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Environmental Enrichment Potently Prevents
Microglia-Mediated Neuroinflammation by Human Amyloid
�-Protein Oligomers

X Huixin Xu, X Eilrayna Gelyana, X Molly Rajsombath, Ting Yang, Shaomin Li, and Dennis Selkoe
Ann Romney Center for Neurologic Diseases, Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts 02115

Microglial dysfunction is increasingly recognized as a key contributor to the pathogenesis of Alzheimer’s disease (AD). Environmental
enrichment (EE) is well documented to enhance neuronal form and function, but almost nothing is known about whether and how it alters
the brain’s innate immune system. Here we found that prolonged exposure of naive wild-type mice to EE significantly altered microglial
density and branching complexity in the dentate gyrus of hippocampus. In wild-type mice injected intraventricularly with soluble A�
oligomers (oA�) from hAPP-expressing cultured cells, EE prevented several morphological features of microglial inflammation and
consistently prevented oA�-mediated mRNA changes in multiple inflammatory genes both in vivo and in primary microglia cultured
from the mice. Microdialysis in behaving mice confirmed that EE normalized increases in the extracellular levels of the key cytokines
(CCL3, CCL4, TNF�) identified by the mRNA analysis. Moreover, EE prevented the changes in microglial gene expression caused by
ventricular injection of oA� extracted directly from AD cerebral cortex. We conclude that EE potently alters the form and function of
microglia in a way that prevents their inflammatory response to human oA�, suggesting that prolonged environmental enrichment could
protect against AD by modulating the brain’s innate immune system.
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Introduction
Attempts to date to experimentally treat Alzheimer’s disease
(AD) with pharmacological agents have met with limited success,
and a disease-modifying therapeutic remains to be unequivocally
validated and approved. Given the potential side effects, complex

delivery logistics, and expense of chronically administering drugs
or biologics to the global AD population, nonpharmacological
approaches, such as prolonged behavioral modification, are also
highly attractive, but they are relatively understudied in AD and
models thereof. Environmental enrichment (EE) in rodents can
provide resistance to neuronal toxicity from soluble oligomers of
amyloid �-protein (oA�), the most widely validated pathogenic
moiety in AD, and can effectively ameliorate multiple AD-like
neuronal phenotypes in animal models, such as impaired cogni-
tion, decreased neurogenesis, and suppressed LTP (Lazarov et al.,
2005; Cracchiolo et al., 2007; Herring et al., 2009; Li et al., 2013). EE
has been extensively shown to confer benefits to synaptic plasticity
and neuronal structure, with evidence that includes biochemical,
electrophysiological, and behavioral read-outs (Nithianantharajah
and Hannan, 2006; Olson et al., 2006; Li et al., 2013).
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Significance Statement

Environmental enrichment (EE) is a potential therapy to delay Alzheimer’s disease (AD). Microglial inflammation is associated
with the progression of AD, but the influence of EE on microglial inflammation is unclear. Here we systematically applied in vivo
methods to show that EE alters microglia in the dentate gyrus under physiological conditions and robustly prevents microglial
inflammation induced by human A� oligomers, as shown by neutralized microglial inflammatory morphology, mRNA changes,
and brain interstitial fluid cytokine levels. Our findings suggest that EE alters the innate immune system and could serve as a
therapeutic approach to AD and provide new targets for drug discovery. Further, we propose that the therapeutic benefits of EE
could extend to other neurodegenerative diseases involving microglial inflammation.
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Over the past two decades, inflammatory mechanisms in AD
have become a mainstream research direction, and the interac-
tions between diffusible A� oligomers, the major cytotoxic spe-
cies in AD (Walsh and Selkoe, 2007), and microglia are being
studied intensively (Solito and Sastre, 2012; Wyss-Coray and
Rogers, 2012). Emerging evidence suggests that neuroinflamma-
tion is a fundamental contributor to AD pathogenesis, with the
brain’s innate immune system, particularly microglia, playing a
major role in generating chronic and self-sustaining inflamma-
tion, which contributes to neuronal dysfunction and death
(Rubio-Perez and Morillas-Ruiz, 2012). A few reports suggest
that the neuronal benefits of EE may require the presence of
innate immune cells, including microglia (Ziv et al., 2006; Choi et
al., 2008; Ziv and Schwartz, 2008; Vukovic et al., 2012), encour-
aging further study of the benefits of EE for non-neuronal cells.
Limited work suggests that EE can modulate microglia quantity
in cerebral cortex and hippocampus as well as microglial re-
sponses to lipopolysaccharide stimulation, such as cytokine ele-
vation and phagocytic activity (Ehninger and Kempermann,
2003; Williamson et al., 2012). However, despite the emerging
interest in the possible effects of EE on microglia, whether EE
influences AD pathobiology at the level of microglia has barely
been studied. Challenges here include the technical difficulty of
separating endogenous microglia from CNS-entering peripheral
monocytes and analyzing samples of extremely small quantity.
We lack systematic, cell-type-specific, quantitative analyses of the
microglial responses to EE in AD models.

Here, we have designed in vivo experimental paradigms that
address qualitatively and quantitatively the question of whether
EE modulates microglia and whether such modulation relates to
EE’s beneficial effects on AD phenotypes in a pathophysiologi-
cally relevant and reproducible manner. We performed intrace-
rebroventricular microinjections in wild-type (wt) mice to
expose the animals to human oA�. We then selectively FACS-
isolated and analyzed microglia from these animals, with no sig-
nificant contamination from peripheral monocytes or other
immune cells. Our results demonstrate that prolonged EE expo-
sure alters microglia in the dentate gyrus of hippocampus and
results in a prominent neutralization of the neuroinflammation
induced by oA�, including oA� purified from AD brain tissue, as
shown by both microglial morphometry and unbiased inflam-
matory gene expression profiles. We also identify several cyto-
kines at both the mRNA and protein levels, the latter using in vivo
microdialysis, which help mediate the protective benefits of EE.
Our results directly link enriched environments to the innate
immune response of microglia to oA� and provide strong
evidence for EE’s protective effect on AD at the level of CNS
immunology.

Materials and Methods
Animals. The Harvard Medical School Standard Committee on Animals
approved all experiments involving mice used for the study. All mice
were male and contained a mixed background of C57BL/6 and 129
(http://www.taconic.com/mouse-model/b6129f1). Animals were hou-
sed in a temperature-controlled room on a 12 h light/12 h dark cycle and
had free access to food and water.

EE. Three week male BL6/129 mice were purchased from Taconic. The
mice were housed either under standard housing condition (SH) or EE
starting at 4 weeks for a total of 7– 8 weeks. The EE paradigm allows 8
mice housed in one large cage (EE 38 � 60 cm vs SH 14 � 34 cm)
consisting of running wheels, tunnels, and objects of various colors and
shapes. The mice were housed in EE cages for 8 h per day and rotated
daily through 4 different EE cages.

Electrophysiology. We used weak stimulation protocol to induce LTP
within hippocampus region, as described by Li et al. (2011).

Tissue section preparation and immunofluorescence staining. The mice
were perfused with ice-cold HBSS and then ice-cold 4% PFA. The brains
were rapidly removed and immersed in 4% PFA for 2 h at 4°C, trans-
ferred to 30% sucrose solution for 48 h at 4°C, and embedded in OCT.
The 14 �m coronal sections were prepared. The sections were washed for
5 min in 70% ethanol, 3 min �2 in water, and 5 min in phosphate saline
buffer with 0.1% Tween, then blocked (10% horse serum, 2% BSA, 1%
glycine, 0.3% Triton-X) for 2 h in a humidity chamber at room temper-
ature. Afterward the sections were incubated with primary antibody
(anti-p2ry12 1:500, Butovsky laboratory; anti-CD68 1:200, Abcam cata-
log #ab53444 RRID:AB_869007; anti-Iba1 1:200 (Wako catalog #019-
19741 RRID:AB_839504); anti-DCX 1:1000 (Abcam catalog #ab18723
RRID:AB_732011) overnight at 4°C and subsequently with secondary
antibody (Invitrogen catalog #A11006 RRID:AB_10561520, 1:1000; In-
vitrogen catalog #A11010 RRID:AB_10584649, 1:1000) for 2 h at room
temperature with adequate PBST wash in between. The sections were
mounted with Vectashield H-1500.

5-Ethynyl-2-deoxyuridine labeling. The mice were injected intraperito-
neal with 5-ethynyl-2-deoxyuridine (EdU) solution (Invitrogen E10415)
at 35 g/kg body weight every other day for the duration of EE. The brain
sections were processed with Click-iT Plus EdU Alexa Fluor Flow Cy-
tometry Assay Kit (Invitrogen C10632).

The 7PA2 conditioned medium preparation and immunodepletion. Se-
creted human A� peptides were collected and prepared from the condi-
tioned media (CM) of a CHO cell line (7PA2) that stably expresses
human APP751 containing the V717F AD mutation (Podlisny et al.,
1995), as described previously (Walsh et al., 2005). Immunodeleted 7PA2
CM was prepared by serial immunodepletion using 4G8 antibody (Bio-
legend RRID:AB_10175149). The antibody was crosslinked to agarose
beads using Pierce CoImmunoprecipitation Kit (26149) before applying
to 7PA2 CM. We analyzed the supernatant from the last round by A�
ELISA (Yang et al., 2013) and used Western blot to confirm.

Human brain extract preparation and immunodepletion. AD-TBS ex-
tracts were prepared as described before (Shankar et al., 2008). Immu-
nodeleted ADTBS (ID-ADTBS) was prepared using the same method as
with 7PA2 CM.

Confocal microscopy and image analysis. All images were obtained un-
der Zeiss LSM 510 confocal microscope with 20�/0.75 objective. Images
obtained for the cell morphology analysis were set at 1024 � 1024 pixels
and collected in Z-stacks for 3D reconstruction. Image analysis was com-
pleted in ImageJ.

Stereotactic intracerebroventricular injection. Lateral ventricle was lo-
cated by bregma �2.5 mm, midline 3.1 mm, and dura �3.7 mm. Then,
4 �l of injection material is slowly delivered over 5 min.

Microglia purification and mRNA extraction. Mice were perfused with
ice-cold HBSS. The brains were rapid removed, and an �3 mm cubic of
contralateral hemisphere corresponding to the tissue surrounding
injection site was cut out. Tissue blocks were homogenized manually.
Microglia cells were purified using 37%/70% Percoll (GE Healthcare
17-5445-02) gradient followed by FACS. Antibodies: Anti-CD11b (BD
Biosciences catalog #552850 RRID:AB_394491); anti-CD45 (eBioscience
catalog #17-0451-82 RRID:AB_469392); anti-Ly6C (eBioscience catalog
#12-5932-82 RRID:AB_10804510); and anti-Ly6G (Biolegend catalog
#127605). mRNA samples were prepared from purified cells using mir-
Vana mRNA isolation kit (AM1561).

Primary microglia culture. Primary microglia were isolated as de-
scribed above. The cells were plated at 20,000 cells/well in a poly-D-Lysine
coated 96 well plate using DMEM/F12 � GlutaMAX medium supple-
mented with 10 ng/ml M-CSF (R&D Systems) and 50 ng/mL human
TGF-�1 (Miltenyi Biotec). Cells were cultured at 37°C with 5% CO2 and
controlled humidity.

Phagocytosis assay. Primary microglia were isolated and plated as de-
scribed above. The cells were incubated with 1 �M oligomeric FITC-
A�42 (McCarthy et al., 2016) for 3 h at 37°C, placed on ice, and washed
thoroughly with ice-cold PBS before their fluorescent signal was mea-
sured by a plate reader. Untreated cells were used to measure baseline
fluorescence.
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qPCR. mRNA were converted to cDNA using Applied Biosystems
High-capacity cDNA reverse transcription kit (#4368813). The samples
were then mixed with Taqman fast universal PCR mix (#4352042) and
ABI gene expression assay for qPCR analysis.

Nanostring analysis. mRNA samples were concentrated to required
concentration by Zymo RNA Clean and Concentrator (R1015). mRNA
concentration was determined by Nanodrop. The samples were further
processed with Nanostring nCounter Prep-station then scanned at high
resolution with nCounter Digital Analyzer (Mouse Inflammation v2).

Microdialysis and cytokine ELISA. The mice had intracerebral guide
cannula implanted following the coordinates for left hippocampal place-
ment (bregma �3.1 mm, midline �2.5 mm, dura �1.2 mm at 12° angle).
After inserting probes with 1000 kDa molecular weight cutoff (MWCO)
membranes (Eicom AtmosLM), 4% BSA in artificial CSF in mM as fol-
lows: 1.3 CaCl2, 1.2 MgSO4, 3 KCl, 0.4 KH2PO4, 25 NaHCO3, and 122
NaCl, pH 7.35, perfused through at flow rates 0.4 �l/min with an infu-
sion syringe pump (Stoelting). Microdialysates were collected for 12 h.
Mice were kept on 12 h light/dark cycles, and housed in a Raturn cage
system (Bioanalytical Systems), which allowed normal activities. All sam-
ples were analyzed with Meso Scale Discovery customized HB Prototype
Mouse SP 4-Plex ELISA.

Statistical analysis. All quantification results were analyzed using two-
tailed Student’s t test and one-way ANOVA to determine statistical sig-
nificance. N indicates total number of mice under each condition.

Results
EE increases microglial density and branching complexity in
the dentate gyrus of naive wt mice
We initially assessed the possible effects of EE on hippocampal
microglia by exposing 4-week-old wt mice to a well described and
validated EE paradigm (Li et al., 2013) daily for 7– 8 weeks. In
each experiment, eight outbred wt mice (C57BL/6 � 129) were

housed for 8 h/d, 7 d/week in a large cage (38 � 60 cm, threefold
larger than a standard cage) with plastic toys of various shapes
and colors and two different running wheels for voluntary phys-
ical exercise. To maximize novelty exposure, which our prior
work showed to be more effective than physical exercise (Li et al.,
2013), the mice were rotated each day among four large cages
equipped with distinct sets of toys. The activity of the mice (i.e.,
exploring and running) was monitored throughout the EE period
to confirm active participation in EE. Control littermate mice
were housed within the same facility but in standard cages (SH,
14 � 34 cm) with only customary bedding and access to food
pellets and water. Recording of long-term synaptic potentiation
(LTP) in hippocampal slices using a weak electrical stimulus (Li
et al., 2011) that cannot induce LTP in SH mice produced signif-
icant LTP in slices from the EE mice, confirming the effectiveness
of the EE paradigm on neurons, in accord with our prior work
(data not shown).

Following this EE training, we used confocal microscopy
to quantify microglial density, defined as the number of micro-
glia/mm 2, in different regions of hippocampus. P2y12 receptor
(P2ry12) has recently been established as a new and specific
marker for resident microglia that does not recognize peripheral
macrophages/monocytes (Butovsky et al., 2014). Although it
shows superior specificity for microglia, it has not yet been used
to quantify microglia number. We labeled microglia in situ with
anti-P2ry12 monoclonal antibody, took confocal mosaic scans
that covered the entire hippocampus, manually quantified the
number of P2ry12� cells in dentate gyrus (DG), CA1, and CA3,
and calculated microglial density by normalizing the cell num-

Figure 1. EE increases microglial density in the dentate gyrus of naive WT mice. A, Representative images from SH and EE mice DG showing difference in cellular density. P2ry12 antibody (red),
together with DAPI (blue), was used to visualize microglia. Scale bar, 200 �m. Only cells showing P2ry12 and DAPI colocalization are included in cell counting. B, Quantification analysis of SH and
EE mice DG microglia shows that EE significantly increases DG microglial density (*p � 0.0001, N � 8), which is calculated by dividing total cell count per DG with DG area (mm 2). C, Quantitative
analysis of Iba-1 labeling of microglia shows significant increase of DG microglial density in EE mice starting from 4 to 6 weeks of EE (*p�0.05, **p�0.01, ***p�0.001; 7– 8 weeks: N�8; others:
N � 2– 4). ns, Not significant. D, Representative images from FACS gating show minimal invasion of cells other than resident microglia into brain parenchyma in naive mice. Quantitative data are
mean � SEM.
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bers to area (mm 2), as determined by ImageJ. We analyzed 8 EE
mice and 8 SH mice from each of 3 different cohorts, quantifying
10 –12 sections/mouse brain. There was a highly significant 29%
increase in microglial density in the DG of EE mice compared
with SH mice (SH 95.22 � 4.47 vs EE 123.10 � 9.63, p � 0.0001,
N � 8) (Fig. 1A,B), but not in the CA1 and CA3 regions (data not
shown). To verify this P2ry12 finding, we applied a widely used
macrophage marker, Iba-1, and repeated the quantification. We
obtained densities (cells/mm 2) of Iba-1� cells in situ that were
consistent with those of P2ry12� cells above (SH 98.55 � 6.17 vs
EE 118.37 � 5.36, p � 0.001, N � 8). We also observed a highly
consistent �20% increase in DG microglial density in mice that
were exposed to various durations of EE (4 week or longer) (Fig.
1C). Because Iba-1 marks both resident microglia and invading
peripheral macrophages, we also analyzed the EE and SH brains
by flow cytometry (FACS) to assess any potential confounding
effects from macrophages. Resident microglia were labeled as
CD11b�/CD45 med/Ly6C lo/Ly6G lo, whereas peripheral macro-
phages were CD11b�/CD45 high/Ly6C high (Butovsky et al., 2014).
Flow cytometry demonstrated that the vast majority of CD11b�

cells are CD11b�/CD45 med/Ly6C lo/Ly6G lo regardless of housing
conditions (SH, 97.11 � 0.22%; EE, 96.83 � 0.35%) (Fig. 1D);
thus, the CD11b�/CD45 high/Ly6C high population was minimal
within brain tissue, confirming that the Iba-1� cells we observe
are endogenous microglia.

When we administrated EdU by intraperitoneal injection dur-
ing the EE period, we observed no increase of EdU labeling
among P2ry12� microglia (Fig. 2A), suggesting that the increase

in cell density was not a result of microglial division. As a simul-
taneous positive control, EdU� neurons positive for DCX were
substantially increased in the EE mice (EdU�/DCX� neuron
density: SH � 36.47 � 3.123; EE � 64.41 � 2.537, p � 0.02, N �
6; Fig. 2B,C), as expected from many studies in the literature
(Kempermann et al., 1997; Nilsson et al., 1999).

To assess further effects of EE on microglia beyond their in-
creased density, we performed automated morphological analy-
sis on individual cells using ImageJ. P2ry12 labeling, compared
with Iba-1, provided outstanding resolution of fine processes,
allowing detailed cell morphology analyses. We created Z-stack
scan images of P2ry12� microglia from three separate areas
within the DG and imported images of individual microglia into
ImageJ for automated, unbiased quantification of circularity
(4�[area]/[perimeter] 2, with 1.0 indicating a perfect circle) and
solidity ([area]/[convex area], with a maximum solidity value of
1.0). Both of these parameters reflect the overall complexity of
cell morphology and successfully distinguished microglia under
different conditions, whereas roundness (4� [Area]/(� � [Ma-
jor axis] 2)), which focuses only on the major cellular axis, failed
to do so and was excluded from further analyses. We also per-
formed skeleton analysis (Morrison and Filosa, 2013) to measure
the number of cellular processes and their branches on individual
microglia (#branches/microglia) (Fig. 3A). Using these several
measures, we analyzed all mice used for the above microglial
density analyses, quantifying 30 – 40 cells from multiple brain
sections per mouse. We found that, in addition to the higher
microglial density, DG microglia in the EE mice possessed signif-

Figure 2. EdU labeling during EE shows minimal microglial division while significantly more neurogenesis by EE. A, Representative images showing minimal EdU (green)/P2ry12 (red)
colocalization (blue, DAPI). Scale bar, 100 �m. B, Representative images showing majority of EdU (green) signals colocalize with DCX (red), a marker for newborn neurons. Scale bar, 100 �m. C,
Quantification of EdU �/DCX � cell counts (no. of cells/mm 2) in the dentate gyrus of EE and SH mice indicates significantly higher level of neurogenesis in EE mice. *p � 0.02. N � 6. Data are
mean � SEM.
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icantly more branches per cell on average (SH 93.52 � 8.45 vs EE
124.40 � 20.54, p � 0.05, N � 8) (Fig. 3B,C), indicating that,
after EE, microglia are more ramified in their morphology under
physiological conditions, suggesting a likely alteration of their
function. No significant differences were observed in the mea-
surements of circularity and solidity (data not shown).

Oligomeric A� induces changes in microglial density and
morphology in SH mice
Next, we systematically compared the effects of soluble human
A� oligomers (oA�) on microglia under SH conditions. The CM
of CHO cells stably expressing the hAPP-Val717Phe FAD mutant
(7PA2 CM) that is oA�-rich (Podlisny et al., 1995; Walsh et al.,
2002; Welzel et al., 2014) was delivered into the lateral ventricle

(intracerebroventricularly) by stereotac-
tic microinjection. After 48 h, the con-
tralateral hemisphere was harvested to
search for microglial changes induced by
the diffusion of the soluble A� oligomers
into the opposite lateral ventricle. To con-
trol for any possible alterations in micro-
glia morphology and density caused by
the surgical procedure or by non-A� sub-
stances in the cell medium, we microin-
jected CM from parental CHO cells
expressing only the vector but not the
hAPP-V717F AD mutant (called CHO�

CM) as a negative control. To verify that
the changes in microglial density and
morphology upon 7PA2 CM injection are
directly attributable to oA�, we also re-
peated the experiments using 7PA2 CM
that had been quantitatively immunode-
pleted of oA� using anti-A�-conjugated
beads while maintaining the same APPs�
level (yielding ID-7PA2 CM) (Fig. 4A,B).
Hippocampal images were acquired for
microglia analysis (Fig. 5A). We observed
a significant decrease in DG microglial
density in the SH mice receiving 7PA2 CM
and an almost full rescue from immu-
nodepleting A� (SH CHO� CM 115.37 �
11.04 vs SH 7PA2 CM 98.67 � 11.43, p �
0.05; vs SH ID-7PA2 CM 118.68 � 1.33,
nonsignificant to SH CHO� CM, N � 6)
(Fig. 5B).

Next, we colabeled microglia with
anti-CD68 antibody. CD68 is a lysosomal
protein marker such that % CD68 has
been shown to be associated with micro-
glial phagocytic activity and can be used to
evaluate the degree of microglial inflam-
matory activity (Lee et al., 2010; Elmore et
al., 2014). We measured the percentage of
CD68� area within each P2ry12� micro-
glia (% CD68) by dividing CD68� area by
P2ry12� area, revealing a marked in-
crease of this marker in SH mice after
7PA2 CM in vivo administration that is
rescued by removing oA� (SH CHO� CM
1.35 � 0.63% vs SH 7PA2 CM 8.74 �
3.89%, p � 0.01; vs SH ID-7PA2 CM
0.37 � 0.25%, nonsignificant to SH

CHO� CM, N � 6) (Fig. 5C). We then analyzed the morphology
of individual microglia. Using the same analytical methods de-
scribed in the previous section for the naive mice, we found that
in vivo exposure to the oA�-rich 7PA2 CM led to increased mi-
croglial circularity (SH CHO� CM: 0.0598 � 0.0158 vs SH 7PA2
CM: 0.1029 � 0.0122, p � 0.001, N � 6) (Fig. 5D) and increased
solidity (SH CHO� CM: 0.4260 � 0.0333 vs SH 7PA2 CM:
0.5076 � 0.0268, p � 0.01, N � 6) (Fig. 5E), as well as to de-
creased #branches/microglia (SH CHO� CM: 83.04 � 7.96 vs SH
7PA2 CM: 63.24 � 7.24, p � 0.01, N � 6) (Fig. 5F). These
significant changes all indicate a cellular morphology that is less
ramified and more amoeboid, with shorter, thicker, fewer pro-
cesses and a larger cell body after in vivo exposure to soluble oA�.
Such a shift in microglial morphology correlates with a more

Figure 3. EE significantly increases individual microglia branching complexity in naive mice. A, Demonstration of microglia
morphology analysis methods. Binary mask, perimeter, convex, and skeleton are generated using ImageJ software. Scale bar, 10
�m. B, Higher-magnification representative images of single microglia from each housing condition and their corresponding cell
skeletons. Purple areas represent the branching points. Scale bar, 20 �m. C, Quantification of SH and EE mice DG branching
complexity (#Branch/microglia) shows that EE significantly increases #Branch/microglia (*p � 0.05, N � 8). Data are mean �
SEM.
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inflammatory microglial state (Kettenmann et al., 2011). Again,
these three individual morphology measurements were almost
100% rescued by A� immunodepletion (Fig. 5D–F). No statisti-
cally significant morphological changes were observed for micro-
glia in the cerebral cortex in the same brain sections.

EE prevents the changes in microglial density and
morphology induced by oligomeric A� in SH mice
We applied the same experimental procedures and analyses as
just described to EE mice, which were studied simultaneously
with their littermate SH mice. In contrast to their SH littermate
controls, EE mice showed no statistically significant change from
oA� in their microglial density (cells/mm 2) (EE CHO� CM
131.62 � 9.52 vs EE 7PA2 CM 120.48 � 15.08, p � 0.16988, N �
6) (Fig. 5B). Overall, EE mice exposed to oA� in vivo showed no
lower microglial density than SH mice receiving CHO� CM and
significantly higher microglial density than SH mice receiving
oA� (p � 0.05). Highly reproducible results were observed in
three independent cohorts of EE and matched SH mice studied
over the course of 	9 months.

In accord with this finding for microglial density, EE exposure
also produced a strong preventative effect on all of the aforemen-
tioned measurements of individual microglial morphology. EE
mice receiving 7PA2 CM showed much smaller changes than did
SH mice in % CD68, circularity and solidity, and no change in
#branches/microglia at all. When considering the absolute val-
ues, we found highly significant differences between SH mice and
EE mice receiving 7PA2 CM in all microglial measurements (%
CD68 SH 8.74 � 3.89% vs EE 3.66 � 1.06%, p � 0.01; Circularity
SH 0.1029 � 0.0122 vs EE 0.0673 � 0.0094, p � 0.001; Solidity
SH 0.5076 � 0.0268 vs EE 0.4645 � 0.0214, p � 0.01; #branches/
microglia SH 63.24 � 7.24 vs EE 96.71 � 9.08, p � 0.0001, N � 6)
(Fig. 5C–F). These data indicate that EE-treated mice have mi-
croglial morphologies corresponding to a much less activated
state than do SH mice. Even in the face of the intracerebroven-
tricular microinjection procedure, the EE mice still showed sig-
nificantly higher microglial density and higher #branch/
microglia than SH mice upon exposure to oA�, in agreement
with the benefit of EE we observed in naive (uninjected) EE ver-
sus SH mice (Fig 5B,F).

Together, the above results suggest that in vivo exposure to
soluble oA� consistently causes a significant decrease in mi-
croglial density and changes microglial morphology in SH
mice, suggesting significant microglial inflammatory altera-
tions in the DG. Exposure to an EE effectively neutralizes this

microglial alteration, indicating that EE can potently enhance
microglial tolerance to oA� and lower microglial inflamma-
tion in the CNS.

A� oligomers induce inflammatory shifts in microglial-
specific mRNA profiles in SH mice
To seek further information about oA� activity on microglia, we
used the same intracerebroventricular oA� microinjection
model described above and isolated microglia by FACS from the
contralateral hemisphere at 24 and 48 h after injection, to per-
form unbiased mRNA profiling. We extracted mRNA from the
freshly FACS-purified microglia and analyzed total mRNA on the
Nanostring platform with a specific Mouse Inflammation Code-
set that measures a total of 253 inflammatory genes. The results
indicated that, in SH mice, multiple proinflammatory genes (41
of 186 detectable genes at 24 h and 19 of 163 detectable genes at
48 h) were either activated or suppressed by exposure to oA�-rich
7PA2 CM compared with CHO� CM (Fig. 6A,B), indicating that
cell-secreted oA�, which is present at low but pathophysiologi-
cally relevant levels of �1–3 nM in the CM, can induce a specific
and quantifiable inflammatory response in microglia in vivo.

EE prevents the inflammatory shift in microglial mRNA
profile induced by oA� in SH mice
When we applied the Nanostring mRNA profiling analysis just
described in SH mice to littermate mice that had been exposed to
EE simultaneously, we again observed a strong ameliorating ef-
fect of EE on oA� microglial alteration. EE successfully neutral-
ized changes in 22 of 41 genes at 24 h and 11 of 19 genes at 48 h
that were altered by oA� in the SH mice (Fig. 6C,D). There was a
similar trend toward ameliorated responses with the remaining
genes, but to lesser extent. Next, to directly compare SH animals
with EE animals as regards oA�-induced microglial inflamma-
tion, the central purpose of our study, we normalized each indi-
vidual mRNA level in the 7PA2 CM-exposed microglia to the
average corresponding level in CHO� CM-exposed microglia
within each housing condition and compared the resultant ratios
in SH versus EE animals. This additional analysis should ignore
any effects of EE not related to oA� exposure per se (e.g., wound
healing; inflammatory responses to non-A� substances in the
CHO� CM) and focus specifically on the environment-based dif-
ferences in the microglial response to oA�. The results of this
analysis indicated that whereas in SH mice, multiple inflamma-
tory genes had 7PA2:CHO� mRNA ratios that were significantly
higher or lower than 1.0, mice chronically exposed to EE had

Figure 4. Serial immunodepletion with 4G8 antibody successfully removes oA� from 7PA2 CM. A, Supernatant from the last immunodepletion was analyzed by ELISA for A� x-40 and A� x-42
and compared with original 7PA2 CM. Result shows 	90% removal of overall oA� species. Western blot shows no detectable oA� after first immunodepletion, confirming the result. B, The
supernatant was analyzed by ELISA for APPs�. Result shows no change of APPs� level from immunodepletion. Quantitative data are mean � SEM.
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7PA2:CHO� mRNA ratios that were instead very close to 1.0.
(Because of the many genes we quantified, the SH gene changes
were no longer statistically significant after correction for multi-
plicity, except for the changes in Ccl4 at 24 h and in Tnf at 48 h,
p � 0.0001). The consistent prevention by EE of the oA�-
mediated microglial inflammatory gene changes of SH mice that

this ratio analysis demonstrated indicates minimal or no effect of
oA� on microglial inflammatory profile after EE (Fig. 7A,B).
This molecular result supports our interpretation of the micro-
glial morphology analysis that EE can successfully prevent oA�-
induced microglial alteration. Finally, when we microinjected
7PA2 CM selectively immunodepleted of A� as described earlier,

Figure 5. Oligomeric A� induces changes in microglial density and morphology in SH mice, and EE prevents such changes. A, Representative images from SH and EE mice receiving 7PA2 CM,
CHO� CM, or immunodepleted 7PA2 CM (ID-7PA2) show strong microglial alteration in SH from 7PA2 CM, as reflected by microglial morphology (microglia labeled with P2ry12 antibody, red) and
high level of CD68 (green). DAPI (blue) demonstrates that all images are from consistent DG area. EE potently neutralizes microglial alteration. Removing oA� from 7PA2 CM also successfully
abolishes microglial alteration. Scale bar, 50 �m. B–F, Quantification: 7PA2 CM significantly decreases DG microglial density, significantly increases % CD68/microglia, circularity, and solidity, and
decreases #branch/microglia in SH mice. EE mice upon 7PA2 CM exposure have significantly higher microglial density than that of SH mice, and show significantly different morphological features:
smaller value of % CD68/microglia, circularity, and solidity, as well as higher #branch/microglia. EE mice receiving CHO� CM show significantly higher DG microglial density and higher #branch/
microglia than CHO� CM-receiving SH mice, just as in naive mice. ID-7PA2 CM shows no difference from CHO� CM in both SH and EE mice. *p � 0.05. **p � 0.01. ***p � 0.001. ****p � 0.0001.
N � 6. Quantitative data are mean � SEM.
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Figure 6. Oligomeric A� induces microglial inflammatory mRNA shifts in SH mice as shown by Nanostring mRNA counts, and EE prevents such shifts. A, At 24 h, 41 genes are significantly altered
by oA� in SH mice. Ccl4 is significant with correction (*p � 0.0001), whereas others are without. The genes are assigned to each panel according to exact (Figure legend continues.)
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we no longer observed any noticeable effect of the 7PA2 CM on
SH mice 48 h after exposure in vivo (data not shown).

Among the numerous microglial inflammatory genes that re-
sponded to in vivo soluble A� oligomers differently in SH and EE
mice (22 of 186 detectable mRNAs at 24 h; 11 of 163 detectable at
48 h), many of them fell into two functional categories: cytokine
signaling pathways and the JNK signaling pathway (Table 1).
Three genes were of special interest because they responded to
oA� at both time points but more so at 48 h (thus less likely to be
affected by acute effects of the intracerebroventricular injection)
and because of their possible functional correlation: Ccl3, Ccl4,
and Tnf (Glabinski et al., 2003). Additionally, the elevations of
Ccl4 and Tnf in SH mice were still statistically significant after
multiplicity correction. Several other of our hits are also thought

to be involved in TNF� production and signaling in different
model systems, such as Mef2a (Kain et al., 2015), Rhoa (Wang et
al., 2015), and the JNK signaling pathway (McCoy and Tansey,
2008), but their functional interactions are not as well character-
ized as these three (Ccl3, Ccl4, and Tnf) in CNS inflammation. To
incorporate a methodologically independent validation of our
overall findings, we quantified the same FACS-isolated microglial
samples (48 h after intracerebroventricular injection) on a Taq-
man qPCR platform to measure the expression levels of Ccl3,
Ccl4, and Tnf. The results were highly consistent with those ob-
tained by Nanostring: SH mice showed significant increases in
Ccl3, Ccl4, and Tnf mRNA levels when exposed in vivo to oA�
(p � 0.001, N � 5), whereas both EE and oA� immunodepletion
of 7PA2 CM effectively diminished the effect (Fig. 7C).

We also performed in vitro exposure of microglia freshly iso-
lated (by FACS) from uninjected SH and EE mice to the 7PA2
CM or ID-7PA2 CM. This in vitro treatment with oA� yielded
results consistent with those observed in vivo: 7PA2 CM signifi-
cantly increased the mRNA levels of Ccl3, Ccl4, and Tnf in SH
microglia, whereas EE produced a significant neutralizing effect
on all three genes (Fig. 7D). This confirmatory microglial culture
experiment supports our interpretation that EE is directly chang-
ing microglial function in vivo in a way that induces tolerance
toward the microglial effects of oA�. Next, we performed exper-
iments suggesting that EE-derived microglia in vitro also have

4

(Figure legend continued.) mRNA counts from Nanostring, which reflects expression level.
N � 5. B, At 48 h, 19 genes are significantly altered by oA� in SH mice. Tnf is significant with
correction (*p � 0.0001), whereas others are without. The genes are assigned to each panel
according to exact mRNA counts from Nanostring, which reflects expression level. N � 5. C, At
24 h, 22 of 41 genes plotted in A are rescued by EE. Total mRNA counts for the 22 genes show no
significant difference between EE mice receiving 7PA2 CM and receiving CHO� CM. N � 5. D, At
48 h, 11 of 19 genes plotted in B are rescued by EE. Total mRNA counts for the 11 genes show no
significant difference between EE mice receiving 7PA2 CM and receiving CHO� CM. N � 5.
Quantitative data are mean � SEM.

Figure 7. EE rescues the shift in microglial inflammatory mRNA profile induced by oA� in SH mice both in vivo and in vitro, with supportive data from qPCR. A, At 24 h, 22 of 186 inflammatory
genes actively expressed by microglia are significantly different between SH and EE mice (uncorrected except for Ccl4). *p�0.0001. N�5. SH mice have significantly different expression levels from
receiving 7PA2 CM than CHO� CM, whereas EE mice show no alteration, as measured by Nanostring nCounter platform. B, At 48 h, 11 of 163 inflammatory genes actively expressed by microglia are
significantly different between SH and EE mice (uncorrected except for Tnf). *p � 0.0001. N � 5. SH mice have significantly different expression levels from receiving 7PA2 CM than CHO� CM,
whereas EE mice show no alteration, as measured by Nanostring nCounter platform. C, qPCR analysis on Ccl3, Ccl4, and Tnf shows consistent results as Nanostring: that SH mice have significantly
higher levels of Ccl3, Ccl4, and Tnf upon exposure to 7PA2 CM than CHO� CM. *p � 0.001. N � 5. EE neutralizes the responses. ID-7PA2 CM fails to induce any significant changes in mRNA in both
SH and EE mice. D, In vitro exposure of 7PA2 CM versus ID-7PA2 CM to microglia isolated from naive SH and EE mice indicates that EE has consistent neutralizing effects on the three main cytokines
in vitro as measured by Taqman qPCR. *p � 0.005. N � 8. E, Primary microglia isolated from EE mice show decreased phagocytosis activity toward FITC-A�42 oligomer. *p � 0.01. N � 12.
Quantitative data are mean � SEM.
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lower phagocytic activity toward fluorescently tagged (FITC)
synthetic A� oligomers (Fig. 7E), consistent with our data that EE
is associated with a neutralized inflammatory response.

In all in vivo experiments throughout this study, we observed
very few peripheral monocytes (�5% of the microglial cell
counts) in the CD11b� cell population, and in vivo exposure to
oA� did not increase or decrease this tiny peripheral monocyte
population(Fig. 8). The absence of significant monocyte invasion
suggests that microglia are the principal macrophage-type cells
responding acutely to soluble oligomeric A� in the brain and that
EE’s ability to alter microglial responses to oA� could have a
significant influence at the tissue and organismal levels.

EE neutralizes the elevation of extracellular cytokines in brain
interstitial fluid induced by oA�
To measure in vivo the three top cytokines identified in our un-
biased mRNA profiling at the protein level, we developed a pro-
tocol to use hippocampal microdialysis with a 1000 kDa MWCO.

In vivo microdialysis enabled us to measure protein concentra-
tions in the brain interstitial fluid (ISF) of awake, behaving mice.
The 1000 kDa MWCO should allow recovery of almost any kind
of cytokine, making it an ideal system to analyze quantitatively
the oA�-induced inflammatory response in vivo. Mice again re-
ceived an intracerebroventricular injection of 7PA2 CM or
CHO� CM and then had a guide cannula for microdialysis im-
planted into the contralateral hippocampus immediately after-
ward on day 0. Microdialysis began 48 h after surgery, as specified
in our intracerebroventricular injection model described above.
The 48 h waiting time and contralateral locus for ISF collection
allow inflammation caused by intracerebroventricular injection
to largely resolve; the ISF collection then continues for 12 h (Fig.
9A). All mice were dissected afterward to confirm the placement
of the microdialysis probes and observe the injection site. Mice
with substantial bleeding at the injection site were excluded from
analysis. We analyzed the ISF samples for our three top analytes:
TNF�, CCL3, CCL4. We normalized each ISF sample from a

Table 1. Genes responding differently to oA� in SH versus EE mice at 24 and 48 h that belong to either cytokine signaling pathways or the JNK signaling pathwaya

Gene

Response to oA� (7PA2:CHO � mRNA ratio)

SH 24 h SH 48 h EE 24 h EE 48 h p(SH vs EE) 24 h p(SH vs EE) 48 h

Ccl2 1.32 � 0.04 — 1.00 � 0.04 — �0.001 —
Ccl3b 1.21 � 0.03 1.73 � 0.14 0.94 � 0.03 0.89 � 0.01 �0.001 �0.001
Ccl4b 1.29 � 0.01* 1.68 � 0.22 0.90 � 0.03 1.02 � 0.13 �0.0001 �0.05
Csf1 — 1.25 � 0.08 — 0.82 � 0.04 — �0.01
IL-1� — 1.58 � 0.31 — 0.92 � 0.22 — �0.05
IL-6 1.65 � 0.11 — 0.70 � 0.17 — �0.01 —
Mef2a 1.20 � 0.07 — 0.86 � 0.08 — �0.01 —
Ptger3 — 0.74 � 0.07 — 1.12 � 0.04 — �0.01
Rhoa 1.07 � 0.02 — 1.01 � 0.01 — — �0.05
Tgfb1 — 0.85 � 0.05 — 1.02 � 0.05 — �0.05
Tnfb 1.20 � 0.05 1.25 � 0.02* 0.86 � 0.00 0.94 � 0.08 �0.001 �0.01
Fos — 1.40 � 0.12 — 1.18 � 0.05 — �0.05
Jun 1.12 � 0.03 1.15 � 0.10 0.97 � 0.02 1.29 � 0.02** �0.01 —
Myc 1.43 � 0.11 — 0.87 � 0.02** — �0.001 —
aAll genes in table are selected based on significant response to oA� in SH mice without correction.
bGene selected for further analysis.

*Significance with correction.

**Significance without correction.

Figure 8. Flow cytometry gating on postinjection brains indicates minimal invasion of peripheral monocytes. A, Representative gating images from SH/EE animals receiving intracerebroven-
tricular injections of 7PA2 CM or CHO�. Little CD11b � cells exist of CD45 Med/Ly6C Low/Ly6G Low population, indicating minimal invasion of peripheral monocytes and neutrophils. B, Quantification
of the percentage of CD45 Med/Ly6C Low/Ly6G Low cells within CD11b � population indicates that 	96% CD11b � cells are resident microglia. There were no significant difference observed among
all conditions. N � 8.
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mouse receiving 7PA2 CM to its paired ISF of the mouse in the
same environment (SH or EE) receiving the control CHO� CM.
Each such pair of mice shared the same microdialysis pumping
system, removing any possible variation caused by the equip-
ment. We observed significant elevations of CCL3, CCL4, and
TNF� proteins in the ISF of SH mice receiving 7PA2 CM but not
in the matched EE mice (7PA2 CM/ CHO� CM ratios: CCL3: SH
1.443 � 0.335 vs EE 0.923 � 0.188, p � 0.01; CCL4: SH 1.579 �
0.168 vs EE 0.949 � 0.298, p � 0.01; TNF�: SH 1.872 � 0.663 vs
EE 0.734 � 0.213, p � 0.01. N � 6) (Fig. 9B). These ISF cytokine
findings are entirely consistent with the neutralizing effects of EE
at the mRNA level and by microglial morphometry.

EE neutralization of microglial mRNA changes is confirmed
using human oA� from AD brain
To extend this cumulative evidence of a preventive effect of EE
against oA� into the most pathobiologically relevant context, we
examined saline (TBS) extracts from the brains of patients with
clinically and neuropathologically diagnosed AD (AD-TBS) as a
source of endogenous human A� oligomers. Previous work in
our laboratory has established that such soluble extracts potently
suppress hippocampal synaptic plasticity, decrease synapse den-
sity, and actually interfere with the memory of a learned behavior
in rodents (Shankar et al., 2008). Moreover, the AD brain oli-
gomers induce hyperphosphorylation of tau protein in primary
neurons at AD-relevant epitopes, and this is followed by progres-
sive neuritic dystrophy (Jin et al., 2011). As a key negative control,
we performed selective immunodepletions of oA� from the hu-
man AD-TBS with conjugated 4G8 antibody. The supernatant
from the last of two serial immunodepletion steps was analyzed
by ELISAs specific for either A� oligomers, A� x-40 monomers
or A� x-42 monomers. The ELISAs, including the one specific for
oligomers, had been developed here to accurately and sensitively
measure A� species of different forms (Yang et al., 2013, 2015).
Because the A� oligomers in the AD-TBS fraction are specifically
responsible for inducing all of the aforementioned AD-relevant
phenotypes, it was important that we were able to confirm by
ELISA a marked decrease (	90%) of oA� and almost complete
removal of A� x-40 and A� x-42 species by the immunodeple-
tion. Western blots of the immunoprecipitates confirmed almost

complete removal of all A� species, consistent with the ELISA
data (Fig. 10A).

We applied the AD-TBS and immunodepleted AD-TBS (ID-
ADTBS) to EE and SH mice by following the same intracerebro-
ventricular injection procedure and microglial-selective mRNA
analysis (48 h) as described above. The samples were first ana-
lyzed by Taqman qPCR for Ccl3, Ccl4, and Tnf mRNAs. We ob-
served very consistent induction of the three molecules by the
human AD-TBS in SH but not in EE mice, with the differences
being significant, as we had seen by qPCR with the oA�-rich
7PA2 CM. The values were expressed as a ratio of the mRNA level
after AD-TBS versus that after ID-ADTBS injection, as follows:
Ccl3: SH 1.65 � 0.31 vs EE 0.86 � 0.10, p � 0.0001; Ccl4: SH
1.52 � 0.24 vs EE 0.96 � 0.17, p � 0.001; Tnf: SH 1.93 � 0.47 vs
EE 1.07 � 0.20, p � 0.002, N � 6) (Fig. 10B).

We then analyzed all microglial mRNA samples after the
AD-TBS (or ID-ADTBS) microinjections on the Nanostring
platform with the same Code-set used previously and saw re-
sults consistent with those of the 7PA2 CM. EE prevented the
selective microglial gene changes seen in SH mice 48 h after
injection of the AD-TBS. We found that 31 of 120 actively
expressed microglial genes were significantly changed (uncor-
rected) by AD-TBS in SH mice, and 24 of these were rescued by
the EE exposure (Fig. 10C) (raw values before normalization
are plotted in Fig. 11 A, B). Among these 24 hits, 5 of them,
including Ccl3, Ccl4, and Tnf that we had tested by qPCR, are
in common with the 11 hits we had identified at 48 h after the
7PA2 CM injection (Fig. 10C, red dots). AD-TBS also induced
gene expression changes in several other cytokines and MAP
kinase family members that are important for proper micro-
glial signaling, the majority of which had shown comparable
trends in the 7PA2 CM dataset, although not to as strong an
extent as with the human brain A� oligomers.

Discussion
EE has been studied in animal models for its potential benefit
in ameliorating the neuronal effects of factors implicated in
AD. Our laboratory previously documented the benefits of EE
in enhancing hippocampal LTP and increasing the levels of
select synaptic markers and NMDA receptors in a way that

Figure 9. EE neutralizes the elevation of cytokines in brain interstitial fluid induced by oA�. A, ISF collection timeline: the mice were intracerebroventricularly injected with 7PA2 CM or CHO� CM
and had guide cannula implanted into contralateral hippocampus. After 48 h, ISF was collected for 12 h at 0.4 �l/min perfusion rate. B, The ISF samples were analyzed by customized ELISA from Meso
Scale Discovery to measure CCL3, CCL4, and TNF�. Results show that SH mice have significantly higher ratios of 7PA2 CM/CHO� CM in all three molecules compared with EE mice (*p � 0.01, N �
6), with EE mice showing ratio very close to 1.0. Data are mean � SEM.
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decreased the adverse neuronal effects of oA� (Li et al., 2013).
However, whether EE can modify the brain’s innate immune
system and thereby lessen microglial abnormalities caused by
oligomeric A� has not been addressed. Here, we systematically
examined the possible benefits of EE on microglia from mul-
tiple perspectives because despite extensive knowledge of EE’s
neuronal benefits, whether and how EE may regulate micro-
glial function in healthy animals and in those exposed selec-
tively to pathogenic species of human oA� is unstudied. A
single very recent paper appearing as we completed this work
examined certain aspects of this topic with a methodologically
distinct approach (Rodríguez et al., 2015). Our multiple assays
indicate that exposure to EE effectively modulates microglial
form and function in a way that results in robust tolerance
toward the effects of oA�, resulting in significantly less proin-
flammatory microglial alteration.

We initially documented a significant increase in microglial
density in the DG of naive mice exposed to EE, consistent with
two recent studies using different methods (Williamson et al.,
2012; Reshef et al., 2014). EdU labeling during EE showed mini-
mal EdU� microglia, suggesting a source of additional microglia
other than cell division. We speculate that the extra microglia
either migrate from nearby brain regions or mature from progen-
itor cells reported to develop into microglia (Elmore et al., 2014).
Deeper morphological analyses revealed significant changes in
microglial branching complexity by EE as measured by skeleton
analysis, indicating that modulation of microglia by EE can occur
without exposure to adverse stimuli. Next, we observed almost
complete rescue by EE of microglial form in hippocampus (as
judged by multiple morphological parameters) when animals
were exposed in vivo to human oA�. Unlike hippocampal micro-
glia, cortical microglia exhibited minimal alteration with oA�
exposure. Such a difference could relate in part to significant

regional differences in the microglial transcriptome, as recently
reported (Grabert et al., 2016).

The molecular changes underlying the prominent EE rescue
effect were next probed by unbiased examination of microglial
inflammatory mRNA profiles. We found that EE suppressed the
elevated expression of select inflammatory genes that occurred in
response to oA� in SH mice and similarly neutralized the depres-
sion of others. The highly consistent differences between the
mRNA profiles of mice in the two environments and the fact that
selective removal of oA� from the 7PA2 CM prevented the
mRNA profile shift in the SH animals together strongly suggest
that EE can significantly mitigate the majority of inflammatory
gene responses of microglia to oA�, in accord with the results of
our morphological phenotyping in situ. The preventive effect of
EE was confirmed at the protein level in vivo by performing mi-
crodialysis in awake, behaving animals and quantifying the pro-
teins of the 3 most altered mRNAs: TNF�, CCL3, and CCL4. All
of these data support the hypothesis that EE effectively primes
microglia before exposure to oA� so that microglia are more
resistant to challenges, resulting in a significant tolerance to hu-
man oA� species previously shown to be highly synaptotoxic
(Shankar et al., 2008; Jin et al., 2011) and thereby lowering in-
flammatory cytokines and potentially mitigating secondary
neuronal toxicity. Upon establishing primary cultures of mi-
croglia from uninjected mice and exposing them to oA� in
vitro, we observed similar increases in mRNA levels of Ccl3,
Ccl4, and Tnf in cells from SH but not EE animals, supporting
our interpretation that EE ameliorates a direct response of
microglia to A� per se.

We performed preliminary experiments to assess the phago-
cytic response of the cultured primary microglia to oA� and
found decreased uptake of synthetic oA� by microglia from the
EE mice. Establishing this in vitro assay will enable more extensive

Figure 10. EE neutralization of microglial mRNA changes is confirmed using human oA� from AD brain. A, Supernatant from the last immunodepletion was analyzed by ELISA for oligomeric A�,
A� x-40, and A� x-42. Results show 	90% removal of all A� species. Western blot shows no detectable oA� after first immunodepletion, confirming the result. B, Taqman qPCR analysis on Ccl3,
Ccl4, and Tnf shows results similar to those of 7PA2 CM: that SH mice have significantly higher levels of Ccl3, Ccl4, and Tnf upon exposure to human AD-TBS extract (ADTBS) than immunodepleted
AD-TBS extract (ID-ADTBS). **p � 0.002. ***p � 0.001. ****p � 0.0001. N � 6. EE neutralizes the response. C, Nanostring analysis on the same samples shows a consistent overall neutralizing
effect of EE. Among all genes significantly (uncorrected) changed in SH mice by oA� and at the same time showing significantly (uncorrected) rescue effect from EE, 5 overlap with that of 7PA2 CM
(marked by red dots). Quantitative data are mean � SEM.
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experiments to be done on this aspect of EE, but we interpret the
apparent decrease in phagocytosis as suggesting that the sharply
decreased proinflammatory reaction documented for EE in vivo
and in vitro is associated with less phagocytic activity toward oA�,
as phagocytosis and inflammation can be related in macrophages
(Aderem, 2003). In AD and models thereof, microglial function
can be impaired by A� (Hickman et al., 2008; Krabbe et al., 2013)
and by certain AD-linked genetic variants (Kleinberger et al.,
2014; Heneka et al., 2015), allowing chronic overproduction of
some cytokines that may then contribute to neuronal toxicity.
We hypothesize that the ability of EE to neutralize overall micro-
glial responses to oA� could curb such cytokine release in the

brain and help protect neurons. This idea is supported by evi-
dence that eliminating microglia in vivo rescues neuronal injury
(Spangenberg et al., 2016), whereas enhanced microglial activa-
tion exacerbates it (Cho et al., 2011), in each case without neces-
sarily altering A� burden.

Our choice to use wt mice not overexpressing early-onset AD
gene mutations sought to address whether environmental factors
alone are adequate to generate immunomodulatory effects that
could be beneficial in very early “sporadic” subjects lacking a specific
genetic diathesis toward familial AD. We used an intracerebroven-
tricular microinjection model to expose wt mice acutely to patho-
physiologically relevant (low nanomolar) levels of human oA�,

Figure 11. Human AD-TBS induces microglial inflammatory mRNA profile shift in SH mice as shown by Nanostring mRNA counts, and EE rescues such shift. A, At 48 h, 31 genes are
significantly altered by oA� in SH mice (uncorrected). The genes are assigned to each panel according to exact mRNA counts from Nanostring, which reflects expression level. N � 6. B,
At 48 h, 24 of 31 genes plotted in A are rescued by EE. Total mRNA counts for the 24 genes show no significant difference between EE mice receiving AD-TBS and receiving ID-ADTBS. N �
6. Quantitative data are mean � SEM.
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including oligomers isolated directly from typical AD brains, to
better model the earliest effects of A� dyshomeostasis in AD in the
large majority of humans lacking deterministic FAD mutations and
thereby quantify oA� microglial activities without the potentially
confounding effects of genetic manipulation.

It is notable that TNF�, CCL3, and CCL4, the top three hits from
our unbiased mRNA screen among 253 inflammatory genes, were
confirmed at the protein level upon in vivo microdialysis and were
similarly elevated by the human oA� oligomers in 7PA2 CM and in
AD brain extracts. In all cases, the changes were significantly neutral-
ized by EE, suggesting a key involvement of these cytokines (among
others) in the microglial oA� response and the benefits of EE. TNF�
has been widely studied in AD and other neurodegenerative disor-
ders as a key regulator of neuroinflammation (Fillit et al., 1991; Meda
et al., 1995; Collins et al., 2000; Tan et al., 2007; Holmes et al., 2009)
and can induce neuronal death (Bhaskar et al., 2014). TNF� is pre-
dominantly expressed by microglia in the CNS (Renno et al., 1995;
Chabot et al., 1997) and interacts with CCL3 and CCL4 during in-
flammation (Glabinski et al., 2003). TNF� may also be involved in
maintaining microglial inflammation and contribute to related
morphological changes (Pearse et al., 2004). Based on these results,
our finding regarding significant differences in microglial morphol-
ogy between SH and EE mice may relate in part to the potent sup-
pression of TNF� expression by EE that we document.

A previous study from our laboratory found that EE activates
�2-adrenergic receptors (�2AR) primarily in neuronal synapses
as an early part of its neuronal protective effect (Li et al., 2013).
There is evidence that microglia express adrenergic receptors
(Mori et al., 2002; Tanaka et al., 2002). The activation of such
receptors, in particular by �2-AR agonists, leads to suppression
of the proinflammatory response to LPS (Hetier et al., 1991;
Markus et al., 2010; Qian et al., 2011). �2AR can also mediate the
dynamics of microglial processes (Gyoneva and Traynelis, 2013).
Our data demonstrate that EE modulates the complexity of mi-
croglial processes in naive mice and has immunosuppressive ef-
fects on the microglial response to A� oligomers. Therefore, we
speculate that the molecular mechanism of EE’s immunomodu-
lating capacity is partially due to EE increasing the level and ac-
tivity of �2AR on microglia, as it does in neurons, resulting in
potential changes in the structure and function of microglial pro-
cesses before challenge and the suppression of inflammation
when challenged by oA�.

In conclusion, our study reveals that EE has substantial immu-
nomodulatory effects on innate microglia that are sufficient to
increase their density and alter their morphology in healthy, unchal-
lenged mice. EE significantly increases microglial resistance to the
effects of oA� and largely suppresses its proinflammatory activity.
Intriguingly, two recent studies report immunosuppressive effects of
EE on microglia in mouse models of depression (Chabry et al., 2015)
or glioma (Garofalo et al., 2015). In humans, physical exercise and
higher levels of cognitive activity are thought to be among the few
environmental factors that may delay the onset and progression of
clinical AD. For example, recent data in human subjects showed an
inverse correlation between degree of intellectual involvement in
one’s occupation and the extent of cognitive decline (Then et al.,
2015). Our study uncovers a new feature of the mechanism of EE’s
potential protective effect in AD by revealing its potent immuno-
modulation of microglia and identifying select cytokines, including
CCL3, CCL4, and TNF�, which provide targets for future mecha-
nistic and therapeutic studies. We recommend further intensive
study of the molecular pathways linking EE to microglial biology,
with attendant implications for the potential delay or prevention of

brain dysfunction before clinical onset in AD and other neurodegen-
erative diseases.
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