148 The Open Drug Discovery Journal, 2010, 2, 148-167

Estrogen and P2 Purinergic Receptor Systems in Microglia: Therapeutic

Targets for Neuroprotection

Jessica M. Crain®® and Jyoti J. Watters ™"

2,3

'Department of Comparative Biosciences, “Program in Cellular and Molecular Biology, and the *Center for Women's
Health Research, University of Wisconsin, Madison, WI 53706, USA

Abstract: Microglia, the primary resident immune cell population in the CNS, react to signals of injury or infection and
produce inflammatory cytokines, chemokines, and reactive oxygen species, many of which can be neurotoxic in large
quantities. Indeed microglial hyperactivation is thought to contribute to the pathology of many neurodegenerative
disorders as well as ischemic and traumatic brain injuries, suggesting that agents with the capacity to target microglial
activities may be beneficial for treating neuronal injury. In this review, we discuss two seemingly unrelated microglial
receptor signaling systems that potently modulate many microglial properties; purinergic P2 and estrogen receptors.
Purinergic receptors regulate key microglial functions, including their production of pro-inflammatory cytokines,
neurotrophic factors, migration, phagocytosis and chemotaxis. Many of these same endpoints are also altered by estrogen
receptor signaling in microglia. Here we summarize the current microglial research in both receptor areas, particularly as
it relates to ischemic and traumatic CNS injuries. We provide evidence from our own laboratory of potential cross-talk
between these receptor systems and discuss evidence indicating that both purinergic and estrogen receptors may represent
useful therapeutic targets for the treatment of CNS disorders.
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INTRODUCTION

Microglia, comprise 5-20% of total cells in the brain [1,
2]. While first identified in the very early days of
neuroanatomy, and described by Nissl, Ramén Y Cajal, and
Rio-Hortega in the late 1800s and early 1900s, microglia
were largely ignored until the last two decades [2, 3].
Distributed throughout the parenchyma, microglia are the
only resident immune cells in the CNS. Although they are
stationary in the healthy CNS, they are not inactive [4, 5].
Acting as sentinels, they continuously monitor the CNS and
make frequent and direct contact with neuronal synapses by
extending and retracting their processes [6]. As a group,
microglia can potentially survey the entire brain several
times a day [7]. Microglia also function to phagocytically
remove debris from normal neuronal remodeling processes,
and they are the first responders to pathogens and molecular
signals of tissue injury or trauma. Their transformation from
the resting (ramified) state to the activated state begins
within seconds of exposure to stimulus, and can be
completed within a few hours, after even just brief contact

[7].

Properties of activated microglia typically include:
proliferation, increased phagocytic activities, migration
towards the site of injury/damage, and production release of
inflammatory cytokines and chemokines. These inflammatory
signals can have several effects. Some of these autocrine/
paracrine effects cause increased diapedesis by inducing
endothelial cells to express adhesion molecules necessary

*Address correspondence to this author at the Department of Comparative
Biosciences, 2015 Linden Drive Madison, WI 53706, USA; Tel: 608-262-
1016; Fax: 608-263-3926; E-mail: jjwatters@wisc.edu

1877-3818/10

for other leukocytes, including T cells, to enter the CNS
parenchyma [2, 8, 9]. Microglia also produce reactive
oxygen species (ROS) including nitric oxide (NO),
superoxide, hydroxyl radicals and hydrogen peroxide, which
are directly antimicrobial. ROS can be neurotoxic, causing
DNA damage and injury to oligodendrocytes by lipid
peroxidation [1]. Many of the cytokines released by
activated microglia are associated with astrocyte
proliferation, altered neuronal neurotransmitter release, and
oligodendrocyte toxicity [9]. Because these molecules
produced by microglia can be neurotoxic, their inflammatory
activities are predominantly viewed as harmful. However, it
should be noted that microglia are not the only CNS cell type
capable of responding to brain injury and producing these
inflammatory mediators; astrocytes also have significant
activity in this regard (reviewed in [10]).

The precise contributions of microglia to neuronal
damage  following head trauma, ischemia and
neurodegenerative disease remain controversial. Although
studies describing detrimental roles of microglia in all of
these processes are numerous, recent studies in a number of
disease models are beginning to support the idea that
microglia do indeed perform important and critical support
functions in the CNS. For example, microglial ablation
worsens ischemic brain injury [11], and increases glioma
growth [12], suggesting that at least some of their immune
properties are beneficial. Much research has focused on
compounds that can decrease microglial inflammatory
activities following ischemic and traumatic brain injuries. In
the present article, we will summarize the current literature
on two receptor signaling systems in microglia, estrogen
receptors and purinergic receptors, which among many other
things, function to control inflammatory gene expression.
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We will review the major effects of both receptor systems in
microglia and discuss some novel information from our own
laboratory suggesting cross-talk between these pathways.

PURINERGIC RECEPTORS
Extracellular Nucleotides

The ligands for purinergic receptors are typically
extracellular adenine nucleotides such as ATP, but some
receptors bind pyrimidines as well. Nucleotides are released
extracellularly in the healthy CNS from a number of sources
[13, 14], including co-release with neurotransmitters from
neurons [15-19] and release from nearby cells through
membrane channels or gap junctions [16, 20]. In this regard,
ATP is released from astrocytes during propagation of
calcium waves [21-26]. Importantly, intracellular ATP
concentrations average 3-5mM in most CNS cells [27], and
its release into the extracellular space from lysed and
damaged cells both within and surrounding the ischemic
lesion or injury can further elevate nucleotide levels in the
extracellular microenvironment. In addition, the levels and
activities of ectonucleotidases (the extracellular enzymes that
degrade nucleotides into molecules such as adenosine, an
endogenous CNS neuroprotectant (reviewed in [28])), are
also strongly regulated by pathological processes; their
expression is greatly suppressed in infarcted tissue following
embolic ischemia [29]. ATP is also released from platelets
[30] and erythrocytes [31, 32] that infiltrate the infarct,
further increasing nucleotide levels and their durations of
action in the CNS. Once in the extracellular space, these
nucleotides can then alter microglial function by binding to
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and activating cell surface receptors of the P2 purinergic
receptor type.

Purinergic Receptor Families

Purinergic receptors are classified into two families: P1
receptors and P2 receptors. P1 receptors (also called
adenosine receptors) have seven transmembrane spanning
domains, are G protein-coupled and bind adenosine and
adenosine monophosphate. There are four groups of Pl
receptors based on ligand affinity, the G protein type to
which they couple, and their biological effects: Al, A2a,
A2b, and A3 (reviewed in [33-36].) These receptors will not
be considered further here.

P2 receptors on the other hand, bind di- and tri-
phosphate-containing nucleotides, and are further divided
into two classes, P2X and P2Y, based on predicted
membrane topology and intracellular signaling pathways.
P2X receptor (P2XR) subunits have two transmembrane
domains, and trimerize to form ligand-gated cation channels.
P2Y receptors (P2YR) are metabotropic, have seven
transmembrane domains and are G protein-coupled (Table
1). There are currently seven known P2XRs (P2X1-P2X7),
and eight known mammalian P2YRs (P2Y1, P2Y2, P2Y4,
P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14). P2Y11 is found
in humans and a few other species, but is not present in the
rodent genome [37] and will not be discussed further here.

Evidence that P2XRs are multimeric, and that these
configurations could be either homo- or heteromeric came
from studies on P2X2/P2X3 receptors [38]. Since this first
description, confirmation of the heteromeric nature of other

Table 1. P2R Ligands, Heteromers, and G-Protein Associations
P2R Select Agonists Select Antagonists Known Heteromers (P2X) Signaling Pathway (P2Y)
P2X1 ATP, 2meSATP, o,,—meATP TNP-ATP, NF 023, IPsI P2X1/X2, P2X1/X4, P2X1/X5
P2X2 ATP > ATPYS > 2meSATP > Suramin, PPADS, isoPPADS, P2X2/X1, P2X2/X3, P2X2/X6
o,B—meATP Reactive Blue 2
P2X3 2meSATP > ATP > o, 3-meATP TNP-ATP, PPADS P2X3/X2
P2X4 ATP, o,3-meATP > CTP TNP-ATP, Brilliant Blue G (both P2X4/X1, P2X4/X6, P2X4/X7
only weakly)
P2X5 ATP, o,3-meATP, ATPYS Suramin, PPADS P2X5/X1
P2X6 N/A (not known to form N/A P2X6/X2, P2X6/X4
homomultimers)
P2X7 BzATP> ATP (mM) 2 2meSATP KN62, Brilliant Blue G P2X7/X4
> o,B-meATP
P2Y1 2meSADP > ADP > ATP Suramin, PPADS, MRS2179, Gyni
Reactive Blue 2

P2Y2 UTP = ATP Suramin, Reactive Blue 2 Gg11, possibly G;
P2Y4 UTP PPADS, Reactive Blue 2 Ggn1, possibly G;
P2Y6 UDP > UTP PPADS, Reactive Blue 2, MRS2758 Gy

Suramin, Reactive Blue 2, Cangrelor )
P2Y12 2meSADP > ADP > ATP (AR-C69931MX), MRS2395 G
P2Y13 ADP =2meSADP Suramin, Cangrelor, MRS2211 G
P2Y14 UDP-glucose, UDP-galactose None known G;

Note: Descriptions of agonist affinity and efficacy of antagonists vary by publication. This may be due to species differences, the system used for testing, or results of further
experimentation. Agonist and antagonists frequently used are included here; order of agonists affinities are not noted unless they were listed in the same order in the majority of

references [36, 38, 39, 85, 195, 196].
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P2XRs has emerged (summarized in Table 1). It was long
thought that G protein-coupled receptors, including the
P2YRs, operated as monomers. Although evidence has
surfaced in the past decade that serpentine receptors may
also form dimers or possibly even oligomers, examining
such interactions is experimentally difficult and evidence is
still sparse. However, with regard to purinergic receptors,
there is evidence that P2Y2 receptors can homo-dimerize,
and that P2Y1 receptors can hetero-dimerize with Pl
receptors (reviewed in [37]), opening interesting possibilities
for cross-talk between many purinergic receptor subtypes.

P2 Receptor Pharmacology

Studying the functions of a specific P2Rs or identifying
the receptor responsible for a given nucleotide effect can be
complex. All known P2 receptors respond to multiple
nucleotide agonists (Table 1), and with the exception of the
sugar-conjugated nucleotides, a single nucleotide can bind to
multiple P2Rs. In addition, multiple P2Rs are usually
expressed within a given cell type, and as noted above, many
P2XR trimers can be heteromeric, further complicating the
pharmacology. Likewise, many P2R antagonists also act on
multiple receptors (Table 1). This complex matrix of
receptors, oligomers, and ligand affinities means identifying
the function of a single P2R in a cell or tissue of interest
often requires using a combination of agonists and
antagonists. (Although not always practical, P2XR
multimers can often be identified by electrophysiological
studies.) P2X7 is unique in its requirement for millimolar
ATP concentrations for activation, whereas micromolar
doses are sufficient for the activation of other P2Rs. (For a
comprehensive review of specific P2R ligands and affinities,
please see [39].) One caveat that should be noted regarding
P2R ligand affinities is that much of this information is
obtained through recombinant expression of receptors in
heterologous expression systems, so the properties observed
may not necessarily be representative of native receptors in
situ. Therefore, identification of specific P2 receptor
subtypes that can be targeted for therapeutic purposes using
only pharmacologic approaches will not be simple. The
development of novel, more selective agonists and
antagonists will be crucial for advancement in this regard.

P2R Gene Clusters

In addition to sharing agonists and antagonists, many
P2Rs also share chromosomes. There are four chromosomes
that contain multiple P2 genes, and though the chromosome
designations vary by species, the P2R genes found on a
single chromosome are identical. P2X1 and P2X5 are
located on mouse chromosome 11 (chromosome 17 in
humans, and chromosome 10 in rat); P2Y2 and P2Y6 are
both located on mouse chromosome 7 (human -11, rat -1);
and P2X2, P2X4, and P2X7 are located on mouse
chromosome 5 (human and rat chromosome 12). The largest
gene cluster, likely arising from a gene duplication event
[40] is found on human and mouse chromosome 3 (rat
chromosome 2), containing P2Y1, P2Y12, P2Y13, and
P2Y14. Of these, three genes are found in close proximity on
the same strand (reverse) and incidentally, are arranged in
the same order as their numbers: P2Y12 (mouse GenelD
70839, C57/Bl6 nucleotides 59066744 — 59020194), P2Y13
(mouse GenelD 74191, C57/B16 nucleotides 59014804 —

Crain and Watters

59011828) and P2Y14 (mouse GenelD 140795, C57/Bl6
nucleotides 58934546 - 58918547). It is likely that these
latter genes are regulated by common mechanisms.

P2R Expression in the CNS

Purinergic receptors have been extensively studied in the
CNS. Indeed P2X3, P2X4, P2X5 and P2X6 were cloned
from nervous system cDNA libraries, chosen because many
purinergic effects were observed in the CNS despite the
apparent limited expression of P2X1 and P2X2 in those
tissues. Although the levels of P2R expression vary across
the CNS, comprehensive studies of CNS P2R distribution
have not been completed for all receptors. A list of
references to studies examining distribution of P2R
expression in the CNS is included in Table 2. Many studies
(reviewed in [39, 41]) demonstrate the detection of a
particular P2R in a specific neuronal structure. The
references included in Table 2 are only those which examine
multiple CNS areas at the same time, thereby allowing direct
comparison of expression levels between regions. The
frequent contradiction in reported results is most likely due
to species differences, the assays used (Northern blot, RT-
PCR, ISH, IHC) and their sensitivity, and the frequency of
non-specific staining within the CNS using commercially
available P2R antibodies [42-44]. Therefore, the presence of
the receptor in the CNS in general, is noted in the table
unless there is strong and consistent evidence that CNS
expression is restricted to a particular area(s).

P2R Expression in Microglia

While purinergic signaling has been studied for decades,
investigation of P2R expression and function in immune
cells has only become a focus in roughly the last fifteen
years. Although the best-studied P2 receptor in microglia
(and in immune cells in general) is P2X7, information on the
function of other P2Rs in microglia is now beginning to
emerge. Indeed, studies examining the expression of all
known P2X and P2Y receptors in microglia have only been
published in the last six years. Whether due to the
availability of more sensitive assays or better reagents, the
number of receptors reported to be expressed in microglia
has steadily increased. Early studies in microglia typically
detected only P2X1, P2X4, P2X7, and P2Y6, but more
recent studies indicate the presence of additional receptors as
well (Table 2). For example, microglial expression of P2Y 12
is now well-established, and its role in chemotaxis is central
to normal microglial function [45, 46]. The contradiction
among reports regarding which receptors are expressed in
microglia likely results from the use of different microglial
sources: immortalized cell lines, primary cultures (many
from different CNS regions), or in vivo examination. Genetic
drift within microglial cell lines may also contribute to
conflicting results from different labs. Additional studies
within each system are needed to verify the presence or
absence of the receptors detected least often, or at very low
levels in microglia, namely that of P2X2, P2XS5, P2X6,
P2Y4, P2Y13, and P2Y14. Recent studies from our
laboratory using murine microglia freshly isolated from
whole brain demonstrate the presence of mRNA for P2X6,
P2Y13 and P2Y14 at all ages examined, whereas that for
P2X2 was not detected at all and P2X5 and P2Y4 expression
was observed only at specific ages [47]. It should be noted
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Table2. P2R Expression in the CNS and Microglia
P2R CNS Expression Expression in Resting Microglia (In Vivo, Primary Cultures, and Cell Lines)
P2X1 Several areas; cerebellum most noted [197-199] Yes [72, 80, 82,200, 201]
P2X2 Throughout [198, 199, 202, 203] Yes [80, 97] (in cell lines)
P2X3 Throughout [199, 204] Yes [72,82,97]
P2X4 Throughout [199, 205-209] Yes [65,73,82,97]
P2X5 Primarily trigeminal mesencephalic nucleus [199, 210] Possibly [97]
P2X6 Throughout [199] Possibly [97]
P2X7 *Yes [211,212] Yes [73, 80, 82,97,211]
P2Y1 Throughout [213-216] Yes [76, 80,97]
P2Y2 Several areas [214] Yes [76, 80,97]
P2Y4 Several areas; hippocampus and spinal cord most noted [214] Yes [72, 97] (possibly [48, 83] by activity)
P2Y6 Hippocampus and spinal cord most noted [214] Yes [73, 76, 80, 97]
P2Y12 Several areas; spinal cord most noted [214, 217-220] Yes [73, 82,97]
P2Y13 Uncertain Yes [97,221] (in culture; in vivo**)
P2Y14 Uncertain [214] Yes [72, 97] (in culture)

* Still controversial; antibody problems have contributed to conflicting reports of highly restricted and widespread expression.
**Many studies of P2Y12 use techniques that could detect P2Y13 action as well: both receptors have the same agonists, signal through G;, and most P2Y 12 antagonists also inhibit

P2Y13[85].

that P2R expression profiles in primary microglia were also
significantly different from their freshly-isolated microglial
counterparts (from animals of the same age) [47], suggesting
that purinergic receptor study in vitro may not necessarily
reflect the in vivo situation accurately.

P2 Receptor Function in Microglia

Information on P2X7 function in microglia is the most
plentiful, and to date, its role in modulating cytokine release
has received the most focus. Maturation and release of
interleukin-1 (IL-1)f by P2X7 engagement, from lipopoly-
saccharide (LPS)-primed microglia (the result of caspase-1
activation), is the best-studied of these cytokine effects [48-
52]. In macrophage-like cells, caspase-1 activation is
primarily regulated by the assembly of a multi-protein
complex called the inflammasome [53], of which the P2X7
receptor is an integral component [54, 55].

P2X7 signaling also promotes the production and release
of other cytokines, including tumor necrosis factor (TNF)-a
via activation of several mitogen-activated protein (MAP)
kinase family members [50, 56, 57]. P2X7 activation
increases TNF-o release in LPS-treated microglia [58],
whereas its antagonism decreases TNF-a expression [59].
The mechanisms of P2X7 receptor regulation of LPS-
induced IL-6 production are however, somewhat less clear:
P2X7 activation decreases IL-6 release [58] while its
inhibition decreases IL-6 mRNA levels [59]. P2X7 receptor
antagonism also decreases IL-12 and cyclooxygenase
(COX)-2 expression in LPS-treated microglial cultures [59].
Consistent with observations in other cell types, prolonged
P2X7 activation in microglia leads to pore formation [48, 60]
and eventually apoptosis through activation of caspases -1, -
3, and -8 [61, 62]. P2X7 receptor activation also promotes
plasminogen release [63] and activation of the transcription

factors NFAT (nuclear factor of activated T cells) and NF-
kB (nuclear factor of kappaB), key regulators of many pro-
inflammatory genes [64, 65]. A more complete list of the
reported functions of P2X7 and other purinergic receptors in
microglia can be found in Table 3. It should be noted that
other P2X receptors may also play a role in some effects
attributed to P2X7 by virtue of the use of benzoyl-benzoic
ATP (BzATP), often regarded as a “selective” P2X7 receptor
agonist. BZATP is a more potent agonist of P2X1 and P2X4
receptors than it is for P2X7, but it has affinity for all P2X
receptors except for P2X6 [39].

P2X4 receptors in microglia are mainly associated with
pain; their expression is specifically increased in spinal cord
microglia following peripheral nerve injury which directly
contributes to tactile allodynia [66]. It is thought that P2X4
contributes to pain by leading to increased production and
release of brain-derived neurotrophic factor (BDNF) [67,
68], a neurotrophin increased in pain models which
modulates neurotransmitter release and interneuron activity
[69]. A recent study has also described a role for P2X4 in
microglial chemotaxis [46], which prior, had been primarily
associated with P2Y12 [70].

P2Y12 was first described as involved in microglial
membrane ruffling and chemotaxis [70], and its role in
migration has since been reinforced [45] and shown to
involve the activation of the PI-3 kinase [46] and Akt [71]
signaling pathway. P2Y12 is also important in directed
microglial process extension and migration toward injury
[72]. Interestingly, just as P2X4 is beginning to be associated
with microglial movement, P2Y 12 has recently been shown
to have a role in neuropathic pain [73]. Whereas some of the
studies described above have made use of genetic
manipulations such as P2Y12 knockout mice to verify
P2Y12 involvement, it is important to keep in mind that
some antagonists such as cangrelor, previously believed to
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Table3. P2R Function in Microglia and Association with Inflammatory CNS Conditions
P2R Function in/Through Microglia Association with CNS Disease, Injury, or Inflammation (in Microglia)
P2X1 Unknown Unknown
P2X2 Unknown Unknown
P2X3 Unknown Unknown
) ) ] Expression increased in/following:
Chemotaxis, pe.un (allodynia), OGD, ischemia, peripheral nerve injury, LPS treatment, inflammatory pain (formalin
P2X4 BDNF production and release injection), spinal cord injury, brain injury, experimental autoimmune neuritis, TLR
Possibly decreased COX-2 following LPS activation, morphine treatment, IFNYy treatment [44, 64-66, 82, 95, 96, 98, 99, 104, 105, 108,
222,223]
P2X5 Unknown Unknown
P2X6 Unknown Unknown
Microglial activation, proliferation, pore
formation, apoptosis, protection of neurons
from glutamate toxicity
Activation of:
P2X7 NF-xB; caspases -1, -3, -8; NFAT; ERK; p38
Increases:
iNOS, 2-AG, LC3-II; Expression increased in/following: seizures, OGD, ischemia, MS lesions, ALS, AD plaques,
IL-1B, ROS following LPS AR, i.v. anesthesia, LPS, scrapies [46-50, 54-63, 78-80, 224-229]
Release of: Presence is associated with higher EAE in;:isdle]nce [57,91-93,97,99-101, 107, 109, 230,
ATP, plasminogen, TNF-o., superoxide, NO,
1L-18, CCL3 (MIP-1), MRF-1
Decreases:
MRF-1 synthesis, glutamate uptake,
lysosomal function
IL-6, IL-12, TNF-0, COX-2, IL-1j
following LPS treatment
Leukotriene release, possible decrease in
P2yl iNOS following LPS treatment Unknown [82,232]
P2Y2 Possibly Mitosis Unknown [48]
P2Y4 Possibly Mitosis Unknown [48]
. Expression increased in/following:
P2Y6 Phagocytosis .
seizures, LPS [73, 91, 97]
] ) Expression increased in/following:
Chemotaxis, membrane rufﬂlng,. process seizures, neuropathic pain [43, 44, 68-71]
P2Y12 extension, neuropathic pain
. . Expression decreased in/following:
Decreases: proliferation
Microglial activation [70, 71, 91, 114]
P2Y13 Possibly chemotaxis, membfane ruffling, Unknown [43, 68]
decreased proliferation*
Expression decreased in/following:
P2Y14 Unknown
LPS [97]

*Many studies of P2Y12 function use techniques that could detect P2Y13 action as well.

be P2Y12-specific, also antagonize P2Y 13 [37]. Since both
receptors also have common agonists, and both are Gi-
coupled, a role for P2Y 13 may not have been ruled out in
these pharmacologic studies. Knowledge of P2 receptor
agonist and antagonist specificity continues to grow, so
verifying receptor activity through the use of multiple
receptor ligands and/or a combination of pharmacologic and
genetic manipulations remains ideal.

Although less studied, information on the function of
other P2Rs in microglia is beginning to emerge. P2Y1
activation was recently reported to promote IL-10 release

[74]; P2Y2 or P2Y4 activation may lead to mitosis in retinal
microglia [50]; and there is great interest in the involvement
of P2Y6 in phagocytosis [75]. In addition, there are some
effects of nucleotide signaling which have not yet been
attributed to a specific P2R: ATP induction of a ramified
morphology in primary cultures [76] and amoeboid
morphology in N9 cells [77], IL-6 release through activation
of a receptor thought to be of the P2Y type [78], and
inhibition of both TNF-a and IL-6 release from LPS-treated
microglia through the actions of one or more P2Y receptors
[79]. Finally, an interesting and complicated role for P2Rs in
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the regulation of inducible nitric oxide synthase (iNOS) and
reactive oxygen species has been observed. Both ROS and
iNOS have been shown to be regulated by nucleotide
treatment of microglia, but the results are mixed and
sometimes stimulus-dependent. For example, some studies
have observed induction of iNOS or ROS production
following treatment with nucleotides alone [80, 81], or
potentiation following treatment with IFNy [82]; and
likewise, treatment with P2X7 antagonists decreased LPS- or
B-amyloid (AB)-stimulated iNOS and ROS production [59,
83]. However, some studies have observed no effect of ATP
on ROS levels following microglial activation [63, 79], and
studies from our laboratory and others have found that
nucleotide treatment decreases iINOS and NO in LPS-
stimulated microglia [84, 85]. The complexity of these
responses likely involves the engagement of different P2
receptors in the context of different microglial stimuli.

Microglial P2Rs in Neurodegenerative Disease, Ischemia
and Traumatic Brain Injury

It is generally well-accepted that microglia, and their
production of inflammatory and cytotoxic molecules in
particular, are associated with neuronal damage resulting
from neurodegenerative disease processes as well as
ischemic and traumatic brain injury. As a result, many
studies report on compounds and signaling pathways that
serve to decrease or constrain microglial pro-inflammatory
activities, and thereby presumably, neuron damage. In this
regard, purinergic receptor signaling in microglia alters their
release of neurotoxic molecules as discussed above, and
evidence of associations between P2 receptor function and
CNS pathology is growing (reviewed in [86-88]). Therefore,
it is not surprising that in the past five years there has been
increasing interest in how P2R expression in microglia is
changed in various CNS conditions. Indeed, P2 receptors,
such as P2X7, have recently become the target of several
novel drugs currently in clinical trials to treat inflammatory
disorders in the periphery (reviewed in [89-92]); their use in
treatment of CNS inflammation to reduce neuronal damage
is sure to be forthcoming.

There is increased expression of P2X4 and P2X7 in
conditions such as status epilepticus [93], amyotrophic
lateral sclerosis (ALS) [94], multiple sclerosis (MS) [94],
Alzheimer’s disease (AD) [95], and prion infection [96].
These receptors are also found to be increased and/or to
contribute to neuronal damage in several models of CNS
injury, including: infection as modeled by treatment with
LPS or other toll-like receptor (TLR) agonists [59, 97, 98],
though one study found P2X7 levels to be decreased [99];
ischemia as modeled by middle cerebral artery occlusion
(MCAO) or oxygen-glucose deprivation (OGD) [100-104];
peripheral or inflammatory nerve injury [66, 105]; traumatic
spinal cord or brain injury [106, 107]; autoimmune neuritis
or experimental autoimmune encephalomyelitis (EAE) [108,
109]; IFNy treatment [110]; and B-amyloid treatment [95,
111]. However, the function of this up-regulation in these
many conditions is not yet known. It is reasonable to surmise
that P2X4 and P2X7 receptors may indeed play a role in
some of the above mentioned pathologies; however, infarct
size was not reduced in P2X7 receptor knockout mice which
had been exposed to MCAO [112]. These data suggest that
even though P2X7 receptor expression is increased in
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microglia following ischemia, P2X7 up-regulation does not
appear to measurably exacerbate brain damage despite
pharmacologic evidence that infarct size is reduced by P2X7
receptor antagonists in some studies [103, 113]. The
protection conferred by some P2X7 antagonists may be the
result of non-specific antagonism of other non-P2X7
receptors, as discussed previously. In addition, P2X7
receptor antagonists have demonstrated neuroprotective
effects in animal models of traumatic spinal cord injury [114,
115], although these effects are not postulated to occur solely
via modulation of microglial activities. Rather, P2X7
antagonism is thought to directly decrease neuronal
apoptosis [115] while also perhaps decreasing glial cell
activation and neutrophil recruitment to the CNS [114].

Although less studied, expression of P2Y6 and P2Y12
receptors has also been found to be increased following
epileptic seizures [93] and in neuropathic pain models [73,
116]. Interestingly, microglial P2Y6 expression is increased
whereas that of P2Y12 and P2Y 14 is decreased following
LPS treatment [99]. Studies using targeted gene knockouts
for these receptors have not yet been reported.

While there are strong correlations between P2R
expression in microglia and many different CNS pathologies,
there is still very little information available about their
regulation under these conditions, or even under normal
conditions. Despite studies demonstrating amelioration of
damage following P2R knock down or antagonism, it is not
known if microglial P2 receptor expression is changed as a
result of the conditions, or if the conditions develop as a
result of altered P2R expression and signaling. This
distinction is very important as it will have tremendous
impact on any potential treatments or preventative therapies
utilizing purinergic receptors. A particularly intriguing recent
article showed that expression of additional P2X7 receptors
in microglia was sufficient to drive microglial activation and
proliferation [117], suggesting that aberrant P2R regulation
in microglia may very well contribute to pathology.
Additional studies are necessary to better understand the role
of microglial P2Rs in the healthy and injured/diseased CNS
to validate them as useful therapeutic targets.

ESTROGEN RECEPTORS
Estrogen in Neurodegenerative Disease

Similar to purinergic receptors, estrogen receptor
signaling has also been associated with CNS disease, and the
modulation of microglial inflammatory activity. However,
unlike the majority of P2R evidence thus far, estrogen
signaling is negatively correlated with disease incidence and
pathology; it is thought to play a protective role. Sexual
dimorphisms in the incidence of many neurodegenerative
disorders have been observed. Men have a higher incidence
of Parkinson’s disease and ALS, while women have a higher
incidence of MS and AD [118-120]. However, it should be
mentioned that there remains debate about the role of sex
specifically, versus longer lifespan, in the development of
late-onset AD. While there are many factors that likely
contribute to the sexual dimorphisms observed in
neurodegenerative diseases, the role of estrogen is of
particular interest. Among women who have MS, symptom
severity is reduced when estrogen levels are high (such as
during late pregnancy, or with the wuse of oral
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contraceptives), symptoms are greatly exacerbated upon
parturition when estrogen levels precipitously decline, and
relapses are more common during the low-estrogen points in
the menstrual cycle [121]. In some studies, post-menopausal
estrogen replacement is correlated with lower incidence and
delayed onset of AD (reviewed in [118-120, 122]). Estrogen
also has beneficial effects both in human and animal models
of PD and MS [123, 124]. In addition, damage from
ischemic injury is greater in animals that have undergone
ovariectomy or which are reproductively senescent
(reviewed in [118, 120, 122]), further suggesting a protective
role for gonadal hormones such as estrogens. However, not
all studies with estrogens have proved beneficial in rodents
or humans; these results will be discussed further below.

Estrogen Neuroprotection and Ischemic/Traumatic Brain
Injury

There are numerous studies which have evaluated the
beneficial role of estrogens in ischemic and traumatic CNS
injury (reviewed in [147, 164-166]). Estrogens exert multiple
effects in the CNS, including performing anti-oxidant
activities, decreasing glutamate receptor function (thereby
reducing neuronal excitotoxicity), synthesizing
neurotrophins/growth factors and increasing expression of
cell survival genes (ultimately providing neurotrophic
support to damaged neurons), reducing neuronal apoptosis,
stimulating  axonal remyelination, and  promoting
synaptogenesis and dendritic arborization to maintain or
promote new functionality in damaged CNS areas [119, 120,
122, 127, 167]. Also, as mentioned above, estrogens also
attenuate CNS inflammatory processes. Thus it seems that
estrogens may have the relatively unique potential to alter
the activity of both neurons and inflammatory cells
concurrently, and as such, exert pleiotropic, beneficial
effects in the CNS. Information which is currently lacking in
the literature however, is how quantitatively important
estrogen anti-inflammatory effects (as opposed to its
neuronal effects) are for the treatment of ischemic and
traumatic brain injury, the goal of therapeutics that would
target this receptor system in microglia.

Most estrogen studies in microglia make the assumption
that reduced microglial inflammatory activities will result in
neuroprotection, but few studies actually test this. Estrogen
has been shown to be neuroprotective in models of CNS
disease which involve inflammation, it is thought primarily,
by decreasing microglial production of neurotoxic
chemokines and cytokines such as interferon (IFN)-y, TNF-
a, IL-1 and IL-6, thereby reducing leukocyte infiltration into
the parenchyma [118, 119], further decreasing production of
these cytotoxins. But a direct link between specific inhibition
of microglial inflammatory activities and neuronal protection
has not yet been demonstrated in vivo because of the
inability to selectively inhibit neuronal estrogen effects. It
should be noted that estrogen also has anti-inflammatory
effects on circulating immune cells, but its effects on CNS-
resident immune cells, as opposed to its effects on peripheral
immune cells, seem to be necessary for estrogen-induced
neuroprotection in some CNS pathologies including EAE
[168, 169].

One in vitro study has begun to address the question of
estrogen-induced neuroprotection by inhibiting microglial
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inflammatory  functions using conditioned medium
experiments from estrogen-treated microglial cultures
stimulated with LPS [170]. Although a specific role for
inflammatory molecules per se in promoting neuronal death
was not demonstrated, LPS-conditioned medium from
estrogen treated microglia caused less death to neuronal
cultures than conditioned medium from non-estrogen treated
cultures, suggesting that at least in vitro, estrogen alters
microglial parameters that are functionally beneficial to
neurons. The fundamental question is however, whether this
is the result of inhibition of inflammatory molecules, and if
this is functionally significant. Also, it is not yet clear if
reduction of microglial inflammatory activities is sufficient
to confer neuroprotection following an ischemic or traumatic
brain injury. However, a very elegant study in this regard
was recently performed [11]. Ablation of proliferating
microglia (and therefore, microglial production of
inflammatory substances) in a mouse MCAO model
demonstrated that infarct size was greatly increased in the
absence of microglia. Moreover, it was shown that
microglial production of neuroprotective substances such as
insulin-like growth factor (IGF)-1 early after ischemic injury
may contribute to the beneficial effects of microglia. Since
ablation of microglial activities in general is deleterious
following ischemic injury, then the effects of estrogen (if
neuroprotection is conferred by its microglial actions alone),
must not eliminate the beneficial activities of microglia. It
will be important to better characterize the effects of
estrogen not only on attenuating inflammatory microglial
gene expression, but also on altering the expression of and
cross-talk between other critical neurotrophins/growth
factors and their receptors in microglia. Much is recognized
on these topics in neurons [171-173], but little is known of
such interactions in microglia.

Complexity of Human Estrogen Studies

Whereas estrogen therapy is beneficial in many CNS
pathologies, results from clinical studies have not been
uniformly positive. Some clinical studies even indicate
negative effects of estrogens on AD symptoms, and the
speeding of ALS onset [125, 126]. Some of these
contradictory results may be due to use of equine-derived
hormones that are not well characterized. The
pharmaceuticals used in the Women’s Health Initiative
contained high levels of estrone, as opposed to 17f-estradiol,
which is the predominant form circulating in pre-menopausal
women, and the major estrogen form used in the rodent
research studies upon which the clinical trials were based.
Other variables potentially related to the range of clinical
outcomes are the inclusion of progestin or progesterone in
the drug formulations used, the route of administration
(differential metabolism when given intraperitoneally or
subcutaneously in rodents, versus digestive tract when given
orally in women), and the timing of the initiation of
treatment in relation to the onset of menopause [127, 128]. In
many inflammatory conditions and in AD in particular,
estrogen treatment appears only to be protective, rather than
therapeutic after the inflammation has begun. While some
hypothesize that this is because damage began as soon as
estrogen was removed (due to ovariectomy or menopause),
the reason for this remains poorly understood and more
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research is needed to unveil the mechanisms by which
estrogen is beneficial.

It is also interesting to note that while estrogen is
considered protective in MS, and it decreases symptom
severity, women have a higher risk of developing the
condition. One potential explanation is the cycling of
estrogen throughout the estrous cycle, and its biphasic
effects on the immune system; high estrogen concentrations
promote Th2 (anti-inflammatory) responses, while low
levels favor the Thl (pro-inflammatory) immune response
which predominates in MS [120, 129]. Another suggested
mechanism involves the differential ability of female
microglia (but not male microglia) to activate neuroantigen
primed T cells [130]. It is likely that this gender
predisposition is multi-factorial, and that many mechanisms
contribute. Indeed the astrocyte response to brain injury has
also recently been shown to vary significantly between males
and females, as well as throughout the estrus cycle [131], so
other cell types may also influence gender predisposition in
any number of CNS disorders in which they are involved.

Estrogen Effects on Microglia

In microglia, estrogen treatment exerts several anti-
inflammatory effects. It decreases superoxide production,
iNOS expression, and NO release from activated cells [132-
135]. Estrogen pretreatment also decreases morphological
changes characteristic of microglial activation, as well as
their production of prostaglandin (PG) E2, matrix
metalloprotease (MMP)-9, and TNF-a in activated microglia
[133-135]. Increased proteosome activity [136], uptake of
B—amyloid [137], and viability of microglia treated with
B—amyloid [138] following estrogen exposure has also been
reported. In addition, estrogen treatment lowers microglial
numbers in the hippocampus of very elderly mice [139], and
reduces the number of activated microglia following MPTP
treatment [140] and intracerebroventricular injection of LPS
[141], suggesting that it can attenuate the microglial
inflammatory response following diverse stimuli.

However, not all rodent estrogen studies have produced
beneficial results. Estrogen replacement therapy did not
reduce microglial activation in one study using
ovariectomized, LPS-treated rats; indeed memory
impairment was worsened in the presence of chronic
hormone replacement [142]. Estrogen treatment of gonadally
intact male mice did not reduce basal microglial number
[143], nor did it reduce microglial production of TNF-a or
IL-6 following LPS treatment [144]. In another study,
pretreatment with selective estrogen receptor modulators
(SERMs), but not 17p-estradiol, resulted in decreased NO
and IL-6 production from LPS-treated microglia in vitro
[145], whereas both SERMs and 17f-estradiol were found to
be efficacious in reducing major histocompatability complex
II expression in microglia in LPS-treated rats [146].

It may be that beneficial estrogen effects are stimulus-
specific, and that estrogen has more consistent effects when
microglia are activated by more CNS relevant stimuli. For
example, estrogen has clear benefits in animal models of
ischemia [147], Parkinson’s disease [123] and MS [148].
However, studies utilizing LPS as the microglial or
inflammatory stimulus are less consistent; some reports
indicate beneficial effects [141, 146] and others do not [142,
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144]. Although additional complexities in the effects of
estrogen are also likely to be involved, the route of LPS
delivery (intraperitoneal vs intracerebroventricular vs
intraparenchymal), the type of LPS used (E. coli serotype
(011:B4 vs 055:B5) vs Salmonella, for example), as well as
the genetic strain of the rodent model (rat vs mouse; inbred
vs outbred) differ among LPS studies, so these variables may
also contribute to the heterogeneity of estrogen anti-
inflammatory/neuroprotective  effects reported in the
literature with regard to LPS stimulation.

Estrogen Receptor Signaling

Estrogens are steroid hormones, and they are found in
humans in three main forms— estradiol, estriol, and estrone,
with 17B-estradiol having the highest affinity for estrogen
receptors [149, 150]. Exogenous estrogens, both naturally
occurring (such as soy phytoestrogens) and synthetic can
produce biological effects via interactions with estrogen
receptors [151]. Estrogens exert both estrogen receptor (ER)-
dependent and ER-independent effects in many tissues,
including microglia. There are two known nuclear estrogen
receptors, ERa and ERP. A conformational change is
induced in these ligand-activated transcription factors upon
estrogen binding that favors dimerization and promotes
recruitment of transcriptional cofactors, ultimately altering
gene transcription [152].

Estrogen receptors can also exert effects independent of
their own DNA binding domains (also called “non-genomic”
effects). In this mechanism, estrogen receptors can indirectly
influence gene transcription either by physically interacting
with: 1) other transcription factors (such as AP-1 [153] or
NF-xB [154]) which alters their ability to promote
transcription; or 2) kinases at the plasma membrane or
within the cytoplasm that initiate kinase cascades such as the
MAPKSs [155], key intracellular signaling pathways involved
in regulating inflammatory gene expression [156]. Estrogens
can also exert receptor-mediated effects by interacting with
transmembrane receptors on the cell surface. One example is
the orphan G protein-coupled receptor GPR30, which has a
high affinity for estrogen [157]. Other plasma membrane
receptors for estrogen have also been proposed in the CNS,
but they have not yet been identified. Finally, when given at
supraphysiological concentrations, estrogen can produce
estrogen receptor-independent effects by functioning as a
phenolic antioxidant [158]. Thus, there are many mecha-
nisms whereby estrogens can promote neuroprotection, but
in healthy microglia in vivo, estrogen effects likely involve
interactions with ERa, since ERa is expressed in microglia
in the healthy CNS [144, 159], and to our knowledge there
are no reports of estrogen exerting effects in microglia via
interactions with GPR30 or as a phenolic anti-oxidant.

ERp expression and/or function in healthy microglia in
vivo on the other hand are a little less clear. It has been
detected in microglia [160-163], but the microglia used in
these studies were either immortalized cell lines or primary
cultured microglia; strong differences in microglial gene
expression in vivo and in vitro have been discussed above in
relation to P2 receptors. However, it should be noted that
ERp expression in microglia has been reported in vivo, but
this was done in post-ischemic animals [163]. In this regard,
recent studies of steroid receptors in microglia isolated from



156 The Open Drug Discovery Journal, 2010, Volume 2

healthy, uninjured mice also did not detect ER expression
in microglia [144, 159], suggesting that ERp is likely not
expressed in healthy murine microglia. It is not yet clear if
ERp expression is induced in vivo when microglia become
activated, or what microglial stimuli may induce its
expression. Further research is needed to verify ERf
expression and function in microglia in the healthy CNS in
vivo.

Potential Regulation of P2Rs by Estrogen

Both purinergic and estrogen receptor signaling have
been shown to produce dramatic effects on microglia,
modulating their morphology, migration, phagocytosis, and
production of cytokines, ROS, and neurotrophic factors.
Despite their overlapping spheres of influence, information
on possible regulation of P2Rs by estrogen is extremely
sparse [174, 175]. Our laboratory observed that treatment of
N9 microglia with estrogen altered expression of certain
P2Rs (data not shown), but these results were rather
inconsistent. Moreover, consistency of estrogen effects was
not conferred by culturing the cells is charcoal-stripped
serum or by serum starving the cells for various lengths of
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time prior to harvest. To determine the cause of these
sporadic results, N9 cell samples were harvested with each
passage and ER expression was examined by qRT-PCR.
Surprisingly, the levels of estrogen receptor expression
varied greatly from passage to passage; sometimes ERa was
not detectable at all, and ERpB, which was absent at most
times, was suddenly detectable at others (Fig. 1). This
monitoring was repeated with three other cell batches, and
similar, unsystematic results were obtained: the patterns
were not the same among batches nor was there any
discernable correlation with passage number, time between
passages, basal expression of other genes, or the age of the
cell stock. The underlying cause of this sporadic estrogen
receptor expression is still unknown, but in our hands, there
does seem to be some instability in ER expression in N9
cells, a commonly used microglial model for estrogen
studies (Table 4). Although genomic instability has been
reported in many other cell lines immortalized using the v-
myc oncogene [176-178], there have been no such reports to
our knowledge of this occurring in N9 microglia, which were
also immortalized using the v-myc or v-mil oncogenes [179].
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Fig. (1). ERa (A) and ERB (B) mRNA variation with passage number in N9 microglial cells. N9 cells were harvested at different
passages as indicated in the figure, RNA was extracted, reverse transcribed and ER expression examined by qRT-PCR. Expression was
normalized to B-tubulin and is graphed in arbitrary units. N.D. = not detected. Results are representative of four independent experiments.
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Table4. Summary: Culturing Methods and Treatment Conditions for the Study of Microglial Estrogen Responses In Vitro

Microglial Source

Culturing Methods

E2 Dose/Treatment Time

Primary neonatal cultures
(F344 rat cortex) [233]

Mixed cultures maintained in: DMEM/F12, 10% FBS, P/S*
Microglia harvested by: shakingb

Plating surface coating: poly-D-lysine

Nonadherent cells removed after: 30min

Media for treatments: serum-free,
phenol red-free DMEM/F12 (changed prior to shaking)

0.1nM E2 for 24hrs

Primary neonatal cultures
(rat cortex®) [234]

Mixed cultures maintained in: DMEM, 10% FBS, 1.4mM

glutamine

Microglia harvested by: shaking overnight

Plating surface coating: none

Nonadherent cells removed after: 2hr

Media for treatments: same as maintenance media

50uM estriol, 1hr before stimulating

treatment

Primary neonatal cultures
(albino rat cortex®) [147]

Mixed cultures maintained in: MEM, 0.6% glucose, 10% FBS,

1% nonessential amino acids, P/S

Microglia harvested by: shaking vigorously for 15hrs

Plating surface coating: none

Nonadherent cells removed after: 1-3hrs, then adherent cells
lifted by trypsin and replated
Media for treatments: phenol-red free, serum-free DMEM 24hrs
after plating

1nM E2, 4hr before stimulating
treatment

Primary neonatal cultures

(Sprague Dawley rat cortex)
[148

Mixed cultures maintained in: MEM, 0.6% glucose, 20% FBS,

1% nonessential amino acids, P/S

Microglia harvested by: shaking

Plating surface coating: none

Nonadherent cells removed after: N/A

Media for treatments: MEM, 10% FBS; 24hr before steroid treatments
switched to serum-free, phenol red-free DMEM, 5mM L-glutamine, P/S

10pM-10nM E2, 0-4hrs before
stimulating treatment

Primary neonatal cultures

(Sprague Dawley rat cortex)
[235]

Mixed cultures maintained in: MEM, 0.6% glucose, 20% FBS,
1% nonessential amino acids, P/S

Microglia harvested by: shaking

Plating surface coating: none

Nonadherent cells removed after: N/A

Media for treatments: MEM, 10% FBS for 24hrs; switched to MEM with
10% charcoal-stripped FBS for 24hrs before treatment

10nM E2, 4hrs before stimulating

treatment

Primary neonatal cultures
(Wistar rat forebrain) [236]

Mixed cultures maintained in: DMEM, 10% FCS, gentamycin,

amphotericin B

Microglia harvested by: shaking

Plating surface coating: poly-L-lysine

Nonadherent cells removed after: 10min and then adherent cells

collected by scraping and replated
Media for treatments: DMEM, 3% FCS or serum-free DMEM

100nM E2, 72hrs before stimulating

treatment

Primary neonatal cultures

(Sprague Dawley rat
forebrain) [146]

Mixed cultures maintained in: MEM, 10% heat-inactivated-FCS, 2mM
glutamine

Microglia harvested by: shaking

Plating surface coating: polyethylenimine

Nonadherent cells removed after: 1-2hrs
Media for treatments: serum-free MEM after 24hrs

1nM E2, 30min alone or 24hrs before

stimulating treatment

Primary neonatal cultures

(Wistar rat whole brain)
[237]

Mixed cultures maintained in: DMEM 10% FBS

Microglia harvested by: collecting media

Plating surface coating: none

Nonadherent cells removed after: N/A

Media for treatments: same as maintenance media

0.1-10uM E2, 30 min before stimulating

treatment
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(Table 4) contd.....

Microglial Source

Culturing Methods

E2 Dose/Treatment Time

Primary adult cultures
(Sprague Dawley rat
olfactory bulb) [238]

Mixed cultures maintained in: DMEM/F12, 0.5% glucose, 10% FBS, P/S
Microglia harvested by: shaking

Plating surface coating: poly-D-lysine

Nonadherent cells removed after: 3hrs

Media for treatments: Optimem N2 and DMEM/F12 (1:1) for 24hrs then
100% Optimem N2

2nM E2, 4hrs before media change that
included 2nM E2 and stimulating
treatment

Primary adult cultures

(Sprague Dawley rat
olfactory bulb) [128]

Mixed cultures maintained in: DMEM/F12, 0.5% glucose, 10%FBS, P/S
Microglia harvested by: shaking

Plating surface coating: poly-D-lysine

Nonadherent cells removed after: 3hrs

Media for treatments: Optimem N2 and DMEM/F12 (1:1) for 24hrs then
100% Optimem N2

Media change with 2nM E2, 4hrs before
stimulating treatment

Primary neonatal cultures
(mouse cortex®) [239]

Mixed cultures maintained in: MEM, 0.6% glucose, 20% FBS, 1%
nonessential amino acids, P/S

Microglia harvested by: shaking

Plating surface coating: none

Nonadherent cells removed after: 3hrs
Media for treatments: MEM, 10% FBS for 24hrs, then DMEM, 10%
charcoal-stripped FBS for 24hrs, then serum-free DMEM for 6hr before
treatment

1nM E2, 10min before stimulating
treatment

Primary neonatal cultures

(C57BI/6] mouse whole
brain) [240]

Mixed cultures maintained in: DMEM, 10% FBS, 1% L-glutamine, P/S,
0.5% fungizone, then new media was used: DMEM, 10% horse
serum, 1% L-glutamine, P/S after five days

Microglia harvested by: shaking

Plating surface coating: none

Nonadherent cells removed after: N/A
Media for treatments: phenol red-free, serum-free DMEM for 48hrs

0.1nM - 1mM E2, for 15hrs before
stimulating treatment

Primary neonatal cultures

(BALB/c mouse whole
brain) [131]

Mixed cultures maintained in: DMEM, 10% FCS, Sng/mL GM-CSF
Microglia harvested by: shaking

Plating surface coating: none

Nonadherent cells removed after: 1hr

Media for treatments: same as maintenance, with or without phenol red

10pM- 1uM E2
(in media replacement), 10 - 30min
before stimulating treatment

Primary neonatal cultures

(human frontal cortex from
autopsy) [151]

Mixed cultures maintained in: DMEM, 2% HEPES, 1% sodium pyruvate,
10% FBS, gentamicin (media changed weekly, cells used for experiments
two weeks later)

Microglia harvested by: Percoll centrifugation

Plating surface coating: none

Nonadherent cells removed after: 18-24hrs later

Media for treatments: same as maintenance

10 - 100nM E2, for 1.5 or 48hrs before
stimulating treatment

BV-2[127]

Cultures maintained in: DMEM, 5% FBS, P/S
Media for treatments: changed to phenol-red free DMEM, 0.25%

charcoal-stripped FBS the next day; changed to phenol red-free DMEM,
5% charcoal-stripped FBS 16 hours later

1fM -10nM E2, 30min - 24hrs before
stimulating treatment

BV-2 [235]

Cultures maintained in: DMEM/F12, 10% FBS 2g/L sodium carbonate,
0.11g/L sodium pyruvate

Media for treatments: plated in DMEM, 10% FBS; changed to phenol

red-free DMEM, 10% charcoal-stripped FBS 24hr later; media replaced
with serum-free DMEM at treatment

10nM E2, 4hrs before stimulating
treatment

HAPI [241]

Cultures maintained in: DMEM, 5% FBS, 20mM L-glutamine, P/S

Media for treatments: replaced with maintenance media containing
treatments

1-20nM E2, with stimulating treatment

NO [146]

Cultures maintained in: RPMI, 5% heat-inactivated-FCS, 25uM -
mercaptoethanol
Media for treatments: phenol red-free RPMI at least 12hrs before
treatments

10pM — 1M, 24 hrs before stimulating
treatment

N9 [234]

Cultures maintained in: MEM, 10% FBS, 1.4mM glutamine, 20uM (-
mercaptoethanol

Media for treatments: same as maintenance

1-100uM E2 or 0.1-50uM estriol, 1hr
before stimulating treatment
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(Table 4) contd.....

Microglial Source Culturing Methods E2 Dose/Treatment Time
Cultures maintained in: MEM, 10% FBS, 1.4mM glutamine, 20uM [- X
N9 [152] mercaptoethanol 10-2Sng/mL, concurrent with
. i stimulating treatment
Media for treatments: serum-free N2 24hrs after plating
Cultures maintained in: RPMI, 5% heat-inactivated-FCS, 25uM -
N9 [242] mercaptoethanol 1nM E2, with or 24hrs before
Media for treatments: serum-free, phenol-red free RPMI 12hrs before stimulating treatment
treatment
Cultures maintained in: RPMI, 10% FCS, P/S
N9 [150] Media for treatments: phenol red-free RPMI, 10% charcoal-stripped Ipm-1uM E2, for 3-48hrs
serum for 24hrs before treatment
Cultures maintained in: IMDM, 10% heat inactivated-FBS, 25uM f3-
mercaptoethanol . .
. . . . 1nM E2, for 0-72 hrs before stimulating
N9 [243] Media for treatments: plated in IMDM, 10% heat-inactivated-FBS for 24- treatment
48hrs; switched phenol red-free IMDM, 10% charcoal-stripped FBS 24hrs
before treatment
Cultures maintained in: DMEM, 10% FCS, P/S, 2mM L-glutamine .
N11 [244] - ] o K 2nM - 2mM E2, 30min before
Mn’eatment.& DMEM, 1% FC;Si P/S, ZmM L-glutamine for 24hrs, stimulating treatment
then replaced with this same media immediately before treatments

P/S (penicillin/streptomycin)

b“Shaking” refers to gentle shaking for 5hrs or less, unless otherwise noted.

“Specific rodent strain was not provided.

BV2 cell line derived from C57Bl/6 neonatal mouse whole brain primary cultures [178].
HAPI cell line derived from neonatal rat whole brain [245].

N9 an N11 cell lines derived from ICR-CD1 neonatal mouse cortex primary cultures [175].

Given the variability of estrogen responses in
immortalized microglia, the use of primary microglia seems
a reasonable alternative. However, there is a lack of
consensus in the field regarding best practices for in vitro
examination of estrogen function in microglia in general, and
primary cultures are equally complex. Table 4 provides a
summary of the range of methods employed for examining
estrogen effects in microglia, both in immortalized and
primary cultures. In addition to the wide variety of
experimental protocols, most primary neonatal microglial
cultures are prepared from mixed sex litters, which are not
always 50% male and 50% female. Indeed the majority of
studies do not report attention to sex in this regard at all,
which for most immune function studies is probably
irrelevant. However, for studies of estrogen action,
additional variability in estrogen responses may come from
microglial preparations that are skewed towards one sex or
the other, given that cells in the CNS can be highly sexually
dimorphic. Our own recent studies have addressed the
potential for sexual dimorphism in microglia freshly isolated
from murine brain, and not surprisingly, there are sex
differences in a number of microglial genes which may
influence cellular function [47, 159, 180], although estrogen
receptor expression itself is not different between the sexes
[159, 180]. Differences in the fundamental responses of male
and female astrocytes and microglia have been previously
documented [130, 131], suggesting that the sex composition
of primary cultures may strongly influence estrogen
responses observed in vitro. In this regard, we have
evaluated the sex of some commonly used murine microglial
cell lines N9, BV-2 and M4T.4, reportedly derived from
single cell clones [179, 181, 182], and one commercially

available microglial cell line C8-B4 [183] as shown in Fig.
(2). Assessing expression of the Y chromosome-specific
gene SRY by RT-PCR, we find that N9 and M4T.4 cells are
male and that BV-2 and C8-B4 cells are female. Differences
in culturing conditions, treatment parameters, sex of the
microglia, genetic strain of microglial sources and the
harvesting methods used for primary microglial cultures (and
thereby perhaps also the subpopulation of cells examined),
makes it difficult to identify the optimal procedures for
studying microglial estrogen responses, and further
complicates the comparison of results among the published
studies discussed previously.

Given the difficulties of estrogen studies in vitro, we
have focused on in vivo investigations of potential cross-talk
between P2Rs and ERs. Because the expression of certain
purinergic receptors is sexually dimorphic [159, 180], we
hypothesized that estrogen would have differential effects on
P2X receptor expression in microglia freshly isolated from
gonadectomized, estrogen-treated mice. As summarized in
Table 5, we find that estrogen increases P2X1 and P2X7
mRNA levels in male microglia, but not in female microglia,
and P2X4 expression is not altered in microglia from either
sex (Crain, Zitzer and Watters, unpublished observations).
Although gonads are often the main source of differences in
many traits between males and females, our data suggests
that microglia from males and females are fundamentally
different, and that these differences cannot be compensated
for by manipulation of the gonadal hormone environment.
They also underscore the need for a better understanding of
how purinergic and estrogen receptors contribute to
microglial function in both the normal and diseased CNS.
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Fig. (2). SRY genotype in common murine microglial cell lines.
N9, BV-2, C8-B4, M4T.4 and mixed sex primary neonatal cultures
were cultured for at least 7 days prior to harvesting of genomic
DNA. The SRY gene was amplified as previously described [47].
GAPDH amplification served as a positive control for DNA
integrity in female samples. Results are representative of at least 2
independent cell thaws.
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TableS. Effect of Estrogen on Expression of Select P2X
Receptors in Freshly-Isolated Microglia from Adult
Gonadectomized Mice

Receptor Male Female
P2X1 1 -
P2X4 - -
P2X7 1 -

CLOSING REMARKS

Neuroinflammation is a hallmark of almost all CNS
disorders and injuries. As a result, microglia, and their
production of neurotoxic inflammatory substances represent
an important therapeutic target to alleviate neuronal damage.
Purinergic receptors regulate key microglial properties,
including their production of pro-inflammatory cytokines,
migration and chemotaxis. If specific P2 receptor subtypes
involved in microglial recruitment to sites of neuronal injury
could be partially antagonized for example, perhaps less
toxic inflammatory mediators would be synthesized in the
immediate area of the damaged neurons. Likewise,
antagonizing the P2 receptors involved in production of
neurotoxic IL-1p may also decrease neuronal damage.
However, therapeutics in this regard should be equally
balanced, and should not prevent all P2R-regulated
microglial activities, as many are beneficial. Similarly,
agonizing those P2 receptors whose activities increase
neurotrophin or growth factor production by microglia may
serve to promote neuron survival and health. Further studies
to fully elucidate the role of each P2 receptor in microglia
before therapeutically targeting these receptors would be
prudent. Lastly, as discussed above, the P2 receptor field in
general, suffers from the lack of available, highly selective
ligands that allow discrimination of particular receptor
subtypes. Additional medicinal chemistry studies are
necessary to address this issue.

Given the wide variations in how microglial estrogen
studies in vitro are experimentally performed, it is not
surprising that the literature on estrogen neuroprotection is
inconsistent. A resolution will likely not be reached unless

Crain and Watters

some attempt is made to standardize experimental
procedures and protocols, at least within a given cell line or
primary cell preparation. We propose that more attention
should be paid to the genetic strain of the animals used for
primary cell culture, the relative representation of male and
female pups in mixed sex neonatal primary cultures, and the
regional source of microglia used for the primary cultures. In
this regard, the number of primary microglial studies
referenced on PubMed that do not acknowledge the rat or
mouse strain used for the preparation of neonatal primary
cultures (many of which are highly cited) was surprising.
Differences in peripheral and even microglial immune
responses based on rat and mouse strain are well-
documented [184-190], but this issue is not often addressed
in the estrogen-microglia literature. In addition, although it is
established that neurons from different brain regions exhibit
region-specific properties, it is less clear if the same is true
of microglia from different CNS regions. It has been
suggested that the unique local environments created by
neurons could influence microglia and thereby cause
regional differences in their characteristics. A few studies
provide evidence for regional differences in microglia: their
activities are different in different brain regions following
various challenges [191-193]. There are also reports of
differences in inflammatory gene expression and
proliferation rates of cultured microglia derived from
different CNS regions [194, 195]. Many studies using
primary microglia in culture isolate cells from the whole
brain, but microglia from cortex and olfactory bulb are also
common sources for primary cultures. When utilizing
microglia from the whole brain, there are likely many
different microglial populations within a given culture, and
the relative abundance of each of these “sub-populations”
may influence overall responses to nucleotides and
estrogens. Results from our laboratory on differences in
microglial gene expression based on CNS region are
forthcoming.

Here we have reviewed the literature on the role of
microglia in multiple CNS disorders including ischemic and
traumatic brain injury, as well as the known functions of
purinergic and estrogen receptors in this important cell type.
If the purinergic and estrogen receptor systems in microglia
are to become viable therapeutic targets for the treatment of
neuronal damage resulting from ischemic and traumatic
brain injuries (or any other disorder involving
neuroinflammation), additional studies are necessary to
better delineate specific effects of individual purinergic P2
and estrogen receptor types. The effects of these receptor
systems (not only on inflammatory gene expression
endpoints, but also on gene expression for microglial
neurotrophins, growth factors and other molecules equally
important for governing net microglial function in the CNS),
are critical for informing effective therapeutic strategies.

It is interesting to speculate that with regard to the most
promising therapeutic microglial targets for estrogens,
ligands that can selectively activate ERf} may have clinical
benefit, pending confirmatory studies that ERP is
upregulated in activated microglia. However, given the
beneficial effects of estrogens on neurons and astrocytes as
well as microglia, it may not be necessary to activate ERs in
specific cell types, or even a specific estrogen receptor
subtype. The neuroprotective effects of estrogen may be
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augmented if mediated by several cell types and receptors
concurrently. In contrast, we predict that cell type selectivity
will be more important for P2 receptor ligands, as will the
identification of specific P2 receptor subtypes that mediate
opposing inflammatory and neurotrophic responses of
microglia. Before multifaceted studies addressing the
interactions of both P2 and estrogen receptor systems can be
designed and relevant drugs developed, additional studies
will be necessary to better understand the complexities of
each receptor system individually in microglia.
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