tissues, suggesting that, in part, etha-
nol may exert its pleasure stimulating actions, as well as its
addicting activities, via enhancing endogenous morphine,. It
is highly significant that both nicotine and ethanol increase
ganglionic morphine levels rapidly, providing a mechanism
to initiate their pleasure and addicting actions.

COCAINE

Importantly, cocaine also exerts its mechanism of action
via the alteration of dopaminergic processes, including
those related to dopamine function [185]. In both inver-
tebrates and mammals cocaine inhibits the ability to reup-
take released dopamine via blocking its transporter, allow-
ing more dopamine to be present for signaling [186,187].
We surmise that this dopamine may in time be channeled
to the morphinergic system whereby morphine activity is
enhanced. Furthermore, as recently demonstrated in inver-
tebrate and human tissues cocaine promotes a statistically
significant enhancement of '®I-trace labeled morphine re-
lease [134]. The same occurs in human WBC [135], sug-
gesting that cocaine’s effect, in part, may occur via an en-
hancement of endogenous morphine signaling. Again, the
physiological commonalties between nicotine, ethanol, and
cocaine processing become obvious, linking these substanc-
es together, as they all neurophysiologically seem to con-
verge, e.g., on morphine signaling.

REWARD, DOPAMINE, MORPHINE AND HEALTH

The brain’s reward and motivation circuitry with its limbic
components represents the crucial neurobiological system
underlying pleasure phenomena. It not only serves pleasure
and motivation, but also involves aspects of behavior, repro-
duction and sexual activity, emotion, belief and trust, mem-
ory, cognition, stress physiology and autonomic functions,
relaxation and well-being — to name a few [5,10,12,39,188].
Neurotransmitters potentially acting on these CNS structures
are, for example, dopamine, GABA, glutamate, serotonin,
acetylcholine, morphine, nitric oxide, noradrenaline, cor-
tisol, as well as endocannabinoids.

Natural rewards can be modulated by the activity of the
brain’s reward and motivation circuitry. Feeding, sexual ac-
tivity or maternal behavior can be facilitated each by opiate
activation of the reward system [29,38,54,70,74,189]. The
origin of the VTA, i.e, ventral tegmental dopamine system
seems to provide an important neurochemical interface
where exogenous opiates and endogenous opioid peptides
can activate a CNS mechanism involved in appetitive moti-
vation and reward [1,5]. Mu and delta opioid receptors are
involved in the reward mechanism of dopamine [69,70].
Obviously, endogenous morphinergic signaling also plays
arole since endogenous morphine is a neurotransmitter in
CNS [111]. This is substantiated by the demonstration of
morphine release from nerve terminals [19,111,190,191].
Thus, dopamine and endogenous opiates/opioid pep-
tides appear to be interconnected in the drug-pleasure-re-
ward phenomenon, linking two signaling systems togeth-
er. Additionally, endogenous morphine has been found in
hippocampal tissues [171,192] and morphinergic signaling
has been demonstrated to release constitutive nitric oxide
here [193], linking morphine to limbic structures and ni-

tric oxide effects. Thus, the VTA serves as a appetitive mo-
tivation system for diverse behaviors, since it controls both
normal and pathological behaviors [1,5,24,78].

Artificial rewards and drugs, in contrast to natural stimuli
that work, for example, by moderating sensory organ stim-
ulation, are capable of acting directly on VTA and nucleus
accumbens pathways, allowing only little flexibility and mod-
ulation to interfere (see above). Consequently, artificial re-
wards can diminish self-control and beneficial motivational
behavior, leading to a potentially dangerous or detrimental
outcome, i.e., motivational toxicity [1]. They may therefore
be considered biologically senseless. Nonetheless, artificial
and natural rewards cannot always be differentiated easily.
The difference, however, could be a question of dose.

Because endogenous morphine is constitutively expressed
and over-expressed following trauma, we have surmised that
this opiate alkaloid normally down-regulates immune, gut,
vascular and neural responsiveness on a basal level [56]. In
addition, it also limits micro-environmental noise and post-
inflammatory immune responsiveness [20,56,106,107,194].
Thus, it would not be surprising to find that alcohol, nico-
tine and cocaine share immune related pharmacology, e.g.,
down regulating, that may appear to be dysfunctional. This
hypothesis extends the significance of this signaling beyond
pleasure/reward processes. Simultaneously, it suggests that
“reward/pleasure processes may have evolved as a motiva-
tional mechanism, ensuring that “relaxation”/recoopera-
tion may occur when appropriate further preserving an or-
ganisms health [29,30,189].

Taken together, natural rewarding activities and artificial
chemical rewarding stimuli act at the same locations, but
while natural activities are controlled by feedback mecha-
nisms that activate aversive centers (i.e., aversive motivation),
no such restrictions bind the responses to artificial stimu-
li [1,195]. Moreover, reward substrates that directly act on
the brain’s reward pathways are more potent than other re-
wards, such as food or water: subjects prefer to choose self-
imposed starvation when forced to make a choice between
obtaining food and water or direct electrical stimulation of
the reward circuitry [196]. We can assume that nature has
not made preparation, that is, has not planned for this ar-
tificial short-cut to occur.

The psychiatric implications of this system have been exam-
ined as well, including brain reward circuitry [5,110,111,197].
These data contribute to an evolving hypothesis linking the
reinforcing and addictive properties of a variety of drugs
of abuse to convergent mechanisms involving endogenous
morphine signaling and establish an opiate foundation as
a unifying principle by which we may advance our under-
standing of polymodal drug abuse mechanisms. It even tran-
scends these studies by firmly placing this system within the
realm of mental health as well.

CONCLUSIONS

Pleasure can serve health, but is also capable of promot-
ing addiction and other dangerous outcomes or behaviors
(i.e., motivational toxicity). It is a complex neurobiologi-
cal phenomenon, relying on reward circuitry activity and
limbic processes. Artificial stimulants (e.g., addictive drugs)
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or ‘too much’ of a pleasurable activity may not be as ben-
eficial, since flexibility and natural control of behaviors
may be deteriorated. Clearly, addiction includes a loss of
control over normal behaviors and appetitive motivation-
al goals. Addictive drugs, in addition, are capable of direct-
ly and strongly acting on reward pathways, i.e., dopamine
and morphine signaling, thereby influencing motivation
physiology. Importantly, these novel insights into the plea-
sure phenomena also provide insights into mental health,
namely, via morphinergic signaling, which occurs in criti-
cal areas of the brain involved with cognition.
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