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Abstract
Background—As knowledge deepens about how new neurons are born, differentiate, and wire
into the adult mammalian brain, growing evidence depicts hippocampal neurogenesis as a special
form of neuroplasticity that may be impaired across psychiatric disorders. This review provides an
integrated-evidence based framework describing a neurogenic basis for addictions and addiction
vulnerability in mental illness.

Methods—Basic studies conducted over the last decade examining the effects of addictive drugs
on adult neurogenesis and the impact of neurogenic activity on addictive behavior were compiled
and integrated with relevant neurocomputational and human studies.

Results—While suppression of hippocampal neurogenic proliferation appears to be a universal
property of addictive drugs, the pathophysiology of addictions involves neuroadaptative processes
within frontal-cortical-striatal motivation circuits that the neurogenic hippocampus regulates via
direct projections. States of suppressed neurogenic activity may simultaneously underlie
psychiatric and cognitive symptoms, but also confer or signify hippocampal dysfunction that
heightens addiction vulnerability in mental illness as a basis for dual diagnosis disorders.

Conclusions—Research on pharmacological, behavioral and experiential strategies that enhance
adaptive regulation of hippocampal neurogenesis holds potential in advancing preventative and
integrative treatment strategies for addictions and dual diagnosis disorders.
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1. INTRODUCTION
First glimpsed as a dogma defying phenomenon 50 years ago (Altman, 1963), the birth of
neurons in the adult mammalian brain is now widely accepted as an ordinary process with
extraordinary implications (Eriksson et al., 1998; Kozorovitskiy and Gould, 2004). In
describing what may be nature’s version of neural stem cell therapy, research on the
generation and integration of new neurons in the adult hippocampus, a key structure
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implicated in most major mental disorders, provides a view of brain remodeling that many
psychiatric patients may need to get better (Eisch et al., 2008).

Converging lines of evidence are now providing an increasingly clear picture implicating
adult hippocampal neurogenesis in the pathophysiology of drug addiction, magnifying the
public health relevance of this phenomena since substance disorders collectively represent
the greatest cause of premature illness and death in the U.S. (Mokdad et al., 2004; Olive,
2011). This review integrates translational research outlining adult hippocampal
neurogenesis in disease mechanisms of addiction and its comorbidity in mental illness.
Starting with a brief summary of hippocampal neurogenesis and its putative role in
psychiatric disorders based on several comprehensive reviews (Balu and Lucki, 2009; Eisch
et al., 2008; Lledo et al., 2006; Ming and Song, 2005), we consider newer evidence
supporting the following inter-related hypotheses: 1) addictive drugs suppress hippocampal
neurogenesis; 2) low states of hippocampal neurogenesis heighten addiction vulnerability
and/or severity; and 3) augmentation of neurogenic activity is an important therapeutic
strategy for addictions and dual diagnosis disorders. Finally, we conclude with an
exploration of key research implications and knowledge gaps that warrant further
investigation for advancing addictions and integrated dual diagnosis treatment.

2. FUNDAMENTALS OF ADULT NEUROGENESIS
Neurogenesis is a process that encompasses the generation and development of individual
neurons, and the re-population and structural revision of neural networks as a special form
of neuroplasticity (Ming and Song, 2005; Schmidt-Hieber et al., 2004). As demonstrated in
neural network modeling, neurogenesis works in conjunction with, and boosts
‘conventional’ synaptic plasticity, the basic mechanism of learning and memory, to provide
a more efficient and reliable method for storing new data (Chambers et al., 2004; Luu et al.,
2012). Neurogenesis begins with proliferation, the multiplication of stem cells, followed by
differentiation and maturation weeks later, in which glial vs. neuronal phenotypic destinies
are programed and fulfilled. Although new astroglial cells continue to divide throughout the
adult mammalian brain, in only two structures, the subventricular zone (which supplies cells
to the olfactory system), and the dentate gyrus (DG) of the hippocampus, do large quantities
of cells become neurons (Ming and Song, 2005). In the young adult rat hippocampus, on the
order of 103 nascent neurons are generated daily from stem cells, adding to 104 immature
neurons that migrate into position within the DG granule cell layer which hosts a mature
population of about 106 (Amrein et al., 2011; Lledo et al., 2006). There, young neurons
‘wire in’ by growing axo-dendritic connections with adjacent hippocampal compartments
(Figure 1), acquiring physiological and neuroplastic properties of mature DG neurons (Lledo
et al., 2006). At any developmental stage, neurogenic neurons could also die (Dayer et al.,
2003). Because their information processing and neuroplastic capabilities are dependent on
maturational stage (Schmidt-Hieber et al., 2004), their survival is of interest in
understanding how they impact overall network function and cognition.

3. NEUROGENESIS IMPLICATED IN MENTAL ILLNESS AND DUAL
DIAGNOSIS DISORDERS

Animal and human studies implicate abnormal or maladaptive hippocampal neurogenic
activity in the pathogenesis of a range of psychiatric disorders, particularly those associated
with hippocampal dysfunction and abnormal psychosocial stress responses (Eisch et al.,
2008). These disorders, including schizophrenia, post-traumatic stress disorder (PTSD),
major depression and cluster B personality syndromes are highly comorbid with substance
use disorders (Kessler, 2004). Similarly, in the general population, mild forms of cognitive
dysfunction occurring in combination with impulsive-anxious personality traits are
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endophenotypic markers of addiction vulnerability (Ersche et al., 2012). This section
presents cellular, neuroimaging and cognitive evidence linking neurogenesis with the
pathogenesis of mental illnesses that frequently present as dual diagnosis disorders.

Impaired hippocampal neurogenesis has been discovered and replicated across animal
models of mental illnesses spanning schizophrenia, PTSD, depression and personality
disorder syndromes, even after the face, construct and predictive validities of these models
had already been established (Table 1; Borcel et al., 2008; Buwalda et al., 2010; DeCarolis
and Eisch, 2010; Duan et al., 2007; Garza et al., 2012; Heine et al., 2004; Hulshof et al.,
2011; Ibi et al., 2008; Jayatissa et al., 2006; Kempermann et al., 2002; Kikusui et al., 2009;
Lagace et al., 2010; Lieberwirth et al., 2012; Liu et al., 2006, 2008; Maeda et al., 2007;
Mirescu et al., 2004; Pieper et al., 2005; Rizzi et al., 2007; Stranahan et al., 2006). As is
thought to be the case for the human disorders, these models are heterogeneous in
phenotypes and construct etiologies, but share common themes of deranged neuroplasticity
or neural network integrity especially involving the hippocampus (Kempermann et al.,
2008). Indeed, adult hippocampal neurogenesis is regulated by a host of cellular processes,
genetic determinants, and neurochemcial stimuli known to modulate development and
morphology of neurons and the course of mental illnesses (Balu and Lucki, 2009; DeCarolis
and Eisch, 2010, 2008).

Surges or sustained high levels of corticosteroids are biological correlates of major
psychosocial distress and environmental change that can provoke symptom onset or
destabilization across a wide range of psychiatric syndromes. Corticosteroid surges produce
atrophic connectivity among neurons throughout the neocortex and hippocampus, and in the
hippocampus they can kill neurons and suppress DG neurogenesis (Gould et al., 2000;
McEwen, 2007). Subsequently, analogous with the regenerative capacity of a mowed lawn
to regrow, neurogenic activity in the DG is renewed upon waning of corticosteroid surges
(Cameron and Gould, 1994; Gould et al., 1997). Generally, many neural insults, whether
neurochemical, electrical or mechanical, delivered to brain regions connected with, or
intrinsic to the DG, are initially destructive but secondarily provocative of neurogenesis
(Gould et al., 2000; Lledo et al., 2006). More relevant to recovery from stress-sensitive
psychiatric disorders involving cognitive dysfunction, hippocampal neurogenesis is up-
regulated by antidepressants (Boldrini et al., 2009; Malberg et al., 2000), lithium (Chen et
al., 2000), electroconvulsive therapy (Scott et al., 2000), environmental enrichment
(Kempermann et al., 1997) and exercise (Kerr and Swain, 2011).

Neuroimaging has consistently characterized hippocampal atrophy across schizophrenia,
post-traumatic stress disorder, major depression and cluster B personality syndromes,
potentially reflecting declines in neurogenesis and closely related neuroplastic and
information bearing elements (e.g., axodendritic connectivity and neuropil; Bremner et al.,
1997; Csernansky et al., 2002; Schmahl and Bremner, 2006 ; Sheline et al., 1996; Teicher et
al., 2012). Accordingly, human postmortem studies are beginning to describe decreases in
markers of hippocampal neurogenesis in schizophrenia and depressive disorders (Lucassen
et al., 2010; Reif et al., 2006). Corresponding to these subtle biomarkers, mild cognitive
deficits consistent with hippocampal dysfunction in short and long-term memory storage,
contextual-spatial memory, and episodic memory retrieval pervade these disorders (Small et
al., 2011).

Current imaging technologies have yet to explore relationships between neurogenesis and
cognition in humans while the development of specific biomarkers and imaging ligands that
can robustly quantify neurogenic neurons is still in its early stages (Manganas et al., 2007).
However, animal studies examining individual differences or experimentally-induced
neurogenesis deficits have characterized alterations in hippocampal-dependent cognition
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like that in mental illness (Eisch et al., 2008). This body of evidence is somewhat mixed,
suggesting the functional subtlety of hippocampal neurogenesis. The balance of data
suggests that decrements in neurogenesis impacts some, but is not catastrophic to most
domains of hippocampal learning and memory (Becker et al., 2009). Thus, the role of
neurogenic activity may be more about optimizing hippocampal function for certain styles
of learning and memory retrieval, than it is simply about turning the hippocampus on or off,
or the brain ‘happy’ vs. ‘depressed’ (Chambers and Conroy, 2007; Petrik et al., 2012).
Although low levels of neurogenesis do not guarantee the presence of, or by any means
represent the sole cause of a given mental illness, neurogenesis seems helpful to behavioral
adaptation (Petrik et al., 2012). Animal and neurocomputational studies suggest that
neurogenic proliferation, cell survival and death work in concurrent or alternate phases, to
create a dynamic modulation of DG neuronal populations over time, changing the style and
optimal learning attributes of hippocampal networks according to evolving environmental
challenges (Chambers and Conroy, 2007; Glasper et al., 2012). In turn, one or more
parameters of neurogenic activity may show abnormal or impaired regulation in response to
environmental challenges, potentially playing some role in determining differential
subtyping of psychiatric disorders.

In sum, investigating how neurogenesis is involved in drug addiction, makes sense given
that neurogenesis is implicated across psychiatric disorders with elevated substance disorder
vulnerability (Kessler, 2004). Neurobiologically, major forms of mental illnesses and
addiction vulnerability are intimately inter-related, and in some aspects inseparable disease
processes (Chambers et al., 2007, 2001). Clinically, mental disorders and addictions often
unfold as intertwined, chronic conditions punctuated by episodes of symptom worsening
(binging/relapse) and resolution (recovery; O’Brien et al., 2004). Exacerbations of these
dual diagnoses are associated with novel or destabilizing social/environmental contexts,
accompanying psychological stress, struggles to adapt, and re-exposure to addictive drugs
(Sinha, 2008). So, although a large heterogeneity of dual diagnosis conditions exist as
defined by differential combinations of mental illnesses and addictions, this heterogeneity
shares common clinical-pathological themes (e.g., stress and novelty sensitivity, cognitive
dysfunction), and anatomical pathways rooted in hippocampal dysfunction. As reviewed
next, new findings position neurogenesis at the heart of an integrative anatomy of dual
diagnosis, in which a bidirectional relationship between hippocampal neurogenic activity
and the effects of reinforcing drugs may underpin the balance of disease worsening vs.
recovery in addiction and dual diagnosis disorders.

4. ADDICTIVE DRUG SUPPRESSION OF NEUROGENESIS
4.1 Suppression of neurogenic proliferation transcends addictive drug types

All of the major addictive drugs exert at least part of their reinforcing actions through a
common pathway involving dopamine (DA) release via projections from the ventral
tegmental area (VTA) into the Nucleus Accumbens (NAC) (used here as synonymous with
the ventral striatum, Figure 1; Di Chiara and Imperato, 1988; Wise, 1998). This parsimony
of action partly explains how nicotine, alcohol, opiates, cocaine, amphetamines, and
cannabis, although producing such diverse or opposing intoxication profiles, can all lead to
the same syndrome of addiction described by the same DSM criteria for substance
dependence (DSM-IV-TR, 2000).

Research conducted over the last decade has characterized another parsimonious theme in
addiction biology in parallel the DA story: addictive drugs also share a capacity to reduce
hippocampal neurogenic activity. At least 3 replications of decreased neurogenic
proliferation with nicotine, ethanol, opiates, cocaine, and amphetamines have been
demonstrated in rodents (Table 2; Abrous et al., 2002; Alen et al., 2010; Arguello et al.,
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2009, 2008; Barr et al., 2010; Cho et al., 2007; Crews et al., 2006; Dominguez-Escriba et al.,
2006; Eisch et al., 2000; Fischer et al., 2008; Garcia-Fuster et al., 2010; He et al., 2005;
Hernandez-Rabaza et al., 2010; Herrera et al., 2003; Jiang et al., 2005; Kahn et al., 2005;
Kochman et al., 2006; Lagace et al., 2006; Mackowiak et al., 2007; Mandyam et al., 2008;
Mao and Wang, 2001; Mudo et al., 2007; Nixon and Crews, 2002, 2004; Nixon et al., 2008;
Noonan et al., 2008; Recinto et al., 2011; Scerri et al., 2006; Shingo and Kito, 2005;
Teuchert-Noodt et al., 2000; Yamaguchi et al., 2004, 2005), with additional replications
emerging in primates (Taffe et al., 2010). Notably, these findings are overall quite similar to
the effects of mental illness models on hippocampal neurogenic proliferation (Table 1),
which may help explain how addictive drug use typically worsens rather than improves
psychiatric syndromes, lending support to arguments that dual diagnosis disorders represent
disease synergies rather than reflecting “self-medicating” efficacies of addictive drugs
(Chambers, 2009, 2001).

Just as there is variation in how different addictive drugs produce their DA-releasing effects
(Di Chiara and Imperato, 1988; Wise, 1998), there is heterogeneity in how they impact
neurogenesis. Across addictive drugs, down regulation of proliferation is most consistently
observed, with more varied effects on neuronal differentiation, survival and death (Table 2).
With certain brain insults, some addictive drugs known to suppress proliferation, may
prevent injury or death, illustrating that a drug’s effects on neurogenesis do not necessarily
reflects its effects on health or survival of mature neurons (Zhuang et al., 2005; Zohar et al.,
2006). In general, while the severity of a drug’s anti-proliferative effects are dependent on
the chronicity and magnitude of dosing, different addictive drugs likely follow different dose
functions on proliferation (Abrous et al., 2002; Fischer et al., 2008; Mandyam et al., 2008;
Shingo and Kito, 2005; Yamaguchi et al., 2004).

Whereas the acute DA-releasing activity of addictive drugs encodes a reinforcement signal
and facilitates other neuroplastic changes thought to lead to, or maintain addiction (Kalivas
and O’Brien, 2008; Kalivas and Volkow, 2005), the suppression of neurogenic activity by
addictive drugs may be a biomarker of one form of neuroplastic change underlying the early
stages of addiction. In contrast to their acute DA releasing activities, which do not
necessarily change with repeated dosing, or require an addicted phenotype, the neurogenic
effects of addictive drugs predominantly require chronic dosing, as with a behaviorally
sensitized or addicted phenotype. Moreover, combinations of addictive drugs appear to
produce greater effects in altering neurogenic activity than what single drugs produce (Alen
et al., 2010; Hernandez-Rabaza et al., 2010), suggesting that neurogenic suppression could
play a role in cross-sensitization and greater severity of addictive syndromes with poly-
substance dependence (Anthony and Petronis, 1995). There also appears to be a consistent
effect across drugs including alcohol, cocaine, methamphetamine, and opioids, where
cessation of use, as a prerequisite for recovery, permits rebounding of neurogenic activity
(Crews and Nixon, 2009; Kahn et al., 2005; Liu et al., 2006; Nixon and Crews, 2004;
Noonan et al., 2008; Recinto et al., 2011).

4.2 Mechanisms of neurogenic effects of addictive drugs
Although it is now clear, after multiple replications spanning drug classes, that addictive
drugs generally suppress neurogenic proliferation, we do not yet completely understand how
they do this, and whether they do it via similar or distinct mechanisms. While the
hypothalamic-pituitary-adrenal (HPA) system is a key regulator of neurogenesis, and some
addictive substances can directly influence corticosteroid levels, addictive drugs do not
generally exert their anti-neurogenic effects via the HPA axis (Eisch et al., 2000). This
implies that addictive drugs can exert their effects via non-HPA axis pathways while
interfering with the adaptive regulation of neurogenesis that corticosteroids provide in
healthy brains. Since addictive drugs produce anti-neurogenic effects in parallel to
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corticosteroid surges corresponding to stress, the idea that drug use ‘self-medicates’ the anti-
neurogenic effects of stress seems unlikely.

If not generally via the HPA, how do addictive drugs modulate neurogenesis? Another
attractive possibility is through their DA actions. DA neurons do innervate the hippocampus,
where DA receptors are present, and DA receptor blockade can increase hippocampal
proliferation (Dawirs et al., 1998). Also, DA agonists can inhibit neurogenesis of DA
neuronal precursors in the midbrain, although it is unclear if this is relevant for
glutamatergic DG neurons (Berg et al., 2011a). However, contrary to the idea that drug-
induced DA plays the only or leading role in neurogenic suppression, DA receptors are
much less abundant and functionally significant in the hippocampus compared to frontal
cortical-striatal circuits. Moreover, DA receptors are most dense not in the DG, but in the
non-neurogenic CA1 dendritic fields where they modulate neuroplasticity between CA1
neurons and projections from the Entorhinal cortex and CA3 (Otmakhova and Lisman,
1999). Given these findings, investigations looking beyond DA into cellular-signaling
mechanisms that are both altered by addictive drugs and influence neurogenesis, suggest that
many biological pathways are involved, some of which are shared across addictive drugs
and others not (Balu and Lucki, 2009). For example, certain addictive drugs can invoke or
exacerbate oxidative stress, mitochondrial dysfunction, cell death or cell cycling pathways
(Arguello et al., 2008; Cunha-Oliveira et al., 2008). Molecules involved in supporting or
hindering neurogenesis including brain-derived neurotrophic factor (BDNF), interleukin 1
beta or vascular endothelial growth factor (VEGF), could be influenced by some addictive
drugs but not others (Arguello et al., 2009). G-protein coupled receptor systems, which do
seem to be modulated across addictive drug types via cascades that may or may not rely on
DA, endogenous opioid or cannabinoid transmission, are especially promising mechanisms
involved in regulating cell turnover, growth and maturation (Sargeant et al., 2008).

5. LOW NEUROGENIC STATES AND ADDICTION VULNERABILITY
Having reviewed evidence that addictive drugs suppress neurogenesis, we now turn to
evidence suggesting a bi-directionality of causality in this association, i.e., that states of low
hippocampal neurogenic activity also increase addiction vulnerability. As previously
mentioned, psychiatric disorders considered most likely to involve abnormalities in
hippocampal neurogenesis, e.g., depression, PTSD, cluster B personality disorders and
schizophrenia (Eisch et al., 2008), characteristically also encompass substance disorder
comorbidity (Kessler, 2004). Although these disorders involve many different symptom
domains and etiological and developmental aspects, they do share at least 3 hippocampus-
related attributes: 1) disturbances in HPA regulation and stress reactivity; 2) hippocampal
atrophy, and 3) disturbances in hippocampal –dependent learning and memory. Ample data,
including large volumes of animal modeling studies (Table 1), suggest these attributes
represent an array of inter-related problems, all potentially associated with deficits in
hippocampal neurogenesis; extreme surges in corticosteroid levels can shrink dendritic
arbors or kill hippocampal neurons contributing to hippocampal volume loss (Bremner et al.,
1997; McEwen, 2007). In turn, loss of hippocampal network vitality not only impairs
learning and memory, but impairs hippocampal feedback regulation of HPA activity
(Herman et al., 1989). Similarly, suppression of neurogenic activity is linked with impaired
hippocampal-dependent cognition and network changes that underpin hippocampal atrophy
(Czeh and Lucassen, 2007), while also producing deficient regulation of the HPA axis
(Schloesser et al., 2009). How then might the other key attribute shared across dual
diagnosis disorders, addiction vulnerability, be linked to the other three hippocampal-related
parameters and neurogenesis?
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5.1 Experimental Suppression of neurogenesis increases addictive behavior
Groundbreaking experiments have demonstrated that artificial suppression of adult
hippocampal neurogenesis, occurring before drug exposure, directly increases cocaine self-
administration delivered either as fixed doses or escalating work-effort contingencies
(Noonan et al., 2010). This up-tick in addiction vulnerability is not accompanied by
alterations in non-specific locomotion or food reinforcement, suggesting specificity to drug-
learning. Similarly, neurogenic suppression occurring after animals acquire cocaine self-
administration makes them more resistant to extinguishing drug-seeking in the absence of
drug (Noonan et al., 2010). Importantly, the addiction-enhancing effects of suppressed
neurogenesis are not specific or limited to particular causes of neurogenic suppression. A
form of low frequency electrical stimulation that disables the hippocampus and suppresses
neurogenic proliferation, enhances cocaine-primed re-instatement of drug-seeking after
animals have previously been extinguished from drug-seeking behavior (Deschaux et al., in
press). Furthermore, the recovery from cocaine-induced neurogenic suppression associated
with extinction training is also blocked by the same low frequency stimulation.
Corroborating an inverse connection between neurogenesis vs. drug-motivated learning and
drug exposure, methamphetamine self-administration produces a cumulative dose effect on
decreasing hippocampal proliferation while increasing the effect of a future drug dose in
causing relapse to drug-seeking (Recinto et al., 2011). Notably, these methamphetamine
effects are accompanied by decreased spatial and working memory function, as a correlate
of deficient neurogenic activity. In yet more experiments, combined exposure to alcohol and
cannabinoid (CB1) agonists produce greater alcohol-seeking and neurogenic suppression,
than either alcohol or CB1 agonists alone (Alen et al., 2010).

Together, these studies demonstrate that suppression of hippocampal neurogenesis, whether
induced by prior drug history or other interventions, enhances drug reinforcement learning
while simultaneously impairing other aspects of hippocampal dependent learning and
memory. Hence, suppression of hippocampal neurogenesis by x-irradiation impairs
hippocampal dependent contextual memory, including fear conditioning (Wojtowicz, 2006),
but spares cocaine-conditioned place preference (Brown et al., 2010). These seemingly
contradictory trends, the impairment of one domain of learning with spared or augmented
learning in another, likely represent important clues about the role of the neurogenic
hippocampus in addiction and dual diagnosis. These clues inform the design of a
translational model incorporating basic neuroscience data considered next. This model
begins to explain how low states of hippocampal neurogenesis and mild cognitive
dysfunction, whether generated by underlying mental illness, prior addictive drug exposure,
or their combination, evokes a change in cortical-striatal circuit function that optimizes
learning associated with drug reinforcement at the expense of learning and maintaining more
adaptive natural-reward focused behaviors.

5.2 Neuroanatomy and mechanisms relating neurogenesis and addiction vulnerability
A wealth of human and animal data (see comprehensive reviews (Chambers et al., 2007;
Kalivas and Volkow, 2005) illuminate decision-making, motivational control and drug-
related motivational learning as key functions of prefrontal cortical–ventral striatal circuits
(Figure 1). In turn, these circuits and their motivational functions are modulated by the
status of the hippocampus (Chambers et al., 2005, 2001, 2010). At the focal point of this
anatomy, the NAC is the epicenter of information processing and memory that generates an
animal’s motivational–behavioral repertoire. Responsive to changing environmental
demands that require revisions of motivated behavior, synaptic connectivity within the NAC
network is subject to DA-facilitated neuroplasticity (Nestler, 2004; Volkow, 2004). As
waves of DA release induced by natural reinforcers or their cues permeate this structure, the
motivational repertoire is updated to optimally direct and sequence adaptive behaviors in
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face of environmental change (Chambers et al., 2007). But with drug-induced DA efflux, the
motivational repertoire is increasingly oriented to efficiently pursue and use drug (Self,
1998).

Hippocampal influence on NAC-based motivational learning is mediated via glutamate-
bearing axons projecting directly from the ventral hippocampus to NAC and prefrontal
cortical networks (O’Donnell and Grace, 1995; Pennartz et al., 1994). However, the
hippocampus does not project directly to VTA neurons responsible for DA release into the
NAC. With this architectural plan, hippocampal dysfunction does not catastrophically
disrupt the essential apparatus for motivational learning (i.e., striatal/mesolimbic DA
circuits). But, a state of active vs. impoverished hippocampal input to cortical-striatal
circuits nevertheless seems to determine which type of motivational learning the cortical-
striatal assembly is most able to support: learning associated with a) a rapidly changing
contextual map of complex, often subtle and temporally remote natural environmental
reinforcers vs. b) relatively simple and immediate drug reinforcers (Chambers, 2008, 2007).
Under these circumstances, both the history of drug-induced DA efflux into the NAC and
the concurrent record of functional interactions between the hippocampus and prefrontal
cortical-striatal circuits conspire to determine the course and severity of neuroadaptations
produced by addictive drug exposure (Chambers et al., 2010; Goto and Grace, 2005, 2008).

Neuroanatomical and functional data illustrative of the relationship between frontal cortical-
striatal circuits and the hippocampus have provided new insights into the neurobiological
origins of addiction vulnerability in mental illness (Chambers et al., 2001). Converging lines
of preclinical investigations conducted in the 1990’s predicted that perturbation of
hippocampal regions that project to the prefrontal cortex and NAC would produce a
complex neuropsychiatric syndrome with impaired hippocampal-mediated cognition with
enhancement of addictive drug-mediated behavioral learning (Chambers et al., 2001). In
testing this hypothesis, using the same psychostimulant drugs that would be used a decade
later for demonstrating the inverse relationship between hippocampal neurogenesis and
addiction vulnerability (Noonan et al., 2010; Recinto et al., 2011), adult rats with neonatal
ventral hippocampal lesions (NVHL) were shown to have both hippocampal-dependent
cognitive deficits analogous with that in depression, PTSD or schizophrenia (Chambers et
al., 1996), and increased addiction vulnerability to cocaine (Chambers and Self, 2002) and
methamphetamine (Brady et al., 2008). NVHLs were subsequently shown increase
consumption of alcohol solutions (Berg et al., 2011b) mirroring data where the cumulative
history of alcohol self-administration is inversely proportional to hippocampal neurogenic
activity (Alen et al., 2010).

NVHLs represent an approach that is more damaging and permanent for the hippocampus
and neurogenesis than other experimental interventions (x-irradiation, drugs) that impact
neurogenic activity. However, the status and functionality of neurogenic activity is
intimately linked with hippocampal anatomy beyond the neurogenic DG including non-
neurogenic cell populations and axodendritic elements of entorhinal cortex, CA3, CA1, and
subiculum. Stimuli that regulate neurogenic activity or cell death in the DG (e.g.,
corticosteroids, exercise, environmental enrichment, anti-depressant drugs) have extensive
effects throughout the hippocampus. Generally, factors that up-regulate neurogenesis tend to
bulk up the structural complexity of networks throughout the hippocampus, while those that
downgrade neurogenesis or kill neurons, tend to degrade them (Czeh and Lucassen, 2007).
With these observations in mind, it is useful to study the NVHL model and others, like
chronic-unpredictable stress, or human contexts such as early childhood maltreatment, that
encompass robust structural and functional changes throughout the hippocampus (Baram et
al., 2012; McEwen, 2007; Teicher et al., 2012), to understand what low states of neurogenic
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activity and related pathological states of hippocampal function may mean for pre-frontal
cortical-ventral striatal circuits where addiction pathology primarily occurs.

Both NVHLs and chronic unpredictable stress produce structural and functional changes in
prefrontal cortical-ventral striatal circuits that underlie a shift toward an addiction
vulnerability phenotype. Both interventions produce losses of prefrontal cortical axodendric
complexity and grey matter volume corresponding to increases in impulsive styles of
approach, or self-administration of rewards (Chambers et al., 2010; Dias-Ferreira et al.,
2009; McEwen, 2007; Tseng et al., 2009). In NVHL animals, these dynamics are reflected
in decreased volume and neural activation in the prefrontal cortex that corresponds
inversely, with amplification of the capacity of prior cocaine history to increase cocaine-
induced neural activation in the striatum and long-term behavioral sensitization (Chambers
et al., 2010). Similarly, in chronic-unpredictably stressed rats, prefrontal cortical neuronal
atrophy is matched inversely by overgrowth of neuronal dendritic trees in the striatum (Dias-
Ferreira et al., 2009). In an experimental approach that can be viewed as a hybrid of the
early developmental insult of NVHLs and adult stress models, perinatal rats subjected to
maternal deprivation (modeling childhood abuse/neglect as a key etiological dynamic in
human mood and personality disorders) show enhanced vulnerability to cocaine and alcohol
self-administration in adulthood (Huot et al., 2001; Matthews et al., 1999) and adult-age
decrements in hippocampal function, cognition, and neurogenic proliferation (Heim et al.,
2010; Mirescu et al., 2004). Taken together, these data suggest a thematic effect of
hippocampal impairment on prefrontal cortical-striatal circuitry that is fairly non-specific to
the scope or etiological ingredients of the hippocampal impairment. Differential forms of
hippocampal network failure (e.g., potentially spanning different forms of dual diagnosis
disorders in humans) appear to produce similar secondary effects on prefrontal cortical-
striatal network function underpinning impulsive behavior, augmentation of DA-mediated
striatal-based habit learning, and ultimately increased addiction vulnerability. For instance,
NVHL rats show low expression patterns of brain-derived neurotrophic factor (BDNF) in
hippocampal and cortical-striatal circuits (Ashe et al., 2002), indicative of low capacity for
neuroplastic change), while cocaine exposure increases BDNF expression in the NAC,
indicating pathological increases in neuroplasticity (Graham et al., 2007). Given that
addictive drugs also augment dendritic complexity in striatal regions associated with habit
formation (Robinson and Kolb, 2004), a state of low hippocampal functionally, often
encompassing suppressed neurogenic activity, may prime conditions where the neuroplastic
effects of addictive drugs more efficiently recruit striatal circuits leading to the habit
formation of drug-seeking and taking.

6. TOWARD A NEUROGENIC MODEL OF ADDICTION AND DUAL
DIAGNOSES

Moving from this understanding of hippocampal dysfunction in the pathogenesis of dual
diagnosis toward a neurogenic model of addiction, it is important to consider that the
functional and neuroplastic status of the hippocampus, as reflected by its neurogenic
activity, and its modulation by the HPA-axis, is not static but is time-variable in reaction to
environmental change (Glasper et al., 2012). As demonstrated by computational modeling of
neurogenic-facilitated learning, neurogenesis may be flexibly regulated, according to the
degree of environmental novelty the brain is challenged with adapting to (Chambers and
Conroy, 2007). So, whether in a transient trough of neurogenic activity due to normal
stressful contextual change, or more so, in an abnormally severe or sustained suppression of
neurogenic activity and hippocampal plasticity, the influence of hippocampal projections on
prefrontal cortical-striatal circuits, encompassing the ability of these axons to facilitate
neuroplastic change and produce neurotrophic effects pertaining to complex vs. simple
reward motivation in those rostral circuits, is diminished. As suggested in Figure 2, a brain
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in a low (e.g., mental illness) vs. high neurogenic state may become more susceptible to the
DA-effects of addictive drugs to sculpt and recruit striatal circuits to direct drug-seeking and
taking behavior. Then, driven by these dynamics, a low neurogenic state brain more rapidly
accumulates a greater cumulative addictive drug dose history, producing even greater
suppression of neurogenic activity, suggestive of a vicious cycle of accelerating drug use in
addiction’s progression.

Investigating the impact of hippocampal functionality and neurogenesis on prefrontal-
cortical-striatal circuits will increase our understanding of how addiction vulnerability
endophenotypes are associated with low vs. high neurogenic states in various forms of
mental illness. Available evidence suggests that while psychological stress and
corresponding HPA activation suppresses neurogenic activity and hippocampal plasticity,
the brain is attempting to prepare for, but is not yet adapted to novel environmental contexts
(Freeman, 2003; McEwen, 2007). In this putative low neurogenic and mental illness risk-
state, cortical-striatal circuits may be hyper-responsive to novel environments, consistent
with novelty hyper-reactivity in animal models and clinical contexts of addiction
vulnerability (Belin et al., 2011; Chambers et al., 2003; Tseng et al., 2009). Given the role of
the neurogenic hippocampus in encoding time and temporal relationships between salient
events (Aimone et al., 2009) and the importance of prefrontal-cortical-striatal-hippocampal
communication in recalling past and predicting future event sequences (Buckner, 2010;
Sadeh et al., 2011), further studies are needed to determine if a low neurogenic state
contributes to a shortened temporal-event horizon. If so, low neurogenic states may be
linked with motivational blindness to distant future goals as a common trait of dual
diagnosis patients, corresponding to discounting of delayed rewards (Bobova et al., 2009), a
well characterized dimension of impulsivity and marker of addiction vulnerability (Bickel et
al., 2011, 2010). Further investigations are needed to determine if and how these
endophenotypes (e.g., impulsivity, novelty hyper-responsivity, stress over-reactivity) are
contributed to by low-neurogenic states in the hippocampus. Accordingly, low states of
hippocampal neurogenesis may be linked with enhanced motivational salience of primitive
reinforcers (e.g., sex, gambling, drugs) and impaired ability to organize behavior to pursue
and acquire more complex, temporally distant reinforcers.

7. EXPLORING NEUROGENIC AUGMENTATION FOR TREATING
ADDICTION AND DUAL DIAGNOSES

Further studies examining the neurophysiological and neuroplastic interactions between
hippocampus and cortical-striatal circuits in brains shifting from low vs. high neurogenic
states will be important to understanding how addiction severity is dynamically modulated
by mental illness course. Nevertheless, the findings integrated in this review suggests the
potential of therapeutic strategies for addictions and dual diagnosis patients that can shift
individuals from low to high neurogenic states (Figure 2). Several lines of translational
evidence are already emerging in support of this model. For example, genetic knockout of
the mu opioid receptor increases survival of hippocampal neurogenic neurons (Harburg et
al., 2007), while the opioid receptor blocker naltrexone, the only FDA-indicated medicine
for treating addictions to two different substances (alcohol and opioids; Tiihonen et al.,
2012), up-regulates hippocampal neurogenic activity in post-natal development (Zagon and
McLaughlin, 1986) and adulthood (Persson et al., 2004). In dual diagnosis schizophrenia,
the atypical antipsychotic agent clozapine appears to be uniquely efficacious compared to
the typical agent haloperidol, in treating both schizophrenia and co-morbid addictions
(Green, 2005, 2003), mirroring preclinical data showing that clozapine has greater activity in
up-regulating hippocampal neurogenic proliferation compared to haloperidol (Balu and
Lucki, 2009; Halim et al., 2004; Maeda et al., 2007). Other potential pro-neurogenic agents,
which may influence neurogenic activity in different ways, are important to investigate. For
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instance, pharmacological blunting of HPA axis activation via corticotropin-releasing factor
receptor antagonism may reduce the capacity of stressful environmental changes to increase
sensitivity to drug reward (Nader et al., 2012), possibly by preventing entry into low
neurogenic states. Meanwhile, the pro-neurogenic effects of lithium, could relate to its
effects in decreasing impulsivity (Chen et al., 2000; Kovacsics et al., 2009). How and if
bupropion, the only FDA-approved dual diagnosis medication (i.e., indicated for both an
addiction and a mental disorder), up-regulates neurogenesis remains to be explored.
Similarly, electroconvulsive (ECT) therapy, also a potent pro-neurogenic stimulus (Scott et
al., 2000) has not been sufficiently studied as an addiction treatment. Notably, although anti-
depressant drugs up-regulate neurogenic activity (Malberg et al., 2000), they have not
generally proven useful for treating addictions as monotherapies. Collectively, these
observations suggest that many different cellular pathways may be therapeutically
manipulated to up-regulate neurogenic activity, but with differential efficacies for treating
psychiatric disorders, addictions, and their co-morbidities.

More work is needed to explore how pharmacological regulation of proliferation vs.
differentiation vs. survival may differentially impact addictive disease (Frielingsdorf and
Kuhn, 2007), and how these pathways may depend on concurrent positive environmental
experiences and psychotherapeutic approaches. Psychotherapies are mainstays of addictions
and mental disorder treatment and likely depend on the brain’s capacity for neuroplastic
change (Grosjean, 2005). Similarly, the action of enriched social experience and
environmental contexts to enhance neural connectivity and promote neurogenesis parallels
their effects in promoting resistance to the reinforcing effects of addictive drugs
(Kempermann et al., 2002; Nader et al., 2012; Solinas et al., 2010). Sustained exercise, also
a potent pro-neurogenic stimulus, is being studied with increasing rigor as an effective
addiction and dual diagnosis treatment (Taylor et al., 2007).

In addition to motivating research needed to determine how particular combinations of pro-
neurogenic psychotherapeutic and pharmacologic therapies may be effective depending on
their timing of deployment at different stages of addiction recovery, or in the context of
different forms of mental illness, a neurogenic theory of dual diagnosis also provides a basis
for understanding how certain drug exposures or environmental experiences that impede
neurogenesis may be detrimental to recovery. For instance, over-prescribing of opioid
medications (Richardson et al., 2012) or criminal incarceration with solitary confinement
(Hartwell, 2004) occur at disproportionate rates in dual diagnosis patient populations,
potentially worsening illness severities and increasing treatment resistance. Eventually, this
neurogenic therapeutics frontier, as informed by a more systematic understanding of clinical
contexts where neurogenic up-regulation is most beneficial, could lead to advanced
interventional approaches that implant pro-neurogenic stimuli, molecules, or neural stems
cells into the hippocampi of dual diagnosis patients.

Although this review focuses on a straightforward hypothesis where low states of
neurogenesis may underlie certain forms of dual diagnosis, some disorders that elevate
addiction risk could alternatively involve inappropriately regulated or excessive neurogenic
activity. For instance, adolescence is a neurodevelopmental stage that relative to adulthood,
is characterized by increased impulsivity, heightened novelty reactivity and heighted
addiction vulnerability (Chambers et al., 2003). However, neurogenic activity is at its
highest level soon after birth and declines through adolescence into adulthood (Amrein et
al., 2011; Knoth et al., 2010). It is possible that the robust neurogenic activity of the
adolescent hippocampus cannot provide for, or serve as a biomarker of protection against
addiction, because the overall functional significance of neurogenesis for addiction
vulnerability depends on the maturational status of the prefrontal cortex (Chambers et al.,
2003). Moreover, addictive drug suppression of neurogenic activity is greater in adolescence
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compared to adulthood (McClain et al., 2011), so that adolescent drug exposure may deliver
a relatively greater age-dependent risk of acquiring addiction (Crews et al., 2006).
Accordingly, growing evidence suggests that the way the brain regulates neurogenic
activity, and, conversely, how neurogenic activity effects the functionality of the brain as a
whole, is dependent on the maturity and health of regions that directly interact with the
hippocampus, such as the amygdala, hypothalamus and prefrontal cortex (Eisch and Petrik,
2012). New neuroimaging technologies (Manganas et al., 2007) and other approaches to
assessing levels or temporal patterns of hippocampal neurogenic activity in humans will be
key to exploring potential variations of a neurogenic theory of dual diagnosis, and more
concretely, in determining treatment needs of individual patients.

8. CONCLUSION
Available evidence presents a framework for understanding how neurogenic activity in the
adult hippocampus operates as a special form of neuroplasticity involved the pathogenesis of
mental illnesses, addictions and their comorbidities. This area of research exemplifies how
psychiatric neuroscience is evolving beyond strict categorical disease models based on
single neurotransmitters, genes, or nature vs. nurture arguments, to new conceptual frontiers
that embrace complexity, the integration of disease models and psychotherapeutic and
pharmacological approaches to understanding and improving brain function. Ongoing
research on how pathological regulation of neurogenic activity, occurring as a marker of
mental illness and addictive drug exposure, may in turn produce a deleterious shift in
addiction vulnerability and/or severity, shows promise in generating new leads on advanced
diagnostic approaches and integrative treatments for dual diagnosis disorders.
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Figure 1. Prefrontal cortical-striatal-circuits and their modulation by hippocampal inputs with
detailed circuit map of the neurogenic hippocampus
Glutamatergic axonal projections are represented by solid arrows in and out of the Prefrontal
Cortex (PFC) and hippocampal formation (HCF) and within HCF. Ventral Striatal
GABAergic projections (from Nucleus Accumbens (NAC) to thalamus (THAL) (via
pallidum, not shown)) are depicted as dotted arrows, with open arrows representing
Dopamine projections from the Ventral Tegmental Area (VTA) to PFC and NAC.
Prefrontal-cortical striatal-thalamocortical circuit loops flowing thorough the NAC,
coordinate decision-making, motivational control and learning as facilitated by natural or
drug-induced dopamine efflux from the VTA. Hippocampal afferents predominantly
originating from the ventral sectors of the output layers of the HCF (Subiculum (SUB) and
CA1 regions) project directly to PFC and NAC networks where motivational leaning and
drug-reinforcement plasticity occurs. Within the HCF, information pertaining to contextual,
episodic and temporal memory funnels in from the neocortex via the Enthorhinal cortex
(EC), into the Dentate Gyrus (DG) where newly generated neurons (*) reside. Young DG
neurons grow dendritic trees receiving EC inputs and send axonal projections to the CA3
layer, where information is packaged for output from the HCF via CA1/SUB layers.
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Figure 2. Prefrontal cortical-striatal-hippocampal circuits involved in a neurogenic basis of
addiction and dual diagnosis disease progression vs. recovery
In (A) the low neurogenic state prior to chronic addictive drug exposure (e.g. as in mental
illness), relatively low cell proliferation in the HCF (denoted by few *) corresponds to
relatively low neuroplastic influence and/or novel information being relayed via HCF
projections to PFC/NAC (denoted by sparse ‘active’ hippocampal projections symbolized by
thick solid arrows). After chronic addictive drug exposure (A to B), more prefrontal cortical-
striatal circuit neurons and their connections are recruited into representing drug seeking-
related motivational programming (more jagged arrows), while neurogenic activity in the
HCF is further suppressed, and active HCF modulation of cortical-striatal plasticity is
diminished further (no thick hippocampal projection arrows). In contrast, for the relatively
high neurogenic state (C), the same chronic drug exposure (C to D) may be less efficient in
recruiting prefrontal cortical-striatal circuits in representing drug seeking-related
motivational programming compared to the low neurogenic state (A). Thus higher
neurogenic activity corresponding to more actively influential, novel-information bearing
HCF projections to PFC/NAC (symbolized by more thick projection arrows from HCF),
may protect against addiction, by supporting motivational responsiveness to complex,
natural reinforcers. In the high neurogenic state (C), a greater initial volume of neurogenic
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activity could provide greater resilience to the adverse effects of neurogenic suppression by
addictive drugs. In addiction and dual diagnosis treatments that augment hippocampal
neurogenic activity during recovery, extremely low neurogenic brains (B) might progress
more efficiently to a more fully recovered state (e.g. to (C) via (D)). Similarly, preventative
or recovery maintenance treatments may shift the brain from (A) to (C) to confer baseline
reductions in addiction vulnerability prior to drug exposure.
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TABLE 1

Adult Hippocampal Neurogenesis in Animal Models of Mental Illness

Mental Illness Model Experimental Intervention Neurogenic Effects Author, Year

Schizophrenia/Depression Environmental Deprivation ↓P/S Kemperman, 2002

Schizophrenia/Depression DISC1 gene manipulation ↑D
* Duan, 2007

Schizophrenia NPAS3 gene manipulation ↓P Pieper, 2005

Schizophrenia PCP, chronic exposure ↓P Liu, 2006

Schizophrenia PCP, chronic exposure ↓P Maeda, 2007

PTSD/Depression Chronic Unpredictable. Stress ↓P/S Heine, 2004

PTSD/Depression Chronic Unpredictable Stress ↓P Liu, 2008

PTSD/Depression Chronic Unpredictable Stress ↓S Borcel, 2008

PTSD/Depression Chronic Unpredictable Stress ↓P Garza, 2012

PTSD/Depression Chronic Mild Stress ↓P Jayatissa, 2006

Depression Social Defeat ↓P Bu walda, 2010

Depression Social Defeat ↓P Lagace, 2010

Depression Social Isolation ↓P Stranahan, 2006

Depression Social Isolation ↓P Ibi, 2008

Depression Social Isolation ↓P/S/D Lieberwirth, 2012

Personality Disorders Maternal Deprivation ↓P Mirescu, 2007

Personality Disorders Maternal Deprivation ↓P/S Rizzi, 2007

Personality Disorders Maternal Deprivation ↓P/S Kikusui,2009

Personality Disorders Maternal Deprivation ↓P Hulshof, 2011

↑ increase

↓ decrease

P=Proliferation

D=Differentiation (e.g. into neurons)

S=survival

*
In this study the primary finding was abnormal and premature morphological development and incorporation of new neurons into local circuitry.
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