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Platelet-Activating Factor Receptors Mediate Excitatory
Postsynaptic Hippocampal Injury in Experimental
Autoimmune Encephalomyelitis
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Gray matter degeneration contributes to progressive disability in multiple sclerosis (MS) and can occur out of proportion to measures of
white matter disease. Although white matter pathology, including demyelination and axon injury, can lead to secondary gray matter
changes, we hypothesized that neurons can undergo direct excitatory injury within the gray matter independent of these. We tested this
using a model of experimental autoimmune encephalomyelitis (EAE) with hippocampal degeneration in C57BL/6 mice, in which immu-
nofluorescent staining showed a 28% loss of PSD95-positive excitatory postsynaptic puncta in hippocampal area CA1 compared with
sham-immunized controls, despite preservation of myelin and VGLUT1-positive excitatory axon terminals. Loss of postsynaptic struc-
tures was accompanied by appearance of PSD95-positive debris that colocalized with the processes of activated microglia at 25 d after
immunization, and clearance of debris was followed by persistently reduced synaptic density at 55 d. In vitro, addition of activated BV2
microglial cells to hippocampal cultures increased neuronal vulnerability to excitotoxic dendritic damage following a burst of synaptic
activity in a manner dependent on platelet-activating factor receptor (PAFR) signaling. In vivo treatment with PAFR antagonist BN52021
prevented PSD95-positive synapse loss in hippocampi of mice with EAE but did not affect development of EAE or local microglial
activation. These results demonstrate that postsynaptic structures can be a primary target of injury within the gray matter in autoimmune
neuroinflammatory disease, and suggest that this may occur via PAFR-mediated modulation of activity-dependent synaptic physiology
downstream of microglial activation.
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Introduction
Gray matter degeneration contributes to chronic disability and
cognitive impairment in patients with multiple sclerosis (MS),

and progresses despite current treatments (Amato et al., 2004;
Fisniku et al., 2008; Rudick et al., 2009). MRI and pathology
studies show evidence of widespread neuronal injury in the gray
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Significance Statement

Unraveling gray matter degeneration is critical for developing treatments for progressive disability and cognitive impairment in
multiple sclerosis (MS). In a mouse model of MS, we show that neurons can undergo injury at their synaptic connections within the
gray matter, independent of the white matter pathology, demyelination, and axon injury that have been the focus of most current
and emerging treatments. Damage to excitatory synapses in the hippocampus occurs in association with activated microglia,
which can promote excitotoxic injury via activation of receptors for platelet-activating factor, a proinflammatory signaling mol-
ecule elevated in the brain in MS. Platelet-activating factor receptor blockade protected synapses in the mouse model, identifying
a potential target for neuroprotective treatments in MS.
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matter, both inside and outside of focal demyelinating lesions
(Dehmeshki et al., 2003; Vrenken et al., 2006; Magliozzi et al.,
2010). This has been increasingly recognized as an important
target for the treatment of progressive MS, but how it occurs is
unknown.

Much attention has been focused on myelin loss, which can
increase metabolic demands and reduce trophic support for neu-
rons and their synaptic connections (Dutta et al., 2011; Simons et
al., 2014), and on axon injury that can trigger neuronal degener-
ation via anterograde, retrograde and trans-synaptic effects
(Dutta and Trapp, 2011). However, imaging markers of demyeli-
nation and axon injury often correlate poorly with gray matter
atrophy in MS patients (Sbardella et al., 2013), suggesting addi-
tional mechanisms of gray matter injury.

We propose that neuronal synapses are particularly vulnera-
ble to damage in MS gray matter, where neuronal injury occurs
alongside activated microglia in both myelinated and demyeli-
nated areas (Magliozzi et al., 2010). Microglial activation has
been linked to increased levels of proinflammatory cytokines,
oxidative stress (Haider et al., 2011), and altered glutamate re-
uptake (Vercellino et al., 2007) in MS gray matter, which can all
promote excitotoxic injury. Excitatory postsynaptic elements can
be especially vulnerable during activity-dependent plasticity: we
have previously found that platelet-activating factor (PAF), a
proinflammatory molecule elevated several thousand-fold in MS
CSF (Callea et al., 1999), can shift the boundary between physi-
ologic plasticity and excitotoxic injury (Bellizzi et al., 2005) likely
by modulating signals, including nitric oxide production, mito-
chondrial calcium influx, and caspase activation. We hypothesize
that synaptic injury in MS gray matter may occur independent of
demyelination or axotomy, and may be a critical target for neu-
roprotective treatments.

It is difficult in MS to distinguish between injury that has
occurred directly at the synapse versus damage secondary to de-
myelination and/or axon injury, which are common and may
exert long-distance effects along projection pathways (Dutta and
Trapp, 2011; Simons et al., 2014). The hippocampal pathology
of mice with experimental autoimmune encephalomyelitis
(EAE) induced by myelin oligodendrocyte glycoprotein peptide
(MOG-35–55) offers several advantages as a model of primary
synaptic injury. Similar to MS gray matter, the EAE hippocampus
has significant microglial activation with minimal lymphocyte
infiltration, and undergoes atrophy of pyramidal cell layers and
synapse loss accompanied by changes in synaptic transmission
and hippocampal-dependent behavioral deficits (Ziehn et al.,
2010, 2012b; Kim do et al., 2012). In contrast to MS, inflamma-
tory demyelination and axon injury occur predominantly in the
spinal cord and optic nerves in this EAE model with relative
sparing of the brain, including preservation of axons projecting
from hippocampal pyramidal neurons (Ziehn et al., 2010). Thus,
the EAE hippocampus provides the opportunity to study neuro-
nal injury in the setting of local microglial activation and remote
lymphocyte-driven neuroinflammation, divorced from demyeli-
nation and axotomy.

We investigated relationships between pyramidal neuron syn-
apses and activated microglia in the hippocampus at near-peak
and chronic stages of inflammation in MOG35–55-induced EAE.
Immunocytochemical and protein data demonstrate injury to
excitatory postsynaptic structures associated with phagocytosis
of debris by activated microglia and relative preservation of ex-
citatory presynaptic terminals and myelin. In vitro studies of BV2
microglial cells cocultured with hippocampal neurons show that
PAF receptor (PAFR) signaling mediates an increase in neuronal

vulnerability to excitotoxic injury in the presence of activated
BV2 cells, and in vivo treatment with the PAFR antagonist
BN52021 prevented excitatory synapse loss in mice with EAE.
These results indicate that excitatory synapses are vulnerable to
injury in gray matter remote from focal inflammation and inde-
pendent of demyelination and axotomy, lending support to the
concept that synaptic damage is a significant source of neurologic
morbidity in MS.

Materials and Methods
Animals. C57BL/6 mice from a breeding pair or purchased at age 7 weeks
(The Jackson Laboratory) were reared to age 8 –10 weeks in vivarium
housing. Experiments and care were done under approval of the Univer-
sity of Rochester University Committee on Animal Resources according
to the Public Health Service Policy on Humane Care and Use of Labora-
tory Animals.

EAE. We immunized mice of either gender with myelin oligodendro-
cyte glycoprotein peptide, amino acids 35–55 (MOG35–55, 100 �g per
mouse, Mimotopes) emulsified in complete Freund’s adjuvant contain-
ing heat-inactivated mycobacterium tuberculosis H37RA (8 mg/ml, BD
Biosciences), by injecting 25 �l emulsion subcutaneously at each of four
sites over the shoulder blades and flanks followed by pertussis toxin (300
ng i.p., List Biological) on 0 and 2 d postimmunization (dpi). MOG35–55

was omitted from the complete Freund’s adjuvant emulsion for sham-
immunized sex-matched littermate controls, which otherwise received
identical treatment. Mice were subsequently monitored for signs of clin-
ical disease and scored for motor deficits as follows: 0, no deficit; 0.5,
partial tail paralysis; 1, complete tail paralysis; 2 hindlimb weakness; 2.5,
paralysis of one hindlimb; 3, paralysis of both hindlimbs; 3.5, hindlimb
paralysis and forelimb weakness; 4; quadriplegia; 5; moribund. EAE
scores are expressed as mean � SE.

To induce more uniform disease for treatment experiments with the
CNS-penetrant PAFR antagonist BN52021, we immunized 10-week-old
male mice with premixed MOG35–55-complete Freund’s adjuvant or
control emulsion (Hooke Laboratories), 100 �l subcutaneously at each
of two sites (upper and lower back) followed by pertussis toxin (230 ng
i.p., Hooke Laboratories) on days 0 and 1 dpi. Beginning on day 1, we
injected MOG35–55- and sham-immunized mice with BN52021 (Selleck-
chem, dissolved at 4 mg/ml in 5% DMSO, 40% polyethylene glycol 400,
55% saline) at a dose of 20 mg/kg intraperitoneally once daily or equiv-
alent volume of vehicle at the same frequency, for the following
treatment groups: Sham-vehicle, Sham-BN52021, EAE vehicle, and
EAE-BN52021. To test whether BN52021 could rescue deficits after de-
velopment of EAE and to avoid confound by potential effects on
EAE induction, we included a delayed treatment group: MOG35–55-
immunized vehicle-treated mice were randomized 2 d after onset of EAE
motor deficits (in pairs matched for latency to onset and initial disease
severity) to continue treatment with vehicle (group “EAE vehicle”) or to
begin receiving BN52021 (group “EAE-BN52021 delayed”). Treatment
continued until mice were killed 14 d after onset of EAE motor deficits or
the equivalent dpi for sham-immunized mice. We compared EAE scores
between treatment groups using the Mann–Whitney U test for nonpara-
metric values.

Immunohistochemistry. At 25 or 55 d dpi, or 14 d after EAE onset for
BN52021-treated animals and matched controls, mice were anesthetized
with ketamine/xylazine (200 and 1 mg/kg, respectively) and perfused via
an intracardiac route for 1 min with PBS containing EDTA (1.5 mg/ml)
followed by 4% PFA (100 ml perfused over 30 min). Brains were re-
moved, postfixed for 24 h in 4% PFA, and stored in PBS at 4°C. Coronal
sections (40 �m thick) were cut on a vibratome (Leica V1000) and stored
in cryoprotectant (30% PEG300, 30% glycerol, 20% 0.1 M phosphate
buffer, and 20% H2O) at �20°C. Free-floating sections were washed in
PBS (3 � 30 min) followed by glycine (100 mM) to reduce autofluores-
cence, incubated in citrate antigen unmasking solution (Vector H3300)
with 0.05% Tween for 30 min at 37°C, and washed again in PBS. We
incubated sections for 2 d at room temperature in 1.5% BSA (Sigma), 3%
normal goat serum (Vector Laboratories), 0.5% Triton X-100 (Pro-
mega), and 1.8% NaCl for blocking and permeabilization, mixed with
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the following primary antibodies: mouse anti-PSD95 (NeuroMab 75-
028, 1:500), guinea pig anti-VGLUT1 (Synaptic Signaling, 1:2500), rab-
bit anti-Iba1 (Wako Biochemicals 019-19741, 1:1000), rat anti-myelin
basic protein (MBP, EMD Millipore, 1:500), and mouse anti-E06 (Avanti
Polar Lipids, 1:500). We washed sections in PBS with 1.8% NaCl (3 � 30
min) and then incubated overnight at room temperature with Ale-
xaFluor-conjugated secondary antibodies (Invitrogen, 1:500) in the
same blocking/permeabilization mixture as above. After washing in PBS
(3 � 30 min), we mounted sections on slides with Prolong Gold mount-
ing agent (Invitrogen) and #1.5 cover glass.

Tissue section imaging and analysis. Slides were coded during image
collection and analysis to blind the experimenters to treatment condi-
tion. We imaged tissue sections by grid pseudoconfocal microscopy, us-
ing an Olympus BX-51 microscope equipped with Quioptic Optigrid
hardware for optical sectioning and a Hamamatsu ORCA-ER camera,
controlled by Volocity 3DM software (PerkinElmer Life and Analytical
Science). Differences in z-axis registration of different fluors were cor-
rected by calibration with multicolor fluorescent beads. We imaged the
dorsal CA1 hippocampal area, collecting images from 6 sections per
animal and using identical light intensity and exposure settings for all
animals within each image set. We quantified density of presynaptic and
postsynaptic puncta from 60� image stacks (z-step � 0.3 �m) of PSD95
and VGLUT1 staining in the CA1 stratum radiatum, using a custom-
designed automated algorithm in Volocity software to identify puncta
based on size and local intensity maxima (identified by both Find Objects
and Find Spots algorithms). We quantified contact between microglia
and postsynaptic structures in identical 60� image stacks from sections
double-labeled for Iba1 and PSD95 by measuring the volume of PSD95-
positive objects that contacted or overlapped Iba1-positive objects, ex-
pressed as a fraction of total volume of Iba1-positive objects. We
quantified microglial morphology by measuring total volumes and
surface area-to-volume ratios of Iba1-positive objects identified by
intensity-based automated segmentation in 20� image stacks (z-step �
0.5 �m) from CA1 stratum radiatum. Fluorescence intensities of Iba1
and E06 staining were measured within these Iba1-positive objects to
quantify microglial content of Iba1 and oxidized phospholipids, respec-
tively. MBP intensities within CA1 were quantified by measuring mean
MBP intensity in manually segmented volumes from 10� images. For all
measurements, region of interest values in images from 6 tissue sections
per animal were averaged and mean values for each animal, expressed
relative to age- and sex-matched sham-immunized controls, were subse-
quently compared using two-tailed Student’s t tests. Correlations be-
tween imaging measurements and nonparametric EAE scores were tested
using Spearman’s rank correlation. All imaging measurements are ex-
pressed as mean � SD. Unless otherwise noted, all image stacks are
displayed as 2-dimensional extended-focus images collapsed along the
z-axis.

Western blots. For protein analysis, MOG35–55- and sham-immunized
mice were anesthetized as above and perfused briefly (45 s) with ice-cold
PBS at 23 dpi before brains were rapidly removed, hippocampi dissected
and frozen on dry ice. Hippocampal protein was extracted by homoge-
nization in lysis buffer (Thermo Fisher Scientific) with protease inhibi-
tors (Sigma), centrifuged at 1200 � g for 10 min at 4°C, and removed
from the precipitate. We mixed 20 �g samples with loading buffer
containing SDS, boiled for 5 min, ran samples from each animal on each
of three 4%–15% polyacrylamide gels (Bio-Rad) at 100 V, and trans-
ferred the protein to nitrocellulose membranes at for 60 min at 100 V. We
blocked membranes overnight at room temperature in 5% milk in
Tris-buffered saline with 0.05% Tween 20 (TBST) and incubated with
primary antibodies at the following dilutions in 5% milk TBST: anti-
synaptophysin (Sigma 5768, 1:250); anti-synapsin1 (Cell Signaling
5297); or anti-GluR1 (NeuroMab N355/1, 1:1000) with anti-�-actin
(Santa Cruz Biotechnology 47778, 1:1000). After washing (3 � 5 min in
TBST), we incubated with HRP-conjugated secondary antibodies (Bio-
Rad, 1:5000 in 5% milk TBST), washed again, added chemiluminescent
substrate (Thermo Fisher Scientific) for 1 min, and exposed on film
(Phenix Research Products). For protein loading controls or additional
protein quantification, we stripped membranes (Millipore 2504),
blocked for 30 min in 5% milk TBST, reprobed with anti-�-actin or

anti-PSD95 (NeuroMab K28/43, 1:1000), and repeated washing, second-
ary antibody application, and development as above. We scanned films
on a transparency scanner (Hewlett Packard) and measured optical den-
sity with NIH ImageJ, with relative densities for all proteins normalized
to �-actin from the same gel and group differences evaluated by two-
tailed Student’s t tests. All protein values are expressed as mean � SD.

Hippocampal-BV2 cocultures. We cultured dissociated primary hip-
pocampal cells from embryonic (day 18) rat pups as previously described
(Bellizzi et al., 2005), plated on glass coverslips (12 mm, 35,000 cells each)
coated with poly-D-lysine (Sigma-Aldrich). We used plating medium of
Neurobasal (Invitrogen) supplemented with 2% FBS (Atlas Biologicals),
B27 plus antioxidants (Invitrogen), GlutaMax (2 mM, Invitrogen), and
L-glutamic acid (50 �M, Sigma) for the first 4 DIV and then replaced it
stepwise at 4 and 7 d for serum- and antioxidant-free maintenance
medium consisting of Neurobasal supplemented with Glutamax, B27
without antioxidants (Invitrogen) and an additional increase of 53 mM

NaCl (to match solutions for physiological experiments). Cultures were
treated with the mitotic inhibitor FUDR for 24 h on DIV 6 –7 to prevent
subsequent glial proliferation. Cultures were maintained for 20 –23 DIV
to promote maturation of excitatory synapses before coculture experi-
ments. We maintained the BV2 mouse microglia cell line (gift from Dr.
Sanjay Maggirwar) in DMEM (Cellgro) with 10% FBS, GlutaMax (2
mM), and penicillin-streptomycin (Invitrogen ) for 12–24 passages be-
fore plating overnight in the same media without antibiotics, and stim-
ulating with lipopolysaccharide (LPS, 500 ng/ml � 6 h). Stimulated and
unstimulated control BV2 cells were then trypsinized, washed in main-
tenance media, resuspended in Neurobasal maintenance media, added to
hippocampal cultures (20,000 cells per culture), and incubated over-
night. In some experiments, PAFR antagonist WEB2086 (10 �M, Enzo
Life Sciences) was added to coculture media at the time of BV2 cell
addition and maintained for the duration of the experiment.

Activity-dependent dendritic injury. To visualize dendrite morphology
in live neurons, we transfected hippocampal cultures at 19 –21 DIV (be-
fore addition of BV2 cells) with GFP (in a pMax plasmid vector driven by
a CMV promoter, Lonza) using a calcium phosphate transfection kit
(Clontech, BD Biosciences) modified as follows: for each culture, we
mixed 1 �g DNA with 25 �l CaCl2 (0.25 M), added this drop-wise to 25 �l
Hanks balanced salt solution, incubated for 15 min to allow precipitation
of Ca 2�-phosphate-DNA particles, and added this suspension to neuro-
nal cultures in Neurobasal maintenance medium along with NMDA
receptor antagonist AP5 (10 �M, Tocris Bioscience) to increase transfec-
tion efficiency. After 6 h incubation the suspension was washed out and
cultures returned to Neurobasal maintenance media. At 18 –24 h after
addition of activated or control BV2 cells, we transferred cocultures to a
custom-made imaging chamber on an inverted fluorescence microscope
(Olympus IX-70) perfused with bath solution (containing, in mM as
follows: 139.5 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 24 glucose, 5 HEPES, 0.01
glycine, pH 7.3) flowing at 1 ml/min. We imaged individual GFP-
expressing neurons before and after application of depolarizing pulses of
90 mM KCl via a multichannel drug delivery pipette (ALA Scientific
Instruments) positioned to apply drug uniformly over the dendritic ar-
bor. We applied three pulses of KCl (1 s long and 10 s apart) alternating
with constant perfusion of bath solution, which we have previously
shown to trigger short bursts of action potentials and brief depolarization
in target neurons in hippocampal cultures (Bellizzi et al., 2005). In some
experiments, we included AP5 (10 �M), applied beginning 5 min before
stimulation and washed out for 10 min before repeat stimulation, to test
the dependence of NMDA receptors on dendritic beading. For cocultures
treated with WEB2086 beginning with BV2 addition, additional
WEB2086 (10 �M) was included in the bath and KCl solutions for the
duration of the experiment. We imaged neurons at baseline, 10 s after the
end of KCl application, and every 30 s for 8 –10 min thereafter, using a
shutter to limit fluorescent light exposure, and compared sequential im-
ages to detect development of focal dendritic swellings. We considered
neurons to have undergone dendritic beading if any of their dendrites
developed focal swellings persisting beyond 5 min. We compared fre-
quencies of dendritic beading between experimental conditions by � 2

test.
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Results
Microglia engulf injured excitatory postsynaptic structures in
EAE hippocampus
To test whether postsynaptic neuronal injury occurs in gray mat-
ter areas remote from inflammatory demyelinating lesions in
MOG35–55-induced EAE, we measured synaptic density in the
stratum radiatum of hippocampal area CA1 in EAE mice at peak
and chronic stages of clinical disease. At 25 dpi, punctate staining

for the excitatory postsynaptic marker PSD95 was disrupted in
EAE mice compared with sham-immunized controls, with a 28 �
9% reduction in puncta density (p � 0.01, n � 5 mice per con-
dition), as well as the appearance of PSD95-positive staining in a
nonpunctate pattern not seen in any sections from sham-
immunized control mice (Fig. 1B,C). Nonpunctate staining was
absent from EAE hippocampi at 55 dpi while puncta density
remained reduced, 32 � 22% lower than in controls (p � 0.015,

Figure 1. Loss of excitatory postsynaptic structures in EAE hippocampus occurs independent of motor deficits. A, Hippocampal sections immunostained for excitatory postsynaptic marker PSD95
were imaged within the stratum radiatum of area CA1 (box). B, High-power images show that punctate staining for PSD95 was disrupted in EAE mice, with appearance of PSD95-positive material
in a nonpunctate pattern at 25 dpi that was cleared by 55 dpi. C, Density of PSD95-positive puncta was decreased by 28 � 9% and 32 � 22% in EAE mice at 25 and 55 d compared with age- and
sex-matched sham-immunized controls. D, Loss of hippocampal PSD95 puncta at either time point did not correlate with peak severity of motor deficits in EAE mice (Spearman’s � � 0.16, p �
0.56). E, Western blots showed decreases in excitatory postsynaptic proteins PSD95 and GluR1 in hippocampal homogenates from EAE versus sham mice at 23 dpi. All protein bands are from the same
gel. F, PSD95 levels normalized to �-actin were decreased by 45 � 13% in EAE hippocampi compared with sham controls, and GluR1 levels decreased by 34 � 16%. *p � 0.05.
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n � 10 EAE mice and 4 controls). Loss of PSD95-positive puncta
in the hippocampus occurred independent of the severity of EAE
motor deficits, with no significant correlation between peak EAE
score and puncta density in EAE mice across both time points
(Spearman’s � � 0.16, p � 0.56) and reduced density evident
even in MOG35–55-immunized mice that did not develop any
motor deficits (Fig. 1D). Excitatory postsynaptic injury was cor-
roborated by decreased protein levels of PSD95 (45 � 13% lower
than controls, p � 0.046) and postsynaptic glutamate receptor
subunit GluR1 (34 � 17% lower than controls, p � 0.013) in
whole hippocampal homogenates from a separate group of
EAE and sham-immunized mice (n � 5 mice each) at 23 dpi
(Fig. 1E,F).

Costaining with the microglial marker Iba1 revealed a close
association between hypertrophic microglial processes and non-
punctate PSD95-positive staining in the EAE hippocampus at 25
dpi, with a �2-fold increase in the total volume of PSD95-
positive material contacted or surrounded by Iba1-positive mi-
croglia in EAE versus sham-immunized controls (12 � 3.1 vs
5.3 � 2.7% of microglial volume, p � 0.004; Fig. 2A,B). By 55
dpi, when nonpunctate PSD95 staining had cleared, volume of
PSD95-microglial contacts returned to control levels, although
PSD95-positive inclusions remained apparent in many EAE mi-
croglia (Fig. 2C), suggesting microglial clearance of postsynaptic
debris.

Excitatory presynaptic structures and myelin remain intact in
EAE hippocampus
In contrast to PSD95-positive postsynaptic structures, staining
for excitatory presynaptic terminals with VGLUT1 was not dis-

rupted in the CA1 stratum radiatum of EAE hippocampi at 25 or
55 dpi (Fig. 3A,B). Mean density of VGLUT1-positive puncta
was similar between MOG35–55- and sham-immunized animals
(0.94 � 0.4 EAE vs 1.01 � 0.32 sham at 25 dpi, p � 0.79; and
0.99 � 0.33 EAE vs 1.0 � 0.06 sham at 55 dpi, p � 0.96), and
punctate staining patterns remained intact at both time points.
Likewise, analysis of hippocampal homogenates showed preser-
vation of the presynaptic proteins synaptophysin (1.07 � 0.31
EAE vs 1.0 � 0.23 sham, p � 0.68, n � 5 mice each) and
synapsin-1 (0.91 � 0.17 EAE vs 1.0 � 0.24 sham, p � 0.52) in
EAE mice at 23 dpi (Fig. 3C,D).

We measured intensity of MBP-positive immunostaining to
test whether loss of postsynaptic structures corresponded to de-
myelination either locally within the stratum radiatum, or along
axonal projections from CA1 pyramidal neurons in the stratum
oriens and alveus (Fig. 4A,B). At 25 dpi, there was no myelin loss
in either region in EAE mice compared with sham-immunized
controls (1.05 � 0.08 EAE vs 1.0 � 0.04 sham, p � 0.26 in stratum
radiatum; 1.21 � 0.25 EAE vs 1.0 � 0.05 sham, p � 0.11 in the
alveus/stratum oriens, n � 6 EAE mice and 5 controls). By 55 dpi,
MBP staining in EAE mice remained statistically similar to con-
trols within both regions and any trends toward reduction were
slight (0.91 � 0.08 EAE vs 1.0 � 0.04 sham, p � 0.05 in the
stratum radiatum; 0.92 � 0.08 EAE vs 1.0 � 0.02 sham, p � 0.08
in the alveus/stratum oriens).

Microglia are activated and oxidized in EAE hippocampi
Iba1-positive microglia within the CA1 stratum radiatum ap-
peared hypertrophic in EAE mice at 25 dpi, consistent with an
activated phenotype (Fig. 5A, top). This was reflected by in-

Figure 2. Microglia contact and engulf excitatory postsynaptic structures in EAE hippocampus. A, Loss of PSD95-positive puncta in EAE mice at 25 d coincided with accumulation of PSD95-positive
material along the hypertrophic processes of Iba1-positive microglia. B, Volume of PSD95-positive structures in contact with microglia was increased�2-fold in EAE hippocampi at 25 d and returned
to levels similar to sham-immunized controls by 55 d. *p � 0.004. C, PSD95-positive inclusions can be seen within Iba1-positive microglia in EAE hippocampus at day 55.
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creased intensity of Iba1 staining within
microglia at 25 dpi (1.48 � 0.36 EAE vs
1.0 � 0.16 sham, p � 0.02, n � 6 EAE mice
and 5 controls) as well as a reduced ratio
of surface area to volume (0.84 � 0.09
EAE vs 1.0 � 0.08 sham, p � 0.01) consis-
tent with a more globular morphology in
EAE (Fig. 5B). Total microglial volume re-
mained stable (1.04 � 0.09 EAE vs 1.0 �
0.05 sham at 25 dpi, p � 0.42; and 1.09 �
0.13 EAE vs 1.0 � 0.002 sham, p � 0.23 at
55 dpi), suggesting that these changes
were due to activation of tissue-resident
microglia rather than recruitment of ad-
ditional inflammatory cells in EAE. Im-
munostaining with the E06 monoclonal
antibody, which has been used to detect
oxidized phospholipids in multiple cell
types in the MS brain (Haider et al., 2011),
showed an increase in oxidized phospho-
lipids in EAE hippocampi (1.20 � 0.12
EAE vs 1.0 � 0.12 sham at 25 dpi, p �
0.02) that was most prominent in and
around Iba1-positive microglia at 25 dpi.

Microglia activation waned by 55 dpi,
with overall measures of Iba1 intensity, sur-
face area-to-volume ratio, and E06 intensity
returning to control levels (Fig. 5B). How-
ever, many microglia retained an inter-
mediate morphology with less-ramified
processes compared with those of controls
as well as less-intense colocalization with
E06-positive oxidized phospholipids (Fig.
5A), suggesting persistence of a chronically
reactive state alongside disruption of excit-
atory postsynaptic structures.

Activated microglia promote activity-
dependent excitotoxic injury in vitro
via a PAFR-dependent mechanism
To test whether activated microglia pro-
mote excitotoxic postsynaptic neuronal
injury, we used an in vitro model of BV2
microglial cells, activated by prior stimu-
lation with LPS or control, added in
coculture with primary hippocampal
neurons. Following LPS stimulation, BV2
cells developed an activated morphology
with hypertrophic, ruffled processes that
persisted after trypsinization, washing
and replating in LPS-free media overni-
ght (Fig. 6A). In cocultures with LPS-
activated BV2 cells, GFP-expressing
hippocampal pyramidal neurons main-
tained a healthy dendrite and spine mor-
phology after 18 –24 h but underwent
rapid dendritic beading with sustained
and enlarging focal swellings following a
burst of synaptic activity triggered by bath
application of depolarizing KCl. Sus-
tained dendritic beading was reversibly
abolished by NMDA receptor antagonist
AP5 (10 �M; Fig. 6B,C), consistent with

Figure 3. Excitatory axon terminals remain intact in EAE hippocampus. A, B, Punctate immunostaining for excitatory presynaptic
marker VGLUT1 remained undisturbed within the CA1 stratum radiatum of EAE mice compared with sham-immunized controls, with no
change in density or staining pattern at 25 or 55 dpi. C, D, Levels of presynaptic proteins synapsin-1 and synaptophysin were similar in
hippocampal homogenates from EAE versus sham-immunized mice at 23 dpi. Horizontal divider indicates separate gels.

Figure 4. Hippocampalmyelin ispreservedinEAE. A, Immunostainingformyelinbasicprotein(MBP)waspreservedintheCA1stratum
radiatum (Str rad) as well as along pyramidal neuron axons in the stratum oriens (Str or) and alveus (Alv) in EAE mice compared with sham
controls (25 dpi sham pictured). B, MBP intensity was not decreased in either region at 25 dpi, and any attenuation at 55 dpi was mild and
not statistically significant.
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prior studies demonstrating an excitotoxic mechanism for simi-
lar activity-dependent postsynaptic injury (Bellizzi et al., 2005).
Neuronal vulnerability to KCl-triggered injury was dramatically
increased in cocultures with LPS-activated BV2 cells, with 85% of
neurons undergoing beading compared with 14.3% in cultures
with unstimulated BV2 cells (p � 0.0001, n � 34 neurons).

Because our previous work has demonstrated that PAF is a
key mediator of neurotoxicity associated with proinflammatory
activated monocytes (Perry et al., 1998) and can determine vul-
nerability to activity-dependent excitotoxic synaptic injury in
hippocampal slices (Bellizzi et al., 2005), we tested whether PAF
antagonism would protect neurons in coculture with activated
BV2 cells. Addition of PAFR antagonist WEB2086 to LPS-
activated BV2 cocultures, beginning at the time of BV2 addition,
reduced frequency of beading from 85% to 21.4% (p � 0.0002 vs
vehicle-treated LPS-BV2 cocultures, n � 34 neurons), similar to
that of unstimulated BV2 coculture controls.

PAFR antagonism protects hippocampal synapses in EAE
We treated MOG35–55- or sham-immunized mice with BN52021,
a CNS-penetrant PAFR antagonist, to test for neuroprotection in
EAE hippocampus. BN52021 did not prevent onset of EAE. Al-
though mice beginning treatment on day 1 after immunization
(EAE-BN52021) had modestly lower EAE clinical scores than
mice treated with vehicle (EAE vehicle) or BN52021 delayed until
after symptom onset (EAE-BN52021 delayed; Fig. 7A), BN52021
treatment had no effect on microglial activation within the hip-
pocampus: microglia developed nearly identical hypertrophy, in-
creased Iba1 intensity (1.0 � 0.14 sham-vehicle, n � 7; 1.29 �
0.09 EAE vehicle, n � 7, p � 0.0005 vs sham; 1.27 � 0.25 EAE-

BN52021, n � 5, p � 0.03 vs sham; 1.30 � 0.14 EAE-BN52021
delayed, n � 8, p � 0.001 vs sham) and decreased surface area-
to-volume ratio (1.0 � 0.13 sham-vehicle; 0.80 � 0.05 EAE ve-
hicle, p � 0.002 vs sham; 0.81 � 0.1 EAE-BN52021, p � 0.02 vs
sham; 0.79 � 0.5 EAE-BN52021 delayed, p � 0.0007 vs sham)
regardless of treatment group (Fig. 7B–D).

In contrast, BN52021 showed marked protective effects
against hippocampal synaptic injury in EAE (Fig. 7E,F). Density
of PSD95-positive puncta was decreased by 37% in EAE vehicle
mice (0.63 � 0.25 EAE vehicle vs 1.0 � 0.21 sham-vehicle, p �
0.01) but was preserved at control levels in mice treated from day
1 with BN52021 (0.98 � 0.19, p � 0.026 vs EAE vehicle).
BN52021 failed to rescue synapse loss when delayed until after
onset of EAE, suggesting that it can prevent but not reverse syn-
aptic injury, and had no effect on PSD95-positive synaptic den-
sity in sham-immunized controls. These data are consistent with
a direct neuroprotective effect of BN52021 within the hippocam-
pus; although its partial attenuation of EAE clinical scores
suggests a modest effect of BN52021 on peripheral immune acti-
vation and/or the severity of spinal cord pathology, our data
demonstrating the independence of hippocampal synaptic injury
from EAE motor deficits (Fig. 1D) argue that such effects are
unlikely to be responsible for synaptic protection in the hip-
pocampus. Furthermore, the persistence of microglial activation
in EAE-BN52021 hippocampi despite elimination of synaptic in-
jury, together with the above data demonstrating preservation of
axons and myelin, suggests that microgliosis occurs independent
of local neural injury in the EAE hippocampus and may promote
excitatory injury via a PAFR-mediated mechanism.

Figure 5. Microglial activation and oxidation in EAE hippocampus. A, Iba1-positive microglia developed a hypertrophic morphology in EAE mice at 25 dpi and an intermediate morphology with
shorter and less-ramified processes at 55 dpi compared with those from sham-immunized controls. Top, The 25 dpi sham. E06 immunostaining for oxidized phospholipids was increased within and
around microglia in EAE at 25 dpi and was attenuated at 55 dpi with residual staining in some microglia. Bottom, Thresholding applied equally to E06 images. B, Segmentation analysis shows
increased Iba1 intensity, lower surface area-to-volume ratio, and increased E06 intensity within microglia in EAE at 25 dpi. *p � 0.025 versus sham.

1342 • J. Neurosci., January 27, 2016 • 36(4):1336 –1346 Bellizzi et al. • Excitatory Postsynaptic Injury in EAE Hippocampus



Discussion
Progressive disability in MS is linked to gray matter degeneration
that is often widespread and out of proportion to white matter
lesion burden. This has been largely attributed to effects of demy-
elination and axon injury, but these results suggest that degener-
ation may begin at the afferent end of the neuron as well. In an
EAE hippocampal model of gray matter degeneration, we show
that neurons undergo excitatory postsynaptic injury indepen-
dent of demyelination or loss of presynaptic structures. Postsyn-
aptic damage is closely associated with activated microglia, which
in vitro studies suggest can promote excitotoxic injury in re-
sponse to synaptic activity via a mechanism dependent on PAFR
signaling. PAFR blockade prevented synaptic injury in EAE hip-
pocampi in vivo without impacting measures of microglial acti-
vation, suggesting a neuroprotective effect downstream of CNS
inflammation. Together, these findings suggest that excitotoxic
postsynaptic injury may be a primary driver of neurodegenera-
tion and synaptic dysfunction in the EAE hippocampus, and
might provide an explanation for the MS gray matter degenera-
tion that occurs in the setting of microglial activation, but remote
from areas of inflammatory demyelination.

Primary postsynaptic injury in EAE hippocampus
Loss of both presynaptic and postsynaptic markers has been pre-
viously shown to occur alongside hippocampal myelin loss in
EAE (Ziehn et al., 2010, 2012a,b). Using an EAE model with a
lower dose of MOG35–55 and a less severe clinical phenotype, this
study is the first to demonstrate excitatory synaptic injury in the
hippocampus that occurs in the absence of local demyelination

and independent of clinical motor deficits, and appears to pri-
marily target postsynaptic structures in the initial stages. At 25 d,
loss of PSD95-positive puncta coincided with markedly restricted
colocalization between microglial processes and PSD95-positive
postsynaptic debris, whereas punctate staining for the excit-
atory presynaptic marker VGLUT1 remained essentially un-
changed. Microglia respond vigorously to cell surface markers
of neuronal injury, externalized in response to excitotoxicity
and other cellular stress (Brown and Neher, 2014). Their se-
lective association with PSD95-positive structures suggests
that postsynaptic neuronal dendrites are the primary site of
structural injury at excitatory synapses at this stage of disease.
This is corroborated by decreases in excitatory postsynaptic
proteins PSD95 and GluR1 in hippocampal homogenates at
near-peak stages of EAE, with relative preservation of presyn-
aptic proteins synaptophysin and synapsin1.

Other synaptic elements are ultimately affected as well in the
EAE and MS hippocampus. Staining for synapsin1, expressed at
both inhibitory and excitatory axon terminals, has shown sub-
stantial loss of presynaptic structures at various stages of EAE and
in MS autopsy tissue (Ziehn et al., 2010; 2012b; Dutta et al.,
2011), and another study that showed preservation of synapsin1-
positive structures in EAE nevertheless found decrements in pre-
synaptic function (Ziehn et al., 2012a). As has been previously
proposed, this might occur due to additional factors, such as axon
injury and the demyelination that is seen in MS hippocampi and
to a lesser extent in EAE models with a higher dose of MOG35–55

and a more severe phenotype than this one (Ziehn et al., 2010).
However, damage to excitatory postsynaptic structures could

Figure 6. Activated BV2 microglia promote activity-dependent postsynaptic injury. A, GFP-expressing neurons in hippocampal cultures maintained normal dendrite morphology 24 h after
addition of BV2 microglial cells activated by LPS (500 ng/ml for 6 h) or unstimulated controls. A burst of synaptic activity triggered by pulses of depolarizing KCl (90 mM, three 1 s pulses every 10 s)
caused progressive and sustained dendritic beading in neurons cocultured with activated BV2s but not controls (boxed areas enlarged in insets). B, KCl-triggered dendritic beading is reversibly
blocked by NMDA receptor antagonist AP5 (10 �M) and is prevented by addition of PAFR antagonist WEB2086 (10 �M) to neurons cocultured with LPS-activated BV2s. C, Rates of KCl-triggered
dendritic beading, increased in neurons cocultured with LPS-activated BV2s, were abolished by AP5 and were reduced to control levels by WEB2086. *p � 0.001. Scale bars, 20 �m.
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lead to presynaptic changes via disconnection from postsynaptic
partners and changes in trans-synaptic signaling (Ziehn et al.,
2012a), as well as to compensatory changes in inhibitory net-
works following disruption of excitatory transmission. Together
with prior data showing a predominant loss of PSD95 compa-
red with synapsin1 in the cerebral cortex in EAE (Du et al., 2014),
our results raise the possibility that excitatory postsynaptic dam-
age, which we show can occur without loss of myelin or axon
inputs, may contribute to broader neurodegeneration in EAE and
MS gray matter and may need to be a primary focus of strategies
for gray matter neuroprotection.

PAFR and activity-dependent excitotoxicity
Results from our coculture experiments suggest that excitatory
postsynaptic damage may occur in the EAE hippocampus via
increased vulnerability to glutamate excitotoxicity in a neur-
oinflammatory setting. We have previously shown that PAF, a
phospholipid mediator of synaptic potentiation produced by ac-
tivated microglia and elevated in the CNS in EAE and MS (Callea
et al., 1999; Kihara et al., 2008), can promote NMDA receptor-,
calcium-, and caspase-dependent postsynaptic injury in hip-

pocampal neurons following synaptic activity that normally trig-
gers physiologic plasticity (Bellizzi et al., 2005). Here we report
that activated BV2 microglial cells can promote dendritic beading
in cultured hippocampal neurons following a KCl stimulus that
triggers short bursts of neuronal activity and has been shown to
induce calcium-dependent synaptic strengthening in healthy cul-
tures (Fitzjohn et al., 2001). In contrast to beading induced by
exogenous glutamate receptor agonists that reflects sodium- and
chloride-mediated swelling and is rapidly reversible after stimu-
lus washout (Hasbani et al., 1998), KCl-triggered beading in the
presence of activated BV2 cells was NMDA receptor-dependent
and persisted and/or progressed following the stimulus, consis-
tent with calcium-mediated excitotoxic injury.

Although LPS-stimulated BV2 microglia secrete multiple cy-
tokines with potential to augment glutamate excitotoxicity, in-
cluding tumor necrosis factor-� and interleukin-1� (Woo et al.,
2003), increased dendritic beading in cocultures with activated
BV2 cells was eliminated by blockade of PAFRs with WEB2086.
Similar to prior studies of neurotoxicity with conditioned media
from proinflammatory monocytes (Perry et al., 1998), this sug-
gests a key role for PAFR signaling in mediating neuronal vulner-

Figure 7. PAFR antagonism protects hippocampal synapses in EAE. A, Treatment with PAFR antagonist BN52021 beginning the day after immunization (EAE-BN52021) did not prevent
development of EAE but modestly reduced severity of motor deficits compared with EAE mice treated with vehicle or BN52021 delayed until after onset of motor deficits. *p � 0.05 versus EAE
vehicle. B, BN52021 treatment did not affect activation of Iba1-positive microglia in CA1 hippocampus. pyr, Pyramidal cell layer; Str Rad, stratum radiatum. C, D, Microglial Iba1 intensity was
increased and surface area-to-volume ratio was decreased in all groups of EAE mice, whether treated with vehicle, BN52021 from day 1, or BN52021 delayed. *p � 0.05 versus sham-vehicle. E, F,
PSD95-positive synaptic puncta were decreased by 37% in hippocampi of vehicle-treated EAE mice, and maintained at control levels in EAE mice treated with BN52021. Delayed BN52021 treatment
did not protect PSD95-positive synapses in EAE, and BN52021 treatment had no effect on puncta in sham-immunized controls. *p � 0.05 versus sham-vehicle.
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ability within an inflammatory milieu. The ability of BN52021, a
PAFR antagonist structurally dissimilar to WEB2086, to prevent
excitatory synapse loss in the face of microglial activation in EAE
hippocampi further supports this and suggests that excitotoxicity
may underlie neuronal injury in vivo as well.

PAFR are expressed by neurons and mediate synaptic poten-
tiation as well as excitotoxicity, likely by augmenting glutamate
release (Clark et al., 1992) as well as by coupling postsynaptic
NMDA receptor activation to increased nitric oxide production
(Xu and Tao, 2004) and subsequent mitochondrial depolariza-
tion (Keelan et al., 1999). These events, as well as downstream
production of reactive oxygen species and activation of postsyn-
aptic caspases, play roles in both physiologic plasticity and
excitotoxic injury (Bellizzi et al., 2005). Our results suggest that,
in the presence of activated microglia, PAFR signaling may
modulate neuronal excitotoxicity in response to patterns of ex-
citatory activity that would not normally cause injury. Activity-
dependent excitotoxicity could explain the protective effects of
NBQX, an AMPA receptor blocker that decreases excitatory ac-
tivity, against loss of postsynaptic dendritic spines in the EAE
striatum (Centonze et al., 2009) as well as the differential synapse
loss found in the MS hippocampus, where activity-dependent
plasticity is frequent, versus the motor cortex where it is less so
(Dutta et al., 2011).

Microglial activation and synaptic injury
Neuronal injury correlates with microglial activation in MS gray
matter (Magliozzi et al., 2010) and EAE hippocampus (Ziehn et
al., 2010), but whether this activation triggers damage or may
represent a protective response to it has been unclear (Chen et al.,
2014). Prior treatments shown to protect hippocampal neurons
in EAE have also attenuated microgliosis and other measures of
CNS inflammation (Ziehn et al., 2012a,b; Kim do et al., 2012),
leaving this question unresolved. Our data from BN52021 treat-
ment, which prevented synapse loss in EAE hippocampi but had
no effect on microglial activation, suggest that neuronal injury
occurs downstream of microglial activation and that PAFR
signaling may link the two. PAFR are activated not only by PAF,
which is produced by proinflammatory microglia in culture (Ja-
ranowska et al., 1995) and in the EAE nervous system (Kihara et
al., 2008), but also by numerous species of oxidized phospholip-
ids (Smiley et al., 1991), which our EO6 immunostaining indi-
cates are increased in and around activated microglia in the EAE
hippocampus. Thus, there is ample opportunity for microgliosis
to trigger PAFR activation, which our data suggest may be a crit-
ical step toward development of synaptic damage in EAE hip-
pocampi and perhaps other gray matter areas.

This has important implications for selection of therapeutic
targets for gray matter neuroprotection in EAE and possibly MS.
While antagonism of glutamate receptors or PAFR has the poten-
tial to protect synaptic structures in the short term, these signal-
ing mechanisms are necessary for physiologic plasticity and
maintenance of synaptic function. Prior studies suggest that, with
these approaches, there may be an insufficient therapeutic win-
dow to protect against toxicity while preserving synaptic physiol-
ogy (Bellizzi et al., 2005), and these data suggest that upstream
targets, including modulation of microglial activation, deserve
further investigation.

Regardless, these results demonstrate that gray matter post-
synaptic structures can be a primary target of injury in autoim-
mune inflammatory disease, and likely need to be a focus of
effective strategies for neuroprotection.
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