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Problematic alcohol drinking and alcohol dependence are an increasing health problem
worldwide. Alcohol abuse is responsible for approximately 5% of the total deaths in
the world, but addictive consumption of it has a substantial impact on neurological and
memory disabilities throughout the population. One of the better-studied brain areas
involved in cognitive functions is the hippocampus, which is also an essential brain
region targeted by ethanol. Accumulated evidence in several rodent models has shown
that ethanol treatment produces cognitive impairment in hippocampal-dependent tasks.
These adverse effects may be related to the fact that ethanol impairs the cellular and
synaptic plasticity mechanisms, including adverse changes in neuronal morphology,
spine architecture, neuronal communication, and finally an increase in neuronal death.
There is evidence that the damage that occurs in the different brain structures is varied
according to the stage of development during which the subjects are exposed to ethanal,
and even much earlier exposure to it would cause damage in the adult stage. Studies
on the cellular and cognitive deficiencies produced by alcohol in the brain are needed in
order to search for new strategies to reduce alcohol neuronal toxicity and to understand
its consequences on memory and cognitive performance with emphasis on the crucial
stages of development, including prenatal events to adulthood.
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INTRODUCTION

Alcohol is the most common social drug used worldwide, with an average annual consumption
of 6.2 L of pure alcohol per capita or 13.5 g of pure alcohol per day (WHO, 2014). Alcohol
consumption in the population is influenced by different aspects, including the volume of alcohol
consumed, the drinking pattern, and the age and gender of the drinker (Sloan et al., 2011; WHO,
2014; Chaiyasong et al., 2018).
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Alcohol impacts the health of consumers in many ways,
but the central nervous system is especially affected by alcohol
toxicity. In numbers, 4% of the total deaths attributable to alcohol
are related to the occurrence of neuropsychiatric disorders such
as epilepsy, unipolar depressive disorder, vascular dementia, and
Alzheimer’s disease (Shield et al., 2013), and more importantly,
24.6% of the total burden of disease attributable to alcohol
is related to neuropsychiatric disorders (WHO, 2014). During
pregnancy, alcohol consumption drives to the incidence of
fetal alcohol syndrome (FAS), a medical condition wherein
children born from alcohol-drinking mothers present learning
and memory deficits as well as problems with daily life
skills, communication, and socialization (Koob and Le Moal,
2005; Merrill and Carey, 2016). Excessive alcohol consumption
among adults produces brain abnormalities, including a clinical
syndrome known as alcohol-related dementia (ARD), which is
the most common cause of dementia in people younger than
65 years old (Harvey et al., 2003). ARD is poorly diagnosed
and difficult to recognize because of the lack of a typical
pathophysiological profile in people who suffer from it, and it
is different from the Wernicke-Korsakoff syndrome, wherein
thiamine deficiency explains the brain abnormalities (Moriyama
et al,, 2006; Ridley et al., 2013).

Alcohol affects several brain areas such as the prefrontal
cortex, the corpus callosum, the cerebellum, and the
hippocampus. Substantial evidence suggests that one of the
main targets of alcohol toxicity in the brain is the hippocampus;
indeed the alcoholic population shows neuronal loss and a
reduction in total hippocampal volume as shown by magnetic
resonance imaging (Jernigan et al., 1991; Harper, 1998).

The hippocampus is a structure located under the cerebral
cortex in the limbic system. It has a unique horseshoe-like
shape and contains two regions, the cornu ammonis (CA)
and the dentate gyrus (DG). The CA is further divided
into four zones, namely, CAl, CA2, CA3, and CA4, all of
them principally containing pyramidal cells. The connectivity
of these zones is especially depicted in a trilaminar loop,
wherein afferences via the axons of the entorhinal cortex
project into the DG. The granule cells in the DG project
mossy fibers onto the dendrites of the CA3 pyramidal
neurons, and the axons from the CA3 connect to the
CA1 neurons in a so-called Schaffer collateral pathway. From
there, signals leave the hippocampus to return to the respective
sensory cortices.

The hippocampus is one of the most-studied brain structures
and is involved in complex processes such as learning
and memory, including recognition memory and spatial
processing/navigation (Bird and Burgess, 2008; Stella et al,
2012). Evidence shows that the dorsal (posterior in human)
hippocampus develops this function, and damaging this portion
strongly impairs the acquisition of learning and memory tasks
(Moser et al., 1995; Pothuizen et al., 2004). About spatial
processing in the human and rodent brain, the hippocampus
works beside the thalamus and cortical areas in the creation of
a global positioning system through specialized cells called place
cells (Bird and Burgess, 2008). Additionally, the hippocampus
is involved in emotional behavior (Toyoda et al, 2011).

Particularly, the hippocampus participates in the regulation of
emotions by responding to positive emotional pictures or stimuli,
including memories of past good moments (Santangelo et al,
2018), via connections with the amygdala (Guzman-Vélez et al,,
2016). These emotional aspects of hippocampal function are
governed by the ventral hippocampus (Moser and Moser, 1998;
Fanselow and Dong, 2010) which, working with the amygdala,
mediates the response of the rodent in the fear conditioning
paradigm (Anagnostaras et al., 2002).

All of these complex processes are related to changes in the
strength of the response of the hippocampal circuits, which
include interconnections of the CA3 pyramidal neurons with
the CAl region and the DG, representing an extensive region
of excitatory glutamatergic synapses (Rebola et al., 2017). These
changes in synaptic strength may involve the different forms
of calcium-dependent synaptic plasticity known as long-term
potentiation (LTP) and long-term depression (LTD), both
of them being strongly related to the cognition processes
(Stuchlik, 2014).

Studies in rodents have revealed different hippocampal
alterations after alcohol administration (Tarelo-Acuna et al,
2000; Obernier et al., 2002; Morris et al., 2010; Zhao et al,
2013), generating a significant amount of evidence that supports
the pathological features found in human brains. However,
alcohol’s effects on the hippocampal formation are dependent
on the developmental stage, triggering different alterations
during gestation, adolescence, and adulthood. In this work, we
review published data, from early studies to current evidence,
on alcohol’s effects on the structure and the function of the
hippocampus, including cognitive abilities, cell number, neuron
architecture, and electrical properties and function, with special
attention on the function closely related to the excitatory
glutamatergic transmission. Considering gestational alcohol
exposure through consumption or treatment in adolescent and
adult rodents, cumulative evidence across decades increases our
understanding of the fetal alcohol spectrum disorders (FASD)
and the consequences of alcohol intake and abuse in the
human population.

HIPPOCAMPAL EFFECTS OF ALCOHOL IN
PRENATAL AND NEONATAL
DEVELOPMENT INTO ADULTHOOD

In humans, alcohol consumption during pregnancy leads to FAS
with effects on the memory and the learning abilities after birth,
besides resulting in a very characteristic phenotype (Koob and
Le Moal, 2005; WHO, 2014; Merrill and Carey, 2016). FAS is
the most common form of cognitive disabilities not related to
heredity, and it is part of a wide spectrum of disorders (FASD)
caused by alcohol consumption during pregnancy. Besides brain
structure abnormalities, children with FAS or FASD show
impaired cognition and intellectual abilities and have deficient
self-regulation and adaptive skills. Indeed these children are
context-specific learners, i.e., they learn information in one
context, and they cannot apply this knowledge in another context
(Denny et al., 2017; Wilhoit et al., 2017).
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Rodent models have been a widely used strategy to study the
hippocampal defects produced by alcohol consumption during
pregnancy. At the behavioral level, the alcohol treatment of
pregnant rats during embryonic days 6-20 (E6-E20) increased
the escape latency of pups in the Morris water maze (MWM),
measured at postnatal day 22 (P22; Blanchard et al., 1987).
MWM is a widely used cognitive task to assess hippocampal
performance. The rodents search a hidden platform in a pool
using visual cues in the room, and they must learn the
location of the platform. Escape latency is the time it takes
them to find the platform and escape from the water (Morris,
1984). Cognitive impairment by prenatal ethanol exposure in
MWM is persistent in the older pups, P40, P60, and P90
(Gianoulakis, 1990), even when using modified MWM in both
males (Matthews and Simson, 1998) and females (An and
Zhang, 2013, 2015). However, in a model of ethanol exposure
by vapor inhalation in a schedule of 6.5 h of exposition per
day between E9 and E20, the adult offspring (P63) did not
show a cognitive decline (Oshiro et al., 2014). Performance in
the other cognitive tasks has shown alterations in avoidance
learning (learning of behavior to avoid a stressful or unpleasant
situation) and not in working memory (holding information
for processing during short periods; Bond and DiGiusto,
1978). In the object-place paired-associate task, which evaluates
spatial processing depending on the medial temporal lobe
(hippocampal formation), gestational ethanol exposure impaired
the performance of adult rats, which are unable to discriminate
between two objects on the basis of their location in the field
(Sanchez et al., 2019).

Brain development in rodents and humans differ in the
highest velocity of brain growth. In rodents, the highest
velocity occurs postnatally, in contrast to humans where this
phenomenon occurs in the third trimester of development
(Cudd, 2005). With this consideration, a single injection of
alcohol in pregnant rats (E8) did not produce effects on spatial
memory in the adult offspring, while a single alcohol injection
during the postnatal period on P7 produced effects on spatial
memory when measured at P98 (Sadrian et al., 2014), indicating
a role of the developmental stage on effects of alcohol on
hippocampal function (Lee et al, 2016; Breit et al., 2019).
Vapor ethanol exposure in the perinatal period (P1-P8) impaired
the performance of 5-month-old litters in a MWM probe
trial, correlating with deficiencies in the gene expression of
glutamatergic synapse proteins in the hippocampus (Zink et al.,
2011). Accordingly, two intraperitoneal injections on E8 have
indicated an impaired performance in the acquisition phase
of MWM in the adolescent female mice, while the adolescent
male mice did not show differences in performance. This
procedure also showed differences in the shape of the brain
regions, including the cerebellum and the hypothalamus, but
not in the hippocampus, possibly explaining the mild effects of
alcohol exposure on learning and memory at this developmental
stage (Fish et al, 2016). Aside from that, the mild defect on
MWM performance found in adolescent offspring was not
observed in adulthood, indicating that alcohol exposure on
E8 did not profoundly affect the hippocampal function (Fish
et al., 2018). Further, the administration of two hypodermal

injections of alcohol at P7 impaired the performance on the
MWM in the training and probe trial of 11-week-old mice,
which was a session without the platform (Lee et al., 2016).
However, a disadvantage of this model in studying the effects
of alcohol in brain development is that it is assumed that
the placenta and the mother’s alcohol metabolism do not
have a relationship with the effects of alcohol in the fetus.
It is also important to consider that, in pups injected at P7,
the blood alcohol concentration was approximately 0.5 mg/dl,
while in the dams which were also injected, the blood alcohol
concentration was similar (0.5-0.6 mg/dl), and it is assumed
that the fetus reached the same concentration (Sadrian et al.,
2014). In a variant of contextual fear conditioning where the
hippocampus and the medial prefrontal cortex are required
in proper functioning, neonatal exposure to ethanol impaired
the performance of the mice in the task, which could be
explained by the alterations in the gene expression of the medial
prefrontal cortex and not the hippocampus (Heroux et al., 2019),
suggesting that the cognitive disabilities after ethanol exposure
could not be entirely related to the hippocampal structure
and function.

Chronic alcohol consumption during pregnancy permanently
decreases the number of CA1 pyramidal neurons in the offspring
of rats, with no changes in the DG granule cells (Barnes and
Walker, 1981; Gonzalez-Burgos et al., 2006), likewise with four
intraperitoneal (i.p.) injections of ethanol on E7 (Diaz Perez
et al., 1991). Furthermore, the DG had shown a reduction in
cell number only after postnatal alcohol administration and at
high blood alcohol concentrations (peak of 231 £ 32 mg/dl),
suggesting that the CA1 pyramidal cells are more susceptible
to alcohol damage than the granule cells in the DG (Miller,
1995). In contrast, the ad libitum consumption of alcohol did
not reduce the CAl cell number in adult rats after gestational
alcohol intake (Lobaugh et al., 1991), probably because the
rats do not reach greater blood alcohol concentration by
ad libitum intake. When a binge drinking pattern of alcohol
consumption is used on pregnant rats or newborn pups, there
is a reduction in the cell density and number in the CAl,
CA3, and DG regions only when alcohol is administered in
the period equivalent to the last trimester in humans (P4 to
P9 in rats) or all three trimesters (E1 to P9; Livy et al., 2003),
and there are no significant effects on the cell number when
alcohol is administered to the rats in the period equivalent
to the first two trimesters (Maier and West, 2001), suggesting
that the third trimester equivalent is the developmental period
when the hippocampus is more susceptible to the effects of
alcohol. Moreover, ethanol exposure during this developmental
stage reduces the number of GABAergic interneurons in
adulthood (P90), possibly contributing to cognitive impairment
(Bird et al., 2018). Binge-like alcohol administration during
the gestation period produces neurodegeneration through an
apoptotic mechanism (Ikonomidou et al., 2000), which has
also been observed by assessing neuronal death in rat primary
hippocampal neurons obtained from fetuses exposed to alcohol
during the gestation period (Akbar et al., 2006). Neuronal loss
seems to depend on the blood alcohol concentration reached,
even if the dose is small. That is, at a lower blood alcohol
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concentration, the neuronal loss is also lower, and a high blood
alcohol concentration produces a higher neuronal loss (Bonthius
and West, 1990). On the other hand, the different areas of
the hippocampus have shown different vulnerabilities to binge
alcohol treatment, with the CA1 and CA4 regions being more
vulnerable than the neurons in the CA3 or DG regions (West
et al., 1986; Bonthius and West, 1990).

By analyzing neurogenesis in DG neurons after pre-
and postnatal alcohol consumption, researchers have found
interesting effects regarding 5-bromo-2’-deoxyuridine (BrdU,
a marker of cell in active proliferation)-positive cells. The
consumption of alcohol in pregnant female rats during the
gestational period (E1-E21) did not produce a change in the
number of BrdU-positive cells when litters were measured at
6 days old. However, there was a reduction in the number
of cells co-labeling with BrdU and NeuN or BrdU and GFAP
(Uban et al, 2010). When ethanol consumption was given
in the third-trimester-equivalent in humans (P4-P9 in rats),
there were less BrdU-positive cells in the 80-day-old rats. Upon
calculating an estimate of new NeuN-positive cells per unit
volume using BrdU-positive cells per unit volume, the volume
density of double-labeled neurons was found to be decreased
in the ethanol-treated animals analyzed at 50 and 80 days old
(Klintsova et al,, 2007). Using the 7-day-old CD-1 mice, a
single subcutaneous injection of ethanol reduces the number
of BrdU-positive cells in the 5-month-old mice in DG, when
BrdU was injected 1 month earlier. The other effects found
were reductions in DCX and PCNA immunoreactivity especially
in the dorsal hippocampus, reduction in cells co-labeled with
Sox2 and GFAP, and increased caspase-3 immunoreactivity in
the subgranular zone of DG. All of these findings indicate that
a single dose of perinatal ethanol diminishes the progenitor
cells and thus reduces adult neurogenesis (Ieraci and Herrera,
2007). Pregnant mice administrated with alcohol for 10 days,
starting from gestational day 7, produced a reduction in
DCX-positive cells but not Ki-67-positive cells in offspring
prenatally exposed to alcohol when analyzed at postnatal
day 56, suggesting that prenatal alcohol exposure maintains
the damage throughout the adolescent and adult lifespan
(Olateju et al, 2018). This observation is also perceived
in other species, as macaques prenatally exposed to alcohol
showed decreased neurogenesis in the young adult stage
(Fedorchak and Miller, 2019).

At the neuronal level, the structure is also altered by ethanol
consumption during pregnancy. Prenatal alcohol exposure has
shown a reduction in dendrite length in P14 mice (Davies
and Smith, 1981), and ethanol exposure on P4-P9 increases
the complexity of the apical dendrites in the CAl pyramidal
neurons measured at P9 (Goeke et al., 2018). The dendritic
spines are the major structures of excitatory synapses, which
receive inputs from the other neurons (Harris and Kater,
1994). The establishment of a mature dendritic spine allows a
functional connection between the neurons, while alterations in
the number, the density, or the proportion of mature/immature
spines have been related to neurological disorders (Fiala et al.,
2002). Alcohol exposure of pregnant rats also generates a
reduction in the dendritic spine density in the hippocampal

pyramidal neurons when pups were tested at P15 after four i.p.
injections since the seventh day of gestation (Ferrer et al., 1988)
or at P65 after weeks of alcohol treatment (Diaz Perez et al.,
1991), and importantly, prenatal alcohol exposure also increases
the immature spines and decreases the mature spine numbers at
P30-40 (Tarelo-Acuna et al., 2000; Gonzalez-Burgos et al., 2006).
Nevertheless, in some models, at 2 months after birth (~P60),
the litters showed a recovery in the mature spines and the spine
density (Ferrer et al., 1988; Tarelo-Acuna et al., 2000), which
could be related with the differences in the time of exposure and
the blood ethanol concentration reached. Two ethanol injections
during E8 produce transient changes in the structure of the
pyramidal neurons at P1, which are fully recovered at P10,
including the dendritic spine density (Jakubowska-Dogru et al.,
2017), suggesting the importance of the developmental stage in
ethanol exposure and recovery. On the other hand, differences
have been reported in the establishment of synapses, with a
decrease in the total synapses, the simple synapses, and the
symmetric synapses in the molecular layer of the DG at P30
(Hoft, 1988) as well as alterations in the mossy fiber topography
at P60 (West et al., 1981). All of these evidences point to the
fact that alcohol consumption during gestation alters synapse
formation and maturation, and these alterations could remain
during adolescence and adulthood.

Finally, the electrical properties and functions have been
shown as altered under prenatal alcohol exposure. The litters
exposed prenatally to alcohol and evaluated at P50 showed
an impaired LTP induction and an epileptic behavior in
the CAl region of the hippocampus (Swartzwelder et al.,
1988). The LTP impairment was also observed in the DG
in vivo, although without changes in the input-output
(I/0) curves (Sutherland et al., 1997; Patten et al., 2013),
suggesting an impaired ability to evoke potentiation without
changes in the basal synaptic transmission in the hippocampus.
Neonatal ethanol exposure also impaired the LTP in neonatal
rats only at a high ethanol concentration (300 mg/dl)
and without changes in the basal synaptic transmission,
suggesting defects in synaptic plasticity (Puglia and Valenzuela,
2010). Gestational alcohol administration impaired the LTP
in P36 offspring, and depotentiation was facilitated in
the male offspring, while enhanced LTP and suppressed
depotentiation were seen in females, suggesting a gender-
dependent differential effect (An and Zhang, 2013, 2015). In
another independent study, LTP impairment on the DG was
observed only in males, while LTP was enhanced in females
in a protocol of alcohol intake throughout pregnancy and
recorded during adolescence (P30; Titterness and Christie,
2012) or during adulthood (Sickmann et al, 2014) of the
offspring. Contrary results in juvenile offspring are also
available, showing LTP impairment on the DG in both
sexes (Fontaine et al., 2019). Surprisingly, both studies used
the same experimental procedure; however, the juvenile
rats were assessed on different time points, P30-35 and
P21-28, respectively, which could explain the opposite
results on females. Further studies are necessary to address
the sex differences on LTP after prenatal alcohol exposure.
Alcohol exposure at three different times, equivalent to
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the three human trimesters, and evaluated at adulthood
show an impaired dentate LTP more dramatically than
when it was administered during the second-trimester-
equivalent, supporting the evidence of specific periods of
susceptibility to the toxic effects of ethanol during development
(Helfer et al., 2012).

In vivo recordings of CA1 neurons have identified changes in
theta activity, a type of oscillatory pattern in the hippocampus
when the rodent is in active motor behavior and exploration.
After prenatal alcohol exposure, both an increase in theta
activity during movement and a decrease in theta activity
during stillness were observed (Cortese et al., 1997). The DG
in vivo recordings have indicated that prenatal alcohol exposure
decreases the excitability of granule cells, as indicated by
the reduced correlation between field excitatory postsynaptic
potential (fEPSP) and population spikes (PS) amplitude, and
impairs the maintenance of LTP once evoked (Varaschin et al,
2014), confirming the observations obtained in ex vivo brain
slices for CA1 and DG LTP.

In summary, alcohol consumption during pregnancy
alters the development and function of the hippocampus.
Hippocampal impairment persists during adolescence and
adulthood in the alcohol-treated dam’s litters. This hippocampal
impairment could probably be due to a decrease in the number of
neurons, especially in the CA1 (a cell population more vulnerable
to alcohol), an altered dendritic structure, and a reduced number
of synapses, which also correlate with the alterations in the
electrical behavior of neurons unable to potentiate in response to
the high-frequency stimulations.

ALCOHOL CONSUMPTION IN YOUNG
RODENTS

Brain development persists during childhood and adolescence
in mammals. Alcohol consumption is not only risky during
the pre-natal stages, but adolescence is also a crucial period
in the maturation of the brain and its circuitry, where alcohol
toxicity could cause damage in a long-lasting way. Furthermore,
adolescence is usually the age for the start of alcohol consumption
and abuse in humans; so, it is important to know the
consequences that this behavior can have.

Comparing adult and young male rats, alcohol treatment at
30 min before MWM testing impaired the rats’ performance
in the acquisition phase and during the probe trial of the
MWM task only in the young animals (Markwiese et al., 1998),
suggesting that adolescents are more susceptible to alcohol-
induced hippocampal dysfunction than the adults. In another
study, acute administration caused poor cognitive performance
in MWM in both adolescent and adult rats. Nevertheless,
hippocampal dysfunction lasts up to 25 days later in adolescent
rats, in contrast to adults where re-testing did not show
differences between saline- and ethanol-treated rats (Sircar and
Sircar, 2005). In the same line of evidence, female young and
adult rats showed an impaired cognitive performance in the
acquisition phase of MWM, while only young rats displayed
a poor cognitive performance during the probe trial (Sircar
et al, 2009), supporting the hypothesis that the adolescent

and young populations are more vulnerable to alcohol-induced
hippocampal dysfunction.

The binge drinking pattern of consumption becomes
important especially in the adolescent population (Kuntsche
et al, 2005). This pattern of alcohol consumption leads to
high blood alcohol concentrations (>80 mg/dl) in a very short
time (NIAAA), as what occurs in typical teenage parties. The
binge-like protocols trigger adverse effects on the central nervous
system function and can produce significant consequences over
time (Merrill and Carey, 2016; Tapia-Rojas et al., 2017). The
binge-like alcohol treatment induced an impairment of spatial
processing and recognition memory even at 1 week later from
the binge episode, while cognitive performance is re-established
at 10 weeks later from the binge episode (Silvestre de Ferron
et al, 2016; Tapia-Rojas et al., 2018) or as soon as 14 days
from ethanol withdrawal in a binge drinking model in female
rats (Fernandes et al., 2018). The re-establishment of recognition
memory performance has been recorded as soon as 3 weeks after
the last alcohol exposure in a binge-like paradigm (Tapia-Rojas
et al., 2018). Contrary results have been published upon using
vapor chambers compared to binge alcohol exposure. Alcohol
administration for 10 h per 3 days for 4 weeks revealed the
absence of a cognitive impairment in the MWM acquisition or
probe trials (Schulteis et al., 2008), as well as treatment for 16 h
per day for 4 days (Van Skike et al., 2012). However, the working
memory was effectively impaired using this methodology in the
MWM (Schulteis et al., 2008), indicating no alterations in spatial
processing that depend on the hippocampus, which is contrary
to the observations under the other binge-like administration
protocols cited before. As we previously mentioned on prenatal
alcohol treatment, alcohol vapor inhalation did not induce
a hippocampal impairment in cognitive tasks, raising the
possibility that in some way opposite results can be related to the
differences in the way of administration, the time needed to reach
high alcohol concentrations in the blood, and the actual blood
concentration reached.

In the same line, binge alcohol treatment in young rats
decreased neurogenesis, and new cells died probably by necrosis,
given the low percentage of TUNEL-positive cells compared with
pyknotic nuclei, wich is a characteristic of dead cells (Morris
et al.,, 2010). When the DCX marker was studied, a decreased
DCX immunoreactivity was observed after 4 days of binge
ethanol treatment and after 2 days of withdrawal, but not after
7 days of withdrawal. After 28 days of withdrawal, a reduction
in BrdU-positive cells was observed, indicating a reduction in
cell survival after ethanol exposure in the adolescent rats (Morris
et al,, 2010). Nevertheless, intraperitoneal injections of alcohol
for 3 days increase the number of TUNEL-positive cells and
the number of pyknotic cells (Jang et al., 2002), suggesting
neuronal death through an apoptotic mechanism. These pieces
of evidence suggest that adolescent alcohol treatment seems
to induce neuronal death; however, whether the mechanism is
apoptosis or necrosis has not yet been elucidated. McClain also
showed the increase in BrdU immunoreactivity not only in the
DG but in the hippocampus as well, where colocalization with
Ibal was strongly observed in the adolescent rats (McClain et al.,
2011). In the other studies using adolescent rats, the number of
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BrdU-positive cells was only higher than the control after 7 days
of withdrawal in a 4-day binge protocol, and this result was
confirmed with Ki67 immunoreactivity (McClain et al., 2014).
Also, in this study, they found that the majority of newborn cells
(NeuN-positive as well) were ectopically ubicated; therefore, the
new neurons could not integrate properly in the hippocampal
circuitry (McClain et al,, 2014). Upon evaluating neurogenesis
with another alcohol consumption paradigm, a liquid diet
ad libitum for 2 weeks, there was a reduction in BrdU-positive
cells in both males and females (Anderson et al., 2012). In rats,
ethanol consumption every 48 h for 20 days (11 exposures at the
end) produced a reduction in the DCX immunoreactivity 22 days
after the last dose of ethanol in adolescent rats but not in adult
rats. This pattern of alcohol intake produced no changes in the
Ki67 immunoreactivity in adolescent rats and an increase in the
cleaved caspase-3 immunoreactivity, suggesting a persistent loss
of neurogenesis only in adolescents and not in adults under the
same ethanol protocol (Broadwater et al., 2014).

At the structural level, binge-like treatment in rats produced
an increase in the immature spine number with a concomitant
reduction in the mature spine number in the CAl pyramidal
neurons (Risher et al., 2015), suggesting a reduction in the
number of spines as well as decreasing maturation, which
correlates with the poorest excitatory transmission in the
hippocampus. Accordingly, the granule neurons in the dorsal
hippocampus have shown a reduction in dendritic spine
density in the adult rats submitted to intermittent ethanol
exposure during adolescence. Concomitantly, a reduction in the
mushroom dendritic spines, as well as in the long dendritic
spines, was observed in these rats (Mulholland et al., 2018),
indicating that adolescent ethanol exposure alters the structure
of the dendritic terminals persistently to adulthood.

Concerning the electrical function of the neurons, in mature
rats only high concentrations of alcohol (100 mM) produced
a decrease in the population excitatory postsynaptic potentials
(pEPSPs), while in the immature rats pEPSP changed in
a dose-dependent manner, with a significant effect even at
10 mM alcohol (Swartzwelder et al., 1995b). Importantly,
the effect of alcohol on pEPSPs that depends on the
activity of the ionotropic glutamate receptor N-methyl-D-
aspartate receptor (NMDAR), a major contributor to LTP
and LTD, is not mediated by the subunit GIuN2B, a subunit
particularly sensitive to regulation (Swartzwelder et al., 1995a).
Moreover, using adolescent brain slices (P21-P26), Mameli
et al. (2005) showed that the currents through NMDAR are
inhibited by alcohol in a dose-dependent manner (10-50 mM),
but in neonate brain slices the NMDAR currents were
inhibited only at a concentration of 75 mM. The subunit
composition of the NMDAR changes during development,
and probably this different composition of the NMDAR
subunits could explain the way that the hippocampal circuit
responds to alcohol at both stages. More recent studies,
however, have shown that GIuN2B in the extrasynaptic
membranes regulates a greater number of proteins than
GluN2B in the synaptic membranes in adult rats submitted to
intermittent ethanol exposure during adolescence (Swartzwelder
et al., 2016). In mice, the chronic intermittent ethanol

exposure alters GluN2B interaction with proteins important
for a mechanism of LTD dependent on the metabotropic
glutamate receptors (Wills et al., 2017), raising a new possible
mechanism for cognitive impairment provoked by adolescent
alcohol consumption.

The alcohol-related effects are suggested to be dependent on
how alcohol concentration is increased. The CA1l recordings
of fEPSPs showed that 60 mM alcohol produced a blockage of
LTP induction, but when alcohol was administered in a stepwise
manner in 10-mM increments every 15 min until reaching
60 mM, there was no blockage of the LTP, possibly indicating
tolerance. This tolerance seems to be related to the alterations in
the intracellular calcium storages and/or metabotropic glutamate
receptor function (Tokuda et al., 2007), adding a new step of
complexity in the effects of alcohol on hippocampal function.

The ex vivo slices exposed to alcohol showed alterations in
synaptic plasticity in the other regions of the hippocampus,
such as the perforant path. In the DG, the application of 75 mM
alcohol produced an inhibition of LTP and an inhibition of
hyperexcitability after a paired pulse, inhibiting NMDAR
signaling more than affecting the inhibitory gamma-amino
butyric acid receptors (Morrisett and Swartzwelder, 1993),
in contrast to presynaptic GABA-A receptors which are very
sensible to ethanol in the hippocampus and regulate glutamate
release (Wakita et al,, 2012). When the CA3 neurons were
analyzed as the postsynaptic compartment (stimulating the
perforant path), 50 mM alcohol produced an important decrease
in the amplitude of another ionotropic glutamate receptor,
the a-amino-3-hydroxy-5-methyl-4-isoxasolpropionic-acid-
mediated excitatory postsynaptic currents in neonatal slices, but
not in young rats (Mameli et al., 2005), suggesting the differing
effects of alcohol in the glutamatergic neurotransmission in
the hippocampus during development. Paired pulse facilitation
(PPF) showed a decrease in glutamate release in the CA3 region
of the neonate rats, but not in the juvenile rats (Mameli et al.,
2005), and in the CA1 region (Hendricson et al., 2004), which
could probably be due to the action of alcohol on the N-type
calcium channels (voltage-gated calcium channels; Mameli
et al., 2005), altering the amount of glutamate released by an
action potential. There are forms of LTP independent of the
activity of the NMDAR, which are also inhibited by the alcohol
and GABAergic transmission, which modulates this type of
plasticity, mediating the inhibitory effect of alcohol at least in
part (Izumi et al., 2005).

The animals treated with alcohol in a vapor chamber model
showed that the neurotransmitter release is altered after 1 day
of withdrawal, but not after 7 days of withdrawal as revealed
by PPE. On the contrary, the synaptic strength is reduced
after 7 days of withdrawal and not after 1 day of withdrawal
as revealed in the I/O curves (Nelson et al., 2005), probably
suggesting a time relationship between the presynaptic and the
postsynaptic effects. Following a schedule of 2-days-on and 2-
days-off intraperitoneal injections of alcohol for 2 weeks (binge-
like pattern), alcohol provoked a decrease in the slope of the I/O
curves at 1 week after the protocol ended and an impairment of
PPF, indicating the pre- and postsynaptic effects of the treatment,
which are compensated and re-established to control conditions
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3 or 7 weeks after the protocol (Tapia-Rojas et al., 2018). The
effect of only two episodes of alcohol intoxication has been
studied, and two injections of alcohol at toxic concentrations
abolished the LTD at 48 h after the protocol ended. A possible
mechanism is a change in the composition of the NMDAR
subunits, indicating a shift toward increased GluN2B subunit
expression (Silvestre de Ferron et al., 2016; Drissi et al., 2019).
Alcohol administration in a binge-like protocol during
adolescence changes the action of alcohol on the GABAergic
transmission in the adult DG. Specifically, the adolescent alcohol
treatment makes the extrasynaptic GABA-A receptors more
vulnerable to alcohol in adulthood and makes the synaptic
GABA-A receptors less sensitive to alcohol in adulthood
(Fleming et al., 2012), indicating that adolescent alcohol exposure
drives long-lasting changes in the GABA-A receptors and
the DG. Importantly, this effect is specific to a binge-like
alcohol treatment during adolescence, while the same results
were not found in the rats treated during young adulthood
or adulthood (Fleming et al,, 2013). Additionally, this binge
drinking pattern of consumption during adolescence produces
long-lasting effects on the essential potassium currents in the
inhibitory interneurons of the CA1 region (Li et al., 2013).

ALCOHOL CONSUMPTION IN ADULT
RODENTS

The alcohol-related effects on hippocampal function have been
widely studied in adult rodents under different paradigms and
experimental designs which are reviewed here.

The administration of alcohol acutely before performing
a cognitive test impairs the hippocampal function in adult
rodents (2 months and beyond). The mice and rats showed
an impaired cognitive performance in the radial arm maze
(Gibson, 1985; Matthews et al., 1995; White et al., 1997), the
T- maze (Givens, 1995), and the MWM (Shimizu et al., 1998),
all of which evaluate spatial memory and thus hippocampal
function (Olton and Samuelson, 1976; Morris, 1984; Poucet and
Benhamou, 1997; Dubreuil et al., 2003), suggesting the altered
neurotransmission in the hippocampus. The fear conditioning
test is a behavioral test that evaluates hippocampal function
without evaluating spatial memory but assesses the processing
of contextual information (Chang and Liang, 2017). It has been
reported that the hippocampus is involved in contextual and not
tone cue conditioning during this type of test (Kim and Jung,
2006). Acute alcohol administration decreases the freezing time
in the contextual conditioning phase of the test, but not in the
tone conditioning phase of the test (Melia et al., 1996), revealing
an alcohol-triggered hippocampal dysfunction in a task different
from spatial memory.

Chronic administration of alcohol did not impair the
cognitive performance in MWM treated for 26 or 30 weeks
(Blokland et al., 1993; Lukoyanov et al., 2000). However, when
the short-term (4 weeks) and long-term (36 weeks) modes of
administration were compared, the longer period induced an
impaired cognitive performance (Franke et al., 1997), suggesting
that periods of consumption longer than 30 weeks are necessary
to produce detrimental effects on the hippocampal function.

This conclusion does not consider the possible effect of aging
on the hippocampal function, and maybe there is a relationship
between both processes. In a C57BL/6] mouse model of 3 weeks
of chronic free choice, alcohol intake produced an impairment
in the conditioning phase and in the context test of the fear
conditioning test, but there were no effects on the NOR task nor
the Barnes maze task (Stragier et al., 2015), indicating a mild
cognitive impairment and hippocampal dysfunction.

Chronic alcohol administration has also been associated
with impaired performance in the other cognitive tasks such
as the Hebb-Williams maze (working memory assessment;
Bond and Digiusto, 1976; Fehr et al., 1976), the radial arm
maze (spatial memory; Gal and Béardos, 1994), the spontaneous
alternation paradigm (spatial processing), the attentional set
shifting (cognitive flexibility, dependent of frontal cortex; Vedder
et al., 2015), the step-down passive avoidance task, the Greek
cross maze, and the Shuttlebox task (Farr et al., 2005), all
of them of which are related with avoidance learning, which
involves the limbic system including the hippocampus (Gabriel,
1993). Chronic intermittent ethanol exposure (CIE) in vapor
chambers increases the anxiety-like behaviors in the adult male
rats, possibly related to the alterations in the synaptic activity
of the ventral hippocampus and not of the dorsal hippocampus
(Ewin et al,, 2019).

The chronic alcohol consumption in rats induced a reduction
in the number of hippocampal pyramidal neurons and granule
cells after several months of intake and withdrawal (Walker et al.,
1980; Cadete-Leite et al., 1988; Paula-Barbosa et al., 1993; Franke
et al,, 1997; Lukoyanov et al, 2000). A decreased number of
granule cells is evident as soon as after 4 months of alcohol
treatment (Lukoyanov et al., 2000) and persists after 5 months
of treatment and 2 months of withdrawal (Walker et al., 1980).
However, as mentioned previously, cognitive decline is observed
when chronic consumption is sustained in time, at over 30 weeks
of treatment. Thus, the reduction in the number of granule and
pyramidal cells does not necessarily correlate with the cognitive
decline, suggesting that compensatory mechanisms are relevant
to maintain the cognitive performance. Interestingly, chronic
alcohol consumption during 9 months, followed by 3 or 6 months
of withdrawal, produces neuronal loss in the hippocampus,
although there was a slight effect of aging itself (Lescaudron and
Verna, 1985). In a protocol of intermittent ethanol exposure in
a 2-days-on and 2-days-off paradigm in rats, with evaluation
at 1, 25, or 165 days after the last dose of ethanol, the
DCX immunoreactivity decreased in the dorsal and the ventral
hippocampus 25 days after the last dose of ethanol (postnatal day
80), the Ki67 immunoreactivity was decreased, and the cleaved
caspase-3 immunoreactivity was augmented in both the dorsal
and the ventral hippocampus (Vetreno and Crews, 2015). In a
vapor chamber model, the Ki67 immunoreactivity was decreased
15 days after the cessation of the protocol, while the DCX
was decreased 15 and 56 days after the protocol ended. The
ethanol vapor paradigm produced a persistent reduction in the
proliferating NPC, which were becoming immature neurons,
leading to a severe loss of neurogenesis (Ehlers et al., 2013).
Importantly, the loss of neurogenesis also has been documented
in post-mortem samples retrieved from an adult human well

Frontiers in Behavioral Neuroscience | www.frontiersin.org

January 2020 | Volume 13 | Article 288


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Mira et al.

Glutamatergic Synaptic Transmission in Alcoholism

characterized for alcohol abuse (Dhanabalan et al.,, 2018; Le
Maitre et al., 2018), suggesting that adult alcohol abuse has a
broad effect among species and therefore more pharmacological
testing has to be done in rodents.

Furthermore, 4 months of alcohol intake did not produce a
significant reduction in the CA1l neurons, but after 4 months
of withdrawal it was possible to observe a reduction in
the CAl pyramidal neurons, indicating that cell loss could
be mediated more by the withdrawal period than alcohol
consumption itself (Phillips and Cragg, 1983). In mice, chronic
alcohol consumption has shown cell death in the DG by
an apoptotic mechanism, increasing the cleaved caspase-3
immunoreactivity, and which is decreased using memantine
(Wang et al., 2018), an NMDAR inhibitor, suggesting excitotoxic
cell death. Binge alcohol drinking in adults has also been
associated with the degeneration of neurons. Intermittent
intraperitoneal injection of alcohol for 1 month caused a
reduction in the number of pyramidal cells in the hippocampal
CA3 region (Lundqvist et al., 1995). Also, Fluoro-Jade B staining,
which recognizes neurons undergoing degeneration, increased
in the granule cells of the DG and the entorhinal cortex, the
main afference of the hippocampus, indicating neurotoxicity
caused by the binge alcohol treatment (Cippitelli et al., 2010b),
and it is prevented using a group II metabotropic glutamate
receptor agonist along with a recovery in reversal learning in the
MWM task (Cippitelli et al., 2010a). However, the mechanisms
underlying the neuronal cell death are not conclusive. Previously,
it has been proposed that binge alcohol intake produces neuronal
loss by necrosis 2 days after administration (Obernier et al,
2002), while the other reports showed an increase in caspase-3
immunoreactivity, which co-labeled with NeuN (Qin and Crews,
2012), indicating apoptosis. The administration of repeated
cycles of the binge-like alcohol treatment provoked an increase
in Fluoro-Jade B staining in the hippocampus, which decreased
to control values 2 weeks after the last dose of alcohol, indicating
a decrease in cell death along with the withdrawal (Zhao et al.,
2013). In female rats, binge drinking has been associated with
a reduction in the number of cells in the DG despite the fact
that neurogenesis is increased in this hippocampal region and
there is a lack of cognitive impairment in the MWM (West
et al, 2019), suggesting that neuronal loss did not correlate
with cognitive decline, and neurogenesis is not sufficient to
recover the cell number in the DG. Thus, there is an important
difference between chronic and binge alcohol consumption. The
first one seems to produce neuronal loss during the withdrawal
period, while binge alcohol consumption induces neuronal death
because of alcohol consumption itself.

Several studies have documented changes at the synaptic
level, like an increase in the dendritic length of the granule
cells (Cadete-Leite et al., 1988; Durand et al., 1989; Paula-
Barbosa et al., 1993), which returned to control values after
a long withdrawal period (Cadete-Leite et al., 1989a; Paula-
Barbosa et al., 1993), and an increase in the percentage of the
plasmalemma of mossy fibers occupied by synaptic contacts
(Cadete-Leite et al., 1989b; Paula-Barbosa et al., 1993). In
agreement, an important finding was reported by Lukoyanov
et al. (2000) who, despite observing fewer neurons in the

hippocampus, found no change in the number of total synapses
between the mossy fibers and the CA3 pyramidal neurons,
suggesting that, after chronic alcohol consumption, there is
a remodeling of synaptic connections that might compensate
for the loss of neurons and that can be correlated with the
absence of cognitive impairment as discussed earlier. In 1978,
Riley and Walker, using a model of chronic alcohol exposure in
mice (4 months of consumption and 2 months of withdrawal),
observed 50-60% reduction in the dendritic spine number in
the dentate granule cells and the CAl pyramidal neurons in
mice (Riley and Walker, 1978). Two years later, a conflicting
evidence was reported using chronic alcohol consumption in
rats treated for 4 months (Lee et al., 1981) or for 12 months
with 6 months of withdrawal (Cadete-Leite et al., 1989a).
However, more evidences have emerged, supporting the effects
of chronic alcohol exposure on the dendritic spines. Chronic
alcohol consumption or administration produced a reduction
in the number of the dendritic spines in the posterior and the
anterior hippocampus in mice (Lescaudron et al., 1989) and
rats (McMullen et al, 1984) and in the CAl region of the
hippocampus (King et al., 1988). Interestingly, in all these cases,
alcohol withdrawal led to a recovery in the hippocampus spine
number compared to the control values (McMullen et al., 1984;
King et al., 1988; Lescaudron et al.,, 1989). In contrast, in the
granule cells of the DG, the treatment increased the dendritic
spines, followed by a reduction in spines during the withdrawal
period (King et al., 1988). A more recent report, using alcohol
treatment in a vapor chamber with a CIE model, showed a
reduction in dendritic complexity that persists after abstinence
and increases in spine density, which is reduced after prolonged
abstinence in the DG. In contrast, the CA1 and CA3 cells showed
more dendritic arborization during CIE, followed by a reduction
comparable to that in controls after abstinence. Spine density in
the CA3 and the CAl did not change after CIE, but there was a
reduction in the density after abstinence. In spite of the lack of
correlation between the architectural changes and the dendritic
spine density, the NMDAR subunit composition changes more
accurately with architecture, increasing after CIE and decreasing
after withdrawal (Staples et al., 2015). The dendritic spine density
decreases in rats after four cycles of binge alcohol treatment
and three cycles of withdrawal. However, at 14 days after the
last dose of alcohol, there was a recovery in the dendritic spine
density in the hippocampus and the entorhinal cortex (Zhao
et al,, 2013). To date, there is limited information about the
effects of binge drinking on the synaptic connections or the
dendritic spines.

Electrical recordings in ex vivo brain slices from 150-g
to 200-g rats (approximately 6 weeks old) have indicated
that 100 mM alcohol in the recording solution decreases the
magnitude of LTP in the CA3-CA1 hippocampal synapse, while
50 mM alcohol did not change the LTP evocation (Sinclair
and Lo, 1986), indicating that the inhibition of potentiation is
dose dependent. Also, the process is reversible because when
alcohol is washed out, the LTP is recovered, achieving control
values after a second stimulation (Blitzer et al., 1990). In the
CA1 hippocampal field, 20 mM alcohol enhanced the inhibitory
postsynaptic currents mediated by the GABA-A receptors, and
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FIGURE 1 | Ethanol effects on hippocampal synaptic transmission and hippocampal function. Considering wide evidence, ethanol acutely alters the function of the
hippocampus as measured in different cognitive tasks. A large amount of evidence shows alterations in structural plasticity inside hippocampal neurons, either
dentate granule cells or pyramidal neurons. Glutamatergic transmission, especially that involving NMDAR function such as long-term potentiation, is also altered

this enhancement depends on the phosphorylation state of the
receptor (Weiner et al., 1994).

The consumption of an aqueous solution of alcohol for
18 days prevented the induction of LTP in rat ex vivo slices
(Johnsen-Soriano et al., 2007). The LTP impairment appears
potentiated by the repeated withdrawals, not by a single
withdrawal period, without changes in the I/O curves, in an oral
model of alcohol consumption in rats (Stephens et al., 2005).
Using mice, free-choice alcohol consumption for 21 days did not
provoke LTP impairment in the LTP induced by 5 or 10 TBS
bursts (Stragier et al., 2015).

Chronic alcohol consumption experiments using the CIE
paradigm in a vapor chamber (12-14 days) have revealed a
decrease in post-tetanic potentiation (PTP) and even the absence
of LTP in the CAl region. The PPF showed alterations only
during PTP, indicating a reduced release of neurotransmitters.
All of these findings were still present 1 day after withdrawal;
however, at 5 days after withdrawal, at least the dendritic
component of LTP showed recovery compared to the control
group (Roberto et al, 2002). In agreement, the microdialysis
experiments have shown that basal glutamate concentration is
increased after 6 days of moderate doses of ethanol, indicating
an increased neurotransmitter release under basal conditions
(Chefer et al., 2011). This increase in extracellular glutamate in
basal conditions could explain the alterations in the PPF. An
increase in the basal glutamate release could reduce the number
of exocytosis vesicles primed at the plasma membrane, explaining
why a second pulse close enough is not sufficient to release more
glutamate when the presynaptic calcium concentration is high.

Electrophysiological experiments performed in vivo, with
the use of stereotaxic surgeries, have shown that alcohol i.p.
administration acutely produced a decrease in the PS of the DG
and CA1 neurons without effects on the fEPSPs. The firing rate
was also decreased in both the DG and CA1 neurons, with no
effects on interneurons (Steffensen and Henriksen, 1992), and
LTP induction was altered in the DG (Steffensen et al., 1993).
LTP is also inhibited in vivo by systemic alcohol administration
at doses of 0.5 and 1.0 g/kg (Givens and McMahon, 1995). A 5%
alcohol solution perfused intrahippocampally on the CA1 region
produced a decrease in the neuronal firing and a slow-wave
sleep pattern (Ludvig et al, 1995). Alcohol also decreased
the NMDA-evoked activity in the hippocampal recordings
in vivo; however, alcohol did not decrease the glutamate-evoked
activity (Simson et al, 1993). A recording of hippocampal
place cells during the radial arm maze procedure showed
that a single alcohol injection (2 g/kg) 30 min before the
recordings altered the place specificity of firing. The place
specificity recovered after a withdrawal period of at least 24 h
(Matthews et al., 1996).

CONCLUSIONS

Despite the discovery of the negative impact of alcohol on
health, alcohol consumption persists at high rates worldwide.
Hippocampal function in the temporal lobes has been
described as an alcohol target, and rodent models have allowed
understanding its effects.
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Alcohol alters the cognitive abilities in rodent models.
Alcohol administered acutely, chronically, or in a binge-like
pattern severely impairs hippocampal function and cognitive
performance in all stages of development. Prenatal alcohol
exposure impairs the hippocampal functions, which lasts long
into adolescence and adulthood, while adolescent alcohol
exposure is more harmful to the cognitive abilities than adult
alcohol exposure is, establishing that the developing brain
is more vulnerable to the toxic effects of alcohol. Alcohol
consumption triggers neuronal death in the hippocampal
zones either by a necrotic or apoptotic mechanism, but
conclusive results do not presently exist. The neurons alter
their connections, including a decrease in the dendritic
spine density and remodeling their synaptic contacts to
maintain the number of connections between the neurons
in response to chronic or binge alcohol patterns. Alcohol
exerts its effects on the glutamatergic transmission by
altering the NMDAR function and kinetics, while fewer
variations in other fast glutamatergic currents have been
reported. The structural changes observed are in concordance
with the detrimental effects of alcohol on the LTP and
the LTD, as well as other electrical measures of the
glutamatergic transmission and the GABAergic transmission
(Figure 1).

The evidence of the harmful effects of alcohol on the
hippocampal formation is wide, and the structural and functional
effects are understood. There is still considerable research needed
to elucidate how short- or medium-term alcohol exposure can
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