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Abstract
Current concepts of addiction focus on neuronal neurocircuitry and neurotransmitters and are largely
based on animal model data, but the human brain is unique in its high myelin content and extended
developmental (myelination) phase that continues until middle age. The biology of our exceptional
myelination process and factors that influence it have been synthesized into a recently published
myelin model of human brain evolution and normal development that cuts across the current
symptom-based classification of neuropsychiatric disorders.

The developmental perspective of the model suggests that dysregulations in the myelination process
contribute to prevalent early-life neuropsychiatric disorders, as well as to addictions. These disorders
share deficits in inhibitory control functions that likely contribute to their high rates of comorbidity
with addiction and other impulsive behaviors. The model posits that substances such as alcohol and
psychostimulants are toxic to the extremely vulnerable myelination process and contribute to the
poor outcomes of primary and comorbid addictive disorders in susceptible individuals.

By increasing the scientific focus on myelination, the model provides a rational biological framework
for the development of novel, myelin-centered treatments that may have widespread efficacy across
multiple disease states and could potentially be used in treating, delaying, or even preventing some
of the most prevalent and devastating neuropsychiatric disorders.

The human brain is unique in its high myelin content and long developmental (myelination)
phase that continues until approximately the age of 50 (Norton, 1981; Bartzokis et al., 2001;
Semendeferi et al., 2002; reviewed in Bartzokis, 2004a). Before the advent of modern medicine,
very few persons lived beyond age 50 and therefore, as a species, we evolved to continue
myelinating over our entire natural life span. This extensive process of myelination markedly
increases information-processing speed and underlies many of the brain’s unique capabilities
such as language, inhibitory controls, and higher cognitive functions (reviewed in Bartzokis,
2004b). It is likely that the vulnerability of the myelination process to genetic and
environmental insults underlies our brain’s unique susceptibility to developmental disorders
such as autism, learning disabilities, attention-deficit/hyperactivity disorder (ADHD),
schizophrenia, and addiction, as well as contributing to the male predominance of these
disorders (Benes et al., 1994; Bartzokis, 2002; Bartzokis et al., 2002; Carper et al., 2002;
Bartzokis, Neuchterlein, et al., 2003; Ho et al., 2003; for review, see Bartzokis, 2004a, b).

This chapter will focus on substance dependence and its relationship to inhibitory control of
cognitive processes and behavioral impulses in the context of a recently published myelin
model of human brain evolution and normal development (Bartzokis, 2002; 2004a,b). The
model is useful in conceptualizing a wide range of age-related neuropsychiatric disorders over
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the entire human life span (Bartzokis, 2002; Bartzokis and Altshuler, 2003;Bartzokis,
2004a,b).

The focus on myelin and myelination is not intended to diminish the importance of other early
brain developmental processes such as neurogenesis, which occurs primarily during the
intrauterine period, and synaptic pruning and cell shrinkage, which occur after birth. Disruption
of neurogenesis can cause catastrophic abnormalities that are usually evident at birth or in early
infancy (Rakic, 2002). The later processes of pruning and elimination appear to reduce the
connectivity of the infant’s and young child’s brain by as much as two-thirds (Huttenlocher
and Dabholkar, 1997; Rakic, 2002). These processes of reduction, which have been
hypothesized to affect several childhood disorders, are generally completed by puberty or mid-
adolescence (Huttenlocher and Dabholkar, 1997; Rakic, 2002).

It is my intention, however, to point out that these reductive processes occur in concert with a
precisely regulated but highly vulnerable and largely ignored developmental or growth process
of myelination (Bartzokis et al., 2001; Bartzokis, 2002; Bartzokis et al., 2002; Bartzokis,
Neuchterlein, et al., 2003; Bartzokis, 2004b). In fact, I argue that the regressive or pruning
processes of childhood described in the prior paragraph occur in large part to provide the
volume (space) and possibly other resources necessary to support the crucial process of
myelination (Bartzokis et al., 2001; Bartzokis, 2004b). In humans, the regressive processes
occur in a heterochronous pattern occurring in primary process areas (motor, sensory) before
association areas (fontal, temporal, and parietal lobes) (Huttenlocher and Dabholkar, 1997),
while in nonhuman primates these processes occur simultaneously in all cortical regions (Rakic
et al., 1986). In humans, this pattern of the heterochronous volume-reducing regressive matches
the pattern of heterochronous volume-increasing developmental process of myelination (Benes
et al., 1994; Kemper, 1994; Bartzokis et al., 2001). The extra volume provided by synaptic,
axonal, and dendritic pruning is necessary to accommodate the expanding volume of white
matter as myelination continues throughout adolescence and adulthood in the fixed volume of
the rigid human skull (Bartzokis et al., 2001).

The dramatic gains in processing speed, “bandwidth,” and reduced energy consumption
provided by myelination more than compensate (functionally) for the regressive processes
(Bartzokis, 2004a, b). Instead of reducing connectivity between different parts of the brain
suggested by the regressive processes, the myelination process markedly increases the
functional potential (connectivity) of the remaining circuits. It is thus possible to continue our
cognitive development without the loss, and in fact with the addition, of higher level cognitive
functions that eventually culminates in healthy middle-aged adults with better inhibitory
controls underlying what is commonly referred to as wisdom (Bartzokis et al., 2001; Bartzokis,
2004b). Remarkably, and in the framework of the model not coincidentally, middle-aged adults
have a markedly lower risk of addiction than they did in adolescence and young adulthood
(Anthony and Helzer, 1991; Miller, 1991; Warner et al., 1995; Grant, 1997; Vega et al.,
2002).

In this paper, I do not attempt a thorough review of other conceptual models of addiction. Many
such paradigms have been published, some with complex schematics of brain circuitry and
neurotransmitter systems. Most have focused on the impulsivity associated with drug abuse
and the reward or motivation aspects of this impulsivity (Zuckerman, 1996; Evenden, 1999;
Moeller et al., 2001; Chambers and Potenza, 2003; Chambers, Taylor, and Potenza, 2003;
Deadwyler et al., 2004; Volkow et al., 2004). But no previous model has specifically focused
on the central and unique role of continuing myelination to the developmental process, which
contributes to the highly developed ability of humans to inhibit cognitive and behavioral
impulses that trigger the compulsive drug use at the core of addictive behavior. Inhibition

BARTZOKIS Page 2

Adolesc Psychiatry. Author manuscript; available in PMC 2008 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



underlies an individual’s ability to discontinue addictive behaviors in the face of the negative
consequences associated with them (Bartzokis et al., 2002; Bechara and Martin, 2004).

Our focus on the role of developing impulse inhibition functions (rather than impulsivity itself)
is driven by the face validity and over-whelming scientific evidence that, unlike adulthood,
impulsivity is essentially the default condition of childhood (Zuckerman, 1996; Cote et al.,
2002). The long process of socializing children is inexorably intertwined with inhibiting
impulsive behavior through development of inhibitory cognitive processes (for review, see
Bjorklund and Harnishfeger, 1995; Harnishfeger, 1995). It is this developmental process that
provides us with the ability to improve our performance when presented with the myriad of
choices in everyday life. These choices are very frequently analogies of the often-used delayed
discounting paradigm of childhood development experiments: you can have some candy now
or wait (inhibit) and get a greater amount of candy later (Barkley et al., 2001; Alessi and Petry,
2003; Petry, 2003).

Inhibitory controls are necessary developments for expanding attention, language, cognition,
emotional regulation, and socialization (Bjorklund and Harnishfeger, 1995; Dempster, 1995).
In short, inhibitory controls are necessary for becoming a healthy human adult. Dysregulation
of this developmental process likely contributes to many subsyndromal personality traits and
neuropsychiatric disorders, including addiction (McElroy et al., 1992; Benes et al., 1994;
Barkley et al., 2001; Bartzokis, 2002; Bartzokis et al., 2002; Carper et al., 2002; Alessi and
Petry, 2003; Bartzokis, Neuchterlein, et al., 2003; Ho et al., 2003; Petry, 2003; for further
review, see Bartzokis, 2004a, b). No matter how strong the reward, euphoria, or craving for
drug-related experiences (or any other behavioral reinforcers, for that matter), if inhibitory
control mechanisms are fast enough to interrupt the behaviors leading to drug use, the state of
addiction can be interrupted and recovery (sobriety) can be achieved. The core focus of the
current model is therefore the interactions between the biological developmental process of
myelination, the physiological process of impulse inhibition, and genetic and environmental
influences on these interactions. The model facilitates our understanding of the
pathophysiological processes of multiple and often overlapping neuropsychiatric disorders that
share deficits in inhibitory controls. Furthermore, it provides a biological basis for
understanding the extensive comorbidity of these disorders (McElroy et al., 1992; Kessler et
al., 1996; Keel and Mitchell, 1997; Merikangas et al., 1998; Alessi and Petry, 2003; Judd et
al., 2003; Kaltiala-Heino et al., 2003; Petry, 2003; Stahlberg et al., 2004) by focusing on their
shared deficits in the myelination process. This new focus cuts across our current symptom-
based classification of such developmental disorders and could serve as the nidus of a more
useful classification based on the biology and development of the human brain. The more
immediate goal of presenting this myelin model of brain development, however, is to use its
framework to suggest entirely novel treatment approaches of the developmental disorders we
call addictions as well as the “comorbid” addictions that plague the successful treatment of
most other neuropsychiatric disorders (Kessler et al., 1996; Merikangas et al., 1998; Swartz,
Lurigio, and Goldstein, 2000; Kresina et al., 2004).

MYELIN, THE DEVELOPMENT OF THE HUMAN BRAIN’S “INTERNET,” AND
AGE-RELATED CHANGES IN COGNITIVE PROCESSING

The importance of myelin in increasing axonal transmission speed, reducing action potential
refractory time, and improving synchrony of brain function is well established (reviewed in
Bartzokis, 2002, 2004a). The most important contributions of the model to the understanding
of cognition and behavior is its focus on the high speed and frequency of action potentials
needed for adequate information processing to be achieved in the human brain (Bartzokis,
2002, 2004a). The brain is organized in widely distributed neural networks, and its connectivity
(as well as its speed of processing) is therefore paramount for higher cognitive functions
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(Salthouse and Kail, 1983;Verhaeghen and Salthouse, 1997). The impact of myelin on
information processing speed makes the production and maintenance of myelin essential for
normal brain function (Bartzokis et al., 2001; Bartzokis, 2002; Bartzokis et al., 2002;Bartzokis,
Cummings, et al., 2003; Bartzokis, Neuchterlein, et al., 2003, Bartzokis, 2004b).

Myelination results in saltatory conduction of action potentials that increases signal
transmission speed more than tenfold (Waxman, 1977). Speed makes it possible to integrate
information across the highly spatially distributed neural networks that underlie higher
cognitive functions (Fuster, 1999; Gould et al., 1999; Srinivasan, 1999; Mesulam, 2000;
Bartzokis et al., 2001; Bartzokis, 2002). Axon myelination also decreases the refractory time
(the interval needed for repolarization before a new action potential can be supported by the
axon) to as little as 1/34th of its original value (Felts, Baker, and Smith, 1997). Thus, if the
brain were compared to the Internet, we can say that myelination not only increases its speed
(e.g., transforming it from a telephoneline-based system to a fiber optic system), but also its
bandwidth, increasing the actual amount of information that can be transmitted per unit time
(Bartzokis et al., 2001; Bartzokis, 2004a). This allows myelinated axons to support high
frequency bursts of signals and thus facilitate information flow by allowing for precise temporal
coding of these bursts of neuronal activity (Zhou, Abbas, and Assouline, 1995).

Until a circuit is fully myelinated, the network that it is part of will be unable to develop and
maintain high frequency oscillations between regions on which many cognitive processes,
including inhibitory processes, depend (Varela et al., 2001; for review, see Bartzokis, 2002,
2004b). In short, the circuit will not be on line to immediately influence cognition and behavior.
Unfortunately, these crucial functional effects of myelination on cognitive processing speed
have not been thoroughly integrated into neurophysiological and cognitive models of brain
function (Bartzokis, 2003; Feinberg, 2003), partly because of an underappreciation of the
lifelong nature of the human brain’s myelination (Bartzokis et al., 2001; Bartzokis, 2004b).

Over the last century, human life expectancy has doubled, from 40 to more than 80 years of
age. The biology of myelination shows that this life span can be appropriately conceptualized
as a roughly quadratic (inverted U) trajectory, as illustrated in Fig. 3.1 (Miller, Alston, and
Corsellis, 1980;Benes et al., 1994;Kemper, 1994;Bartzokis et al., 2001;Ge et al.,
2002;Bartzokis, Cummings, et al., 2003;Jernigan, 2003;Sowell et al., 2003;Bartzokis et al.,
2004). The volume of myelinated white matter increases to a peak achieved at about age 50,
followed by loss of myelinated white matter volume in older age (Kaes, 1907;Kemper,
1994;Bartzokis et al., 2001,2004). This overall quadratic trajectory differs (is heterochronic)
by brain region (Kaes, 1907;Kemper, 1994;Bartzokis et al., 2001,2004) and function (Williams
et al., 1999;Bartzokis et al., 2001, 2002; Bedard et al., 2002). Thus, association regions such
as the frontal and temporal lobes reach peak myelinated white matter volumes decades after
the peak volumes are reached in primary motor and sensory regions (Yakovlev and Lecours,
1967;Bartzokis et al., 2001,2004). The view of development and aging as a continuum of
interacting structural and functional developmental trajectories fosters the examination of
multiple factors that promote or inhibit myelination throughout the protracted process of human
brain development. Similar quadratic-like patterns of change over the lifespan have been
demonstrated in neurophysiological and cognitive models of brain function (Salthouse and
Kail, 1983;Dustman, Emmerson, and Shearer, 1996;Williams et al., 1999;Salthouse,
2000;Bedard et al., 2002) and are also observed in studies of clinical symptomatology in a
variety of neuropsychiatric disorders (Cjte et al., 2002;Cote et al., 2002) including addiction
(Warner et al., 1995;Grant, 1997;Vega et al., 2002).

Such quadratic-like life span trajectories have been clearly documented in age-related changes
of cognitive speed that increase throughout childhood and early adulthood, then decrease with
an accelerating rate in old age (Salthouse and Kail, 1983; Verhaeghen and Salthouse, 1997).
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Salthouse (1996) delineated the hypothesis that a basic parameter such as processing speed is
directly related to biological factors and is essential for higher order cognitive processing.
Similar patterns are apparent in paradigms that test inhibitory controls (Williams et al., 1999;
Bedard et al., 2002), as well as some electroencephalographic parameters (Dustman et al.,
1996). These similarities suggest that the principal underlying explanation for all these
phenomena is the process of myelination (Bartzokis et al., 2001; Bartzokis, 2002; Peters and
Sethares, 2002; Bartzokis, 2003, 2004a).

In the context of the myelin model (Bartzokis et al., 2001; Bartzokis, 2002, 2004a, b), the
coordinated unfolding of many of the normal structural and functional brain changes listed in
the previous paragraphs can be viewed as indirect evidence that, after infancy, myelination is
the central biological process underlying human aging-related changes (Kemper, 1994;
Bartzokis et al., 2001; Marner et al., 2003; Bartzokis, 2004a; Bartzokis et al., 2004). It is
important to point out that the age-related cognitive improvements in processing speed and
inhibitory control peak in adulthood (Dustman et al., 1996; Verhaeghen and Salthouse, 1997;
Salthouse, 2000; Bedard et al., 2002). Thus, the development of inhibitory controls does not
fit temporally (by more than a decade) with the regressive processes of neuronal, synaptic,
axonal, and dendritic pruning and elimination that are basically complete before mid-
adolescence (Huttenlocher and Dabholkar, 1997; Rakic, 2002).

MYELIN’S ROLE IN DEVELOPMENT OF BRAIN FUNCTIONS
Processing Speed and Language

In the first four decades of life, myelination is essential for establishing increasingly
sophisticated psychological functional capacities such as inhibitory control, social behavior,
and higher executive functions. The cognitive underpinnings of these functions depend on
higher processing speeds (Salthouse and Kail, 1983; Verhaeghen and Salthouse, 1997)
achieved through myelination (reviewed in Bartzokis, 2004a, b). Very high processing speed
is also essential for a function that is essentially uniquely human: language (reviewed in
Bartzokis, 2004a, b). Processing of speech sounds requires a very fast neuronal system capable
of tracking rapid changes in acoustic input (Tallal, Miller, and Fitch, 1993; Belin et al., 1998;
Zatorre, Belin, and Penhune, 2002). This functional necessity may have contributed to the
development of human brain laterality (Zatorre et al., 2002), since localizing speech to one
hemisphere would further increase the speed of processing by reducing the distances covered
by this essential neural network. Postmortem and imaging evidence demonstrate increased
white matter volume in the human speech region concerned with decoding the rapidly changing
temporal information of speech (Penhune et al., 1996; Anderson, Southern, and Powers,
1999). This increase in white matter volume has been shown to be largely due to thicker axonal
myelin sheaths (Anderson et al., 1999).

The special dependence of language on the process of myelination makes disturbances in
language development a sensitive indicator of dysregulation of the myelination process in other
structures and functions that are being actively myelinated concurrently. Thus in the context
of the model, whose premise is that the quadratic trajectories of development differ by brain
region (circuit) and function, it is not surprising that language impairments are highly comorbid
in many earlier-onset psychiatric disorders (such as pervasive developmental disorders) whose
pathophysiology is likely also influenced by dysregulation of the highly vulnerable myelination
process (Carper et al., 2002; Bartzokis, 2004a, b). In the same vein of thought, a disturbance
in the myelination process at a later stage of development, when more sophisticated attention
and impulse inhibition functions are being brought on line, provides a similar explanation for
the high rates of comorbid addiction in disorders that arise later in development such as ADHD,
schizophrenia, and bipolar disorder. All of these disorders share deficits in cognitive and
behavioral inhibitory functions. Imaging evidence suggests that these disorders are also likely
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affected by dysregulations in the process of myelination (de la Monte, 1988; Crosbie and
Schachar, 2001; Fleck, Sax, and Strakowski, 2001; Bartzokis et al., 2002; Castellanos et al.,
2002; Mostofsky et al., 2002; Bartzokis, Goldstein, et al., 2003; Ho et al., 2003; Kieseppa et
al., 2003; Tkachev et al., 2003; Vinogradov et al., 2003; Uranova et al., 2004), especially the
subpopulations that have a poor outcome and are considered treatment resistant (Bartzokis et
al., 2002; Bartzokis, 2003; Bartzokis and Altshuler, 2003; Swann et al., 2004).

Processing Speed, Decision Making, and Inhibitory Controls
The frontal lobes undergo the greatest expansion in the course of both evolution and individual
maturation. In adult humans, these lobes constitute as much as one-third of the total brain
volume. As I described for speech in the prior section, in humans, the disproportional
contributor to the enlargement of the late-maturing frontal lobes is the higher white matter and
myelin content (Norton, 1981; Bartzokis et al., 2001; Semendeferi et al., 2002). Going against
popular belief, a recent study shows that, in comparison with primates, adult humans do not
have disproportionately enlarged frontal lobes for our overall brain size; rather, we have
disproportionately more (20%) white matter in our frontal lobes (Semendeferi et al., 2002).
This finding supports the overall evolutionary trend to have increasing cognitive abilities
associated with disproportionate increases in glia rather than neuron numbers. During brain
evolution, glial cell numbers have increased disproportionately more than neurons; from
10-20% of all brain cells in nematodes to 25% in flies, 65% in rodents, and 90% in humans
(Pfrieger and Barres, 1995). This results in the disproportionately higher percentage (30%) of
brain dry weight accounted for by myelin in humans than in rodents (Norton, 1981).

The frontal lobes are principally involved in higher executive functions such as the temporal
organization of goal-directed actions in the domains of cognition, language, and behavior
(Fuster, 2002). The second-by-second integration of neural inputs from the senses and the rest
of the brain into coherent structures of action (as well as inhibition of those actions) is served
by cognitive functions such as working memory, preparatory set, and inhibitory control (Fuster,
2002). The prefrontal cortex hosts multiple distinct mechanisms of decision making and
inhibitory control (Fuster, 2002; Hinshaw, 2003; Bechara and Martin, 2004; Kamarajan et al.,
2004), and persons with addictions may have impairments in any one or combination of them
(Bartzokis et al., 2002; Bechara and Martin, 2004; Kamarajan et al., 2004). What is common
to all these frontal lobe functions is the high degree of connectivity to other brain areas (Fuster,
2002). The speed and bandwidth provided by myelination, the last achievement in human brain
development, is an essential aspect of this connectivity and makes the integrative function of
the frontal lobes possible (Bartzokis et al., 2001; reviewed in Bartzokis, 2004a, b). Consistent
with the multiple distinct mechanisms of decision making and inhibitory control, the process
of myelination is regionally and temporally heterogeneous, or heterochronic (Kemper, 1994;
Huttenlocher and Dabholkar, 1997; Bartzokis et al., 2001; Bartzokis, 2002; Bartzokis et al.,
2004). Different neuropsychiatric phenomena could thus result, depending on the interaction
of an individual’s genetic makeup and age when a dysregulation of this developmental process
occurs (Bartzokis, 2002; Bartzokis, Neuchterlein, et al., 2003; reviewed in Bartzokis, 2004b).

The model suggests that dysregulations in this highly vulnerable process will contribute to the
production of uniquely human diseases. At young ages (first decade of life), such
dysregulations may manifest as disturbances (e.g., various degrees of autism, learning deficits,
and severe ADHD) that involve language and processing-speed deficits (Rucklidge and
Tannock, 2002; Wu, Anderson, and Castiello, 2002; Howlin, 2003; Jansson-Verkasalo et al.,
2003). At older ages, they may manifest in disorders of higher level cognitive processes and
inhibitory controls contributing to the development of ADHD, bipolar disorder, schizophrenia,
and other forms of psychopathology (Crosbie and Schachar, 2001; Bartzokis, 2002; Wu et al.,
2002; Bartzokis, Neuchterlein, et al., 2003; reviewed in Bartzokis, 2004b), including addictions
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and comorbid addictions (Barkley et al., 2001, 2002; Lim et al., 2002; Bjork, Grant, and
Hommer, 2003; Bechara and Martin, 2004; Kamarajan et al., 2004).

Gender Effects on Myelination and Its Implications in Psychiatric Disease
Postmortem and imaging data show that human females reach high myelination levels earlier
than males in multiple regions of the brain (Benes et al., 1994; Yurgelun-Todd, Killgore, and
Young, 2002), and the association between processing speed and white matter volume is in
part genetically determined (Posthuma et al., 2003). Not surprisingly, female gender is also
associated with better language performance and faster trajectory of language acquisition
(Karrass et al., 2002). In the context of the model, these observations suggest that gender-
associated genes and hormonal influences may affect myelination of speech areas and may
also increase the risk for a variety of developmental neuropsychiatric diseases in males
(reviewed in Bartzokis, 2004b).

The model predicts that the promyelinating effects of female gender may protect from
developmental vulnerabilities of the myelination process (reviewed in Bartzokis, 2004b). It
thus suggests that the better outcomes in inhibitory control and hyperactivity ratings for girls
during childhood (Cjte et al., 2002; Cote et al., 2002), as well as girls’ consistently lower
prevalence of drug use at older ages (Hill and Chow, 2002; Vega et al., 2002), are due to the
protective effect of faster myelination. In addition to addiction, a striking male predominance
is also observed in many disorders such as learning disabilities, autism, ADHD, and
schizophrenia (Silver, 1991; Volkmar, 1991; Weiss, 1991; Aleman, Kahn, and Selten, 2003;
Constantino and Todd, 2003; reviewed in Bartzokis, 2004b). Protective effects of female
gender and hormones, mediated by myelination, may explain gender discrepancies in these
illnesses as well (Benes et al., 1994; Bartzokis, 2002, 2004b).

The impact of dysregulated myelination in these disorders should also have neuroimaging and
cognitive correlates in common, such as abnormal development of white matter, decreased
processing speed, and language abnormalities, even when the overall intellect of the patient
appears intact (McAlonan et al., 2002; Howlin, 2003). Such observations have been reported
in autism (Townsend et al., 2001; Carper et al., 2002; Herbert et al., 2002; McAlonan et al.,
2002; Howlin, 2003; Jansson-Verkasalo et al., 2003), in ADHD (Barkley et al., 2001;
Castellanos et al., 2002; Cjte et al., 2002; Cote et al., 2002; Mostofsky et al., 2002; Rucklidge
and Tannock, 2002; Wu et al., 2002; McInnes et al., 2003), in addiction (de la Monte, 1988;
Liu et al., 1998; Bartzokis et al., 2002; Mayfield et al., 2002; Bjork et al., 2003; Albertson et
al., 2004), in schizophrenia (Fleck et al., 2001; Hof et al., 2002; Bartzokis, Neuchterlein, et al.,
2003; Ho et al., 2003; Hof et al., 2003; Tkachev et al., 2003; Vinogradov et al., 2003; Uranova
et al., 2004), and in bipolar disorder (Kieseppa et al., 2003; Tkachev et al., 2003; Adler et al.,
2004; Uranova et al., 2004). These findings deserve further detailed investigation in a
framework focused on age-related (developmental) changes in brain myelin content (Carper
et al., 2002; Bartzokis, Neuchterlein, et al., 2003; Bartzokis, 2004b). In this myelin-based
developmental framework, the shared deficits in inhibitory controls between all these disorders
make the high rates of comorbid addiction (Kessler et al., 1996; Merikangas et al., 1998; Swartz
et al., 2000; Bjork et al., 2003; Kresina et al., 2004) an expected functional epiphenomenon of
shared myelination deficits.

INHIBITORY CONTROLS AND THE ADDICTIONS
Gibson (1991) has argued, on the basis of neuropsychological and linguistic data, that the
cognitive development of the child is dependent on the development of cortical myelin. I have
argued that the cognitive development of the adolescent and adult is also dependent on cortical
myelin and that our extensive myelination process underlies the functions that make us human
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as well as vulnerable to human neuropsychiatric disorders (Bartzokis et al., 2001; Bartzokis,
2002; Bartzokis et al., 2002; Bartzokis, 2004a, b).

Although the reaction time needed to act on a stimulus is shortest from the end of adolescence
through early adulthood (18-29 years) and then lengthens in older age (Williams et al., 1999;
Bedard et al., 2002), the reaction time needed to inhibit such psychomotor responses continues
improving and, for more complex inhibitory responses, does not peak until middle age (30-59
years), after which it also declines (Bedard et al., 2002). Although both the action and inhibitory
processes have a roughly quadratic lifetime trajectory, these trajectories are different from each
other, with a later peak for more sophisticated and processing-intensive inhibitory responses
(Bedard et al., 2002) that would be expected to involve the later myelinating frontal lobe
functions (Bartzokis et al., 2001; Fuster, 2002; Bartzokis, Cummings, et al., 2003; Bartzokis
et al., 2004). The quadratic relationship of the inhibitory responses is strikingly similar to the
quadratic trajectory of myelination, in which peak myelination in the frontal lobe is not
achieved until middle age (Kemper, 1994; Bartzokis et al., 2001) and is followed by myelin
breakdown in older age (Kemper, 1994; Bartzokis et al., 2001; Bartzokis, Cummings, et al.,
2003; for review, see Bartzokis, 2004a, b). Consistent with the myelination model, in childhood
(ages 6-12), girls develop impulse inhibition and control of hyperactive behavior at a strikingly
faster rate than boys, resulting in much lower rates of ADHD and conduct disorder in
adolescence (Cjte et al., 2002). Furthermore, in the context of the model, the late development
of these inhibitory functions suggests that they are especially vulnerable to dysregulation from
a variety of influences (Bartzokis, 2004b).

The everyday environment necessitates a continual series of appropriate responses to
constantly changing conditions (Fuster, 2002; Bechara and Martin, 2004). In this fast-moving
setting, inhibitory control is not just the result of knowing that a response should be inhibited
or even of the inhibition process itself, but results instead from its timing—how quickly and
precisely one can inhibit the upcoming inappropriate or impulsive action. For inhibitory
mechanisms to be practically useful, they must be precisely timed in the second-by-second
continuously unfolding and ongoing environment of the everyday world. To continue the
Internet metaphor, the inhibitory processing circuits must be on line and wired with fast and
wide bandwidth connections to the rest of the brain’s Internet. Thus, only myelination can
make it possible for inhibitory circuits to achieve the precise and reliable timing needed to
influence ongoing cognition and behavior. Individuals with poor inhibitory controls have
difficulty navigating the instantaneously unfolding world even if—given enough time (e.g., in
the setting of a therapist’s office or alcoholics anonymous meeting)—they are able to discern
the course of action that is most advantageous and appropriate. More bluntly put, having
knowledge of right and wrong does not always guarantee that the right choice will be made
consistently, in the everyday world.

The evolutionary necessity of inhibitory cognitive and behavioral functions, in order for human
societies to develop, is established (reviewed in Bjorklund and Harnishfeger, 1995). This
necessity is clinically evident in the case of recovering addicts, who can usually clearly express
their desire to achieve sobriety and can easily describe the negative effects of drug use in their
lives. When such individuals are faced with an environment conducive to drug use combined
with distractive stimuli (such as those produced by craving for the drug), however, their
inhibitory controls often fail; their inhibitory responses are not fast or well timed enough. This
leads to a series of poor choices that allow addictive behavior to unfold and ultimately to result
in drug use and relapse.

The relapse into addictive behavior may take place over minutes, hours, or even days. When
inhibitory controls are not fast or precise enough, an addict will miss myriad sequential
opportunities for inhibitory control mechanisms to prevent the next behavior in the chain
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comprising the addictive behavior pattern. Going down the “slippery slope” of relapse captures
the essence of this lack of control. Thus, addicts often experience their relapse as occurring in
an instant, as if there were not enough time to contemplate and process the pros and cons of
their actions. Conversely, recovering addicts with better inhibitory controls will have myriad
opportunities to inhibit their impulses precisely and for long enough to interrupt this chain of
events at many points. In such persons, inhibitory control may become so fast and precise that
they would not even allow the conscious concept of the first action, such as walking into a bar,
to develop.

Going beyond addiction to psychoactive chemicals, it is not surprising that many reinforcing
activities that do not depend on the ingestion of such substances (e.g., gambling, sex, shopping,
food) sometimes become compulsive and are experienced as being out of control. They are in
fact often referred to as addictions (McElroy et al., 1992; Alessi and Petry, 2003; Petry,
2003). The same inhibitory functions must develop in order to control all such reinforcing
activities when they become disadvantageous to the individual. The means to engage in these
reinforcing activities (drugs and nondrug) outside parental control become available in
adolescence. It is therefore to be expected that, since in adolescence the more sophisticated
impulse control mechanisms are underdeveloped or in the midst of developing, many such
behaviors begin and become habitual during adolescence and young adulthood (Pietrzak, Ladd,
and Petry, 2003; Vitaro et al., 2004).

Like the addicted individuals just described, adolescents most often have knowledge of the
correct or appropriate actions in high-risk situations involving driving, sexual, criminal, and
drug use behaviors (to name a few), but their ability to process this information fast and
precisely enough to inhibit inappropriate action is less well developed than the same ability in
adults (Bedard et al., 2002). It is thus not surprising that many socially inappropriate actions,
from crime and violence to drug use, are much more prevalent in adolescence and young
adulthood (Aarons et al., 2001; Lacourse et al., 2003; Pietrzak et al., 2003; Gjeruldsen,
Myrvang, and Opjordsmoen, 2004). These age-related influences on the ability to inhibit
inappropriate behaviors and actions have been known for many generations, and I argue that
their face validity is even reflected in the Constitution of the United States of America, which
requires a U.S. president to be at least 35 years old.

Myelin Vulnerability Facilitates the Co-occurrence of Neuropsychiatric Disorders and
Comorbid Addiction

Oligodendrocytes, the CNS cells that produce myelin and underlie the protracted course of
human brain development, are unique in multiple ways that make them the most vulnerable
cells in the brain, its Achilles’ heel (for review, see Bartzokis, 2004a, b). First, oligodendrocytes
have a unique relationship to brain cholesterol. Cholesterol is highly concentrated in myelin
membranes and, in effect, the brain supply of this molecule—which is essential to all
membranes—is entirely synthesized by oligodendrocytes with a great expenditure of energy.
The brain’s dependence on oligodendrocyte-produced cholesterol has implications for CNS
development and its continual functional plasticity. In gray matter, cholesterol deficits can
directly affect neuronal plasticity, because CNS synaptogenesis and dendritic outgrowth are
promoted by oligodendrocyte-derived cholesterol, and impairment of these remodeling
processes may interfere with new learning (Mauch et al., 2001; Fan et al., 2002; Walsh et al.,
2002; for review see Bartzokis, 2004a, b). Second, oligodendrocytes also have a unique
relationship to brain iron that is primarily stored in them and their myelin sheaths (Connor and
Menzies, 1996; Erb, Osterbur, and LeVine, 1996; de los Monteros et al., 2000). Finally,
oligodendrocytes and especially their precursors have energy requirements two or three times
greater than those of other brain cells (Connor and Menzies, 1996; for review, see Bartzokis,
2004a, b).
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The unique functions, structure, and biochemistry of these cells may all contribute to their high
and region-specific vulnerability to a multitude of insults (Bauer et al., 2002; for review, see
Bartzokis, 2004a, b). Oligodendrocytes are more susceptible than neurons and astrocytes to
chronic hypoperfusion (Juurlink, 1997; Pantoni and Garcia, 1997; Kurumatani et al., 1998;
Petty and Wettstein, 1999), toxic products of activated microglia such as nitric oxide (Merrill
et al., 1993; Mitrovic et al., 1995; Sloane et al., 1999), iron toxicity (Kress, Dineley, and
Reynolds, 2002), and excitotoxicity (Matute et al., 1997; McDonald et al., 1998; Alonso,
2000; Hopkins, Wang, and Schmued, 2000). In addition, later myelinating oligodendrocytes
(which are increasingly complex as they myelinate increasing numbers of axons) and
oligodendrocyte precursors (which are beginning to produce vast amounts of membranes in
the process of differentiation) are especially vulnerable to oxidative damage, making
intracortical and subcortical regions that are actively myelinating or later myelinating
especially vulnerable (Husain and Juurlink, 1995; Back et al., 1998; Cheepsunthorn et al.,
2001; for review, see Bartzokis, 2004a, b). The heightened vulnerability of developing
oligodendrocytes is manifested in the wide variety of insults such as exogenous glucocorticoids
(Deng, McKinnon, and Poretz, 2001; Huang et al., 2001); excitotoxicity (Rosenberg et al.,
2003); hypothyroidism (Rodriguez-Pena, 1999); other heavy metal toxicity (Myers and
Davidson, 1998; Deng et al., 2001; Kress et al., 2002); deficiencies in necessary nutrients such
as iron (Wiggins, 1982; Connor and Menzies, 1996; Roncagliolo et al., 1998); brain trauma
(Stone et al., 2002; Uryu et al., 2002); and abuse of drugs such as alcohol (de la Monte,
1988; Liu et al., 1998; Harris, Wilce, and Bedi, 2000; Mayfield et al., 2002), cocaine (Bartzokis,
Beckson, et al., 1999; Bartzokis et al., 2002; Niess et al., 2002; Albertson et al., 2004), and
heroin (Schiffer et al., 1985; Rizzuto et al., 1997; Koussa, Tamraz, and Nasnas, 2001). Drug
abuse can result in myelination arrests or decrements during the long developmental trajectory
of human brain myelination (Yakovlev and Lecours, 1967; Benes et al., 1994; Kemper,
1994; Bartzokis et al., 2001).

Given the recent evolution of extensive myelination and its singular role in human brain
function (Bartzokis, 2002, 2004a), the myelination model predicts that humans will have a high
prevalence of early-life neuropsychiatric disorders such as autism, ADHD, conduct disorder,
bipolar disorder, and schizophrenia, as well as addictions involving this very vulnerable
myelination process (Bartzokis, 2002; Bartzokis et al., 2002;Bartzokis, 2004b;Bartzokis &
Altshuler, 2003). All these disorders share deficits in various levels of inhibitory control
functions that likely contribute to their high rates of comorbidity with addiction and other
impulsive behaviors. The relatively later and protracted development of our inhibitory
functions suggest that these functions are especially vulnerable to dysregulation from a variety
of influences (Bartzokis et al., 2002;Bartzokis, 2004b). Substances frequently abused, such as
alcohol and psychostimulants, are toxic to the extremely vulnerable myelination process (Liu
et al., 1998;Bartzokis et al., 2002;Bjork et al., 2003). By damaging or interfering with the
myelination process, such substances can exacerbate the problem of impulse control and
contribute to the poor outcomes of primary and comorbid addictive disorders in susceptible
individuals (Kessler et al., 1996;Merikangas et al., 1998;Swartz et al., 2000;Kresina et al.,
2004;Swann et al., 2004). The implications of these interactive effects for normal development,
addiction, and comorbid addictions will be elaborated in the sections below.

Myelin Vulnerability, Drug Toxicity, and the Hardcore (Poor Outcome) Addict
The heterochronic myelination of different brain regions is well demonstrated in human
postmortem studies, revealing that primary motor and sensory pathways fully, heavily, and
completely myelinate in childhood (Yakovlev and Lecours, 1967; Kemper, 1994). The
association regions (such as the frontal and temporal lobes) involved in inhibitory controls,
however, myelinate much later and do not reach full myelination until middle age (Yakovlev
and Lecours, 1967; Benes et al., 1994; Kemper, 1994; Bartzokis et al., 2001, 2004). The
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temporal discrepancy of functional maturity between primary regions concerned with action
and association regions concerned with higher level cognitive processing is greatest in
adolescence and early adulthood, resulting in a high-risk period for many problem behaviors,
including drug use (Grant, 1997; Hill and Chow, 2002; Vega et al., 2002; Pietrzak et al.,
2003; Kresina et al., 2004). This same period is one of high vulnerability during the
development of higher level cognitive processes involved in inhibitory controls (Bartzokis et
al., 2001, 2002; Bedard et al., 2002).

Chronic drug use can reduce or arrest the normal process of continued development
(myelination) of the frontal and temporal lobes (Bartzokis et al., 2002). Imaging studies have
demonstrated that both cocaine and alcohol dependence dysregulate white matter development
(Liu et al., 1998; Bartzokis et al., 2002; Bjork et al., 2003), and similar white matter toxicity
has been reported with other frequently abused drugs such as heroin (Schiffer et al., 1985;
Rizzuto et al., 1997; Koussa et al., 2001). Studies that examined a wide age span detect a pattern
of increasing myelination deficits in those who remain addicted as they reach middle age as
compared with healthy controls, who continue to myelinate into middle age (Bartzokis et al.,
2002; Bjork et al., 2003). This suggests that over time, in susceptible persons, the toxic effects
of the drugs themselves produce a recidivistic, hard-core, or poor-outcome group (Swartz et
al., 2000; Kresina et al., 2004) whose myelin content in middle age remains the same as it was
in teenage years (Bartzokis et al., 2002). Their underdevelopment of inhibitory controls impairs
their ability to say no and is likely a reflection of this biological myelination deficit (Bartzokis
et al., 2002). The common experience that addicts describe as having their brains hijacked by
drugs may be most appropriately attributable to the toxic effects of the drugs on inhibitory
control mechanisms and the consequences of this toxicity on their cognitive functions and
subsequent behavior.

The damaging effects of drug abuse on myelination have been further confirmed through gene
expression studies that demonstrate a striking reduction of myelin gene expression in alcohol-
dependent and cocaine-dependent persons (Mayfield et al., 2002; Albertson et al., 2004).
Similar declines in expression of myelin genes have been observed in those with bipolar
disorder and schizophrenia (Hof et al., 2002; Tkachev et al., 2003). The vulnerability of
oligodendrocytes to developmental abnormalities has also been confirmed by recent studies
assessing oligodendrocyte numbers, that found reduced or abnormal oligodendrocytes in
subjects with bipolar disorder, schizophrenia, and major depression (Hof et al., 2002, 2003;
Uranova et al., 2004)—disorders that are plagued by high rates of comorbid addiction, which
often contributes to poor outcomes (Kessler et al., 1996; Merikangas et al., 1998; Swartz et al.,
2000; Kresina et al., 2004; Swann et al., 2004).

The vulnerable process of myelination and brain development can be negatively influenced
during development in many other ways. For example, persons with neuropsychiatric disorders
such as schizophrenia have abnormalities in peripheral lipid metabolism (Horrobin and
Bennett, 1999; Assies et al., 2001; Arvindakshan et al., 2003). Abnormalities that affect
building blocks of myelin membranes such as essential fatty acids (which must be obtained
from the diet) can affect oligodendrocyte development (reviewed in Bartzokis, 2002;
Middleton et al., 2002). Similarly, dysregulation of endogenously produced building blocks
(e.g., “nonessential” lipids such as cholesterol) that depend on adequate oligodendrocyte
synthesis can also be crucially important (reviewed in Bartzokis, 2004a, b). Given the poor
eating habits of many adolescents, such dietary deficits may affect them, especially during their
growth spurts (Bowman et al., 2004).

This brief discussion of such environmental factors is intended to emphasize that persons with
neuropsychiatric disorders associated with poor inhibitory controls (e.g., ADHD, bipolar
disorder, schizophrenia), who also abuse drugs, could further jeopardize their brain
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development through several other interactive mechanisms. In addition to use of toxic drugs
and inadequate diet, many other detrimental environmental factors such as head trauma and
stress could similarly interfere with the vulnerable process of myelination (reviewed in
Bartzokis, 2004a, b). On the other hand, even in the absence of severe neuropsychiatric
disorders (e.g., schizophrenia, bipolar disorder), environmental and genetic insults could
contribute to poor or delayed development of inhibitory control functions that may result in
comorbid impulsive behavioral profiles and addictions (Byrne, Byrne, and Reinhart, 1995;
Cjte et al., 2002; Cote et al., 2002). During high-risk periods of brain development (adolescence
and young adulthood), any combination of factors—genetic factors; toxic damage such as that
produced by abuse of certain drugs (alcohol, cocaine, and heroin for example); and
environmental insults such as stress, head trauma, and inadequate diet—that impact the
extremely vulnerable myelination process (reviewed in Bartzokis, 2004a, b) may interact and
contribute to deficits in myelination and inhibitory controls. This developmental dysregulation
manifests clinically in progression of symptoms and poor outcomes (Swartz et al., 2000;
Bartzokis et al., 2002; Bartzokis and Altshuler, 2003; Kresina et al., 2004; Medina et al.,
2004; Swann et al., 2004).

The toxicity of drugs of abuse to the process of myelination is of central concern for addiction
research, because the onset of drug use occurs in adolescence and early adulthood, the critical
period when more sophisticated inhibitory control functions are being established
(myelinated). Thus, since the default program of “go” (motor/impulsivity) myelinates in
childhood, before sophisticated inhibitory controls (Bedard et al., 2002), the bulk of the damage
of drug use in adolescence will impact the actively developing circuits involved in inhibitory
control, as opposed to the earlier and fully myelinated default action or go circuits. Adolescence
and young adulthood are the periods of greatest disparity between these processes and therefore
are the times of greatest risk from direct toxic effects of drugs of abuse (Bartzokis et al.,
2001, 2002).

It is important to note that drugs of addiction that are associated with the most severe functional
and psychosocial disruption (such as cocaine, alcohol, and heroin) have been shown to have
detrimental effects on human myelin as well as cognition (Schiffer et al., 1985; Rizzuto et al.,
1997; Liu et al., 1998; Koussa et al., 2001; Bartzokis et al., 2002; Block, Erwin, and Ghoneim,
2002; Mayfield et al., 2002; Bjork et al., 2003; Albertson et al., 2004; Bechara and Martin,
2004; Kamarajan et al., 2004; Medina et al., 2004). Other addictive substances such as nicotine
are much less psychosocially impairing (Cavedini et al., 2002). In fact, nicotine has long been
hypothesized to have potentially beneficial effects (Jarvik, 1991), especially when disengaged
from the toxicity associated with smoking, as has been accomplished through the development
of alternative delivery mechanisms such as nicotine patches (Jarvik, 1991). Epidemiological
evidence suggests that smoking (and presumably nicotine) is associated with reduced risk of
developing neuropsychiatric disorders with myelination deficits such as schizophrenia
(Bartzokis, Neuchterlein, et al., 2003; Ho et al., 2003; Zammit et al., 2003; Bartzokis, 2004a)
and also with reduced risk of developing disorders involving premature myelin degeneration,
such as Alzheimer’s disease (Bartzokis, Cummings, et al., 2003; for review, see Bartzokis,
2004a; White and Levin, 2004). Furthermore, nicotine treatment has been shown to improve
cognitive function in these as well as other developmental and degenerative disorders in which
myelin deficits have been demonstrated (Newhouse, Potter, and Singh, 2004), and it has been
suggested that this compound may have promyelinating and myelin protective effects (Costa,
Abin-Carriquiry, and Dajas, 2001; Rogers et al., 2001; Shytle et al., 2002; Myers et al.,
2004; White and Levin, 2004).

Thus, in the framework of the model, substances of abuse may be advantageously separated
into those that impair myelin development and those that do not. This segregation could be
helpful in focusing research efforts toward developing alternative strategies for treatment
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(Levin and Rezvani, 2002; Newhouse et al., 2004; Rueter et al., 2004). It may also provide a
better understanding of the clinical impression that smoking may be an attempt at self-
medication by patients suffering from neuropsychiatric disorders associated with high rates of
smoking (Dalack, Healy, and Meador-Woodruff, 1998; de Leon, Diaz, et al., 2002; de Leon,
Tracy, et al., 2002; De Luca et al., 2004; Potter and Newhouse, 2004).

Myelination and the Epidemiology of Addiction
In the previous sections, the implications of the myelin model for normal and dysregulated
brain development are reviewed. The implications of the model for addiction are now further
elaborated by using the model to explain observed epidemiological and clinical phenomena as
well as the associated implications for current and future treatments.

Any model of disease, including the addictions, must provide the framework to explain the
observed phenomena associated with the disease. One of the most striking yet largely ignored
phenomena of addiction is the age-dependent decline in the risk of becoming addicted and, in
addicted persons, the opposite age-dependent increase in the likelihood of achieving long-term
abstinence. Epidemiological studies have repeatedly demonstrated that, in general, adolescents
and young adults exhibit higher rates of experimental drug use and drug use disorders than do
older adults (Anthony and Helzer, 1991; Miller, 1991; Warner et al., 1995; Grant, 1997; Hill
and Chow, 2002; Vega et al., 2002). Even though middle-aged adults have much better financial
resources than adolescents to engage in and maintain addictions, the epidemiology is strikingly
different from what this financial disparity suggests. Adolescents and young adults, despite
much more limited resources, have the highest rates of drug abuse and dependence. The data
have repeatedly and consistently shown that rates of illicit drug dependence are markedly
skewed toward younger persons, with those younger than 29 demonstrating the highest rate of
dependence (17%). The rate drops to 4% for ages 30-59 and virtually disappears in those more
than 60 years old (Miller, 1991). Younger persons are more likely to become addicted, with
approximately 80% of all cases of alcoholism, for example, beginning before age 30 (Helzer,
Burnham, and McEvoy, 1991).

Brain myelination (or the lack thereof) is likely involved in both the higher addictability of the
younger brain and the increasing likelihood of achieving sobriety with increasing age
(Bartzokis et al., 2001, 2002). As described previously, however, the direct toxic effects of
some drugs may be involved in altering these general developmental trends. Thus, persons who
are especially susceptible to the myelotoxic effects of drugs (or myelotoxic effects associated
with their lifestyle) continue their addiction through middle age despite increasingly severe
health and psychosocial consequences (Bartzokis, Goldstein, et al., 1999; Bartzokis et al.,
2002; Bartzokis, 2004b). Persons in this subgroup (of those who do not achieve sobriety) are
predominantly male. As previously described, this male predominance may be due to lower
myelination of males during development, possibly interacting with higher rates of
neuropsychiatric disorders in males. Additional physiological gender differences, such as
higher vasoconstrictive effects of cocaine in males, may further increase the susceptibility of
males to toxic drug effects that impair the development of inhibitory controls (Bartzokis,
Goldstein, et al., 1999; Kaufman et al., 2001; Bartzokis et al., 2002).

In the framework of the model, the striking epidemiological phenomena of addiction are
consistent with the normal age-dependent process of myelination that, in most (less-
susceptible) persons, overcomes the myelotoxic risk factors described previously and results
in a relatively healthier adult function. Such adults achieve improved executive functioning,
including increased inhibitory controls of cognitive and behavioral processes that are
destructive (e.g., drug use).1
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IMPLICATIONS FOR FUTURE DIRECTIONS
The model just presented proposes that the unique vulnerabilities of myelin and the highly
protracted and extensive process of human brain myelination make myelin’s lifelong
developmental trajectory directly pertinent to many neuropsychiatric diseases (Bartzokis et al.,
2001), including primary and comorbid addictive disorders (Bartzokis, 2002, 2004a). The
model delineates a myelin hypothesis of human addiction based on a normal adolescent and
young-adult developmental phase when underdevelopment of adequate inhibitory control
functions result in a period of high risk for initiating drug use and developing addictions and
other hazardous behaviors and neuropsychiatric disorders. On the basis of vulnerabilities of
the myelination process, the model explains the male gender prevalence of frequency and
severity of addictive disorders, the high rates of comorbid addiction with other developmental
neuropsychiatric disorders, and the epidemiology of addiction consisting of high prevalence
and low rates of successful abstinence in youth, which reverse by middle age (Bartzokis, 2002,
2004b). The model assigns a central role to the myelotoxic properties of drugs in generating a
subpopulation of highly recidivistic individuals with poor outcomes, whether suffering from
primary or comorbid addiction (Bartzokis, Goldstein, et al., 1999; Bartzokis, 2002; Bartzokis
and Altshuler, 2003; Swann et al., 2004).

The myelination model brings into focus multiple factors that can contribute to deviations from
the normal myelination trajectory. This developmental perspective can thus help to clarify the
effects of environmental and genetic perturbations of this process, which may ultimately result
in divergent-appearing outcomes such as recovery (for most addicts) versus poor-outcome
recidivism (Bartzokis, 2002; Bartzokis and Altshuler, 2003; Bartzokis, 2004a). This
framework makes the explicit assumption that, all other factors being equal (e.g., adequate
intellect), strong enough inhibitory controls can override or inhibit all other drug-related
behavioral and psychological phenomena, including craving for drugs. The model therefore
suggests that treatments focused on improving myelination could have an important role in
allowing individuals to succeed in their efforts to say no to drug use in the naturalistic setting
of their lives (Bartzokis, 2002; Bartzokis and Altshuler, 2003; Bartzokis, 2004a).

The greatest promise of the focus that the model brings to myelination is the possibility of
providing a conceptual framework for considering and eventually developing novel myelin-
centered treatments with wide spectra of efficacy that likely will extend beyond the treatment
of addiction (Bartzokis and Altshuler, 2003). The model suggests that the current focus on
neuronal neurotransmitter imbalances, which much of neuropsychopharmacology is
attempting to correct, may be too narrow (Bartzokis, 2002; Bartzokis and Altshuler, 2003;
Bartzokis, 2004a). It suggests that expanding the research focus to include interventions that
affect vulnerable structural developmental processes, and specifically the process of
myelination, may provide opportunities for novel and powerful interventions (Bartzokis and
Altshuler, 2003; Bartzokis, 2004a). Interventions that affect myelination may be effective in
strengthening inhibitory controls of cognition and behavior in addiction, as well as enhancing
the treatment outcomes of other neurodevelopmental disorders such as schizophrenia, bipolar
disorders, and ADHD (Bartzokis et al., 2001; Bartzokis, 2002; Bartzokis and Altshuler,
2003; Bartzokis, 2004a). The tools (imaging, genetic, molecular, clinical, etc.) to perform such
medication-development work directly in humans are either already available or are being
developed at a rapid pace (Bartzokis, 2004a). For example, the development and breakdown
of myelin and important risk factors such as iron levels can be indirectly measured in vivo with
increasing specificity using noninvasive imaging methods (reviewed in Bartzokis, 2004a).

1Physiological withdrawal, such as that seen in addictions to alcohol and heroin, would not be affected directly by such improved
inhibitory control, however. This final point is made to explicitly clarify that detoxification from substances that produce physiological
withdrawal must remain an important safety concern of early treatment interventions.
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The importance of human brain myelination is generally underappreciated and there is a paucity
of detailed postmortem or in vivo maps of myelination (Yakovlev and Lecours, 1967; Meyer,
1981; Brody et al., 1987; Kemper, 1994; Bartzokis et al., 2001). The advent of in vivo
neuroimaging methods that can assess myelination on a regional basis is beginning to correct
this gap in our knowledge and should provide an impetus to gather additional region-, network-,
neurotransmitter-, function-specific information (reviewed in Bartzokis, 2004a; Bartzokis et
al., 2004). These methods will produce the age-specific three-dimensional maps of normal
myelination that are needed for a better understanding of multiple disease processes and
development of therapeutic interventions that affect myelination (Bartzokis et al., 2002; Carper
et al., 2002; Bartzokis, Neuchterlein, et al., 2003; Ho et al., 2003; Bartzokis, 2004a; Bartzokis
et al., 2005). Such maps could alter our very classification of diseases into biologically based
disorders of different circuits (such as those involved in inhibitory controls) on whose adequate
function normal cognition and behavior likely depend and whose dysfunction results in
neuropsychiatric disorders. It is currently feasible to track pharmacological and other (dietary,
psychosocial) myelin-centered interventions in vivo through imaging markers (Bartzokis,
2004a; Bartzokis et al., unpublished data). The model suggests that interceding early in
dysregulated developmental trajectories may increase the effectiveness of treatments, decrease
the need for more aggressive interventions later, and thus be accomplished with reduced risk
to patients (Bartzokis, 2002; 2004a).
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Figure 3.1.
Quadratic trajectories of myelination of human brain over the life span. Myelination (Y axis)
versus age (X axis) in frontal (left) and temporal (right) lobes of normal individuals. Top figures
are in vivo data from Bartzokis et al. (2001). Lower figures show postmortem intracortical
myelin stain data from Kaes (1907) adapted and reproduced in Kemper (1994). Used with
permission.
The data were acquired 100 years apart, yet the two samples of normal individuals show
remarkably similar myelination trajectories in the two regions. Note that different brain regions
have significantly different myelination trajectories even when the regions are similar, as is
the case with these two association regions. Peak myelination is reached in the frontal lobe at
age 45 and even later in the temporal lobe.
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