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Selective Ablation of BDNF from Microglia Reveals Novel
Roles in Self-Renewal and Hippocampal Neurogenesis
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Microglia, the resident immune cells of the CNS, have emerged as key regulators of neural precursor cell activity in the adult
brain. However, the microglia-derived factors that mediate these effects remain largely unknown. In the present study, we
investigated a role for microglial brain-derived neurotrophic factor (BDNF), a neurotrophic factor with well known effects on
neuronal survival and plasticity. Surprisingly, we found that selective genetic ablation of BDNF from microglia increased the
production of newborn neurons under both physiological and inflammatory conditions (e.g., LPS-induced infection and trau-
matic brain injury). Genetic ablation of BDNF from microglia otherwise also interfered with self-renewal/proliferation, reduc-
ing their overall density. In conclusion, we identify microglial BDNF as an important factor regulating microglia population

dynamics and states, which in turn influences neurogenesis under both homeostatic and pathologic conditions.
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Significance Statement

(1) Microglial BDNF contributes to self-renewal and density of microglia in the brain. (2) Selective ablation of BDNF in micro-
glia stimulates neural precursor proliferation. (3) Loss of microglial BDNF augments working memory following traumatic
brain injury. (4) Benefits of repopulating microglia on brain injury are not mediated via microglial BDNF.

Introduction
Microglia are myeloid cells that reside in the CNS and serve a
number of critical immune and nonimmune functions (Hanisch
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and Kettenmann, 2007; Salter and Stevens, 2017). Specifically, in
response to infection or injury, microglia undergo a characteristic
phenotypic transformation (i.e., adopting a less-ramified morphol-
ogy), and contribute to the removal of debris/pathogens and
mounting of an inflammatory response through recruitment of pe-
ripheral immune cells (Kettenmann et al., 2011; Wolf et al., 2017).
Microglia also shape brain function under homeostatic conditions
by supporting myelination and by modifying neuronal connectivity
(Stevens et al., 2007; Wake et al., 2009; Paolicelli, et al., 2011; Schafer
et al., 2012; Vasek et al., 2016; Lehrman et al., 2018; Li and Barres,
2018; Weinhard et al., 2018). Parkhurst et al. (2013) demonstrated
that microglia regulate synapse formation and elimination during
motor learning, with microglial brain-derived neurotrophic factor
(BDNF; Bennett et al., 2016; Gyoneva et al., 2019) proposed as the
main molecular driver of these effects.

BDNF is an important and potent trophic factor for neuronal
survival, including that of adult-born granule cells within the
hippocampus (Ghosh et al., 1994; Wang et al., 2015). Here, neu-
ronally derived BDNF positively regulates hippocampal neuro-
genesis, supporting the differentiation of immature neurons into
mature granule neurons and promoting dendritogenesis (Chan
et al., 2008; Waterhouse et al, 2012; Wang et al, 2015).
Astrocytic BDNF expression also supports hippocampal neuro-
genesis, aiding the survival of immature neurons (Quesseveur et
al.,, 2013). A putative contribution of microglial BDNF to these
processes has, however, remained unexplored.
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The role of microglia as regulators of adult hippocampal neu-
rogenesis is now well established (Butovsky et al., 2006; Sierra et
al., 2010; Diaz-Aparicio et al., 2020; for review, see Ekdahl, 2012;
Sierra et al., 2014; Sato, 2015; Araki et al,, 2020), although the
mechanisms underlying their effects have remained mostly
unclear. By removing microglia from hippocampal neurosphere
cultures, we ourselves previously showed that microglia stimulate
neural precursor cell proliferation in response to exercise, but
suppress the activity of these cells during aging (Vukovic et al,,
2012). Our more recent work additionally uncovered a unique
microglia phenotype that can be induced through the turnover
of these cells and supports functional neurogenesis (i.e.,
increased precursor activity, survival, and integration of newly
generated cells) following brain injury (Willis et al, 2020).
Microglia thus regulate adult neurogenesis across a range of set-
tings but the precise molecular mechanisms, including any
potential role of BDNF therein, remain to be unraveled.

In this study, we used Cx3crI**8"2 x Bdnf 101 mice to
selectively ablate BDNF from microglia in the adult mouse brain
(Parkhurst et al., 2013) under both control and pathologic (e.g.,
inflammatory) conditions, subsequently examining the effects of
this cell-specific ablation on spatial learning and memory, micro-
glia behavior, neural precursor cell proliferation, and the survival
and morphology of adult-born neurons.

Materials and Methods

Experimental model and subject details. Cx3cr1™***2 (Yona et al,,
2013) and Bdnf flox/flox ice (Rios et al., 2001) were obtained from The
Jackson Laboratory. The crossed mouse line was maintained as being
heterozygous for the Cx3¢r1™****2 allele and homozygous for the floxed
Bdnf allele. Wild-type C57BL/J6 mice were sourced from the Animal
Resource Center. Cx3cr1 <" *? x iDTR mice were maintained in-house
and were heterozygous for the Cx3cr1“***? allele and homozygous for
the iDTR allele; only female mice were used in this study. All animals
were kept in individually ventilated cages (two to five mice/cage) on a 12
h light/dark cycle. Food and water were provided ad libitum. All experi-
mental procedures were approved by The University of Queensland
Animal Ethics Committee, conducted in accordance with the Australian
Code for the Care and Use of Animals for Scientific Purposes, and with
adherence to the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines (Kilkenny et al., 2010).

Tamoxifen preparation and delivery. Tamoxifen (TAM) stock solu-
tion (25 mg/ml; Sigma-Aldrich) was freshly prepared on a daily basis in
corn oil (CO; Sigma-Aldrich). Mice were gavaged with either 180 mg/kg
tamoxifen or an equal volume of corn oil as a control for 5 consecutive
days. All mice were 7-8 weeks old at the time of gavaging.

BDNF ELISA. Cx3cr1®*12 x Banf10¥10% njce were deeply anesthe-
tized with sodium pentobarbital 6 d after oral gavage with tamoxifen or
corn oil (see above), followed by transcardial perfusion with 0.1 m PBS.
The hippocampus was then dissected from the brain, lysed [1 mwm so-
dium orthovanadate, 1 mm phenylmethylsufonyl fluoride, 1 um batima-
stat (MedChem), 20 mm sodium fluoride, 1% chlorine (Roche), and 1%
Phos-STOP (Sigma-Aldrich)] and then spun at 12,000 x g for 30 min at
4°C. Supernatants were aliquoted and stored at —80°C. Protein content
for each sample was determined using a Bradford assay (BIO-RAD), and
BDNF concentrations were measured using a sandwich ELISA (Thermo
Fisher Scientific) as per the manufacturer instructions.

Microglia depletion and repopulation. For PLX5622-mediated
microglial depletion and/or repopulation experiments, mice were placed
on a chow diet with PLX5622 incorporated at 1200 ppm (provided by
Plexxikon via Research Diets) as specified. Control mice received stand-
ard mouse chow only (Research Diets). PLX5622 was used under the
permissions of a material transfer agreement from Plexxikon. For
genetic microglia depletion, Cx3¢cr1“"*8™ x iDTR mice at 3-4 weeks of
age were orally gavaged with tamoxifen [12.5 mg/g body weight (BW)]
or corn oil, once daily for 5d. Exposure to tamoxifen induces CX5CR1-
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positive (CX;CR1P%) cells to express diphtheria toxin receptor (DTR) in
Cx3cr1“FRT2 x iDTR mice, but not corn oil controls. After the fifth and
final treatment with tamoxifen or corn oil, mice were left to rest for at
least 4 weeks. Because microglia are self-renewing and have a slow turn-
over rate compared with circulating CX;CR1P** cells, only microglia
continue to express DTR after this rest period (Parkhurst et al.,, 2013).
As a result, microglia can be selectively depleted by administration of
DT (30 ng/g BW; Sigma-Aldrich) via intraperitoneal injection once daily
for 3 d. Both the genetic and pharmacological approach lead to very effi-
cient depletion of microglia (Willis and Vukovic, 2020), with the genetic
model offering the greatest specificity in that it is not hampered by
potential peripheral effects of PLX5622 (Lei et al., 2020).

In vivo labeling of newborn cells. 5-Ethynyl-2'-deoxyuridine (EdU;
Sigma-Aldrich) and 5-bromo-2’-deoxyuridine (BrdU; Sigma-Aldrich) were
dissolved in 0.1 M phosphate buffer [23 mg/ml Na,HPO,, 5.93 mg/ml
NaH,PO, 2H,0, and 0.007% NaOH (w/v); Sigma-Aldrich] to concentra-
tions of 16.4 and 20 mg/ml, respectively, and stored at —20°C until further
use. Proliferating cells were labeled via intraperitoneal injection of EdU
(82.4 mg/kg, i.p.) and/or BrdU (100 mg/kg, i.p.).

Tissue preparation for immunohistochemistry. Mice were deeply
anaesthetized using an injection of sodium pentobarbital (1.6 g/kg, i.p.;
Verbac), followed by transcardial perfusion with 20 ml of ice-cold PBS
and 30 ml of formalin [10% (w/v); Sigma-Aldrich]. Brains were dissected
and postfixed in 10% formalin for 24 h. Brains were then cryoprotected
in 30% (w/v) sucrose in PBS with 0.01% (w/v) sodium azide for 2 d at 4°
C or 24 h at room temperature. Coronal brain sections (40 um thick)
were cut using a sliding microtome (Leica) and serially collected in six-
well plates. Sections were stored in PBS with 0.01% (w/v) sodium azide
at 4°C until further processing.

Immunofluorescent staining. Brain sections were blocked in 5% (v/v)
normal goat serum (NGS) with 0.3% (v/v) Triton X-100 (Sigma-
Aldrich) in PBS, before being incubated overnight at 4°C with the fol-
lowing primary antibodies: rabbit anti-IBA1 (1:1000; Wako), rabbit anti-
TBR2 (1:500; Abcam), rabbit anti-BDNF (1:500; Abcam; Chaaya et al.,
2019), rat anti-BrdU (1:1000; Accurate Chemical and Scientific
Corporation), rabbit anti-SOX2 antibody (1:500; Abcam), guinea pig
anti-DCX (1:1000; Millipore), rabbit anti-GFAP (1:200; Abcam), rat
anti-GFAP (1:1000; Millipore), chicken anti-NeuN (1:1000; Abcam), rat
anti-CD11B (1:1000; Abcam), rat anti-complement 3 (1:500; Clone
11H9, Hycult Biotech), rat anti-CD68 (1:1000; BIO-RAD), and/or
TMEM119 (1:500; Abcam) diluted in 3% (v/v) NGS with 0.1% (v/v)
Triton X-100 in PBS. The following day, sections were washed three
times in PBS for 5 min and incubated in 3% (v/v) NGS with 0.1% (v/v)
Triton X-100 in PBS with an appropriate combination of the fol-
lowing secondary antibodies: goat anti-rabbit Alexa Fluor 488
(1:2000; Thermo Fisher Scientific), goat anti-rabbit Alexa Fluor
568 (1:1000; Thermo Fisher Scientific), goat anti-rabbit Alexa
Fluor 647 (1:500 Thermo Fisher Scientific), goat anti-rat Alexa
Fluor 568 (1:1000; Thermo Fisher Scientific), and/or goat anti-
guinea pig Alexa Fluor 488 (1:2000; Thermo Fisher Scientific).
Sections were then washed in PBS three times for 5 min, with the
nuclear stain DAPI (1:1000) added with the last round of washing.
Next, sections were mounted onto glass slides (Menzel Glaser)
with Vectashield H-100 Mounting Medium (Vector Laboratories)
and sealed by placing a glass coverslip over sections (Menzel
Glaser) and coating the edges of the coverslip with clear nail
polish.

For BrdU, BDNF, and SOX2 staining, an initial antigen retrieval step
was conducted before incubation with blocking buffer. For BrdU stain-
ing, sections were incubated in 1 M HCI (Millipore) for 20 min at 45°C,
followed by 0.1 M boric acid (Millipore) incubation at room temperature
for 10 min. For SOX2 and BDNF staining, sections were incubated in so-
dium citrate buffer (10 mwm tri-sodium citrate dihydrate; ChemSupply
Australia) and 0.05% (v/v) Tween-20 (ChemSupply Australia) in double
distilled H,O for 15 min at 95°C. Sections were then washed in PBS three
times for 5 min before continuing with the above generic staining
protocol.

To detect EAU, sections were stained using the Click-iT Plus EAU
Alexa Fluor 647 or Alexa Fluor 488 Imaging Kit (Thermo Fisher
Scientific) as per the manufacturer protocol, before proceeding with the
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generic staining protocol detailed. Any antigen retrieval step was always
done before EdU staining.

Imaging and cell quantification. For EQUP*, DCXP®, and TBR2P*
cell counts, five 40 um sections of the dorsal dentate gyrus were quanti-
fied per animal, starting at anteroposterior (AP) —1.5 mm from bregma
(one in six series, 200 um apart). Cell counts were performed live
using StereoInvestigator software (version 2017.01.1; MicroBrightfield
Bioscience) and 40x 0.75 numerical aperture (NA) air-objective on an
Axiolmager Z2 microscope (Carl Zeiss) with an ORCA-R2 digital
charge-coupled device camera (Hamamatsu). Cell counts were expressed
per volume unit (in cubic millimeters) of the granule cell layer (GCL)
and presented as the mean from the five sections that were analyzed.

To quantify radial glia-like SOX2P*EdUP*GFAP™4! cells, images
were acquired using a spinning-disk confocal microscope and processed
as described above. Cells were identified by their presence within the
subgranular zone (SGZ), a single radial GFAPP* process extending
directly from the SGZ into the GCL, and colocalization of GFAP with
SOX2 and EdU.

For quantification of IBA1”** microglia, five consecutive sections of the
dorsal dentate gyrus starting at approximately AP —1.5 mm were imaged
on a spinning-disk confocal microscope (Innovative Instruments Inc.; with
W1 spinning-disk module, Yokogawa), using a 20x 1.2 NA air-objective, a
Hamamatsu Flash 4.0 sCMOS camera, and running SlideBook software
(version 6.0.16; Innovative Instruments Inc.). For quantification of micro-
glia in the dentate gyrus, a 16 bit 3D montage of the full 40 um physical
depth of the section was acquired with a z-interval of 1.2 um and com-
pressed into a maximum z-projection. Cell counts were quantified using Fiji
software (Schindelin et al., 2012) by cropping a region of interest (ROI)
around the dentate gyrus and manually counting cells within the ROI using
the Cell Counter plugin. Cell counts were normalized to the 3D area of the
ROI, and the mean cell count across five sections was calculated for each
mouse.

For all traumatic brain injury (TBI) experiments (see Materials and
Methods below), cell counts were performed live using StereoInvestigator
software (MBF Bioscience) using an Axiolmager Z2 microscope (Zeiss) and
an ORCA-R2 digital charge-coupled device camera (Hamamatsu), as previ-
ously described (Willis et al, 2020). Cell counts in TBI samples were
recorded as the average from four consecutive sections of the dentate gyrus,
located at bregma —1.50, —1.70, —1.94, and —2.18 mm. DCX",
DCXP*BrdUP*, TBR2P*, and TBR2P*EdUP® cells were counted within
the granule cell layer and expressed per volume unit (in cubic millimeters)
of the analyzed region. IBA1P, IBA1P*BrdUP, and GFAP"* cell numbers
were also counted in the dentate gyri of these mice. For quantification of
IBA1P* cells in the motor cortex and CA1 region, cells were counted as
above using Stereolnvestigator software and were recorded as the average
from four brain sections that were located at bregma —1.50, —1.70, —1.94,
and —2.18 mm.

Analysis of immunofluorescence. Analysis of BDNF colocalization,
BDNF median fluorescence intensity (MFI), and C3 MFI within
GFAPP® astrocytes was performed as previously described (Willis et al.,
2020). Briefly, images were acquired using an inverted Diskovery spin-
ning disk confocal microscope (Spectral Applied Research) with a Zyla
sCMOS camera at 20x magnification using a CFI Plan Aprochromat
VC 20x/NA 0.75/working distance 1.0 mm objective. Using Imaris soft-
ware, BDNF MF], the extent of colocalization of BDNF with CD11bP*
microglia, GFAPP** astrocytes or NeuNP* neurons, and also C3 MFI
within GFAPP® astrocytes in the dentate gyrus was calculated from four
consecutive sections, located at bregma —1.50, —1.70, —1.94, and —2.18
mm/mouse. All tissue sections were stained in one batch, with the same
imaging threshold and exposure time to ensure consistency for image
analysis.

Retrovirus intrahippocampal injection. To visualize dendrites and
dendritic spines in adult-born neurons, proliferating cells in the SGZ
were infected with a Moloney murine leukemia virus-based retroviral
vector expressing tdTomato (~106 colony-forming units/ml; Clontech),
delivered to the dentate gyrus by stereotaxic injection. Briefly, 6-week-
old Cx3cr1™**™2 x Bdnf ' mice were anesthetized by intraperitoneal
injection of ketamine (100mg/kg BW) and xylazine (8 mg/kg BW;
Ilium), and placed into a stereotaxic frame. Fur was shaved from the
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head, alcohol was used to sterilize the skin, a midline incision was made
in the skin using a scalpel, and the skin was retracted. A hole was drilled
through the skull using a dental drill to allow for bilateral injection at the
following coordinates [AP, —2.18 mm; mediolateral (ML), =1.5 mm;
dorsoventral (DV), —2.0 mm)]. Virus (2 ul) was loaded into a pulled glass
capillary (catalog #GC150F-7.5, Harvard Apparatus) and lowered into
the brain to the above coordinates at a rate of 1 mm/min. Over a 5 min
period, 2ul of virus was injected using a Picospritzer III (Parker
Hannifin). The glass capillary was then left in place for 5 min before
being drawn up 0.5 mm in 0.1 mm increments over 3 min and then
2 mm continuously at a rate of 1 mm/min. The incision in the skin was
glued closed using Vetbond (3M). To prevent infection, prophylactic
injections of Baytril (5 mg/kg BW, s.c.; Bayer) were administered, along
with an injection of Metacam (2 mg/kg BW, s.c.; Boehringer) to provide
pain relief. Mice were allowed to recover on a heat pad to maintain core
body temperature at 36-37°C.

Dendritic morphology and spine density analysis. To analyze dendri-
tic morphology and spine density, three consecutive sections of the dor-
sal dentate gyrus starting at approximately AP —1.70 mm were imaged
on a spinning-disk confocal. Dendritic arbors of tdTomato?** cells in the
GCL were acquired using a 60x 1.2NA oil-immersion objective, imag-
ing the full extent of the selected neuron with a z-interval of 0.5 um. For
dendritic spines, images were acquired using a 100x 1.8 NA oil-immer-
sion objective with a z-interval of 0.1 um. Dendritic morphology was an-
alyzed from maximum z-projections using Neurolucida 360 software
(version 11.03; MBF Bioscience). Briefly, dendrites were traced using the
user-guided function, and with Sholl analysis performed with a 1 um
interval between radii. In addition, the number of branches per cell, the
sum of dendritic length, and the mean distance to the nearest neighbor-
ing dendritic terminal were quantified to assess dendrite morphology.
Two neurons/section, totaling six neurons/mouse were analyzed. Spine
density was quantified from maximum z-projections by manually count-
ing tdTomatoP* protrusions from dendrites using Fiji software. A total
of 800-1000 um of dendrite length was analyzed per mouse.

Stereotaxic injection of LPS. Lipopolysaccharide (LPS; Escherichia
coli O111:B4; Sigma-Aldrich) was prepared by dissolving it in 0.9%
(w/v) sterile saline to a concentration of 3 mg/ml and stored at —80°C.
LPS was defrosted and stored on ice before injection. Eleven- to
12-week-old Cx3cr1™™ ™2 x Bdnf "°* mice were anesthetized with Zoletil
(40 mg/kg BW; Virbac) and xylazine (8 mg/kg BW; Ilium), administered
via intraperitoneal injection. Fur was shaved from the head, Betadine was
used to sterilize the skin, a midline incision was made in the skin using a
scalpel, and the skin was retracted. Mice were placed into a stereotaxic
frame, and a craniotomy was performed by drilling through the skull with
a dental drill. LPS (1 ul) or a vehicle control of saline was loaded into a
pulled glass capillary (catalog #GC150F-7.5, Harvard Apparatus) and was
lowered into the brain at a rate of 1 mm/min at the following coordinates:
AP, —2.18 mm; ML, +1.5 mm; DV, —2.0 mm. LPS was injected using a
Picospritzer III (Parker Hannifin), with the first 0.5 ul injected over 3 min,
followed by a 2 min rest period, and then the remaining 0.5 ul was
injected over 3 min. The glass capillary was then left in place for 5 min
before being drawn up 0.5 mm in 0.1 mm increments over 3 min and
then 2 mm continuously at a rate of 1 mm/min. The wound site was disin-
fected with Betadine, closed, and sealed using Vetbond. Hartmann’s solu-
tion with buprenorphine (0.25 mg/kg BW; Provet) was administered to
mice subcutaneously for analgesia. Mice were then allowed to recover on
a heat pad to maintain core body temperature at 36-37°C. Note that anti-
biotics were not administered to these mice to avoid any possible suppres-
sion of the inflammatory response to LPS.

Controlled cortical impact model of traumatic brain injury. Mice
were subjected to either moderate controlled cortical impact (CCI) or
sham surgery as previously described (Willis et al., 2020). Briefly, mice
were anesthetized with Zoletil (40 mg/kg BW; Virbac) and xylazine
(8 mg/kg BW; Ilium), administered via intraperitoneal injection, and
placed into a stereotaxic frame. Using sterile procedures, a midline inci-
sion was made, the skin retracted, and a 4 mm craniotomy performed
midway between the lambdoid and bregma sutures, and laterally mid-
way between the central suture and temporalis muscle. The skull cap
was carefully removed, taking care not to damage the underlying
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meninges. The tip of the 3 mm impactor piston was angled and kept per-
pendicular to the exposed cortical surface. The parameters for the CCI
were as follows: impact speed, 3.5 m/s; deformation depth, 1.0 mm; du-
ration, 400 ms. After CCI, the incision was sutured, and the mice were
allowed to recover on a heat pad to maintain core body temperature at
36-37°C. Shortly after injury, mice were subcutaneously injected with
Hartmann’s solution with buprenorphine (0.25mg/kg BW; Provet).
Sham mice underwent the same surgical operation but without CCI.

Real-time quantitative PCR. Mice were killed using an intraperito-
neal injection of sodium pentobarbital (1.6 g/kg BW) before being trans-
cardially perfused with 20 ml of 0.1 m PBS, pH 7.4. Hippocampi were
dissected from the brain and snap frozen in liquid nitrogen, then stored
at —80°C. RNA was extracted and purified using TRIzol according to
manufacturer instructions (Thermo Fisher Scientific), and RNA quality
was assessed using a NanoDrop technology (Thermo Fisher Scientific).
RNA was converted to cDNA using the High Capacity cDNA Reverse
Transcription Kit according to manufacturer instructions (Thermo
Fisher Scientific). Real-time quantitative PCRs (QPCRs) were conducted
using Applied Biosystems 7500 Real-Time PCR systems (Thermo Fisher
Scientific) with the following SYBR-Green probes (Sigma-Aldrich) used
to amplify the gene of interest: Ccl2 (forward: 5'-GTGCTTGA
GGTGGTTGTGGA-3'; reverse: 5'-GCTGACCCCAAGAAGGAAT
G-3"); Csf-1 (forward: 5'-AACACCCCCAATGCTAACGC-3'; reverse:
5'-ACACAGGCCTTGTTCTGCTC-3'); Hprt (forward: 5-CCCAGC
GTCGTGATTAGCG-3'; reverse: 5'-GCCACAATGTGATGGCCTCC-
3'); ILI-B (forward: 5'-CAACCAACAAGTGATATTCTCCATG-3';
reverse: 5 -GATCCACACTCTCCAGCTGCA-3'); IL6 (forward: 5'-
TAGTCCTTCCTACCCCAATTTCC-3'; reverse: 5'-TTGGTCCTITA
GCCACTCCTTC-3'); IL-10 (forward: 5'-GGTGAGAAGCTGAA
GACCCTC-3'; reverse: 5-GCCTTGTAGACACCTTGGTCTT-3');
Serpina3n (forward: 5'-GCTGAAGTACACAGGAAATG-3'; reverse:
5'-ATCTATCATCCTGGGTTTCAG-3'); and Tnfa (forward: 5'-
CATCTTCTCAAAATTCGAGTGACAA-3'; reverse: 5'-TGGGAGTAG
ACAAGGTACAACCC-3"). Relative gene expression to the geometric
mean of reference gene hypoxanthine guanine phosphoribosyl transfer-
ase (Hprt) was determined using the following formula: 2-ACT, where
ACT = CT(target gene) — CT(Hprt). Data represent the fold change in
gene expression compared with that of corn oil-treated mice that
received control surgery, being either a stereotaxic injection of saline
into the dentate gyrus or a sham surgery for CCI.

Active place avoidance. To assess working spatial learning and mem-
ory, mice were tested in the active place avoidance (APA) behavioral
paradigm, as previously described by Willis et al. (2017). Before behav-
ioral testing, mice were habituated to the experimenter by placing mice
on the experimenter’s arm for 1 min/d for 7 d. Mice were then habitu-
ated to the APA arena by placing them in the rotating arena for 20 min,
during which the mice could freely explore with the shock zone turned
off. The APA arena consisted of a rotating (1rpm) elevated platform
with a grid metal floor, fenced by a 32-cm-high clear Perspex circular
boundary, with black and white A3 size visual cues placed on the adja-
cent four surrounding walls; each cue had a unique pattern. One day af-
ter habituation, mice were tested in the APA paradigm for 20 min,
during which they had to avoid a shock zone occupying a 60° area of the
circular arena. The position of the shock zone was stationary in relation
to the room. Mice were tracked by an overhead camera linked to
Tracker Analysis software (Bio-Signal Group), with entry into the shock
zone leading to the delivery of a brief footshock (0.5 mA, 500 ms dura-
tion, 60 Hz, at 1.5 s intervals). Mice were placed into the arena, directly
opposite to the shock zone location. Working short-term spatial learning
and memory was assessed by analyzing the number of entries into the
shock zone and the maximum duration of time that the shock zone was
avoided in 5 min intervals over the 20 min trial, using Track Analysis
software (Bio-Signal Group) for analysis. Longer-term spatial learning
and memory abilities were assessed by testing across 5 consecutive days.

Magnetic resonance imaging. Ex vivo magnetic resonance imaging
(MRI) was performed as previously described (Willis et al, 2020).
Briefly, perfusion-fixed brains were kept in skull, but with the ventral
side opened up to facilitate the entry of contrast agent [0.2% Magnevist
(gadopentetate dimeglumine); Bayer Healthcare) for 4d at 4°C. Samples
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were then immersed in perfluoropolyether solution (Fomblin, Solvay
Solexis), and high-resolution images were acquired using a Bruker 16.4
T small animal MRI system with a vertical wide bore, equipped with a
Micro2.5 gradient set and a 15 mm linear saw coil (M2M imaging).
T1/T2 imaging was performed using Paravision software (version 6.0.1)
and a gradient echo fast low angle shot (FLASH) MRI sequence, with TR
=40 ms, TE = 10 ms, and flip angle = 30°. Images were acquired using a
20 x 12.7 x 9 mm field of view with 400 x 256 x 180 matrix to produce
180 slices with 50 um slice resolution. T1/T2 FLASH scans were masked
using ITK-SNAP software to remove skull fragments, and brains were
mapped to the Australian Mouse Brain Mapping Consortium
(AMBMC) template using FMRIB linear and nonlinear image registra-
tion tools FLIRT and FNIRT. ITK-SNAP software was then used to
manually check and correct ROIs (i.e., the ipsilateral cortex and ipsilat-
eral dorsal hippocampus), following which the ROI 3D volume measures
were recorded.

Quantification and statistical analysis. GraphPad Prism software
(version 7.02) was used for all data visualization and statistical analysis.
For Student’s ¢ test, a Welch’s correction was used if the SD of groups
differed by more than two times. For the analysis of experiments with
more than two conditions, one-way or two-way ANOVA with
Bonferroni post hoc test was used as appropriate. For behavioral experi-
ments, two-way ANOVA with repeated measures and Bonferroni post
hoc test were used. All tests were unpaired and two-tailed unless speci-
fied otherwise in text. All experiments were performed in a blinded fash-
ion and with randomization. Data are presented as the mean = SEM,
with data points in bar graphs representing individual animals.
Statistical significance was set at p < 0.05.

Results

Microglial BDNF deficiency reduces micro§lial proliferation
To ablate BDNF from microglia, Cx3cr1<**"? x Bdnf fox/lox
mice were gavaged with TAM, while controls received corn oil
CO (vehicle) only (Fig. 1A). Immunostaining experiments con-
firmed the selective loss of BDNF from CD11b"** microglia (Fig.
1B,C) but not other cells (i.e., astrocytes and neurons) in the hip-
pocampus of tamoxifen-treated mice (Fig. 1D,E). Similar obser-
vations were made for the cortex (data not shown). Total BDNF
levels were otherwise unchanged compared with controls (Fig.
1F,G), reflecting the relatively small contribution of microglia to
overall BDNF levels in the brain with only ~5% of the staining
localizing to these cells (Fig. 1B; data not shown).

Pulse-chase studies with BrdU, delivered once daily for 4d
followed by killing 3 d later (Fig. 2A), revealed that microglial
BDNF ablation significantly reduced both the total (11% reduc-
tion) and proliferating (66% reduction) number of IBA1P*
microglia in the dentate gyrus (Fig. 2B-D). Similar changes were
observed in the cortex where both microglial proliferation (CO,
33830 = 27.39 cells/mm’ vs TAM, 190.2 * 3.767 cells/mm’;
p=0.0007; ts) = 5.36, n=>5) and overall microglia density (CO,
6762 *+ 5474 cells/mm’; vs TAM, 5435 = 107.6 cells/mm?; p =
0.045; t(g) = 2.38, n=>5) were reduced with BDNF deletion. The
observed reductions in IBA1P* cell numbers persisted in the lon-
ger term after the selective ablation of BDNF from microglia
(Fig. 2E,F), and they were specific as the treatment of wild-type
mice with tamoxifen did not alter the number of IBA1?*® micro-
glia (Fig. 2G,H). Together, these results show that the genetic
ablation of BDNF from microglia reduces the overall density and
proliferation of these cells.

Microglial BDNF deficiency transiently stimulates neural
precursor proliferation

Having established an effect on microglia proliferation, we next
investigated whether the selective ablation of BDNF from these
cells also affected hippocampal neurogenesis. To label
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Figure 1. BDNF ablation in microglia in Cr3cr1°*™"2 x Bdnf /" mice. 4, Experimental timeline for microglial BONF ablation in Gx3cr7™*®"2 x Bdnf ™/ mice. B, Confocal images showing
BDNF immunostaining in C3ar7™®2 x Bdnf "™ mice treated with CO or TAM; arrows indicate expression of BDNF in CD11b* microglia. B’, Imaris 3D reconstruction showing BDNF in
CD11bP* brain microglia in Cx3ar7™®2 x Banf " mice treated with com oil. ¢, Quantification of BDNF MFI within CD11b"* microglia (te) = 474, p=10.0032). D, Quantification of BDNF
MFI within GFAPP** cells (t) = 0.45, p = 0.45). E, Quantification of BDNF MFI within NeuN* cells (t) = 2.01, p=0.092). F, Quantification of total BONF MFI within the hippocampus (ts) =
0.69, p=0.51). G, ELISA quantification of BDNF protein levels in the hippocampus of G3cr7“*™ 2 x Bdnf /™ mice 6 d after tamoxifen-induced microglial BONF deletion (ti0) = 1.34,
p=0.19). Data represent the mean = SEM. **p << 0.01. Statistical tests: unpaired Student’s t test (C-G). A.U., Arbitrary units. Small circles represent individual mice.

proliferating cells in the neurogenic niche (i.e., SGZ of the hippo-
campus), all mice were injected with EdU, 5 d after oral gavage
with CO or TAM, and then killed 25 h later (Fig. 3A). In doing
so, we found that microglial BDNF ablation significantly
increased EAUP”IBA1"® cell numbers in the SGZ (Fig. 3B,C).
Costaining with more selective stem/progenitor cell markers
revealed that the intermediate neuronal precursor pool, which
expresses the transcription factor TBR2 (Hodge et al,, 2012), was
significantly expanded (Fig. 3D) and more active (Fig. 3E) in
mice with microglial BDNF ablation. Treatment of wild-type
mice with tamoxifen did not alter the number of EdUP*IBA1"®
and/or TBR2P* cells (Fig. 3F-H). It should be noted that the
stimulatory effect of microglial BDNF deletion on TBR2P®* pre-
cursor cell proliferation appeared otherwise transient under these
experimental conditions and, unlike that for microglia them-
selves (Fig. 2F), was not present longer term, that is, at 30 d post-
tamoxifen treatment (CO, 3459 * 33570 cells/mm’; vs TAM,
3263 = 366.3 cells/mm™; p=0.72, t(g) = 0.37, n=4-6).

Having established an acute stimulatory effect of microglial
BDNF ablation on the TBR2P®® precursor population, we next
analyzed the number of SOX2P** cells in the SGZ that had a sin-
gle radial GFAPP* process penetrating into the granule cell layer
(Fig. 3I-K, arrowhead); these neural stem cell-like cells are
known to give rise to TBR2P*® neural precursors. However, in
contrast to their progeny, the activity of these SOX2P**GFAPP**
cells was not altered by microglial BDNF ablation (Fig. 3]). We
then tested whether expansion of the TRB2P® neural precursor
pool in the absence of microglial BDNF also led to an increase in
the number of immature adult-born granule cells; these imma-
ture neurons were identified by their expression of the microtu-
bule-associated protein doublecortin (DCX; Rao and Shetty,

2004; Fig. 3L). For this, Cx3cr1®*"2 x Bdnf "1°* mice were
injected with EdU on day 5 and killed 9 d later, allowing for fate
tracking of a wave of TBR2P** cells as they differentiate into
immature neurons (Fig. 3M). Microglial BDNF ablation did
indeed result in a significant increase in the absolute number of
DCXPEdUP* cells (Fig. 3N). Consistent with the relatively short
experimental timeline and also the fact that these EdU-labeled cells
represent only a small proportion of the total pool of immature
neurons, we found no difference in overall DCXP™* cell numbers
with microglial BDNF ablation (mice killed 6d after corn
oil/tamoxifen  administration; CO =61,036 = 2731 cells/mm>;
TAM = 51,559 = 3796 cells/mm?; p=0.70, t=0.40, df =10, n=5-
7/group). The proportion of DCXP* cells within the total EdUP**
population was also not different between conditions (CO,
80.15 = 4.24; vs TAM, 84.65 = 2.76; p=0.38; t(13) = 0.9, n=7-8),
suggesting that the observed increase in DCXP*EdUP** cell num-
bers in the absence of microglial BDNF resulted from an expanded
TBR2P reservoir rather than from augmented differentiation of
these cells into neurons. Consistent with this, the relative reduc-
tion in IBA1"EdUP** cells between 1 and 9d postinjection (Fig.
3, compare C, O) was not different between conditions (i.e., in the
presence or absence of microglial BDNF; p=0.42, t15) = 0.84),
and there was also no difference in cleaved caspase-3 staining (ap-
optotic cells; Fig. 3P).

Having previously observed that the removal of microglia
from hippocampal cell preparations of naive sedentary mice does
not change neurosphere formation in vitro (Vukovic et al,
2012), we theorized that deleting BDNF from microglia likely
changes their phenotype (because of a lack of autocrine BDNF
signaling) to one that transiently stimulates neurogenesis.
Consistent with this premise, in vivo depletion of microglia
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mice. €, D, Quantification of total IBA1P* microglia (C; t1,) = 3.20, p =0.0077) and newborn IBA1P*BrdUP* microglia (D; tg = 6.78, p=10. 0001) in the dentate gyrus. E, Experimental time-
line for G3ar 1“2 x Banf "™ mice treated with CO or TAM and killed 6, 14, or 35 d later. F, Quantification of IBATP™ microglia in the dentate gyrus at 6, 14, or 35 d post-com oil or tamox-
ifen administration (3 49 = 11.74, p < 0.0001; CO vs TAM 6 d, p=0.046; CO vs TAM 14 d, p =0.0001; CO vs TAM 35 d, p=0.0002). G, Experimental timeline for wild-type mice treated
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df=8, p=0.53). Data represent the mean == SEM. #p << 0.05, #3p << 0.01, s:p < 0.001. Statistical tests: unpaired Student’s t test, €, D, H; one-way ANOVA with Bonferroni post hoc

comparison test, F. Small circles represent individual mice.

through both pharmacologic (Fig. 3Q-T; 78% IBA1P®* cell deple-
tion) and genetic (Fig. 3U-W; 97% IBA1P* cell depletion)
approaches—and with it thus also microglia-derived BDNF—did
not change the rate of adult neurogenesis in the hippocampus.
Together, the above findings demonstrate that the ablation of
BDNF from microglia stimulates TBRP®® precursors, most likely
through a change in microglial phenotype.

Loss of microglial BDNF does not alter the dendritic
morphology of adult-born hippocampal neurons

As microglia have been demonstrated to shape neuronal connec-
tivity in both development and adulthood (Paolicelli et al., 2011;
Parkhurst et al., 2013), we next investigated whether microglial
BDNF normally supports the development of dendrites and/or
spine density on emerging adult-born neurons. To address this
question, a retrovirus expressing the fluorescent reporter
tdTomato was delivered into the dentate gyrus, labeling a wave
of adult-born neurons that enabled the selective visualization of
these cells as they matured and integrated into local circuitry
(Fig. 4A,B). Mice were administered tamoxifen 5-7 d after retro-
viral injection to ablate microglial BDNF and then left for 24d
before being killed (Fig. 4A). Detailed examination of the mor-
phology of these adult-born neurons revealed that the loss of
microglial BDNF did not change the total dendritic length, num-
ber of branches, mean distance of dendritic terminals to their
nearest neighbor, or overall dendritic complexity of adult-born

neurons (Fig. 4C-F). Dendritic spine/protrusion density on
adult-born tdTomatoP*® hippocampal granule cells was similarly
unaltered following ablation of microglial BDNF (Fig. 4G,H),
and there was also no difference in the total number of
tdTomatoP™ neurons between groups (CO, 4076 = 625.8; vs
TAM, 4221 *460.2 cells/mm® p=081, tg = 025 n=4).
Collectively, these experiments suggest that microglial BDNF
deficiency does not alter the dendritic morphology of adult-born
hippocampal neurons, and they also corroborate our earlier con-
clusions that neuronal differentiation, maturation, and survival/
integration is not affected under these conditions.

Microglial BDNF deficiency differentially influences
newborn immature neuron survival and microglial
proliferation following LPS injection

Having established that microglial BDNF ablation impacted the
proliferation of these cells and also hippocampal neurogenesis,
we next sought to corroborate these results in mice treated with
LPS; this immunologic challenge is a well established model for
inducing microgliosis and also is known for its disruptive effects
on hippocampal neurogenesis (Ekdahl et al., 2003; Monje et al.,
2003). When injecting LPS into the hippocampus of
Cx3er1™®™®12 x Bdnf 11 mice and then killing these animals
7 d later, we indeed observed significant reductions in both the
total (DCXP*%; 50%) and proliferated (DCXP**BrdUP®; 81%)
number of immature neurons compared with saline-injected
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Figure 3.

Microglial BDNF deficiency acutely stimulates neural precursor proliferation. 4, Experimental timeline for intraperitoneal injection of EdU in control (C0) and microglial BDNF ablated (TAM)
C3a 112 x Bnf 1% mice. B, Representative images of proliferating EdUP™ cells and TBR2P* neural precursors in the dentate gyrus of CO- and TAM-treated Ge3ar7®*2 x Bdnf ™o/~

mice. Scale

bar, 100 zm. €, Quantification of EdUP**IBA1™9 proliferating cells (£, = 3.86, n=6) 6 d after microglial BONF ablation in Gx3cr7 ™" x Bdnf "1 mice. D, E, Total TBR2"* (D: tan =
2.21, p=10.049) and proliferating TBR2"*EdUP** (E: t;47) = 3.06, p = 0.011) neural precursor in the SGZ. F, Experimental timeline for wild-type mice killed 6 d after CO or TAM treatment.
G, Quantification of the density of EdUP cells in the SGZ of wild-type mice (t = 0.90, n =4-6). H, Quantification of the density of TBR2"* neural precursors in the SGZ of wild-type

mice (tg)

=0.96, n = 4-6). I, Experimental timeline for intraperitoneal EdU injection into Cr3cr7™*™"2 x Bdnf "™ mice. J, Quantification of SOX2P*EdUP™GFAPP* neural stem cell-like
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Figure 4.  Microglial BDNF deficiency does not influence the dendritic morphology of adult-born hippocampal neurons. A, Experimental timeline for tdTomato retrovirus intrahippocampal
injection into C3ar7™®2 x Bdnf "™ mice followed by either tamoxifen or corn oil gavage. B, Confocal images of dendritic morphology of tdTomato-positive retrovirus-labeled adult-bor
hippocampal neurons. Scale bar, 50 um. C, D, Quantification of the total length of dendrites (fq) = 0.92, n=>5-6; C) and the number of branches (t) = 0.34, n =5-6; D). E, Quantification
of the mean distance to the nearest neighboring dendritic terminal (fq) = 0.43, n = 5-6). F, Sholl analysis of the complexity of dendrites (F; ) = 0.44, n=5-6). G, Quantification of the den-
sity of dendritic spines (t = 0.43, n=4). H, Representative images of dendritic spines. Scale bar, 10 wm. Data represent the mean == SEM. Statistical tests: Student's t test, (~E, G;
repeated-measures two-way ANOVA followed by Bonferroni post hoc comparison test, F. Small circles represent individual mice.

controls (Fig. 5A-C). Similar to earlier experiments under
unchallenged conditions (Fig. 3), ablation of microglial BDNF
significantly increased the number of newly generated
DCXP*BrdUP* cells in response to LPS challenge (an

«—

cells (tg) = 0.32, n=4-7). K, Representative images of neural precursor cells (indicated
by arrow) identified as SOX2*EdUP* cells with a single radial GFAPP process penetrating
the SGZ. Scale bar, 20 wm. L, Representative images of the number of DCXP**EdUP® imma-
ture neurons in the SGZ of CO- and TAM-treated Cr3cr1“*™'2 x Bdnf /™% mice. Scale
bar, 100 zm. M, Experimental timeline for Cx3cr7"2 x Bdnf 1/"* mice killed 9 d after
intraperitoneal EdU injection. N, Quantification of newly born DCXP*°EdUP* immature neu-
rons (f1 = 2.39, n=7, p=0.034). 0, Quantification of newborn surviving EdUP*’IBA1"
cells in C3er1“*™™2 x Bdnf "% mice, killed 9d after EdU injection () = 2.21,
p=0.048). P, Quantification of cleaved Caspase3”® (cCaspase-3") cells in dentate gyrus
of O3er1*™12 x Bdnf "™ mice (4, = 0.50, p=0.63). Q, Experimental timeline for
microglial depletion induced by continuous PLX5622 treatment in wild-type mice. R, S,
TBR2"* (R: tgy = 1.20, p=0.26, n ="5-6) and proliferating TBR2"**BrdU* (S: ¢, = 0.30
p=0.77, n="5-6) neural precursor in the SGZ of wild-type mice treated with PLX5622. T,
Quantification of the density of DCXP* immature neurons in the SGZ of wild-type mice
treated with PLX5622 (t,g) = 0.75, p =0.48 n =5-6). U, Experimental timeline for micro-
glial depletion in Cx3cr1*"" x iDTR mice. V, W, Quantification of TBR2"*® intermediate
neuronal progenitors (T: tg = 0.11, p=0.91, n=5) and DCX"* immature neurons
(U: t5y = 059, p=0.57, n=5) in the dentate gyrus of C3Cr17 72 x iDTR mice 1d post
DT administration. Data represent the mean = SEM. *p << 0.05, #:p < 0.01. Statistical
tests: unpaired Student’s ¢ test. Small circles represent individual mice.

approximately twofold increase; CO plus LPS, 451.58 = 84.43; vs
TAM plus LPS, 916.5 = 130.70 cells/mm?; Fig. 5B,D). However,
as these cells represent only a small proportion (<<10%) of the
total pool of immature neurons, overall DCXP® cell numbers
were not significantly changed (Fig. 5B,C). Otherwise, there was
also no difference in total DCXP* cell numbers between saline-
injected mice with and without microglial BDNF deletion (CO
plus saline, 26,606 = 1347 cells/mm?® vs TAM plus saline,
25,264 *+ 2871 cells/mm?; p=0.66, to) = 0.45, n=5), although a
significant increase in the number of newly generated
DCXP*BrdUP* cells was again observed here under condi-
tions where microglial BDNF was ablated (1.26-fold
increase; CO plus saline: 1908 = 75.66 cells/mm> versus
TAM plus saline: 2413 * 159 cells/mm’; p=0.014, t) =
3.01, n=5).

When assessing microglial responses in these mice, we found
that both microglia proliferation (IBA1P*BrdUP™ cells) and
overall microglia density (IBAIP* cells) were significantly
increased following LPS challenge (Fig. 5E-G). Importantly, this
LPS-induced microgliosis was significantly blunted under condi-
tions where BDNF was deleted from these cells, as is evident
from a reduction in overall microglia numbers (Fig. 5F) and
microglial proliferation (Fig. 5G); both readouts were also signifi-
cantly reduced in saline-injected mice with microglial BDNF abla-
tion (IBA1P°: CO plus saline, 7335 = 232 cells/mm?; vs TAM plus
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Figure 5. Microglial BDNF deficiency supports newbom immature neuron survival and
reduces microglial proliferation following LPS infection. 4, Experimental timeline for intraperito-
neal BrdU injection following intrahippocampal LPS administration in Ge3cr1™®"% x Banf "o/
mice. B, Representative images of DCXP* and DCXP™BrdUP* immature neurons in the dentate
gyrus. Scale bar, 50 wm. Dotted lines indicated the GCL. €, Quantification of DCXP®* immature
neurons 7d after intrahippocampal LPS injection (Fp1) = 1898, p<<0.0001).
D, Quantification of newly born DOX*BrdUP* immature neurons that were bom 1-4d after
LPS stimulation and survive until day 7 post-LPS (Fp19 = 4739, p<<0.0001).
E, Representative confocal images of IBA1°*BrdUP* microglia in the dentate gyrus. Scale
bar, 50 um. F, Quantification of IBA1P® microglia in the dentate gyrus (Fy.y = 76.99,
p < 0.0001). G, Quantification of IBA1P**BrdU"* microglia in the dentate gyrus (F10) = 11.87,
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saline, 6230 * 136.9 cells/mm’ p=0.0008, t4 = 4.00, n=5;
IBA1P*BrdUP®: CO plus saline, 329.2 + 69.91 cells/mm?; vs TAM
plus saline, 78.97 = 20.01 cells/mm?’; p=0.018, ¢, = 3.08, n=>5).
The MFI of IBAI staining was also attenuated with microglial
BDNF ablation (Fig. 5H), suggesting lessened microglia activation
in response to LPS injection. Although the staining intensity was
much lower (>10-fold), a reduced IBA1 MFI was similarly
observed in saline-injected control mice with microglial BDNF de-
letion [CO plus saline, 42.95 = 4.92 (n=5); vs TAM plus saline,
2598 £1.40 (n=5); p=0.035, t5) = 2.86]. Further examination
showed that LPS stimulation also increased other markers of
microglial activation, including the lysosomal protein CD68 (Fig.
5L]; surrogate marker of phagocytic activity) and TMEM119 (Fig.
5K). However, in contrast to IBA1, microglial BDNF did not sig-
nificantly alter the LPS-induced changes in either CD68 or
TMEMI119 MFI (Fig. 5I-K). Last, we examined the expression of
cytokines typically induced by LPS stimulation, including Ccl2,
Csf-1, IL-183, IL-6, IL-10, and TNFa. All of these were indeed
found to be upregulated 6 h after intrahippocampal LPS adminis-
tration, and without any influence thereon of microglial BDNF
ablation (Fig. 5L,M). Together, these data reveal that microglial
BDNF deficiency augments the production and/or survival of
newly generated immature neurons under neuroinflammatory
conditions, while reducing microglia activation.

Microglial BDNF deficiency differentially influences
neurogenesis, cognition, and microglia proliferation in
traumatic brain injury

Last, we investigated the effect of microglial BDNF deficiency in
a well defined model of TBI (i.e., unilateral controlled cortical
impact). Here, Cx3cr1***"2 x BDNF 1°/1°* mice were adminis-
tered either corn oil (vehicle) or tamoxifen at least 4 weeks prior
TBI (Fig. 6A); this gap in time avoids any unintended effects of
tamoxifen on myeloid cells that may become recruited to the
injury site and ensures the turnover of short-lived monocytes
while leaving the longer-lived microglia BDNF deficient at the
time of surgery (Parkhurst et al., 2013). Overall, TBI led to a sig-
nificant loss of DCXP** immature neurons in the ipsilateral hip-
pocampus at 12d postinjury compared with sham-operated
controls (63% loss; Fig. 6B). This TBI-induced loss of DCXP®*
cells was attenuated in mice with microglial BDNF ablation (an
approximately twofold increase; Fig. 6B). The number of imma-
ture neurons that were born shortly after TBI (1-3 d postsurgery)
and survived up to 12d postinjury (ie., DCXP*BrdUP* cells)
was also significantly greater in the absence of microglial BDNF
(an approximately twofold increase; Fig. 5C). No significant

«—

p=00005). H, Quantification of IBA1™* mean fluorescence intensity (Fp15y = 2831,
p < 0.0001). I, Representative confocal images of Tmem119**, (D68 microglia in the
dentate gyrus. J, K, Quantification of TMEM119°* (! 46 = 373, p=0.047) and
(D68* (K: Fy16 = 2.17, p=0.15) mean fluorescence intensity. L, Experimental timeline for
03ar1™™2 x Bnf "™ Killed 6 h after intrahippocampal LPS administration. M, qPCR
data for select genes associated with the neuroinflammatory response to LPS infection
in the ipsilateral hippocampus of Cx3cr7"*E™2 x Bdnf "*"* mice 6 h after saline or LPS
injection. Expression is relative to the Hprt housekeeping gene and presented as the
“fold change” from saline-injected corn oil-gavaged vehicle controls (Ccl2: Fip10) =
1170, p=0.0024; GF-T: Faip = 1256, p=0.0019; I-18: Farp) = 77.99,
p<0.0001; IL-6: Fpr0) = 487, p=0.033; IL-10: Fip10) = 3.88, p=0.035; TNF-a:
Fa,10) = 5.08, p =0.030, n = 3-5/group). Data represent the mean * SEM. *p << 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical tests: one-way ANOVA followed
by Bonferroni post hoc comparison; asterisks indicate post hoc results (C, D, F-H, J, K,
M). Small circles represent individual mice. A.U., Arbitrary units.
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Figure 6.  Microglial BDNF deficiency stimulates hippocampal neurogenesis and has a modest effect on short-term leaming and memory, while reducing microglial proliferation following
traumatic brain injury. A, Experimental timeline for intraperitoneal injection of BrdU and EdU in Cx3cr7™*™" x Bdnf ™™ mice following sham or TBI surgery. B, Quantification of total DOX"*
immature neurons at 12d postinjury (Fp34 = 22.55, p < 0.0001). €, Quantification of immature neurons (i.e., DCXP*BrdUP™) born after TBI that survive until day 12 postinjury (F34 =
22.36, p < 0.0001). D, E, Quantification of total (D: Fy41) = 25.95, p < 0.0001) and proliferating (E: Fy,41) = 12.34, p < 0.0001; TBR2"*EDUP™) TBR2"** neural precursors at 12 d postinjury.
F, Experimental timeline for microglial BONF ablation in (x3cr7™°®"2 x Bdnf ™™ mice followed by TBI surgery and APA testing. Merged heatmaps showing the mean proportion of time spent
in a particular location during day 1 of APA testing. G, Within-session APA performance of sham and TBI mice with and without microglial BDNF ablation on day 1 of testing (3 = 13.04,
p=0.0002). Asterisks indicate post hoc results for the 15-20 min interval between groups. H, Percentage improvement in APA within-session performance for individual mice, as assessed by
the change in the number of shock zone entries between the first and the last 10 min of the 20 min session (F(; 3) = 7.45, p = 0.0032). /, Distance traveled during habituation trial of APA test-
ing (Fi3) = 2.09, p=0.15). J, Top, Experimental timeline for microglial BDNF ablation in Cecr1™*™™ x Bdnf ""™* mice and ex vivo MRI 17 d after TBI surgery. Bottom, T1/T2 FLASH images
of sham-operated and TBI mice. K, L, T1/T2 ex vivo MRl measurements of total spared tissue volumes for the ipsilateral (ipsi) cortex (K: F12 = 94.21, p << 0.0001), and ipsilateral hippocam-
pus (L: Fp,12 = 92.63, p << 0.0001), in both sham and TBI mice with microglial BDNF intact or ablated. M, Quantification of IBA1"* microglia in the dentate gyrus 12d post-TBI (F,37) =



4182 - J. Neurosci., May 12,2021 - 41(19):4172-4186

differences in total DCXP** cell numbers were otherwise observed
between sham-operated mice with and without microglial BDNF
(CO sham, 27,644 = 761.4; TAM sham, 24,891 *+ 1683 cells/mm?;
tan = 141, p=0.19), although an increase in the number of newly
generated immature neurons (i.e., DCXP**BrdUP* cells) was once
again also observed here with microglial BDNF ablation (CO
sham, 227.5+62.98; vs TAM sham, 4065+ 43.56 cells/mm’;
ta1y = 2.39, p=0.036, n.=6-7).

Consistent with our previous observations (Willis et al.,
2020), a significant increase in the overall size and activity of the
TBR2P* neural progenitor pool was observed in response to
TBI, which was further augmented by microglial BDNF ablation
(34-76% increase; Fig. 6D,E). Similar effects were seen in sham-
operated controls where microglial BDNF ablation also resulted
in significant increases in both total and proliferating TBR2P**
intermediate neuronal progenitor cell numbers (TBR2P** CO
sham, 5183 * 373.5 cells/mm? vs TBR2P*® TAM sham, 6385 *
308.1 cells/mm?® p=0.041, t0) = 2.19, n=8-14; and TBR2P*EAUP*
CO sham, 1104 * 127.5 cells/mm’; vs TAM sham, 1544 +
83.05 cells/mm3;p =0.033, t(19) = 2.30, n=7-14).

We next investigated whether the observed increase in newly
proliferated DCXP® cells in the absence of microglial BDNF
could improve working memory and spatial learning following
TBI as we previously demonstrated that immature neurons posi-
tively contribute to performance in such hippocampus-depend-
ent tasks (Vukovic et al., 2013). Cognitive abilities of sham and
TBI mice with and without microglial BDNF were tested in
APA, a robust behavioral task that requires animals to navigate a
rotating turntable and continuously use visual cues in their sur-
roundings to avoid being moved into a stationary shock zone
(Vukovic et al, 2013; Willis et al., 2017). As expected, sham-
operated mice quickly learned to avoid the shock zone within a
single session, as evident from their improved performance (i.e.,
reduction in shock zone entries) during a 20 min APA test (Fig.
6F-H); this “within-session” learning reflects their short-term
working memory (Willis et al., 2017). Vehicle-treated TBI mice
are not able to learn this task, making significantly more mistakes
(greater number of shock zone entries) than their sham-operated
counterparts (Fig. 6G) and failing to show any within-session
learning over time (Fig. 6H). On the other hand, TBI mice with
microglial BDNF deficiency clearly displayed some learning,
resulting in a significantly better APA performance (Fig. 6G,H).
Consistent with our recent observations (Willis et al., 2020), the
rescue and/or increase in DCXP** cell numbers that was observed

«—

38.82, p < 0.0001). N, Quantification of IBAT"**BrdU"* newborn microglia born on days 1-3
post-TBI and surviving until day 12 post-TBI (F,37) = 61.86, p << 0.0001). 0, qP(R data for
select genes associated with TB1-related immune processes in the ipsilateral hippocampus of
C3a 1% x Bdnf ™™ mice with intact versus ablated microglial BDNF 3d after TBI.
Expression is relative to the Hprt housekeeping gene and presented as the “fold change”
from sham-operated controls (dotted gray line; Cc2: Fp7 = 11.65, p=0.0059; Csf-T:
Foz = 593, p=0031; I-18: Foz = 054, p=061; Il-6: Fpz = 1030, p=0.0082;
Serpina3n: fp.7 = 7.23, p=0.020; TNF-cx: F5 7 = 33.03, p = 0.0003; ¢ test analysis for TNF-
a: ty) =399, p=0.016 (blue asterisk). P, Quantification of GFAPP® astrocytes in the den-
tate gyrus (Fp17 = 153.6, p < 0.0001). Q, Quantification of (3 MFI within GFAP"* astro-
aytes in the ipsilateral dentate gyrus of C3ar7™® ™ x Bdnf "% mice after TBI surgery
(tuz) = 1.07, p=031). R, Representative confocal images of GFAPP*(3"* astrocytes in the
dentate gyrus. Data represent the mean = SEM. *p << 0.05, **p << 0.01 ***p << 0.001,
¥¥¥%p < 0.0001. Statistical tests: one-way ANOVA, B—E, G, I, K-P, Q; repeated-measures
two-way ANOVA, H; followed by Bonferroni post hoc comparison test for all; asterisks indicate
ANOVA post hoc result; unpaired Student’s ¢ test, Q. n=6-18/group (B—E), n =8-10/group
(G-1), n=>5/group (K, L), n=12-15 (M, N), n=3/group (0), n=7-8/group (P, Q). Circles
represent individual mice. A.U., arbitrary units.
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here in the absence of microglial BDNF thus appears to increase
the cognitive flexibility of TBI mice. Last, assessment of the dis-
tance that was traveled by each mouse during APA habituation
(i.e., when shock zone turned off) demonstrated no differences
between groups (Fig. 6I), ruling out differences in general loco-
motor activity between groups as a factor of influence. Ex vivo
MR imaging of in-skull samples otherwise showed that there
were also no differences in lesion size, with the volume of spared
cortical tissue being the same in TBI mice with and without
microglial BDNF (Fig. 6/,K); hippocampal volumes were also not
different between these two groups (Fig. 6L).

Having established neurogenic and behavioral benefits, we
next examined how microglial BDNF ablation impacted on the
responses of these cells to TBI. Consistent with previous observa-
tions under both homeostatic conditions and following LPS chal-
lenge, microglial BDNF ablation significantly reduced both the
total number (27% decrease) and proliferating number (BrdUP®;
34% decrease) of IBA1P** microglia in the ipsilateral dentate gyrus
(Fig. 6M,N). Similar observations were made in sham-operated
mice where microglial BDNF ablation also significantly reduced
both the total number (CO sham, 8211 *+ 325.6 IBA1P® cells/mm?;
vs TAM sham, 7007 + 243.2 IBA1P*® cells/mm?; p=0.040, t5) =
2.25, n=5-12) and proliferating number (CO sham, 1164 % 90.02
IBAIP”BrdUP”  cells/mm’ vs TAM sham, 723.2* 1745
IBAIP*BrdUP* cells/mm® p=0.026, ts5 = 248, n=5-12) of
microglia.

Given the consistent effects of microglial BDNF on the prolif-
eration and overall density of these cells, including after brain
insult, we examined last whether there were any associated
changes in the expression of inflammatory genes and/or astro-
cyte reactivity in the ipsilateral hippocampus of TBI mice.
Consistent with the LPS experiments, microglial BDNF deletion
did not impact on TBI-associated increases in the expression of
select inflammatory chemokines/cytokines, with the exception of
TNF« (Fig. 60); microglial BDNF deficiency also did not change
the expression of the Al astrocyte gene Serpina3n. A modest
reduction in astrogliosis was observed in the hippocampi of TBI
mice with microglial BDNF deletion (Fig. 6P), but without an
overt change in C3 expression (Al astrocyte marker) by these
cells (Fig. 6Q,R). Together, we found that microglial BDNF defi-
ciency augments hippocampal neurogenesis after TBI, attenuat-
ing the deficits in working memory induced by such insult.
Injury-induced gliosis was also reduced under conditions where
BDNF was absent from microglia.

Microglial BDNF deficiency does not alter the beneficial
effects of repopulating microglia on attenuating cognitive
deficits and hippocampal degeneration after TBI

We recently reported the discovery of a neuroprotective and pro-
regenerative microglia phenotype that can be induced through
the experimental turnover of these cells (Willis et al., 2020).
Specifically, we showed that repopulating microglia augment
both neuronal survival and neurogenesis post-TBI in an IL-6-de-
pendent manner. With previous in vitro work indicating that
such positive IL-6 effects may require BDNF (Murphy et al,
2001), we directly probed a possible mechanistic involvement
and/or contribution of microglial BDNF to the beneficial
effects of repopulating microglia in our final set of experi-
ments. For this, corn oil-treated (i.e., vehicle controls) and
tamoxifen-treated Cx3cr1“*®"? x BDNF "1°*/1°* mice were
placed on a 3 week PLX5622-containing diet to induce microglia
depletion/repopulation at the time of TBI (Fig. 7A). When testing
these mice in APA, the previously established benefits of
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Figure 7.

Microglial BDNF deficiency does not alter the beneficial effects of repopulating microglia on attenuating cognitive deficits and hippocampal degeneration induced by traumatic

brain injury. A, Experimental timeline for microglial depletion and repopulation using transient PLX5622 treatment in control (C0) and microglial BDNF-ablated (TAM) Cx3cr1™®'2 x Banf /fox
mice and subsequent APA testing after TBI. B, Shock zone entries for TB1 mice with resident or repopulating microglia in conditions with microglial BONF intact or deficient (F, g5) = 12.58,
p << 0.0001); asterisks indicate post hoc results for testing day 5. C, Percentage improvement in APA performance, assessed by the change in entries on testing day 5 versus day 1 for individual
mice (Fip,17) = 7.93, p = 0.0049). D, Experimental timeline for microglial repopulation experiments with transient PLX5622 treatment; mice were killed 17 d post-TBI. E, T1/T2 ex vivo MRI snap-
shots of Ce3ar 1" x Bdnf "™ mice with microglial BDNF intact (CO) and microglial BONF ablated (TAM), and in the presence of resident (control chow) versus repopulating microglia. F, G,
T1/12 ex vivo MRI measurement of total (spared) tissue volumes for the ipsilateral cortex (F: F(5.17) = 0.82, p = 0.46) and ipsilateral hippocampus (G: F 17) = 12.53, p = 0.0005) after TBI, with
microglial BDNF intact (CO) or ablated (TAM), and under resident or repopulating microglia conditions; dotted line represents sham-operated mice from Figure 6K. Data represent the mean =+
SEM. *p << 0.05, **p << 0.01 ***p << 0.001. Statistic tests: repeated-measures two-way ANOVA, B; one-way ANOVA, C, F, G; followed by Bonferroni post hoc comparison for all; asterisks indi-
cate ANOVA post hoc result. A-G, n = 6-7/group. Circles represent individual mice. repoP, Repopulation; ipsi, ipsilateral; hpc, hippocampus.

repopulating microglia for improved spatial learning and memory
after TBI were clearly evident (Fig. 7B,C). However, no influence of
microglial BDNF therein was observed.

Ex vivo in-skull MR imaging otherwise revealed no differen-
ces in injury severity/lesion size, with the volume of spared corti-
cal tissue being the same across the experimental groups (Fig.
7D-F). Microglial repopulation did attenuate secondary degener-
ation of the ipsilateral hippocampus, but no effect of microglial
BDNF thereon was observed (Fig. 7G). In summary, these
experiments confirm that repopulating microglia attenuate cog-
nitive deficits and hippocampal degeneration in this mouse
model of TBI; they further show that microglial BDNF is dispen-
sable in this.

Discussion

Microglial density in the noninflamed brain is maintained at a
constant level by a balance of proliferation and apoptosis (Askew
et al., 2017). The most well known regulator of microglial density
is the CSF-1/CSF-1R axis, in which the neuronally derived
ligands CSE-1 and IL-34 activate microglial CSF-1R to stimulate
the survival and/or proliferation of these cells (Greter et al., 2012;
Nandi et al, 2012; Elmore et al.,, 2014; Guan et al., 2016). In
recent times, we and others have harnessed this dependency of
microglia on CSF-1R signaling to deplete and/or induce the turn-
over of these cells in the adult brain using both genetic
approaches and small-molecule inhibitors of CSF-1R signaling,
such as PLX5622 (Rice et al., 2017; O’Neil et al., 2018; Willis et
al., 2020). Here, we show that cell-specific ablation of BDNF
from microglia negatively regulates their proliferation and over-
all density under both homeostatic and challenged conditions
(infection and injury), while increasing adult neurogenesis.

Microglial BDNF contributes to self-regulation of
proliferation and density

Loss of microglial BDNF reduced the proliferation of these cells
to one-third of their normal cycling activity under homeostatic
conditions, resulting in a 16% reduction in overall microglial
density within 6 d and a progressive further loss beyond this time
point (i.e., 35% reduction 5weeks post-microglial BDNF deple-
tion). We suggest that microglial BDNF acts very locally and in
an autocrine manner considering that the lack of it leaves total
BDNF levels in the brain unchanged (Parkhurst et al.,, 2013).
Consistent with this, several previous studies have demonstrated
that microglia express the BDNF receptor TrkB, both in vivo
(Spencer-Segal et al, 2011; Khan et al, 2015) and in vitro
(Nakajima et al., 1998; Mizoguchi et al., 2009). It has also been
shown that the addition of BDNF to both primary microglia and
the immortalized microglial BV2 cell line stimulates their prolif-
eration (Zhang et al., 2003; Gomes et al., 2013). Mechanistically,
these effects of BDNF are thought to be mediated via signaling
events downstream of TrkB that cause the degradation of the ki-
nase Ix B and subsequent activation of the transcription factor
nuclear factor-« B, which is a well known positive regulator of
microglial proliferation (Nakajima et al., 1998). Indeed, seques-
tering BDNF with a neutralizing antibody in N9 microglial-like
cell cultures attenuates LPS-induced proliferation of microglia
(Gomes et al., 2013). A positive autocrine BDNF feedback loop
has otherwise been suggested where ATP-mediated microglial
activation induces BDNF expression and/or release (Coull et al.,
2005; Zhang et al., 2014). However, as there are various cellular
sources of BDNF in the brain, the significance of its expression
by microglia in vivo had remained mostly obscure. We note
that Parkhurst et al. (2013) reported no change in IBAIP™
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microglia numbers in the cortex and CAl region of
Cx3er1™™RT2 x Bdnf /1% mice; however, this was based on
comparing mice that were either homozygous or heterozygous
for the Bdnf "°* allele, and we posit that dose-dependency effects
account for this seeming discrepancy between our studies.
Indeed, a comparison to WT mice, as performed here, convinc-
ingly demonstrates that microglial BDNF contributes to regulat-
ing the proliferation and density of these cells within the adult
mammalian brain in an autocrine manner.

Loss of microglial BDNF stimulates adult neurogenesis in
the dentate gyrus

In addition to the effects on microglial self-renewal, we also
show an increased capacity of BDNF-deficient microglia to sup-
port the rate of adult neurogenesis in vivo, under homeostatic as
well as injured and/or neuroinflammatory conditions. Previous
studies have demonstrated that BDNF expression in the mouse
brain is largely attributed to astrocytes and neurons (Zhang et al.,
2014), and that BDNF from both these cell types supports hippo-
campal neurogenesis (Chan et al., 2008; Waterhouse et al., 2012;
Quesseveur et al, 2013; Wang et al, 2015). Consistent with
microglia being only a minor source, total BDNF protein levels
were unaltered in the hippocampi of Cx3cr1ER12 x Bdpf fox/flox
mice. Yet, as shown, the selective ablation of BDNF from micro-
glia had a very distinct stimulatory (as opposed to diminishing)
effect on adult hippocampal neurogenesis. These findings are
very similar to those of Groves et al. (2019), who reported that
pharmacologic blockade of TrkB (i.e., the main signaling recep-
tor for BDNF) increases neural precursor cell proliferation and
also the number of adult-born neurons in the dentate gyrus. The
present study thus identifies microglia as the putative cellular tar-
get via which these in vivo effects of TrkB antagonism may be
mediated. Our microglia depletion experiments otherwise
strongly suggest that the proneurogenic effects of BDNF-defi-
cient microglia result from a change in phenotype rather than a
loss of BDNF per se as the absence of these cells does not alter
the normal rate of neurogenesis. This finding is consistent with
previous observations that absence of microglia has a negligible
influence on hippocampal stem/progenitor cell activity (Willis et
al., 2020), thus arguing against a direct inhibitory role for micro-
glial BDNF in adult neurogenesis. Last, while the effects of
microglial BDNF depletion on adult neurogenesis were transient
under control conditions, they were much more long term
(>30 d) under inflammatory conditions, as induced by either
LPS injection or brain injury. These findings strongly suggest
that endogenous mechanisms that may be able to compensate
for the loss of microglial BDNF under normal conditions (e.g.,
the CSF-1/CSF-1R axis) cannot sufficiently do so following a
major physiological challenge. Future studies can now focus
on defining the molecular changes within BDNF-deficient
microglia that lead to increased neural precursor prolifera-
tion, most likely through direct interactions between these
two cell types (Vukovic et al., 2012), and to also further
delineate more subtle effects that BDNF-deficient microglia
may have on progenitor cell differentiation.

In light of our recent findings that inducing microglia turn-
over similarly yields a phenotype that is supportive of immature
neuron production/survival (Willis et al., 2020), we investigated
whether microglial BDNF has any direct involvement in these
established benefits of repopulating microglia. The present study
shows, however, that microglia-derived BDNF is dispensable
and/or not required for repopulating microglia to exert their
neuroprotective effects, as the selective removal of BDNF from
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these cells does not annul their mitigating influence over second-
ary injury processes and the cognitive deficits induced by TBL
Similarly, considering that repopulating microglia mediate their
beneficial effects by upregulating IL-6 expression within hippo-
campal granule cells (Willis et al., 2020), microglial BDNF can-
not be the factor inducing this.

Microglial BDNF deficiency does not alter the morphology
and/or integration of adult-born neurons in the dentate
gyrus

Microglia have been demonstrated to shape neuronal connectiv-
ity, the number of synaptic elements and dendritic branches in
both the developing and adult cerebral cortex (Paolicelli et al.,
2011; Parkhurst et al, 2013; Wallace et al., 2020). Whether
microglia also influence the maturation and/or integration of
newly generated granule cells into existing hippocampal circuits
throughout adult life remains poorly understood. Parkhurst et al.
(2013) demonstrated that the ablation of microglial BDNF inter-
fered with learning-induced plasticity in the motor cortex. We
found no evidence that such a role for microglial BDNF also
extends to the maturation and integration of newly generated
granule neurons in the adult hippocampus, with no overt effect
on behavior and the morphology and/or changes in dendritic
spine numbers for these cells. We recognize, however, that our
analysis did not include a comparison of spine morphology, mo-
tility, formation, and/or disappearance in real time with and
without microglial BDNF; a subtler role in experience-induced
synapse formation by and/or onto these newly generated granule
cells can therefore not be fully excluded at the present time.

In summary, the present study reports the following two pre-
viously undescribed functions of microglial BDNF in vivo: the
autocrine regulation of cell cycling activity; and paracrine effects
on neuronal precursor cell activity under both homeostatic and
injured/inflammatory conditions. Our findings pave the way for
additional mechanistic studies as to how microglial BDNF influ-
ences the behavior and phenotype of these cells in vivo with
regard to self-renewal and their interactions with neural
precursors.
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