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ABSTRACT
Hippocampus is one of the few brain regions in which adult neurogenesis is known to occur.
Adult neurogenesis in the hippocampus is considered to be important for higher cognitive
function, most notably in memory processes and mood regulation. Alcohol abusers are often
diagnosed with memory dysfunction. Several animal studies have reported impairment of
alcohol on adult neurogenesis in hippocampus, however in studies of adult human alcohol
abusers, no conclusive results have been obtained so far. The work presented in this thesis
focuses on understanding the effect of alcohol on hippocampal neurogenesis and is based on
studies of carefully phenotyped postmortem human subjects. The studies include the effect of
chronic abuse of alcohol on hippocampal granule cells, analyzed using stereological
principles and determination of the densities of neural stem/progenitor cells and immature
neurons in dentate gyrus. Further, hippocampal cell turnover was studied regarding the effect
of alcohol and cocaine using retrospective bomb-pulse derived carbon-14 birth dating
procedure.

In Paper I we assessed the effect of alcohol on proliferating cells, stem/progenitor cells and
immature neurons using immunohistochemistry with antibodies against Ki67, Sox2 and DCX
in the subgranular zone and other layers of the dentate gyrus of the hippocampus. All subjects
included in this study had an on-going alcohol abuse for at least four weeks prior to death, a
time period that was chosen based on data about the time that elapse from that a neural stem
cell after asymmetric division becomes an integrated neuron in the granule cell layer of the
dentate gyrus. We found that alcohol negatively affect the proliferating cells, stem/progenitor
cells and immature neurons in the hippocampus. The effect was found to be prominent in the
subgranular zone and evenly distributed across the distances from the granular cell layer.
Alcohol has more pronounced effect on Sox2-IR cells than DCX-IR cells which suggest that
the stem/progenitor cells are primarily targeted and that the immature neurons are secondarily
affected.

In Paper II we investigated whether the effect of alcohol on neurogenesis might over time
affect the number and density of granule cells in the hippocampus. A morphometric method
based on the principle of optical fractionator of stereology was applied on blocks of
hippocampus at a standardized anatomical location. Neuronal nuclear antigen NeuN was used
as a marker for mature granule cell in this study. We found that alcohol significantly reduces
the total number and density of granule cells in addition to a decrease in the volume of GCL
in hippocampus. We also report that the significant difference in density was primarily due to
a reduction of granule cell number. There are substantial inter-individual differences in

granule cell numbers, and alcohol seemingly has a stronger impact on this than age of the
subjects.

In Paper III we studied the difference in neuronal and non-neuronal cell turnover rate in
control, chronic alcohol abusers and cocaine abusers. We have used a retrospective 14C birth
dating procedure to estimate the average age of hippocampal cell populations and
mathematical modeling to calculate the turnover rate of hippocampal cells. The turnover rate
of both neuronal and non-neuronal cells in cocaine abusers were indistinguishable from
control subjects, whereas we observed a lower turnover rate in alcohol abusers compared to
controls. However, this difference was not statistically significant when the results were
corrected for the age of the subjects. Due to an increased loss of hippocampal neurons in
alcoholics, it cannot be excluded that the true turnover rates may be lower in this group.

In conclusion, in this thesis, we have found support for impairment of neurogenesis in the
hippocampus in alcoholics and that alcoholics over a lifetime have lost a substantial portion
of their granule cells, which may be explained by both a reduced addition of new cells to the
dentate gyrus and an increased removal of cells. Using 14C analysis of neuronal nuclei we
could not detect a significant difference in turnover of granule cells between alcoholics and
controls. A mathematical modeling considering the effect of cell loss in alcoholics and/or a
separate analysis of 14C in the granule cell population would be desirable to more in detail
understand the dynamics.
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INTRODUCTION
Hippocampus, an anatomical brain region located in the medial temporal lobe has important
function in learning, memory and in mood regulation. It is one of the few brain regions in
which adult neurogenesis is considered to occur throughout the life time of humans with
modest decline with age. Experimental studies on animals suggest that the formation of new
neurons is crucial for hippocampal functions, to adapt to new situations. Impairment of
neurogenesis has been observed in alcohol and drug abuse in animal studies1,2. In this thesis,
the effect of alcohol on proliferation, numbers of stem/progenitor cells and immature neurons
in the dentate gyrus is studied in human subjects with an on-going alcohol overconsumption
and in control subjects. The impact of long-term alcohol abuse on total number of granule
cells has also been studied. Finally, the turnover of hippocampal cells in chronic alcohol and
cocaine addicts is also investigated using bomb-pulse derived radiocarbon birth dating. High
alcohol intake for longer period is associated with general brain atrophy including atrophy of
hippocampus. The main hypothesis of this thesis is that alcohol and drugs of abuse might
have an impact on the formation of new neurons in hippocampus, which may represent one
of the morphological substrates of memory impairment in alcohol/drug addiction. Previous
postmortem studies on human alcoholics have failed to document a decrease in number of
neurons, which may due to inclusion of small cohorts and less well-defined inclusion criteria
for alcoholics. In this thesis the effects of both short and long-term alcohol and cocaine abuse
on neurogenesis, and the total number and turnover of neurons in the hippocampus, are
studied.

ALCOHOL ABUSE

Socio-economic impact of alcohol
Alcohol abuse is associated with social-economic impact in addition to the medical
consequences that contribute to the severity of the disease worldwide. According to the
World Health Organization (WHO), excessive alcohol use is the third leading cause of
disease and disabilities in the world3. Alcohol affects the human body in many ways; in
particular excessive use alcohol may lead to liver cirrhosis, and increase the risk for cancer
and cardiovascular diseases3,4. Chronic alcohol abuse is one of the most prevalent psychiatric
disorders in the western world, and also one of the comorbid disorders accompanying other
mental disorders such as depression and anxiety5. Further, alcohol abuse and addiction to
alcohol cause enormous economic cost to the society; in the US the annual cost is estimated
to $250 billion6 and in Sweden the annual cost related to alcohol abuse is estimated to 100
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billion SEK7,8. Apart from all these medical and economic consequences, alcohol exerts a
heavy burden to the family, friends and social life of the affected individual9.

Physiological effects of alcohol
Alcohol has wide physiological effects on brain and other parts of the body. In humans,
alcohol acts as a central nervous system depressant with mild stimulating effects on some
parts of the brain10. At higher levels, alcohol may cause disorientation, coma and can even
lead to death. Alcohol is metabolized in the liver, which breaks down alcohol to acetaldehyde
and then further to acetic acid by alcohol dehydrogenase and aldehyde dehydrogenase,
respectively11. Alcohol, when consumed in large quantity over long periods of time may lead
to fatty degeneration and even fibrosis (cirrhosis) of the liver due to increased fatty acid
synthesis, inhibition of their oxidation, and lactate-stimulated collagen formation, all
basically in turn due to the formation of the reduced form of NADH and the metabolite
acetaldehyde during ethanol metabolism by alcohol dehydrogenase12. Chronic alcohol
associated liver cirrhosis is characterized by large fatty droplets in the liver epithelial cells,
sometimes also containing alcohol hyaline inclusions, portal lymphocyte infiltrates,
proliferation of the bile ducts and scarring, which eventually produces pseudolobules12,13.
Thus, this form of macro- and microscopic visible alcohol-related liver damage constitutes
one very specific evidence of long-term alcohol overconsumption. Alcohol is known to cross
the blood brain barrier, a barrier that protects the brain from the entry of undesired molecules,
but which also regulates the elimination of waste molecules in the brain14,15. Alcohol at high
concentrations in the blood acts as vasoconstrictor by increasing blood pressure that can leads
to stroke16,17 and functional brain disorders like vascular dementia18,19. Even moderate doses
of alcohol for longer period of time can lead to vitamin deficiency as in Korsakoff’s
syndrome, resulting in memory loss, emotional disturbance and ataxia20,21.

Misuse, abuse and addiction
In postmortem human studies on alcohol and substance abuse, the terms misuse, abuse and
addiction are often used to categorize studied subjects since ICD or DSM codes generated
from medical records case management systems are typically not available. This is
compensated by the retrieval of information on the use of alcohol and/or drugs from other
sources that are often not used, or available for health care professionals. For the present
studies, the source of information is not critical, rather the reliability of the information. Even
if medical records are often considered the gold standard, for the formation of groups of
addiction used in this thesis a synthesis of data from several sources is used, since the aim is
2

to explore association between overconsumption of alcohol or cocaine and hippocampal
neurogenesis rather than the association between addiction and neurogenesis in hippocampus,
hence regardless if the subjects are addicted to alcohol or certain other drugs or not.
According to the World Health Organization (WHO), misuse is a use of substance for a
purpose not consistent with legal or medical guidelines, i.e. nonmedical use of prescription
medications22. Abuse is defined as persistent or sporadic excessive use of a psychoactive
substance despite knowledge of having a persistent or recurrent social, occupational,
psychological or physical problem that is caused or exacerbated by the use of the substance22.
Addiction to a substance is defined as repeated use of a psychoactive substance or substances
to the extent that the user (referred to as an addict) is periodically or chronically intoxicated,
shows a compulsion to take the preferred substance (or substances), has great difficulty in
voluntarily ceasing or modifying substance use, and exhibits determination to obtain
psychoactive substances by almost any means22. In this study, the cases identified as
alcoholics and cocaine subjects are abusers for those substances. So, the excess consumption
for a longer period was used to include them in the study whether or not they also fulfilled the
criteria for addicts. Having said that, most of the Swedish subjects were actually also
diagnosed with alcohol addiction.

Effect of alcohol on hippocampus and other brain regions
Alcohol affect different brain regions and long-term excessive alcohol consumption results in
general and regional brain atrophy, although it is not quite clear whether this also requires
that the subject suffer from vitamin B1 deficiency23-25. Pathological findings in animals show
that both grey and white matter volume reductions contribute to the alcohol induced brain
atrophy26-29. Neuronal loss has been shown in specific regions of cerebral cortex,
hypothalamus and cerebellum in alcoholics30-32. Evidence of lesions and volume shrinkage
has been found in the mammillary bodies of alcoholic subjects with Wernicke-Korsakoff
syndrome33. In experimental animal studies, there is a reduction in hippocampus volume in
alcohol abuse models34-36. Recent studies on humans have also reported a reduction in
hippocampus volume in association with chronic alcohol abuse37-39 and this reduction in
hippocampal volume in alcoholics in humans is also observed in meta-analysis on human
findings40.
The main purpose of this thesis is to elucidate the short-term and chronic effect of alcohol and
drugs on adult neurogenesis in hippocampus, particularly the effect of alcohol on
proliferation, stem cell pool, and numbers of immature neurons. The studies also aim at
finding out whether alcohol or cocaine affects the turnover dynamics of neuronal and non-
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neuronal cell populations in the hippocampus. To this end, different cohorts of deceased
donors selected for the particular study purpose, and different methodological approaches
have been used.
Since the main focus of this study is hippocampus, it is important to know its basic anatomy;
its types of cells, and their neural connections with other brain regions; its function in adult
brain; and its pathology in diseases. Hence, these topics are discussed in the following
sections.

HIPPOCAMPUS
This section focuses on hippocampus anatomy with the basic two laminar structures, the
inputs and outputs to the dentate gyrus and the function of hippocampus in adult brain.
Basic Anatomy
Hippocampus, localized in the temporal lobe of the brain, was described by the anatomist
Julius Caesar Arantius in 1579, whom because of its appearance called it hippocampus, Latin
for sea horse. Hippocampus has a laminar structure, i.e. all principal cells are arranged in
separate subdivisions. The hippocampal formation comprises the dentate gyrus (DG) and the
hippocampus proper with four subdivisions: CA-Cornu Ammonis (CA1, CA2, CA3 and
CA4), subiculum, presubiculum and parasubiculum. Entorhinal cortex (EC) is often included
in the basic anatomy of hippocampus formation, since it is from there afferents and efferent
of hippocampus is relayed to neocortex. A coronal section that shows the basic anatomy of
the human hippocampus formation can be seen in Figure 1.

4

Figure 1: Basic anatomy of the human hippocampal formation from a coronal section is
shown. Reprinted from Kang et al., 2015 with permission.

Cornu Ammonis (CA)
Cornu Ammonis or Hippocampus proper is divided in to six layers: alveus, stratum (st.)
oriens, st. pyramidale, st radiatum, st lacunocum and st moleculare. The main elements of CA
are the pyramidal neurons in st. pyramidale. Pyramidal neurons project mainly via alveus to
the septal nucleus, to other pyramidal neurons via associative fibers and cross the
contralateral hippocampus. There are four subfields which Lorente de No in 1934 named
CA1-CA4. The CA1 sub-field consists chiefly of pyramidal cells that are scattered in the
large pyramidal stratum in human hippocampus, but which are small and narrow in rats41.
CA2 is composed of large and densely packed cells in contrast to CA142. CA3 consists of less
densely packed pyramidal cells but less pronounced. Moreover, CA3 has a specific
subregion, stratum lucidum layer, which consists of mossy fibers, the projection axons from
dentate gyrus. CA4 is situated within the cavity of DG known as hilus and consists of large,
ovoid and scattered cells surrounded by mossy fibers. The CA1 is considered as the main
output of the hippocampus projecting to the fimbria and sending collaterals to the subiculum.
The subiculum has three layers that are similar to the CA region: the pyramidal layer,
molecular layer and polymorph layer. The CA1 pyramidal cell axons project to the pyramidal
and molecular layer of subiculum, in which the former in turn projects to the deep layers of
the entorhinal cortex43. Thus, the entorhinal cortex acts as a relay station further transferring
processed information from the hippocampal formation into the cortex and some other brain
regions44.
5

Dentate Gyrus (DG)
The current study is mainly focused on the DG, a well-decanted structure that surrounds the
CA4 field of CA. It consists of three layers that are easily visualized on the coronal sections
of the hippocampus: the granular cell layer (GCL), the sub-granular zone (SGZ) and the
molecular layer (ML). These three layers together form fascia dentata and the laminar pattern
observed is conserved among mammals45-47. The granular cell layer consists of somata of
densely packed granule cells making this layer easily identified on histology slides. Their
axons (often referred as mossy fibers) are non-myelinated and run through the polymorphic
layers to CA4 and CA3. The granule cells have dendrites that protrude into the ML48. The
SGZ contains precursor stem cells that are polymorphic and this layer runs parallel to the
GCL between CA and GCL. The width of the SGZ in the human brain is not well
characterized and may be several hundred microns, although most researchers believe that the
highest activity is in the areas closest to GCL, but since the borders of the human SGZ has
not as yet been defined, histological studies of SGZ have been performed on areas of variable
width49,50. The molecular layer of DG consists mainly of inhibitory neurons and of dendrites
of granule neurons and afferent axons.

Circuits of the Dentate Gyrus – inputs and outputs
The dentate gyrus is the main entry point of the hippocampal trisynaptic network. The trisynaptic perforant pathway from entorhinal cortex innervate the ML that enter into DG45. The
lamellar set of unidirectional connections are as follows: starting from axons of entorhinal
perforant pathway to the dendrites of granule cells in the molecular layer, the axons of dentate
gyrus known as mossy fibers transverse the polymorphic layer to CA4 and CA3; the axon
collaterals of CA3 known as Schaffer collaterals projects to CA1 laterally and from CA1 the
axons projects back to entorhinal cortex51,52. However, the trisynaptic pathway is not entirely
linear as explained and there are additional direct inputs of perforant pathway as well into
CA3 region. The inputs from the cortex is essential in the formation of episodic memories
that enters through this pathway into the dentate gyrus via entorhinal cortex.
Information arriving from the isocortical areas is forwarded towards entorhinal area and
hippocampus implying that new information has to be processed via entorhinal cortex and
hippocampus before final storage in the neocortex. Hippocampus has specific
intrahippocampal circuits: polysynaptic and direct pathways. The origin of polysynaptic
pathways are neurons in layer 2 of EC which has been named perforant pathways since they
pass through subiculum on the way to ML. Dentate granule cells extend mossy fiber to CA3
and CA4 neurons which are interconnected with the subiculum and with CA1 pyramidal
neurons via Schaffer collaterals. Finally, projection neurons in CA1 are sending axons to the
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subiculum, septal area and to the deep layers of EC. Deeper layer III in EC is sending direct
projection to CA1.
The dentate gyrus has many types of resident GABAergic interneurons in the molecular and
polymorphic layer exerting some inhibitory effect on granule cells and pyramidal cells. The
GABAergic interneurons in the hippocampus have influence on hippocampal function51,53.
The dentate gyrus also receives external regulatory connections outside the hippocampus:
cholinergic fibers from septal nuclei54, commissural fibers that connects the two hippocampus
via fornix55, serotonergic fibers from raphe nuclei56, dopaminergic fibers from ventral
tegmental area57. Hippocampus also has direct connection with the associative neocortex58.

Function of hippocampus in the adult brain
The human hippocampus has been known to play a critical role in memory since the seminal
finding by Scoville and Milner59 reported on patient HM. After performing a lobectomy of
the temporal lobes as a treatment to intractable epilepsy, HM was diagnosed with severe and
permanent amnesia while his general mental abilities remained intact. Since HM’s lesions
were substantial it was difficult to identify the importance of specific subregions in the
temporal lobe60. The authoritative proof came 50 years after the patient HM study, when
functional deficits of patients with more selective hippocampal damage were reported61-63.
Today it is well known that hippocampus has important function in learning and memory and
in the regulation of mood64. Learning and memory functions of hippocampus are dependent
on activity related adaptive changes at synaptic and network levels and this can be modified
by experience65. The adaptive changes are referred to as hippocampal plasticity which is
mainly due to neurogenesis in the SGZ of hippocampus that will be discussed in the
subsequent sections.
Long-term memory is comprised of the declarative memory and non-declarative (procedural)
memory system. Hippocampus has an important function in declarative memory that includes
both episodic and semantic memory66. The declarative memory system encompasses
memories for facts and events mediated by the hippocampus in the medial temporal lobe of
the human brain. The persistent craving for alcohol and drugs even after long-term
withdrawal implicates the presence of drug related memory in the hippocampus that may be
due to reduction of functional replacement by adult generated neurons.

7

Comparison of hippocampus anatomy and function: rodents vs primates and
humans
This section aims at describing the hippocampal anatomy and function in different species to
provide an understanding of the results obtained from different studies. The hippocampus
longitudinal axis is defined as ventral-dorsal in rodents and anterior-posterior in primates and
humans on the basis of long axis of hippocampal orientation. The long axis of the
hippocampus in the rat must undergo an orthogonal rotation in order to have same orientation
as in primates and humans. The entorhinal cortex is the interface between the hippocampus
proper and neocortex through which both input and output pathways run in addition to direct
connections in all the three species67. The anterior part of the hippocampus is connected to the
entorhinal cortex in humans and primates while in rodents with the dorsal (=posterior) part of
the hippocampus. In humans, the posterior part of the hippocampus is associated with
memory function which is dorsal part in rodents68. As previously described, hippocampus
receives input from the entorhinal cortex and intrahippocampal pathways. However,
hippocampus have also direct and polysynaptic pathways to and from different cortex
regions. Hippocampus receive direct inputs from inferior temporal association cortex
(connected to inferior visual system) through perirhinal cortex and sends direct output to deep
layers of entorhinal cortex and prefrontal cortex51. The prefrontal cortex has a well-known
role in decision making, which is poorly developed in rodents69. The polysynaptic output
from hippocampus reaches the mamillary bodies and thalamus via fornix, which in turn have
projections to frontal, anterior and posterior cingulate cortices. The posterior parietal
association cortex have polysynaptic input to hippocampus via parahippocampal gyrus and
entorhinal cortex51. Hippocampus is also known to receive emotional responses from
prefrontal cortex and send projections to nucleus accumbens and amygdala70,71. The above
description on hippocampal connections with other brain regions and function aims at helping
the reader to give a basic understanding of the differences in hippocampal connection
between species.

HIPPOCAMPUS PATHOLOGY AND FUNCTION DEFICITS IN ALCOHOLISM
AND DISEASES

Hippocampal atrophy and diseases
Imaging studies on the human brain and hippocampus in the last decades have been linking
the hippocampal atrophy, i.e. the decrease in the volume of hippocampus, to learning and
memory related dysfunctions. In healthy adults the size of the hippocampus is positively
correlated with hippocampus dependent memory functions such as declarative and episodic
memory functions72,73. Several neurologic diseases such as Alzheimer’s disease, dementia
8

with Lewy bodies, as well as traumatic brain injury have negative effects on the hippocampal
volume and memory performances as assessed with a variety of tests 72,74-76.
Hippocampus is also involved in modulation of mood and the duration of depression has been
shown to correlate with the severity of hippocampal atrophy. Several evidences suggest that
the hippocampal atrophy due to long-term depression persists even after remission from
depression77,78 and treatment with tricyclic anti-depressants has shown larger DG and GCL
volume in the hippocampus79.

Hippocampal function and pathology in alcohol abuse
Hippocampus is one of the key brain regions found to be most sensitive to the effects of
alcohol. The well-known functions of hippocampus such as semantic and spatial memory are
particularly vulnerable to the effects of alcohol80,81. A general impairment in the structure and
function of hippocampus was seen after chronic alcohol exposure in experimental
models80,82,83 and in human brain studies84-86. The regional brain damage observed in chronic
alcoholics is often found associated with hippocampal damage and related memory
impairment in humans81,83. This is in turn supported by experimental alcohol addiction
models in which a significant impairment in working memory deficits has been observed87,88.
These studies suggest that the effect of alcohol on cognitive function is mainly through its
effects on hippocampus89. The structural and functional changes in the hippocampus induced
by chronic alcohol abuse have been investigated in several studies and the reported effects
include neuronal loss90,91, glial cells loss92, dendritic alteration in hippocampal neurons93,94,
reduction of hippocampal neurons1, and decrease in long term potentiation (LTP)95.

Alcohol induced neurotoxicity in hippocampus and the brain cytotoxicity
The major neurotoxic effect of alcohol in the brain is considered to be due to oxidative stress,
which may be related to effects on NMDA (N-methyl-D-aspartate) receptors and associated
activity through GABA (gamma-aminobutyric acid) receptors, whether or not this is
considered to be caused by excitotoxicity. The NMDA receptor is also proposed to have
major role in different phenotypes of alcoholism such as tolerance, dependence, withdrawal,
craving and relapse96,97. Alcohol induced neurodegeneration through excitotoxicity is mostly
shown in in vitro studies and a very few in vivo studies that claims neurodegeneration through
NMDA receptors has not shown enough quantitative effect due to NMDA receptors98. Both
NMDA and GABA receptors are present in the dentate gyrus and CA regions99, but most of
the authoritative proof of expression of these receptors either on stem/progenitor cells or
granule neurons in the hippocampus is from electrophysiological studies100-102. The inhibitory
9

action of ethanol on the activity of NMDA receptor was demonstrated using
electrophysiological studies on hippocampus103 and also amygdala104 and striatum105,106.
Chronic ethanol exposure has been suggested to induce excitotoxicity through
hypersensitivity of NMDA receptors107-109. Crews et al. have suggested that NMDA receptor
mediated oxidative stress resulting in nitric oxide formation in the brain is a typical effect of
high dose alcohol exposure36. Brain cytotoxicity could also occur through increase in the
level of proinflammatory cytokines due to oxidative stress induced by alcohol110.
Nevertheless, excitotoxicity and oxidative stress is suggested in alcohol related brain damage,
it is not well studied in humans as several factors such as drinking pattern and other factors
over the years should be extracted carefully in order to quantify neurodegeneration over the
lifetime.

NEUROGENESIS
Neurogenesis is the process by which self-renewing, pluripotent, neural stem cells (NSC)
become neurons. Neurogenesis is known to be prevalent during pre-natal development and it
is a vital process for populating the developing brain. Neurons are the fundamental unit of the
nervous system through which information is being processed and transferred to different
parts of the brain. Whereas embryonic neurogenesis is critical in the initial development of
the brain, adult neurogenesis is responsible for the continuous development and integration of
new memories in the brain.

Adult Neurogenesis

With the notable exception of the granule cells in the dentate gyrus and olfactory bulb, most
neurons in the primate brain including humans, appear to be generated before birth or during
the early neonatal period and then persist during many decades of the primate life span111.
Adult neurogenesis is a process by which generation of new neurons from the pluripotent,
self-renewing neural stem cells integrate into existing circuits after the postnatal development
stages. In mammals, adult neurogenesis occurs in two principle regions – the subgranular
zone of the DG and the subventricular zone of the lateral wall of the lateral ventricles.
The earliest evidence of adult neurogenesis was reported in 1912 by Ezra Allen, when Allen
showed mitotic figures in the lateral ventricles of albino rats112. Despite this observation, the
adult brain was strongly believed to be incapable to produce new neurons during those times.
It was not until Altman and Das in their seminal study 1965, that this dogma was questioned.
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They demonstrated that adult hippocampus is the host to birth and death of new cells for the
first time in adult rat dentate gyrus113 using auto-radiographic labeling technique. This study
was replicated by Kaplan more than a decade later using electron microscopy showing that
the adult born cells were indeed neurons114. Fernando Nottebohm in 1983, demonstrated the
functional integration of adult generated neurons for the first time in the song system of adult
birds, supporting the seasonal learning in canary birds115. Almost more than a decade after
Nottebohm´s report, a number of researchers showed adult neurogenesis in hippocampus of
rodents and different species of primates using BrdU labeling and immunohistochemistry
(IHC)116-118. Hence, adult neurogenesis started to become more widely accepted as an integral
part of brain plasticity in the late 1990s.
In humans the first direct evidence for adult neurogenesis was provided by Eriksson et al.,
1998 observing that cells in the adult brain undergo cell division and eventually matured into
new neurons in the dentate gyrus of hippocampus50. A recent seminal study by Spalding et
al., using a novel 14C dating procedure reported that in adult humans approximately 700 new
neurons are added per day in each hippocampus, corresponding to an annual turnover rate of
1.75% of neurons within the renewing fraction, with a modest decline during aging119.
Hippocampus is the brain structure important for learning and memory formation and it has
been proposed that the integration of new neurons is essential for structural and functional
integrity of hippocampus120. Hence, if it is accepted that neurogenesis continues to go on in
the adult human brain, the production of new neurons most likely follows the same principles
as observed in other species. From animal studies the following sequences have been
established. In the dentate gyrus, a hippocampal subregion, a homeostatic pool of young
neurons is maintained to allow for neurogenesis. New granule cells are consistently generated
in the subgranular zone (SGZ) of the DG; these immature neuronal cells migrate to the
granular cell layer (GCL), and extend their axons and dendrites to their target areas121.
These newborn neurons in the hippocampus have distinct electrophysiological properties, as
they need only weaker stimulation to get activated (hyper-excitable)122. As hippocampus is
known for its role in learning new things that are associated with weaker stimulation, the
hyper-excitability of newborn neurons support the formation of new memory and makes it
distinct from existing memories123. Animal studies have shown that newly formed neurons in
the adult DG make distinct contributions to learning and memory124,125.
In animals, the newly produced neuroblasts in the SVZ migrate via the rostral migratory
stream to the olfactory bulb, where they differentiate and replace interneurons undergoing
rapid turnover126. The same is true for hippocampus but since the neuronal stem cells are
located mainly in the SGZ, they do not have to travel far to reach their destination in the
GCL. It has been estimated that 9000 new cells are produced each day in rat dentate gyrus of
which 50% express neuron specific markers. This rate in cell proliferation equals nearly 6%
of the mature granule cell population newly formed every month127. However, in olfactory
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bulb due to higher replacement of existing neurons, the neurogenesis is essential to maintain
the number of neurons128. Also the functional role of newborn neurons in the olfactory bulb is
poorly understood, in spite of the proposed role in odor discrimination129. In contrast to the
olfactory bulb, the dentate gyrus seems to show very low neuronal death rate128. The recent
debate on the existence of neurogenesis have re-ignited the topic and it concludes that studies
on adult hippocampal neurogenesis not only focuses on its existence but also on the possible
functional implications130-132.

Stages of adult neurogenesis in the DG
Adult neurogenesis in the DG is observed constitutively throughout the adult life and various
physiological and pathophysiological conditions are known to affect adult neurogenesis in
DG. In addition to this, environment and behavior also influence adult neurogenesis in the
DG120,133-136. Adult neurogenesis in hippocampus is phenotyped into different cell types on
the basis of expression of different molecular markers that defines the stages involved in the
process of adult neurogenesis. Since adult neurogenesis is a continuous process all types of
developmental markers can be found at any given time (Figure 2).

Figure 2: Cell types in the stages of adult neurogenesis in the human hippocampus has been
shown with morphology and molecular markers from different human and animal studies.
The scope of all possible co-localizations has not been studied in this thesis.
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The first stage (type-1 cells) in the adult neurogenesis is the proliferation stage. Newly
formed cells in this phase express glial fibrillary acidic protein (GFAP), Sox2 and nestin137139
. In the SGZ these cells represent putative stem/progenitor cells although it is known that a
subset of astrocytes also express GFAP and nestin that can give rise to new granule cells140.
The cells in this phase are proliferative in nature and express markers for proliferation such as
Ki67 and PCNA141. The type-1 cells show radial glia like morphology and may either
undergo a symmetric cell division that maintains the stem cell pool in the SGZ or undergo an
asymmetric cell division and give rise to progenitor cells142.
The second stage is the type-2a and type-2b cells that are transit-amplifying cells that
differentiate into immature neurons in the SGZ. The type 2a cells are proliferative, nestin
positive and GFAP negative141,143. It is in this phase of neurogenesis a stem cell is thought to
commit to neuronal lineage. In the type-2b stage, cells start expressing doublecortin (DCX)
and the polysialylated neural cell adhesion molecule (PSA-NCAM) but stop expressing
nestin121,138,143.
The cells that are completely negative for nestin and express PSA-NCAM and DCX are
referred as type-3 cells121,141. These cells migrate a short distance from SGZ into the granule
cell layer (GCL) of the DG.
In stage 4, the immature neurons extend their dendrites towards the molecular layer of DG
and send their axons towards the CA3 pyramidal layer into the hilus. It is in this stage the
newly formed neuronal cell becomes post mitotic. The neuronal cells in this stage still
express DCX and PSA-NCAM141,142,144. Also, these early post mitotic neurons both in
humans and mice transiently express the calcium binding protein calretinin141,145,146 and the
neuron specific nuclear protein NeuN119,145,147.
In the final stage, the matured granule neurons establish their afferent and efferent synaptic
contacts for receiving inputs and sending outputs from entorhinal cortex and hilar CA3
region, respectively. However, it is known that the trisynaptic hippocampal circuit is not
absolutely linear. In this maturation stage the calretinin seems to be exchanged for
calbindin141,142,145. Thus the mature granule cells in the DG express calbindin148,149 and
become functionally integrated in the hippocampus network150. Functionally matured granule
cells in DG express NeuN in both humans and animals, and this marker is therefore
extensively used for the identification of mature granule cells in several seminal
studies119,141,151,152.
The entire maturation process of adult neurogenesis is estimated to be 6 weeks in adult nonhuman primates153 and it is assumed that the time frame is similar in the human hippocampus.
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STUDYING ADULT NEUROGENESIS AND CELL TURNOVER IN
HIPPOCAMPUS
In this section, the approaches to study adult neurogenesis used in this thesis;
immunohistochemistry, stereology, and bomb-pulse derived 14C birth dating procedure, are
briefly explained.

Histological markers of adult neurogenesis
There are many markers that have been used to identify neurogenesis. BrdU
immunohistochemistry is used to identify newly generated cells in S-phase in the brain, a
method that was developed by Miller and Nowakowski in 1988154. Since BrdU immune
labeling will stain all cells in S-phase, in general the identification of BrdU in the adult brain
indicates cell genesis rather neurogenesis specifically. Hence BrdU labeling of cells can be
used to identify neural or glial cells only if additional immunohistological markers are used in
combination. Eriksson et al., in 1998, performed the only study of adult neurogenesis in
humans using BrdU and identified newly formed cells in the adult hippocampus50. Since it is
not possible to use BrdU in humans today because of patient safety concerns, studies on adult
hippocampal neurogenesis in humans have to instead rely on the use of immunological
markers of different cell types representing different stages of neurogenesis141,155.
Ki67 is one of the most used markers to study proliferation in adult human and it is also
extensively used in several animal studies. It is a nuclear protein expressed in all phases of
cell cycle except resting phase and predominantly in S-phase on all mammalian species from
rodents to humans156. From animal studies it is known that Ki67 and BrdU expression has a
similar pattern in the DG157. Ki67 is considered as the most appropriate mitotic marker of
proliferation in the studies on adult neurogenesis in humans, since treatment with thymidine
analogs are not possible to carry out as in animals.
Sox2 is a transcription factor expressed in neural stem/progenitor cells and it is also a marker
for development in both embryonic and adult neurogenesis stages. Sox2 tagged EGFP
(Enhanced Green Fluorescent Protein) constructs were identified in the neurogenic regions of
sub-ventricular zone and hippocampus158. Sox2 expression was observed in proliferating
precursor cells and also expressed in adult brain derived stem/progenitor cells159. Sox2 is
expressed by neural progenitors and astroglia in the adult rat brain160. It controls the
proliferation and maintenance of the undifferentiated neural stem cell state161. Sox2 is one of
several suitable markers to study stem/progenitor cells in the DG of human hippocampus.
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DCX is a microtubule-associated protein that stabilizes the microtubule assembly and
formation of mature microtubule appropriate for migrating neurons162,163, however the exact
function in the adult hippocampus is not yet known. In addition to its role in the migration of
immature neurons, it might have important role in neurite development164. In the adult human
DG, DCX is a marker for immature neurons and the expression of DCX has been observed
across the entire lifespan in the DG of human hippocampus141. In the adult DG, DCX has
been used to analyze dendritic growth of newly generated neurons165 in addition to provide
estimates of the absolute immature neuron numbers141,155.
GFAP is widely used for histological identification of mature astrocytes in the adult brain.
GFAP positive cells observed in the adult neurogenic niche represent cells that are generated
during gliogenesis. In the sub-ventricular zone of adult mammals, cells with astrocytic
properties give rise to new neurons during adult neurogenesis166. Studies on mice show
GFAP expression of dividing cells of glial cell lineage in the adult hippocampus167. However,
in adult humans, GFAP is found to co-express with neuronal lineage markers such as nestin
(neuronal stem cell marker) and DCX in the hippocampus141. So GFAP-IR in the adult
human hippocampus seems to represent cells of glial lineage and also neural stem cells.
PSA-NCAM is a marker for immature neurons in the adult brain and the immunoreactivity is
also associated with neural progenitor cells168. In addition, it is expressed by type-3
progenitor cells in humans141. PSA-NCAM expressing cells in the hippocampus were
observed positive for mature neuronal markers (NeuN and Neuro D) and also with
DCX141,169. The upregulation of PSA-NCAM was observed in association with hippocampus
dependent learning tasks 170 and also seems to play an important role in synaptogenesis171.
Thus, changes in immunoreactivity of PSA-NCAM might not correlate with neurogenesis per
se, but can be used as a marker for immature neurons as it parallels the expression of DCX in
the hippocampus.
The progenitor cells located in the SGZ of DG proliferate, differentiate and give rise to
mature granule cells. The different immunological markers discussed are expressed during
different stages of adult neurogenesis, however the up- and down- regulation of markers are
not confined to adult neurogenesis stages. There seems to be an overlap in expression patterns
of the markers between various of the neurogenesis stages. Hence the use of several markers,
studies of co-expressions and of the associated morphology should be considered in when
evaluating adult hippocampal neurogenesis, especially in humans.
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Stereological studies
Stereology and stereological principles (SP) in morphometry is used to provide an objective
estimate of cell numbers in a biological sample (tissue) in many human and animal studies. In
order to estimate cell number or density both optical disector and fractionator can be used
depend on the thickness of the tissue used. In our study (Paper II) a morphometric method
based on optical fractionator method of stereology was used. This method has basic
stereological principles of unbiasness: a three-dimensional probe, optical disector and the
fractionator, to sample granule cells in the GCL. Since granule cells are large in numbers that
are uniformly distributed and have mature neuronal marker NeuN, SP is the right procedure
to access the effect of alcohol on granule cell number, density and volume of GCL. The
experimental and analytical procedure is explained more in detail in the experimental
procedure part of this thesis under morphometric quantification. Stereology has been used to
estimate neuron and glial cell numbers in different brain regions including hippocampus in
both human and animal studies172,173. The difference in total number of neuron and glial cells
has also been estimated using stereology in different neurodegenerative diseases174,175. In a
recent study, stereology has also been used to access the effect of aging on hippocampal
neurogenesis in humans130.
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C birth dating of cells in hippocampus

The concentration of the carbon isotope 14C has been used for dating of biological
archeological material since it displays a radioactive decay, which results in a gradual
reduction of this isotope after the death of an organism176. However, the decay is extremely
slow with a halftime of 5730 years, which means that 14C concentrations in modern material
is not significantly affected by this decay. The isotope is normally produced in the
atmosphere by the interaction of cosmic rays and nitrogen. The 14C produced by this natural
process is very low and the production is counterbalanced by a constant emission back to
space. Therefore, the 14C levels in the atmosphere and biosphere have remained constant for
thousands of years. However, above-ground detonations of nuclear weapons during the cold
war between 1955 and 1963 resulted in a dramatic increase in 14C levels in the
atmosphere177,178. After the test bomb ban treaty in 1963, the levels have decreased
exponentially by gradual consumption by the biosphere and from there, diffusion into the
ocean reservoirs and finally by emission to space. Regardless of the proportion in the
atmosphere, 14C is treated in the atmosphere and the biosphere in the same way as 12C.
Hence, 14C in the atmosphere interacts with oxygen to produce carbon dioxide that enters the
biosphere through the process of photosynthesis. The process of 14C in the carbon dioxide
entry into the biosphere is very fast, which is proven by carbon dating of tree rings, with an
average delay of less than 6 months179,180. Living organisms exchange carbon from the
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atmosphere into their system via metabolism and the stable incorporation of 14C depends on
the stability of the biological molecules in the living system (Figure 3). DNA is a very stable
molecule in the living system and the synthesis of new carbon backbone occurs only during
the replication cycle during cell division, which produces a biological age mark of the cell. In
these studies, we take advantage of measuring the amount of 14C in the DNA of the cell in
measuring the age of a cell population in the hippocampus.

Figure 3: Schematic illustration of bomb-pulse derived 14C from the atmosphere integration
into living system and retrospective birth dating of cells. Above-ground nuclear bomb tests
during the cold war injected a pulse of 14C into the atmosphere. The 14C reacts with oxygen to
form 14CO2 and enter the biosphere through carbon fixation by photosynthesis. Consumption
of plants and animals that eat plants, by humans is mirrored in the 14C level in the DNA of
newly dividing cells at any given time. By measuring 14C level in the DNA of hippocampus
cells using accelerator mass spectrometry (AMS) and plotting on bomb pulse curve gives the
birth date of cells. (The above illustration is adapted from Bergmann O et al., 2015 with
permission).
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IMPACT OF SUBSTANCE ABUSE ON HIPPOCAMPAL NEUROGENESIS
In this section the effect of alcohol and cocaine on hippocampal neurogenesis is discussed
from both animal and human studies.

Alcohol and hippocampal neurogenesis
In the previous sections, the different stage in adult neurogenesis and the overlapping
expression of molecular markers was discussed. The newly born cells in the SGZ migrate a
short distance to the GCL, where they mature and differentiate into granule cells, form
synaptic contact with other granule cells and with axons from perforant pathway, and also
establish their axons into the CA3 region in the hippocampus114,142,181. There are four main
stages in the adult neurogenesis process; proliferation, migration, differentiation and survival,
and alcohol is known to affect all these stages to variable degree depending on dosage, intake
pattern and duration of exposure182-184.
Acute binge alcohol exposures in rats diminish neurogenesis35, but a burst in proliferation and
an increase in DCX expression in the DG have been reported to occur after two weeks of
abstinence from alcohol185. Alcohol administered in moderate doses decreases survival of
new neurons but not the proliferation in rats1. In non-human primates, non-dependent alcohol
self-administration decreased the proliferation, differentiation and survival of progenitor cells
in the DG184. The time and duration of alcohol intake have differential effect on the process
of adult neurogenesis. Further, in animal studies, ablation of neurogenesis using irradiation
resulted in enhanced drug taking behavior186 and voluntary wheel running before and after
alcohol intake resulted in reduced alcohol self-administration187. However, the latter study did
not measure neurogenesis in the hippocampus, although it may be assumed that the physical
activity counteracted the decrease in neurogenesis and that this reduced the drinking
behavior. Hence, interventions that impacts on hippocampal neurogenesis such as irradiation
and voluntary wheel running seemingly can result in changes in drug or alcohol intake188.
Several studies proposed that new DG neurons might block memories associated with drug
seeking and enhance extinction learning i.e. learning induced inhibition of previously
acquired memory or responses related to drug use189,190. Newly formed neurons in DG exhibit
lower threshold of synaptic excitability to induce LTP that plays a major role in memory
formation191. Thus, the reduction in neuronal turnover or a reduction in adult neurogenesis
due to voluntary drug or alcohol administration may result in the conservation of drug related
memories186,192. However, further studies are needed to more in detail understand the relation
between adult neurogenesis and addiction.
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Cocaine and hippocampal neurogenesis
Cocaine abuse is often found to be associated with damage in structure and function of brain
areas involved in cognition and motor skills193. In long-term cocaine abusers there was a
reduction in grey-matter volume in hippocampus194 and prefrontal cortex195. Cocaine as a
psychomotor stimulant drug, have been found to negatively influence neurogenesis in the
DG2,196. Longer period of cocaine administration has been shown to decrease cell
proliferation2 without altering the survival and dendritic maturation of newborn DG cells in
adult rat hippocampus196. Abstinence from cocaine administration in rats normalized the
changes in proliferation and enhanced the number of DCX-positive neurons197.
Moreover, a few postmortem studies on human cocaine addicts have identified dysregulation
in hippocampal gene expression, including gene products involved in glutamatergic and
GABAergic transmission198,199, and cell remodeling200. These neuroadaptational changes
observed in hippocampus were expected to yield anatomical and volumetric changes in the
hippocampus. Nevertheless, MRI studies on cocaine addicts in hippocampus has not shown
significant volumetric changes in hippocampus201,202, but some studies using different
methodologies have observed some volumetric changes in hippocampus of cocaine
addicts203,204. However, volumetric changes might not correlate with changes in granule cell
numbers in hippocampus of cocaine addicts.

19

AIMS
The overall aim of this thesis is to gain knowledge about the short-term and long-term effects
of alcohol on the neurogenic population and DG granule cell number in the adult human
hippocampus. Another aim is to study the cell turnover rates in hippocampus of chronic
alcohol and cocaine abusers. The author of the thesis has been assigned, and performed
immunohistochemistry to study the effect of alcohol on adult neurogenesis in hippocampus
using markers for proliferation, stem/progenitors and immature neurons. The author has also
been assigned and performed a stereology based approach in order to further study the
chronic lifetime effects of alcohol on granule cells which is the principal cell layer in the
dentate gyrus. Finally, the author has also been assigned and performed several of the
procedures to birth date hippocampal cells, and hence estimate their turnover rates, using a
retrospective 14C dating strategy in chronic alcohol and cocaine addicts, and in control
subjects.
SPECIFIC AIMS
•

To assess the effect of alcohol abuse on the expression of Ki67, Sox2 and DCX as
markers of proliferation, stem/progenitor cells and immature neurons, respectively,
both in DG and SGZ. (Paper I)

•

To assess the correlation of all the markers with age of the subjects in both alcoholics
and control subjects. (Paper I)

•

To investigate the density and total number of granule cells, and volume of GCL in
subjects with on-going alcohol abuse as compared to control subjects, using a
stereological approach. (Paper II)

•

To investigate and compare the impact of age on the total number of granule cells,
density and volume of GCL in alcohol abusers and control subjects. (Paper II)

•

To analyze the turnover rates of hippocampal cells in chronic alcohol and cocaine
abusers, and control subjects using retrospective 14C birth dating procedure. (Paper
III)
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EXPERIMENTAL PROCEDURES
CASE SELECTION AND INCLUSION CRITERIA
In the Paper I, the main aim was to study the on-going effect of alcohol abuse on
neurogenesis, since it is known that neurogenesis might be restored during prolonged periods
of abstinence205 and the consequence of associated functional changes may partly be
explained by restoration of neurogenesis206. The medical history of the deceased study
subjects was extracted from different sources such as the police, relatives, medical records,
and postmortem findings. The main inclusion criteria for alcoholic subjects in Paper I was
daily consumption of large amounts of alcohol or repeated binge drinking episodes for at
least 4 weeks prior to death. The choice of this four-week time window was based on the
experimental animal studies on primates in which at 6 weeks nearly 84% of all the BrdU
labelled cells were DCX positive153. However, relatives might not be able to tell the drinking
pattern too long time back, and hence we decided to limit the period to 4 weeks.
In the Paper II and Paper III, all the alcoholics were chosen on the basis of long-term alcohol
abuse during their lifetime, and the same is valid for cocaine addicts in paper III. To retrieve
this information, additional important data sources such as the Swedish national inpatient
register207 and the Swedish prescribed drug register208,209 were perused to confirm
abuse/addiction diagnosis and to assess duration of abuse in addition to the sources
mentioned for Paper I. All the alcoholics included in Paper II and Paper III had been drinking
heavily for many years and most of the subjects had moderate to severe fatty liver or liver
cirrhosis.
None of the subjects included in the three studies were diagnosed with neurodegenerative
diseases such as Alzheimer’s, Parkinson’s or Huntington’s disease. The control subjects were
free of depression while a few alcoholics were known to have had some depressive episodes
during the lifetime but only for short time periods, and not before the onset of the alcohol
abuse. Since some alcoholics develop depression, seemingly secondary to their addiction, we
think the inclusion of these subjects is justified in order to make this group as representative
as possible for chronic alcoholics in the population. Even though there were some alcoholics
and control subjects who had benzodiazepines and opiates in the postmortem blood, they had
been prescribed these drugs, and none of them were diagnosed with opioid or benzodiazepine
dependence.
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IMMUNOHISTOCHEMISTRY (IHC)
Immunohistochemistry with specific antibodies against cell and nucleus specific markers was
used in Paper I and Paper II to detect cells in DG on the coronal sections of hippocampus. In
the Paper I, fluorescent markers were used to study the co-localization of different makers. In
the Paper II, microscopy of DAB-stained slides was used since the purpose was to count
granule cells with a bright field stereology system.
For the preparation of sections stained with fluorophore-labeled secondary antibodies, the
sections were first rehydrated with phosphate-buffered saline (PBS). The sections were then
treated with formalin to crosslinking proteins in order to add rigidity to the thin sections for
further examination. Blocking buffer containing Triton X-100 and Bovine serum albumin
(BSA) in PBS was used after fixation. Triton X-100 is a detergent used to permeabilize the
cell membrane for the antibodies to enter the cell and to identify the intracellular localization
of the proteins of interest. BSA was used as a blocking agent to reduce background signals
due to unspecific binding. The tissue was also treated with blocking buffer with the serum
from the same species as the secondary antibodies. The primary antibodies against each
protein were added and incubated overnight at 4°C followed by incubation with Hoechst,
which is a DNA intercalating agent to mark the nucleus of the cells. Primary against Ki67
(proliferation), Sox2 (stem/progenitor cells), DCX (immature neurons) and NeuN (mature
neurons) were used in this study. The secondary antibodies used were conjugated with
fluorophores with different colors such as Alexa 488 (green), Alexa 555 and Cy3 (red), which
allows for studying co-localization using an epifluorescence microscope. The sections were
then mounted with a cover slip using glycerol containing mounting medium. Three to five
hippocampal sections from each case were stained with Ki67, Sox2 and DCX, and counted
under the epifluorescence microscope and the average density was calculated and analyzed.
For the bright field immunohistochemistry, the tissue sections were directly fixed in formalin.
This step was followed by primary antibody treatment as previously described. The
endogenous peroxidase activity was blocked by treating the section with hydrogen peroxide
(H2O2) in the dark. This blocking step is important since the cells in human tissue contain
endogenous peroxidases. The sections were then treated with blocking with serum from the
same species as the secondary antibody were made in. The secondary antibodies used were
conjugated to the enzyme horse radish peroxidase (HRP) which after treatment with substrate
3,3’-diaminobenzidine (DAB) produce a brown precipitate. Mayer’s hematoxylin was used
as a counter stain to visualize cell nuclei. After the staining procedures the sections were
dehydrated in a series of 70%, 95% and absolute alcohol followed by immersion in xylene,
and finally embedding in paraffin. Cover slips were mounted using automated machine. The
antibody used in this brightfield protocol was NeuN, a nuclear protein marker that
homogenously stains the nuclei of mature neurons. The sections were quantified regarding
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NeuN positive cells by a morphometric method with optical fractionator of stereology
explained in the following section.

MORPHOMETRIC QUANTIFICATION
The total number of granule cells in the sample of GCL studied in paper II was estimated
using a morphometric method adopting stereological principles based on the optical
fractionator method172. From the mid-portion of hippocampus at the level of the lateral
geniculate body a coronal block of the tissue, approximately 4-5 mm thick, was collected and
100 sections, with a thickness of 20 µm thick were prepared using a cryostat. The sections
used for stereological analysis was selected from a 2 mm portion from the anterior part of the
coronal block. With a randomly picked first section, an additional four sections at constant
interval from the first were selected for the study and stained for NeuN as previously
described. The GCL was delineated using the stereological instrumental set up and optical
fractionator estimation of NeuN positive granule cells was accomplished by meander
sampling function of a computer assisted stereological tool (CAST) software program. A
sampling scheme was designed so that from each case 150 to 200 neurons were counted per
subject according to the guiding rules of the optical fractionator method210. The area of the
counting frame and the percentage of sampling factor was optimized to achieve the required
number of counting from each case. Since the thickness of sections were less than 20 µm all
the counting was performed along the thickness with no use of guard heights at the top and
bottom. The total number of granule cells, the density and volume of GCL were calculated
using the following equations,
Total number of neurons (N) in the mid-portion of the hippocampus was calculated by
N = ΣQ— x 1/TSF x 1/ASF x 1/SSF
The volume of the GCL (V) was calculated using the relation,
V = T Σ Area (GCL)
Number per volume (Nv) or density of granule cells were calculated by
Nv = ΣQ— / V(disector)
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The factors used in all the above mathematical equations are explained as follows: ΣQ— is the
number of granule cells in a known volume fraction of the GCL, ASF (Area Sampling
Fraction) is the proportion of sampled area of GCL expressed in percentage, Area (GCL) is
the measured area of the GCL of each section, T is the mean section thickness of each case
measured using microcator, TSF (Thickness Sampling Fraction) is the disector height (h) to
thickness ratio, and SSF is section sampling fraction - in this study it is 1/20 - selected in the
interval of 20 sections from 100 sections made on each block of hippocampus.

CELL TURNOVER STUDIES – 14C BIRTH DATING

Nuclei Isolation and FACS sorting
The whole hippocampus of both sides was collected. The isolated hippocampal tissue was
thawed and homogenized using a Dounce homogenizer with lysis buffer containing sucrose
and Triton X-100, where sucrose stabilizes the nuclei and Triton X-100 as a detergent helps
to lyse the hippocampal cells. The homogenized mixture was carefully added on the top of a
sucrose solution of higher density to make a molecular sieve followed by centrifugation to
isolate the hippocampal nuclei from the suspension. Isolated pellets containing nuclei were
resuspended in nuclei storage buffer for consecutive flow cytometric analysis.
Isolated nuclei were stained for the anti-neuronal nuclear antigen NeuN antibodies conjugated
with Alexa 647 in order to separate neuronal and non-neuronal nuclei using Fluorescence
activated cell sorting (FACS). The forward and side scatter function of FACS sorting was
initially used to separate the whole nuclei on the basis of size and granularity, respectively.
The whole nuclei were sorted regarding NeuN positivity and the fractions collected in
separate tubes followed by purity measurement. The nuclei suspension was centrifuged and
the pellet was collected in a special tube free of carbon contamination for DNA extraction.
This nuclei isolation and sorting was then followed by DNA purification and carbon-14
quantification by AMS was performed in Paper III for studying cell turnover rates of the
hippocampal cells.

DNA Purification
DNA was isolated from the nuclei by lysing the isolated nuclei with nuclei lysis buffer
containing sodium salt of EDTA followed by treatment with DNA lysis buffer (containing
SDS) and Proteinase K treatment211. Proteinase K was used to lyse and separate the protein
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contamination from DNA. The DNA suspension now free from protein was treated with
RNase cocktail to lyse and remove the contamination of RNA. The DNA in the suspension
was precipitated using absolute ethanol and washed in a mixture of ethanol and sodium
chloride. The finally precipitated DNA was resuspended in DNase- and RNase- free water
and measured for purity using UV spectroscopy (NanoDrop).

Accelerator Mass Spectrometry
The purified DNA suspended in water was lyophilized to dryness and converted into graphite
in order to quantify the carbon-14 levels in DNA. For this conversion, excess copper oxide
was added to the dried DNA and the tubes were evacuated and sealed using a hightemperature torch. The sealed tubes were treated at high temperature at 900°C to convert all
the carbon into CO2. In a separate reactor the formed CO2 from each sample after heat
treatment was reduced to graphite Zink using iron as a catalyst. Graphite targets were
measured at the Tandem Laboratory at Uppsala University212. Stable isotope ratio mass
spectrometry was used to measure the carbon-13 (13C) levels, another carbon isotope, and a
correction factor using the 13C values was applied to each sample. The CO2 samples obtained
after the high temperature treatment was split into large and small CO2 samples with a
concentration of >100 µg and 10 µg, respectively. The corrections for background
contamination and measurement error was determined and applied for all samples
measured213,214. The 14C data for each individual sample was reported as decay-corrected
D14C and fraction modern.

Figure 4: A schematic representation of the 14C birth dating procedure. Hippocampus tissue
was weighed and lysed into a cell suspension. The nuclei were separated using centrifugation
and labelled by fluorophore conjugated NeuN antibody. The neuronal and non-neuronal
nuclei were sorted using FACS followed by genomic DNA extraction from the nucleus. 14C
level from the nuclei was measured using AMS and the cells were birth dated on the bomb
pulse curve as shown.
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STATISTICAL ANALYSIS
In Paper I, Mann-Whitney U-test was used to analyze the significance between mean index
values of markers, and the data are expressed as mean ± SEM. Spearman’s rank correlation
was used to analyze relationship between each marker’s index values and continuous
variables. A p-value < 0.05 was considered statistically significant.
In Paper II, the distribution of data in each group was found not to be different from normal
distribution using Kolmogorov-Smirnov test. The difference between groups regarding total
number of granule cells, volume of GCL and the density was analyzed using one-tailed
unpaired t-test with Welch’s correction. A p-value < 0.05 was considered significant. All the
variables studied were analyzed for covariance (ANCOVA), by taking brain pH, age, total
PMI, brain weight and gender as covariates. A linear regression analysis was applied to
assess the effect of age of the subjects on each of the analyzed variables.
In Paper III, the general difference in turnover rate of neuronal and non-neuronal cells
between groups were estimated using Wilcoxon rank-sum test. The effect of age and alcohol
duration on turnover was analyzed using linear regression analysis. Non-linear least square
calculations and Markov Chain Monte Carlo (MCMC) algorithms were used to estimate best
global parameters for each scenario for the neuronal and non-neuronal populations. A p-value
< 0.05 is considered significant in all analysis.
ETHICS
In the Paper I and Paper II, brain samples from deceased donors were collected by KIDonatum, a core facility that handles selection of donors, retrieval of medical history and
collection procedures in collaboration with the forensic medicine department in Stockholm.
In Paper III, brain samples were obtained both from KI-Donatum and from the University of
Miami Brain Endowment Bank. All the studies included in the thesis were approved by the
ethical review boards in Stockholm and Miami, respectively.
Ethical approval numbers:
Paper I: EPN Dnr 2010/313-31/3
Paper II: EPN Dnr 2010/313-31/3 and 2018/689-32
Paper III: EPN Dnr 2010/313-31/3, 2018/689-32 and University of Miami, IRB: 19920580
(CR00006788)

28

RESULTS AND DISCUSSION
PAPER I

Effect of alcohol on the neurogenic cell pool in SGZ
The effect of on-going alcohol abuse on proliferating cells, stem/progenitor cells, and
immature neurons in the alcohol abusers and control subjects was studied using
immunological stage specific markers of adult neurogenesis on postmortem human subjects.
The main finding of the study was a significant reduction in Sox2 and DCX positive cells in
the SGZ of alcohol abusers as compared to age matched control subjects (Figure 5B and 5C).
DCX has been considered as a marker for immature neuron in this study; DCX has been used
in many studies as a marker for immature and migrating neurons in the adult
hippocampus141,163. The finding that alcohol could affect DCX-IR neuronal cell, representing
immature/dividing cells is fairly straightforward to show the detrimental effect of alcohol on
a neuronal cell in the hippocampus as previously observed only in glial cells of alcohol
abusers92.
In addition to the decrease in DCX-IR in SGZ, the Sox2-IR cells were more prominently
reduced in SGZ than DCX. As Sox2 is marker for stem/progenitor cells in the SGZ, it implies
that alcohol may affect early rather than late developmental stages in adult neurogenesis. The
decrease in DCX could therefore be considered as secondary effect of alcohol induced
reduction of the stem/progenitor cells in the SGZ.
Most of the DCX positive immature neurons were also positive for NeuN, a marker for
mature postmitotic neurons as used in previous study215. This implies that alcohol could have
secondary effect on survival and integration of newly matured granule cells. However, the colocalization of DCX and NeuN was not systematically quantified in this study.
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Figure 5: Immunopositivity of markers in SGZ expressed as number of positive cells per unit
area of GCL (mm2) for each subject. Ki67 (A), Sox2 (B), and DCX (C) were significantly
reduced in alcohol abusers compared to control subjects. Bars represent mean index for
control (white) and alcoholics (grey) with error bars (±SEM). *p<0.05, **p<0.01,
***p<0.001 (Mann Whitney U-test).
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The immunoreactivity of Sox2 in the SGZ is interpreted as stem/progenitor cells in this study.
However, Sox2 is also expressed by some astrocytes with unknown functional involvement
in adult neurogenesis216. As GFAP is widely used as a marker for mature astrocytes in the
adult brain, the co-labeling of Sox2 with GFAP was studied, and almost all Sox2-IR cells
were found to be negative for GFAP in all the areas of the DG studied. This implies that the
Sox2 cells studied most likely rather represent stem/progenitor cells than astrocytes and
hence that the reduction of Sox2-IR reactivity actually represent a reduction of
stem/progenitor cells in the SGZ, considered as the neurogenic niche in the hippocampus.
The density of Ki67-IR cells in the SGZ was lower in alcoholics as compared to controls
(Figure 5A). This finding is in line with reports of a decrease in density of Ki67-IR cells in
rodent model of binge drinking217,218 and also with reported heavy binge alcohol effect on
non-human primates184. In addition, alcohol binge drinking is found to reduce the cells
expressing Ki67 and Sox2 in non-human primates184. In this study, a small portion of Sox2IR cells in the SGZ show positive labeling for Ki67. However, the proportion of coimmunoreactivity between Ki67 and Sox2 was not systematically studied in this study.

Effect of alcohol on the neurogenic cell pool in DG
The fate/quantification of immunoreactivity of all the markers in DG was also studied, as all
of the markers adopted to use in this study has been reported to be expressed in several brain
regions219-221. In addition to SGZ the DG includes GCL and ML. The delineation used for
ML was set to 100 µm as used to define SGZ in this study. The immunoreactivity of Ki67,
Sox2 and DCX is found decreased in alcoholics compared to controls in the whole DG
(Figure 6).
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Figure 6: Immunopositivity of markers in DG expressed as number of positive cells per unit
area of GCL (mm2) for each subject. Ki67 (A), Sox2 (B), and DCX (C) were significantly
reduced in alcohol abusers compared to control subjects. Bars represent mean index for
control (white) and alcoholics (grey) with error bars (±SEM). *p<0.05, **p<0.01,
***p<0.001 (Mann Whitney U-test).
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Although all the markers studied were observed in ML in both groups, Sox2 and DCX were
significantly decreased in ML of alcoholics compared to controls. However, role of Sox2 and
DCX in ML has not been explored systematically in studies on adult neurogenesis. In animal
studies, different cell types have been observed in ML, such as interneurons specific for ML,
molecular layer perforant pathway (MOPP) cells and far migrated immature
neurons48,153,219,222,223. MOPP cells were found to innervate newly generated granule neurons,
which is linked to dendritic sprouting associated DCX expression221. Sox2-IR cells in the DG
were negative for GFAP as observed in SGZ in both alcoholics and control subjects, and they
may represent progenitor cells (Type 2a or Type 2b) as proposed by Knoth et al., 2010141.
Further the DCX-IR in the whole DG was significantly decreased in alcoholics as observed in
SGZ alone, also in line with rodent studies on binge and chronic ethanol exposure218,224. Costaining of DCX with PSA-NCAM revealed a larger co-expression of the two markers in the
DG compared to previous human studies215. The topological distribution of immunoreactivity
of the markers in the SGZ and DG showed a general reduction in alcoholics compared to
control subjects, and hence not at a certain distance from the GCL. Hence, these results
suggest that alcohol reduces cells expressing Ki67, Sox2 and DCX in all the layers of DG and
thus not only in SGZ of the hippocampus.

Correlation of markers with age of the subjects
In this study we found a negative correlation of Ki67-IR density with age of the subjects in
control group. However, there was no correlation of Ki67 with age in alcoholic subjects, and
neither did Sox2-IR or DCX-IR show correlation with age (Figure 7). Other human studies
have reported a modest decline in neurogenesis during aging119,141, especially decrease in
DCX positive cells with age in humans141. The reason why we did not observe a correlation
with age could be due to limited age range, limited number of cases and a considerable level
of variability between cases. In addition, studies in rodents have shown an exponential
decrease of neurogenesis with increasing age, and the steepest change takes place during 3-6
months of age to reach a low and constant level thereafter225. Extrapolated to the human
lifespan, it might be expected that the detectability of differences in neurogenesis (using
different markers) should be highest in the youngest subjects141. The majority of the subjects
in our study are adult within a somewhat older age range (median age in controls was 56 and
for alcoholics 55 years); this could also explain the low variation in index values of the
markers used.
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Figure 7: Correlation plot shows markers relationship with age of the subjects in SGZ. (A)
Ki67 shows significant decrease with age in controls (p=0.0470) and in all subjects
(p=0.0242), but we have not observed significance in alcohol abusers (p=0.2917). There was
no significant correlation between either Sox2 or DCX with age of the subjects in both
alcohol abusers (yellow, triangles) and control subjects (blue, circles).
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PAPER II
Since there was a reduction in putative stem/progenitor cells and immature neurons (Paper I),
we wanted to find out if this reduction in subjects with an on-going alcohol abuse would over
time result in a reduction of the granule cells in the GCL of hippocampus. If so, this could be
a stronger support for the notion that impairment of neurogenesis by alcohol can have an
effect on memory and learning, which are functions dependent on the GCL granule cells,
including those newly formed, rather than on the cells involved in neurogenesis. Previous
studies however failed to observe granule cell loss in hippocampus92,226, which could be
attributed to a limited number of cases, limited age range of subjects, less defined inclusion
criteria of subjects used and the use of non-specific neuronal staining to quantify mature
granule cells.

Effect of alcohol on granule cell number and GCL volume
The difference in number of granule cells between control and alcoholic subjects were
estimated using optical fractionator of stereology. The number of granule cells and the
volume of GCL were significantly reduced in alcoholic subjects compared to control subjects
(Figure 8A and 8B). The volume of the GCL was reduced to smaller degree (20%) than the
number of granule cells (52%) and hence the density of granule cells was also significantly
reduced in alcoholics as compared to controls (Figure 8C). The density of granule cells
estimated in this study was found to be comparable to conventional stereological
studies174,175. Since in this study we have used only a mid-portion of hippocampus, not the
whole hippocampus as in standard stereological studies, this density correlation with other
studies adds strength to the current study.
There are several reasons for using the selected portion of hippocampus; this region is the
anterior part of the posterior hippocampus, which is known to be involved in the retrieval of
episodic and spatial memories68,227. This part of the hippocampus is anatomically identifiable,
located at the level of lateral geniculate body, and represents the posterior part of the
hippocampus, known to be involved in episodic memory retrieval and suitable to study the
effects of addiction 228. This part of the hippocampus was also studied in several other studies
with different purposes79,229.
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Figure 8: Box plot shows the difference in total number of granule cells (A), GCL volume
(B) and density (C) between control (white) and alcoholics (grey). There is a significant
difference between all the three variables quantified using a morphometric procedure based
on stereological principles. *p<0.05, **p<0.01 (one-tailed unpaired t-test with Welch’s
correction).
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The reduced number of granule cells in alcoholics observed in this study may not only be due
to a decrease in stem/progenitor cells and immature neurons as observed in paper I. It could
also be due to apoptotic and necrotic granule cell death as observed in binge exposure of
alcohol for prolonged time in animals230-233. However, in humans, a downregulation of
activated caspase-3, a marker of apoptosis, has been shown, suggesting that chronic alcohol
abuse may not activate apoptotic machinery in humans234. We have also performed an
immunostaining using apoptotic marker cleaved caspase-3 co-labeled with NeuN, but failed
to observe positive staining for cleaved caspase-3 in GCL. Nevertheless, cleaved caspase-3
staining was only used on a few cases in this study.
There are only two possible explanations for this observed granule cell loss in alcoholics. The
episode of overconsumption of alcohol may result in cell death or the impaired neurogenesis
may impair the incorporation of newly matured granule cells in alcoholics. And of course, a
combination of these two possibilities may lead to net loss of granule cells.
The granule cell loss in alcoholics was observed in the mid-portion of the hippocampus in
which the impairment of stem/progenitor cells and immature neurons was also observed in
Paper I. Several animal experiments reporting reduction of immunoreactivity of
stem/progenitor cells and immature neurons by alcohol also studied this part of
hippocampus35,218,224,235. A correlation between dentate gyrus regenerative capacity and the
number of granule cells was proposed in a seminal study on patients with intractable
epilepsy229, that could add strength to the notion that neurogenesis directly regulates granule
cell numbers in humans. These observations further lend support to the notion that alcohol
reduces the addition of new granule cells and thereby affecting the homeostasis between new
cell addition and natural cell loss that may result in net loss of granule cells observed in this
study.
Age effect and other confounding factors
We have also found that age has significant impact on the total number of granule cells and
volume of GCL in the control subjects used in this study (Figure 9). This is line with previous
human studies in which age related modest decline in both neurogenesis and neuronal cell
turnover in the hippocampus has been observed119,141. However, the impact of age was not
significant in alcohol abusers which may due to the fact that most of the subjects in this
cohort was between 40 to 70 years of age. Age has significant impact on granule cell
numbers and volume of GCL when both alcohol abusers and controls were pooled, which
implies that age might have impact on alcohol abusers as well. Additionally, in this study one
of the subjects aged 23 in the alcohol cohort showed low granule cell number and volume of
GCL which suggest that alcohol could have larger effect on neurogenesis and cell turnover in
early adulthood than at later stage in life.
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Figure 9: Granule neuron number and volume of GCL in the hippocampus region studied
with age of the subjects. (A) Age related decline in granule cell number in control (r2 = 0.35;
n = 16; p < .02) and alcoholics (r2 = 0.10; n = 17; p > .05). (B) Age related decline in volume
of GCL in control (r2 = 0.53; n = 16; p < .002) and alcoholics (r2 = 0.09; n = 17; p > .05).
Control – Solid line and blue circles, Alcoholics – Dashed line and yellow circles.
The current study also has certain confounding factors that need to be considered. The
alcoholic group in this study includes four subjects with depressive episodes, but which we
think this proportion may be representative of alcohol abuse population236. As depression is
known to affect neurogenesis in animal species studied237,238 and also in humans49, we have
checked for the significance of our results by excluding those cases, and a significant
reduction of granule cells was still observed in the alcoholic group. Further, most of the
subjects with antidepressants were prescribed for selective serotonin reuptake inhibitors
(SSRIs), and some of them also had lower concentration of these drugs in the postmortem
blood. In general, the effect of antidepressants on proliferation is mainly observed in the head
of hippocampus, and SSRIs have much less effect on proliferation than tricyclic
antidepressants49.
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In conclusion, there are several factors that may influence the number and density of granule
cells in GCL of the adult human hippocampus, but as explained in this section, there is
limited support for the assumption that these factors would have influenced the results to any
larger extent.
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PAPER III
The average turnover rate of neurons and non-neurons in the human hippocampus using
retrospective birth dating based on incorporation of nuclear test bomb derived 14C into the
nucleus of dividing cells has previously been reported for subjects of different age119. From
experimental studies it is appreciated that several factors influence neurogenesis in
hippocampus. In this study we focused on the possible influence of alcohol and cocaine abuse
on the turnover rate in hippocampus by collecting hippocampus from well-characterized
deceased donors with either long-term alcohol or long-term cocaine abuse, as well as from
controls with no history of abuse. Subjects with major psychiatric disorders were excluded.

A

B

Figure 10: The 14C concentration of genomic DNA from (A) neuronal (triangles) and (B)
non-neuronal (circles) cells in Control (blue), Alcohol abusers (yellow) and Cocaine (red)
demonstrate postnatal cell turnover in subjects born before and after the bomb spike.
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Turnover of neurons and non-neurons in control and alcohol abusers

In this study, mathematical modeling on neuronal and non-neuronal cell population was
performed with the following three assumptions: a constant turnover throughout the lifetime
of the individual; a specific effect of duration of alcohol abuse on cell turnover, and by a
complex model in which a separate turnover rate for pre- and post- onset period of alcohol
abuse was calculated.
In general, we observed a turnover of both neuronal and non-neuronal cells after birth of the
individual in all the three groups studied in (Figure 10). This is in line with the previous
findings that there is a turnover of neurons and non-neurons in the adult human
hippocampus119. Chronic cocaine addicts showed turnover rates of neurons and non-neurons
that were indistinguishable from controls. Alcoholics did not either differ from controls
regarding the turnover rate for the non-neuronal population, but showed a lower turnover rate
of neurons. However, the alcoholics were older than the controls and when the turnover rate
was corrected for age, this significance disappeared. Hence even if the decline in turnover
rates of hippocampal neurons in the human brain is seemingly not as steep as in animals, this
change is still strong. Alcohol addiction may start late in life, and indeed in many of the cases
included the onset was at the age of 40 or later. Hence, the possible reduction in neurogenesis
by alcohol may be difficult to detect in subjects who developed addiction late in life, when
the turnover rates are lower.
From the box plots in Figure 11A it may look as the alcoholics have a lower turnover rate of
neurons than controls and cocaine addicts, however this difference is not significant. There
are certain factors that may explain the results and basically, we propose two possible
hypotheses:
1) No difference in turnover rate between alcoholics and controls
2) Reduced neuronal turnover in alcoholics

In Paper II, we have observed more than 50% reduction in total granule cell number in DG of
alcoholics compared to controls239 using a morphometric method based on stereological
principles. In another histological study, Bengochea et al. identified a 50% reduction in CA
pyramidal cells in alcoholics along with a 35% reduction of granule cells91. The neuronal loss
observed in the hippocampus in these studies may be due to the loss of both newly formed
neurons (in DG) and old neurons (both in DG and CA). In the human hippocampus about
50% of the neurons are granule cells and the rest CA neurons; CA1 region predominating.
We have collected a small section for histological examination from most of the hippocampi
used for retrospective 14C birth dating and also found that around 50% of the neurons are
granule cells. Since the pyramidal CA neurons are not known to renew, we can assume that
all these cells are approximately of the same age as the individual. Regarding the granule
cells, the reduction in alcoholics might be partly due to a reduced neurogenesis and partly due
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to a removal of old cells. Hence it can be assumed that the majority of cells lost are old. This
means that the neurons actually dated at the 14C AMS analysis are expected to include a
higher proportion of newer cells that have not been removed, and therefore it could rather be
expected that alcoholics should show a higher turnover rate than controls. Hence, the finding
that alcoholics rather showed lower than higher neuronal turnover rate than controls could be
due to a reduction of neurogenesis by alcohol. However, the mathematical models used were
not designed to correct for a variable cell loss.

A
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Figure 11: Turnover rates of neuronal and non-neuronal hippocampal cells in the three
groups studied. (A) Turnover rates of neuronal cells in alcohol, cocaine and controls subjects.
(B) Turnover rates of non-neuronal cells in alcohol, cocaine and control subjects. No
significance has been observed between groups.
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Effect of age on turnover rates
The age of the subjects is the most important factor that influences the turnover rates. This is
also in accordance with experimental data240,241. The average age of alcohol abusers and
control subject was 53 and 47 years, respectively. A strong effect of age on turnover rates
was observed both for neuronal and non-neuronal populations. In this study, the effect of
alcohol was not observed when control for age factor was applied using all the three different
models used to analyze the turnover rates. Since the majority of alcohol abusers included in
this study were older than control subjects the lower turnover rate in alcoholics could be
explained by older age. The average age of the subjects in cocaine abusers is 43 years which
might explain that they have neuronal and non-neuronal turnover rates are indistinguishable
in cocaine when compared from controls.

Effect of cocaine on turnover rates

The cocaine addicts were very similar regarding turnover rates for both NeuN positive and
NeuN negative cell populations (Figure 10A and 10B). This was found both when constant
turnover rates and when 2POP scenario was applied on the data. The cocaine addicts were in
general younger that the other groups, and it is thus possible that some difference may be
observed if older cocaine addicts had been included. This is in line with animal studies in
which cocaine administration for a longer period resulted in decreased proliferation2, but not
altering the survival and dendritic maturation of new cells in the rat hippocampus196. In
human studies on cocaine abuse there has been a decrease in grey matter in prefrontal
cortex195, but some imaging studies also shows hippocampal volume deficits in chronic
cocaine abuse194. Our results do not support that chronic cocaine abuse affects cell turnover in
the adult human brain. However, even cocaine addicts may have an increased loss of neurons,
which could influence the calculated turnover rates.

In conclusion, in this study no significant difference was observed regarding the effect of
alcohol or cocaine abuse on neuronal cell turnover in hippocampus. For alcoholics we cannot
exclude that the turnover rates are actually lower than controls if the loss of old neurons are
taken into account. For all groups many other factors, related or unrelated to substance abuse
may impact neurogenesis, including physical activity, which is very difficult to assess.
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CONCLUSIONS AND FUTURE PERSPECTIVES
Many experimental studies have suggested a link between hippocampal neurogenesis and
abuse, and both alcohol and cocaine regimens have been reported to impair neurogenesis. In
humans, several experimental methodologies cannot be applied. Using three different
approaches, we have provided new knowledge in which adult neurogenesis might have a
critical role in promoting the development of alcohol abuse or addiction (Figure 12). We
show that alcoholic subjects with on on-going heavy drinking has a reduced number of
proliferating cells, putative stem/progenitor cells and immature neurons in hippocampus. We
have also found that the number of granule cells in the dentate gyrus is profoundly reduced in
chronic alcoholics compared to controls. Furthermore, we have also demonstrated the
relationship between lifetime or years of abuse of alcohol and the cell turnover in the
hippocampus of humans which has not been previously studied.
Conclusions from the individual papers in this thesis are as follows:
Alcohol affect proliferation, stem/progenitor cells and immature neurons in the SGZ and DG
in the adult human hippocampus. In alcohol abusers, a profound reduction of Sox2-IR cells
(stem/progenitor cells) was found, and also a significant reduction of DCX-IR cells
(immature neurons), which may be due to the loss of Sox2-IR cells. Further, the proliferation
(Ki67-IR cells) was reduced in alcoholics, but also significantly reduced with age in the
control subjects. This adds support to the known decrease in adult neurogenesis with age. In
this study all the markers shown a wide interindividual variation which is line with other
human studies and which is expected given the many factors that may influence neurogenesis
at any given time. (Paper I)
In chronic alcohol abusers, there is a substantial decrease in total granule cell number and
volume of GCL. The density difference in granule neurons of alcoholics is mostly attributed
to the reduction in total number of granule cells since the decrease in volume of GCL is
proportionately less compared to substantial decrease observed in the total number of granule
cells in the mid-portion of hippocampus. There is also a significant correlation between the
total granule cell number and volume of GCL in alcohol abusers and control subjects. The
density of the granule cells in this study is comparable to previous stereological studies on
humans. Both total granule cell number and volume of GCL show a negative correlation with
age, which is line with previous human studies. (Paper II)
In chronic alcohol abusers, we found a significant lower neuronal turnover rate in
hippocampus, but this significance was lost when the results were corrected for age. Hence,
age has a strong impact on the turnover rate of the neurons in the human hippocampus. In
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cocaine abusers the turnover rate of neurons and non-neuronal cells was indistinguishable
from control subjects. (Paper III)

Figure 12: Graphical summary of the thesis showing the impact alcohol and cocaine abuse
on hippocampal cells in humans using three different approaches.

Based on the results presented in the thesis it would be interesting to quantify the
immunoreactivity for the markers of neurogenesis more specifically by systematically
investigate different combination of markers. In the present studies, we focused on markers
for only two cell types involved in neurogenesis, but the effect of alcohol on several steps in
neurogenesis might be possible to determine if more markers are used. For example, the
quantification of colocalization of DCX with PSA-NCAM could narrow the immature cell
stage that alcohol could affect more specifically. Double staining of DCX-Ki67 and Sox2Ki67 would also be important to study in order to determine the specific effect of alcohol on
the proliferation of putative neuronal stem cells. For the colocalization studies care should be
taken to have short warm time, short fixation time and storage time in the freezer since
certain marker proteins may be degraded during the postmortem interval. Further it would be
interesting to look at the effect of alcohol on anterior, mid and posterior hippocampus using
stereology in order to evaluate the possible regional differences in proliferation and related
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deficits the dentate gyrus of alcoholics. Moreover, studies should also include quantification
of CA-pyramidal neurons and glial cells in the hippocampus using stereology on chronic
alcoholics to further assess the lifetime effect of alcohol. Moreover, it would be interesting to
compare the densities of astrocytes and microglia in DG of alcoholics and control subjects.
The future studies that relates alcohol abuse with adult neurogenesis in the hippocampus in
humans should also focus on expression of different proteins and it might be interesting to
particularly study cell cycle proteins with different methodologies. It could be also interesting
to compare alcoholics with long period of abstinence with those with an ongoing abuse in
order to find out if there is a restoration of the neurogenesis in the human hippocampus as has
repeatedly been observed in animals. Even if alcoholics may drink heavily each day for
extended periods, they typically also abstain from alcohol for different reasons for shorter or
longer times. The neurogenesis in alcoholics during abstinence is unknown. Using 14C birth
dating procedure, studying the turnover rates of DG granule cells and CA-cells separately
would be most interesting in order to confirm non-renewal of CA neurons, but in particular
for better pinpointing the dynamics of the granule cells. We have tried to analyze DG
separately, but typically the number of cells is too low for an accurate AMS analysis of 14C.
One option would then either be to pool samples from two or more cases, and another
possibility could be to run the isolated DG sample together with neuronal nuclei from the
occipital cortex, which consistently have shown approximately the same age as the
individual. Finally, it would be interesting to compare alcoholic subjects with and without
alcohol dementia in order to better understand how this condition might be related to
interference with DG neurogenesis, and loss of neurons in both DG and CA regions.

46

ACKNOWLEDGEMENTS
In the most excited journey of my life, I would like to express my gratitude to all the people
who believed and supported me on my passion and dream towards science to come true.

I like to thank all the donors for donating their tissue samples for our research work. This
thesis work is not possible without their contribution.

Prof. Henrik Druid, my main supervisor, for giving me an opportunity to work on this
exciting research topic. Thank you for encouragement, for your motivation and belief on me,
in scintillating my thinking and providing me an open learning environment. I never forget
the call that I received from you in offering a PhD position at your lab during my visit to
Denmark. Your enthusiasm, supervision and support have been indispensable for this thesis.

Prof. Nenad Bogdanovic, my co-supervisor, for introducing me to the world of stereology
and your support has been invaluable throughout my PhD career. I admire your personal care
for my development and I thoroughly enjoyed all our discussions.

Prof. Jonas Frisén, my mentor, for accepting my request to be a mentor to my PhD study
and for inspiring us with your simplicity and thoughts.

I would like to thank my co-supervisor and my colleague, Kanar Alkass, for her valuable
support in handling things and advice throughout the thesis. I like to thank Prof. Deborah C.
Mash, for being a co-supervisor and providing samples to my study. I would like to thank
Tara Wardi Le Maître, my colleague, friend and well-wisher for being there for me during
difficult times and supporting me throughout the thesis. I thoroughly enjoyed our scientific
discussions and also for sharing our views on different aspects of life. I would also like to
thank Charlotte Ovesen, for helping me with administration stuffs during my beginning days
as a PhD student. Prof. Jens Randel Nyengaard, for his constant support and guidance in
understanding and working with stereological principles. I admire your scientific expertise
and appreciate the pedagogic discussions that we have during the study period. I like to thank
Samuel Bernard for the mathematical modeling and discussions. People at CMB: Marcelo
Toro and Sarantis Giatrellis, thanks for helping me with nuclei sorting.

47

Friends at Stockholm: You guys made my life wonderful here at Stockholm. I like to thank
Navani anna and Jayanthi akka for always being a moral support and for showing love and
care on me. Satish anna, Kani akka, Vijay and Ramya for your love and support, thanks a
lot for being my well-wisher. I also like to thank the little ones, Nilan, Milir, Jugan, Krish
and Kriwin for making my time and life so light! Pratheepan, my friend and roommate,
thanks a lot for your care and treating me like your brother always. You all are my family
here at Stockholm. Thanks, Ekambar and Lakshmi, for all the fun filled conversations!
Also, I would like to thank Sakthi & Sunitha.

Dear Family!
I feel truly blessed to have a wonderful family. My amma (Jeevarani) and appa
(Dhanabalan), for their love and sacrifice in their life to uplift their children. My brother
(Dineshkumar) and sister (Sabari Sree) for their love, care and of course fights altogether
made our life so colorful. I thank my Bava (Vidhyasagar) for being a wonderful addition to
our family. I would like to thank my Mamiya (Muralidharan) and Athamma
(Vijayalakshmi) for adding me to their beautiful family. I also like to thank my Sister-inlaws, Mohanapriya and Pavithra for their love and care.
I would like to thank my Bava (Thayumanaswamy), Akka (Vasantha Gowri), Othina
(Kothai), Athamma (Jayalakshmi) and Mamiya (Janardhanan) for helping me to make my
first leap from Tamil Nadu to Stockholm.

Last but not least, my wife (Radha Nandhini) for showing unconditional love on me, for
caring me as my mom and for supporting and encouraging me on all my endeavors. I am
really fortunate to have you in my life.

48

REFERENCES
1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Herrera, D. G. et al. Selective impairment of hippocampal neurogenesis by
chronic alcoholism: protective effects of an antioxidant. Proceedings of the
National Academy of Sciences of the United States of America 100, 7919-7924,
doi:10.1073/pnas.1230907100 (2003).
Yamaguchi, M. et al. Repetitive cocaine administration decreases neurogenesis
in adult rat hippocampus. Annals of the New York Academy of Sciences 1025,
351-362, doi:10.1196/annals.1316.043 (2004).
Room, R., Babor, T. & Rehm, J. Alcohol and public health. Lancet 365, 519-530,
doi:10.1016/S0140-6736(05)17870-2 (2005).
Alkerwi, A. et al. Alcohol consumption and the prevalence of metabolic
syndrome: a meta-analysis of observational studies. Atherosclerosis 204, 624635, doi:10.1016/j.atherosclerosis.2008.10.036 (2009).
Kessler, R. C. et al. Lifetime and 12-month prevalence of DSM-III-R psychiatric
disorders in the United States. Results from the National Comorbidity Survey.
Archives of general psychiatry 51, 8-19 (1994).
Sacks, J. J., Gonzales, K. R., Bouchery, E. E., Tomedi, L. E. & Brewer, R. D. 2010
National and State Costs of Excessive Alcohol Consumption. American Journal
of Preventive Medicine 49, e73-e79, doi:10.1016/j.amepre.2015.05.031 (2015).
Johnson, A. Hur mycket kostar supen?: om alkohol och samhällsekonomi. (Sober,
2000).
Jarl, J. J., P; Eriksson, A; Eriksson, M; Gerdtham, Ulf LU ; Hemström, Ö; Hradilova
Selin, K and Ramstedt, M. Till vilket pris? Om alkoholens kostnader och
hälsoeffekter i Sverige 2002. Vol. 37 (Stockholms universitet, 2006).
Franklin, F. A., Laveist, T. A., Webster, D. W. & Pan, W. K. Alcohol outlets and
violent crime in washington d.C. The western journal of emergency medicine 11,
283-290 (2010).
Costardi, J. V. et al. A review on alcohol: from the central action mechanism to
chemical dependency. Rev Assoc Med Bras (1992) 61, 381-387,
doi:10.1590/1806-9282.61.04.381 (2015).
Cederbaum, A. I. Alcohol metabolism. Clin Liver Dis 16, 667-685,
doi:10.1016/j.cld.2012.08.002 (2012).
Marbet, U. A., Bianchi, L., Meury, U. & Stalder, G. A. Long-term histological
evaluation of the natural history and prognostic factors of alcoholic liver
disease. J Hepatol 4, 364-372 (1987).
Motoo, Y., Wakatsuki, T. & Nakanuma, Y. Long-term histologic follow-up study
of alcoholic liver disease. Intern Med 31, 33-38 (1992).
Gelman, R. A. & Gilbertson, J. R. Permeability of the blood-brain barrier to longchain alcohols from plasma. Nutr Metab 18, 169-175 (1975).
Gulati, A. et al. Effect of alcohols on the permeability of blood-brain barrier.
Pharmacol Res Commun 17, 85-93 (1985).
Hillbom, M., Saloheimo, P. & Juvela, S. Alcohol consumption, blood pressure,
and the risk of stroke. Curr Hypertens Rep 13, 208-213, doi:10.1007/s11906011-0194-y (2011).
Ohkubo, T., Metoki, H. & Imai, Y. Alcohol intake, circadian blood pressure
variation, and stroke. Hypertension 53, 4-5,
doi:10.1161/HYPERTENSIONAHA.108.123018 (2009).

49

18

Peters, R. Blood pressure, smoking and alcohol use, association with vascular
dementia. Experimental gerontology 47, 865-872,
doi:10.1016/j.exger.2012.05.018 (2012).
Takahashi, P. Y., Caldwell, C. R. & Targonski, P. V. Effect of alcohol and tobacco
use on vascular dementia: a matched case control study. Vasc Health Risk
Manag 7, 685-691, doi:10.2147/VHRM.S26194 (2011).
Ball, D. M. et al. No association between the c2 allele at the cytochrome
P450IIE1 gene and alcohol induced liver disease, alcohol Korsakoff's syndrome
or alcohol dependence syndrome. Drug and alcohol dependence 39, 181-184
(1995).
Lennane, K. J. Management of moderate to severe alcohol-related brain damage
(Korsakoff's syndrome). Med J Aust 145, 136, 141-133 (1986).
World Health Organization. Lexicon of alcohol and drug terms. (World Health
Organization, 2006).
Harper, C. The neurotoxicity of alcohol. Human & experimental toxicology 26,
251-257, doi:10.1177/0960327107070499 (2007).
Harper, C. The neuropathology of alcohol-related brain damage. Alcohol and
alcoholism 44, 136-140, doi:10.1093/alcalc/agn102 (2009).
Zahr, N. M., Kaufman, K. L. & Harper, C. G. Clinical and pathological features of
alcohol-related brain damage. Nature reviews. Neurology 7, 284-294,
doi:10.1038/nrneurol.2011.42 (2011).
de la Monte, S. M. Disproportionate atrophy of cerebral white matter in chronic
alcoholics. Archives of neurology 45, 990-992 (1988).
Hansen, L. A. et al. Alcohol-induced brain changes in dogs. Archives of neurology
48, 939-942 (1991).
Pfefferbaum, A. et al. Longitudinal changes in magnetic resonance imaging
brain volumes in abstinent and relapsed alcoholics. Alcoholism, clinical and
experimental research 19, 1177-1191 (1995).
Mann, K. et al. Neuroimaging in alcoholism: ethanol and brain damage.
Alcoholism, clinical and experimental research 25, 104S-109S (2001).
Harding, A. J., Halliday, G. M., Ng, J. L., Harper, C. G. & Kril, J. J. Loss of
vasopressin-immunoreactive neurons in alcoholics is dose-related and timedependent. Neuroscience 72, 699-708 (1996).
Baker, K. G., Harding, A. J., Halliday, G. M., Kril, J. J. & Harper, C. G. Neuronal loss
in functional zones of the cerebellum of chronic alcoholics with and without
Wernicke's encephalopathy. Neuroscience 91, 429-438 (1999).
Sullivan, E. V., Deshmukh, A., Desmond, J. E., Lim, K. O. & Pfefferbaum, A.
Cerebellar volume decline in normal aging, alcoholism, and Korsakoff's
syndrome: relation to ataxia. Neuropsychology 14, 341-352 (2000).
Zahr, N. M. & Pfefferbaum, A. Alcohol's Effects on the Brain: Neuroimaging
Results in Humans and Animal Models. Alcohol research : current reviews 38,
183-206 (2017).
Nixon, K. Alcohol and adult neurogenesis: roles in neurodegeneration and
recovery in chronic alcoholism. Hippocampus 16, 287-295,
doi:10.1002/hipo.20162 (2006).
Nixon, K. & Crews, F. T. Binge ethanol exposure decreases neurogenesis in
adult rat hippocampus. Journal of neurochemistry 83, 1087-1093 (2002).
Crews, F. T. & Nixon, K. Mechanisms of neurodegeneration and regeneration in
alcoholism. Alcohol and alcoholism 44, 115-127, doi:10.1093/alcalc/agn079
(2009).

19
20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

50

37

38
39
40
41
42
43
44
45
46
47
48
49

50
51
52
53
54

Gross, C. M., Spiegelhalder, K., Mercak, J., Feige, B. & Langosch, J. M.
Predictability of alcohol relapse by hippocampal volumetry and psychometric
variables. Psychiatry research 212, 14-18,
doi:10.1016/j.pscychresns.2012.09.011 (2013).
De Bellis, M. D. et al. Hippocampal volume in adolescent-onset alcohol use
disorders. The American journal of psychiatry 157, 737-744,
doi:10.1176/appi.ajp.157.5.737 (2000).
Beresford, T. P. et al. Hippocampus volume loss due to chronic heavy drinking.
Alcoholism, clinical and experimental research 30, 1866-1870,
doi:10.1111/j.1530-0277.2006.00223.x (2006).
Wilson, S., Bair, J. L., Thomas, K. M. & Iacono, W. G. Problematic alcohol use and
reduced hippocampal volume: a meta-analytic review. Psychological medicine,
1-14, doi:10.1017/S0033291717000721 (2017).
Mouritzen Dam, A. The density of neurons in the human hippocampus.
Neuropathology and applied neurobiology 5, 249-264 (1979).
Braak, H. Architectonics of the human telencephalic cortex. (Springer-Verlag,
1980).
Amaral, D. G., Dolorfo, C. & Alvarez-Royo, P. Organization of CA1 projections to
the subiculum: a PHA-L analysis in the rat. Hippocampus 1, 415-435,
doi:10.1002/hipo.450010410 (1991).
Andersen, P. The hippocampus book. (Oxford University Press, 2007).
Gall, C. Comparitive Anatomy of the Hippocampus: With Special Reference to
Differences in the Distribution of Neuroactive Peptides. 1 edn, Vol. 8B 167-213
(Springer US, 1990).
Patzke, N. et al. In contrast to many other mammals, cetaceans have relatively
small hippocampi that appear to lack adult neurogenesis. Brain structure &
function 220, 361-383, doi:10.1007/s00429-013-0660-1 (2015).
Treves, A., Tashiro, A., Witter, M. P. & Moser, E. I. What is the mammalian
dentate gyrus good for? Neuroscience 154, 1155-1172,
doi:10.1016/j.neuroscience.2008.04.073 (2008).
Amaral, D. G., Scharfman, H. E. & Lavenex, P. The dentate gyrus: fundamental
neuroanatomical organization (dentate gyrus for dummies). Progress in brain
research 163, 3-22, doi:10.1016/S0079-6123(07)63001-5 (2007).
Boldrini, M. et al. Antidepressants increase neural progenitor cells in the
human hippocampus. Neuropsychopharmacology : official publication of the
American College of Neuropsychopharmacology 34, 2376-2389,
doi:10.1038/npp.2009.75 (2009).
Eriksson, P. S. et al. Neurogenesis in the adult human hippocampus. Nature
medicine 4, 1313-1317, doi:10.1038/3305 (1998).
Duvernoy, H. M. The human hippocampus : functional anatomy, vascularization,
and serial sections with MRI. 3rd edn, (Springer, 2005).
Toni, N. & Schinder, A. F. Maturation and Functional Integration of New
Granule Cells into the Adult Hippocampus. Cold Spring Harbor perspectives in
biology 8, a018903, doi:10.1101/cshperspect.a018903 (2015).
Buckmaster, P. S. & Soltesz, I. Neurobiology of hippocampal interneurons: a
workshop review. Hippocampus 6, 330-339, doi:10.1002/(SICI)10981063(1996)6:3&lt;330::AID-HIPO9&gt;3.0.CO;2-Q (1996).
Bilkey, D. K. & Goddard, G. V. Medial septal facilitation of hippocampal granule
cell activity is mediated by inhibition of inhibitory interneurones. Brain
research 361, 99-106 (1985).

51

55

Amaral, D. G., Insausti, R. & Cowan, W. M. The commissural connections of the
monkey hippocampal formation. The Journal of comparative neurology 224,
307-336, doi:10.1002/cne.902240302 (1984).
Nadel, J. O. K. a. L. The Hippocampus as a cognitive map. Oxford University Press,
570 (1978).
Samson, Y., Wu, J. J., Friedman, A. H. & Davis, J. N. Catecholaminergic
innervation of the hippocampus in the cynomolgus monkey. The Journal of
comparative neurology 298, 250-263, doi:10.1002/cne.902980209 (1990).
Schwerdtfeger, W. K. Direct efferent and afferent connections of the
hippocampus with the neocortex in the marmoset monkey. The American
journal of anatomy 156, 77-82, doi:10.1002/aja.1001560107 (1979).
Scoville, W. B. & Milner, B. Loss of recent memory after bilateral hippocampal
lesions. Journal of neurology, neurosurgery, and psychiatry 20, 11-21 (1957).
Corkin, S. What's new with the amnesic patient H.M.? Nature reviews.
Neuroscience 3, 153-160, doi:10.1038/nrn726 (2002).
Bayley, P. J., Gold, J. J., Hopkins, R. O. & Squire, L. R. The neuroanatomy of
remote memory. Neuron 46, 799-810, doi:10.1016/j.neuron.2005.04.034
(2005).
Manns, J. R., Hopkins, R. O., Reed, J. M., Kitchener, E. G. & Squire, L. R.
Recognition memory and the human hippocampus. Neuron 37, 171-180
(2003).
Cipolotti, L. et al. Long-term retrograde amnesia...the crucial role of the
hippocampus. Neuropsychologia 39, 151-172 (2001).
Phillips, M. L., Drevets, W. C., Rauch, S. L. & Lane, R. Neurobiology of emotion
perception I: The neural basis of normal emotion perception. Biological
psychiatry 54, 504-514 (2003).
Kandel, E. R. The molecular biology of memory storage: a dialogue between
genes and synapses. Science 294, 1030-1038, doi:10.1126/science.1067020
(2001).
Squire, L. R. Memory and the hippocampus: a synthesis from findings with rats,
monkeys, and humans. Psychol Rev 99, 195-231 (1992).
Insausti, R. Comparative anatomy of the entorhinal cortex and hippocampus in
mammals. Hippocampus 3 Spec No, 19-26 (1993).
Strange, B. A., Witter, M. P., Lein, E. S. & Moser, E. I. Functional organization of
the hippocampal longitudinal axis. Nature reviews. Neuroscience 15, 655-669,
doi:10.1038/nrn3785 (2014).
Uylings, H. B., Groenewegen, H. J. & Kolb, B. Do rats have a prefrontal cortex?
Behavioural brain research 146, 3-17 (2003).
Friedman, D. P., Aggleton, J. P. & Saunders, R. C. Comparison of hippocampal,
amygdala, and perirhinal projections to the nucleus accumbens: combined
anterograde and retrograde tracing study in the Macaque brain. The Journal of
comparative neurology 450, 345-365, doi:10.1002/cne.10336 (2002).
Kishi, T., Tsumori, T., Yokota, S. & Yasui, Y. Topographical projection from the
hippocampal formation to the amygdala: a combined anterograde and
retrograde tracing study in the rat. The Journal of comparative neurology 496,
349-368, doi:10.1002/cne.20919 (2006).
Van Petten, C. Relationship between hippocampal volume and memory ability
in healthy individuals across the lifespan: review and meta-analysis.
Neuropsychologia 42, 1394-1413,
doi:10.1016/j.neuropsychologia.2004.04.006 (2004).

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

71

72

52

73
74

75
76
77
78
79

80
81
82

83
84
85
86
87
88

Pohlack, S. T. et al. Bigger is better! Hippocampal volume and declarative
memory performance in healthy young men. Brain structure & function 219,
255-267, doi:10.1007/s00429-012-0497-z (2014).
Barber, R., McKeith, I. G., Ballard, C., Gholkar, A. & O'Brien, J. T. A comparison of
medial and lateral temporal lobe atrophy in dementia with Lewy bodies and
Alzheimer's disease: magnetic resonance imaging volumetric study. Dementia
and geriatric cognitive disorders 12, 198-205, doi:51258 (2001).
Bigler, E. D. et al. Hippocampal volume in normal aging and traumatic brain
injury. AJNR. American journal of neuroradiology 18, 11-23 (1997).
Deweer, B. et al. Memory disorders in probable Alzheimer's disease: the role of
hippocampal atrophy as shown with MRI. Journal of neurology, neurosurgery,
and psychiatry 58, 590-597 (1995).
Bremner, J. D. et al. Hippocampal volume reduction in major depression. The
American journal of psychiatry 157, 115-118, doi:10.1176/ajp.157.1.115
(2000).
Videbech, P. & Ravnkilde, B. Hippocampal volume and depression: a metaanalysis of MRI studies. The American journal of psychiatry 161, 1957-1966,
doi:10.1176/appi.ajp.161.11.1957 (2004).
Boldrini, M. et al. Hippocampal granule neuron number and dentate gyrus
volume in antidepressant-treated and untreated major depression.
Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology 38, 1068-1077, doi:10.1038/npp.2013.5 (2013).
Ryabinin, A. E. Role of hippocampus in alcohol-induced memory impairment:
implications from behavioral and immediate early gene studies.
Psychopharmacology 139, 34-43 (1998).
Bowden, S. C. & McCarter, R. J. Spatial memory in alcohol-dependent subjects:
using a push-button maze to test the principle of equiavailability. Brain and
cognition 22, 51-62, doi:10.1006/brcg.1993.1024 (1993).
Bonthius, D. J., Woodhouse, J., Bonthius, N. E., Taggard, D. A. & Lothman, E. W.
Reduced seizure threshold and hippocampal cell loss in rats exposed to alcohol
during the brain growth spurt. Alcoholism, clinical and experimental research
25, 70-82 (2001).
White, A. M., Matthews, D. B. & Best, P. J. Ethanol, memory, and hippocampal
function: a review of recent findings. Hippocampus 10, 88-93,
doi:10.1002/(SICI)1098-1063(2000)10:1<88::AID-HIPO10>3.0.CO;2-L (2000).
Agartz, I., Momenan, R., Rawlings, R. R., Kerich, M. J. & Hommer, D. W.
Hippocampal volume in patients with alcohol dependence. Archives of general
psychiatry 56, 356-363 (1999).
Laakso, M. P. et al. A volumetric MRI study of the hippocampus in type 1 and 2
alcoholism. Behavioural brain research 109, 177-186 (2000).
Sullivan, E. V., Marsh, L., Mathalon, D. H., Lim, K. O. & Pfefferbaum, A. Anterior
hippocampal volume deficits in nonamnesic, aging chronic alcoholics.
Alcoholism, clinical and experimental research 19, 110-122 (1995).
Melchior, C. L., Glasky, A. J. & Ritzmann, R. F. A low dose of ethanol impairs
working memory in mice in a win-shift foraging paradigm. Alcohol 10, 491-493
(1993).
Givens, B. Low doses of ethanol impair spatial working memory and reduce
hippocampal theta activity. Alcoholism, clinical and experimental research 19,
763-767 (1995).

53

89
90
91
92
93
94
95
96
97
98
99

100

101

102
103
104
105

54

Ordy, J. M., Thomas, G. J., Volpe, B. T., Dunlap, W. P. & Colombo, P. M. An animal
model of human-type memory loss based on aging, lesion, forebrain ischemia,
and drug studies with the rat. Neurobiology of aging 9, 667-683 (1988).
Cadete-Leite, A., Tavares, M. A., Uylings, H. B. & Paula-Barbosa, M. Granule cell
loss and dendritic regrowth in the hippocampal dentate gyrus of the rat after
chronic alcohol consumption. Brain research 473, 1-14 (1988).
Bengochea, O. & Gonzalo, L. M. Effect of chronic alcoholism on the human
hippocampus. Histology and histopathology 5, 349-357 (1990).
Korbo, L. Glial cell loss in the hippocampus of alcoholics. Alcoholism, clinical
and experimental research 23, 164-168 (1999).
Durand, D., Saint-Cyr, J. A., Gurevich, N. & Carlen, P. L. Ethanol-induced
dendritic alterations in hippocampal granule cells. Brain research 477, 373-377
(1989).
King, M. A., Hunter, B. E. & Walker, D. W. Alterations and recovery of dendritic
spine density in rat hippocampus following long-term ethanol ingestion. Brain
research 459, 381-385 (1988).
Tremwel, M. F. & Hunter, B. E. Effects of chronic ethanol ingestion on long-term
potentiation remain even after a prolonged recovery from ethanol exposure.
Synapse 17, 141-148, doi:10.1002/syn.890170210 (1994).
Krystal, J. H., Petrakis, I. L., Mason, G., Trevisan, L. & D'Souza, D. C. N-methyl-Daspartate glutamate receptors and alcoholism: reward, dependence, treatment,
and vulnerability. Pharmacology & therapeutics 99, 79-94 (2003).
Trujillo, K. A. & Akil, H. Excitatory amino acids and drugs of abuse: a role for Nmethyl-D-aspartate receptors in drug tolerance, sensitization and physical
dependence. Drug and alcohol dependence 38, 139-154 (1995).
Collins, M. A. & Neafsey, E. J. Alcohol, Excitotoxicity and Adult Brain Damage: An
Experimentally Unproven Chain-of-Events. Front Mol Neurosci 9, 8,
doi:10.3389/fnmol.2016.00008 (2016).
Herd, M. B. et al. The expression of GABAA beta subunit isoforms in synaptic
and extrasynaptic receptor populations of mouse dentate gyrus granule cells.
The Journal of physiology 586, 989-1004, doi:10.1113/jphysiol.2007.146746
(2008).
Petralia, R. S., Yokotani, N. & Wenthold, R. J. Light and electron microscope
distribution of the NMDA receptor subunit NMDAR1 in the rat nervous system
using a selective anti-peptide antibody. The Journal of neuroscience : the official
journal of the Society for Neuroscience 14, 667-696 (1994).
Brose, N., Gasic, G. P., Vetter, D. E., Sullivan, J. M. & Heinemann, S. F. Protein
chemical characterization and immunocytochemical localization of the NMDA
receptor subunit NMDA R1. The Journal of biological chemistry 268, 2266322671 (1993).
Nacher, J. & McEwen, B. S. The role of N-methyl-D-asparate receptors in
neurogenesis. Hippocampus 16, 267-270, doi:10.1002/hipo.20160 (2006).
Kolb, J. E., Trettel, J. & Levine, E. S. BDNF enhancement of postsynaptic NMDA
receptors is blocked by ethanol. Synapse 55, 52-57, doi:10.1002/syn.20090
(2005).
Calton, J. L., Wilson, W. A. & Moore, S. D. Reduction of voltage-dependent
currents by ethanol contributes to inhibition of NMDA receptor-mediated
excitatory synaptic transmission. Brain research 816, 142-148 (1999).
Maldve, R. E. et al. DARPP-32 and regulation of the ethanol sensitivity of NMDA
receptors in the nucleus accumbens. Nature neuroscience 5, 641-648,
doi:10.1038/nn877 (2002).

106

107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

Yin, H. H., Park, B. S., Adermark, L. & Lovinger, D. M. Ethanol reverses the
direction of long-term synaptic plasticity in the dorsomedial striatum. The
European journal of neuroscience 25, 3226-3232, doi:10.1111/j.14609568.2007.05606.x (2007).
Iorio, K. R., Reinlib, L., Tabakoff, B. & Hoffman, P. L. Chronic exposure of
cerebellar granule cells to ethanol results in increased N-methyl-D-aspartate
receptor function. Molecular pharmacology 41, 1142-1148 (1992).
Lovinger, D. M. Excitotoxicity and alcohol-related brain damage. Alcoholism,
clinical and experimental research 17, 19-27 (1993).
LJ, C. F. a. C. Excitotoxicity and the neuropathology of ethanol. Alcohol-Induced
Brain Damage. NIAAA Research Monograph 22, 355-372 (1993).
Crews, F. T. & Vetreno, R. P. Neuroimmune basis of alcoholic brain damage. Int
Rev Neurobiol 118, 315-357, doi:10.1016/B978-0-12-801284-0.00010-5
(2014).
Rakic, P. Neurogenesis in adult primate neocortex: an evaluation of the
evidence. Nature reviews. Neuroscience 3, 65-71, doi:10.1038/nrn700 (2002).
Allen, E. The cesssation of mitosis in the central nervous system of the albino
rat. Waverley Press, Baltimore, 547-568 (1912).
Altman, J. & Das, G. D. Autoradiographic and histological evidence of postnatal
hippocampal neurogenesis in rats. The Journal of comparative neurology 124,
319-335 (1965).
Kaplan, M. S. & Hinds, J. W. Neurogenesis in the adult rat: electron microscopic
analysis of light radioautographs. Science 197, 1092-1094 (1977).
Paton, J. A. & Nottebohm, F. N. Neurons generated in the adult brain are
recruited into functional circuits. Science 225, 1046-1048 (1984).
Gould, E. et al. Hippocampal neurogenesis in adult Old World primates.
Proceedings of the National Academy of Sciences of the United States of America
96, 5263-5267 (1999).
Kornack, D. R. & Rakic, P. Continuation of neurogenesis in the hippocampus of
the adult macaque monkey. Proceedings of the National Academy of Sciences of
the United States of America 96, 5768-5773 (1999).
Gould, E., Cameron, H. A. & McEwen, B. S. Blockade of NMDA receptors
increases cell death and birth in the developing rat dentate gyrus. The Journal
of comparative neurology 340, 551-565, doi:10.1002/cne.903400408 (1994).
Spalding, K. L. et al. Dynamics of hippocampal neurogenesis in adult humans.
Cell 153, 1219-1227, doi:10.1016/j.cell.2013.05.002 (2013).
Kempermann, G., Kuhn, H. G. & Gage, F. H. More hippocampal neurons in adult
mice living in an enriched environment. Nature 386, 493-495,
doi:10.1038/386493a0 (1997).
von Bohlen Und Halbach, O. Immunohistological markers for staging
neurogenesis in adult hippocampus. Cell and tissue research 329, 409-420,
doi:10.1007/s00441-007-0432-4 (2007).
Schmidt-Hieber, C., Jonas, P. & Bischofberger, J. Enhanced synaptic plasticity in
newly generated granule cells of the adult hippocampus. Nature 429, 184-187,
doi:10.1038/nature02553 (2004).
Kheirbek, M. A., Klemenhagen, K. C., Sahay, A. & Hen, R. Neurogenesis and
generalization: a new approach to stratify and treat anxiety disorders. Nature
neuroscience 15, 1613-1620, doi:10.1038/nn.3262 (2012).
Gould, E., Beylin, A., Tanapat, P., Reeves, A. & Shors, T. J. Learning enhances
adult neurogenesis in the hippocampal formation. Nature neuroscience 2, 260265, doi:10.1038/6365 (1999).
55

125
126
127
128
129
130
131
132
133
134
135
136
137

138
139
140

141

56

Shors, T. J. et al. Neurogenesis in the adult is involved in the formation of trace
memories. Nature 410, 372-376, doi:10.1038/35066584 (2001).
Alvarez-Buylla, A. & Lim, D. A. For the long run: maintaining germinal niches in
the adult brain. Neuron 41, 683-686 (2004).
Cameron, H. A. & McKay, R. D. Adult neurogenesis produces a large pool of new
granule cells in the dentate gyrus. The Journal of comparative neurology 435,
406-417 (2001).
Imayoshi, I. et al. Roles of continuous neurogenesis in the structural and
functional integrity of the adult forebrain. Nature neuroscience 11, 1153-1161,
doi:10.1038/nn.2185 (2008).
Lepousez, G., Valley, M. T. & Lledo, P. M. The impact of adult neurogenesis on
olfactory bulb circuits and computations. Annual review of physiology 75, 339363, doi:10.1146/annurev-physiol-030212-183731 (2013).
Boldrini, M. et al. Human Hippocampal Neurogenesis Persists throughout
Aging. Cell stem cell 22, 589-599 e585, doi:10.1016/j.stem.2018.03.015 (2018).
Kempermann, G. et al. Human Adult Neurogenesis: Evidence and Remaining
Questions. Cell stem cell, doi:10.1016/j.stem.2018.04.004 (2018).
Sorrells, S. F. et al. Human hippocampal neurogenesis drops sharply in children
to undetectable levels in adults. Nature 555, 377-381,
doi:10.1038/nature25975 (2018).
Young, D., Lawlor, P. A., Leone, P., Dragunow, M. & During, M. J. Environmental
enrichment inhibits spontaneous apoptosis, prevents seizures and is
neuroprotective. Nature medicine 5, 448-453, doi:10.1038/7449 (1999).
Ra, S. M. et al. Treadmill running and swimming increase cell proliferation in
the hippocampal dentate gyrus of rats. Neuroscience letters 333, 123-126
(2002).
Kim, S. H. et al. Treadmill exercise increases cell proliferation without altering
of apoptosis in dentate gyrus of Sprague-Dawley rats. Life sciences 71, 13311340 (2002).
Uda, M., Ishido, M., Kami, K. & Masuhara, M. Effects of chronic treadmill running
on neurogenesis in the dentate gyrus of the hippocampus of adult rat. Brain
research 1104, 64-72, doi:10.1016/j.brainres.2006.05.066 (2006).
Filippov, V. et al. Subpopulation of nestin-expressing progenitor cells in the
adult murine hippocampus shows electrophysiological and morphological
characteristics of astrocytes. Molecular and cellular neurosciences 23, 373-382
(2003).
Fukuda, S. et al. Two distinct subpopulations of nestin-positive cells in adult
mouse dentate gyrus. The Journal of neuroscience : the official journal of the
Society for Neuroscience 23, 9357-9366 (2003).
Suh, H. et al. In vivo fate analysis reveals the multipotent and self-renewal
capacities of Sox2+ neural stem cells in the adult hippocampus. Cell stem cell 1,
515-528, doi:10.1016/j.stem.2007.09.002 (2007).
Seri, B., Garcia-Verdugo, J. M., McEwen, B. S. & Alvarez-Buylla, A. Astrocytes give
rise to new neurons in the adult mammalian hippocampus. The Journal of
neuroscience : the official journal of the Society for Neuroscience 21, 7153-7160
(2001).
Knoth, R. et al. Murine features of neurogenesis in the human hippocampus
across the lifespan from 0 to 100 years. PloS one 5, e8809,
doi:10.1371/journal.pone.0008809 (2010).

142
143

144
145
146

147
148
149

150
151

152
153

154
155

156

Kempermann, G., Jessberger, S., Steiner, B. & Kronenberg, G. Milestones of
neuronal development in the adult hippocampus. Trends in neurosciences 27,
447-452, doi:10.1016/j.tins.2004.05.013 (2004).
Kronenberg, G. et al. Subpopulations of proliferating cells of the adult
hippocampus respond differently to physiologic neurogenic stimuli. The
Journal of comparative neurology 467, 455-463, doi:10.1002/cne.10945
(2003).
Ming, G. L. & Song, H. Adult neurogenesis in the mammalian central nervous
system. Annual review of neuroscience 28, 223-250,
doi:10.1146/annurev.neuro.28.051804.101459 (2005).
Brandt, M. D. et al. Transient calretinin expression defines early postmitotic
step of neuronal differentiation in adult hippocampal neurogenesis of mice.
Molecular and cellular neurosciences 24, 603-613 (2003).
Llorens-Martin, M., Torres-Aleman, I. & Trejo, J. L. Pronounced individual
variation in the response to the stimulatory action of exercise on immature
hippocampal neurons. Hippocampus 16, 480-490, doi:10.1002/hipo.20175
(2006).
Mullen, R. J., Buck, C. R. & Smith, A. M. NeuN, a neuronal specific nuclear protein
in vertebrates. Development 116, 201-211 (1992).
Baimbridge, K. G. Calcium-binding proteins in the dentate gyrus. Epilepsy
research. Supplement 7, 211-220 (1992).
Rami, A., Brehier, A., Thomasset, M. & Rabie, A. Cholecalcin (28-kDa calciumbinding protein) in the rat hippocampus: development in normal animals and
in altered thyroid states. An immunocytochemical study. Developmental biology
124, 228-238 (1987).
van Praag, H. et al. Functional neurogenesis in the adult hippocampus. Nature
415, 1030-1034, doi:10.1038/4151030a (2002).
Kuhn, H. G., Dickinson-Anson, H. & Gage, F. H. Neurogenesis in the dentate
gyrus of the adult rat: age-related decrease of neuronal progenitor
proliferation. The Journal of neuroscience : the official journal of the Society for
Neuroscience 16, 2027-2033 (1996).
Gusel'nikova, V. V. & Korzhevskiy, D. E. NeuN As a Neuronal Nuclear Antigen
and Neuron Differentiation Marker. Acta naturae 7, 42-47 (2015).
Kohler, S. J., Williams, N. I., Stanton, G. B., Cameron, J. L. & Greenough, W. T.
Maturation time of new granule cells in the dentate gyrus of adult macaque
monkeys exceeds six months. Proceedings of the National Academy of Sciences
of the United States of America 108, 10326-10331,
doi:10.1073/pnas.1017099108 (2011).
Miller, M. W. & Nowakowski, R. S. Use of bromodeoxyuridineimmunohistochemistry to examine the proliferation, migration and time of
origin of cells in the central nervous system. Brain research 457, 44-52 (1988).
Le Maitre, T. W., Dhanabalan, G., Bogdanovic, N., Alkass, K. & Druid, H. Effects of
Alcohol Abuse on Proliferating Cells, Stem/Progenitor Cells, and Immature
Neurons in the Adult Human Hippocampus. Neuropsychopharmacology : official
publication of the American College of Neuropsychopharmacology 43, 690-699,
doi:10.1038/npp.2017.251 (2018).
Scholzen, T. & Gerdes, J. The Ki-67 protein: from the known and the unknown.
Journal of cellular physiology 182, 311-322, doi:10.1002/(SICI)10974652(200003)182:3<311::AID-JCP1>3.0.CO;2-9 (2000).

57

157
158
159
160
161
162
163
164
165
166

167
168

169
170
171

172

58

Kee, N., Sivalingam, S., Boonstra, R. & Wojtowicz, J. M. The utility of Ki-67 and
BrdU as proliferative markers of adult neurogenesis. Journal of neuroscience
methods 115, 97-105 (2002).
Ellis, P. et al. SOX2, a persistent marker for multipotential neural stem cells
derived from embryonic stem cells, the embryo or the adult. Developmental
neuroscience 26, 148-165, doi:10.1159/000082134 (2004).
Ferri, A. L. et al. Sox2 deficiency causes neurodegeneration and impaired
neurogenesis in the adult mouse brain. Development 131, 3805-3819,
doi:10.1242/dev.01204 (2004).
Komitova, M. & Eriksson, P. S. Sox-2 is expressed by neural progenitors and
astroglia in the adult rat brain. Neuroscience letters 369, 24-27,
doi:10.1016/j.neulet.2004.07.035 (2004).
Schwarz, T. J., Ebert, B. & Lie, D. C. Stem cell maintenance in the adult
mammalian hippocampus: a matter of signal integration? Developmental
neurobiology 72, 1006-1015, doi:10.1002/dneu.22026 (2012).
Weimer, J. M. & Anton, E. S. Doubling up on microtubule stabilizers: synergistic
functions of doublecortin-like kinase and doublecortin in the developing
cerebral cortex. Neuron 49, 3-4, doi:10.1016/j.neuron.2005.12.016 (2006).
Gleeson, J. G., Lin, P. T., Flanagan, L. A. & Walsh, C. A. Doublecortin is a
microtubule-associated protein and is expressed widely by migrating neurons.
Neuron 23, 257-271 (1999).
Friocourt, G. et al. Doublecortin functions at the extremities of growing
neuronal processes. Cerebral cortex 13, 620-626 (2003).
Rao, M. S. & Shetty, A. K. Efficacy of doublecortin as a marker to analyse the
absolute number and dendritic growth of newly generated neurons in the adult
dentate gyrus. The European journal of neuroscience 19, 234-246 (2004).
Doetsch, F., Garcia-Verdugo, J. M. & Alvarez-Buylla, A. Cellular composition and
three-dimensional organization of the subventricular germinal zone in the
adult mammalian brain. The Journal of neuroscience : the official journal of the
Society for Neuroscience 17, 5046-5061 (1997).
Steiner, B. et al. Differential regulation of gliogenesis in the context of adult
hippocampal neurogenesis in mice. Glia 46, 41-52, doi:10.1002/glia.10337
(2004).
Ben-Hur, T., Rogister, B., Murray, K., Rougon, G. & Dubois-Dalcq, M. Growth and
fate of PSA-NCAM+ precursors of the postnatal brain. The Journal of
neuroscience : the official journal of the Society for Neuroscience 18, 5777-5788
(1998).
Seki, T. Expression patterns of immature neuronal markers PSA-NCAM, CRMP4 and NeuroD in the hippocampus of young adult and aged rodents. Journal of
neuroscience research 70, 327-334, doi:10.1002/jnr.10387 (2002).
Venero, C. et al. Hippocampal up-regulation of NCAM expression and
polysialylation plays a key role on spatial memory. The European journal of
neuroscience 23, 1585-1595, doi:10.1111/j.1460-9568.2006.04663.x (2006).
Dityatev, A. et al. Polysialylated neural cell adhesion molecule promotes
remodeling and formation of hippocampal synapses. The Journal of
neuroscience : the official journal of the Society for Neuroscience 24, 9372-9382,
doi:10.1523/JNEUROSCI.1702-04.2004 (2004).
West, M. J. & Gundersen, H. J. Unbiased stereological estimation of the number
of neurons in the human hippocampus. The Journal of comparative neurology
296, 1-22, doi:10.1002/cne.902960102 (1990).

173

174
175
176
177
178
179
180
181

182

183

184

185

186

187

West, M. J., Slomianka, L. & Gundersen, H. J. Unbiased stereological estimation
of the total number of neurons in thesubdivisions of the rat hippocampus using
the optical fractionator. The Anatomical record 231, 482-497,
doi:10.1002/ar.1092310411 (1991).
Simic, G., Kostovic, I., Winblad, B. & Bogdanovic, N. Volume and number of
neurons of the human hippocampal formation in normal aging and Alzheimer's
disease. The Journal of comparative neurology 379, 482-494 (1997).
West, M. J., Kawas, C. H., Stewart, W. F., Rudow, G. L. & Troncoso, J. C.
Hippocampal neurons in pre-clinical Alzheimer's disease. Neurobiology of
aging 25, 1205-1212, doi:10.1016/j.neurobiolaging.2003.12.005 (2004).
Libby, W. F., Anderson, E. C. & Arnold, J. R. Age Determination by Radiocarbon
Content: World-Wide Assay of Natural Radiocarbon. Science 109, 227-228,
doi:10.1126/science.109.2827.227 (1949).
De Vries, H. Atomic bomb effect: variation of radiocarbon in plants, shells, and
snails in the past 4 years. Science 128, 250-251 (1958).
Nydal, R. & Lovseth, K. Distribution of radiocarbon from nuclear tests. Nature
206, 1029-1031 (1965).
Harkness, D. D. Further investigations of the transfer of bomb 14 C to man.
Nature 240, 302-303 (1972).
Libby, W. F., Berger, R., Mead, J. F., Alexander, G. V. & Ross, J. F. Replacement
Rates for Human Tissue from Atmospheric Radiocarbon. Science 146, 11701172 (1964).
Zhao, C., Teng, E. M., Summers, R. G., Jr., Ming, G. L. & Gage, F. H. Distinct
morphological stages of dentate granule neuron maturation in the adult mouse
hippocampus. The Journal of neuroscience : the official journal of the Society for
Neuroscience 26, 3-11, doi:10.1523/JNEUROSCI.3648-05.2006 (2006).
Hansson, A. C. et al. Long-term suppression of forebrain neurogenesis and loss
of neuronal progenitor cells following prolonged alcohol dependence in rats.
The international journal of neuropsychopharmacology 13, 583-593,
doi:10.1017/S1461145710000246 (2010).
Richardson, H. N. et al. Permanent impairment of birth and survival of cortical
and hippocampal proliferating cells following excessive drinking during
alcohol dependence. Neurobiology of disease 36, 1-10,
doi:10.1016/j.nbd.2009.05.021 (2009).
Taffe, M. A. et al. Long-lasting reduction in hippocampal neurogenesis by
alcohol consumption in adolescent nonhuman primates. Proceedings of the
National Academy of Sciences of the United States of America 107, 1110411109, doi:10.1073/pnas.0912810107 (2010).
Nixon, K. & Crews, F. T. Temporally specific burst in cell proliferation increases
hippocampal neurogenesis in protracted abstinence from alcohol. The Journal
of neuroscience : the official journal of the Society for Neuroscience 24, 97149722, doi:10.1523/JNEUROSCI.3063-04.2004 (2004).
Noonan, M. A., Bulin, S. E., Fuller, D. C. & Eisch, A. J. Reduction of adult
hippocampal neurogenesis confers vulnerability in an animal model of cocaine
addiction. The Journal of neuroscience : the official journal of the Society for
Neuroscience 30, 304-315, doi:10.1523/JNEUROSCI.4256-09.2010 (2010).
Leasure, J. L. & Nixon, K. Exercise neuroprotection in a rat model of binge
alcohol consumption. Alcoholism, clinical and experimental research 34, 404414, doi:10.1111/j.1530-0277.2009.01105.x (2010).

59

188
189
190
191
192
193
194

195

196

197

198

199
200
201

202

60

van Praag, H. Neurogenesis and exercise: past and future directions.
Neuromolecular medicine 10, 128-140, doi:10.1007/s12017-008-8028-z
(2008).
Canales, J. J. Adult neurogenesis and the memories of drug addiction. European
archives of psychiatry and clinical neuroscience 257, 261-270,
doi:10.1007/s00406-007-0730-6 (2007).
Canales, J. J. Comparative neuroscience of stimulant-induced memory
dysfunction: role for neurogenesis in the adult hippocampus. Behavioural
pharmacology 21, 379-393, doi:10.1097/FBP.0b013e32833e16b6 (2010).
Snyder, J. S., Kee, N. & Wojtowicz, J. M. Effects of adult neurogenesis on synaptic
plasticity in the rat dentate gyrus. Journal of neurophysiology 85, 2423-2431,
doi:10.1152/jn.2001.85.6.2423 (2001).
Vorel, S. R., Liu, X., Hayes, R. J., Spector, J. A. & Gardner, E. L. Relapse to cocaineseeking after hippocampal theta burst stimulation. Science 292, 1175-1178,
doi:10.1126/science.1058043 (2001).
Jovanovski, D., Erb, S. & Zakzanis, K. K. Neurocognitive deficits in cocaine users:
a quantitative review of the evidence. Journal of clinical and experimental
neuropsychology 27, 189-204, doi:10.1080/13803390490515694 (2005).
Hall, M. G. et al. Gray matter abnormalities in cocaine versus
methamphetamine-dependent patients: a neuroimaging meta-analysis. The
American journal of drug and alcohol abuse 41, 290-299,
doi:10.3109/00952990.2015.1044607 (2015).
Ersche, K. D., Williams, G. B., Robbins, T. W. & Bullmore, E. T. Meta-analysis of
structural brain abnormalities associated with stimulant drug dependence and
neuroimaging of addiction vulnerability and resilience. Current opinion in
neurobiology 23, 615-624, doi:10.1016/j.conb.2013.02.017 (2013).
Dominguez-Escriba, L. et al. Chronic cocaine exposure impairs progenitor
proliferation but spares survival and maturation of neural precursors in adult
rat dentate gyrus. The European journal of neuroscience 24, 586-594,
doi:10.1111/j.1460-9568.2006.04924.x (2006).
Noonan, M. A., Choi, K. H., Self, D. W. & Eisch, A. J. Withdrawal from cocaine selfadministration normalizes deficits in proliferation and enhances maturity of
adult-generated hippocampal neurons. The Journal of neuroscience : the official
journal of the Society for Neuroscience 28, 2516-2526,
doi:10.1523/JNEUROSCI.4661-07.2008 (2008).
Enoch, M. A. et al. Expression of glutamatergic genes in healthy humans across
16 brain regions; altered expression in the hippocampus after chronic
exposure to alcohol or cocaine. Genes, brain, and behavior 13, 758-768,
doi:10.1111/gbb.12179 (2014).
Enoch, M. A. et al. GABAergic gene expression in postmortem hippocampus
from alcoholics and cocaine addicts; corresponding findings in alcohol-naive P
and NP rats. PloS one 7, e29369, doi:10.1371/journal.pone.0029369 (2012).
Mash, D. C. et al. Gene expression in human hippocampus from cocaine abusers
identifies genes which regulate extracellular matrix remodeling. PloS one 2,
e1187, doi:10.1371/journal.pone.0001187 (2007).
Di Sclafani, V., Tolou-Shams, M., Price, L. J. & Fein, G. Neuropsychological
performance of individuals dependent on crack-cocaine, or crack-cocaine and
alcohol, at 6 weeks and 6 months of abstinence. Drug and alcohol dependence
66, 161-171 (2002).
Jacobsen, L. K., Giedd, J. N., Kreek, M. J., Gottschalk, C. & Kosten, T. R.
Quantitative medial temporal lobe brain morphology and hypothalamic-

203
204

205

206
207
208

209

210
211
212

213

214

215
216

pituitary-adrenal axis function in cocaine dependence: a preliminary report.
Drug and alcohol dependence 62, 49-56 (2001).
Alia-Klein, N. et al. Gene x disease interaction on orbitofrontal gray matter in
cocaine addiction. Archives of general psychiatry 68, 283-294,
doi:10.1001/archgenpsychiatry.2011.10 (2011).
Rando, K., Tuit, K., Hannestad, J., Guarnaccia, J. & Sinha, R. Sex differences in
decreased limbic and cortical grey matter volume in cocaine dependence: a
voxel-based morphometric study. Addiction biology 18, 147-160,
doi:10.1111/adb.12008 (2013).
He, J., Overstreet, D. H. & Crews, F. T. Abstinence from moderate alcohol selfadministration alters progenitor cell proliferation and differentiation in
multiple brain regions of male and female P rats. Alcoholism, clinical and
experimental research 33, 129-138, doi:10.1111/j.1530-0277.2008.00823.x
(2009).
Crews, F. T. et al. Alcoholic neurobiology: changes in dependence and recovery.
Alcoholism, clinical and experimental research 29, 1504-1513 (2005).
Ludvigsson, J. F. et al. External review and validation of the Swedish national
inpatient register. BMC Public Health 11, 450, doi:10.1186/1471-2458-11-450
(2011).
Wallerstedt, S. M., Wettermark, B. & Hoffmann, M. The First Decade with the
Swedish Prescribed Drug Register - A Systematic Review of the Output in the
Scientific Literature. Basic Clin Pharmacol Toxicol 119, 464-469,
doi:10.1111/bcpt.12613 (2016).
Wettermark, B. et al. The new Swedish Prescribed Drug Register-opportunities for pharmacoepidemiological research and experience from the
first six months. Pharmacoepidemiol Drug Saf 16, 726-735,
doi:10.1002/pds.1294 (2007).
Gundersen, H. J., Jensen, E. B., Kieu, K. & Nielsen, J. The efficiency of systematic
sampling in stereology--reconsidered. Journal of microscopy 193, 199-211
(1999).
Miller, S. A., Dykes, D. D. & Polesky, H. F. A simple salting out procedure for
extracting DNA from human nucleated cells. Nucleic acids research 16, 1215
(1988).
Salehpour, M., Håkansson, K. & Possnert, G. Accelerator mass spectrometry of
ultra-small samples with applications in the biosciences. Nuclear Instruments
and Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms 294, 97-103, doi:http://dx.doi.org/10.1016/j.nimb.2012.08.054
(2013).
Brown, T. A. & Southon, J. R. Corrections for contamination background in AMS
14C measurements. Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 123, 208-213,
doi:http://dx.doi.org/10.1016/S0168-583X(96)00676-3 (1997).
Hua, Q., Zoppi, U., Williams, A. A. & Smith, A. M. Small-mass AMS radiocarbon
analysis at ANTARES. Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 223–224, 284-292,
doi:http://dx.doi.org/10.1016/j.nimb.2004.04.057 (2004).
Ernst, A. et al. Neurogenesis in the striatum of the adult human brain. Cell 156,
1072-1083, doi:10.1016/j.cell.2014.01.044 (2014).
Steiner, B. et al. Type-2 cells as link between glial and neuronal lineage in adult
hippocampal neurogenesis. Glia 54, 805-814, doi:10.1002/glia.20407 (2006).

61

217
218

219

220
221

222
223
224
225
226

227
228
229
230
231
232

62

Crews, F. et al. BHT blocks NF-kappaB activation and ethanol-induced brain
damage. Alcoholism, clinical and experimental research 30, 1938-1949,
doi:10.1111/j.1530-0277.2006.00239.x (2006).
He, J., Nixon, K., Shetty, A. K. & Crews, F. T. Chronic alcohol exposure reduces
hippocampal neurogenesis and dendritic growth of newborn neurons. The
European journal of neuroscience 21, 2711-2720, doi:10.1111/j.14609568.2005.04120.x (2005).
Hattiangady, B. & Shetty, A. K. Aging does not alter the number or phenotype of
putative stem/progenitor cells in the neurogenic region of the hippocampus.
Neurobiology of aging 29, 129-147, doi:10.1016/j.neurobiolaging.2006.09.015
(2008).
Verwer, R. W. et al. Mature astrocytes in the adult human neocortex express the
early neuronal marker doublecortin. Brain : a journal of neurology 130, 33213335, doi:10.1093/brain/awm264 (2007).
Li, Y. et al. Molecular layer perforant path-associated cells contribute to feedforward inhibition in the adult dentate gyrus. Proceedings of the National
Academy of Sciences of the United States of America 110, 9106-9111,
doi:10.1073/pnas.1306912110 (2013).
Freund, T. F. & Buzsaki, G. Interneurons of the hippocampus. Hippocampus 6,
347-470, doi:10.1002/(SICI)1098-1063(1996)6:4&lt;347::AIDHIPO1&gt;3.0.CO;2-I (1996).
Mathews, E. A. et al. A distinctive layering pattern of mouse dentate granule
cells is generated by developmental and adult neurogenesis. The Journal of
comparative neurology 518, 4479-4490, doi:10.1002/cne.22489 (2010).
Crews, F. T., Mdzinarishvili, A., Kim, D., He, J. & Nixon, K. Neurogenesis in
adolescent brain is potently inhibited by ethanol. Neuroscience 137, 437-445,
doi:10.1016/j.neuroscience.2005.08.090 (2006).
Ben Abdallah, N. M., Slomianka, L., Vyssotski, A. L. & Lipp, H. P. Early agerelated changes in adult hippocampal neurogenesis in C57 mice. Neurobiology
of aging 31, 151-161, doi:10.1016/j.neurobiolaging.2008.03.002 (2010).
Harding, A. J., Wong, A., Svoboda, M., Kril, J. J. & Halliday, G. M. Chronic alcohol
consumption does not cause hippocampal neuron loss in humans.
Hippocampus 7, 78-87, doi:10.1002/(SICI)1098-1063(1997)7:1&lt;78::AIDHIPO8&gt;3.0.CO;2-3 (1997).
Burgess, N., Maguire, E. A. & O'Keefe, J. The human hippocampus and spatial
and episodic memory. Neuron 35, 625-641 (2002).
Spaniol, J. et al. Event-related fMRI studies of episodic encoding and retrieval:
meta-analyses using activation likelihood estimation. Neuropsychologia 47,
1765-1779, doi:10.1016/j.neuropsychologia.2009.02.028 (2009).
Coras, R. et al. Low proliferation and differentiation capacities of adult
hippocampal stem cells correlate with memory dysfunction in humans. Brain :
a journal of neurology 133, 3359-3372, doi:10.1093/brain/awq215 (2010).
Nowoslawski, L., Klocke, B. J. & Roth, K. A. Molecular regulation of acute
ethanol-induced neuron apoptosis. Journal of neuropathology and experimental
neurology 64, 490-497 (2005).
Obernier, J. A., Bouldin, T. W. & Crews, F. T. Binge ethanol exposure in adult rats
causes necrotic cell death. Alcoholism, clinical and experimental research 26,
547-557 (2002).
Rajgopal, Y., Chetty, C. S. & Vemuri, M. C. Differential modulation of apoptosisassociated proteins by ethanol in rat cerebral cortex and cerebellum. European
journal of pharmacology 470, 117-124 (2003).

233
234

235

236
237
238

239
240
241

Young, C. et al. Role of caspase-3 in ethanol-induced developmental
neurodegeneration. Neurobiology of disease 20, 608-614,
doi:10.1016/j.nbd.2005.04.014 (2005).
Johansson, S. et al. Dysregulation of cell death machinery in the prefrontal
cortex of human alcoholics. The international journal of
neuropsychopharmacology 12, 109-115, doi:10.1017/S1461145708009589
(2009).
Golub, H. M. et al. Chronic Alcohol Exposure is Associated with Decreased
Neurogenesis, Aberrant Integration of Newborn Neurons, and Cognitive
Dysfunction in Female Mice. Alcoholism, clinical and experimental research 39,
1967-1977, doi:10.1111/acer.12843 (2015).
Pettinati, H. M. Antidepressant treatment of co-occurring depression and
alcohol dependence. Biological psychiatry 56, 785-792,
doi:10.1016/j.biopsych.2004.07.016 (2004).
Dranovsky, A. & Hen, R. Hippocampal neurogenesis: regulation by stress and
antidepressants. Biological psychiatry 59, 1136-1143,
doi:10.1016/j.biopsych.2006.03.082 (2006).
Perera, T. D. et al. Antidepressant-induced neurogenesis in the hippocampus of
adult nonhuman primates. The Journal of neuroscience : the official journal of
the Society for Neuroscience 27, 4894-4901, doi:10.1523/JNEUROSCI.023707.2007 (2007).
Dhanabalan, G., Le Maitre, T. W., Bogdanovic, N., Alkass, K. & Druid, H.
Hippocampal granule cell loss in human chronic alcohol abusers. Neurobiology
of disease 120, 63-75, doi:10.1016/j.nbd.2018.08.011 (2018).
Walter, J., Keiner, S., Witte, O. W. & Redecker, C. Age-related effects on
hippocampal precursor cell subpopulations and neurogenesis. Neurobiology of
aging 32, 1906-1914, doi:10.1016/j.neurobiolaging.2009.11.011 (2011).
Ziebell, F., Dehler, S., Martin-Villalba, A. & Marciniak-Czochra, A. Revealing agerelated changes of adult hippocampal neurogenesis using mathematical
models. Development 145, doi:10.1242/dev.153544 (2018).

63

