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Abstract
This review discusses the contributions of a newly considered form of plasticity, the ongoing
production of new neurons from neural stem cells, or adult neurogenesis, within the context of
neuropathologies that occur with excessive alcohol intake in the adolescent. Neural stem cells and
adult neurogenesis are now thought to contribute to the structural integrity of the hippocampus, a
limbic system region involved in learning, memory, behavioral control, and mood. In adolescents
with alcohol use disorders, the hippocampus appears to be particularly vulnerable to the
neurodegenerative effects of alcohol, but the role of neural stem cells and adult neurogenesis in
alcoholic neuropathology has only recently been considered. This review encompasses a brief
overview of neural stem cells and the processes involved in adult neurogenesis, how neural stem
cells are affected by alcohol, and possible differences in the neurogenic niche between adults and
adolescents. Specifically, what is known about developmental differences in adult neurogenesis
between the adult and adolescent is gleaned from the literature, as well as how alcohol affects this
process differently between the age groups. And finally, this review suggests differences that may
exist in the neurogenic niche between adults and adolescents and how these differences may
contribute to the susceptibility of the adolescent hippocampus to damage. However, many more
studies are needed to discern whether these developmental differences contribute to the vulnerability
of the adolescent to developing an alcohol use disorder.
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Introduction
Adolescence is a time of juxtaposition: adolescents are exploring and experimenting with many
aspects of adult life, yet their brains are in a unique developmental state that renders them
highly vulnerable to neurotoxicity (Smith, 2003; Spear, 2007). The age range of adolescence
is decided culturally. Although in the U.S., adolescence is defined as the years between 13 and
19, the World Health Organization extends that to include those within 10-19 years of age
(WHO, 2008). As adolescents explore and experiment with adult aspects of life, alcohol

*Corresponding Author: Kimberly Nixon, Ph.D., Department of Pharmaceutical Sciences, The University of Kentucky, College of
Pharmacy, 725 Rose Street, Lexington, KY 40536-0082, Phone (859) 323-3038, Fax: (859) 323-3575, kim-nixon@uky.edu.
†Current Address: Matthew L. Kelso, Pharm.D., Ph.D., Department of Pharmacy Practice, 986045 Nebraska Medical Center, Omaha,
NE 68198-6045
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Alcohol. Author manuscript; available in PMC 2011 January 1.

Published in final edited form as:
Alcohol. 2010 February ; 44(1): 39. doi:10.1016/j.alcohol.2009.11.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



initiation and experimentation also begins. Annual surveys of drug and alcohol use have
detailed disturbingly high rates of alcohol use and abuse among adolescents. Nearly 40% of
8th graders have tried alcohol, a value that rises throughout adolescence to 72% of 12th graders
(Johnston et al., 2007). Remarkably, nearly half of high school seniors are considered current
drinkers (drinking within the last 2 weeks) and over half of those students classify themselves
as heavy drinkers (5+ drinks in one sitting in the last 2 weeks; Johnston et al., 2007). On average,
adolescents drink less frequently than adults, however when adolescents drink, they consume
alcohol in quantities similar to adults (Deas et al., 2000; Doremus et al., 2005; White et al.,
2006). Between 6% of eighth graders to nearly a third of 12th graders report having been drunk
within the last 30 days (Johnston et al., 2007). Considering the reduced sensitivity of
adolescents to feeling intoxicated (e.g. Little et al., 1996), perhaps the reports of drinking five
or more alcoholic beverages in one sitting are more telling, as those values are slightly higher
among most adolescent age groups (Johnston et al., 2007). However, this statistic should also
be tempered with data from college age students that the adolescent's definition of a drink may
contribute to their underestimation of levels of intake (White et al., 2003). In other words, a
significant population of adolescents drink alcohol and within that population, they are drinking
to intoxicating and problematic levels.

Alcohol use and abuse clearly escalate throughout adolescence. One group estimates that of
those adolescents who report alcohol use, 60-70% are binge drinkers (Zeigler et al., 2005).
Unfortunately, the changes in brain structure and/or function that occur with repeated binge
drinking are hypothesized to be a critical step between experimenting with alcohol and
developing an alcohol use disorder (AUD; Crews et al., 2007; Crews, 1999; Koob and Le Moal,
1997). The risk of developing an AUD greatly increases with both a family history of alcohol
use and an early onset of use (Grant and Dawson, 1997). For example, a teenager that begins
to drink around the age of thirteen or earlier and who also has a family history of alcoholism,
has an almost 60% likelihood of developing an AUD as an adult (Grant and Dawson, 1997).
Unfortunately, the risk of developing an AUD is still higher for teenagers who begin to drink
at an earlier age; the likelihood of developing an AUD is almost double, regardless of family
history, when adolescents begin drinking around the age of 13 (Grant and Dawson, 1997).
Indeed, approximately 40% of those diagnosed with an AUD developed their first symptoms
between the ages of 15 and 19 (Brown et al, 2008; Deas et al., 2000).

This heightened risk for developing an AUD during adolescence suggests that there is
something unique about the brain of adolescents or in their response to alcohol. In fact, both
factors likely contribute: the adolescent brain is in a unique state and responds to alcohol
distinctively compared to the adult (Smith, 2003; Spear, 2000; 2002). The adolescent brain is
not just a little adult (Spear, 2000). The extent of neural modifications - from the molecular to
cellular - support that this is a very unique and obviously dynamic time in development (Lenroot
and Giedd, 2006). And though much of the structural foundation has been laid by adolescence,
the fine-tuning of these connections via synaptic pruning is actively occurring during this
period (e.g. Giedd et al., 1999; Sowell et al., 1999; reviewed in Lenroot and Giedd, 2006;
Spear, 2007). Further, the adolescent brain responds to alcohol in ways that are very distinct
from the adult (Spear, 2006). Understanding the adolescent's specific brain responses to alcohol
within the context of ongoing plasticity is critical to comprehending how these events or this
interaction results in the adolescent's vulnerability to developing an AUD (Crews et al.,
2007; Smith, 2003; Spear, 2000; Spear, 2002). This review defines and considers the
contributions of a newly considered form of plasticity, the ongoing production of new neurons
or adult neurogenesis, to the neuropathologies that occur with excessive alcohol intake. Within
this discussion, important questions are raised such as where the adolescent fits in with regard
to developmental neurogenesis versus adult neurogenesis and how alcohol affects this process
among the age groups. Finally, we glean several developmental differences from the literature
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that may impact the neurogenic niche and may underlie the adolescent's susceptibility to
alcoholic neuropathology.

The Role of Alcohol-induced Neuropathology in AUDs
Excessive alcohol intake characteristic of AUDs causes progressive neurodegeneration, which
is hypothesized to facilitate the critical steps or “downward spiral” between experimenting
with alcohol and developing an alcohol use disorder (Crews et al., 2007; Crews 1999; Koob
and Le Moal, 1997). Although alcohol causes global changes in the CNS, which is particularly
evident when examining white matter tracts in human alcoholics, the alcoholic brain also
suffers from atrophy of gray matter (Harper et al., 1987; De la Monte, 1988; Pfefferbaum et
al., 1992; Pfefferbaum et al., 1997; Pfefferbaum et al., 2000). Some brain structures have
heightened sensitivity to alcohol effects and/or toxicity. These regions, which include the
frontal cortex and hippocampus, are among the most vulnerable to ethanol neurotoxicity
(Pfefferbaum et al, 1997; Sullivan et al., 1995). Alcoholics exhibit a pattern of neurological
symptoms suggestive of hippocampal neuropathology (Brandt et al., 1983; Parsons, 1993;
Sullivan et al., 2000), which is supported by various assessments of brain structure to show
that hippocampal integrity is altered in human alcoholics (Agartz et al., 1999; Bengochea and
Gonzalo, 1990; Laakso et al., 2000; Sullivan et al., 1995). These regions, incidentally, are
associated with cognitive functions such as a behavioral inhibition system that underlie many
aspects of executive function and psychological regulation (Clark et al., 2008). Impairments
in executive functions and/or behavioral inhibition from alcohol-induced neurotoxicity have
been hypothesized as the critical link between excessive intake and the development of an
AUD (Bechara et al., 2005; Clark et al., 2008; Crews et al., 1999; Koob and Le Moal, 1997).

Due to alcohol's many promiscuous effects on the CNS, multiple mechanisms underlie alcohol-
induced neurodegeneration in these corticolimbic regions. For example, human postmortem
and in vivo imaging studies consistently show reduced cortical white matter in the alcoholic
brain (Harper et al., 1987; De la Monte, 1988; Pfefferbaum et al., 1992; Pfefferbaum et al.,
1997). Recent observations extend this effect to white matter microstructure, which suggests
that white matter loss may be more severe than initially observed (Pfefferbaum et al., 2000)
and suggests a mechanism of cortical disconnectivity that is associated with alcoholic cognitive
deficits (Sullivan et al., 2005; Sullivan and Pfefferbaum, 2005). Although white matter loss is
particularly evident in human alcoholics, the alcoholic brain also suffers from atrophy of
cortical gray matter (Harper et al., 1987; De la Monte, 1988; Pfefferbaum et al., 1992;
Pfefferbaum et al., 1997; Pfefferbaum et al., 2000). Alcohol-induced loss of grey matter has
been attributed to reductions in neuronal number and size in addition to simplification of
neuronal processes (Bengochea et al., 1990; Kril and Harper, 1989; Jensen and Pakkenberg,
1993).

Studies in animal models of AUDs parallel many of these observations in humans and allow
for the direct link between alcohol, neurotoxicity and behavioral impairments (Lukoyanov et
al., 1999; Riley and Walker, 1978; Walker et al., 1980). For example, alcohol produces cell
loss and cell death in corticolimbic regions (Cadete-Leite et al., 1988; Crews et al., 2000;
Lukoyanov et al., 2000; Paula-Barbosa et al., 1993; Zou et al., 1996). And, multiple studies
have shown that the complexity of dendritic branching is attenuated in alcohol-exposed animals
(Durand et al., 1989; He et al., 2005). Taken together, human and animal model studies strongly
support that alcohol impairs multiple aspects of corticolimbic circuitry. Indeed, these
modifications in response to alcohol and alcohol withdrawal range from degeneration of
distinct neuronal populations to alcohol-induced changes in dendritic spine structure
(Carpenter-Hyland et al., 2004; Carpenter-Hyland et al., 2006). Although multiple hypotheses
exist about which aspects of alcohol-induced structural changes result in addiction, it is clear
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that structural changes and the resulting behavioral impairments are critical for the
development of an AUD (Mulholland and Chandler, 2007).

Adolescent Susceptibility to Alcohol-induced Neuropathology
Mounting evidence from both human and animal research suggests that adolescents are more
susceptible than adults to the neurotoxic effects of alcohol. This susceptibility has been
observed across measures of cognitive performance and structural integrity (reviewed in Crews
et al., 2007; Smith, 2003; Spear, 2007). For example, despite the shorter duration of alcohol
problems or excessive intake, cognitive deficits are still detectable in adolescents diagnosed
with an AUD (e.g. Brown et al., 2000). Alcohol-induced impairments have been reported for
both adult and adolescent models of AUDs (e.g. Pascual et al., 2007), but very few compare
ages for developmental differences in response or toxicity. In two animal studies that did
compare adult and adolescent rats, the adolescent rats demonstrated greater impairments than
adults on a hippocampal-dependent learning and memory task, the Morris Water Maze, as a
result of excessive alcohol exposure (Schulteis et al., 2008; Sircar and Sircar, 2005). Although
several groups have elegantly shown an enhanced amnestic effect of alcohol on memory
formation or memory-like processes (e.g. Markwiese et al., 1998; Pyapali et al., 1999), the
Schulteis and Sircar studies suggested that prior alcohol exposure either changed function or
structure to result in these later deficits. Further, these studies also showed that memory
impairments are either greater or more persistent in adolescent rats as compared to adult rats
that only have modest or transient impairments (Schulteis et al., 2008; Sircar and Sircar,
2005). Interestingly, this developmental difference in susceptibility to memory impairment has
only been demonstrated in a hippocampal-dependent task.

Human imaging studies, in addition to data from animal models of adolescent alcohol use and
abuse, suggest that the hippocampus is especially vulnerable to alcohol effects, a vulnerability
that appears to extend to neurotoxic consequences of excessive alcohol intake (White and
Swartzwelder, 2004). Although much debate exists in the alcoholic neuropathology literature
as to whether the hippocampus is damaged in adults with AUDs (Harper et al., 1987), evidence
of hippocampal degeneration in adolescents diagnosed with an AUD is quite consistent. First,
studies of neurocognitive functioning in alcohol abusing adolescents suggest impairment in
behaviors associated with hippocampal processes. Human adolescents with a history of an
AUD have deficits in verbal and spatial working memory, verbal and nonverbal retrieval, and
attention (Brown et al., 2000; Tapert et al., 2002; Tarter et al., 1995). In addition, adolescent
AUDs are associated with decreased IQ and academic achievements compared to matched
controls (Tarter et al., 1995). Observations of cognitive deficits in hippocampal-related
behaviors are supported by assessments of brain structural integrity. Several neuroimaging
studies have shown that human adolescents with an AUD have altered brain morphology,
including decreased hippocampal volume when compared to healthy cohorts (De Bellis et al.,
2000; Medina et al., 2007; Nagel et al., 2005). Furthermore, hippocampal volume correlates
positively with the age of onset and negatively to duration of use, which suggests the developing
brain is more susceptible to alcohol-induced impairments (De Bellis et al., 2000).

Animal models of adolescent AUDs also allow for the direct link between alcohol,
neurotoxicity and behavioral impairments (Smith, 2003; Spear, 2007). Animal models of binge
drinking show that adolescents are more sensitive to alcohol-induced brain damage (Crews et
al., 2000; Pascual et al., 2007). Specifically, adolescent rats show greater neurodegeneration
than adults in frontal-anterior cortex regions as evidenced by amino cupric silver staining of
dying cells (Crews et al., 2000). Recent studies have focused on elucidating specific
biochemical and structural alterations that may make the adolescent brain more susceptible to
the neurotoxic effects of alcohol, especially in the hippocampus. For example, the adolescent
hippocampus is vulnerable to extensive changes in long-term protein expression, an effect that
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is absent in adults (Hargreaves et al., 2009). Intriguingly, proteins involved in plasticity were
affected: chronic alcohol exposure caused long-term impairments in the expression of proteins
related to cytoskeletal and synaptic functioning, cell cycle, and neurodegeneration (Hargreaves
et al. 2009). These data support an earlier study that showed that low chronic alcohol exposure
not only causes persistent structural changes in a variety of brain regions, such as the
hippocampus, but immunoreactivity for two cytoskeletal proteins, Nf-200 and MAP-2, were
also diminished (Evrard et al., 2006). Many of these cytoskeletal and synaptic proteins are
involved in formation and maintenance of new neurons and synaptic connections, events that
are critically involved in neurogenesis as well as maturation of hippocampal function
(Carpenter-Hyland and Chandler, 2007; Crews et al., 2007; Hargreaves et al., 2009). These
results further the idea that the unique state of plasticity of the adolescent brain may render it
more sensitive to the neurotoxic effects of alcohol. Although the specific mechanisms
responsible for causing altered morphology and impairment in these brain structures are
unclear, a newly considered mechanism of structural plasticity, adult neurogenesis, may give
insight to adolescent vulnerability to alcohol-induced brain damage.

Adult Neurogenesis
The phenomenon of neurogenesis, or the ability of the brain to generate new neurons, was
thought originally to occur only during brain development in the fetus and young child. The
observation that neurogenesis continued through juvenile stages and beyond was highly
controversial during the latter half of the 20th century, even though Joseph Altman's original
discovery of ongoing neurogenesis in the mid 1960s (Altman and Das, 1965) was supported
by electron microscopy work in the late 1970's (Kaplan and Hinds, 1977). Wide acceptance of
this phenomenon was prevented by dogma and technological limitations for nearly 20 more
years until the advent of Bromo-deoxy-Uridine “pulse and chase” methods to label dividing
cells (pulse) and observe their eventual phenotype (chase) with immunohistochemistry
(Cameron and Gould, 1994; Cameron et al., 1993; Gross, 2000). The study of postnatal
neurogenesis gained significant momentum in the mid 1990s, though the dogma was not
overruled fully until the publication of reports showing that endogenous neural stem cells
underlie constitutive neurogenesis in the adult brain (Doetsch et al., 1999; Palmer et al.,
1997). The discovery that adult neural stem cells could be observed in the human brain finally
swayed opinion to consider this phenomenon as a fundamental process in the brain (Eriksson
et al., 1998). Neural stem cells and neurogenesis have been observed across several species,
including all mammals examined to date, which suggests that it is a highly conserved process.
Thus, it is now well accepted that neurogenesis continues in the postnatal and adult brain in at
least two regions, along the lateral ventricles (subventricular zone) and in the dentate gyrus of
the hippocampus (subgranular zone; Altman and Das, 1965; Doetsch et al., 1999). In the
subventricular zone, neuroblasts migrate to the olfactory bulbs via the rostral migratory stream
(Doetsch et al., 1999). The neurons generated along this path are primarily indicated in the
function of olfaction (e.g. Ninkovic et al., 2007) and an equivalent site has only recently been
identified in humans (Curtis et al., 2007). Hippocampal stem cells, meanwhile, reside in a thin
band called the subgranular zone that runs along the inside of the dentate gyrus granule cell
layer (Palmer et al., 1997). Neural stem cells of the hippocampus have been linked to nearly
every function of the hippocampus including learning, memory, and mood and the associated
disorders thereof (see Balu and Lucki, 2009 for review). This review focuses on neural stem
cells and neurogenesis in the hippocampus because the hippocampus is a target of alcohol
toxicity in the adolescent brain and because of this structure's relevance to learning, memory,
and mood, all of which are impaired or altered in the AUDs (Canales, 2007; Eisch, 2002;
Powrozek et al., 2004).
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Components of Adult Neurogenesis - State of Knowledge for Adolescent
Brain

Although it is now well accepted that the process of neurogenesis occurs throughout the lifetime
of the organism, several aspects of neuron production change throughout development.
Postnatal neurogenesis events are now referred to as adult neurogenesis in order to distinguish
this phenomenon from its embryonic counterpart. The necessity of this distinction arises from
the few but critical differences reported thus far between embryonic and adult forms of
neurogenesis (for review see Temple, 2001). The rate of adult neurogenesis declines with age
(Altman and Das, 1965, 1966; He and Crews, 2007; Manganas et al., 2007). Around mid
adolescence new neuron production begins to asymptote according to rodent studies (Altman
and Das, 1965, 1966) and decreases to barely detectable levels in aging (Kuhn et al., 1996; see
also Drapeau and Abrous, 2008 for review). Intriguingly, the few studies that have estimated
a rate of production were conducted in adolescent rats (e.g. Altman and Das, 1965; Cameron
and McKay, 2001). As many as 250,000 new dentate granule cells, or 6% of the granule cell
population, are produced each month (Cameron and McKay, 2001). However, this estimate
was from 35-day old rats, which is equivalent to mid-adolescence (Spear and Brake, 1983).
An 80% loss in granule cell production is observed from adolescence to young adulthood (e.g.
60-day old rats) which suggests that just over 1% to less than 0.4% of the granule cell population
are generated monthly in young and middle-aged adults respectively (He and Crews, 2007;
Lemaire et al., 2000). The net number of neurons produced is the culmination of several
processes. Essentially, four processes are required for the successful production of a new
neuron: neural stem cell proliferation, cell differentiation, cell migration, and cell survival and/
or integration, each of these processes is regulated independently. For example, rates of neural
stem cell proliferation are not predictive of the net number of new neurons because cell survival
may compensate and affect outcome. Each component is discussed individually below and
includes the current state of knowledge for these events in adolescent organisms:

Neural Stem Cell Proliferation
The replication of neural stem cells to form daughter cells is the process of proliferation.
According to current definitions, there are two populations of neural stem cells that continue
to proliferate throughout life to form new neurons in a normal adult brain: the subventricular
zone of the anterior lateral ventricles (Doetsch et al., 1999), and the subgranular zone of the
dentate gyrus of the hippocampus (Palmer et al., 1997). Two sites of constitutive neurogenesis,
however, should not be interpreted to mean that only two sites of neural stem cells exist. Neural
stem cells have been isolated from many other areas of the brain such as the cerebellum, cortex,
hypothalamus, striatum, and substantia nigra (e.g. Chipperfield et al., 2005; Laywell et al.,
2000; Lie et al., 2002; Reynolds and Weiss, 1992). However, neural stem cells only
differentiate into neurons within a permissive environment, or a neurogenic niche (see Lathia
et al., 2007 for review). Neural stem cells are considered multipotent progenitor cells, in that
they can give rise to several other cell types, but those types are limited in number and, in this
case, limited to cells found in neural tissue such as neurons and glia (Gardner, 2002). The
division of stem cells is asymmetrical in that the daughter cells produced are not identical: both
a stem cell and a more fate-restricted progenitor cell are produced. The stem cells go on to
again replicate while progenitors may replicate or adopt a specific cell fate (for review see
Crews et al., 2003; Gardner, 2002). Initially, the full stem-ness of hippocampal progenitor cells
was actively debated (Seaberg and van der Kooy, 2002). However, overwhelming evidence
from new rigorous investigations supports that the progenitors in the hippocampus have stem
cell properties, namely they are multipotent and self-renew (e.g. Babu et al., 2007; Suh et al.,
2007). Neural stem cells differ developmentally, that is between embryonic and adult, in their
stem-ness and in their responsivity to a variety of neurogenic signals (see Lathia et al., 2007;
Temple, 2001 for review). Although, the dentate gyrus subgranular zone consists of different
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types of stem and progenitor cells that react distinctly to different physiological stimuli
(Kempermann et al., 2004a; Kronenberg et al., 2003), it is not known if any of these
developmental differences extend to adolescents versus adults. The use of multiple markers
and confocal microscopy is just beginning to examine whether there are developmental
differences in stem cells or subtypes of progenitor cells in rodent studies in vivo (Hattiangady
and Shetty, 2008).

Although identifying neural stem cells in vivo remains challenging, proliferating cells are easily
identified by a variety of available markers. Cell proliferation, or dividing cells, can be
visualized experimentally through BrdU labeling as briefly mentioned above. BrdU, a
thymidine analog with a half life of 30 minutes (Packard et al., 1973), can be administered
orally or through systemic injection, with injection being the most common (Taupin, 2007).
Because BrdU is a thymidine analog, it is incorporated into cells in place of the thymine base
pair as cells undergo DNA replication during the S phase of the mitotic cell cycle (see Figure
1). Thus any cell that is in S-phase in the presence of BrdU will incorporate it into the DNA.
Dividing cells are essentially birthdated by this process. BrdU can then be visualized via
immunohistochemistry on brain tissue sections. BrdU, however, does not indicate the
phenotype of the dividing cell. The phenotype must be identified through a combination of cell
type-specific (neuron-specific or glia-specific) plus BrdU in multiple fluorescence
immunohistochemistry. Unfortunately, the dearth of specific neural stem cell markers has
forced the field to rely upon location of cell cycle proteins or BrdU to examine neural stem
cell proliferation, which has made it difficult to definitively state that agents that affect cell
proliferation in the subgranular zone are truly affecting neural stem cell proliferation. Novel
approaches are needed (e.g. recently-developed transgenic tools) to help elucidate both
developmental differences in the stem cell population as well as how drugs or other agents
affect stem cells and stem cell proliferation (Johnson et al., 2009).

Cell proliferation, as measured by [3H]thymidine incorporation or its more commonly used
analog, BrdU, decreases throughout postnatal development (see Figure 2; Altman and Das,
1965,1966;He and Crews, 2007). Decreases in cell proliferation could be due to a lengthened
or arrested cell cycle, more cells in quiescence, or fewer neural stem cells. Several independent
observations support the latter. First, cell proliferation, measured by Ki-67 labeling, an
endogenous cell cycle protein expressed in actively dividing cells (Scholzen and Gerdes,
2000), is decreased by 35% and 83% in young adult and aged rat dentate gyrus compared to
adolescent rat dentate gyrus, respectively (Cowen et al., 2008; see also Figure 2). And, a recent
human study of a proposed biomarker of neural stem cells suggested that neural stem cells
decreased from at least preadolescence (aged 8-10) to mid adulthood (aged 30-35) in the
hippocampus (Manganas et al., 2007). Although recent evidence suggests that cells may retain
the ability to proliferate and differentiate into functional neurons, there appears to be a decrease
in the number of neural stem cells in the aging brain (Ahlenius et al., 2009;Olariu et al.,
2007). Furthermore, despite developmental changes in cell cycle kinetics between embryonic
neurogenesis (cell cycle is ∼16 hours) and adult neurogenesis (cell cycle is ∼24 hours), the
length of cell cycle does not change significantly from young adulthood to late adulthood
(Lewis, 1978; Nowakowski et al., 1989; Olariu et al., 2007). In 9-week-old rats specifically,
the length of the cell cycle is around 25 hours, which is similar to that reported for adults
(Cameron and McKay, 2001). In sum, developmental differences in neural stem cell
proliferation appear to be due to declining numbers of neural stem cells across the lifespan,
but experiments with more specific stem cell markers or new approaches altogether are needed
to best address this point.
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Differentiation and Migration
Soon after the neural stem cell divides to form the daughter progenitor, a fate choice is made
as to whether the cell becomes a neuron or glia. The cell quickly begins expressing cell-type
specific markers as it changes both morphologically and functionally into a neuron or glia.
Immature neuron proteins such as β-Tubulin III or TUJ-1 or immature glia markers such as
S100β are expressed within hours in a newly dividing cell. Neurons will progressively express
neuron-specific markers such as polysialylated neural cell adhesion molecule (PSA-NCAM)
and doublecortin to neuronal nuclei and finally calbindin as cells become mature neurons.
Although newborn hippocampal progenitors may differentiate into neurons or glia, they
primarily become neurons. Studies consistently report that around 60-80% of cells labeled with
BrdU at birth, go on to express neuronal proteins and have neuronal characteristics when
examined four weeks later (Kempermann et al., 2003). Intriguingly, this is one area where
potential developmental differences between adults and adolescents can be gleaned from the
literature, although no published work directly compares these ages to date. In work from the
same author and using similar methodologies, it is clear that 75-80% of newborn cells adopt a
neuronal fate in adult rodents whereas over 90% of newborn cells adopt a neuronal fate in
adolescents (see Crews et al., 2006c; Morris et al., 2009b; Nixon and Crews, 2004). Further,
in both adolescent reports, very few new astroglia were ever observed. Although, no direct
comparison is made, based on the tight error bars and similar methods used, the most plausible
interpretation is that fewer cells differentiate into neurons in adults as compared to adolescents.
The functional implications of this developmental difference, though very intriguing, are not
immediately clear.

Once the cell has adopted a fate, or differentiated, it begins to migrate. At this time, the
progenitor cell moves into the granule cell layer of the dentate gyrus, where it may be
incorporated into the granule cell layer and network. Some groups suggest that the age of the
cell correlates with its location in the granule cell layer, with the oldest cells having migrated
into the outer third of the granule cell layer. Expression of Doublecortin or PSA-NCAM,
molecules used to identify neuroblasts or immature neurons, is associated with the ability of a
newborn neuron to migrate (Cayre et al., 2009). This association has led some to speculate that
reduced expression could in theory impact migration (e.g. He et al., 2005), however, these
markers have not been investigated for any role in migration in adolescent brain per se.
Similarly, although different events or conditions may disrupt migration, and alcohol exposure
during fetal development alters migration (Charness et al., 1994), no reports exist to date that
compare rates of migration of new born cells from adult versus adolescent rats. Thus, this area
of inquiry may be ripe for discovery in adolescent versus adult differences in neurogenesis.

Survival and integration
The final processes that contribute to neurogenesis are whether the cell becomes integrated
into the dentate gyrus and survives. Half of all newborn cells born do not survive, though those
cells that remain four weeks after birth are considered stably incorporated into the granule cell
layer (Dayer et al., 2003; Kempermann et al., 2003). Integration begins soon after the progenitor
cell differentiates: it undergoes dendritic arborization, enhancing its synaptic connections with
neighboring cells and within 4-10 days of birth, axonal connections are made to the CA3 field
(Markakis and Gage, 1999). At 2 weeks post division, electrophysiological properties mirror
that of immature granule cells, namely, excitatory synaptic input to these newborns neurons is
GABAergic (Esposito et al., 2005; Tozuka et al., 2005). As the cell matures, dendritic spines
begin to form and synaptic inputs become adult-like where glutamate is excitatory and GABA
becomes inhibitory (Ge et al., 2006). By seven weeks of age, the electrophysiological properties
of the newly generated neurons are almost indistinguishable from those of the mature neurons,
which indicates that they are fully integrated into the hippocampal circuitry (van Praag et al.,
2002).
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Although cell survival machinery may be affected along development, age-related reductions
in cell proliferation appear to drive the overall decrease in the production of new neurons
(McDonald and Wojtowicz, 2005). For example, cell survival determined at 25 days following
BrdU injection was decreased by 43% in adult rats and 86 - 92% in aged rats versus adolescents
(Cowen et al., 2008; McDonald and Wojtowicz, 2005). However, if fewer cells were
incorporating BrdU during proliferation, one would expect fewer cells to be visualized 25 days
later. The mechanism of the age-related decrease in neurogenesis is an area of active
investigation in the aging literature, though little exists on the opposite end of the spectrum
comparing adolescents to adults.

Functional relevance of adult neurogenesis
Although it is now well accepted that adult born neurons are continuously integrated as granule
cells of the dentate gyrus (Markakis and Gage, 1999; van Praag et al., 2002), the functional
relevance of this phenomenon is less clear. Early studies underestimated the rate of adult
neurogenesis, which contributed to a lack of appreciation for its potential significance to brain
function (Gould, 2007). Cameron and McKay's (2001) more thorough estimation of rate
coupled with the discovery of this process in humans has fueled the idea that such a
metabolically costly process must be functionally significant in the adult brain (Eriksson et al.,
1998; reviewed in Gould, 2007; Kempermann, 2008). The role of adult neurogenesis is strongly
suggested by the numerous studies where aspects of neurogenesis are impaired by experimental
manipulations, drugs or events/environments that also result in altered hippocampal integrity
and deficits in hippocampal behaviors (Eisch, 2002; Santarelli et al., 2003; Saxe et al., 2006;
Shors et al., 2001; Shors et al., 2002; Snyder et al., 2005). Further, strong evidence for a positive
correlation between the number of new neurons and learning/memory performance have been
observed across differences in rodent strains, environmental enrichment, hormonal
manipulations, and age (Kempermann et al., 1997; Kuhn et al., 1996; Tanapat et al., 1999).
Studies which attempt to selectively ablate adult neurogenesis, such as anti-mitotic drug
administration, have provided the strongest evidence that neurogenesis is necessary for normal
learning to occur (Shors et al., 2001). Unfortunately, much of this past work has been criticized
for being correlative and many of these ablation strategies have other detrimental effects.
Although a large body of lesion studies have shown that affecting the structural integrity of
the dentate gyrus can profoundly alter hippocampal functions such as learning and memory
(reviewed in Jarrard, 1993), not all hippocampal-dependent learning is impaired by reduced
neurogenesis (e.g. Saxe et al., 2006; reviewed in Leuner et al., 2006; Zhao et al., 2008).
Furthermore, many of these neurogenesis-promoting events impact other aspects of
hippocampal structure such as synapse number and dendritic complexity. New discoveries
have attempted to overcome these criticisms and have more directly shown that adult
neurogenesis plays a significant role in hippocampal structure and function (e.g. Imayoshi et
al., 2008). Recent theoretical papers that incorporate computational approaches corroborate in
vivo studies that neurogenesis contributes to the hippocampus-dependent function of learning
and memory (Aimone et al., 2009; see also Zhao et al., 2008 for review). Constant cell turnover
in the dentate gyrus via neurogenesis may be necessary for recall fidelity of new memories
(Deissertoth et al., 2004 and Chambers et al., 2004). Or, immature neurons may have their own
role, specifically in encoding temporal associations (Aimone et al., 2006; 2009). Therefore,
evidence continues to support at least a relationship between this phenomenon and learning,
although these recent studies do not support a simple correlation between new neuron number
and hippocampal learning (Leuner et al., 2006; Zhao et al. 2008). New tools and strategies to
manipulate neurogenesis are forthcoming and should better elucidate this relationship and hone
our understanding of adult neurogenesis in hippocampal function.

Another link between adult neurogenesis and hippocampal function is in the emerging role of
new neurons in the pathophysiology of anxiety (Revest et al., 2009) and depression (Santarelli
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et al., 2003). Transgenic animals that specifically have impaired adult hippocampal
neurogenesis demonstrate a variety of anxiety behaviors (Revest et al., 2009). Whereas,
antidepressant drugs have been shown consistently to stimulate adult hippocampal
neurogenesis (Malberg et al., 2000), neurogenesis appears to be required for the behavioral
effects of antidepressants (Santarelli, et al., 2003; for review see Sahay and Hen, 2007).
Intriguingly, depression and anxiety are associated with AUDs. Over half of adolescents with
an AUD had a comorbid affective disorder (Bukstein et al., 1992). As well, early onset of an
AUD is associated with more severe alcohol problems and young alcoholics are more likely
to develop comorbid psychiatric disorder (Brown et al., 2008). This link is further supported
by recent work in rodents showing that antidepressant treatment can prevent both alcohol-
induced depression behavior and decreases in hippocampal neurogenesis (Stevenson et al.,
2009). This paper furthered the notion that hippocampal neurogenesis may play a role in AUDs
and especially that neural stem cells may contribute to addiction (for review see Canales,
2007; Eisch, 2002).

There are several perspectives from which neural stem cells and neurogenesis may contribute
to addiction. First is the theory of addiction as a maladaptive form of learning and that
adolescents may be particularly susceptible to experience-dependent learning processes
(Carpenter-Hyland and Chandler, 2007). Indeed, integration of newborn neurons is experience-
dependent and this process occurs in regions that are targets of alcohol neurotoxicity and are
critical to learning and memory processes (Canales, 2007; Nixon, 2006). The second
perspective relates to the self-medication hypothesis of abuse and addiction and that
dysregulation of neural stem cells is correlated with psychiatric disorders (Eisch, 2002). Many
groups suggest that people seek alcohol and other drugs of abuse as a way of alleviating anxiety
or depression (Markou et al., 1998). A pre-existing condition of reduced neurogenesis that
predisposes one to drug seeking or addiction coupled with excessive intake that further reduces
this process potentially worsens hippocampal integrity (Canales, 2007). Impairment of
hippocampal integrity, whether primary or secondary to excessive alcohol intake, is consistent
with the downward spiral hypothesis of alcohol-induced brain damage contributing to addiction
(Crews, 1999).

Alcohol and adult neurogenesis
Sites of neural stem cells and constitutive neurogenesis are also areas of the brain with the most
consistent evidence of alcohol-induced dysfunction or damage, namely the frontal cortical
regions and the hippocampus. As the hippocampus is a target of alcohol's neurodegenerative
effects, and many now consider alterations in neural stem cells and neurogenesis as a
mechanism that affects hippocampal integrity, it is not surprising that the majority of animal
model studies have shown that alcohol intoxication inhibits adult neurogenesis (reviewed in
Nixon, 2006). The discovery that alcohol reduces adult neurogenesis was expected thanks to
a long history of work on alcohol and fetal neurogenesis within the Fetal Alcohol Spectrum
Disorders literature (Crews et al., 2003; Luo and Miller, 1998). Many similarities are apparent
across development for the effect of alcohol on neurogenesis, most especially that alcohol's
effects on adult neurogenesis also varies due to the dose, duration and pattern of exposure, as
well as the region examined. For example, acute doses of alcohol dose-dependently reduce cell
proliferation in the subgranular zone of the dentate gyrus (Crews et al., 2006c; Jang et al.,
2002) whereas high, chronic exposures reduce both cell proliferation and impair new cell
survival (He et al., 2005; Nixon and Crews, 2002; Richardson et al., 2009). Some argue that
chronic exposures do not consistently affect cell proliferation (e.g. Aberg et al., 2005; Herrera
et al., 2003; Rice et al., 2004), however differences in blood alcohol concentrations, timing of
investigations and interpretation of proliferation markers used may explain these differences
(see comment on markers below). Further, after alcohol dependence and in abstinence, reactive
increases in cell proliferation have been observed in adult rats (Nixon and Crews, 2004), an
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effect that is consistent with that reported for other models of brain injury such as stroke
(ischemia) and traumatic brain injury (Dash et al., 2001; Liu et al., 1998). Some have even
suggested that low, anxiolytic levels of alcohol may appear to promote proliferation versus
controls by reducing stress-induced decreases in neurogenesis (Aberg et al., 2005). Thus, the
time and the blood alcohol concentration at which cell proliferation is examined is
exceptionally critical to understanding the effect of alcohol on the components of neurogenesis.

Whether the effects of alcohol on adult neurogenesis in the adult brain extend to the adolescent
has recently been examined, but only in a few studies. According to multiple markers of
neurogenesis, a similar decrease in neurogenesis, around 50%, is observed in adolescents,
despite differences in duration or dose (Crews et al., 2006c; Morris et al., 2009b). When the
various components of neurogenesis are examined independently, studies have consistently
shown that alcohol dose-dependently decreases cell proliferation in the subgranular zone of
the dentate gyrus of adolescent rats, though dose response studies have not been conducted in
adult rodents (Crews et al., 2006c; Jang et al., 2002). Across several groups, alcohol inhibits
cell proliferation in intoxicated adult rats at a surprisingly consistent rate of 40-50% in those
models that can directly be compared (see Table 1 in Nixon, 2006), whereas in adolescents the
rate is much more variable. Alcohol-induced decreases in BrdU labeling of cell proliferation
vary between 20-50% versus control (Crews et al., 2006c; Jang et al., 2002; Morris et al.,
2009b). Further, alcohol administration appears to differentially affect cell cycle markers in
adolescent compared to adult animals. Whereas all studies to date show significant decreases
in BrdU-labeling of proliferating cells in adolescent rats following a four-day alcohol binge,
alcohol did not alter the number of Ki-67-positive cells between alcohol and control adolescent
rats (Morris et al., 2009b). Ki-67 is expressed in actively dividing cells from G1-phase through
M-phase (Scholzen and Gerdes, 2000; see Figure 1). This lack of alcohol effect on Ki-67-
positive cells is in direct contrast to consistently reported alcohol-induced decreases in Ki-67
in adult rats, even with the same exposure model (Crews et al., 2006a; Leasure and Nixon,
2009). By examining the details of when the various cell cycle markers are expressed (see
Figure 1), the lack of effect in Ki-67-positive cells coupled with a significant decrease in BrdU-
labeling of cells in S-phase suggests that alcohol inhibits cell proliferation by altering or
arresting the cell cycle in adolescents. Specifically, alcohol may arrest the cells in the G1 phase
of the cell cycle, preventing cells from entering S-phase (Morris et al., 2009b). Alcohol
arresting cells in G1 is consistent with alcohol's effect on the cell cycle in fetal neurogenesis
(Li et al., 2001; Luo and Miller, 1998; Luo et al., 1999). Perhaps for neurogenesis, the
adolescent brain is more similar to the developing brain than the adult; though much more work
is needed to adequately address this question.

Similar to adult studies, acute doses of alcohol (5g/kg) inhibit cell proliferation without
statistically impacting new cell survival (Nixon and Crews, 2002; Crews et al., 2006c).
However, longer exposures, such as a four-day binge model, result in two effects: both reduced
cell proliferation and impaired survival (Morris et al., 2009b; Nixon and Crews, 2002). Recent
work has shown that reduced survival may be due to cell death because four-day binge exposure
increased several cell death markers along the subgranular zone of the dentate gyrus (Morris
et al., 2009b). In regard to cell differentiation, the majority of cells became neurons regardless
of alcohol exposure, in both adult and adolescent models (He et al., 2005; Morris et al.,
2009b). However, as mentioned previously, newborn cells differentiate into neurons in a
slightly higher rate in adolescents (∼90%) than in adults (∼75%). This difference also reflects
a lower rate of cells becoming glia in adolescents. At this time, it is not clear how this variation
in differentiation alters hippocampal structure, function or even alcohol sensitivity in the
adolescent rat. This difference is very exciting considering the recent attention on the role of
glia in the AUDs.
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Alcohol and neurogenesis: Relevance to neuropathology
A growing body of evidence indicates that impairing any of the processes in adult neurogenesis
results in a reduction in the number of cells in the dentate gyrus. Though some struggle with
the semantics of defining neurodegeneration to include the lack of cell generation, a recent
study has clearly shown that inhibiting neurogenesis results in a dentate gyrus that is smaller,
or has degenerated, compared to unaltered controls (Imayoshi et al., 2008). Others have long
declared that the lack of neuron generation or regeneration is a form of neurodegeneration
(Armstrong and Barker, 2001). Thus, impaired neurogenesis by events or agents such as
excessive alcohol intake must be considered as a mechanism of neurodegeneration.

The consistent finding that alcohol reduces neurogenesis at a rate of inhibition that mirrors
alcohol-induced cell loss in the dentate gyrus leads to the suggestion that hippocampal integrity
is altered by alcohol's effect on multiple aspects of neurogenesis (Nixon and Crews, 2002;
Walker et al., 1980). In both adolescent and adult rodent models, alcohol has been shown to
significantly increase cell death in the dentate gyrus, but not to a large extent (Crews et al.,
2000; Morris et al., 2009a; Obernier et al., 2002; Richardson et al., 2009). Cell death rates are
estimated in the hundreds, whereas the rate of inhibition of neurogenesis estimates that
thousands are cells are not produced. Indeed, these data strongly suggest that alcohol-inhibition
of neurogenesis may be the primary mechanism by which the dentate gyrus degenerates, which
resolves the historical conundrum of how the hippocampus degenerates without remarkable,
observable cell death. Impaired neurogenesis as a mechanism of neurodegeneration is not
mutually exclusive of the contribution of other neurodegenerative mechanisms (Armstrong an
Barker, 2001). For instance, those cells that are born during intoxication have blunted dendritic
trees (He et al., 2005), which could contribute to the loss of volume observed in AUDs (De
Bellis et al., 2000; Sullivan et al., 1995). Retraction of processes or shrinking nuclei might also
contribute to the loss of brain mass, but these events have not been investigated in adolescent
models of AUDs (Ibanez et al., 1995).

Considering that the adolescent hippocampus is particularly sensitive to the damaging effects
of alcohol when compared to the adult, one might question whether neural stem cells or
neurogenesis could contribute to this enhanced sensitivity to damage. Though some groups
have suggested as much for the frontal subventricular zone stem cells (Crews et al., 2006c), so
few studies have been performed in adolescents that it is honestly difficult to answer this
question. For example, only one timepoint has been investigated in a model of an AUD, but
at that timepoint (during intoxication) percent-inhibition of cell proliferation is similar between
adults and adolescents as is the percent of inhibition of neurogenesis (He et al., 2005; Morris
et al., 2009b; Nixon and Crews, 2002). One could speculate that even though the rate of
inhibition is similar, because adolescents produce more new neurons compared to adults (He
and Crews, 2007), a larger number of cells would be “lost” or not born in the adolescent (e.g.
20% inhibition of 6,000 new cells a day in an adolescent is 1200 lost cells versus only 600 in
a young adult that produces 3,000 cells a day). Perhaps total neuron loss contributes to the
vulnerability of the hippocampus in the adolescent. It must be noted that there are no published
reports to date regarding neurogenesis or the neurogenic niche after alcohol dependence in the
adolescent. Although reactive neurogenesis has been observed in the adult binge model and
this effect has been suggested to underlie hippocampal recovery in abstinence (Nixon and
Crews, 2004), some models have shown permanent depletion of stem cells after prolonged
dependence (Hansson et al., submitted; Richardson et al., 2009). Whether similar events occur
in adolescents has not yet been described. Further, whether a sudden increase in the number
of new neurons is a beneficial process in recovery or impedes hippocampal function is not
known for either age (see Kempermann, 2004a for discussion). Studies with the immature
neuron marker doublecortin suggest that neurogenesis returns to control levels in abstinence
in adolescents (Morris et al., 2009b), but whether these cells become permanently incorporated
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into the granule cell layer or even function appropriately is not known. Considering that other
measures of hippocampal integrity show long-term impairments in the adolescent (Evrard et
al., 2006; Hargreaves et al., 2009), future studies need to investigate the long-term effects of
alcohol on newborn neurons and the neurogenic niche.

Alcohol and neurogenesis: developmental differences in the neurogenic
niche

Although neurogenesis differs across development, especially with regard to the potentiality
and quantity of stem cells (Temple, 2001), the cell intrinsic signaling machinery required to
produce a new neuron seems quite similar across ages. For example, the duration and timing
of the cell cycle is similar across postnatal development to aging for adult neurogenesis (Olariu
et al., 2007). However, a host of developmental differences in the environment that surrounds
these neurogenic regions, or neurogenic niche, is just beginning to emerge (Lathia et al.,
2007). Thus, it is really from the perspective of environmental regulation of neurogenesis
process, meaning factors that make up and/or influence the neurogenic niche, where
developmental differences and/or different vulnerabilities are predicted to exist. The remainder
of this review will highlight known differences between adult and adolescent brain in their
respective responses to alcohol and glean potential differences from developmental studies in
areas relevant to alcohol effects on neurogenesis. Specifically, neurotransmitters, stress,
inflammation and neurotrophic factors, all of which regulate neurogenesis, may differentially
affect the components of adult neurogenesis in adolescents versus adults.

Neurotransmitter Influences
The influence of neurotransmitters on adult neurogenesis and the possible roles of
neurotransmitters in the mechanism of alcohol-induced effects on adult neurogenesis have been
reviewed previously (Cameron et al., 1998; Carpenter-Hyland and Chandler, 2007; Crews and
Nixon, 2003). However, developmental differences in neurotransmission or alcohol-induced
effects on neurotransmission have not been examined within the context of regulating adult
neurogenesis. It is well established that adolescents have distinct pharmacological responses
to the effects of alcohol as compared to the adult, effects that are suggested to underlie a unique
sensitivity to alcohol within neurotransmitter systems. Specifically, a major factor that could
lead to a differential effect of alcohol on adult neurogenesis in the adolescent compared to the
adult is the influence of the neurotransmitters glutamate and gamma-amminobutryic acid
(GABA). A large body of work has shown that both glutamatergic and GABAergic signaling
are modulated by alcohol and that effects vary with age (Fadda and Rossetti, 1998; White and
Swartzwelder, 2004).

Glutamate, the major excitatory neurotransmitter in the CNS, acts on both ion channel-coupled
and G-protein coupled receptors. One of these ion channel-coupled receptors, the N-methyl-
D-aspartate (NMDA) receptor is known to be responsible for multiple processes in the CNS
including the proposed molecular mechanism of learning and memory, long-term potentiation
(LTP). The NMDA receptor is a heterotetramer composed of three classes of subunits
(obligatory NR1, plus NR2 and NR3). The composition of these receptors varies throughout
the brain and also varies throughout brain development (Monyer et al., 1994; Pujic, 1993).
Though it was originally thought that adult levels of expression and conformation were reached
by adolescence, recent reports detail changes in NR2 subunit expression in the early adolescent
period (Yoshimura et al., 2003) and that NR1 expression peaks in human adolescents (Henson
et al., 2008). We note that this peak in NR1 expression correlates to a finding that adolescents
have a greater sensitivity to alcohol inhibition of NMDA-related functions such as LTP
(Pyapali et al., 1999). Although this greater sensitivity in adolescence was presumed related
to developmental changes in NR2 subunit expression, this recent work suggests that unique
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subunit configurations may occur in adolescence to confer these developmental sensitivities
(Henson et al., 2008). And, although the greater sensitivity of the adolescent to alcohol
inhibition of NMDA-receptor mediated neurotransmission is thought to underlie the
adolescent's greater memory impairment during alcohol intoxication (Pyapali et al., 1999;
White and Swartzwelder, 2004), greater sensitivity to alcohol effects on the NMDA receptor
could impact the receptor's other roles. For example, NMDA receptors have not been found
on neural progenitors, but do emerge as the newborn neurons mature and integration of
newborn neurons is NMDA receptor activity-dependent (Esposito et al., 2005; Tozuka et al.,
2005; for review see Overstreet-Wadiche and Westbrook, 2006). Further, granule cell
development in adult neurogenesis recapitulates that of ontogeny (Esposito et al., 2005).
Therefore, one might speculate that any effects of alcohol exposure on the NMDA receptor
during development may apply (e.g. Lee et al., 1994; Nixon et al., 2002; Nixon et al., 2004).
Pharmacological antagonism of the NMDA receptor has been shown to promote neural stem
cell proliferation and neurogenesis in the dentate gyrus (Cameron et al., 1995). This fairly
consistent effect of NMDA antagonism increasing neurogenesis has been puzzling for the
alcohol-neurogenesis field. Alcohol inhibits the NMDA receptor, which predicts that it might
result in similar increases in cell proliferation and neurogenesis as an NMDA antagonist.
However, alcohol intoxication very clearly decreases cell proliferation and neurogenesis (see
Nixon, 2006 for review). Although, one might speculate that the reactive bursts in cell
proliferation and neurogenesis that occur in abstinence after alcohol dependence could be due
to chronic alcohol inhibition of the NMDA receptor, the timeline of effect is inconsistent with
a mechanism of NMDA receptor antagonism (Nixon and Crews, 2004). In summary, there are
many ways in which alcohol action on the NMDA receptor may alter adult neurogenesis,
however many additional studies are needed to tease apart what appears as contradictory or
inconsistent effects between alcohol, neurogenesis and the NMDA receptor.

GABA, the primary inhibitory neurotransmitter, also acts on both ionotropic (GABAA) and
metabotropic (GABAB) receptors. The GABAA receptor, a Cl-permeable ion channel-coupled
receptor that has many possible stoichiometries due to the 19 different gene products and its
pentameric structure, is also developmentally regulated. In addition to the developmental
changes that this receptor undergoes, alcohol differentially modulates GABA
neurotransmission in adolescents compared to adults. GABAergic function is less sensitive to
alcohol-potentiation in adolescence versus adults (Li et al., 2003; Li et al., 2006). Although
this effect is thought to underlie the reduced sedative and motor impairing effects of alcohol
in adolescents, this decreased sensitivity may impact other systems such as neurogenesis. For
example, GABAA receptors have been identified on neural progenitor cells and immature
neurons, and early synaptic integration of newborn neurons depends on GABA signaling (Ge
et al., 2006; Tozuka et al., 2005). In a model proposed by Ge et al. (2006), it was suggested
that newborn neurons integrate into the neuronal circuitry through ambient GABA levels. It
could therefore be hypothesized that alcohol-induced potentiation of the GABAA receptor
might significantly impact how newborn neurons are integrated into the dentate gyrus.

Alcohol withdrawal also affects both glutamate- and GABA-mediated neurotransmission and
could impact the process of neurogenesis. For example, alcohol withdrawal may include
seizures (Hall and Zador, 1997) and aberrant neurogenesis may result from a seizure (Parent
et al., 1997). Further, many groups have reported differences in alcohol withdrawal seizures
and seizure thresholds between adults and adolescents (Acheson et al., 1999). However, this
age difference can be attributed to developmental differences in alcohol pharmacokinetics
(Walker and Ehlers, 2009), such that when blood alcohol concentrations are similar between
adult and adolescent rats, no differences in seizure severity or behavior are observed (Morris
et al., 2009a). Severity of alcohol withdrawal seizures correlates with reactive neurogenesis
following binge alcohol exposure, however when seizures are eliminated with repeated
diazepam administration, reactive neurogenesis is still observed (Nixon and Crews, 2004).
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Unfortunately, neither reactive neurogenesis nor the role of withdrawal severity in
neurogenesis have been examined in adolescent models as of yet.

Stress Response
Of the many systemic functions alcohol has been shown to affect, the hypothalamopituitary-
adrenal (HPA) axis is a key modulator of hormonal events, especially during adolescence.
During this developmental time period, the HPA axis undergoes changes in basal activity that
are affected by the consumption of alcohol (Prendergast and Little, 2007; Silveri and Spear,
2004). The production of glucocorticoid hormones is regulated by the function of the HPA axis
where corticotrophin-releasing hormone, secreted by the hypothalamus, stimulates the
pituitary gland to release adrenocorticotropic hormone (ACTH) that acts on the adrenal gland.
These hormones act on glucocorticoid and mineralocorticoid receptors that produce profound
effects on neuronal function during periods of high corticosterone release, such as that which
occurs during alcohol administration and withdrawal (Prendergast and Little, 2007). Studies
have shown that glucocorticoids may play a role in alcohol dependence and that stressful events
early in life may contribute to the development of dependence (Piazza and Le Moal, 1998;
Prendergast and Little, 2007; Spear, 2000). Studies suggests that the adolescent HPA axis
responds to stressors quite differently than that of adults, which suggests that the decreased
corticosterone release in adolescence may contribute to the reinforcing effects of alcohol
(Piazza et al., 1993). Although alcohol-induced increases in plasma corticosterone are lower
in younger animals compared to adults, the lower levels of glucocorticoid receptors in the
adolescent brain suggest that alcohol still produces a spike in corticosterone (Piazza et al.,
1993; Prendergast and Little, 2007; Silveri and Spear, 2004). Spikes or extended release of
corticosterone contribute to neurodegeneration; specifically, corticosterone detrimentally
impacts adult neurogenesis (Cameron and Gould, 1994). These data taken together imply that
a age-specific regulation of glucocorticoid signaling might result in a unique neurodegenerative
response in the adolescent brain. Compound this idea with data that corticosterone inhibition
of neurogenesis is mediated by NMDA-mediated neurotransmission (Cameron et al., 1995),
and it suggests multiple mechanisms by which neurogenesis in the adolescent brain may be
differentially affected by alcohol than in the adult.

Inflammation
Extensive research has demonstrated an intimate relationship between inflammatory responses
and the regulation of neurogenesis (Whitney et al., 2009). The level of inflammation not only
affects traditional neurodegenerative processes such as cell death (Block and Hong, 2005), but
recent work has shown that the level of inflammation also determines its role on the components
of neurogenesis. In the brain, inflammation is mediated by glia and specifically, microglia have
been shown to affect the neurogenic niche and neurogenesis (Whitney et al., 2009).
Specifically, phagocytic microglia characteristic of high levels of inflammation, appear to
reduce neurogenesis (Monje et al., 2003) whereas low level activation of microglia promote
neural stem cell proliferation and neurogenesis (Battista et al., 2006; Butovsky et al., 2006;
Ziv et al., 2006). Thus, developmental differences in microglial activation, macrophage
recruitment, or the balance of pro-inflammatory to anti-inflammatory cytokine release in
neurodegeneration might underlie the sensitivity of the adolescent hippocampus to alcohol-
induced damage. Indeed, multiple animal models of CNS injury including inflammatory
challenges, hypoxia-ischemia and excitotoxicity reveal developmental differences in blood
brain barrier integrity and leukocyte/macrophage recruitment in response to insult (Bolton and
Perry, 1998; Campbell et al., 2007). These studies and others suggest that there is a juvenile
window of susceptibility that makes this developmental period particularly vulnerable to
neuroinflammation (Campbell et al., 2007). However, it is not known if this window in
juveniles extends to adolescence. Regardless, the susceptibility of the adolescent brain to
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inflammation will impact both cell death and cell birth mechanisms in alcohol-induced
neurodegeneration.

Unfortunately, alcohol neurotoxicity is only tenuously linked to microglial activation through
alcohol production of oxidative stress (Bondy, 1992), excitotoxicity (Lovinger, 1993), cell
death (Crews and Nixon, 2009), and/or the overlap between microglial signaling cascades and
alcohol effects on cell signaling (Crews et al., 2006b; Davis and Syapin, 2005). Although many
have hypothesized that microglia have a significant role in alcohol-induced brain damage, there
are only limited reports of activation (Crews et al., 2006b; Nixon et al., 2008). And, there are
no reports to date of phagocytic activation in vivo in either adolescents or adults. There is
evidence of inflammation in both adult and adolescent models of alcohol exposure (Pascual et
al., 2007; Qin et al., 2008), but the ties to microglia are indirect, which is consistent with the
historical suggestion that the damage in alcoholism is “too chronic” or too low level to result
in significant effects on microglia (Kalehua et al., 1992). However, if the adolescent brain has
greater susceptibility to inflammation, it suggests that pro-inflammatory events, such as
excessive alcohol intake (e.g. Pascual et al., 2007), may differentially impact neurogenesis
events in the adolescent brain.

Neurotrophic Factors
Growth and neurotrophic factors play pivotal roles in the regulation of adult neurogenesis
(Balu and Lucki, 2009; Cameron et al., 1998). As well, neurotrophic signaling has many
proposed roles in the AUDs ranging from influencing alcohol preference to promoting alcohol
dependence, besides its role in alcohol-induced brain damage (Pandey et al., 2005). Brain-
derived neurotrophic factor (BDNF), part of the nerve growth factor family of neurotrophic
factors, is commonly discussed with regard to its role in cell differentiation and survival, but
it is also developmentally regulated and altered in models of AUDs (Pandey et al., 2005).
Indeed, neurogenesis plays a role in alcohol-induced brain damage such that one might
correlate BDNF expression in the differences in susceptibility to alcoholic neurodegeneration
between adults and adolescents. However, no reports have explored this relationship and the
data on BDNF levels and its receptor, TrkB, vary wildly, due to differences in alcohol exposure,
methods, timing and the like (Davis, 2008). An in-depth synthesis of BDNF in alcohol-related
disorders report that in general, long term alcohol exposure decreases BDNF mRNA
expression, an effect that may correlate with alcohol-induced neurodegeneration (reviewed in
Davis, 2008). Although BDNF-related signaling may underlie developmental (pup) brain
susceptibility to alcohol neurotoxicity (Chandler and Sutton, 2005), the needed adolescent-
adult comparison has not yet been made. Notably, BDNF mRNA in the dentate gyrus appears
to peak during adolescence (Webster et al., 2006). Dentate gyrus BDNF mRNA, specifically,
was 29% higher (though not significantly) than both neonate and adult levels whereas other
regions of the hippocampus did not show developmental changes (Webster et al., 2006). This
potential developmental difference in the dentate gyrus is very intriguing for adolescent versus
adult alcohol comparisons, especially when combined with studies investigating the role of
growth factors on rodent embryonic neural stem cells. For example, neural stem cell
differentiation was significantly inhibited by alcohol concentrations as low as 20mM (∼0.09
mg%), an effect that reversed in the presence of BDNF (Tateno et al., 2004). Further as long-
term alcohol exposures appear to reduce BDNF and also result in decreased newborn cell
survival (e.g. Herrera et al., 2003; Nixon and Crews, 2002), it supports that the known role of
cell survival-promoting effects of BDNF should be investigated in alcohol effects on newborn
cell survival. However, whether BDNF expression can be linked to adolescent brain
vulnerability to alcohol-induced damage is not clear.
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Conclusions
In summary, neural stem cells contribute to hippocampal structure and function such that events
or agents, such as excessive alcohol intake, may alter hippocampal integrity by its action on
the process of adult neurogenesis. Alcohol intoxication reduces adult neurogenesis, though the
effect and the mechanism of inhibition vary due to alcohol dose, pattern and duration of
exposure (a point derived from the fetal alcohol spectrum disorders literature; Goodlett et al.,
2005). The rate of inhibition of adult neurogenesis is similar between adults and adolescents
but as adolescents produce more new neurons overall (e.g. He and Crews, 2007), alcohol results
in a greater net loss in neuron number in adolescents. It is possible that this greater neuron loss
could underlie the known susceptibility of the adolescent hippocampus to alcohol-induced
damage. However, it is not yet known how alcohol effects the neurogenic niche or neurogenesis
in the long term; thus far only a single time point, during intoxication, has been investigated
in models of AUDs (e.g. Morris et al., 2009b). Several potential mechanisms by which alcohol
may differentially affect the neurogenic niche in the adolescent were suggested, which
highlights the need for additional research in this area. The data and discussion above contribute
to a growing body of work on the role of neural stem cells and adult neurogenesis in
neurodegenerative and psychiatric disease and specifically within AUDs. Specifically, any
form of damage to the hippocampus, and in this case alcohol effects on neural stem cells or
the neurogenic niche, may be a critical step in the downward spiral from alcohol
experimentation to alcohol addiction (Crews, 1999). Hopefully, applying this newly considered
mechanism of structural plasticity will reveal new mechanisms that underlie the vulnerability
of the adolescent to developing an AUD and lead to new approaches to reduce and prevent the
development of AUDs in adolescents.
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Figure 1.
This figure is a cartoon representation of when two of the most commonly used cell cycle
markers, Bromo-deoxy-Uridine (BrdU) and Ki-67, are observed with regard to the different
stages of the cell cycle. Ki-67 is an endogenous marker of proliferation that is expressed
throughout the active phases of cell division, specifically G1, S, G2 and M phases (Scholzen
and Gerdes, 2000). BrdU, however, is only incorporated during synthesis phase (S-phase) of
the cycle and therefore indicates that a cell is either in or has passed through the S-phase.
Morris et al., 2009b proposes that in an adolescent model of an alcohol use disorder, that alcohol
is arresting cells in the G1 phase of the cycle. A cell arrested at G1, would therefore be positive
for Ki-67 but negative for BrdU, which would explain why a decrease in BrdU-positive cells,
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but no change in Ki-67 positive cells, were observed during alcohol intoxication. Notably, this
difference in expression for BrdU versus Ki-67 is not observed in adult models. This difference
may suggest a different mechanism of alcohol inhibition of proliferation in adults versus
adolescents.
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Figure 2.
Representative photomicrographs of various neurogenesis-related markers (via
immunohistochemistry) are shown and contrasted for adolescent versus adult rats. All images
above are taken at the intersection of the superior and inferior blades of the dentate gyrus of
the hippocampus. The images highlight that proliferation markers, BrdU and Ki-67, are
increased in the adolescent brain compared the adult, which supports the higher rates of neural
stem cell proliferation observed in the adolescent (He and Crews, 2007). The arrows in the
BrdU and Ki-67 panels point towards clusters of dividing cells. In the doublecortin images, a
thinner band of doublecortin-positive cell bodies is easily visualized in the adult panel. Further,
the density immature granule cell neurons is also evident by more dendrites (arrows) projecting
through the granule cell layer in the adolescent versus a single dendrite in the adult.
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