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ARTICLE INFO ABSTRACT

Signaling between microglia and neurons is poorly characterized in the pathophysiology of Alzheimer's disease
(AD), particularly with regards to gene and environmental (GXE) interactions early in life. This study in-
vestigated the maladaptation of microglia:neuron signaling and subsequent susceptibility to neurodegeneration
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Ic\;’ﬁcmgha ) using a developmental origin of adult disease (DOAD) model of AD, characterized previously. Here, we report
NZE:Q’;:[‘;‘S;‘;““’EN that postnatal exposure to lead (Pb) in a transgenic (Tg) rodent model of AD resulted in significant female bias

consequent to GxE interactions. Atypical, non-neuroprotective microglial phenotypes were observed months
after cessation of Pb exposure, as well as evidence for neuronal compensation, that was not observed in WT mice.
Specifically, microglia from Pb-exposed Tg (GxE) females exhibited atypical polarization profiles for activation
earlier and more severely than males and WT mice, that persisted over time to become contextually maladaptive.
By postnatal day (PND) 240, microglia from GXE females also sequestered less neurotoxic iron in the hippo-
campus. In the same GxE female population, measures of neuronal parameters, such as hippocampal TrkB ex-
pression, revealed evidence of disharmonious and compensatory interactions with microglia within the patho-
logical progression. Likewise, GXE interactions resulted in female-biased, late-life changes to key synaptic
proteins crucial to synapse dynamics and microglial signaling. These incongruent microglia:neuronal dynamics
were observed in GXE males at later ages compared to females, and not observed in either gene- or environment-
only populations. Altogether, our results support a gene x environment model of female-biased microglial sus-
ceptibility to later-life development of AD, and highlight markers for maladaptive microglia:neuron signaling
and compensation.

1. Introduction

The etiology of neurodegenerative diseases, like Alzheimer's disease
(AD), may stem from atypical brain development, in a variation on the
developmental origin of adult disease (DOAD) hypothesis [1]. Women
are disproportionally affected by AD [2], and progress faster to disease
and decline at a higher rate than men [3,4]. Subsets of other sex-biased
CNS diseases, such as autism spectrum disorders and schizophrenia,
have been traced back to aberrations at distinct stages of sexually di-
morphic brain development and sex-specific gene expression therein
[5]. Moreover, studies of early-life immune activation demonstrate
persistent effects of atypical brain development on later-life cognitive
endpoints and sex biases [6,7]. As the resident innate immune cells of
the central nervous system (CNS), microglia have been implicated in
several nervous system disorders, but the correlation between early
postnatal microglial dysfunction and the exacerbation of later-life, sex-
biased neurodegeneration is not well understood.

In the etiopathology of complex diseases that involve potential
lifelong immune dysfunction, temporal waves of compensation are
likely to play a more significant role than have previously been reported
in the literature. The transition from adaptive to maladaptive responses
characteristic of a lifelong etiology is of particular importance for stu-
dies involving microglia, which are critical to development, neuronal
homeostasis, and neurogenesis. We have previously reported that
postnatal exposure to a model neurotoxicant, lead acetate (Pb), not only
preferentially increased disease susceptibility in females, but also cor-
related with decreased microglial activation [8]. This suggests a gene x
environment-mediated vulnerability related to microglial neglect or
dysfunction may be consequent to interference with the closure of a
critical window of development for integrated microglia and neuronal
maturation, persisting into adulthood. Furthermore, as this relatively
acute, low dose exposure was severe enough to exacerbate AD pathol-
ogies and alter microglia months after exposure cessation, the exposure
paradigm is more analogous to the formation of unfavorable
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developmental conditions promoting adaptation for survival, war-
ranting further exploration into temporal changes in microglia-neuron
interactions.

The postnatal exposure window utilized in this study corresponds to
a critical window of development for neuronal and microglial ma-
turation, as well as maturation of synaptic receptors in the hippo-
campus critical to long term potentiation (LTP), synaptic plasticity, and
adult neurogenesis [9,10]. Perturbation of this dual learning and ma-
turation period via low level toxicant exposure may critically and
persistently alter the neuroimmune parenchyma; beyond interfering
with closure of this critical window of development, the resulting
phenotype could manifest as abnormal neuronal wiring patterns, aty-
pical epigenetic regulation, and/or re-patterned functional phenotypes.

In the current study, we investigated patterns of timing and fluc-
tuation for hallmarks of microglial function and synapse dish-
omeostasis, considered to be one of the earliest molecular pathologies
in AD [11,12]. To assess beneficial vs detrimental adaptation, the se-
verity and timing of neurosupportive microglial endpoints were ana-
lyzed, as well as correlative neuronal markers at various time points.
This study tested the hypothesis that the combination of both genetic
proclivity and postnatal toxicant exposure, as a DOAD model of gene x
environment interactions, would alter the severity or onset of AD-re-
lated synaptic aberrations consequent to dysfunctional microglia with a
significant female bias. The purpose of the current study was to de-
lineate markers of dysfunction in microglia:neuron crosstalk originating
during atypical development, and integrating the timeline of mala-
daptation to known pathological markers in a genetic model of AD. By
utilizing this model of postnatal gene x environment interactions, we
propose a novel analysis of early, sexually dimorphic microglial dys-
function in AD and interrelated functional endpoints with synaptic
aberrations.

2. Materials and methods
2.1. Animal handling

All experimental animal handling and dosing was carried out in
accordance with procedures approved by the East Carolina University
Institutional Animal Care and Use Committee (IACUC). Pregnant
wildtype (SFN) and transgenic dams (3xTgAD; B6; 129-Psen1™P™Tg
(APPSwe,tauP301L)1Lfa/Mmjax) were obtained from the seed colony
in the ECU Department of Comparative Medicine and kept on a
12:12 hour light/dark cycle, with access to food and water ad libitum.
Litters were culled to eight after birth (postnatal day, PND 1), weaned
at PND 21, and separated by sex into cages of no more than four ani-
mals/cage.

2.2. Dosing and tissue preparation

Dosing solutions of lead acetate (100 ppm) dissolved in sterile water
were prepared weekly. From PND 5-10 neonates were dosed with lead
acetate or vehicle once per day using a modified gavage technique [13].
One mouse per sex, litter, and treatment group was randomly selected
and euthanized at PND 120, 180, or 240. As per ethical use protocol,
animals were euthanized with isoflurane followed by decapitation, and
the brain was carefully removed and hippocampi dissected in ice cold
phosphate buffered saline (PBS). For histochemical analysis the left
hippocampi was fixed for 24h in 10% neutral buffered formalin fol-
lowed by 70% ethyl alcohol before paraffin fixation. For flow cyto-
metric analysis, the remaining left hemisphere sans hippocampus was
placed in FACS buffer (3% fetal calf serum (FCS), 0.1% sodium azide,
and 10 mM ethylenediaminetetraacetic acid (EDTA) in PBS) for sub-
sequent homogenization. The right hemisphere and cerebellum were
minced and slowly frozen in cryopreserve (0.32M sucrose, 10% di-
methyl sulfoxide (DMSO), PBS) for later Western blot analysis.
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2.3. Flow cytometry

Papain (~200 U/mL) was activated 30 min prior to use at 37 °C with
activation buffer (1.1 mM EDTA, 0.067 mM [3-mercaptoethanol, 5.5 mM
L-cysteine). The left hemisphere sans hippocampus was gently minced
and enzymatically digested with activated papain (20 U/mL) for 20 min
at 37 °C. Enzyme halt buffer (20% FBS, PBS) was added, and the
homogenate was filtered through a 70 um nylon mesh filter before
centrifugation at 1000g for 5min. Myelin removal was accomplished
via resuspension in 30% isotonic Percoll (GE Healthcare, Uppsala,
Sweden) and centrifugation at 500g for 20 min. Brain homogenates sans
myelin were then resuspended in RBC Lysis Bufer (eBioscience, San
Diego, CA, USA) for 10 min and passed through a 40 pm nylon mesh
filter. Briefly, cells were washed with FACS buffer (3% FCS, 0.1% so-
dium azide, 120 mM EDTA) twice with a series of resuspensions and
centrifugations at 1000g for 5min. Following analysis for yield and
viability, samples were aliquoted to 1 x 10° cells/tube in incubation
buffer (10% FBS, PBS) for 30 min on ice. The following primary anti-
bodies (1:100) were added for 30 min at 4 °C, protected from light:
CD86-PE and CD209-APC (Abcam). Following incubation, cells were
washed with PBS and centrifuged at 350g for 5min, resuspended in
PBS, and read using a BD Accuri C6 flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). A total of 10,000 events were recorded per
sample. Doublet exclusion and live/dead gating was performed, and
quadrant crosshairs were determined via fluorescence minus one (FMO)
positive controls. The data are represented as the fold change of the %
CD86- or CD209-positive cells.

2.4. Immunohistochemistry

Formalin-fixed, paraffin-embedded (FFPE) hippocampi were sliced
on a rotary microtome at 16 ym and mounted on Superfrost Plus slides
(Azer Scientific, Germany). Briefly, slides were dewaxed in Histo-Clear
I (Electron Microscopy Sciences, Halfield, PA), followed by washes in
100% and 95% ethyl alcohol and PBS. Antigen unmasking was ac-
complished using a heat-mediated citrate buffer, followed by incuba-
tion in 0.3% hydrogen peroxide for 30 min. All subsequent staining was
performed using Sequenza-Coverplate racks (Thermo Scientific,
Waldorf, Germany). Sections were permeabilized with PBS with Tween
20 (TPBS) and blocked with diluted normal serum (ABC Vectastain;
Vector Laboratories, Burlingame, CA, USA). Slides were then incubated
with anti-ferritin primary antibody (1:1000; Abcam, Cambridge, MA,
USA), for 60 min at room temperature or overnight at 4 °C. Sections
were visualized using ABC Vectastain and diaminobenzidine (DAB) kits
(Vector Laboratories) and counterstained with Harris' Alum
Hematoxylin. After sequential washing in ethyl alcohol and Histo-Clear,
slides were coverslipped with Permount (Fisher Scientific, Fair Lawn,
NJ, USA) and cured overnight prior to visualization.

Slides were visualized using a Leica DM1000 light microscope at
20 x magnification with a SPOT™ Idea camera attachment and
Advanced Imaging software. Two regions of interest (ROI) per animal
were chosen at random along the dentate gyrus, with the viewing frame
containing as much tissue as possible. Immunopositive ferritin re-
activity was determined via FIJI [14] analysis over a predetermined
background threshold and color deconvolution. The % area ferritin
positive/ROI was determined and averaged per animal, and results are
represented as the mean *= SEM.

2.5. Immunofluorescence

Slide dewaxing, rehydration, and antigen retrieval was performed in
a similar manner to immunohistochemistry. Following insertion into
the Sequenza racks and two-5 min washes with TPBS, slides were in-
cubated with blocking buffer (10% donkey serum, 0.1% Triton X-100,
PBS) for 60 min at room temperature. Overnight incubation at 4 °C was
carried out with the primary antibody cocktail, diluted in blocking
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Fig. 1. Developmental Pb exposure persistently altered microglial polarization profiles, varying with sex and mouse strain. (a) Representative gating schematic and
flow cytometry output plots. (b,c) Quantification of CD86:CD209 expression ratio as mean * SEM log-transformed fold changes over to age-, sex-, and strain-

matched controls. n = 3-9 mice/sex/age/treatment/strain. p < 0.05 was considered statistically significant. * = significant among ages.
sex. PND: postnatal day, WT: wildtype, FSC: forward scatter, SSC: side scatter.

buffer: tyrosine kinase B (TrkB) (4 ug/mL, rabbit anti-mouse IgG;
Abcam) and ionized calcium binding adaptor molecule 1 (Ibal) (1:200,
goat anti-mouse pAb; Abcam). Sections were washed twice with TPBS,
and the secondary antibody cocktail, diluted in TPBS, was applied for
60 min protected from light: AlexaFluor555-conjugated donkey anti-
rabbit (1:500, Abcam) and FITC-conjugated donkey anti-goat (1:500,
Abcam). Nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI, 1.5uM; Life Technologies, Eugene, OR, USA) and, after two
washes with PBS, treated with TrueBlack Lipofuscin Autofluorescence
Quencher (Biotium, Fremont, CA, USA) for 30s. Briefly, slides were
washed and coverslipped with ProLong Gold antifade reagent (Life
Technologies), left to cure for 24 h, and stored upright protected from
light.

Hippocampal sections were visualized with a Zeiss LSM 700 laser
scanning confocal microscope with the EC Plan-Neofluar 10x/0.30 M27
objective. The dentate gyrus (DG) and CA3 region were identified based
on standardized hippocampal landmarks, and two counting frames per
region (150 um X 97 um) were used as the ROI. Co-localization of TrkB
with Ibal was excluded from analysis, and fluorescence intensity was
considered positive over a predetermined threshold above background
fluorescence. Data are represented as mean relative fluorescence
intensity + SEM.

2.6. Western blot

2.6.1. Synaptosome preparation

Crude synaptosomal fractions (P-2) were prepared from minced,
cryopreserved right hemispheres and cerebellums. Frozen tissue was
quickly thawed in a warm water bath and centrifuged at 1000g for
5min at 4°C. The supernatant was discarded and the pellet was re-
suspended in homogenization buffer, consisting of protease inhibitor
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cocktail (Halt™ Single-Use, Thermo Scientific, Rockford, IL, USA), three
parts PBS, and one part 4 X Gradient Buffer (1.28 M sucrose, 4 mM
EDTA, 20 mM Tris, pH 7.4). Briefly, tissue was homogenized in a chilled
15mL Tenbroeck glass homogenizer and centrifuged at 1000g for
10 min. The supernatant was then collected and further centrifuged at
10,000g for 20 min, and the remaining pellet was considered the P-2
synaptosome fraction. Aliquots of the P-2 fraction were either im-
mediately analyzed or routinely cryopreserved at —80 °C until further
analysis.

2.6.2. Protein concentration and Western blotting analysis

The P-2 fraction was resuspended in PBS and total protein con-
centration was determined with BCA Protein Assay (Thermo Scientific).
Synaptosomes were diluted to 10pg/mL in NuPAGE LDS reducing
agent, LDS sample buffer (Invitrogen, Carlsbad, CA, USA), and dena-
tured on a 70 °C heating block for 10 min. Samples were then electro-
phoresed on 10% Bis-Tris Mini Gels (Invitrogen) and transferred onto a
0.45 pm nitrocellulose membrane. Following overnight incubation with
constant agitation in blocking buffer (Rockland, Gilbertsville, PA, USA),
membranes were probed for 1h with the appropriate primary anti-
bodies (Abcam) in blocking buffer with 0.1% Tween-20: either SNAP25
(0.02 ug/mL, goat pAb) or synaptophysin (1:500, mouse mAb) with
beta actin (1:10,000, rabbit pAb). Membranes were washed four times
with TPBS for 5min each and incubated for 1 h with the cognate sec-
ondary antibody cocktail (1:25,000; Li-Cor, Lincoln, NE, USA) diluted
in blocking buffer and 0.1% Tween-20: either donkey anti-rabbit IRDye
680RD and donkey anti-goat IRDye 800CW, or goat anti-rabbit IRDye
680RD and goat anti-mouse IRDye 800CW. Membranes were washed
four times with TPBS and once with PBS for 5 min each, left to dry for at
least 24 h, and read on a Li-Cor Odyssey CLx. Densitometric quantifi-
cation was performed using Li-Cor Image Studio™. Results are
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expressed as fold change over sex- and age-matched vehicle-treated
controls corrected for equal loading to beta actin.

2.7. Statistics

All statistical analyses were performed using Statistical Analysis
System (SAS Institute, Cary, NC, USA). Two-way analysis of variance
(ANOVA) for sex and age effects was performed for each strain for
microglial polarization, treatment and sex effects for each age and
strain for ferritin and TrkB analysis, and treatment and age effects for
each sex for synaptic protein expression. Individual pairwise compar-
isons were made with a t-test or a Tukey's studentized range distribu-
tion method. All data in bar charts are represented as mean + SEM.
p < 0.05 was used to denote statistical significance.

3. Results

3.1. Pb-associated changes in microglial polarization profiles varied
depending on sex and genetic proclivity for AD

Microglia were characterized from whole brain homogenates via
flow cytometry to evaluate functional alterations in activation profiles
using CD86 and CD209 as M1- and M2-associated surface markers,
respectively (Fig. 1a). The M1:M2 ratio was used to characterize mi-
croglial activation skewed towards a more pro-inflammatory, M1-like
or anti-inflammatory, M2-like profile. At PND 120, all male mice
postnatally exposed to Pb, regardless of strain, exhibited an M1-skewed
microglial phenotype compared to controls, whereas Pb-exposed female
mice of the same age exhibited a modest trend towards an M2-like
phenotype when given a genetic proclivity for AD (Fig. 1b, c¢). Pb-ex-
posed WT mice followed the general microglial activation time course
typical for pathologic or neurotoxic stimuli from M1 to M2 over time
[15,16] with little variation due to sex (Fig. 1b). However, in their Tg
counterparts, Pb exposure resulted in a more delayed transition to M2-
skewed polarization, with the M1 skew lasting until PND 180 (Fig. 1c).
By PND 240, Pb-exposed Tg females exhibited a significantly stronger
M2 skew than males (Fig. 1c). Likewise, the microglial activation pro-
file for Pb-exposed Tg female microglia at PND 240 was significantly
more polarized towards M2 than younger Tg females.

3.2. Pb exposure persistently altered hippocampal ferritin expression in
3xTgAD mice compared to WT, and varied over time depending on sex

Immunohistochemical analysis of hippocampal ferritin expression
revealed a high degree of specificity for localization within the CA3
(Fig. 2a) and hilar regions, overlapping with the mossy fiber pathway.
Along with positive cellular immunostaining, ferritin was also observed
to aggregate in atypical crystallite fragments (Fig. 2b, c) throughout the
hippocampus, indicative of degradation and dysfunctional iron se-
questration [17].

Quantification of CA3 ferritin immunolabeling in WT mice showed
no significant changes consequent to Pb exposure, and only a modest
Pb-associated increase at PND 120 in both sexes (Fig. 2e). Conversely,
sex and/or treatment effects were detectable in Tg mice at all ages.
Ferritin expression in vehicle-treated Tg mice did not vary by sex at
either PND 120 or 180, but at PND 240 was significantly decreased in
males compared to females (Fig. 2g).

Pb exposure in Tg mice significantly increased ferritin expression at
PND 120, and was higher in males than females (Fig. 2e). The Pb-as-
sociated increase persisted to PND 180 in both Tg sexes, but was not
seen in WT mice of the same age (Fig. 2f). By PND 240, only Pb-exposed
Tg males exhibited increased hippocampal ferritin immunolabeling
when compared to females as well as vehicle-treated controls (Fig. 2g).
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3.3. TrkB expression in the CA3 hippocampal subregion is reduced over time
in a sex-dependent manner

Functional characterization of microglial neurosupportive trophic
signaling was identified through immunohistochemical staining for
TrkB in the hippocampal CA3 region, quantified as non-microglial TrkB
immunolabeling through omission of co-localization with Ibal, a gen-
eral microglial marker (Fig. 3a, b).

Parallel trends were observed in both WT and Tg males over time
for Pb-associated changes in non-microglial TrkB expression. Pb ex-
posure significantly increased TrkB expression in males at PND 120,
followed by a decrease by PND 240 that was significant compared to
vehicle-treated controls in Tg males (Fig. 3c, d).

In WT females, Pb exposure resulted in decreased TrkB expression at
PND 120 compared to vehicle-treated controls that then persisted to
PND 240 (Fig. 3c). However, Tg females exposed to Pb exhibited sig-
nificantly higher TrkB expression at PND 120 that was significantly
decreased by PND 240, but not when compared to vehicle-treated
controls (Fig. 3d).

3.4. Changes in synaptic protein expression was observed earlier and more
extensively in Tg females compared to males following postnatal Pb exposure

Western blotting of Tg whole brain synaptosomal isolates for the
presynaptic proteins synaptophysin and SNAP25 revealed significant
changes related to developmental Pb exposure at PND 120 and 240 that
varied with sex. In Tg females, both synaptic proteins measured were
significantly reduced in Pb-exposed females compared to vehicle-
treated controls at PND 120 and expression increased over time, with a
significant Pb-associated increase in SNAP25 expression by PND 240
(Fig. 4a,c).

Comparatively, Pb-exposed Tg males had significant reductions only
in synaptophysin at PND 120 (Fig. 4d), while SNAP25 remained rela-
tively unaffected (Fig. 4b). By PND 240, Pb exposure significantly de-
creased expression of both synaptic proteins (Fig. 4b, d), in direct op-
position to the increase seen in females at this latest time point.
Interestingly, at PND 240, blots probed for SNAP25 revealed the pre-
sence of potential cleavage products in both male and female mice re-
gardless of treatment (Fig. 4a, b), a trend which was observed in all
replicates and deemed unlikely to be caused by technical issues, such as
improper handing or degradation.

4. Discussion

In the etiological inquisition of AD, early synaptic dysfunction is still
incompletely understood, and even less is known about how early-life
exposure to toxicants contributes to or initiates this pathological phe-
nomenon. We've previously reported that postnatal Pb exposure in a
3xTgAD mouse model of AD increased susceptibility to amyloid accu-
mulation in females, correlating with decreased microglial activation
months after exposure cessation [8]. It is thought that microglia become
activated in the presence of amyloid-B to promote phagocytosis and
clearance [18], suggesting that the observed reduced activation and
accumulation of amyloid is indicative of dysfunctional microglia and
long-term, atypical interactions with neurons. In this study, we in-
vestigated the extent and severity of microglial dysfunction and neu-
ronal impact later in life, as well as the persistence of the female sex
bias within a similar gene x environmental model for the developmental
origins of AD. Our results corroborate the initial hypothesis that per-
turbations to genes and the developing environment act synergistically
to disrupt markers of healthy microglia:neuron interactions later in life,
and do so with detectable sex bias.

Importantly, the GXE female-biased interactions between microglia
and neurons varied temporally, effectively forming a rough time course
of the maladapted interactions between the two cell types, whether due
to compensation, metabolic exhaustion, or even aging. Furthermore,
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Fig. 2. Hippocampal ferritin expression was persistently altered in Tg mice, more so in males compared to females. Representative images depicting localization of
ferritin immunoreactivity in the CA3 hippocampal region (a), and accumulation of fragmented ferritin aggregates (b-c). (d) Representative images of Pb-exposed Tg
female and male hippocampal CA3 regions at PND 120 (top row) and PND 240 (bottom row). Ferritin immunoreactivity within the CA3 region of interest (ROI) was
quantified at PND 120 (e), PND 180 (f), and PND 240 (g), expressed as mean % ROI = SEM. n = 3-10 mice/sex/age/treatment/strain (e-g). *p < 0.05 was
considered statistically significant. Scale bar = 70 pm (a), 44 um (b), 6 um (c), and 60 pm (d). PND: postnatal day, ROI: region of interest, WT: wildtype, Tg: 3xTgAD

transgenic, ctl: control.

the temporal variability of the data highlights the importance of ex-
perimental timing for etiologic evaluation of the neuroimmune system
in AD, as well as cautious interpretation of pathophysiological roles,
particularly for microglia, at single time points in a long and hetero-
geneous disease progression. In utilizing three terminal endpoints the
present study was able to evaluate not only the temporal changes to
GxE-related effects, but also more clearly delineate the genetic “G”-
specific effects at an age of early adulthood in WT mice that's relatively

independent of the confounding variable of aging.

Another important finding from the present study was the po-
tentiative effect of developmental Pb exposure with the genetic pro-
clivity to AD on the various microglial and neuronal parameters mea-
sured, in support of the study's hypothesis. Additionally, GxE
interactions produced significant sex differences in microglial pheno-
types. Microglia from Pb-exposed Tg mice differed significantly be-
tween males and females at PND 180 and 240 in terms of activated
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Fig. 3. TrkB expression in the CA3 region was increased by Pb exposure compared to controls at PND 120 in all groups except WT females, and decreased at PND 240
in all groups except Tg females. (a) Immunofluorescent staining within the hippocampal CA3 region for positive TrkB immunoreactivity in microglial (arrow) and
non-microglial (arrow heads) cells. (b) Representative images of TrkB (red) and the microglial marker Ibal (green), and DAPI-stained nuclei (blue). TrkB expression
was quantified in non-microglial cells as TrkB* /Ibal ~ at PND 120 and 240 in WT (c) and Tg (d) mice. Representative images of hippocampal TrkB expression in Tg
females (e, top row) and Tg males (e, bottom row). Data are represented as mean relative fluorescence intensity per ROl = SEM. n = 3-5 mice/sex/age/treatment.
Scale bar = 73 um (a), 95um (b), and 54 pm (e). *p < 0.05 was considered statistically significant. PND: postnatal day, ctl: control, ROI: region of interest. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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significant. PND: postnatal day, ctl: control.
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polarization ratios (Fig. 1c), and PND 120 and 240 for iron sequestra-
tion (Fig. 2e, g). These sex differences were anticipated for microglia
function due to the timing of Pb exposure coinciding with a sexually
dimorphic critical window of microglial development [7]. Individually,
Pb-exposed WT mice representing the environmental ‘E’ component
exhibited no microglial sex differences, whereas control-treated Tg
mice representing the ‘G’ component only had sex differences in both
microglial polarization skew and iron sequestration at PND 240, an age
of obvious disease pathology in this mouse model (Figs. 1 and 2). This
would suggest GxE interactions not only promoted sex differences for
two microglial parameters important for neuronal interactions in AD,
but also acted synergistically to induce these microglial sex differences
earlier, as seen in Pb-exposed Tg mice at PND 120 (Figs. 1c and 2g).

Of particular interest was the strong M2 skew in microglial polar-
ization at PND 240 for Pb-exposed Tg females (Fig. 1c). Following pa-
thologic stimuli, microglia drastically changes functional phenotype to
adopt an activated state congruent with the type, strength, and duration
of the stimulus [19]. This polarized activation, although not dis-
criminately bifurcated, can be analyzed by the ratio of the two most
general forms of macrophage activation, M1:M2, or expression of
CD86:CD209, respectively. This relative ratio of polarization is more
likely indicative of microglial responsiveness to alterations to the mi-
croenvironment than absolute levels of either CD86 or CD209, parti-
cularly when considering the heterogeneity of the cell population and
specific demands of the CNS [20]. Similarly, numerous studies have
identified upregulation of both M1 and M2 associated genes in CNS
disease and neurodegeneration [15,21-23], highlighting the com-
plexity of microglial response in AD. The prolonged M2 phenotype has
been correlated with both immune “priming” [24] and a type of “innate
immune memory” [25] that persists following systemic infection or
inflammation and ultimately contributes to chronic neurodegeneration.
Chronic, strong M2-polarized microglial activation profiles, seen in Pb-
exposed Tg females at PND 240 (Fig. 1c¢), are particularly detrimental in
neurodegenerative diseases for two reasons, the first being a lack of
appropriate, strictly regulated M1/M2 activation balance concordant
with region-specific signals derived from the immediate micro-
environment. The second reason, later-life, strong M2 polarization,
would be considered a damaging phenotype in our model due to the
resultant decreased pool of ramified microglia. In a recent study, the
presence of mature, ramified microglia was shown to be neuroprotec-
tive in NMDA-induced hippocampal excitotoxicity, whereas microglial
activation coincided with regional neuronal vulnerability; region-spe-
cific vulnerability occurred to a greater extent than is accounted for by
endogenous glutamate receptor variability [26]. Taken together, GXE
interactions promoted female-biased microglial activation profiles as-
sociated with atypical and non-neuroprotective functionality that were
exacerbated with age.

Microglial iron sequestration, measured as hippocampal region-
specific ferritin immunopositive staining, was also exacerbated by GxE
interactions with detrimental female bias. At PND 120, hippocampal
ferritin expression was significantly elevated in Pb exposed Tg mice,
more so in males than females (Fig. 2e). The Pb-associated increase in
ferritin persisted to PND 180 (Fig. 2f), but by PND 240 Tg sex differ-
ences re-emerged (Fig. 2g). Even though Pb exposure did not alter Tg
female ferritin compared to vehicle-treated controls at PND 240
(Fig. 2g), the interpretation is not the same at the similar ferritin levels
between ctl- and Pb-treated WT counterparts. This is due to the iden-
tification of microglial ferritin expression as a neuroprotective function,
specifically in an amyloid-accumulating AD brain. Ferritin is an iron
metabolism molecule, comprised of a multi-subunit protein shell with a
ferroxidase center [27]. The ferritin in neurons, rich in H-chain sub-
units, is involved in the detoxification of ferrous ion (Fe?>*), whereas
ferritin expressed in a subset of martyr microglia, rich in L-chain sub-
units, possess glutamate residues to facilitate sequestration and long-
term storage of excess extracellular iron [28]. Notably, ferritin and
amyloid precursor protein (APP) mRNAs are induced by similar
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translational mechanisms, and both metalloproteins are upregulated as
neuroprotective compensation against oxidative stress and acute IL-1
[29]. Ferritin has been shown to promote the rapid transition of mi-
croglial activation states from M2 to M1 [30], a trend replicated over
time in microglia from Pb-exposed WT mice (Figs. 1b and 2e-g).
However, there is less correlation between the two microglial para-
meters in Tg mice. Although Pb-exposed Tg males gradually lose the
correlation over time, Pb-exposed Tg females exhibit far more atypical,
inverse correlations between M1 skew and increased ferritin from PND
120 to 180 and a strikingly exaggerated M2 response at PND 240 even
with ferritin levels comparable with WT mice (Fig. 2g).

One potential explanation is the pathological accumulation of
amyloid that is characteristic in these 3xTgAD mice that would then
alter the efficacy of finely balanced intrinsic neuroprotective mechan-
isms or overload microglia already burdened with early iron seques-
tration. Increased ferritin expression at PND 240 in Pb-exposed Tg
males (Fig. 2g) infers male microglia were still responsive to excess,
neurotoxic iron occurring fairly late in this rodent model's disease
progression, likely linked to amyloid accumulation. The lack of ferritin
expression in Pb-exposed Tg females at PND 240 (Fig. 2g) suggests any
amyloid accumulation was not stimulating an efficacious ferritin re-
sponse in these microglia. This interpretation is corroborated by the
presence of crystallite ferritin immunopositive fragments (Fig. 2b, c)
that were frequently observed in these mice (Fig. 2d, bottom left panel)
(data not shown), indicative of ferritin degradation and release of in-
tracellular neurotoxic iron. Indeed, preferential, microglia-directed
damage or even necrosis can occur in ferritin-positive, M1-activated
microglia due to the interaction of M1-specific superoxides and release
iron via the Fenton reaction [30], incriminating the GxE-associated
striking increase in ferritin at PND 120 (Fig. 2e). Additionally, ferritin
can become dysfunctional over time, eventually degrading into crys-
tallite hemosiderin and releasing iron into the immediate vicinity [17],
even without the prompting from M1-associated superoxides. Although
additional analysis is required to determine the extent of hippocampal
ferritin degradation associated with GxXE interactions, the presence of
these fragments may have erroneously inflated the percentage of neu-
roprotective ferritin expression at this time point; regardless, the lack of
Pb-associated increased ferritin at PND 240 in Tg females is suggestive
of sex-specific microglial dysfunction.

AD-associated relevant neuronal phenotypes were also pre-
ferentially impacted in a sex-biased manner through GxE interactions.
The strikingly consistent localization of ferritin-immunopositive mi-
croglia within the hippocampal CA3 region (Fig. 2a) was further in-
vestigated for aberrations in region-specific neurosupportive signaling
through immunostaining of the neurotrophic receptor TrkB on non-
microglial cells (TrkB*/Ibal ™) (Fig. 3a, b). We observed that male
mice regardless of genotype had similar Pb-associated changes in CA3
TrkB expression over time, namely, increased TrkB expression at PND
120 compared to controls that was then significantly reduced by PND
240 (Fig. 3c, d), suggesting a greater impact of environmental rather
than genetic factors. However, consistent with the microglial phenotype
results, potentiative GXE interactions on TrkB expression were readily
observable in female mice. Postnatal Pb exposure decreased CA3 TrkB
expression WT females at both PND 120 and 240 (Fig. 3c), but sig-
nificantly increased TrkB in Tg females at PND 120 that decreased over
time to similar levels as vehicle-treated mice by PND 240 (Fig. 3d).

Of note, region-specific microglia:neuron signaling through the
TrkB receptor is crucial for synaptic plasticity, neuronal survival, and
differentiation [31], and is particularly important to long term po-
tentiation (LTP) along the mossy fiber pathway (MFP) [32]. Granule
cells from the dentate gyrus project to pyramidal CA3 neurons in the
MFP using non-associative LTP, an NMDA-independent form of sy-
naptic plasticity that relies on repeated stimulation and calcium influx
to increase the probability of presynaptic glutamate release. Recent
studies have demonstrated TrkB signaling is important not only to the
development and maintenance of granule cell synaptic connectivity
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[33], but also maturation of mossy fiber terminals in terms of number of
synaptic vesicles, synaptic contacts, and density of axon distribution
[34]. Importantly, TrkB-associated remodeling of the MFP granule cell-
CA3 synapse has been shown to promote increased glutamate release,
hyperexcitability, and feedforward inhibition to CA3 pyramidal neu-
rons [35], while another study demonstrated an association between
stress-induced CA3 glutamate increase and hippocampal atrophy fol-
lowing chronic reductions in adult neurogenesis [36], a hallmark pa-
thology of AD. In addition, both ferritin and amyloid beta have been
reported to inhibit glutamate uptake [37,38], increasing the likelihood
of excitotoxicity in susceptible neuronal populations. At PND 120, both
male and female Pb-exposed Tg mice exhibited phenotypes favorable
for a hyperexcitable hippocampal environment, such as increased fer-
ritin (Fig. 2e) and TrkB (Fig. 3d) expression in the CA3 region at an age
beyond our previous reports at PND 90 of significantly increased
amyloid accumulation [8]. By PND 240, Pb-exposed Tg males retained
high ferritin but exhibited a compensatory decrease in TrkB hippo-
campal expression compared to controls, whereas the excitotoxic-fa-
vorable phenotype is relatively maintained at this age in Tg females in
spite of continual amyloid accumulation, suggesting that compensatory
signals to mediate potential hyperexcitability erode or lose efficacy over
time in Pb-exposed Tg females. The present study did not measure any
direct evidence of excitotoxicity or hippocampal-specific hyperexcit-
ability, but the significant incongruity in homeostatic neuronal:mi-
croglial in GXE females at PND 240 supports our hypothesis and war-
rants further investigation.

Since synaptic TrkB expression is relatively transient due to protein
phosphatases sustained changes to neuronal function, like LTP, con-
sequent to GxE interactions were further explored via analysis of whole
brain synaptic protein content. Strikingly, GXE interactions resulted in
significant sex bias to synaptic protein expression at PND 120. Pb-ex-
posed Tg females exhibited significant reductions in both SNAP25
(Fig. 4a) and synaptophysin (Fig. 4c), which was not observed in males
until PND 240 (Fig. 4b, d), suggesting GxE-associated synaptic aber-
rations were promoted earlier in females compared to males. Extensive
synaptophysin loss is a hallmark of early/mild AD preceding cognitive
decline [12], adding support to a GxE-centered hypothesis of female
susceptibility to synaptic defects associated with early AD. In the United
States, women account for two-thirds of all AD cases [39], highlighting
the importance of delineating underlying sex bias in potential me-
chanisms of disease progression. Relatedly, loss of SNAP25 in the CNS
has been reported to produce extensive cell death and neurodegen-
eration [40,41] and has recently been proposed as a novel biomarker of
AD [42].

Notably, the reduction in synaptic proteins in GXE females at PND
120 was not observed at PND 240 (Fig. 4a, c). The significant increase
in SNAP25 at this age is likely evidence of neuronal compensation for
the previous onslaught of pro-neurodegenerative conditions at PND
120, and further corroborates the hippocampal TrkB expression results
at PND 240. Levels of presynaptic proteins, like SNAP25, are regulated
by signaling through TrkB, thereby changing the synaptic terminal
phenotype [34], so the age-related and sex-specific correlation between
the two markers indicates significant changes to synaptic protein con-
tent, phenotype, and functionality late in life. In addition, SNAP25 is
expressed only at glutamatergic synapses in the CNS, and is critical to
regulation of calcium responsiveness and network excitability [43],
which would suggest that these GXE female-biased changes in synaptic
phenotype promote a hyperexcitable-favorable neuronal environment.
However, the M2-dominant microglial phenotype and lack of increased
ferritin expression at PND 240 indicate that microglia are not re-
sponding appropriately to the same environmental cues, ultimately
supporting our hypothesis that female-biased GXE interactions disrupt
efficacious microglia:neuron signaling.

Taken together, our data indicate that the combination of genetic
and environmental susceptibilities within our AD model act synergis-
tically to promote female bias in the dysregulation of vital interactions
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between neurons and microglia. Furthermore, the apparent compen-
satory changes in neuronal parameters, coupled with the increased risk
of excitotoxic and microglia-specific vulnerabilities to oxidative da-
mage later in life, indicate that microglia are likely responsible for the
majority of maladaptive signaling. Additional investigation is war-
ranted to delineate the mechanisms by which microglia become mala-
daptive or dysfunctional over time following an early-life exposure
during a critical period of sex-specific microglial development. In a si-
milar manner as with cancer, it is compelling to consider hallmark
pathologies associated with AD as indicative of failed compensatory
responses and maladaptation of key homeostatic cellular populations,
such as microglia, rather than evidence of aging-related senescence or
metabolic exhaustion. By redirecting the focus of GXE disease para-
digms to integrate early microglial dysregulation into later life neuronal
crosstalk and signaling maladaptation, it then becomes possible for an
entirely new approach to investigating highly complicated, long-term
disease etiopathologies like AD.
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