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1. Introduction

In their struggle with the animals that feed on them, many
plants have evolved chemicals to help improve their survival.
For example, caffeine acts as an adenosine receptor antagonist to
enhance the memory of pollinators, thereby boosting plant repro-
duction (Wright et al., 2013). On the other hand, other chemicals
act as bitter-tasting defensive toxins, reducing plant consumption
by predatory herbivores and disrupting multiple levels of neuro-
transmitter signaling (Wink and Roberts, 1998; Wink et al., 1998).
The curious thing about these latter chemicals is that in humans
and other animals - including non-human primates, rodents, cray-
fish and bees - these same toxins act on the central nervous
system to paradoxically induce reward and approach behavior
(Imeh-Nathaniel et al., 2014; Singaravelan et al., 2005; Wise, 2004).
While nicotine is the best-studied example, other plant toxins that
possess rewarding properties include cannabis, cocaine and caf-
feine (Ettenberg, 2004; Nehlig, 1999; Panlilio et al., 2010; Wise,
1996). Indeed, many neurotoxins/drugs of abuse possess both
strong aversive and rewarding properties in animals and humans
(Hunt and Amit, 1987; Wise, 1996). For example, pairing these
chemicals with drinking solutions results in an aversion to these
solutions and yet, they also support self-administration behav-
ior (Hunt and Amit, 1987; Verendeev and Riley, 2012). Herein
lies the paradox of drug reward, described by Sullivan et al. as
the incompatibility between neurobiology’s reward model and
evolutionary biology’s punishment model (Hagen et al., 2009;
Sullivan et al., 2008). Plant neurotoxins evolved to deter preda-
tion and yet, some species possess motivational systems (such
as those involving dopamine) which can be activated by the
consumption of these same molecules, thereby encouraging fur-
ther drug-seeking behavior. How did the defensive chemicals
produced by plants come to trigger reward in their animal
predators?

2. The paradox of nicotine reward

Due to its widespread prevalence and the vast amount of
research that has been conducted on it, the North American tobacco
plant Nicotiana attenuata is the best example of this paradox. It is
metabolized into nicotine and regulates its biosynthesis accord-
ing to which of its tissues are most valuable and/or damaged,
increasing nicotine production in the areas under attack by herbi-
vores (Baldwin, 2001). Similarly, tobacco plants engineered to have
increased nicotine production show reduced leaf loss to herbivores
such as the tobacco hornworm Manduca sexta, which conversely
shows lower survivorship and growth on these modified plants
as compared to those with normal nicotine production (Steppuhn
et al., 2004).

Nicotine activates nicotinic acetylcholine receptors (Zevin et al.,
1998) and acts in mammals at the neuromuscular junction to facil-
itate muscle contraction (Hirsch, 2007), and in the central nervous
system to aid in processes such as attention, learning, and memory
(Corrigalletal., 1994; Wolfand Heberlein, 2003). The most common
nicotine receptors in the brain (with subunits a432) have a higher
affinity for nicotine than those at the neuromuscular junction due to
their stronger binding interactions (a result of key structural differ-
ences between the receptor types) (Xiu et al., 2009). Re-expression
of B2-subunit nicotinic receptors into the ventral tegmental area
(a part of the brain associated with reward processing) of B2/~
mice restores nicotine self-administration behavior (Maskos et al.,
2005; Picciotto et al., 1997). These data show that while nicotine
does possess aversive properties, its actions at central receptors
are responsible for its rewarding effects in mammals (Benowitz,
1996).

2.1. The paradox of cocaine, caffeine and opiate reward

While nicotine is the best example, other chemicals produced by
plants also act as deterrents to predatory herbivores. Although far
less-well characterized, evidence suggests that other plant alka-
loids such as cocaine, caffeine, and morphine are toxic to their
predators (Furstenberg-Hagg et al., 2013; Hodgson, 2012; Howe
and Jander, 2008; lason and Villalba, 2006; Sorensen and Dearing,
2003). For example, cocaine produces toxic effects in insects by
potentiating chemical neurotransmission (Nathanson et al., 1993).
Additionally, caffeine sprays prevent the consumption of plants by
slugs and snails (Hollingsworth et al., 2002). While it is not clear
what mechanism underlies this effect (increased duration of action
potentials has been proposed as one explanation) (Ahmed et al.,
1997), recent evidence suggests that enhanced dopaminergic activ-
ity may be a possibility (which we will discuss in more detail later
on), potentially indicating a role for dopamine in aversive behavior
(Sturgess et al., 2010).

Despite these toxic effects, these same neurotoxins possess
well-established rewarding properties in humans and other ani-
mals (Levens and Akins, 2001; Risinger and Oakes, 1995; Schroeder
and Riters, 2006; Sullivan et al., 2008; Wise, 1996) by acting
on specific receptors (e.g., opioid receptors, adenosine receptors)
and specific neurotransmitter pathways, including those utilizing
dopamine (Lupica et al., 2004; Pettit et al., 1984; Wise, 1989). These
examples provide further evidence for the paradox of drug reward,
demonstrating that plant toxins that are meant to deter predators
also are capable of producing reward.

2.2. How do we explain the paradox of drug reward?

Perhaps the simplest resolution to this problem is to propose
that the reward systems in question evolved independently of
plant neurotoxin exposure. For example, it is possible that plants
and humans were less likely to share direct interactions than
plants and other animals. This might be the case if humans were
introduced to an environment after the indigenous plant life had
already evolved to deal with the threat of other animal predators.
In this situation, plant chemicals geared toward discouraging her-
bivore predation might not have been ‘designed’ for humans and
consequently, insufficient time has elapsed to allow for a human
counter-adaptation to these substances (Sullivan et al., 2008).

However, this view is contradicted by evidence from human
cytochrome P450 enzymes, which play important roles in metab-
olizing foreign toxins (Lewis, 2001; Sullivan et al., 2008), and from
drug transporter adaptations that remove these toxins (Petzinger
and Geyer, 2006). Sullivan et al. cite their presence as evidence
against the argument that plant neurotoxins are an evolutionary
novelty, as these enzymes would have been lost had animals not
been exposed to their substrates previously. In humans, there are
a wide variety of CYP2A6 isozymes (an enzyme which metabo-
lizes nicotine), suggesting that differences in nicotine metabolism
may be reflective of our species’ differing environmental surround-
ings over time (Mwenifumbo and Tyndale, 2007). Additionally,
taste receptors may have evolved to help animals detect and avoid
toxic substances such as nicotine (Behrens and Meyerhof, 2009;
Glendinning, 1994; Liscia and Solari, 2000). Indeed, blockade of
rat tongue nicotine receptors reduces the aversive response to
nicotine-containing water (an example of acute aversion due to
taste) and increased the overall relative preference for nicotine vs.
water (Oliveira-Maia et al., 2009). This is different from the aver-
sion produced by the chronic, withdrawal-inducing psychoactive
effects of a drug, which are mediated by brain nicotine receptors
(Maskos et al., 2005).

If we reject the notion that plant neurotoxins and animal reward
systems evolved independently, what else can explain the paradox
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of drug reward? One proposed solution to this problem states that
plant compounds act both on systems that produce toxic effects
in potential predators (for example, cocaine acts as an insecticide
by potentiating the neurotransmitter octopamine) but also, on the
dopaminergic system, producing parallel rewarding effects in these
predators due to chance mutation (Barron et al., 2009; Nathanson
etal., 1993). Conversely, Sullivan et al. have suggested that humans
consume plant neurotoxins because they act as an effective defense
against parasites (Hagen et al., 2009; Sullivan et al., 2008). Indeed,
evidence indicates that animals have used plant toxins as a form
of self-medication against, for example, gastrointestinal parasites
(Billing and Sherman, 1998; Hagen et al., 2013). As the proponents
of this hypothesis point out, nicotine, arecoline (betel nut), and THC
(tetrahydrocannabinol) - three of the more popular psychoactive
substances used today - are effective against some parasitic orga-
nisms (Hagen et al., 2013). This suggests that despite their toxic
effects, these plant neurotoxins may possess benefits for the orga-
nisms that consume them.

This proposal is an intriguing one, challenging the idea that
drugs of abuse utilize the reward systems of consuming orga-
nisms to produce addictive, drug-seeking behavior (Hagen et al.,
2013). However, an explanation of parasitic defense is not the
only one that can explain these data. Indeed, we wish to suggest
another idea which may complement this theory. We suggest that
the evolution of the mammalian brain motivational system - of
which dopamine plays an integral part - plays an important role in
why toxic plant chemicals produce approach behavior. We suggest
that approach behavior evolved after the inhibition of the aversive
dopamine signal associated with toxic chemicals, via the evolu-
tion of a GABAergic modulatory system. This idea complements
the previous ‘parasite defense’ theory as it more precisely specifies
the potential conditions for when consumption of toxic chemicals
may be beneficial. By suppressing the aversive nature of these plant
chemicals, organisms are able to consume nutritive (but normally
aversive) plant matter in times of extreme need (such as starvation).
Our theory does not suggest that drug consumption is important for
organismal growth per se but rather, we suggest that suppression
of the toxic effects of these drugs can provide a ‘window’ for orga-
nisms to pursue other resources that may lead to increased fitness
and future growth opportunities.

3. A new resolution to the drug reward paradox: dopamine
originally signaled aversive and not rewarding events

Our new proposed model involves three steps (Fig. 1). First,
we suggest that earlier animals utilized dopamine as an aver-
sive ‘escape’ signal (Fig. 1, step 1) (Horvitz, 2000; Riemensperger
et al., 2005; Salamone, 1994; Vergoz et al., 2007). According to our
model, nicotine activates this aversive system by acting on nicotine
receptors located on ventral tegmental area (VTA) dopamine cells
(Fig. 1, step 1). We speculate that stressful conditions which sig-
naled reduced fitness - for example, states of hunger or starvation
- also utilized this aversive system (Carr, 2002; Salamone, 1994).

Second, we propose that the development of a controlling mech-
anism allowing for the regulation of this aversive dopaminergic
signal was selected for (Fig. 1, step 2). Ventral tegmental area or
rostromedial tegmentum (RMTg) GABAergic neurons that reduce
mesolimbic dopaminergic activity are two potential examples of
such a regulatory system (Balcita-Pedicino et al., 2011; Gysling
and Wang, 1983; Jhou et al.,, 2009; Johnson and North, 1992;
Omelchenko and Sesack, 2009). The reduction in an aversive dopa-
minergic signal could then result in increased approach behavior
via the process of negative reinforcement: the encouragement of
approach behavior (e.g., drug consumption) by the removal of neg-
ative events or circumstances. In the case of nicotine, by acting on

nicotinic receptors located on GABAergic cells projecting to VTA
dopamine cells, nicotine is able to dampen an aversive dopami-
nergic signal even in the presence of the aversive stimulus itself
(Laviolette and van der Kooy, 2004). Similarly, in the case of toxic
plants, the removal of their aversiveness makes it more likely that
an organism will investigate (and consume) them further, partic-
ularly given their now ‘unmasked’ attractive properties (e.g., their
nutritional value).

Inhibition of an aversive situation makes it more likely that
an organism will demonstrate increased exploratory behavior for
other important resources, some of which may lead to a solution to
their aversive state. For example, when their hunger is suppressed,
organisms are more likely to (and more capable of) seek out other
resources such as shelter, prospective mates, and food. It should be
noted that inhibition of the aversive dopaminergic signal does not
actually reduce the toxicity of the plants themselves - this is unaf-
fected. Rather, GABAergic inhibition of this signal merely reduces
the natural avoidance one may exhibit for them. The plants them-
selves remain toxic.

In the final part of our model, we suggest that this same GABAer-
gic regulatory system became linked to dopamine-independent
primary reward, via a projection from the VTA to the brainstem
tegmental pedunculopontine nucleus (TPP) (Fig. 1, step 3) (Bechara
etal., 1992; Hnasko et al., 2005; Olmstead et al., 1998). This primary
reward pathway is activated by nicotine (Laviolette et al., 2002) as
well as other stimuli (Bechara and van der Kooy, 1992). Addition-
ally, we suggest that alternative positive reinforcing mechanisms
(including dopaminergic signaling) also evolved.

In short, we propose that plants evolved defensive toxins that
initially tapped into the aversive dopaminergic system of its preda-
tors but over time, in more complex organisms, a GABAergic
‘control’ system evolved to regulate this dopaminergic system and
thereby mediate approach behavior via negative reinforcement.
Later on, a reward system evolved from the same upstream origin,
to further reinforce the continued repetition of beneficial behaviors.
We hypothesize that these changes occurred because they provided
organisms with a selective advantage, allowing them the time to
either address a specific need (e.g., hunger) or the ability to delay
pursuit of this need in order to pursue other more-readily avail-
able resources (e.g., a prospective mate) — even when confronted
by unfavorable environmental circumstances. We propose that the
inhibition of an aversive state provides an organism with more time
to evaluate, plan, and execute actions beneficial to their survival.
Furthermore, we suggest that GABAergic modulation of dopami-
nergic signaling is a key system responsible for enabling how these
changes took place. This GABAergic system likely evolved due to
crucial chance mutations in the ventral tegmental area.

4. The many roles of dopamine

The search for brain ‘reward centers’ has been prominent ever
since Olds’ and Milner’s finding that electrical stimulation of the
brain could produce motivated behavior (Olds and Milner, 1954).
To this end, the mammalian mesolimbic dopaminergic system has
received a great deal of attention (Wise, 1996). Increased activ-
ity of this system - consisting of VTA dopamine cells and their
projections to the nucleus accumbens (NAc) - has been correlated
with the administration or consumption of natural reinforcers, psy-
chostimulants, and brain stimulation (Apicella et al., 1991; Fibiger
et al.,, 1987; Heffner et al., 1980; Pettit and Justice, 1989). Indeed,
direct optogenetic stimulation of VTA dopamine neurons alone can
produce behavioral conditioning (Tsai et al., 2009) and dopamine
receptor antagonists or dopaminergic cell lesions reduce respon-
ding or approach behavior for many drugs of abuse (Beninger et al.,
1987; Di Chiara and Imperato, 1985; Rolls et al., 1974; Spyraki et al.,
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Fig. 1. Athree-step model for the evolution of drug motivational systems in animals. Step 1: Initially, noxious stimuli stimulate dopamine neurons which provoke locomotion
and perhaps, escape in early animals (A). This later evolves to incorporate aversive stimuli such as hunger into a general aversive response. Nicotine taps into this system
by activating excitatory nicotinic acetylcholine receptors on the dopamine neurons, producing aversion (B). Step 2: Later, GABA neurons within the ventral tegmental area
(VTA) (or the RMTg), with an inhibitory influence on the dopamine system, evolve (A). At this stage, ‘rewarding’ stimuli act to inhibit the aversive dopaminergic signal
whereas nicotine continues to be aversive by activating dopamine neurons. With the evolution of nicotinic receptors on the GABA neuron, nicotine now effectively dampens
the aversive dopamine response to aversive stimuli such as hunger (B). Thus, ‘reward’ is actually brought about by negative reinforcement - the absence of an aversive
signal even in the presence of an aversive stimulus such as hunger or nicotine itself. It is possible that multiple subpopulations of dopamine neurons - with differing inputs
and outputs - exist. Step 3: Later still, the same GABA cells come to code for dopamine-independent primary reward through a projection from the VTA to the tegmental
pedunculopontine nucleus (TPP). This primary reward pathway is also activated by nicotine. The system is resistant to adaptive changes in the tobacco plant because it
would be difficult for the plant to evolve a chemical that is selective for only one cell type within the same anatomical region. While the details concerning other drugs/plant

neurotoxins will differ, we speculate that the general principles are similar.

1982; Yokel and Wise, 1975). Further evidence also suggests that
the nigrostriatal dopaminergic pathway, which originates in the
substantia nigra and is generally more-studied for its role in move-
mentdisorders, may also be important for reward processing (Wise,
2009).

More recent research has led to modified theories regarding
dopamine’s actual role in motivated behavior. For example, one
prominent theory suggests that dopamine is not important for
mediating reward per se but rather, incentive salience: the ‘want-
ing’ or intense aberrant desire for an object, which is fundamentally
distinct and separate from ‘liking’ or the inherent rewarding prop-
erties of the object itself (Berridge and Robinson, 1998). Another
theory is that dopamine plays a crucial role in ‘error prediction’, as
research by Schultz and colleagues suggests that dopamine neurons
predict and detect rewards and signal motivating events (Schultz,
1998). Their work indicates that dopamine cells shift their response

firing patterns — from rewarding stimuli, to predictive cues instead
- but respond with a decrease in firing if the reward is unexpectedly
omitted (Apicella et al., 1991; Schultz et al., 1993). Clearly, what-
ever its true role (and it may have many), dopaminergic signaling
is important for a wide-range of reward-related functions (Wise,
2004, 2009).

However, in contrast to this view of dopamine as a ‘reward’
molecule, there is considerable evidence suggesting that mesolim-
bicdopaminergic activity is observed in response to both rewarding
and aversive events (Berton et al., 2006; Brischoux et al., 2009;
Horvitz, 2000; Kimura et al., 2010; Lebestky et al., 2009; Salamone,
1994). Indeed, dopamine neurons have been observed to fire in
response to a variety of aversive stimuli, including foot shock
(Sorg and Kalivas, 1991), tail shock (Abercrombie et al., 1989),
and tail pinch (Louilot et al., 1986). This effect is also observed
with other forms of stress including restraint stress (Weiss et al.,
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1997) and drug injection-induced anxiogenic stress (McCullough
and Salamone, 1992).

Furthermore, dopamine has been shown to be critical for aver-
sive learning in both invertebrates (Riemensperger et al., 2005;
Vergoz et al., 2007) and other mammals (Horvitz, 2000; Pezze and
Feldon, 2004; Sellings et al., 2008; Weitemier and Murphy, 2009).
For example, the roundworm Caenorhabditis elegans is normally
attracted to sodium (Bargmann and Horvitz, 1991). However, if the
sodium has been paired with starvation (associative conditioning),
C. elegans will avoid it. This avoidant behavior is blocked in mutants
with reduced dopaminergic signaling, suggesting that dopamine is
critical for the display of this negative association (Hukema et al.,
2008). Similarly, inhibiting dopaminergic transmission (by block-
ing tyrosine hydroxylase production using mutant fly strains) can
block the formation of an aversive conditioned response to elec-
tric shock in fruit flies (Drosophila melanogaster) (Schwaerzel et al.,
2003). Conversely, these same mutant strains were shown to be
capable of both learning and demonstrating a conditioned approach
to sugar, an appetitive stimulus. This is an important example
because it illustrates that aversive and rewarding behaviors may
indeed be subserved by different biological pathways and that
dopamine may actually be more important for aversive stimuli, and
not necessary for reward.

The complex role of dopamine in motivated behavior can
be illustrated by considering the example of nicotine. Although
its rewarding properties are well established, dopamine’s role
in mediating these effects is not entirely clear. While some
research suggests that nicotine’s rewarding effects are mediated
by increased dopaminergic signaling in the NAc [see (Di Chiara,
2000; Paterson, 2009) and references therein], other studies link
mesolimbic dopaminergic activity with the aversive effects of the
drug (Laviolette and van der Kooy, 2003; Sellings et al., 2008; Tan
et al., 2009). For example, pharmacological blockade of dopami-
nergic receptors changed the behavior of rats injected with a dose
of nicotine they normally found aversive. Instead of demonstrat-
ing a conditioned avoidance of an environment paired with this
nicotine dose, the animals instead approached this environment
(Laviolette and van der Kooy, 2003). This suggests that the ani-
mals now found it rewarding due to a reduction in the aversive
dopamine-dependent properties of the drug.

One alternative explanation for these data are that this pur-
suit of nicotine is due to a homeostatic need to return dopamine
to its ‘normal’ level. However, we argue against this interpreta-
tion for a number of reasons. For one, in the experiment cited
above, dopamine receptor antagonism switched an aversive dose
of nicotine to a rewarding dose (Laviolette and van der Kooy,
2003). This suggests that the subjects are not simply compensating
for low dopamine levels. As well, dopamine receptor antagonism
had no effect on responding when using higher, rewarding nico-
tine doses, further underlining this point (Laviolette and van der
Kooy, 2003). Additionally, research into dopamine receptor knock-
out animals suggests that a lack of dopamine does not necessarily
lead to increased drug-seeking behavior (Hnasko et al., 2005). Last,
in place conditioning experiments using dopaminergic receptor
antagonists, these receptors are blocked only during the ‘training
phase’ and not during the testing component. In other words, the
animals possess ‘normal’ dopaminergic levels during testing and
yet still exhibit increased drug-seeking behavior. This suggests that
the animals are not seeking out the drugs to correct an inherent
physiological imbalance per se and that dopamine levels may not
be the strongest predictor of drug-seeking behavior. Instead, the
tegmental pedunculopontine nucleus appears to be a critical neu-
ral substrate for nicotine reward (Laviolette et al., 2002), although
dopamine has certainly been shown to be important for nicotine
reward in various circumstances, such as in animals chronically
administered nicotine (Grieder et al., 2012).

Rewarding and aversive nicotine doses produce distinctly dif-
ferent cellular firing patterns in the NAc (Sun and Laviolette, 2014)
and it has been suggested that the treatment of patients with
schizophrenia (who possess excess dopaminergic activity) by using
dopamine receptor antagonists might even be partly responsible
for their higher-than-normal smoking rates (Laviolette and van
der Kooy, 2003; McEvoy et al., 1995). Instead of people smoking
more because they are seeking out reward, they may instead be
more motivated because nicotine is less aversive. We have argued
that dopamine is responsible for signaling the aversive properties
of nicotine; therefore, dopamine receptor blockade might facili-
tate increased nicotine consumption. This interpretation makes it
unsurprising that dopamine receptor antagonists might potentiate
smoking behavior, and fits within our model of negative rein-
forcement. That said, other arguments to explain this phenomena
have been proposed, including the ‘self-medication’ hypothesis
which argues that schizophrenic patients smoke more in order
to overcome the effects of neuroleptics or treat psychotic actions
(although, it has been shown that smoking actually worsens these
neuroleptic side effects and psychotic symptoms) (Dalack et al.,
1998; Laviolette and van der Kooy, 2003).

While their rewarding effects are more well-known, other drugs
of abuse also possess well-characterized aversive effects. For exam-
ple, caffeine doses that are clearly aversive in rats can be converted
into rewarding doses after blocking dopaminergic transmission
(via dopamine receptor antagonists or by using dopamine recep-
tor knockout animals) (Sturgess et al., 2010). Cocaine and morphine
(along with many other drugs of abuse) also possess strong aversive
properties as demonstrated by what is known as the conditioned
taste aversion paradigm (King and Riley, 2013; Serafine etal., 2012).
In this assay, drug injections are paired with flavored solutions
and over time, animal subjects change their consumption habits
to avoid drinking from the drug-paired (but not drug-unpaired)
solution. The presentation of these aversive cues produce changes
(suppression) in dopamine release in certain parts of the brain,
underlining the fact that drugs of abuse possess both rewarding
and aversive components and that dopamine may be important for
either (Verendeev and Riley, 2012).

Taken together, the evidence suggests that the role of dopamine
in motivated behavior is a complex one and is not only limited to
the pursuit of reward. Indeed, dopamine has even been suggested
to mediate behavioral flexibility, and dopaminergic activity has
been reported to mediate goal-directed strategy-shifting (Haluk
and Floresco, 2009; Pezze et al., 2007; Ragozzino, 2002). D1
dopamine receptors have been suggested to mediate more ‘com-
plex’ forms of flexibility (e.g., the ability to switch strategies)
whereas D2 dopamine receptor activity appears to impair more
‘basic’ stimulus-reward associations (Haluk and Floresco, 2009).
Overall, this suggests that not only does dopamine play a complex
behavioral role but also, that this role may have evolved over time in
order to encourage or eliminate behaviors that promote or reduce
survival, respectively (Agnoli et al., 2012).

4.1. The evolution of dopaminergic signaling

The many functions of dopaminergic signaling suggest that its
role may have changed and evolved over time. Dopaminergic neu-
rons date back at least 600 million years to a common ancestor
of the Cnidaria (which includes hydra and jellyfish) and Bilateria
(bilaterally symmetric animals constituting most present-day ani-
mals) (Anctil et al., 2002; Bouchard et al., 2003). Its biosynthesis by
the unicellular protozoan Tetrahymena pyriformis suggests that it
may have represented an early intercellular signal within colonies
of ancient single-celled organisms (Goldman et al., 1981; Le Roith
and Roth, 1984; Le Roith et al., 1983).
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Dopamine possesses a prominent role in the regulation of
locomotion. For example, dopamine modulates motor neurons in
lobsters (Bucher et al., 2003), and both reductions and increases
in dopaminergic transmission stimulate locomotor activity in C.
elegans (Gaglia and Kenyon, 2009). Further evidence supporting
the importance of dopamine in locomotion can be found in orga-
nisms such as honeybees (Apis mellifera), where dopamine appears
toregulate mating activities and general locomotion (Akasaka et al.,
2010), as well as in fruit flies (Riemensperger et al., 2005; Van
Swinderen and Andretic, 2011). It also has been shown to play a
crucial role in the locomotion of rats (Ahlenius et al., 1987), birds
(Levens and Akins, 2001), and monkeys (Dill et al., 1979), and in
humans, it plays a central role in motor diseases such as Parkin-
son’s (Barbeau, 1970). As dopamine has remained a key transmitter
integral to motoric activity in such a wide variety of organisms, it
is plausible that one of its important roles early on and through-
out evolution has been to act as a motor signal (Vidal-Gadea and
Pierce-Shimomura, 2012). In less complex organisms, perhaps this
initially took the form of mediating an escape-type response when
encountering noxious stimuli, similar to the cockroach (Periplan-
eta americana) escape reflex. Here, thoracic interneurons (whose
activity is modulated by dopamine) are involved in integrating
sensory information necessary for orienting the animal during
escape (Casagrand and Ritzmann, 1992; Ritzmann and Pollack,
1990; Ritzmann et al., 1991). Similarly, dopamine has been identi-
fied in alga as an anti-herbivore defense against sea urchins (Van
Alstyne et al., 2006).

In more complex organisms, mechanisms allowing for the
detection of (and escape from) noxious stimuli also are likely to
have been strongly selected for by evolution. In animals with suf-
ficient access to food sources, predation is an unnecessary risk and
avoiding danger is of paramount importance: while the failure to
escape a threat can be lethal, the failure to find a positive reward
is generally less serious (assuming, of course, that the animal can
afford to wait while it searches for valuable resources). For exam-
ple, guppies will avoid an area containing food if there is a danger
of predation, choosing instead to stay in a safe environment con-
taining adequate resources (Abrahams and Dill, 1989). However, in
situations where certain valuable resources (i.e., food) are plentiful,
animals will accept a certain level of risk and forage in areas where
predation is a danger (Abrahams and Dill, 1989; Stephens, 2008).

Over time, other stimuli indicative of reduced fitness may have
come to activate the dopamine ‘escape’ response, which may have
evolved to mediate a general aversive signal in times of stress.
We speculate that eventually, the dopaminergic system grew to
encompass the avoidance and approach behavior that comprises
the concept of motivation itself.

4.2. GABAergic modulation of dopamine-dependent aversion

In mammalian organisms, mesolimbic dopaminergic neurons
are subject to modulation by various cellular inputs. For exam-
ple, activation of upstream GABA cells (both within the VTA and
from the more caudal RMTg) inhibits VTA dopamine neuron fir-
ing (Jhou et al., 2009; Johnson and North, 1992; Omelchenko et al.,
2009; Omelchenko and Sesack, 2009; van Zessen et al., 2012). This
ability to inhibit the dopaminergic signal of aversion - that is, the
electrophysiological dopaminergic ‘firing pattern’ that occurs when
an organism encounters an aversive (as opposed to a rewarding)
stimuli - might confer a selective, evolutionary advantage, particu-
larly when conflicts between competing drives occur. For example,
without this ability, a hungry animal might always be forced to
search for food in order to satisfy its hunger. It would not be able
to consume a wide variety of plants due to their protective neu-
rotoxins. However, the ability to temporarily down-regulate the
dopaminergic aversion produced by these plants (for example, via

GABAergic regulation) would allow a hungry animal to ‘manage’ its
hunger long enough to pursue other valuable, survival-enhancing
resources (such as the pursuit of a prospective mate) or possibly,
adapt to the situation at hand in order to ‘escape’ or satisfy its
hunger. This ability to ‘delay’ an aversive/stressful state - so as to
escape from/satiate it — would only be possible in animals capa-
ble of overcoming the natural aversiveness of plant compounds
such as nicotine. This ‘escape’ might result in the unintended con-
sequence of a strong reward-seeking drive that could promote
survival. Indeed, early consumption of psychotropics (e.g., the betel
nut plant, which was notregarded as a ‘drug’ per se by the populace)
helped indigenous populations to stave off aversive states such as
hunger in order to increase their chances of survival (Sullivan and
Hagen, 2002).

In our hypothetical model, dopamine first signals an aversive
state (Fig. 1, step 1). GABA neurons act as a negative reinforcement
signal by turning down the aversive dopaminergic ‘deprivation’
signal (Fig. 1, step 2). With the aversion (caused by a stressor of
some sort) temporarily lifted, the organism is free to deal with
the source of the aversive signal either immediately, or after some
period of time (Fig. 1, step 3). The ability to delay immediate
action would allow for the more careful deployment of a partic-
ular strategy, or the development and refinement of more complex
behaviors. Instead of needing to immediately ‘escape’ their predica-
ment, animals might be able to cope with their stress long enough
to formulate a plan to deal with it. Work by de Ridder et al. (2014)
suggests that people who are hungry may actually perform better
on a task where subjects have the option to select larger but delayed
rewards (the correct response) over smaller, immediate rewards.
Research also suggests that injections of benzodiazepines (which
are agonists at GABA receptors) in pigeons results in improved per-
formances on this same “delay discounting” task (Eppolito et al.,
2011). Conversely, drugs which increase dopaminergic signaling
can resultin the incorrect selection of the smaller, more immediate
reward (Roesch et al., 2007), although this effect is not always con-
sistent and likely depends on a variety of factors such as the assay,
animal strain, and drug dose (Huskinson and Anderson, 2012).

It is possible that extreme states of stress, such as severe food
deprivation, may encourage organisms to take more risks. Indeed,
food deprivation can result in increased drug-seeking behavior
(Carr, 2002), which itself has long been associated with impulsivity
and risk taking (Jentsch et al., 2014). While this risk taking can be
potentially beneficial, there is also the possibility that it will not be.
For example, drug use may facilitate a cycle of risky behavior that
is not necessarily survival-increasing. However, while an accumu-
lation of negative factors (e.g., low blood sugar, injuries, etc.) will
prevent the optimal performance of an organism, we propose that
a certain level of stress (e.g., non-debilitating hunger) may actu-
ally be beneficial, similar to the optimal arousal theory proposed
by Hebb (1955). This idea suggests that organisms perform best at
a certain level of arousal (not too much and not too little) and that
therefore, a certain level of stress and risk taking may be a good
thing.

According to our hypothesis, the intersection of how a GABAer-
gic system came to modulate an aversive dopaminergic signaling
system is a key event explaining why aversive plant compounds
also are found to be rewarding by other organisms. Therefore, the
evolution of this GABAergic signal is of great interest. GABA plays
an important signaling role in the neural systems of many orga-
nisms including insects (Anthony et al., 1993; Busto et al., 2010;
Sattelle et al., 1991), turtles (Chen and Chesler, 1991) and chickens
(Jonaidi and Noori, 2012). In experiments using fruit flies, where
odors were paired with electric shocks, it was suggested that dopa-
minergic signaling is responsible for relaying information regarding
negative cues to the fly’'s mushroom body neurons (Davis, 2005),
although it is possible that dopamine is simply transmitting a
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general signal of aversive learning. Both this aversive olfactory
learning (mediated by dopamine neurotransmission), as well as
appetitive olfactory learning (mediated by octopamine neuro-
transmission), are modulated by GABAergic inputs (Busto et al.,
2010). Conversely, dopamine and GABA play opposing roles in
promoting and inhibiting fruit fly mating behavior (Crickmore
and Vosshall, 2013), and GABA has been reported to modulate
dopamine-dependent locomotor feeding in aplysia, a commonly-
used model organism better known as a sea slug (Diaz-Rios and
Miller, 2005). The existence of GABA modulatory systems in less
complex organisms - prior to an established role for dopamine
in appetitive behaviors (octopamine generally occupies this role
in insects) (Perry and Barron, 2013) - suggests that this system
may have been in place prior to the development of a dopamine-
dependent ‘reward’ system.

It has been difficult to fully parse out the evolutionary role of
GABA within the context of this theory. GABA appears to have
been an integral component of multiple species’ motivational sys-
tems for a long time, although the source of the GABAergic input
to dopamine cells (e.g., VTA, RMTg, etc.) may differ. What is clear,
however, is that distinct GABAergic systems exist in many species
and that this modulatory system exerts a crucial level of control
over dopaminergic signaling, allowing for approach behavior via
negative reinforcement (Fig. 1, step 2).

4.3. Dopamine signaling and reward

In addition to its role in movement and aversion, dopamine
signaling also provides reward-relevant information in mam-
mals and other organisms. Even today, the precise nature of
this information is still under some debate. As discussed previ-
ously, dopamine signaling has been reported to mediate incentive
salience (Robinson and Berridge, 1993) and the prediction of both
rewarding and aversive events (Matsumoto and Hikosaka, 2009;
Schultz, 1998), as well as a number of other reward-related pro-
cesses (Wise, 2004). In turn, this dopaminergic signaling is subject
to a variety of cellular controls.

GABA inhibition of VTA dopamine neurons attenuates sucrose
and ethanol seeking (Eiler and June, 2007; van Zessen et al., 2012),
and increases in RMTg GABA neuron activity have been observed in
response to some aversive stimuli, resulting in decreased midbrain
dopaminergic activity (conversely, decreases in RMTg activity have
been observed in response to reward-predictive stimuli) (Barrot
et al,, 2013; Jhou et al.,, 2009). VTA glutamate cells also likely play
a part in this modulatory system as, in addition to making local
connections with VTA dopamine neurons, RMTg GABA neurons are
themselves modified by glutamatergic inputs from the lateral habe-
nula (Balcita-Pedicino et al., 2010; Dobi et al., 2010; Omelchenko
and Sesack, 2007; Yamaguchi et al., 2007), an area of the brain
located near the thalamus and implicated in the motivational con-
trol of behavior (Hikosaka et al., 2008).

The interplay between glutamate and dopamine may be a key
component of motivated behavior. Indeed, work by Kalivas and col-
leagues suggests that glutamate may play a fundamental role in the
process of drug addiction (Kalivas, 2009). According to the Gluta-
mate Homeostasis Hypothesis of addiction, while dopamine still
acts as the primary signaling mechanism of reward information,
addiction itself is thought to be the product of “aberrant response
inhibition”: a failure to make the ‘right’ decision and cease the
maladaptive cycle of drug-seeking and drug-taking. Neuroimaging
studies support the idea of dysregulation in the brain of drug users
(Goldstein and Volkow, 2002). According to proponents of the glu-
tamate hypothesis, this dysregulation is thought to be the result of
a glutamate imbalance in drug-dependent subjects (Kalivas, 2009;
Kalivas et al., 2009). A number of studies support the idea that
glutamatergic signaling is necessary for the development of drug

dependence (Harris and Aston-Jones, 2003; McFarland et al., 2003;
Melendez et al., 2005; Schenk et al., 1993) and one line of suppor-
ting evidence comes from work demonstrating that pretreatment
with a glutamate receptor antagonist inhibits the locomotor sen-
sitization to amphetamine and cocaine that normally accompanies
their usage (Kalivas and Alesdatter, 1993; Karler et al., 1989). It is
clear that the area of dopamine-dependent reward is a complex
one that is subject to a great degree of control.

Complementing this mammalian dopamine-dependent reward
system, further evidence suggests the concurrent existence of a
dopamine-independent reward system. Strong evidence in sup-
port of this comes (in part) from studies utilizing the associative
paradigm known as place conditioning, where the approach to
drug-paired environments is taken as an index of the conditioned
rewarding properties of a stimulus (as well as an indirect mea-
sure of primary reward) (Tzschentke, 2007). In dopamine knockout
mice, a lack of dopamine did not impair their learning, memory
recall, or demonstration of a morphine place preference, sug-
gesting that dopamine is not always critical for these processes
(although these mice showed locomotor and morphine analgesia
abnormalities) (Hnasko et al., 2005). As these mice are clearly capa-
ble of demonstrating drug-seeking behavior, it suggests that while
dopamine certainly plays a critical role in some forms of reward
processing, alternative ‘reward systems’ must also exist.

One example of this is the brainstem structure known as the
TPP. Using a place conditioning assay, it was demonstrated that
the TPP was required for either well-fed or drug-naive animals
to demonstrate food or morphine place preferences, respectively
(Bechara and van der Kooy, 1992; Olmstead et al., 1998). The TPP
is anatomically connected with a large number of brain regions
important for various functions such as movement, arousal, and
motivation (Steckler et al., 1994) and is located at the caudal end
of the medial forebrain bundle, a set of axons linked to reward
processing (Hernandez et al., 2006). It contains a number of neuro-
transmitters including GABA, glutamate, and acetylcholine (Bevan
and Bolam, 1995; Ford et al., 1995), but it is unclear which of these
(if any) are important for reward. While there is limited informa-
tion on the comparative anatomy of the TPP between species, it has
been suggested that in most complex organisms (e.g., cats, rats,
non-human primates, humans), it functions in a similar manner
(Alam et al., 2011). In summary, while dopamine clearly plays an
important role in reward processing, other dopamine-independent
mechanisms also exist and occupy key roles in the process of moti-
vation (Fig. 1, step 3).

4.4. Drug deprivation and dopamine

Changes in an organism’s surroundings can have a profound
impact on their own internal biology. This idea is summed up in
the Opponent Process theory of motivation (Solomon and Corbit,
1974) which states that for every change to an organism'’s status
quo - for example, feeling pain - there is an opposing process
that works to counteract this change: in this case, a physiological
response (release of natural endorphins) geared toward counter-
acting this painful experience. This idea was later expanded upon
by others, who suggested that all organisms have a ‘homeostatic
balance point’ (Koob and Le Moal, 2005, 2001). In particular, this
viewpoint was adopted to explain the problem of drug abuse: of
how an initially rewarding substance gradually became less and
less pleasurable, to the extent of inducing a state of deprivation
and withdrawal (Koob and Le Moal, 2001, 2008). This withdrawal,
in turn, motivated further drug-seeking behavior, producing a cycle
of negative reinforcement. This updated version of the Opponent
Process theory is known as the Allostasis model (George etal.,2012;
Koob and Le Moal, 2001) and incorporates the general idea that
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previous drug experience can have a considerable influence on the
effects of subsequent drug exposure (LeBlanc and Cappell, 1974).

Our proposed model shares many similarities with that of Koob
and Le Moal (2005, 2001). For example, the ability of complex
organisms to inhibit an aversive signal (perhaps via GABAergic
modulation of dopamine signaling) may feed into the process of
addiction by disabling the natural ‘opponent process’ response.
Instead of being able to delay the pursuit of such basic necessities
as food, drug users may instead end up foregoing its pursuit alto-
gether and completely substituting drug-seeking behavior instead
- to the detriment of their own health.

However, our theory differs from the Opponent Process theory
in a few key ways. For one, we suggest that dopamine is responsi-
ble for signaling the aversive properties of stimuli, a novel idea in
the context of Opponent Process theory. Furthermore, our model
goes on to postulate that the blockade of this aversive state in
turn leads to approach behavior (‘reward’) - in other words, the
‘opponent’ process itself. Additionally, our model incorporates a
role for dopamine-independent reward mechanisms, such as those
mediated by the TPP.

Like the allostasis model, we suggest that the degree of an organ-
ism’s prior drug exposure can determine the mechanisms which
control drug reward (Bechara and van der Kooy, 1992). Chronic
drug use can lead to a ‘drug-deprived’ state characterized experi-
mentally by withdrawal symptoms and/or the avoidance of places
associated with withdrawal. The alleviation of these withdrawal
symptoms by further drug intake is an example of negative rein-
forcement (Fig. 1, step 2). When animals are in a non-deprived,
drug-naive (or food-stated) state, morphine, nicotine, and food
place preferences are blocked by excitotoxic lesions of the TPP
(Bechara and van der Kooy, 1992; Laviolette et al., 2002; Olmstead
etal., 1998), but not by dopamine receptor antagonists. These place
preferences are thought to be motivated by the inherent reward-
ing properties of the stimuli themselves (Bechara and van der Kooy,
1992). Conversely, in animals who have experienced chronic mor-
phine or nicotine exposure (or are in a state of food deprivation),
lesions of the TPP have no effect on these place preferences; instead,
disruption of dopaminergic signaling is able to completely atten-
uate them. These place preferences are thought to be due to the
alleviation of a withdrawal state because the animals avoid the
withdrawal-paired environment much more strongly than they
approach the drug-paired environment (Bechara and van der Kooy,
1992). These experiments double-dissociate the mechanisms crit-
ical for reward when animals are in non-deprived and deprived
states.

The idea that an organism’s ‘motivational state’ can determine
the part of the brain important for reward-seeking behavior can
be used to resolve the paradox of drug reward. While more com-
plex organisms may normally avoid a neurotoxin-producing plant
- finding it aversive when in the non-deprived state - they may
choose to consume it when in a deprived, highly stressed state,
such as a state of withdrawal (Koob, 2008; Koob and Le Moal, 2001).
In essence, this search for more risky rewards (and risk-taking in
general) is a consequence of stressful conditions (such as starva-
tion) in the first place. This risky reward-seeking behavior may
confer survival benefits to the organism and lead to future sce-
narios where risk-taking is more acceptable. In other words, the
removal of ‘risk inhibition’ (aversion) may produce a strong desire
for future reward-seeking behavior.

Under this model, there might be insufficient selective pressure
on plants to become more toxic since their toxins actually would
work for much of the time. Conversely, there might be insuffi-
cient pressure on animals to evolve counter-adaptations since, once
satiated, they would no longer wish to consume these plants. The
ability to pursue a potential benefit (e.g., nutrients critical for sur-
vival) by temporarily ‘overriding’ its toxic downside can be viewed

as an adaptive mechanism of sorts (Hagen et al., 2009), albeit one
that may come with drawbacks should an organism fail to recog-
nize that it cannot put off essential needs (e.g., seeking out food)
indefinitely.

Furthermore, even though a plant neurotoxin specifically target-
ing dopamine neurons in the VTA might be effective, it is difficult
to imagine that such a specific toxin would evolve without also
having a similar effect at the modulatory GABA neurons. For exam-
ple, nicotine receptors are found on both VTA GABA and dopamine
neurons and therefore, nicotine might be less effective as a deter-
rent since it might act on both cell types to produce opposing
results (Fig. 1, step 3). Both direct activation of dopamine neurons,
as well as indirect activation (caused by binding to presynaptic
nicotine receptors which would increase excitatory input onto
dopamine cells) would result in increased dopaminergic activity
whereas direct activation of GABA neurons would reduce dopa-
minergic activity (although this may lead to desensitization of the
nicotinic receptors on GABA cells and a resulting rebound excita-
tion of dopamine cells) (Laviolette and van der Kooy, 2004; Yin and
French, 2000).

Similar to the Opponent Process Theory, our model suggests
that the drug history of an organism appears to be a crucial factor
governing the brain mechanisms responsible for drug motivation.
These changes in brain mechanisms may be useful in helping to
explain the paradox of drug reward.

5. Conclusion

Toxic plant compounds prevent plant consumption and yet
also instigate reward-seeking behavior in predators. This is known
as the paradox of drug reward (Hagen et al., 2009). Here, we
propose a potential resolution to this paradox. We suggest that
originally, dopamine was most critical for movement, locomotion,
and mediating escape. However, over time, dopamine came to
be associated with aversion (Giurfa, 2006; Riemensperger et al.,
2005; Schwaerzel et al., 2003). We argue that neurotoxic plant
compounds originally did induce a state of aversion in predatory
organisms, as mediated by dopaminergic signaling (Fig. 1, step
1). However, mutational changes allowed for the evolution of a
GABAergic system that could inhibit this dopaminergic signal and
allow predators to circumvent this aversive state. This ability to
cope with stressful circumstances such as hunger - in order to pur-
sue other resources or seek out better solutions to the problem of
hunger itself - provided organisms with a selective advantage. Due
to the suppression of these negative conditions (but not an actual
change in the toxicity of neurotoxic plants themselves), we suggest
that organisms increased their approach behavior toward various
resources of interest, via the process of negative reinforcement
(Fig. 1, step 2). The inhibition of dopaminergic signaling enabled
organisms to ingest otherwise toxic and harmful plants for the pur-
pose of survival. The further evolution of dopaminergic signaling
led to its own ability to instigate reward seeking. Additionally,
non-dopamine-dependent mechanisms of reward seeking (such

Table 1
Remaining questions.

e How does the timing of dopamine release affect reward and aversion? What
precise role does learning and memory play in this process?

o What role do other (and more recently evolved) structures such as the
prefrontal cortex play in reward and aversion?

e Why do many mammals (which have very similar reward/aversion
neurobiology) avoid noxious plant species in the wild, whereas humans
cultivate and consume them? How has human culture shaped the
consumption of plant neurotoxins?

o Why are some psychoactive plant neurotoxins addictive (nicotine) whereas
others are not (psilocybin), despite the fact that they are both consumed
recreationally?
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Table 2
Plant neurotoxins.
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Plant

Psychoactive compound

Neuronal target

Human consumption

Primary herbivores

Coca (Erythroxylum coca)

Tobacco (Nicotiana tabacum)

Opium poppy (Papaver somniferum)

Cannabis (Cannabis sativa)

Cocaine

Nicotine

Opiates (ex. Morphine,
Heroin)

Tetrahydrocannabinol

Dopamine reuptake
inhibitor

Agonist of nicotinic
acetylcholine receptors

Agonist at (primarily )
opioid receptors

Agonist at cannabinoid
receptors

Chewed by South American
indigenous peoples for over
1000 years

Used in the Americas in
conjunction with religious
ceremonies prior to the arrival
of Europeans

First grown in western
Mediterranean probably for
food. Cultivated by Sumerians
3400 BCE for euphoric effects
Ancient spiritual use dates
back to 2200 BCE around what

Cutie ant; Ulo butterfly larva;
Mounga (burrowing insect)

Aphids; Tobacco budworm;
Tobacco hornworm; Stinkbug;
Vegetable Weevil;
Whitefringed beetle

Root Weevil; Aphids; Thrips;
Sawfly; Head gall fly; Capsule
weevil; Capsule borer

Aphids; Whiteflies;
Leafhoppers; Mealybugs

is now Afghanistan and
Pakistan and in Indian culture
as far back as 3000 BCE

as those dependent upon the TPP) also developed (Fig. 1, step 3).
This allowed organisms to demonstrate approach behavior without
having to first experience aversive states of withdrawal.

As there are now many diverse processes which require dopami-
nergic signaling - e.g., learning, memory, locomotion, reward, and
aversion - this suggests that the dopaminergic system has indeed
undergone considerable evolutionary change over the years. That
said, it is unclear exactly when the transition from an ‘aversive’
dopaminergic system, to one concerned with (among other things)
reward, occurred. It is possible that this change was already begin-
ning to take place sometime before invertebrate and vertebrate
organisms ‘branched off from one another, as both show evi-
dence of dopamine-dependent aversive and appetitive behaviors
(Waddell, 2013). However, further research into this question will
be required in order to make a definitive statement.

Despite these gaps in our knowledge and a number of other
questions (Table 1), this hypothesis provides an evolutionary expla-
nation for the paradox of reward. We suggest that the consumption
of neurotoxin-producing plants occurs primarily in situations when
an animal is in a stressful, deprived state, where it is forced to
prioritize survival. This hypothesis also explains why no counter-
adaptation has arisen: the plant toxins do work initially, before
animals become ‘tolerant’ to their effects via GABAergic modula-
tion and the aversiveness of the toxin is lessened. Additionally, the
more recent evolution of a TPP-dependent reward system might
provide sufficient ‘evolutionary novelty’ to help further explain the
paradox of drug reward.

While hypotheses about the evolutionary history of any trait
are difficult to test experimentally, modern organisms of poten-
tially evolutionarily ancient origin can be used to support these
suggestions. For example, the fact that simple organisms such as
C. elegans and D. melanogaster show evidence of an early role of
dopamine in aversion is supportive of these ideas (Dexter et al.,
2012; Riemensperger et al., 2005; Van Swinderen and Andretic,
2011). Furthermore, one might take the example of herbivorous
insects that feed on plants commonly known to produce neurotox-
ins (Table 2). For example, the tobacco hornworm appears to be
affected by high nicotine levels in tobacco plants; therefore, exper-
iments involving the blockade of dopamine in these animals may
help to refute or support our suggestions. Similarly, expanding on
the alga research concerning dopamine’s role as an aversive signal
mentioned previously might help to test this model (Van Alstyne
et al., 2006).

While we cannot necessarily refute other hypotheses
attempting to explain the paradox of drug reward, our model
compliments the idea that plant neurotoxins may be consumed
because this can lead to rewarding consequences. These may
include improved parasitic defenses or perhaps, the idea that

neurotoxic plants still have nutritive value that can make their
consumption worthwhile (at least in certain circumstances). Fur-
thermore, this model might be of particular interest to the study
of addiction as it suggests that a focus on dopamine-dependent
reward mechanisms may not be enough to fully understand and
treat this disease. Drug-seeking behavior may be dependent on
a number of other factors, including withdrawal-induced nega-
tive reinforcement and dopamine-independent mechanisms of
reward. Therefore, the study of other important systems (such as
GABAergic and glutamatergic regulation of dopamine signaling)
may be of particular importance.

It would appear, then, that the ongoing evolution of plants and
the animals that consume them is far from over. While it remains
unclear when (evolutionarily speaking) organisms began to find
these plant toxins rewarding, the fact that many plants with direct
psychoactive effects are now cultivated by humans all over the
world might instead suggest the current establishment of a new
equilibrium.
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