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Abstract: The consequences of alcohol drinking during pregnancy are dramatic and usually referred
to as fetal alcohol spectrum disorders (FASD). This condition is one of the main causes of intellectual
disability in Western countries. The immature fetal brain exposed to ethanol undergoes massive
neuron death. However, the same mechanisms leading to cell death can also be responsible for
changes of developmental plasticity. As a consequence of such a maladaptive plasticity, the functional
damage to central nervous system structures is amplified and leads to permanent sequelae. Here we
review the literature dealing with experimental FASD, focusing on the alterations of the cerebral
cortex. We propose that the reciprocal interaction between cell death and maladaptive plasticity
represents the main pathogenetic mechanism of the alcohol-induced damage to the developing brain.
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Early exposure to alcohol during pregnancy, whose effects are usually referred to as fetal alcohol
spectrum disorders (FASD), is highly disrupting for the development of the nervous system and is
among the main causes of intellectual disability in Western countries [1,2].

The role of excessive neuron death in generating the damage that characterizes FASD was
established by the first experimental works based on early alcohol exposure (e.g., [3,4]). Afterwards, a
seminal paper from John Olney′s lab [5] described widespread apoptosis after late prenatal or neonatal
exposure and attributed this phenomenon to the action of alcohol on the two chief neurotransmitter
systems of the brain. Alcohol, in fact, is able to induce both the block of NMDA receptors [6–8] and the
positive modulation of GABA transmission (see [9], for review). This dual mechanism is also shared by
other anesthetic drugs acting on the central nervous system [10]. In the following years, the excessive
inhibition hypothesis was repeatedly challenged and it was suggested that alternative mechanisms can
be operant in some cell populations [11–13]. The cell death is not necessarily and exclusively caused
by impairments of the neurotransmitter system. Indirect effects, such as those related to the disruption
of brain or uterine vasculature, may play a role in alcohol-induced cell death [14–16].

Furthermore, the neuron depletion itself is not the only factor leading to the devastating effects
of alcohol on the developing brain. When a human community loses many of its citizens (e.g., from
the effects of war), the deleterious effects on the society are due not only to the direct consequences of
the casualties, but also to the fact that the survivors may react in a “maladaptive” way (either from
the psychological or the social point of view). By analogy, this mini-review/commentary is focused
on the assumption that, even though the direct effects of neuron death following in utero exposure
to alcohol can be dramatic per se, some of the long-term consequences observed in experimental
or human FASD are due to an anomalous (or also maladaptive) plastic rearrangement of surviving
neurons. Within such a frame, neuroapoptosis and reorganization of brain structure and function can
interact in a vicious circle, sustaining and amplifying each other.
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1. Brain Plasticity, Friend or Foe?

There are several types of brain plasticity. The prototypical one, and among the most important,
was discovered during the 70s of the last century by Bliss and Lomo, is referred to as long
term potentiation (LTP) and can be described as a long lasting increase of the synaptic efficacy
after tetanic stimulation [17]. Since then, several other forms of plasticity have been described.
They include a refinement of the concept of synaptic plasticity, based on the synapse potentiation or
depression according to the relative timing of pre- and postsynaptic spike (spike timing dependent
plasticity—STDP [18,19]). Another kind of neural adaptation, called intrinsic plasticity, is represented
by the change in intrinsic excitability of neurons and, as such, it is linked to modulation of voltage-gated
rather than ligand-gated synaptic channels [20]. Finally, the plastic modifications can be also
represented by widespread rewiring of connections that usually occur during critical periods of
brain development [21]. The prevailing view in neuroscience is that most neurological and mental
diseases can be reinterpreted as conditions in which plastic changes to the brain are anomalous, not
necessarily defective (see Figure 1 in [22]; see also [23]). The consideration that brain plasticity might
not be solely reparative in nature represents a challenge to the Kennard principle—the seminal papers
by Margareth Kennard, published in the first half of the 20th century, state that a vigorous remodeling
of brain functions and connections, such as that occurring after early injury, makes the brain more
resilient to the induced damage [24]. In the following years, this principle has been matter of debate
and often criticized [25,26].

2. Early Alcohol Exposure and Cell Death

The apoptosis that follows early exposure to ethanol is widespread [5], but is far from affecting all
the cell populations to the same degree. One of the most damaged structures is the cerebral cortex,
where different protocols of alcohol exposure carried out in different experimental animals lead to
converging results: pyramidal neurons of layer 5, the main source of output from the cortex, are
more susceptible to the death-inducing effects of alcohol, as compared to principal neurons that
reside in other cortical layers [27,28]. As to the GABAergic cortical interneurons, although being a
minority, they represent a more heterogeneous population, when compared to the pyramidal neurons.
Accordingly, results concerning FASD and cortical interneuron death are more controversial and are
likely to be highly dependent on different protocols and timing of experimental alcohol exposure.
While no change in the number of parvalbumin immunoreactive interneurons was found after alcohol
exposure spanning P2–P6 in rats [29], Smiley and coworkers observed a substantial reduction of the
same interneuron population after P7 exposure in mice [30]. What makes the picture of inhibitory
interneurons even more puzzling, is that, possibly due to a lack of naturally occurring cell death, some
interneuron populations are increased after alcohol exposure. This is the case for parvalbumin neurons
in the prefrontal cortex after prenatal exposure in mice [31], as well as for calretinin interneurons in the
sensori-motor cortex after postnatal exposure in rats [29]. It is thus likely that, besides inducing cell
death, ethanol can, in some instances, delay maturation processes, keeping some populations from
undergoing a physiological reduction of elements. This might be the case for the calretinin subset,
whose normal fate is to decline during normal postnatal development [32]. An alternative hypothesis
is represented by an alcohol-induced change of migration speed, that might result in an interneuron
population to be more represented in some brain regions and less in others [33] (see also below).

There might be long-lasting consequences of the differential effects of alcohol on the survival of
specific cell populations. For instance, besides the acute potentiation of GABA transmission elicited
by alcohol exposure, the increase of parvalbumin interneurons leads to a permanent shifting of the
excitatory/inhibitory balance toward inhibition [31].
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3. Relationship between Cell Death and Plasticity

Some of the molecules that mediate cell death are also deeply involved in neural plasticity.
Therefore, the same molecular network responsible for alcohol-induced apoptosis can also modify the
neural plasticity and, consequently, the wiring of the brain. The p75 low-affinity neurotrophin receptor
(p75-NTR) is overexpressed in the sensori-motor cortex of adult rats exposed to ethanol during the
first postnatal week [28]. The p75-NTR is also highly increased in human neuroblastoma cells treated
with ethanol and the use of interference RNA targeting p75-NTR reverses the proapoptotic effect of
ethanol [34]. A similar protective effect of p75 inhibition has been demonstrated in primary cultures of
neurons exposed to the proapoptotic effect of the anesthetic isoflurane [35]. The neuron death-inducing
role of p75-NTR has also been demonstrated for other conditions, such as intracerebral hemorrhage [36]
and oxidative stress [37]. At the same time, the low-affinity neurotrophin receptor is also a key molecule
of plastic remodeling. In fact, the p75-NTR signaling pathway has been shown to modulate synaptic
plasticity and consolidation in organotypic cultures of the mouse hippocampus [38]. Woo et al. reported
that activation of p75-NTR enhances hippocampal long term depression (LTD) [39]. In addition, both
the dendritic architecture and neurite elongation are modulated by p75 signaling [40,41].

Other molecules that mediate apoptosis, such as caspase-3, have been reported either to be
upregulated [42–46] or to display changes of their developmental timing profile after exposure to
ethanol [47]. Caspase 3, besides being involved in neuron death, turns out to be also involved in spine
remodeling and other types of plasticity [48–50].

Some of the experimental works cited above point out that both prenatal [47] and early postnatal
exposure to alcohol [28] can be responsible for the activation of apoptosis-related molecules lasting
well beyond the period of exposure, up to adulthood. The fact that even a narrow and early exposure
window can result in a long-lasting, possibly permanent, susceptibility to neuron death, circuit
anomalies, and plastic changes, is one of the most intriguing issues raised by the neurobiological
studies on FASD and will be addressed in the next paragraph.

The increase of p75-NTR and caspase 3 signaling are not the only candidates to link apoptosis and
developmental plasticity. Early alcohol exposure has been shown to induce changes of the neurotrophin
signaling system [51]. Either a decrease [52,53] or an increase [54] of BDNF neurotrophic support
has been demonstrated after prenatal or postnatal exposure to ethanol, respectively. The BDNF-TrkB
signaling is obviously involved in apoptosis [55] and its direct involvement in FASD-related changes of
hippocampal plasticity has been shown by Zucca and Valenzuela [56]. In addition, the well-established
role of BDNF-TrkB in dendritogenesis [57,58] can account for the alterations of dendritic branching
observed in experimental FASD [59,60].

4. A Vicious Circle to Maintain Long-Lasting Effects of Ethanol

As we have pointed out in the previous paragraph, early exposure to alcohol can activate
molecular pathways such as the p75-NTR signaling which in turn, besides triggering cell death,
can also modify synaptic plasticity. Both LTP and LTD, the best known instances of synaptic
plasticity, are able to affect the brain wiring, through the stabilization, neoformation, or elimination of
dendritic spines [61–63]. Actually, there are reports of impaired LTP and LTD after early exposure to
ethanol [64–66]. As a consequence, a reduction of spine density represents one of the major anatomical
features observed in FASD [67,68]. Other factors elicited by alcohol exposure during development can
modify the response of the brain to developmental cues and its wiring. As already pointed out in a
previous paragraph, the relative proportion of the different populations of GABAergic interneurons
can be altered during FASD [29,31]. GABA neurotransmission is known to play a pivotal role in
the modulation of developmental plasticity [21,69,70]. Therefore, the impairment of GABAergic
transmission might be responsible for microcircuit alterations observed in experimental FASD, such as
the disruption of ocular dominance plasticity in the visual cortex [71,72].

The change of network activity due to the modification of excitation/inhibition balance [31]
can affect the trafficking and phosphorylation of ion channels, that have been shown to be
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activity-dependent [73–75]. The dendritic excitability at the calcium electrogenesis zone of the apical
dendrite is in fact permanently impaired after early postnatal exposure to alcohol [76] and the reduction
of dendritic excitability and calcium spikes can lead to a further impairment of network activity and
synaptic plasticity [77]. Moreover, voltage-gated calcium channels, responsible for the generation
of calcium spikes, have been also shown to modulate dendritic spine morphology [78]. Other ion
channels, including those gated by neurotransmitters, display long-lasting changes after early exposure
to ethanol [79,80].

The relationship between early alcohol exposure and neural activity is complex. In immature
neurons, due to the relatively high concentration of intracellular chloride, GABA is excitatory [81].
Therefore, in line with the known effect of GABA positive modulation described in adults, the activity
of immature neural networks can be increased as a consequence of alcohol exposure [82]. However,
it should be considered that the early effect of GABA in vivo and in slice preparations might be
different. In fact, the GABAergic transmission in vivo is already inhibitory during the first postnatal
week [83]. Conversely, the depressant effect of ethanol on NMDA currents has been demonstrated
also at early stages of development, remains after alcohol withdrawal [79], and can contribute to
depressing neural activity [84]. At later stages of maturation, when GABA is inhibitory, the effect of
interneuronopathy [29,31], combined with the FASD-related alteration of glutamatergic cortico-cortical
connections [60] can further depress the network activity. This reduction of activity, in turn, represents
a strong trigger of apoptosis [85–89]. This mechanism can explain the long-lasting susceptibility of
cortical neurons to apoptosis, even when they are no longer exposed to ethanol. An increased rate of
apoptosis might, in turn, further decrease neural activity. This vicious circle (illustrated in Figure 1),
elicited at very early stages, can maintain apoptotic phenomena at later stages of development. It is
not clear whether this mechanism continues to be operant in more mature, adult brains. However, a
depressive effect on the electrical activity of pyramidal neurons after acute exposure to alcohol has
been observed in the adolescent/adult brain [90,91] and is also accompanied by an increased rate
of apoptosis, similarly to what happens for early exposure [92–94]. Layer 5 pyramidal neurons of
adult rodents, which are strongly impaired in FASD experimental models [60,76], undergo extensive
death also in some animal models reproducing Alzheimer′s disease, with cell degeneration preceded
by a reduction in electrical activity of these neurons [95]. Furthermore, in models of Parkinson′s
disease based on the administration of the toxin 6-hydroxydopamine, Huang et al. [96] observed
hypoexcitability of dopaminergic neurons and increase of apoptosis. Similar mechanisms, related to
endoplasmic reticulum stress and calcium dishomeostasis, have also been hypothesized for ethanol
toxicity [97,98]. However, it is not clear whether, in mature brains, hypoactivity and apoptosis are just
simultaneous events or are reciprocally affected and amplified.

Epigenetic mechanisms represent good candidates to explain the long-lasting effects of ethanol
in promoting apoptosis (reviewed in ref. [99]). Subbanna et al. [100,101] demonstrated that exposure
to ethanol during early postnatal life is able to induce apoptosis through histone acetylation and
dimethylation. Most of the epigenetic effects induced by ethanol last for a long time after alcohol
withdrawal [102,103]. In addition, neuron activity is also able to affect the epigenome, for instance
through action on the nuclear/cytoplasmic shuttling of the histone deacetylase HDAC4 [104,105],
whose accumulation in the nucleus can cause apoptosis [106].
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Figure 1. A schematic of the relationships between early alcohol exposure and cell death. Alcohol has
immediate impacts upon the system which can lead to an increased apoptosis different from natural
programmed cell death, yet also results in plastic changes to the brain. This can lead to a further
imbalance of the system in terms of inhibition/excitation and cell excitability, creating a vicious cycle
likely to result in further abnormal apoptosis. Critically, the impact of alcohol on all these factors is
mediated by the duration of exposure, and the time of exposure in the developmental trajectory.

5. Alcohol May Enhance the Response of Glial Cells

Although often underestimated, glial cell alterations play a key role in the genesis of FASD
(see [107], for review). There is a growing body of work assessing glial cell responses during early
ethanol exposure (pre- and postnatal). The loss of neurons through apoptosis is also compounded
by the response of microglia, which may lead to further cell death. Briefly, microglia themselves are
resistant to the damaging effects of ethanol, and their function of removing dead cells is not affected by
the presence of ethanol in acute exposures; morphological effects upon microglia themselves appear to
be transient in nature [108]. Ahlers et al. [108] also observed transient increases in pro-inflammatory
factors (PIF) TNFα and IL-1β after heavy alcohol exposure but concluded that this was not directly
related to the presence of alcohol, rather, due to increased neuroapoptosis. These findings lead
to the view that the microglial cells do not contribute directly to neurodegeneration, rather they
serve a protective function after alcohol damage to the cortex [109]. However, contrasting work by
Fernandez-Lizarbe et al. [110] shows that ethanol upregulates expression of toll-like receptors 2 and 4
(TLR2, TLR4) in glial cells, which normally serve to activate immune response through the binding of
microbes/pathogens. In the case of acute alcohol exposure, the activation of TLR 2 and 4 leads to the
release of inflammatory cytokines, the result of which is an increased neuro-inflammatory response
in the presence of alcohol. Chronic microglial activation may lead to further cell death, since over
time the release of pro-inflammatory cytokines can be toxic [111]. Glial cell activation may also show
regional differences in the presence of alcohol, for example, with accelerated degradation of cerebellar
Purkinje cells compared to hippocampal neurons [112], yet this may be more representative of the
time of exposure to alcohol during particular stages of development, i.e., animal models of FASD
usually test rodents in an age range from P3–P11, equivalent to the third trimester in humans. Further
evidence from Cantacorps et al. [113] suggests that motor coordination difficulties and spatial memory
deficits are observable in pre-natal alcohol exposed mice, who were also weaned by mothers who
continued to drink alcohol. These behavioral deficits corresponded with increased neuro-inflammation
(expression of TLR2 and 4) in the hippocampus (also showed an increase in expression of IL-1β)
and prefrontal cortices. A significant increase in activated caspase-3 was also observed, suggesting
alcohol-induced apoptosis [113]. In summary, while activation of glial cells normally serves to protect
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neural functioning, observed in single acute exposures to alcohol, there is evidence that alcohol may
enhance neuro-inflammation and under conditions of prolonged activation, for example, during
chronic alcohol abuse, could possibly lead to further cell death due to the toxic effects of PIFs.

6. Alcohol Affects the Developmental Trajectory of Cortical Neurons

It should be pointed out that not all the mechanisms leading to alcohol teratogenic effects are
necessarily related to apoptosis. Heterotopias of cortical neurons, presumably due to defects of
cortical migration, have been observed in the first studies of experimental FASD [114]. The migration
of glutamatergic neurons to the proper cortical layers occurs radially from the ventricular zone
of the pallium, with cells first resting in deep layers, and lastly in layer 2/3, often referred to as
“inside-first, outside-last” gradient. In contrast, GABAergic interneurons are chiefly generated in the
medial and caudal ganglionic eminence, and migrate tangentially through cortical layers (for a review
see [115]). The medial ganglionic eminence is the main source of parvalbumin interneurons, basket
and chandelier cells, whereas calretinin or vasoactive intestinal peptide (VIP) interneurons such as
bipolar or double bouquet cells are generated in the caudal ganglionic eminence [116]. Migration of
cortical neurons is driven by the presence of both GABA and glutamate in the environment acting as
chemical attractants [117,118]. It is thus likely that alcohol affects the embryonic migration of cortical
neurons through its known action on GABA and NMDA receptors. Besides the effect on the migration
of interneurons, observed by Cuzon et al. [33], alcohol-induced disruption of the radial migration of
pyramidal neurons has been also described [119].

Another aspect of alcohol-induced damage is represented by the alteration of cell cycle kinetics and
cell proliferation occurring during prenatal life [120,121]. It has also been suggested that apoptosis and
cell cycle alteration can coexist in the embryonic brain, but are mediated by separate mechanisms [122].

It is worth mentioning here that the timing of developmental exposure to alcohol is a critical factor
in determining whether apoptosis represents the main pathogenetic factor of FASD. In fact, while early
postnatal exposure during synaptogenesis has been demonstrated to trigger extensive apoptosis [5],
immature neural precursors are relatively resistant to ethanol-induced apoptosis [123].

7. Conclusions

The evidence highlights that different experimental protocols affect both the pathogenetic
mechanisms and the outcome of FASD, the timing of exposure being among the main determinants
of such a difference. Evidently the Kennard principle does not apply in FASD, where early exposure
to alcohol is more damaging to the development of the neocortex, for example through enhanced
apoptosis, toxic neuro-inflammation, altered neural migration, and cell cycle kinetics. Not only is
the rate of apoptosis influenced by the exposure period, but also the circuit plasticity seems to be
dramatically different according to whether alcohol is given in rodents prenatally or postnatally.
For instance, a binge exposure during prenatal life in mice results in a transient decrease of dendritic
complexity in pyramidal neurons [119], whereas a permanent reduction of basal dendritic branching is
observed in the same neurons after early sustained postnatal exposure [60]. Once again, the interplay
between cell death and modified developmental plasticity is clearly a key feature of FASD, and a
better knowledge of this interaction is needed which incorporates evidence from acute/binge or heavy
sustained drinking paradigms. Keeping women from drinking any alcohol during pregnancy should
be the first effort of public health policy, but this is not easy. Therefore, basic research on experimental
models of FASD can provide clues for developing new therapeutic strategies to reduce direct and
indirect consequences of alcohol-induced cell death.
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Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2018, 19, 2992 7 of 12

References

1. Abel, E.L.; Sokol, R.J. A revised conservative estimate of the incidence of FAS and its economic impact.
Alcohol. Clin. Exp. Res. 1991, 15, 514–524. [CrossRef] [PubMed]

2. Popova, S.; Lange, S.; Burd, L.; Rehm, J. The Economic Burden of Fetal Alcohol Spectrum Disorder in Canada
in 2013. Alcohol Alcohol. 2016, 51, 367–375. [CrossRef] [PubMed]

3. West, J.R.; Goodlett, C.R.; Bonthius, D.J.; Hamre, K.M.; Marcussen, B.L. Cell population depletion associated
with fetal alcohol brain damage: Mechanisms of BAC-dependent cell loss. Alcohol. Clin. Exp. Res. 1990, 14,
813–818. [CrossRef] [PubMed]

4. Miller, M.W. Mechanisms of ethanol induced neuronal death during development: From the molecule to
behavior. Alcohol. Clin. Exp. Res. 1996, 20 (Suppl. S8), 128A–132A. [CrossRef] [PubMed]

5. Ikonomidou, C.; Bittigau, P.; Ishimaru, M.J.; Wozniak, D.F.; Koch, C.; Genz, K.; Price, M.T.; Stefovska, V.;
Hörster, F.; Tenkova, T.; et al. Ethanol-induced apoptotic neurodegeneration and fetal alcohol syndrome.
Science 2000, 287, 1056–1060. [CrossRef] [PubMed]

6. Lovinger, D.M.; White, G.; Weight, F.F. Ethanol inhibits NMDA-activated ion current in hippocampal neurons.
Science 1989, 243, 1721–1724. [CrossRef] [PubMed]

7. Lovinger, D.M.; White, G.; Weight, F.F. NMDA receptor-mediated synaptic excitation selectively inhibited by
ethanol in hippocampal slice from adult rat. J. Neurosci. 1990, 10, 1372–1379. [CrossRef] [PubMed]

8. Wirkner, K.; Poelchen, W.; Köles, L.; Mühlberg, K.; Scheibler, P.; Allgaier, C.; Illes, P. Ethanol-induced
inhibition of NMDA receptor channels. Neurochem. Int. 1999, 35, 153–162. [CrossRef]

9. Weiner, J.L.; Valenzuela, C.F. Ethanol modulation of GABAergic transmission: The view from the slice.
Pharmacol. Ther. 2006, 111, 533–554. [CrossRef] [PubMed]

10. Olney, J.W. Focus on apoptosis to decipher how alcohol and many other drugs disrupt brain development.
Front. Pediatr. 2014, 2, 81. [CrossRef] [PubMed]

11. Sanderson, J.L.; Donald Partridge, L.; Valenzuela, C.F. Modulation of GABAergic and glutamatergic
transmission by ethanol in the developing neocortex: An in vitro test of the excessive inhibition hypothesis
of fetal alcohol spectrum disorder. Neuropharmacology 2009, 56, 541–555. [CrossRef] [PubMed]

12. Luo, J. Autophagy and ethanol neurotoxicity. Autophagy 2014, 10, 2099–2108. [CrossRef] [PubMed]
13. Larsen, Z.H.; Chander, P.; Joyner, J.A.; Floruta, C.M.; Demeter, T.L.; Weick, J.P. Effects of Ethanol on Cellular

Composition and Network Excitability of Human Pluripotent Stem Cell-Derived Neurons. Alcohol. Clin.
Exp. Res. 2016, 40, 2339–2350. [CrossRef] [PubMed]

14. Welch, J.H.; Mayfield, J.J.; Leibowitz, A.L.; Baculis, B.C.; Valenzuela, C.F. Third trimester-equivalent ethanol
exposure causes micro-hemorrhages in the rat brain. Neuroscience 2016, 324, 107–118. [CrossRef] [PubMed]

15. Girault, V.; Gilard, V.; Marguet, F.; Lesueur, C.; Hauchecorne, M.; Ramdani, Y.; Laquerrière, A.; Marret, S.;
Jégou, S.; Gonzalez, B.J.; et al. Prenatal alcohol exposure impairs autophagy in neonatal brain cortical
microvessels. Cell Death Dis. 2017, 8, e2610. [CrossRef] [PubMed]

16. Naik, V.D.; Davis-Anderson, K.; Subramanian, K.; Lunde-Young, R.; Nemec, M.J.; Ramadoss, J. Mechanisms
Underlying Chronic Binge Alcohol Exposure-Induced Uterine Artery Dysfunction in Pregnant Rat.
Alcohol. Clin. Exp. Res. 2018, 42, 682–690. [CrossRef] [PubMed]

17. Bliss, T.V.; Lomo, T. Long-lasting potentiation of synaptic transmission in the dentate area of the anaesthetized
rabbit following stimulation of the perforant path. J. Physiol. 1973, 232, 331–356. [CrossRef] [PubMed]

18. Dan, Y.; Poo, M.M. Spike timing-dependent plasticity of neural circuits. Neuron 2004, 44, 23–30. [CrossRef]
[PubMed]

19. Markram, H.; Lübke, J.; Frotscher, M.; Sakmann, B. Regulation of synaptic efficacy by coincidence of
postsynaptic APs and EPSPs. Science 1997, 275, 213–215. [CrossRef] [PubMed]

20. Shim, H.G.; Lee, Y.S.; Kim, S.J. The Emerging Concept of Intrinsic Plasticity: Activity-dependent Modulation
of Intrinsic Excitability in Cerebellar Purkinje Cells and Motor Learning. Exp. Neurobiol. 2018, 27, 139–154.
[CrossRef] [PubMed]

21. Hensch, T.K. Critical period plasticity in local cortical circuits. Nat. Rev. Neurosci. 2005, 6, 877–888. [CrossRef]
[PubMed]

22. Nathan, P.J.; Cobb, S.R.; Lu, B.; Bullmore, E.T.; Davies, C.H. Studying synaptic plasticity in the human brain
and opportunities for drug discovery. Curr. Opin. Pharmacol. 2011, 11, 540–548. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1530-0277.1991.tb00553.x
http://www.ncbi.nlm.nih.gov/pubmed/1877738
http://dx.doi.org/10.1093/alcalc/agv117
http://www.ncbi.nlm.nih.gov/pubmed/26493100
http://dx.doi.org/10.1111/j.1530-0277.1990.tb01820.x
http://www.ncbi.nlm.nih.gov/pubmed/2088116
http://dx.doi.org/10.1111/j.1530-0277.1996.tb01762.x
http://www.ncbi.nlm.nih.gov/pubmed/8947251
http://dx.doi.org/10.1126/science.287.5455.1056
http://www.ncbi.nlm.nih.gov/pubmed/10669420
http://dx.doi.org/10.1126/science.2467382
http://www.ncbi.nlm.nih.gov/pubmed/2467382
http://dx.doi.org/10.1523/JNEUROSCI.10-04-01372.1990
http://www.ncbi.nlm.nih.gov/pubmed/2158533
http://dx.doi.org/10.1016/S0197-0186(99)00057-1
http://dx.doi.org/10.1016/j.pharmthera.2005.11.002
http://www.ncbi.nlm.nih.gov/pubmed/16427127
http://dx.doi.org/10.3389/fped.2014.00081
http://www.ncbi.nlm.nih.gov/pubmed/25136546
http://dx.doi.org/10.1016/j.neuropharm.2008.10.012
http://www.ncbi.nlm.nih.gov/pubmed/19027758
http://dx.doi.org/10.4161/15548627.2014.981916
http://www.ncbi.nlm.nih.gov/pubmed/25484085
http://dx.doi.org/10.1111/acer.13218
http://www.ncbi.nlm.nih.gov/pubmed/27717039
http://dx.doi.org/10.1016/j.neuroscience.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/26964687
http://dx.doi.org/10.1038/cddis.2017.29
http://www.ncbi.nlm.nih.gov/pubmed/28182007
http://dx.doi.org/10.1111/acer.13602
http://www.ncbi.nlm.nih.gov/pubmed/29363778
http://dx.doi.org/10.1113/jphysiol.1973.sp010273
http://www.ncbi.nlm.nih.gov/pubmed/4727084
http://dx.doi.org/10.1016/j.neuron.2004.09.007
http://www.ncbi.nlm.nih.gov/pubmed/15450157
http://dx.doi.org/10.1126/science.275.5297.213
http://www.ncbi.nlm.nih.gov/pubmed/8985014
http://dx.doi.org/10.5607/en.2018.27.3.139
http://www.ncbi.nlm.nih.gov/pubmed/30022866
http://dx.doi.org/10.1038/nrn1787
http://www.ncbi.nlm.nih.gov/pubmed/16261181
http://dx.doi.org/10.1016/j.coph.2011.06.008
http://www.ncbi.nlm.nih.gov/pubmed/21737346


Int. J. Mol. Sci. 2018, 19, 2992 8 of 12

23. Cohen, E.J.; Quarta, E.; Bravi, R.; Granato, A.; Minciacchi, D. Neural plasticity and network remodeling:
From concepts to pathology. Neuroscience 2017, 344, 326–345. [CrossRef] [PubMed]

24. Kennard, M.A. Cortical reorganization on motor function. Studies on series of monkeys of various ages from
infancy to maturity. Arch. Neurol. Psychiatr. 1942, 48, 227–240. [CrossRef]

25. Bennet, L.; Van Den Heuij, L.; Dean, J.M.; Drury, P.; Wassink, G.; Gunn, A.J. Neural plasticity and the Kennard
principle: Does it work for the preterm brain? Clin. Exp. Pharmacol. Physiol. 2013, 40, 774–784. [CrossRef]
[PubMed]

26. Schneider, G.E. Is it really better to have your brain lesion early? A revision of the ‘Kennard principle’.
Neuropsychologia 1979, 17, 557–583. [CrossRef]

27. Olney, J.W.; Tenkova, T.; Dikranian, K.; Qin, Y.Q.; Labruyere, J.; Ikonomidou, C. Ethanol-induced apoptotic
neurodegeneration in the developing C57BL/6 mouse brain. Dev. Brain Res. 2002, 133, 115–126. [CrossRef]

28. Toesca, A.; Giannetti, S.; Granato, A. Overexpression of the p75 neurotrophin receptor in the sensori-motor
cortex of rats exposed to ethanol during early postnatal life. Neurosci. Lett. 2003, 342, 89–92. [CrossRef]

29. Granato, A. Altered organization of cortical interneurons in rats exposed to ethanol during neonatal life.
Brain Res. 2006, 1069, 23–30. [CrossRef] [PubMed]

30. Smiley, J.F.; Saito, M.; Bleiwas, C.; Masiello, K.; Ardekani, B.; Guilfoyle, D.N.; Gerum, S.; Wilson, D.A.;
Vadasz, C. Selective reduction of cerebral cortex GABA neurons in a late gestation model of fetal alcohol
spectrum disorder. Alcohol 2015, 49, 571–580. [CrossRef] [PubMed]

31. Skorput, A.G.; Gupta, V.P.; Yeh, P.W.; Yeh, H.H. Persistent Interneuronopathy in the Prefrontal Cortex of
Young Adult Offspring Exposed to Ethanol In Utero. J. Neurosci. 2015, 35, 10977–10988. [CrossRef] [PubMed]

32. Schierle, G.S.; Gander, J.C.; D′Orlando, C.; Celio, M.R.; Vogt Weisenhorn, D.M. Calretinin-immunoreactivity
during postnatal development of the rat isocortex: A qualitative and quantitative study. Cereb. Cortex 1997,
7, 130–142. [CrossRef] [PubMed]

33. Cuzon, V.C.; Yeh, P.W.; Yanagawa, Y.; Obata, K.; Yeh, H.H. Ethanol consumption during early pregnancy
alters the disposition of tangentially migrating GABAergic interneurons in the fetal cortex. J. Neurosci. 2008,
28, 1854–1864. [CrossRef] [PubMed]

34. Do, H.; Park, H.J.; Sohn, E.H.; Kim, B.O.; Um, S.H.; Kwak, J.H.; Moon, E.Y.; Rhee, D.K.; Pyo, S. Ethanol induces
cell cycle arrest and triggers apoptosis via Sp1-dependent p75NTR expression in human neuroblastoma cells.
Cell Biol. Toxicol. 2013, 29, 365–380. [CrossRef] [PubMed]

35. Head, B.P.; Patel, H.H.; Niesman, I.R.; Drummond, J.C.; Roth, D.M.; Patel, P.M. Inhibition of p75
neurotrophin receptor attenuates isoflurane-mediated neuronal apoptosis in the neonatal central nervous
system. Anesthesiology 2009, 110, 813–825. [CrossRef] [PubMed]

36. Shen, J.; Chen, X.; Li, H.; Wang, Y.; Huo, K.; Ke, K. p75 neurotrophin receptor and its novel interaction
partner, NIX, are involved in neuronal apoptosis after intracerebral hemorrhage. Cell Tissue Res. 2017, 368,
13–27. [CrossRef] [PubMed]

37. Kraemer, B.R.; Snow, J.P.; Vollbrecht, P.; Pathak, A.; Valentine, W.M.; Deutch, A.Y.; Carter, B.D. A role for the
p75 neurotrophin receptor in axonal degeneration and apoptosis induced by oxidative stress. J. Biol. Chem.
2014, 289, 21205–21216. [CrossRef] [PubMed]

38. Sakuragi, S.; Tominaga-Yoshino, K.; Ogura, A. Involvement of TrkB- and p75(NTR)-signaling pathways in
two contrasting forms of long-lasting synaptic plasticity. Sci. Rep. 2013, 3, 3185. [CrossRef] [PubMed]

39. Woo, N.H.; Teng, H.K.; Siao, C.J.; Chiaruttini, C.; Pang, P.T.; Milner, T.A.; Hempstead, B.L.; Lu, B. Activation
of p75NTR by proBDNF facilitates hippocampal long-term depression. Nat. Neurosci. 2005, 8, 1069–1077.
[CrossRef] [PubMed]

40. Yamashita, T.; Tucker, K.L.; Barde, Y.A. Neurotrophin binding to the p75 receptor modulates Rho activity
and axonal outgrowth. Neuron 1999, 24, 585–593. [CrossRef]

41. Michaelsen, K.; Zagrebelsky, M.; Berndt-Huch, J.; Polack, M.; Buschler, A.; Sendtner, M.; Korte, M.
Neurotrophin receptors TrkB.T1 and p75NTR cooperate in modulating both functional and structural
plasticity in mature hippocampal neurons. Eur. J. Neurosci. 2010, 32, 1854–1865. [CrossRef] [PubMed]

42. Olney, J.W.; Tenkova, T.; Dikranian, K.; Muglia, L.J.; Jermakowicz, W.J.; D′Sa, C.; Roth, K.A. Ethanol-induced
caspase-3 activation in the in vivo developing mouse brain. Neurobiol. Dis. 2002, 9, 205–219. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.neuroscience.2016.12.048
http://www.ncbi.nlm.nih.gov/pubmed/28069532
http://dx.doi.org/10.1001/archneurpsyc.1942.02290080073002
http://dx.doi.org/10.1111/1440-1681.12135
http://www.ncbi.nlm.nih.gov/pubmed/23735123
http://dx.doi.org/10.1016/0028-3932(79)90033-2
http://dx.doi.org/10.1016/S0165-3806(02)00279-1
http://dx.doi.org/10.1016/S0304-3940(03)00258-1
http://dx.doi.org/10.1016/j.brainres.2005.11.024
http://www.ncbi.nlm.nih.gov/pubmed/16386714
http://dx.doi.org/10.1016/j.alcohol.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/26252988
http://dx.doi.org/10.1523/JNEUROSCI.1462-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26245961
http://dx.doi.org/10.1093/cercor/7.2.130
http://www.ncbi.nlm.nih.gov/pubmed/9087821
http://dx.doi.org/10.1523/JNEUROSCI.5110-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18287502
http://dx.doi.org/10.1007/s10565-013-9260-3
http://www.ncbi.nlm.nih.gov/pubmed/24026251
http://dx.doi.org/10.1097/ALN.0b013e31819b602b
http://www.ncbi.nlm.nih.gov/pubmed/19293698
http://dx.doi.org/10.1007/s00441-016-2510-y
http://www.ncbi.nlm.nih.gov/pubmed/27726026
http://dx.doi.org/10.1074/jbc.M114.563403
http://www.ncbi.nlm.nih.gov/pubmed/24939843
http://dx.doi.org/10.1038/srep03185
http://www.ncbi.nlm.nih.gov/pubmed/24212565
http://dx.doi.org/10.1038/nn1510
http://www.ncbi.nlm.nih.gov/pubmed/16025106
http://dx.doi.org/10.1016/S0896-6273(00)81114-9
http://dx.doi.org/10.1111/j.1460-9568.2010.07460.x
http://www.ncbi.nlm.nih.gov/pubmed/20955473
http://dx.doi.org/10.1006/nbdi.2001.0475
http://www.ncbi.nlm.nih.gov/pubmed/11895372


Int. J. Mol. Sci. 2018, 19, 2992 9 of 12

43. Subbanna, S.; Nagre, N.N.; Shivakumar, M.; Joshi, V.; Psychoyos, D.; Kutlar, A.; Umapathy, N.S.;
Basavarajappa, B.S. CB1R-Mediated Activation of Caspase-3 Causes Epigenetic and Neurobehavioral
Abnormalities in Postnatal Ethanol-Exposed Mice. Front. Mol. Neurosci. 2018, 11, 45. [CrossRef] [PubMed]

44. Getachew, B.; Hudson, T.; Heinbockel, T.; Csoka, A.B.; Tizabi, Y. Protective Effects of Donepezil against
Alcohol-Induced Toxicity in Cell Culture: Role of Caspase-3. Neurotox. Res. 2018. [CrossRef] [PubMed]

45. Ieraci, A.; Herrera, D.G. Nicotinamide Inhibits Ethanol-Induced Caspase-3 and PARP-1 Over-activation
and Subsequent Neurodegeneration in the Developing Mouse Cerebellum. Cerebellum 2018, 17, 326–335.
[CrossRef] [PubMed]

46. Britton, S.M.; Miller, M.W. Neuronal Loss in the Developing Cerebral Cortex of Normal and Bax-Deficient
Mice: Effects of Ethanol Exposure. Neuroscience 2018, 369, 278–291. [CrossRef] [PubMed]

47. Mooney, S.M.; Miller, M.W. Effects of prenatal exposure to ethanol on the expression of bcl-2, bax and caspase
3 in the developing rat cerebral cortex and thalamus. Brain Res. 2001, 911, 71–81. [CrossRef]

48. Ertürk, A.; Wang, Y.; Sheng, M. Local pruning of dendrites and spines by caspase-3-dependent and
proteasome-limited mechanisms. J. Neurosci. 2014, 34, 1672–1688. [CrossRef] [PubMed]

49. Wang, J.Y.; Luo, Z.G. Non-apoptotic role of caspase-3 in synapse refinement. Neurosci. Bull. 2014, 30, 667–670.
[CrossRef] [PubMed]

50. Mukherjee, A.; Williams, D.W. More alive than dead: Non-apoptotic roles for caspases in neuronal
development, plasticity and disease. Cell Death Differ. 2017, 24, 1411–1421. [CrossRef] [PubMed]

51. Boschen, K.E.; Klintsova, A.Y. Neurotrophins in the Brain: Interaction with Alcohol Exposure during
Development. Vitam. Horm. 2017, 104, 197–242. [CrossRef] [PubMed]

52. Feng, M.J.; Yan, S.E.; Yan, Q.S. Effects of prenatal alcohol exposure on brain-derived neurotrophic factor and
its receptor tyrosine kinase B in offspring. Brain Res. 2005, 1042, 125–132. [CrossRef] [PubMed]

53. Mahabir, S.; Chatterjee, D.; Misquitta, K.; Chatterjee, D.; Gerlai, R. Lasting changes induced by mild alcohol
exposure during embryonic development in BDNF, NCAM and synaptophysin-positive neurons quantified
in adult zebrafish. Eur. J. Neurosci. 2018, 47, 1457–1473. [CrossRef] [PubMed]

54. Boschen, K.E.; Criss, K.J.; Palamarchouk, V.; Roth, T.L.; Klintsova, A.Y. Effects of developmental alcohol
exposure vs. intubation stress on BDNF and TrkB expression in the hippocampus and frontal cortex of
neonatal rats. Int. J. Dev. Neurosci. 2015, 43, 16–24. [CrossRef] [PubMed]

55. Chen, S.D.; Wu, C.L.; Hwang, W.C.; Yang, D.I. More Insight into BDNF against Neurodegeneration:
Anti-Apoptosis, Anti-Oxidation, and Suppression of Autophagy. Int. J. Mol. Sci. 2017, 18, 545. [CrossRef]
[PubMed]

56. Zucca, S.; Valenzuela, C.F. Low concentrations of alcohol inhibit BDNF-dependent GABAergic plasticity via
L-type Ca2+ channel inhibition in developing CA3 hippocampal pyramidal neurons. J. Neurosci. 2010, 30,
6776–6781. [CrossRef] [PubMed]

57. McAllister, A.K.; Katz, L.C.; Lo, D.C. Opposing roles for endogenous BDNF and NT-3 in regulating cortical
dendritic growth. Neuron 1997, 18, 767–778. [CrossRef]

58. Yacoubian, T.A.; Lo, D.C. Truncated and full-length TrkB receptors regulate distinct modes of dendritic
growth. Nat. Neurosci. 2000, 3, 342–349. [CrossRef] [PubMed]

59. Granato, A.; Van Pelt, J. Effects of early ethanol exposure on dendrite growth of cortical pyramidal neurons:
Inferences from a computational model. Dev. Brain Res. 2003, 142, 223–227. [CrossRef]

60. Granato, A.; Di Rocco, F.; Zumbo, A.; Toesca, A.; Giannetti, S. Organization of cortico-cortical associative
projections in rats exposed to ethanol during early postnatal life. Brain Res. Bull. 2003, 60, 339–344. [CrossRef]

61. De Roo, M.; Klauser, P.; Muller, D. LTP promotes a selective long-term stabilization and clustering of dendritic
spines. PLoS Biol. 2008, 6, e219. [CrossRef] [PubMed]

62. Hasegawa, S.; Sakuragi, S.; Tominaga-Yoshino, K.; Ogura, A. Dendritic spine dynamics leading to spine
elimination after repeated inductions of LTD. Sci. Rep. 2015, 5, 7707. [CrossRef] [PubMed]

63. Maletic-Savatic, M.; Malinow, R.; Svoboda, K. Rapid dendritic morphogenesis in CA1 hippocampal dendrites
induced by synaptic activity. Science 1999, 283, 1923–1927. [CrossRef] [PubMed]

64. Kervern, M.; Silvestre de Ferron, B.; Alaux-Cantin, S.; Fedorenko, O.; Antol, J.; Naassila, M.; Pierrefiche, O.
Aberrant NMDA-dependent LTD after perinatal ethanol exposure in young adult rat hippocampus.
Hippocampus 2015, 25, 912–923. [CrossRef] [PubMed]

65. Puglia, M.P.; Valenzuela, C.F. Repeated third trimester-equivalent ethanol exposure inhibits long-term
potentiation in the hippocampal CA1 region of neonatal rats. Alcohol 2010, 44, 283–290. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fnmol.2018.00045
http://www.ncbi.nlm.nih.gov/pubmed/29515368
http://dx.doi.org/10.1007/s12640-018-9913-3
http://www.ncbi.nlm.nih.gov/pubmed/29804239
http://dx.doi.org/10.1007/s12311-017-0916-z
http://www.ncbi.nlm.nih.gov/pubmed/29327278
http://dx.doi.org/10.1016/j.neuroscience.2017.11.013
http://www.ncbi.nlm.nih.gov/pubmed/29138110
http://dx.doi.org/10.1016/S0006-8993(01)02718-4
http://dx.doi.org/10.1523/JNEUROSCI.3121-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24478350
http://dx.doi.org/10.1007/s12264-014-1454-4
http://www.ncbi.nlm.nih.gov/pubmed/25027781
http://dx.doi.org/10.1038/cdd.2017.64
http://www.ncbi.nlm.nih.gov/pubmed/28644437
http://dx.doi.org/10.1016/bs.vh.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/28215296
http://dx.doi.org/10.1016/j.brainres.2005.02.017
http://www.ncbi.nlm.nih.gov/pubmed/15854584
http://dx.doi.org/10.1111/ejn.13975
http://www.ncbi.nlm.nih.gov/pubmed/29846983
http://dx.doi.org/10.1016/j.ijdevneu.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25805052
http://dx.doi.org/10.3390/ijms18030545
http://www.ncbi.nlm.nih.gov/pubmed/28273832
http://dx.doi.org/10.1523/JNEUROSCI.5405-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20463239
http://dx.doi.org/10.1016/S0896-6273(00)80316-5
http://dx.doi.org/10.1038/73911
http://www.ncbi.nlm.nih.gov/pubmed/10725923
http://dx.doi.org/10.1016/S0165-3806(03)00094-4
http://dx.doi.org/10.1016/S0361-9230(03)00052-2
http://dx.doi.org/10.1371/journal.pbio.0060219
http://www.ncbi.nlm.nih.gov/pubmed/18788894
http://dx.doi.org/10.1038/srep07707
http://www.ncbi.nlm.nih.gov/pubmed/25573377
http://dx.doi.org/10.1126/science.283.5409.1923
http://www.ncbi.nlm.nih.gov/pubmed/10082466
http://dx.doi.org/10.1002/hipo.22414
http://www.ncbi.nlm.nih.gov/pubmed/25581546
http://dx.doi.org/10.1016/j.alcohol.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20488644


Int. J. Mol. Sci. 2018, 19, 2992 10 of 12

66. Fontaine, C.J.; Patten, A.R.; Sickmann, H.M.; Helfer, J.L.; Christie, B.R. Effects of pre-natal alcohol exposure
on hippocampal synaptic plasticity: Sex, age and methodological considerations. Neurosci. Biobehav. Rev.
2016, 64, 12–34. [CrossRef] [PubMed]

67. Whitcher, L.T.; Klintsova, A.Y. Postnatal binge-like alcohol exposure reduces spine density without affecting
dendritic morphology in rat mPFC. Synapse 2008, 62, 566–573. [CrossRef] [PubMed]

68. De Giorgio, A.; Granato, A. Reduced density of dendritic spines in pyramidal neurons of rats exposed to
alcohol during early postnatal life. Int. J. Dev. Neurosci. 2015, 41, 74–79. [CrossRef] [PubMed]

69. Wang, D.D.; Kriegstein, A.R. Defining the role of GABA in cortical development. J. Physiol. 2009, 587 Pt 9,
1873–1879. [CrossRef]

70. Cellot, G.; Cherubini, E. Functional role of ambient GABA in refining neuronal circuits early in postnatal
development. Front. Neural Circuits 2013, 7, 136. [CrossRef] [PubMed]

71. Medina, A.E.; Krahe, T.E.; Coppola, D.M.; Ramoa, A.S. Neonatal alcohol exposure induces long-lasting
impairment of visual cortical plasticity in ferrets. J. Neurosci. 2003, 23, 10002–10012. [CrossRef] [PubMed]

72. Wong, E.L.; Lutz, N.M.; Hogan, V.A.; Lamantia, C.E.; McMurray, H.R.; Myers, J.R.; Ashton, J.M.;
Majewska, A.K. Developmental alcohol exposure impairs synaptic plasticity without overtly altering
microglial function in mouse visual cortex. Brain Behav. Immun. 2018, 67, 257–278. [CrossRef] [PubMed]

73. Kim, J.; Jung, S.C.; Clemens, A.M.; Petralia, R.S.; Hoffman, D.A. Regulation of dendritic excitability by
activity-dependent trafficking of the A-type K+ channel subunit Kv4.2 in hippocampal neurons. Neuron
2007, 54, 933–947. [CrossRef] [PubMed]

74. Pozzi, D.; Condliffe, S.; Bozzi, Y.; Chikhladze, M.; Grumelli, C.; Proux-Gillardeaux, V.; Takahashi, M.;
Franceschetti, S.; Verderio, C.; Matteoli, M. Activity-dependent phosphorylation of Ser187 is required for
SNAP-25-negative modulation of neuronal voltage-gated calcium channels. Proc. Natl. Acad. Sci. USA 2008,
105, 323–328. [CrossRef] [PubMed]

75. Shah, M.M.; Hammond, R.S.; Hoffman, D.A. Dendritic ion channel trafficking and plasticity. Trends Neurosci.
2010, 33, 307–316. [CrossRef] [PubMed]

76. Granato, A.; Palmer, L.M.; De Giorgio, A.; Tavian, D.; Larkum, M.E. Early exposure to alcohol leads
to permanent impairment of dendritic excitability in neocortical pyramidal neurons. J. Neurosci. 2012,
32, 1377–1382. [CrossRef] [PubMed]

77. Kampa, B.M.; Letzkus, J.J.; Stuart, G.J. Requirement of dendritic calcium spikes for induction of
spike-timing-dependent synaptic plasticity. J. Physiol. 2006, 574 Pt 1, 283–290. [CrossRef]

78. Stanika, R.; Campiglio, M.; Pinggera, A.; Lee, A.; Striessnig, J.; Flucher, B.E.; Obermair, G.J. Splice variants of
the CaV1.3 L-type calcium channel regulate dendritic spine morphology. Sci. Rep. 2016, 6, 34528. [CrossRef]
[PubMed]

79. Costa, E.T.; Savage, D.D.; Valenzuela, C.F. A review of the effects of prenatal or early postnatal ethanol
exposure on brain ligand-gated ion channels. Alcohol. Clin. Exp. Res. 2000, 24, 706–715. [CrossRef] [PubMed]

80. Tavian, D.; De Giorgio, A.; Granato, A. Selective underexpression of Kv3.2 and Kv3.4 channels in the cortex
of rats exposed to ethanol during early postnatal life. Neurol. Sci. 2011, 32, 571–577. [CrossRef] [PubMed]

81. Ben-Ari, Y.; Khalilov, I.; Kahle, K.T.; Cherubini, E. The GABA excitatory/inhibitory shift in brain maturation
and neurological disorders. Neuroscientist 2012, 18, 467–486. [CrossRef] [PubMed]

82. Galindo, R.; Zamudio, P.A.; Valenzuela, C.F. Alcohol is a potent stimulant of immature neuronal networks:
Implications for fetal alcohol spectrum disorder. J. Neurochem. 2005, 94, 1500–1511. [CrossRef] [PubMed]

83. Valeeva, G.; Tressard, T.; Mukhtarov, M.; Baude, A.; Khazipov, R. An Optogenetic Approach for Investigation
of Excitatory and Inhibitory Network GABA Actions in Mice Expressing Channelrhodopsin-2 in GABAergic
Neurons. J. Neurosci. 2016, 36, 5961–5973. [CrossRef] [PubMed]

84. Lebedeva, J.; Zakharov, A.; Ogievetsky, E.; Minlebaeva, A.; Kurbanov, R.; Gerasimova, E.; Sitdikova, G.;
Khazipov, R. Inhibition of Cortical Activity and Apoptosis Caused by Ethanol in Neonatal Rats In Vivo.
Cereb. Cortex 2017, 27, 1068–1082. [CrossRef] [PubMed]

85. Golbs, A.; Nimmervoll, B.; Sun, J.J.; Sava, I.E.; Luhmann, H.J. Control of programmed cell death by distinct
electrical activity patterns. Cereb. Cortex 2011, 21, 1192–1202. [CrossRef] [PubMed]

86. Blanquie, O.; Yang, J.W.; Kilb, W.; Sharopov, S.; Sinning, A.; Luhmann, H.J. Electrical activity controls
area-specific expression of neuronal apoptosis in the mouse developing cerebral cortex. eLife 2017, 6, e27696.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.neubiorev.2016.02.014
http://www.ncbi.nlm.nih.gov/pubmed/26906760
http://dx.doi.org/10.1002/syn.20532
http://www.ncbi.nlm.nih.gov/pubmed/18512209
http://dx.doi.org/10.1016/j.ijdevneu.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25644892
http://dx.doi.org/10.1113/jphysiol.2008.167635
http://dx.doi.org/10.3389/fncir.2013.00136
http://www.ncbi.nlm.nih.gov/pubmed/23964205
http://dx.doi.org/10.1523/JNEUROSCI.23-31-10002.2003
http://www.ncbi.nlm.nih.gov/pubmed/14602814
http://dx.doi.org/10.1016/j.bbi.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28918081
http://dx.doi.org/10.1016/j.neuron.2007.05.026
http://www.ncbi.nlm.nih.gov/pubmed/17582333
http://dx.doi.org/10.1073/pnas.0706211105
http://www.ncbi.nlm.nih.gov/pubmed/18162553
http://dx.doi.org/10.1016/j.tins.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20363038
http://dx.doi.org/10.1523/JNEUROSCI.5520-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22279222
http://dx.doi.org/10.1113/jphysiol.2006.111062
http://dx.doi.org/10.1038/srep34528
http://www.ncbi.nlm.nih.gov/pubmed/27708393
http://dx.doi.org/10.1111/j.1530-0277.2000.tb02043.x
http://www.ncbi.nlm.nih.gov/pubmed/10832913
http://dx.doi.org/10.1007/s10072-010-0446-7
http://www.ncbi.nlm.nih.gov/pubmed/21234782
http://dx.doi.org/10.1177/1073858412438697
http://www.ncbi.nlm.nih.gov/pubmed/22547529
http://dx.doi.org/10.1111/j.1471-4159.2005.03294.x
http://www.ncbi.nlm.nih.gov/pubmed/16000153
http://dx.doi.org/10.1523/JNEUROSCI.3482-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27251618
http://dx.doi.org/10.1093/cercor/bhv293
http://www.ncbi.nlm.nih.gov/pubmed/26646511
http://dx.doi.org/10.1093/cercor/bhq200
http://www.ncbi.nlm.nih.gov/pubmed/20966045
http://dx.doi.org/10.7554/eLife.27696
http://www.ncbi.nlm.nih.gov/pubmed/28826501


Int. J. Mol. Sci. 2018, 19, 2992 11 of 12

87. Blanquie, O.; Kilb, W.; Sinning, A.; Luhmann, H.J. Homeostatic interplay between electrical activity and
neuronal apoptosis in the developing neocortex. Neuroscience 2017, 358, 190–200. [CrossRef] [PubMed]

88. Kirischuk, S.; Sinning, A.; Blanquie, O.; Yang, J.W.; Luhmann, H.J.; Kilb, W. Modulation of Neocortical
Development by Early Neuronal Activity: Physiology and Pathophysiology. Front. Cell. Neurosci. 2017,
11, 379. [CrossRef] [PubMed]

89. Lotfullina, N.; Khazipov, R. Ethanol and the Developing Brain: Inhibition of Neuronal Activity and
Neuroapoptosis. Neuroscientist 2018, 24, 130–141. [CrossRef] [PubMed]

90. Badanich, K.A.; Mulholland, P.J.; Beckley, J.T.; Trantham-Davidson, H.; Woodward, J.J. Ethanol reduces
neuronal excitability of lateral orbitofrontal cortex neurons via a glycine receptor dependent mechanism.
Neuropsychopharmacology 2013, 38, 1176–1188. [CrossRef] [PubMed]

91. Ferrini, F.; Dering, B.; De Giorgio, A.; Lossi, L.; Granato, A. Effects of Acute Alcohol Exposure on Layer 5
Pyramidal Neurons of Juvenile Mice. Cell. Mol. Neurobiol. 2018, 38, 955–963. [CrossRef] [PubMed]

92. Pascual, M.; Blanco, A.M.; Cauli, O.; Miñarro, J.; Guerri, C. Intermittent ethanol exposure induces
inflammatory brain damage and causes long-term behavioural alterations in adolescent rats. Eur. J. Neurosci.
2007, 25, 541–550. [CrossRef] [PubMed]

93. Oliveira-da-Silva, A.; Vieira, F.B.; Cristina-Rodrigues, F.; Filgueiras, C.C.; Manhães, A.C.; Abreu-Villaça, Y.
Increased apoptosis and reduced neuronal and glial densities in the hippocampus due to nicotine and
ethanol exposure in adolescent mice. Int. J. Dev. Neurosci. 2009, 27, 539–548. [CrossRef] [PubMed]

94. Zhao, Y.N.; Wang, F.; Fan, Y.X.; Ping, G.F.; Yang, J.Y.; Wu, C.F. Activated microglia are implicated in cognitive
deficits, neuronal death, and successful recovery following intermittent ethanol exposure. Behav. Brain Res.
2013, 236, 270–282. [CrossRef] [PubMed]

95. Lison, H.; Happel, M.F.; Schneider, F.; Baldauf, K.; Kerbstat, S.; Seelbinder, B.; Schneeberg, J.; Zappe, M.;
Goldschmidt, J.; Budinger, E.; et al. Disrupted cross-laminar cortical processing in β amyloid pathology
precedes cell death. Neurobiol. Dis. 2014, 63, 62–73. [CrossRef] [PubMed]

96. Huang, L.; Xue, Y.; Feng, D.; Yang, R.; Nie, T.; Zhu, G.; Tao, K.; Gao, G.; Yang, Q. Blockade of RyRs in the ER
Attenuates 6-OHDA-Induced Calcium Overload, Cellular Hypo-Excitability and Apoptosis in Dopaminergic
Neurons. Front. Cell. Neurosci. 2017, 11, 52. [CrossRef] [PubMed]

97. Kouzoukas, D.E.; Li, G.; Takapoo, M.; Moninger, T.; Bhalla, R.C.; Pantazis, N.J. Intracellular calcium plays a
critical role in the alcohol-mediated death of cerebellar granule neurons. J. Neurochem. 2013, 124, 323–335.
[CrossRef] [PubMed]

98. Yang, F.; Luo, J. Endoplasmic Reticulum Stress and Ethanol Neurotoxicity. Biomolecules 2015, 5, 2538–2553.
[CrossRef] [PubMed]

99. Lussier, A.A.; Weinberg, J.; Kobor, M.S. Epigenetics studies of fetal alcohol spectrum disorder: Where are we
now? Epigenomics 2017, 9, 291–311. [CrossRef] [PubMed]

100. Subbanna, S.; Shivakumar, M.; Umapathy, N.S.; Saito, M.; Mohan, P.S.; Kumar, A.; Nixon, R.A.;
Verin, A.D.; Psychoyos, D.; Basavarajappa, B.S. G9a-mediated histone methylation regulates ethanol-induced
neurodegeneration in the neonatal mouse brain. Neurobiol. Dis. 2013, 54, 475–485. [CrossRef] [PubMed]

101. Subbanna, S.; Nagre, N.N.; Shivakumar, M.; Umapathy, N.S.; Psychoyos, D.; Basavarajappa, B.S. Ethanol
induced acetylation of histone at G9a exon1 and G9a-mediated histone H3 dimethylation leads to
neurodegeneration in neonatal mice. Neuroscience 2014, 258, 422–432. [CrossRef] [PubMed]

102. Laufer, B.I.; Mantha, K.; Kleiber, M.L.; Diehl, E.J.; Addison, S.M.; Singh, S.M. Long-lasting alterations to
DNA methylation and ncRNAs could underlie the effects of fetal alcohol exposure in mice. Dis. Model. Mech.
2013, 6, 977–992. [CrossRef] [PubMed]

103. Kleiber, M.L.; Diehl, E.J.; Laufer, B.I.; Mantha, K.; Chokroborty-Hoque, A.; Alberry, B.; Singh, S.M. Long-term
genomic and epigenomic dysregulation as a consequence of prenatal alcohol exposure: A model for fetal
alcohol spectrum disorders. Front. Genet. 2014, 5, 161. [CrossRef] [PubMed]

104. Chawla, S.; Vanhoutte, P.; Arnold, F.J.; Huang, C.L.; Bading, H. Neuronal activity-dependent
nucleocytoplasmic shuttling of HDAC4 and HDAC5. J. Neurochem. 2003, 85, 151–159. [CrossRef] [PubMed]

105. Chen, Y.; Wang, Y.; Modrusan, Z.; Sheng, M.; Kaminker, J.S. Regulation of neuronal gene expression and
survival by basal NMDA receptor activity: A role for histone deacetylase 4. J. Neurosci. 2014, 34, 15327–15339.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.neuroscience.2017.06.030
http://www.ncbi.nlm.nih.gov/pubmed/28663094
http://dx.doi.org/10.3389/fncel.2017.00379
http://www.ncbi.nlm.nih.gov/pubmed/29238291
http://dx.doi.org/10.1177/1073858417712667
http://www.ncbi.nlm.nih.gov/pubmed/28580823
http://dx.doi.org/10.1038/npp.2013.12
http://www.ncbi.nlm.nih.gov/pubmed/23314219
http://dx.doi.org/10.1007/s10571-017-0571-4
http://www.ncbi.nlm.nih.gov/pubmed/29224183
http://dx.doi.org/10.1111/j.1460-9568.2006.05298.x
http://www.ncbi.nlm.nih.gov/pubmed/17284196
http://dx.doi.org/10.1016/j.ijdevneu.2009.06.009
http://www.ncbi.nlm.nih.gov/pubmed/19576279
http://dx.doi.org/10.1016/j.bbr.2012.08.052
http://www.ncbi.nlm.nih.gov/pubmed/22985845
http://dx.doi.org/10.1016/j.nbd.2013.11.014
http://www.ncbi.nlm.nih.gov/pubmed/24291517
http://dx.doi.org/10.3389/fncel.2017.00052
http://www.ncbi.nlm.nih.gov/pubmed/28316566
http://dx.doi.org/10.1111/jnc.12076
http://www.ncbi.nlm.nih.gov/pubmed/23121601
http://dx.doi.org/10.3390/biom5042538
http://www.ncbi.nlm.nih.gov/pubmed/26473940
http://dx.doi.org/10.2217/epi-2016-0163
http://www.ncbi.nlm.nih.gov/pubmed/28234026
http://dx.doi.org/10.1016/j.nbd.2013.01.022
http://www.ncbi.nlm.nih.gov/pubmed/23396011
http://dx.doi.org/10.1016/j.neuroscience.2013.11.043
http://www.ncbi.nlm.nih.gov/pubmed/24300108
http://dx.doi.org/10.1242/dmm.010975
http://www.ncbi.nlm.nih.gov/pubmed/23580197
http://dx.doi.org/10.3389/fgene.2014.00161
http://www.ncbi.nlm.nih.gov/pubmed/24917881
http://dx.doi.org/10.1046/j.1471-4159.2003.01648.x
http://www.ncbi.nlm.nih.gov/pubmed/12641737
http://dx.doi.org/10.1523/JNEUROSCI.0569-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25392500


Int. J. Mol. Sci. 2018, 19, 2992 12 of 12

106. Wu, Q.; Yang, X.; Zhang, L.; Zhang, Y.; Feng, L. Nuclear Accumulation of Histone Deacetylase 4 (HDAC4)
Exerts Neurotoxicity in Models of Parkinson′s Disease. Mol. Neurobiol. 2017, 54, 6970–6983. [CrossRef]
[PubMed]

107. Guizzetti, M.; Zhang, X.; Goeke, C.; Gavin, D.P. Glia and neurodevelopment: Focus on fetal alcohol spectrum
disorders. Front. Pediatr. 2014, 2, 123. [CrossRef] [PubMed]

108. Ahlers, K.E.; Karaçay, B.; Fuller, L.; Bonthius, D.J.; Dailey, M.E. Transient activation of microglia
following acute alcohol exposure in developing mouse neocortex is primarily driven by BAX-dependent
neurodegeneration. Glia 2015, 63, 1694–1713. [CrossRef] [PubMed]

109. Marshall, S.A.; McClain, J.A.; Kelso, M.L.; Hopkins, D.M.; Pauly, J.R.; Nixon, K. Microglial activation is
not equivalent to neuroinflammation in alcohol-induced neurodegeneration: The importance of microglia
phenotype. Neurobiol. Dis. 2013, 54, 239–251. [CrossRef] [PubMed]

110. Fernandez-Lizarbe, S.; Montesinos, J.; Guerri, C. Ethanol induces TLR 4/TLR 2 association, triggering an
inflammatory response in microglial cells. J. Neurochem. 2013, 126, 261–273. [CrossRef] [PubMed]

111. Smith, J.A.; Das, A.; Ray, S.K.; Banik, N.L. Role of pro-inflammatory cytokines released from microglia in
neurodegenerative diseases. Brain Res. Bull. 2012, 87, 10–20. [CrossRef] [PubMed]

112. Topper, L.A.; Baculis, B.C.; Valenzuela, C.F. Exposure of neonatal rats to alcohol has differential effects on
neuroinflammation and neuronal survival in the cerebellum and hippocampus. J. Neuroinflam. 2015, 12, 160.
[CrossRef] [PubMed]

113. Cantacorps, L.; Alfonso-Loeches, S.; Moscoso-Castro, M.; Cuitavi, J.; Gracia-Rubio, I.; López-Arnau, R.;
Escubedo, E.; Guerri, C.; Valverde, O. Maternal alcohol binge drinking induces persistent neuroinflammation
associated with myelin damage and behavioural dysfunctions in offspring mice. Neuropharmacology 2017,
123, 368–384. [CrossRef] [PubMed]

114. Miller, M.W. Effects of alcohol on the generation and migration of cerebral cortical neurons. Science 1986,
233, 1308–1311. [CrossRef] [PubMed]

115. Luhmann, H.J.; Fukuda, A.; Kilb, W. Control of cortical neuronal migration by glutamate and GABA.
Front. Cell. Neurosci. 2015, 9, 4. [CrossRef] [PubMed]

116. Marín, O. Cellular and molecular mechanisms controlling the migration of neocortical interneurons. Eur. J.
Neurosci. 2013, 38, 2019–2029. [CrossRef] [PubMed]

117. Behar, T.N.; Scott, C.A.; Greene, C.L.; Wen, X.; Smith, S.V.; Maric, D.; Liu, Q.Y.; Colton, C.A.; Barker, J.L.
Glutamate acting at NMDA receptors stimulates embryonic cortical neuronal migration. J. Neurosci. 1999, 19,
4449–4461. [CrossRef] [PubMed]

118. Behar, T.N.; Schaffner, A.E.; Scott, C.A.; Greene, C.L.; Barker, J.L. GABA receptor antagonists modulate
postmitotic cell migration in slice cultures of embryonic rat cortex. Cereb. Cortex 2000, 10, 899–909. [CrossRef]
[PubMed]

119. Delatour, L.C.; Yeh, P.W.; Yeh, H.H. Ethanol Exposure In Utero Disrupts Radial Migration and Pyramidal
Cell Development in the Somatosensory Cortex. Cereb. Cortex 2018. [CrossRef] [PubMed]

120. Luo, J.; Miller, M.W. Growth factor-mediated neural proliferation: Target of ethanol toxicity. Brain Res. Rev.
1998, 27, 157–167. [CrossRef]

121. Miller, M.W. Limited ethanol exposure selectively alters the proliferation of precursor cells in the cerebral
cortex. Alcohol. Clin. Exp. Res. 1996, 20, 139–143. [CrossRef] [PubMed]

122. Chung, H.Y.; Chang, C.T.; Young, H.W.; Hu, S.P.; Tzou, W.S.; Hu, C.H. Ethanol inhibits retinal and CNS
differentiation due to failure of cell cycle exit via an apoptosis-independent pathway. Neurotoxicol. Teratol.
2013, 38, 92–103. [CrossRef] [PubMed]

123. Santillano, D.R.; Kumar, L.S.; Prock, T.L.; Camarillo, C.; Tingling, J.D.; Miranda, R.C. Ethanol induces
cell-cycle activity and reduces stem cell diversity to alter both regenerative capacity and differentiation
potential of cerebral cortical neuroepithelial precursors. BMC Neurosci. 2005, 6, 59. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s12035-016-0199-2
http://www.ncbi.nlm.nih.gov/pubmed/27785754
http://dx.doi.org/10.3389/fped.2014.00123
http://www.ncbi.nlm.nih.gov/pubmed/25426477
http://dx.doi.org/10.1002/glia.22835
http://www.ncbi.nlm.nih.gov/pubmed/25856413
http://dx.doi.org/10.1016/j.nbd.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23313316
http://dx.doi.org/10.1111/jnc.12276
http://www.ncbi.nlm.nih.gov/pubmed/23600947
http://dx.doi.org/10.1016/j.brainresbull.2011.10.004
http://www.ncbi.nlm.nih.gov/pubmed/22024597
http://dx.doi.org/10.1186/s12974-015-0382-9
http://www.ncbi.nlm.nih.gov/pubmed/26337952
http://dx.doi.org/10.1016/j.neuropharm.2017.05.034
http://www.ncbi.nlm.nih.gov/pubmed/28669901
http://dx.doi.org/10.1126/science.3749878
http://www.ncbi.nlm.nih.gov/pubmed/3749878
http://dx.doi.org/10.3389/fncel.2015.00004
http://www.ncbi.nlm.nih.gov/pubmed/25688185
http://dx.doi.org/10.1111/ejn.12225
http://www.ncbi.nlm.nih.gov/pubmed/23651101
http://dx.doi.org/10.1523/JNEUROSCI.19-11-04449.1999
http://www.ncbi.nlm.nih.gov/pubmed/10341246
http://dx.doi.org/10.1093/cercor/10.9.899
http://www.ncbi.nlm.nih.gov/pubmed/10982750
http://dx.doi.org/10.1093/cercor/bhy094
http://www.ncbi.nlm.nih.gov/pubmed/29688328
http://dx.doi.org/10.1016/S0165-0173(98)00009-5
http://dx.doi.org/10.1111/j.1530-0277.1996.tb01056.x
http://www.ncbi.nlm.nih.gov/pubmed/8651443
http://dx.doi.org/10.1016/j.ntt.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23714372
http://dx.doi.org/10.1186/1471-2202-6-59
http://www.ncbi.nlm.nih.gov/pubmed/16159388
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Brain Plasticity, Friend or Foe? 
	Early Alcohol Exposure and Cell Death 
	Relationship between Cell Death and Plasticity 
	A Vicious Circle to Maintain Long-Lasting Effects of Ethanol 
	Alcohol May Enhance the Response of Glial Cells 
	Alcohol Affects the Developmental Trajectory of Cortical Neurons 
	Conclusions 
	References

