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Alcohol exposure during gestation can lead to severe defects in brain development
and lifelong physical, behavioral and learning deficits that are classified under the
umbrella term fetal alcohol spectrum disorder (FASD). Sadly, FASD is diagnosed at
an alarmingly high rate, affecting 2%–5% of live births in the United States, making
it the most common non-heritable cause of mental disability. Currently, no standard
therapies exist that are effective at battling FASD symptoms, highlighting a pressing
need to better understand the underlying mechanisms by which alcohol affects the
developing brain. While it is clear that sensory and cognitive deficits are driven by
inappropriate development and remodeling of the neural circuits that mediate these
processes, alcohol’s actions acutely and long-term on the brain milieu are diverse
and complex. Microglia, the brain’s immune cells, have been thought to be a target
for alcohol during development because of their exquisite ability to rapidly detect and
respond to perturbations affecting the brain. Additionally, our view of these immune cells
is rapidly changing, and recent studies have revealed a myriad of microglial physiological
functions critical for normal brain development and long-term function. A clear and
complete understanding of how microglial roles on this end of the spectrum may be
altered in FASD is currently lacking. Such information could provide important insights
toward novel therapeutic targets for FASD treatment. Here we review the literature that
links microglia to neural circuit remodeling and provide a discussion of the current
understanding of how developmental alcohol exposure affects microglial behavior in
the context of developing brain circuits.
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INTRODUCTION

The last decade has seen a renewed interest in microglial roles in the brain. This has been spurred
by new molecular and imaging technologies that have allowed scientists to explore the functions
of these cells within intact neural tissue throughout the lifespan. While classically thought of as
immune cells that originate outside of the nervous system and have little to contribute to normal
brain activities, recent research has painted a picture of microglia as complex brain cells that provide
important contributions during both pathological and physiological conditions. Because microglia
enter the brain early in development, they have the potential to influence the development of
neural networks. Here we review the literature that has illuminated microglial contributions to the
development of neural cells and their connectivity. We also discuss how microglial behavior could
contribute to alterations in neural network remodeling in the context of fetal alcohol spectrum
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disorder (FASD), a neurodevelopmental disorder caused by
gestational exposure to ethanol that results in devastating sensory
and cognitive deficits.

MICROGLIAL ROLES IN THE
DEVELOPMENT OF NEURAL NETWORKS

The Origin of Microglia
Microglia, the resident immune cells of the central nervous
system (CNS), were first identified and documented by Pio
del Río Hortega, who made several key observations based
only on his histological studies (Del Río Hortega, 1920).
Impressively, many of these observations have been confirmed
with modern techniques. Later histological studies described
macrophages localized in the CNS and then classified these
migratory brain macrophages as microglia based on their
morphological similarities to the cells described by Hortega
(Perry et al., 1985). While many similarities exist between
microglia and macrophages, these are now known to be
separate populations of cells and microglia display different
phenotypes in the unperturbed brain as compared to peripheral
macrophages based on surface marker comparisons (Carson
et al., 1998).

Microglia are derived from a unique population of primitive
yolk sac myeloid progenitors and begin populating the brain
around embryonic day 9.5 (E9.5) in the mouse (Kierdorf
et al., 2013), a process that is dependent on microglial colony
stimulating factor-1 receptor expression (CSF-1R; Alliot et al.,
1999; Ginhoux et al., 2010). Microglial infiltration of the
CNS is a complex multistep process in which microglia first
accumulate on the pial surface before colonizing the parenchyma
(Swinnen et al., 2013). Prior to birth, microglia represent only
1.7% of the CNS cell population and thus more than 95%
of the adult microglial cell population is produced during
early postnatal development and after the closure of the blood
brain barrier (Alliot et al., 1999). The cortical colonization
process involves three steps that occur from E10.5 to E17.5
(Swinnen et al., 2013). At first there is a slow increase in
microglial cell numbers in the meninges due to proliferation
from E10.5 to 14.5. This is followed by a transient rapid
phase of population growth likely involving both infiltration
and proliferation. During this phase microglia are recruited
towards the ventricular and subventricular zones (SVZs) at
E14.5 by basal progenitors which secrete the chemokine CXCL12
(Arno et al., 2014). The final phase is slower with reduced
microglial proliferation and the beginning of microglial process
formation. Beginning at E14.5, microglia begin to extend and
retract their processes thereby surveying the CNS parenchyma
during colonization. From E15.5 on, microglia are found
near the ventricular and intermediate zones of the cortical
wall (Swinnen et al., 2013). Interestingly, the proliferation
and survival of developing microglia and basal progenitors
appears to be tightly linked. A reduction in basal progenitor
populations greatly reduces cortical microglia (Arno et al., 2014),
while loss of microglial CSF-1R decreases the progenitor pool.
Once the CNS matures, adult microglia show little turnover

or proliferation and in the absence of pathological events,
haematopoietic progenitors do not significantly contribute to
microglial homeostasis (Ajami et al., 2007; Ginhoux et al.,
2010). However, loss of CSF-1R signaling can induce apoptosis
in microglia throughout the lifespan and specific progenitor
populations with highly proliferative transcriptome profiles can
rapidly generate microglia within the brain in response to
microglial loss (Elmore et al., 2014).

In the healthy adult brain, unperturbed microglia are highly
ramified and have highly motile processes. Early in vivo
imaging studies, enabled by the generation of a transgenic
mouse which selectively expresses enhanced green fluorescent
protein (EGFP) in microglia under the fractalkine receptor
Cx3cr1 gene locus (Jung et al., 2000), estimated that these
dynamic microglial processes were capable of surveying the
entire brain parenchyma in a couple of hours (Davalos et al.,
2005; Nimmerjahn et al., 2005). While this dynamic behavior
could be related to microglial immune functions, more and more
studies have implicated microglia as contributing to processes
occurring in the absence of brain pathology. Certainly, these
unperturbed microglia have a unique transcriptome profile with
high levels of expression of Cx3cr1, Trem2, P2ry12, Tgfβ1,
Tgfβr1 and Hexb when compared to peripheral macrophages
(Hickman et al., 2013; Butovsky et al., 2014), suggesting that
they have functions distinct from their immune repertoire.
Even after microglial depletion, repopulating microglia still
maintain these distinct microglial transcriptome profiles, albeit
with additional proliferative markers expressed during early
repopulation (Elmore et al., 2014). The maintenance of a
microglial profile even after robust depletion and repopulation
suggests that there is a fundamental importance of microglial
gene expression to normal brain function. Thus, infiltrating
peripheral macrophages with differentially expressed genes will
likely fail to fully serve the functions of microglia present
in the CNS, thereby contributing to disease progression and
failed maintenance of CNS homeostasis. As unique markers
become evident from transcriptome analyses, we begin to
gain a better understanding of the functional differences
between macrophages and microglia. These differences can
then aid in identifying microglial specific functions with
relevance to neural cell interactions and the unique roles that
microglia play in neurodevelopment and adult brain function.
Recently, such roles have begun to be described, and an
emerging consensus suggests that microglia are critical for
the appropriate development of neurons and their synaptic
connections.

Microglia Regulate Neuronal Populations
in the Embryonic Brain
During the development of the nervous system there is an
overproduction of neural cells, which are then systematically
eliminated to generate the adult cell distribution and connectivity
of the CNS (Yuan et al., 2003). This process is critically
important in the generation of mature circuitry. Microglia as
innate immune cells have the capability to induce controlled cell
death in pathogens (Ransohoff and El Khoury, 2015) and as early
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infiltrators of the CNS are present at the right time to contribute
upstream pro-apoptotic signals to neurons (Ginhoux et al., 2010;
Swinnen et al., 2013; Arno et al., 2014). Thus far, multiple groups
have seen that microglia utilize various signaling mechanisms to
participate in neural cell population regulation and phagocytosis
(Figure 1; Frade and Barde, 1998; Marín-Teva et al., 2004; Sedel
et al., 2004; Peri and Nüsslein-Volhard, 2008; Wakselman et al.,
2008).

Trophic Support
One important facet of neural development is the presence of
trophic or pro-survival signals, which support the generation
of neuronal populations. In both the developing macaque and
rat brain, microglia exist in close proximity to populations
of proliferating neurons in the SVZ (Cunningham et al.,
2013). Microglia provide numerous pro-survival signals
during development. In the postnatal rat SVZ from postnatal
day 1 through 10 (P1–P10), microglia are densely populated
and promote both neurogenesis and oligodendrogenesis
(Shigemoto-Mogami et al., 2014). Inhibition of microglia with
minocycline decreases microglial activation with concomitant
decreases in the expression of nestin and Ki67 demonstrating
that microglial activation status is vital to proliferation of SVZ
progenitors. These activated microglia provide optimal levels
of interleukin 1-beta (IL-1β), interferon-gamma (INF-γ),
and interleukin-6 (IL-6) to stimulate both neurogenesis
and oligodendrogenesis in the SVZ. Microglial population

levels in the white matter peak at P3-P7 and they impact
subcerebral and callosal axonal projections (Ueno et al.,
2013). Elimination of microglia significantly increases layer V
cortical neuron apoptosis in a microglial CX3CR1 and insulin
growth factor-1 (IGF-1)-dependent manner. In the absence of
microglial CX3CR1 signaling or in the presence of minocycline,
IGF1BP (IGF-1 binding protein) expression increases and
therefore IGF-1 support available to neurons decreases (Ueno
et al., 2013). Together these studies show that microglia
provide important signals for proliferation and survival of
neurons in multiple brain regions during early development of
the CNS.

Cell Death
Appropriate induction of cell death is as important as tropic
support for normal CNS development. Interestingly, some
typical pro-survival signals can serve pro-apoptotic roles
during development as well. In the developing chick retina,
microglial nerve growth factor (NGF) is vital to neural
apoptosis (Frade and Barde, 1998). During development,
microglia provide NGF to promote cell death through the
neuronal p75trka receptor. CD11b and DAP12 also serve as
microglial pro-apoptotic signaling mechanisms (Wakselman
et al., 2008). At P0, approximately 50% of apoptotic neurons
in the hippocampus are in contact with microglial processes.
Microglia in the mouse subiculum and a portion of CA3 express
CD11b and DAP12 during hippocampal development. Mice

FIGURE 1 | Microglia are active participants in neuronal circuit development and maintenance. (A) Microglia regulate neuronal populations through: 1. Release of
pro-survival signals such as interleukin-1 beta (IL-1β), interferon-gamma (INF-γ) and interleukin-6 (IL-6), 2. Activation of Cd11b and DAP12 as well as release of
reactive oxygen species (ROS) and tumor necrosis factor alpha (TNF-α) by microglia lead to neuronal apoptosis 3. Phagocytosis of dying neurons and debris by
microglia. (B) During development and adulthood microglia participate in synaptic plasticity and pruning through numerous signaling mechanisms including:
4. Complement system driven phagocytosis of synapses, CX3CR1 mediated regulation of circuit development, P2Y12 receptor (P2Y12R) dependent synaptic
plasticity, and microglial release of brain derived neurotrophic factor (BDNF).
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deficient in either CD11b and/or DAP12 signaling have
significant reductions in neural apoptosis though the effects
are not additive, suggesting that the receptors act within the
same pathway. The consequence of losing these signals is
a loss of reactive oxygen species (ROS) production leading
to decreased neuronal apoptosis. Similarly, in the cerebellum
Purkinje cells expressing activated caspase-3 are surrounded
by amoeboid microglial processes (Marín-Teva et al., 2004).
Ablating microglia using clodronate or blocking microglial ROS
bursts using diphenyleneiodonium rescues Purkinje cells during
development. Comparable mechanisms exist in the spinal cord.
By E13, motor neurons are committed to cell death by extrinsic
factors (Sedel et al., 2004). Interestingly, spinal explants with
absent macrophage populations fail to undergo programmed
cell death. Mesenchyme conditioned media can also induce
apoptosis in the motor neurons supporting the hypothesis that
a diffusible factor is the death signal. This signal appears to
be tumor necrosis factor alpha (TNF-α), which is produced by
macrophages at E12, since blocking TNF-α signaling specifically
at E12, but not E13 blocks apoptosis. This finding demonstrates
that macrophages specifically commit motor neurons to cell
death within a specific window of development (Sedel et al.,
2004).

Phagocytosis
During development it is also essential that the debris from
dying and dead cells is efficiently cleared to permit survival of
remaining cells. Microglia are vital participants in this process
as they are capable of rapid clearance of damaged and dying
cells (Sierra et al., 2013). Microglia of the SVZ phagocytose both
Tbr2+ and Pzx6+ neural progenitors to varying degrees from E50
to E100 in macaques (Shigemoto-Mogami et al., 2014). In the
mouse, the microglia of the SVZ maintain an amoeboid shape,
which is often tied to phagocytic activity, until about P14 when
neurons are maturing and cell death has ended. They also express
CD68 at levels that are much higher than those seen in older
animals. When minocycline is administered to inhibit microglial
activation, the microglia of the SVZ show increased ramification
and decreased CD68 labeling (Shigemoto-Mogami et al., 2014),
suggesting that this early developmental state is reminiscent of
immune activation and phagocytosis later in life. Microglia also
maintain the ability to phagocytose dying neurons later in life.
In the subgranular zone of the adult hippocampus, microglia
efficiently engulf 90% of apoptotic cells (Sierra et al., 2010).

Taken together these studies implicate microglia as key
regulators of developing neuronal populations. Interestingly,
across these varied regions, microglia are integral in supplying
not just pro-apoptotic signals, but also survival signals. Thus,
a perturbation of microglial dynamics during embryonic and
early postnatal development could have profound effects on the
neuronal landscape of the CNS.

Microglia Contribute to the Remodeling of
Developing Circuits
After neuronal populations are established and developmental
apoptosis is complete, neurons generate circuits by forming

and remodeling synapses. During their exploration of the brain
parenchyma, microglial processes make frequent contacts with
excitatory synaptic elements, including both axon terminals and
dendritic spines (Tremblay et al., 2010). These contacts can
be modified by both injury and sensory induced changes in
experience (Wake et al., 2009; Tremblay et al., 2010). Neuronal
activity may be key to modulating microglial contacts with
synapses as it can affect process motility. In the retina, increasing
ionotropic glutamatergic transmission increases microglial
motility, while increasing ionotropic GABA-ergic transmission
slows microglial dynamics (Fontainhas et al., 2011). The effects
are not cell autonomous and are instead mediated by putative
release of purines by neurons as their activity changes. In the
zebrafish, microglia are steered towards active neurons also
through neuronally-released extracellular signals (Li et al., 2012).
Similarly, in the cortex, blocking GABA-ergic transmission
increases microglial sampling, and in acute hippocampal slices
repeated NMDAR activation can trigger microglial process
outgrowth through ATP release (Dissing-Olesen et al., 2014).
During hippocampal long term potentiation (LTP) induction,
microglia increase their process number and contacts made with
synapses (Pfeiffer et al., 2016).

While it has yet to be determined whether changes in
microglial motility impact how microglia interact with synapses,
there are several pieces of evidence suggesting this may
in fact be the case. In vivo, microglia preferentially make
putative contacts with small spines which are frequently
eliminated (Tremblay et al., 2010). Because small spines tend
to represent weaker synapses with lower levels of activity
(Matsuzaki et al., 2001), this suggests that microglia may
have a preference for synapses with different activity patterns.
Sensory modification in the form of dark rearing during
adolescence results in increased dendritic spine motility and
turnover in the primary visual cortex (Tropea et al., 2010).
This same manipulation reduces microglial motility and changes
microglial preference to larger spines. These spines shrink
upon microglial contact in a manner akin to long-term
depression (LTD; Zhou et al., 2004; Tremblay et al., 2010).
A different manipulation, monocular deprivation, in which
only the contralateral eye is deprived, but evoked activity in
the visual cortex is also decreased, also decreases microglial
motility, suggesting that in vivo, reductions in neuronal firing
or synaptic events may slow microglial dynamics. Although
microglia-spine interactions were not examined dynamically in
this study, monocular deprivation did increase the association
between microglial processes and synaptic clefts (Sipe et al.,
2016). A pioneering study also examined microglial actions
at synapses in pathological settings. During transient cerebral
ischemia there is an injury-associated reduction in neuronal
activity, and microglia target and contact spines which are
later eliminated (Wake et al., 2009). In ischemic conditions,
microglial contacts are prolonged, and it appears as though
the terminal ends of the processes wrap around the synaptic
structures that are later eliminated. The ability of microglia to
engulf ischemic terminals suggests that microglia could also
utilize this phagocytic process to eliminate synaptic elements
during plasticity.

Frontiers in Synaptic Neuroscience | www.frontiersin.org 4 June 2017 | Volume 9 | Article 11

http://www.frontiersin.org/Synaptic_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Synaptic_Neuroscience/archive


Wong et al. Spectrums: Microglial Functions and FASD

Microglial regulation of both synaptic outgrowth and pruning
is an important component of their participation in plasticity and
neural circuit development (Figure 1). A number of studies have
indicated that microglia are active participants in developmental
and adult plasticity and that during these processes microglia
make dynamic contacts with synaptic elements and promote
elimination or growth of dendritic spines (Tremblay et al.,
2010; Schafer et al., 2012; Parkhurst et al., 2013; Zhan et al.,
2014; Pfeiffer et al., 2016; Sipe et al., 2016). In the earliest
stages of synaptic development, microglia may be critical for
the initiation of postsynaptic specializations. In the barrel
cortex, microglia influence the formation of transient filopodial
protrusions from P8 to P10 in the mouse (Miyamoto et al.,
2016). This effect of microglial contact with the dendrite does
not extend to later ages. Interestingly, microglia are amoeboid
and activated during this stage of development, suggesting
that this activation state may be important to barrel cortex
synaptogenesis (Miyamoto et al., 2016). After initial synaptic
synaptogenesis, excessive and inappropriate synapses must be
pruned back to generate functional circuits. This process is
usually dependent on sensory-driven activity in neurons, and
microglia appear to play an important role. For instance, in
the early development of the retinogeniculate system, microglia
help prune away extraneous synapses in the lateral geniculate
nucleus (LGN) based on the activity of retinal ganglion cells
in the eye (Schafer et al., 2012). Microglia appear to be
able to remove synapses through phagocytosis with great
specificity—limiting engulfment to terminals coming from less
active retinogeniculate cells. Microglia also infiltrate the barrel
cortex and hippocampus during early postnatal development and
promote pruning of excess synapses; failure of infiltration results
in a transient hyperconnectivity which normalizes, presumably
through non-microglial specific mechanisms, in adulthood
(Paolicelli et al., 2011; Hoshiko et al., 2012; Arnoux et al.,
2013). Consistent with this, removing and adding microglia
to hippocampal organotypic slices results in increased and
decreased synaptic numbers, respectively (Ji et al., 2013). While
these effects are carried out by immature microglia, which are
still amoeboid and express phagocytic markers, it is unclear
whether microglia contribute to synaptic remodeling in their
adult ramified state. A recent study showed that ramified
microglia in the adolescent mouse visual cortex were highly
attuned to plastic changes in neurons, undergoing rapid changes
in morphology, dynamics, phagocytic profiles and contacts
with synapses when neurons are remodeled (Sipe et al., 2016).
Removing a single purinergic receptor from microglia disrupts
synaptic plasticity, suggesting that these changes are critical
for circuit rewiring (Sipe et al., 2016). In the adult mouse
only, one study has shown that microglial depletion results in
a loss in motor learning-dependent synapse formation in the
motor cortex (Parkhurst et al., 2013). This effect appears to
be dependent on microglial brain-derived neurotrophic factor
(BDNF) production. While this mechanism was found in the
adult, the presence of trophic factors and microglia during
many developmental stages suggests that BDNF could be a
key player in regulating microglial synapse outgrowth. It is
important to note that another study that depleted microglia

in the adult using a different method did not find effects on
motor learning (Elmore et al., 2014), but temporally complex
effects of microglial depletion on both spatial learning and
sociability in adulthood have been described (Torres et al., 2016).
Thus, the role of microglia in adult synaptic plasticity is still
controversial and may be more complex than microglial effects
during development.

Recycling of Neuroimmune Molecules for
Synaptic Sculpting
While it is becoming clear that microglia can contribute to
synaptic plasticity in development and beyond, little is known
about the molecular repertoire used by physiological microglia to
implement these functions. The few mechanisms that have been
described suggest that immune signaling is critical in the normal
brain and that microglia may recycle their immune signaling
capabilities to implement their roles in the physiological brain
(Figure 1).

Complement Cascade
An important immune signaling system implicated in microglial
mediated synaptic plasticity in the developing brain is the
complement cascade (Stephan et al., 2012). In pathological
conditions the complement cascade is involved in the tagging
and clearance of pathogens (Sierra et al., 2013). In vitro,
microglia exposed to complement 5a (C5a) show rapid G-protein
driven actin cytoskeleton rearrangements in order to produce
membrane ruffling and quickly extend processes (Nolte et al.,
1996). Mice deficient in either C1q, the initiation protein,
or downstream C3 show a lack of synapse elimination and
immature connectivity between the retina and the LGN
(Stevens et al., 2007). They also lack microglial engulfment of
axonal terminals suggesting that microglia use this pathway
to phagocytose synapses. In this case, C1q is produced by
neurons specifically during the period of synaptic pruning,
although it is not yet known how specific synapses are tagged
for elimination by the complement system. The production
of neuronal C1q is dependent upon astrocytic transforming
growth factor β (TGF-β); mice lacking TGF-β phenocopy
the deficiencies seen in the retinogeniculate system from
loss of C1q or C3 (Bialas and Stevens, 2013). This shows
that developmental synaptic pruning involves the interplay
of astrocytic, microglial and synaptic activities that converge
on a neuroimmune pathway that remodels neuronal circuitry.
While complement is vital for the involvement of microglia
in the developing retinogeniculate system, it can also become
reactivated during disease (Hong et al., 2016). In mice
modeling Alzheimer’s disease, prior to plaque formation, there
is a notable loss of synapse density. Accompanying this
pre-plaque loss of synapses is an increase in C1q and microglial
phagocytosis. Thus, a mechanism of synapse regulation from
development can become pathological when reactivated later
in life, leading to progression of a neurodegenerative disease
such as Alzheimer’s (Hong et al., 2016). Furthermore, a
recent landmark study demonstrated through elegant in vitro
and in vivo experiments that astrocyte activation in response
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to lipopolysaccharide exposure depends on the release of
C1q, TNF-α, and IL-1α from microglia, indicating that
microglial activation is indeed an initial trigger to which
other glial cells react and become neurotoxic (Liddelow et al.,
2017).

Fractalkine Signaling
Fractalkine has also arisen as a key microglial signal during
nervous system maturation. Fractalkine (CX3CL1) is a
chemokine which uniquely exists in both a membrane bound
and secreted form and is expressed constitutively by neurons
(Harrison et al., 1998). The fractalkine receptor (CX3CR1)
consists of a CX3C motif and a mucin-like stalk which anchors
it to the cell membrane (Jung et al., 2000) and within the
CNS, microglia are the only cells that express this receptor
(Harrison et al., 1998). Constitutive release of fractalkine is
thought to keep microglia quiescent and loss of the receptor
results in augmented responses to injury and insult (Jung et al.,
2000; Cardona et al., 2006; Corona et al., 2010). Heterozygous
CX3CR1/green fluorescent protein (GFP) knock-in mice
(CX3CR1 Het) are used extensively to label microglia for
in vivo two-photon imaging studies; microglia are selectively
and efficiently labeled through a disruption mutation replacing
one copy of CX3CR1 with GFP (Jung et al., 2000). Due to
the expression patterns of the ligand and receptor, and the
extensive use of this transgenic mouse for imaging, it is critical to
understand how the fractalkine receptor contributes to synapse
reorganization.

Multiple studies have shown that CX3CR1 null mice have
deficits in circuit development and remodeling. These mice
have deficits in memory formation that are accompanied by a
gene-dependent overexpression of both IL-1β and p38 (Rogers
et al., 2011) and exhibit impaired social behavior (Zhan et al.,
2014). Additionally, the normal plasticity boosting effects of
environmental enrichment are also lost in animals lacking
CX3CR1 (Maggi et al., 2011). On a synaptic level, loss of
fractalkine signaling results in an overabundance of immature
synapses (Paolicelli et al., 2011). This deficit is transient,
as synapse number returns to normal by early adulthood.
CX3CR1 signaling in the barrel cortex appears to have a local
effect of recruiting microglia to developing thalamocortical
synapses where they then influence the AMPAR/NMDAR
ratio at these synapses (Hoshiko et al., 2012). Impairment of
fractalkine receptor function also leads to immature synaptic
multiplicity (Zhan et al., 2014). Synaptic multiplicity is the
presence of multiple synapses on the same axonal terminus. In
CX3CR1 null animals, there is a failure to formmultiple synapses,
which is indicative of immature connectivity in the neural
network. However, it is unclear whether fractalkine signaling
is directly involved in mediating microglia-synapse interactions
in these studies. Other studies show that in CX3CR1 null
mice, there is a loss of adequate developmental migration
of microglia within the hippocampus (Paolicelli et al., 2011)
and into the barrels in somatosensory cortex (Hoshiko et al.,
2012). Thus, deficits in synaptic pruning may be a result of
the reduced number of microglia within the tissue where these
synapses are located rather than fractalkine signaling per se.

CX3CR1 deficient mice also show a delay in the appearance of
microglial cells expressing the voltage-gated potassium channel
Kv1.3 in barrel cortex (Hoshiko et al., 2012; Arnoux et al., 2013).
This transient channel expression could be important for the
invasion of microglia into barrels or into the parenchyma in
general.

Purinergic Signaling
In their quiescent state, microglia express the purinergic receptor
P2Y12 at very high levels (Sasaki et al., 2003; Hickman et al.,
2013; Butovsky et al., 2014), and this expression appears to
be very specific to microglia as opposed to other cells in the
brain (Zhang et al., 2014). P2Y12 is a Gi-coupled receptor
which generates microglial chemotactic response to ATP and
focal injury (Davalos et al., 2005; Haynes et al., 2006). The
receptor is down-regulated by injury, but highly expressed
by microglia in the healthy brain (Haynes et al., 2006),
possibly because its role is limited to the very early injury
response. However, this places signaling through this receptor
as a possible candidate for mediating microglial physiological
functions. Removing P2Y12 signaling, either genetically or
pharmacologically, abolishes ocular dominance plasticity, an
experience-dependent process that occurs in the visual cortex
during adolescence (Sipe et al., 2016). Along with a lack of
plasticity, lack of P2Y12 signaling also abolishes the microglial
responses that likely underlie this plasticity, including changes
in morphology, dynamics, phagocytosis of synaptic material and
physical contacts with the synaptic cleft. The loss of functional
plasticity, and concomitant microglial changes in the absence
of P2Y12 signaling suggest that microglia actively participate
in this form of plasticity and that purinergic signaling is
critical to this process. While it is unclear where the purinergic
signal originates and what mechanisms lead to P2Y12 receptor
activation on microglia, several lines of evidence suggest that
purines may be released by neurons in an activity-dependent
fashion. In acute brain slices, ATP is released during stimulation
of NMDA receptors, and this ATP is sufficient to activate
microglial P2Y12 and generate chemotactic responses in the
absence of injury (Dissing-Olesen et al., 2014). Similar effects
have been observed in pathological conditions where purinergic
signaling is tied to changes in phagocytic potential (Eyo et al.,
2014; Abiega et al., 2016). Neuronal release of purines is also
thought to be responsible for changes observed in microglial
dynamics after manipulation of neuronal activity in the retina
(Fontainhas et al., 2011). Additionally, during LTP in the
CA1 region of the hippocampus, NMDAR activity is essential
to increases in the duration of microglial contacts with spines
(Pfeiffer et al., 2016). LTP over time leads to structural changes
in spines, and increased microglial contact time suggests that
microglia could participate in stabilizing spine outgrowth.
Thus, purinergic release from neurons could contribute to
synapse phagocytosis and synaptic outgrowth by signaling to
microglia.

Microglia play an important role during synaptogenesis and
synaptic pruning and as such their functions are likely critical
both to normal development and when this process goes awry in
neurodevelopmental disorders. The highly dynamic movement
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of microglial processes is key to their activity at synapses. The
very apparent response of microglia to changes in synaptic
homeostasis implies that these serve an instrumental role in
establishing neural circuitry during periods of robust plasticity
during development. Indeed, a number of microglial signaling
mechanisms have already been implicated in the developmental
wiring of the CNS (Paolicelli et al., 2011; Schafer et al.,
2012; Sipe et al., 2016). The ability of microglia to release
various cytokines as well as important growth factors means
that they can diversely impact neuronal wiring depending on
the unique milieu and processes of different regions of the
CNS. While this field may still be growing, it is becoming
increasingly clear that microglia sense and respond to neural
activity with chemotactic process movement (Fontainhas et al.,
2011; Li et al., 2012; Dissing-Olesen et al., 2014; Pfeiffer et al.,
2016). These movements in turn permit microglia to contact
and potentially provide important factors to neurons, which
may then influence the production or elimination of synaptic
structures. The exact nature of microglial-neuron interfacing
during process contact remains to be elucidated, and future
work will hopefully uncover clear mechanistic explanations for
the phenomenon observed to date. Interestingly, perturbing
the microglial population during embryonic development
results in a robust over production of dopaminergic inputs
into the subpallidum as well as abnormalities in neocortical
inhibitory tone (Squarzoni et al., 2014), suggesting that
microglial dysfunction could lead to profound effects on
neurodevelopment. In fact, microglial dysfunction has already
been implicated in a number of neurodevelopmental disorders
including Rett syndrome (Derecki et al., 2012; Cronk et al.,
2015), autism (Zhan et al., 2014) and schizophrenia (Sekar
et al., 2016). From the emerging evidence, it appears that
microglia may be serving widespread important roles in
CNS circuitry development, though more investigation will be
necessary to better assess the extent of microglial participation
in neuronal circuit formation. In the remainder of this review
article we will focus on synaptic deficits in FASD and
discuss the role microglia could play in alcohol-induced circuit
dysfunction.

FETAL ALCOHOL SPECTRUM DISORDER

FASD is the leading cause of non-heritable mental disability
in the United States, estimated to affect 2%–5% of live births
(May et al., 2014). Unfortunately, alcohol consumption during
pregnancy remains common in the U.S. with 1 in 10 pregnant
women reporting any level of alcohol consumption and 1 in
30 pregnant women reporting binge levels (four or more
drinks in one occasion) of alcohol consumption in the last
30 days (Tan et al., 2015). No amount of alcohol consumption
during pregnancy is considered safe (Sokol et al., 2003), though
more frequent drinking, consuming drinks with higher alcohol
concentration, and binge drinking are all associated with a higher
risk of FASD and severity of FASD symptoms in offspring
(Feldman et al., 2012; Avalos et al., 2014; May et al., 2016).
The most severe consequences of gestational EtOH exposure are
caused by the overt toxicity of EtOH, leading to microcephaly

(small brain size) resulting in profound mental disability,
thought to be caused in part by EtOH-induced widespread
neuronal cell death (Clarren et al., 1978; Ikonomidou et al.,
2000). The underlying mechanisms by which more moderate
gestational EtOH exposure causes cognitive impairment is
still not clearly understood. FASD patients often suffer
from attention difficulties and impulsivity, misinterpretation
of social cues (Stevens et al., 2012; Kerns et al., 2016),
learning disabilities and impaired memory (Streissguth et al.,
1994a,b; Furtado and Roriz, 2016), aggression (Sood et al.,
2001), inappropriate sexual behavior (Streissguth et al., 2004),
underdeveloped fine motor skills (Kalberg et al., 2006), and
sensory processing deficits, including visual (Vernescu et al.,
2012; Doney et al., 2016) and auditory (Stephen et al., 2012)
information processing.

Many of the cognitive symptoms impaired in FASD, including
learning and memory, are known to depend on normal neuronal
network development and plasticity, specifically the ability of
neuronal networks in the brain to remodel their structure and
function as a result of changes in environment or experience.
This suggests that after developmental EtOH exposure, the
ability of the brain to undergo appropriate developmental
plasticity is impaired. Understanding how synaptic structure
and plasticity is impaired by gestational EtOH exposure and
the role of neurons and glia in this process is critical for
developing future treatments for FASD. In fact, there is ample
evidence that developmental EtOH exposure has widespread
effects throughout the brain and can affect the developmental
trajectory of many different cell types in different brain areas,
depending on the severity and timing of exposure. As discussed
in detail below, neurons can be affected acutely by EtOH causing
neuronal cell death, and long-term by changes in the function
and synaptic connections of those neurons that survive. For
example, EtOH-dependent effects on the structure and function
of radial glial cells (Shetty and Phillips, 1992; Vallés et al.,
1996) likely contribute to changes in neuronal migration and
development. Additionally, changes in radial glial cells can alter
astrocytic function, as radial glia give rise to astrocytes (Miller
and Robertson, 1993). Because astrocytes provide critical cues for
neuronal development, EtOH-induced changes in the number
and behavior of developing astrocytes can have profound effects
on neuronal structure and the connectivity of nascent neuronal
networks (Tomás et al., 2005; Giordano et al., 2011; Paul and
Medina, 2012). Additionally, while not very thoroughly studied
to date, oligodendrocytes may be sensitive to developmental
EtOH exposure (Creeley et al., 2013). EtOH-induced changes in
oligodendrocyte number and the reprogramming of surviving
oligodendrocyte precursor cells could lead to reductions in
myelination that can have large effects on brain function
(Pinazo-Duran et al., 1997; Guerri et al., 2001; Sowell et al.,
2008).

EtOH exposure has also been linked to inflammatory
processes both in the developing and adult brain. Thus potential
link between EtOH-induced changes in microglial behavior and
EtOH-induced changes in synaptic structure and plasticity is
an area of great current interest. Here, we will review what is
presently understood about microglial contributions to FASD,
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addressing developmental EtOH’s effects and/or potential effects
on the spectrum of microglial functions critical for normal brain
function and development.

MICROGLIAL ROLES IN FASD

Developmental EtOH Exposure as a
Trigger for Microglial Immune Functions
The potential for developmental EtOH to cause changes in
microglial function, either acutely or long-term has only recently
become a focus of intense research. This is an attractive
mechanism for EtOH’s effects on developing circuits because
of the pluripotent roles microglia play in development and
adult brain function as described above and because their
immune status makes them likely to be sensitive to EtOH
exposure (Figures 1, 2). Additionally, because these cells are
generated in the yolk sac during early development and exhibit
low turnover once they mature in the brain, EtOH-exposed
microglia may persist in the brain throughout life and thus alter
brain function long-term. The major hypothesis propelling the
majority of current research is that EtOH causes a dysregulation
of the immune functions of microglia, leading to a widespread
pro-inflammatory environment that is perpetually harmful
to neurons and fails to resolve with age (as reviewed by
Block et al., 2007; Guizzetti et al., 2014; Kane and Drew,
2016). Part of this hypothesis has been born out in a series
of studies showing that changes in the immune functions
of microglia can be acutely triggered by high binge levels
of EtOH exposure at multiple life stages, not only during

the brain growth spurt (BGS) when synapses are initially
being formed (Dobbing and Sands, 1979), but also during
adolescence and adulthood (as reviewed by Drew and Kane,
2014). However, long-term changes in microglial function have
not been easily demonstrated, suggesting that if EtOH alters
microglia chronically, the effects may be more subtle than
perpetual inflammatory signaling.

The BGS studies collectively show that within 24 h after the
last EtOH dose, microglia in certain regions of the cerebellum
(Kane et al., 2011; Drew et al., 2015; Topper et al., 2015),
parietal and somatosensory cortices (Ahlers et al., 2015; Drew
et al., 2015), and hippocampus (Drew et al., 2015; Boschen
et al., 2016) show morphological signs of activation (Figure 2).
Morphological signs of microglial activation that have been
reported in rodent FASD models include increased prevalence
of amoeboid microglia, decreased microglial process spread,
decreased microglial process ramification, and increased process
thickness (Kane et al., 2011; Drew et al., 2015; Topper et al.,
2015; Boschen et al., 2016). Aside from morphological changes,
microglial gene expression is also altered in a way that is
consistent with immune activation: Iba-1 expression increases
in hippocampus, cerebellum and parietal cortex (Drew et al.,
2015), and P2Y12 expression has been shown to decrease in
morphologically activated microglia in layers II and IV of the
somatosensory cortex (Ahlers et al., 2015). This is accompanied
by increased pro-inflammatory as well as anti-inflammatory
cytokine/chemokine production, namely IL-1β, TNF-α, MCP-1,
TGF-β and IL-10 (Ahlers et al., 2015; Drew et al., 2015; Topper
et al., 2015; Boschen et al., 2016), likely produced not only
by immunologically activated microglia but also by activated

FIGURE 2 | Developmental EtOH exposure activates microglia and impairs their homeostatic functions. (A) Developmental EtOH exposure causes acute microglial
activation which produces: 1. Activation and production of inflammatory signals 2. Increased neuronal death and phagocytosis. (B) Developmental EtOH exposure
produces changes in dendritic spine density and could impact microglial interactions with synapses. 3. A number of microglia-neuron signaling systems could be
disrupted and contribute to spine density changes including: complement dependent pruning, decreased CX3CR1 signaling altered BDNF release.
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astrocytes (Topper et al., 2015), which also produce these
factors.

It is important to note that studies have not always observed
microglial activation after developmental EtOH exposure in
every brain region examined. In one study of P10 rat
hippocampus after P4–P9 high binge EtOH exposure, sham
intubation and EtOH intubation were both shown to increase
microglial activation in the dentate gyrus to approximately
the same degree, compared to suckle control (Boschen et al.,
2016). However, in CA1 and CA3, the EtOH intubated
animals showed morphological signs of microglial activation
above that of both the suckle control and sham intubated
control (Boschen et al., 2016). In a second recent study
in which rat pups were exposed from P3 to P5 via EtOH
vapor inhalation, changes in microglial morphology indicative
of an immunologically activated state were much more
robust in cerebellum, where Purkinje neuron cell death
was also detected, compared to in hippocampus, where
NeuN density was unchanged at all time points examined
(Topper et al., 2015). Together, these results suggest that
microglial contributions to network dysfunction after EtOH
exposure are likely dependent on brain area. In fact, some
studies have found that microglia are sensitive to their
microenvironment, resulting in regional differences in density,
distribution, morphology and expression patterns (Lawson et al.,
1990; Vela et al., 1995; Arnoux et al., 2013). Additionally, a
genome-wide analysis of microglia across multiple brain regions
found that microglia exhibit region-dependent heterogeneity of
transcriptional identities and such heterogeneous expression of
both receptors and cellular effector molecules could explain
region-specific reactions to perturbations such as EtOH (Grabert
et al., 2016).

Only a handful of studies have addressed microglial
phenotype beyond 24–48 h after EtOH exposure, probing
as far as 96 h (Ahlers et al., 2015), 22 days (Bodnar
et al., 2016), and 40 days later (Topper et al., 2015). Their
findings consistently suggest that microglial activation is not
long-lived. All of these studies have shown that levels of
pro-inflammatory cytokines and chemokines, including IL-
1β and TNF-α, are no longer elevated at these later time
points. Microglial morphology was investigated by Ahlers et al.
(2015) and Topper et al. (2015) in somatosensory cortex and
cerebellum respectively, revealing that microglia had recovered
to a normally ramified phenotype. P2Y12 expression also
increased to control levels (Ahlers et al., 2015). While more
research needs to be done to determine whether prolonged
microglial activation is present in specific brain areas, it appears
that alterations in microglial function that are elicited by EtOH
resolve rapidly or are more subtle than those that are evoked
acutely.

Direct and Indirect Causes of Acute
Microglial Activation after EtOH Exposure
Multiple triggers are likely responsible for the acute activation
response of microglia after developmental EtOH exposure.
Microglia may directly respond to the presence of EtOH in

the brain since they are exquisitely tuned to perturbations
in the environment. Since EtOH is membrane permeable,
it could diffuse into the microglial cytoplasm to modulate
intracellular signaling or it could bind surface receptors on
microglia that activate intracellular cascades leading to an
inflammatory response. The involvement of toll-like receptor 4
(TLR4) signaling, a pathway particularly well understood in
the context of microglial responses to pathogens and the
activation of innate immune responses, has been studied
in the context of microglial direct responses to EtOH.
Cumulatively, studies suggest that in the adult, EtOH exposure
can trigger microglial activation as well as proinflammatory
cytokine and chemokine production (IL-1β, TNF-α, MCP-1)
through downstream NF-κB activation (Qin et al., 2008;
Qin and Crews, 2012; Crews et al., 2013). Such increases
in proinflammatory cytokines and chemokines are dependent
on TLR4 signaling (Fernandez-Lizarbe et al., 2009) and are
not found in the absence of TLR4 activation (Alfonso-
Loeches et al., 2010). While TLR4 is expressed in multiple
cell types, in vitro studies involving BV2 microglia and
in vivo studies involving rodents and/or examination of
human postmortem tissue have shown that compared to
neurons, microglia tend to express higher levels of TLR4
(Crews et al., 2013; Zhang et al., 2014; Lawrimore and
Crews, 2017), suggesting that TLR4-mediated consequences of
EtOH exposure may affect microglia more so than neurons.
In human postmortem orbital frontal cortex, higher levels
of TLR4 immunoreactivity correlated with higher levels of
high mobility group protein B1 (HMGB1) immunoreactivity
(Crews et al., 2013). HMGB1, in its secreted form, can
bind TLR4 and enhance cytokine release as part of the
damage associated molecular pattern (DAMP) that perpetuates
inflammation. It appears that HMGB1 exacerbates microglial
activation upon exposure to EtOH through its actions on
TLR4 (Crews et al., 2013; Lawrimore and Crews, 2017). While
it is unclear whether TLR4 is involved in EtOH responses
during development, it is likely that developing microglia would
be able to sense EtOH through a similar danger pathway.
Additionally, developmental EtOH exposure has been shown
to alter microglial cell number in at least one brain region.
At P6 after oral EtOH exposure from P2 to P5, the number
of microglia in the cerebellar vermis was reduced, suggesting
that EtOH might be impairing microglial proliferation and/or
leading to microglial cell death (Kane et al., 2011). While
this effect could be driven by toxic signals produced by other
injured cells, it seems likely that an effect on microglial cell
number would be direct, as is EtOH induced neuronal cell
death.

On the other hand, microglia are incredibly sensitive to
perturbations to other cell types in the brain milieu, and
thus could undergo immunological activation indirectly, due
to EtOH-driven glial and neuronal injury and death. It is
well established that high binge EtOH exposure, exceeding
an estimated ‘‘toxic threshold’’ of 200 mg/dL in blood, can
induce apoptotic neuronal cell death in many brain regions
(Ikonomidou et al., 2000). These regions include prefrontal
cortex (Olney et al., 2002), somatosensory cortex (Ahlers et al.,
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2015), visual cortex (Olney et al., 2002; Tenkova et al., 2003),
hippocampus (Ikonomidou et al., 2000; Wozniak et al., 2004),
retrosplenial cortex (Olney et al., 2002; Wozniak et al., 2004),
anterior thalamic nuclei (Olney et al., 2002; Wozniak et al.,
2004), mammillary bodies (Wozniak et al., 2004), and cerebellum
(Goodlett and Lundahl, 1996; Light et al., 2002; Kane et al., 2011;
Idrus and Napper, 2012; Topper et al., 2015). Additionally, EtOH
exposure can affect glia causing reduced proliferation or cell
death in astrocytes (Miller and Potempa, 1990), oligodendrocytes
(Creeley et al., 2013) and microglia (Kane et al., 2011). In the
context of neuronal cell death, the cerebellum and corresponding
deficits in motor function have been particularly well studied
by the FASD and general alcohol fields, as reviewed by Luo
(2015). Multiple groups have demonstrated in rodents that
moderate to high binge levels of EtOH exposure, even on a
single day during the BGS, can lead to Purkinje cell apoptosis
in the cerebellar vermis and lobules between 10 h and 24 h
after exposure (Goodlett and Lundahl, 1996; Light et al., 2002;
Kane et al., 2011; Idrus and Napper, 2012; Topper et al., 2015).
Loss of Purkinje cells is also evident later in life, suggesting that
these neurons are truly lost. However, the reductions seen in
EtOH compared to control animals tend not to be as drastic as
expected given the widespread apoptotic response seen at earlier
time points (Idrus and Napper, 2012; Topper et al., 2015). Still,
EtOH-induced loss of these critical inhibitory neurons, which
integrate the output for motor function, leads to lasting deficits
in gait patterns, an indication of impaired motor coordination
(Topper et al., 2015). The death of neurons could have a
profound effect on microglial activation during the time of EtOH
exposure.

The indirect effects of EtOH-induced neuronal death on
microglial activation have recently been demonstrated in an
elegant in vivo study. Microglial activation was observed only in
layers of somatosensory cortex with cleaved caspase-3 positive
or PSVue positive cell bodies, leading these researchers to
hypothesize that the microglial activation response could be
caused by apoptotic cell death (Ahlers et al., 2015). They
utilized mice genetically inhibited from undergoing apoptosis
(BAX knockout mice) and found no morphological changes in
microglia, no changes in P2Y12 expression, and no production
of IL-1β or TNF-α at any time point (4–96 h) after EtOH
exposure when neurons were not dying (Ahlers et al., 2015).
This suggests that microglial activation and the onset of
neuroinflammation is not occurring in response to EtOH itself,
but in response to the apoptotic cell death caused by the EtOH.
These findings also indicate that an inflammatory microglial
contribution to FASD pathology is likely limited to the early
period of EtOH exposure and that long-term effects on circuit
function propagate from neuronal injury at that earlier time
point.

There is also evidence that the proinflammatory environment
itself can underlie at least some of the cellular damage and
death caused by developmental EtOH exposure. Preemptive and
concurrent administration of peroxisome proliferator-activated
receptor-γ (PPAR-γ) agonists has an anti-inflammatory
effect and prevents BGS EtOH-driven microglial activation
(Kane et al., 2011; Drew et al., 2015). This dampening of the

otherwise pro-inflammatory environment in turn ameliorates
the reductions in both microglial and Purkinje cell number
in the cerebellum (Kane et al., 2011). These findings suggest
that while neuronal cell death induces microglial activation,
microglial activation may in turn promote conditions that
lead to increased neuronal death. PPAR-γ agonism is also
effective at decreasing microglial activation in response
to developmental EtOH exposure in other brain regions,
including hippocampus and cerebral cortex (Drew et al.,
2015).

Together the studies highlighted in this section support the
overall conclusion that microglial activation is secondary
to the presence of apoptotic cell bodies, but that the
factors expressed in or released from apoptotic cell bodies
could have a direct effect on microglial intrinsic signaling
that in turn continues to support an immunologically
activated microglial state. At the same time, it has become
increasingly clear that microglia do not remain in an activated
state for long, resolving quickly to what appears to be a
physiological state within days after initial EtOH exposure
(Ahlers et al., 2015). Mechanisms by which this resolution in
microglial phenotype occur constitute a new frontier in FASD
research, while potential ways in which the actual ability of
microglia to complete their physiological functions long-term
after developmental EtOH exposure will be discussed in
reviewed above.

Effects of Developmental EtOH Exposure
on Synaptic Plasticity
Developmental EtOH exposure can have a variety of detrimental
effects on neuronal health, synapse development, synapse
maturation and synaptic plasticity. While neuronal cell death
could profoundly alter network function in FASD, there is
ample evidence suggesting that the function of remaining
neurons is altered. Because microglia have been intimately tied
to the formation and removal of synapses during plasticity,
it is important to review the deficits that have been observed
in excitatory synaptic remodeling after developmental EtOH
exposure.

The structure and function of dendritic spines, the
postsynaptic structures of excitatory synapses, appear to be
sensitive to developmental EtOH. An initial case study showed
evidence that extreme amounts of fetal EtOH exposure could
severely impair dendritic spine development, leading to reduced
spine density and elongation of remaining spines (Ferrer and
Galofre, 1987). This postmortem study involved a 4-month-
old microcephalic child whose mother suffered from alcohol
addiction and drank throughout pregnancy, and compared
to age-matched controls. Similar findings have been reported
in rat somatosensory cortex after exposure throughout rat
gestation, although the effect was transient and resolved by
adulthood (Galofre et al., 1987). EtOH exposure from E5
(embryonic day 5) to P0 (postnatal day 0, parturition) via
dam intubation also showed that dendritic spine development
on pyramidal neurons in visual cortex was delayed through
adolescence in mice, with higher amounts of EtOH showing
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a more severe delay (Cui et al., 2010). Not all studies have
described immature spine morphology, and the effects of
EtOH on spines may be specific to the timing of EtOH
exposure and brain area examined. For instance, decreases in
spine density were found in rat prefrontal cortex after P4–P9
high binge EtOH exposure via intubation (Whitcher and
Klintsova, 2008). In this case, no differences in either spine
morphology or overall dendritic branching complexity were
present.

Together, these findings suggest that developmental EtOH
exposure can impair the formation of excitatory synapses,
however, they do not address the dynamic nature of synapses,
which are constantly remodeled as networks reorganize during
plasticity. In vivo two-photon microscopy, which to our
knowledge has not yet been applied to any FASD studies, has
allowed synaptic structure and dynamics to be studied within
the intact, living brain. This technique has shown that structure
of synapses is constantly in flux, with dendritic spines not
only changing their structural characteristics but also being lost
and made de novo, both during development and, to a lesser
degree, in adulthood (Grutzendler et al., 2002; Trachtenberg
et al., 2002; Holtmaat et al., 2005; Zuo et al., 2005a). It has
also been shown that smaller spines tend to represent weaker
synapses that grow when the synapse is strengthened (Matsuzaki
et al., 2004; Holtmaat et al., 2005), that learning or changes
in experience can induce brain region specific spine formation
and elimination (Zuo et al., 2005a,b; Majewska et al., 2006;
Holtmaat et al., 2008), and that the ability of select newly
formed spines to stabilize and become incorporated into the
synaptic network long-term is essential for learning and memory
(Xu et al., 2009; Yang et al., 2009). It will be interesting to
determine whether the static deficits in spine development
after developmental EtOH exposure also translate to deficits
in spine remodeling in which spines are abnormally immature
and therefore turn over at higher rates compared to age
matched controls. Alternatively, it may be that developmental
EtOH exposure causes an increased persistence of spines with
immature morphology, with implications for altered synaptic
function.

Indeed, functional measures of activity-dependent synaptic
plasticity after developmental EtOH exposure are abnormal in
multiple brain regions, including the hippocampus, cerebellum,
prefrontal cortex and visual cortex. LTP in the hippocampus,
a form of synaptic plasticity critical for learning and memory
consolidation, is perhaps the most well studied form of synaptic
plasticity studied in the context of prenatal alcohol exposure
(as reviewed by Fontaine et al., 2016). Overall, the findings are
variable, depending on EtOH exposure timing, dose, animal
sex, age that plasticity was assessed, in vivo or in vitro
electrophysiological measurement, differences in protocol to
induce LTP, and whether the EtOH was administered to the
whole animal prior to recordings or instead applied directly
to the slice. Reductions in LTP within the CA1 region of
hippocampus have been demonstrated after direct application
of EtOH to P7–P9 rat hippocampal slice, as well as in slices
from rats harvested hours after last exposure to EtOH vapor
from P2 to P9 (Puglia and Valenzuela, 2010a,b). Both studies

tested the possibility that the impaired LTP might result from
reductions in glutamatergic synaptic strength and/or decreases
in presynaptic glutamate release, but surprisingly found that
EtOH exposure did not affect either of these parameters, but
rather directly affected the increases in transmission elicited by
stimulation protocols. In these studies, only the higher EtOH
dose (approximately 300mg/dL) but not the lower EtOH dose
(approximately 100mg/dL) impaired LTP, a general principal
of dose dependence that has also been demonstrated by others
(Bellinger et al., 2002; Puglia and Valenzuela, 2010a,b). In
adolescent and adult animals, developmental EtOH exposure
has been shown to reduce LTP in the CA1 (Richardson et al.,
2002; Izumi et al., 2005; An et al., 2013), though several
studies have also reported no effect on LTP (Bellinger et al., 1999;
Krahl et al., 1999). Developmental EtOH exposure also reduces
LTP in the dentate gyrus of adolescent and adult rodents
(Sutherland et al., 1997; Sickmann et al., 2014), though this
effect may be sex specific to males (Sickmann et al., 2014).
A recent study focusing on EtOH’s effects on synaptogenesis
on CA1 pyramidal cells in rat hippocampal organotypic
slice cultures (direct application of EtOH to the slice for
7 days followed by maturation in culture without EtOH for
2–10 days) demonstrates that while control slice cultures over
time showed increased expression of both pre and postsynaptic
excitatory synapse proteins, had a high frequency of spontaneous
excitatory postsynaptic currents (sEPSCs), and had organized
microtubule ultrastructure at synapses, cultures with prior
EtOH exposure had reduced pre and postsynaptic excitatory
synaptic proteins, reduced sEPSC frequency, and grossly
disorganized microtubule ultrastructure at synapses (Gerace
et al., 2016). Overall, these results suggest that developmental
EtOH exposure impairs activity-dependent synaptic plasticity in
the hippocampus and is capable of causing delays in excitatory
synapse development.

In the cerebellum, Purkinje cells that survive apoptotic cell
death after EtOH exposure during the first and second trimesters
exhibit LTP at the parallel fiber-Purkinje cell synapse with
stimulation paradigms that normally induce LTD (Servais et al.,
2007). Motor deficits (rotarod, runaway, conditioned eyelid
blinking response) are also deficient in mice exposed to the
same EtOH exposure paradigm, suggesting that the motor skill
impairments in FASD are likely not a simple consequence of
Purkinje cell loss, but also due to severe abnormalities in the
network function of the Purkinje cells that remain (Servais
et al., 2007). This may be a general phenomenon throughout
the brain, where neurons previously exposed to EtOH alter their
intrinsic and synaptic characteristics. A recent study focused on
characterizing underlying causes of attention deficits in adult
mice after a second and third trimester model of EtOH exposure.
They report not only poorer performance on a behavioral task
to assess visual attention, but also decreased intrinsic excitability
of pyramidal neurons in layer VI of the medial prefrontal
cortex, known to be important for normal attention (Louth
et al., 2016). Furthermore, after BGS EtOH exposure, activity-
dependent synaptic plasticity in visual cortex is also impaired
(Medina et al., 2003; Medina and Ramoa, 2005; Lantz et al., 2012,
2015). In summary, it is clear that developmental EtOH exposure
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can have a long-term negative impact on a variety of mental
processes that each rely on the plasticity of excitatory synapses
in different brain regions. However, it remains unclear whether
there may be a common mechanism underlying EtOH-induced
delays in dendritic spine maturation as well as long-term defects
in plasticity at excitatory synapses that translate into functional
changes in cognition and behavior.

Effects of EtOH-Induced Microglial
Activation on Early Network Development
As discussed above, microglia carry out a number of important
functions during early neuronal development which appear
to be very sensitive to microglial state—release of trophic
factors that regulate proliferation/survival vs. death in
neurons and their progenitors and phagocytosis of apoptotic
neurons (Figure 1). Even brief periods of inflammation
may alter microglial actions and thus affect the trajectory
of neural network development (Figure 2). During the
BGS, microglia are in an immature state with amoeboid
morphology and high expression of phagocytic markers
(Shigemoto-Mogami et al., 2014), reminiscent of microglial
phenotypes in anti-inflammatory conditions (Kettenmann et al.,
2011). When microglial state is altered with agents such as
minocycline, microglia are less efficient at carrying out their
developmental functions (Shigemoto-Mogami et al., 2014;
Miyamoto et al., 2016). This implies that EtOH exposure,
which would temporarily shift the balance in the opposite
direction, toward inflammation, could also interfere with
microglial sculpting of neuronal populations, through apoptotic
mechanisms that occur during early development. Such
perturbations would change microglial expression profiles,
affecting cytokine/chemokine production, growth factor release
and phagocytic capabilities. This in turn could result in
fewer neurons surviving, certain subpopulations of neurons
being affected, increased cell death and insult to surviving
neurons through the increase in extracellular debris that is
not being phagocytosed. In fact, fractalkine signaling, which
is critical for the survival of specific neurons (Ueno et al.,
2013), has been explored in the context of developmental
EtOH exposure. Fractalkine mRNA expression increases in
the brains of wildtype mice 6 h after EtOH exposure on E8,
but normalizes by E18 (Roberson et al., 2011), suggesting that
this signaling pathway could modulate neuronal survival of
certain populations of neurons after EtOH exposure. There
is also evidence that the acute neuronal apoptotic response
in mouse cortex within 6 h of EtOH exposure on P7 is
exacerbated in both fractalkine and CX3CR1 null mice, as
compared to wildtype mice (Sokolowski et al., 2014). At P7,
CX3CR1 null microglia also exhibit increased association
with apoptotic nuclei compared to CX3CR1 Het microglia
(Sokolowski et al., 2014). Taken together, these findings suggest
that EtOH exposure can have acute effects on fractalkine
signaling with repercussions for neuronal survival and
apoptosis, and that intact fractalkine signaling may serve as
an early neuroprotective response to developmental EtOH
exposure.

Early EtOH-induced microglial activation could also impact
developing neural networks. Synaptogenesis is already occurring
in some brain areas at these early times (Jiang and Nardelli, 2016)
and changes in microglial cytokine and growth factor release,
including changes to important synapse promoting molecules
such as BDNF, could inhibit dendritic filopodia outgrowth and
thus impede early synaptogenesis, as microglial state is critical
to the outgrowth-promoting function of microglia (Miyamoto
et al., 2016). In fact, neuroinflammation is known to affect
the experience-dependent remodeling of neural connectivity
throughout life (Smith et al., 2016) and may therefore interfere
with the early establishment of networks during the time
of EtOH exposure. Changes in complement signaling within
microglia may inhibit microglial interactions with neurons that
express C1q (Schafer et al., 2012), and an inflammatory brain
milieu could alter TGF-β signaling within astrocytes (Bialas and
Stevens, 2013), further impeding neuron-microglia signaling.
EtOH-induced changes in fractalkine signaling (Roberson et al.,
2011) could also alter microglial infiltration into regions were
synaptic remodeling occurs (Paolicelli et al., 2011; Hoshiko et al.,
2012; Arnoux et al., 2013), leading to the abnormal development
of neural circuits, which could result in deficits in behavior (Zhan
et al., 2014).

Long-Term Changes in Microglial Behavior
after Developmental EtOH Exposure
While PPAR-γ agonists hold promise for limiting EtOH-induced
damage, it is unclear to what extent this treatment can alter
long-term cognitive and behavioral effects in animals models
(and eventually humans). One downside to this treatment
avenue is that microglial activation appears to be limited to
the timeframe of EtOH exposure and thus the treatment would
need to be taken pre-emptively and concomitantly with EtOH
exposure. A treatment effectively administered after FASD
diagnosis would be most beneficial to all those currently living
with FASD. From the research reviewed above, it is becoming
increasingly clear that neurons and their networks do not
develop normally even if those neurons escape death after EtOH
exposure. Ideally a treatment would normalize these neuronal
deficiencies and optimize network function in the previously
exposed brain. It is unclear whethermicroglia can be such a target
because thus far long-term deficits in microglial function due
to developmental EtOH exposure have not been identified. This
may be because current studies have primarily focused on how
EtOH impacts the immune functions of microglia. As we learn
more about how microglia carry out their roles in the normal
brain, in the absence of immune activation, we may be able
to use this knowledge to determine whether the physiological
functions of microglia are altered after developmental EtOH
exposure.

While there is little direct evidence of EtOH affecting
non-immune activated microglial functions, there is some
indirect evidence to suggest that targeting these functions
may be a promising avenue to pursue. As discussed earlier,
microglia in the healthy brain have finely branched and
motile processes that physically contact dendritic spines,
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influencing both the proper formation and elimination of
excitatory synapses throughout life and during experience-
dependent synaptic plasticity (Nimmerjahn et al., 2005; Wake
et al., 2009; Tremblay et al., 2010; Paolicelli et al., 2014;
Miyamoto et al., 2016). While recent work has shown that
microglial morphology appears to be intact long-term after
developmental EtOH exposure (Topper et al., 2015), it remains
unclear whether EtOH can elicit more subtle changes in
microglial function that could persist into adulthood, including
in the dynamic behavior of microglial processes, their physical
interactions with synaptic elements or their ability to respond
and provide cues to neurons. Deficits in plastic processes
that have been directly tied to microglial function, such as
ocular dominance plasticity (Sipe et al., 2016), exist in FASD
models (Medina et al., 2003; Medina and Ramoa, 2005; Lantz
et al., 2012, 2015), suggesting that EtOH-exposed microglia
may contribute to these deficits. Additionally, the dendritic
spine density and morphology deficits in FASD may be affected
in part by inappropriate microglial signaling and pruning
of synapses.

Given the important role of BDNF signaling in dendritic spine
formation, focus on how developmental EtOH may affect BDNF
production is warranted. Studies using ex vivo cultured fetal rat
hypothalamic neurons have shown that these neurons reduce
their production of BDNF in the presence of conditioned media
taken from cultured microglia treated with EtOH (Boyadjieva
and Sarkar, 2013), suggesting that EtOH could reduce general
BDNF levels through microglia. On the other hand, enhanced
spine removal by microglia could result from deregulated
complement (Hong et al., 2016) or purinergic signaling (Abiega
et al., 2016), two pathways which may act to recruit microglia
to synapses in need of removal. Purinergic signaling in particular
appears perfectly poised to guidemicroglial processes to synapses
based on synaptic activity (Fontainhas et al., 2011; Li et al.,
2012; Dissing-Olesen et al., 2014; Eyo et al., 2014). There are
currently no studies that have explored whether developmental
EtOH exposure alters these pathways long-term. There is
evidence, however, that in vitro exposure of embryonic stem
cell derived microglia to EtOH can upregulate the expression
of P2RX4, a purinergic receptor, and may therefore affect
microglial sensing of extracellular purines. This upregulation
in turn severely impairs the chemotaxis of microglia toward
fractalkine (Gofman et al., 2014), another pathway that has
been implicated in microglial pruning of synapses. Therefore,
EtOH-induced changes in P2RX4 expression on developing
microglia could deregulate purinergic and fractalkine signaling,
two different mechanisms of neuron-microglia crosstalk, and
may therefore impact synaptic plasticity. Furthermore, a primary
stimulus for the release of BDNF from microglia may be the
binding of ATP to microglial P2RX4 (Parkhurst et al., 2013),
suggesting that EtOH could also impact synaptic growth through
this mechanism.

Directly profiling the transcriptome of microglia at different
times after developmental EtOH exposure would yield more
clues as to whether and how microglia behavior and responses
to external cues change in developing and adult animals. While
this has not been done, several studies have described changes in

gene expression acutely and long after the end of developmental
exposure in brain homogenates containing a mixed cell-type
population (Chater-Diehl et al., 2016; Rogic et al., 2016; Pagé-
Larivière et al., 2017). Many of these and other studies have
identified developmental EtOH’s effects on genes that function
in epigenetic regulation (Perkins et al., 2013; Ignacio et al., 2014;
Subbanna et al., 2014; Rogic et al., 2016; Laufer et al., 2017). For
example, in mouse hippocampus after even a single day (P7)
of EtOH exposure at a level just above the 200 mg/dL toxic
threshold, acute apoptosis is accompanied by increased levels of
three proteins with activity that either causes histonemethylation
or demethylation (DNMT3a and G9a respectively) or binding to
methylated sites to facilitate reduced gene transcription (MeCP2;
Subbanna et al., 2014). mRNA transcript levels of MeCP2 and
DMNT3a were also found to be altered in rat hippocampus
after high binge EtOH exposure from GD1 through P10 (Perkins
et al., 2013). This is particularly interesting in the context of the
known modulation of BDNF expression by MeCP2 (Zhou et al.,
2006). While the cell specificity of these epigenetic modifications
caused by developmental EtOH exposure is not known, these
studies suggest that changes in the epigenome could be affecting
microglial function and deserve further attention. Much work
is still needed to determine whether developmental EtOH
exposure has lasting effects on how microglia and neurons
communicate, and it is important that we understand these
interactions even in a CNS environment that is not overtly
neuroinflammatory.

CONCLUSION

While recent work has begun to uncover the contributions
of microglia to the circuit deficits elicited by developmental
EtOH exposure, many important future research directions
remain. It is becoming clear that immune activation could play
a large role in how microglia affect the early development
of the brain, but this immune activation resolves quickly
and may be only part of the story of how microglia are
affected by EtOH. To determine how long-term changes in
microglial function could contribute to FASD symptoms, it will
be important to understand the role of microglia in normal
brain development and use the lessons learned to determine
whether these non-immune functions of microglia change with
developmental EtOH exposure.
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