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Abstract

Region-specific genetic manipulation of glial cells remains challenging due to the lack of
anatomically selective transgenic models. Although local transduction is achievable with viral
vectors, uniform recombination can be challenging in larger brain regions. We investigated the
efficacy of intraparenchymal delivery of the tamoxifen metabolite endoxifen using inducible
cre reporter mice. After observing localized reporter induction following stereotaxic injections
of endoxifen in CX3CR1creERT2 mice, we carried out chronic delivery via osmotic pumps
attached to bilateral cannulas made of stainless steel or microfluidic polymer fibers. Analysis of
reporter expression in sections or iDISCO-cleared brains from TMEM119creERT2 mice revealed
widespread induction following chronic infusion. Neuronal damage and gliosis were more
prevalent around steel cannulas than polymer fibers, and glial reactivity was further attenuated
when devices were implanted two months before drug delivery. In summary, region-specific
recombination is achievable in glia with minimal tissue damage after endoxifen delivery via
microfluidic polymer implants.
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Basic research in neurobiology has always relied heavily on invasive methods, such
as stereotaxic injections or electrode and silica fiber optic implants (Lacour et al,
2016). Translational neuroscience also incorporates invasive methods, such as deep brain
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stimulation and implanted electrode arrays that detect activity and deliver drugs to suppress
epileptiform activity (Polikov et al, 2005). All of the above techniques involve acute
mechanical injury, followed by chronic adaptations to foreign material, punctuated by
sporadic microtraumas due to normal motion of the brain inside the skull (Lacour et al,
2016; Savya et al, 2022). The geometry, biomechanics, and surface chemistry of implanted
materials regulate local tissue damage, glial scarring, and non-self recognition by microglia.
Implants with mechanical properties approximating those of brain tissue typically evoke less
damage than stiffer implants, enabling drug delivery, electrophysiological recording, and
optogenetic stimulation of neurons over extended timeframes (Tabet et al, 2021; Park et al,
2017). The reductions in tissue trauma and immunogenicity of flexible materials also open
exciting new avenues for research on glial biology, which has historically been constrained
by the limited range of strategies for spatially restricted manipulation.

Regional heterogeneity in the onset and progression of glial activation is often assumed, but
empirical data are scarce, and the lack of experimental approaches for anatomically selective
gene deletions represents a major conceptual hurdle. Selective cre drivers for microglia
have only recently become available (Kaiser and Feng, 2019; McKinsey et al, 2020), and
while these models represent an advance over previous models targeting microglia and
macrophages, gene deletions still impact microglia throughout the brain and spinal cord.
Region-specific promoters have yet to be identified for microglia, which are notoriously
difficult to transfect using viral vectors, especially in larger brain regions (Maes et al,
2019). Given the compartmentalized functional architecture of the CNS, region-specific
approaches are critical to rigorously delineate microglial regulation of specific circuits

and behaviors. These questions can only be answered with methods that elicit temporally
controlled recombination in individual brain regions.

Directed expression of cre recombinase fused to a mutated estrogen receptor sequence
(creER) is the most widely used strategy for inducible genetic manipulation /n vivo

(Feil et al, 1996). Early creER constructs retained sensitivity to endogenous estrogens,

but subsequent generations introduced mutations that suppressed estrogen responsiveness
while maintaining high affinity for synthetic steroids (Whitfield et al, 2015). The synthetic
estrogen receptor modulator tamoxifen acts as a prodrug for metabolites that bind to the ER
domain of creER with up to 100-fold greater affinity than tamoxifen itself (Reid et al, 2014;
Johnson et al, 2004; Felker et al, 2016). Although tamoxifen is brain-penetrant, the enzymes
required for oxidative breakdown of tamoxifen are not widely expressed in the nervous
system (Lein et al, 2007; Jayaraman et al, 2021). Endoxifen and other metabolites released
following hepatic breakdown of tamoxifen have successfully been delivered into the brain
for local manipulation of astrocytes and vascular mural cells (Benedykcinska et al, 2016;
Scherschinski et al, 2023), but microglia have yet to be targeted using this approach. We
therefore optimized and validated methods for region-specific delivery of endoxifen using
flexible microfluidic fibers that elicit minimal tissue damage. After optimizing delivery
strategies, we determined the appropriate temporal windows to maximize immunological
cloaking of implanted devices. These findings indicate that region-specific microglial
recombination is achievable without widespread injury in the CNS.
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Mouse models and experimental design

Mice were purchased from Jackson Labs or imported and bred in-house for these

studies. Reporter mice were generated by crossing the floxed tdTomato reporter line Ail4
(Jax strain #007914) with mice expressing creERT?2 under the myeloid-lineage promoter
CX3CR1 (CX3CR1C¢/ERT2: jax strain #021160), the excitatory neuron promoter Camk2a
(Camk2aCe/ERT2: Jax strain #012362), or the microglia-specific TMEM119 promoter
(TMEM119Ce/ERT2: jax strain #031820). Animals were housed in a ventilator rack on
Alpha-dry bedding in a specific pathogen-free facility with food and water available ad
libitum.

Experiment 1 compared reporter induction and local tissue damage after systemic tamoxifen
(2.0mg/kg, 3x48hr, PO) or stereotaxic delivery of the tamoxifen metabolite Z-endoxifen
(catalog#SML2368; Sigma-Aldrich, St. Louis, MO USA), as shown (Fig.1A). Experiment
2 compared outcomes after chronic intrahippocampal infusions of Z-endoxifen via steel
cannulas or microfluidic polymer fibers (Fig.1B). In Experiment 2, cannulas or polymer
fibers were connected to osmotic pumps and implanted when mice were four months old
(‘Single-stage surgery’). For Experiment 3, cannulas or polymer fibers were implanted into
the hippocampus of two-month-old mice, and osmotic pumps were implanted in a separate
surgery when mice were four months old (‘Two-stage surgery’) (Fig.1C). For all surgeries,
mice were treated with Buprenorphine SR (1.0mg/kg) to alleviate postoperative distress. All
mice were weighed at surgery, then weekly thereafter, and any mouse that lost >15% of its
presurgical body weight was removed from the study.

Drug preparation and delivery

For intrahippocampal delivery in Experiment 1, endoxifen was reconstituted at 2mg/mL

in dimethyl sulfoxide (DMSO; Benedykcinska et al, 2016) and 1.0pL was infused
bilaterally at the following stereotaxic coordinates (AP-1.94, ML+2.0, DV-2.0; Paxinos and
Franklin, 2003). Additional groups of mice received intrahippocampal injections of artificial
cerebrospinal fluid (ACSF) or tamoxifen (2.0pug/pl, 1pl/side) at concentrations that mimic
CNS bioavailability after systemic administration (Jahn et al, 2018). Stereotaxic injections
were performed on a Kopf stereotaxic frame equipped with a Neuros syringe (Hamilton
Company, Reno, NV USA) using a constant flow of 0.2ul/min, with the syringe left in place
for ten minutes after administration.

For chronic infusion (Experiments 2-3), endoxifen was diluted to 167ng/microliter in
ACSF (final concentration of DMS0O=8%). Osmotic minipumps (Alzet model 1007D;
Durect Corporation, Cupertino, CA, USA) were weighed before and after loading with
endoxifen. Osmotic pumps were visually inspected at sacrifice before being cleaned, dried,
and weighed to verify delivery.

Fabrication of infusion devices

Polymer-based microfluidic infusion devices were prepared as previously reported (Tabet
et al, 2021). Briefly, polycarbonate rods were machined and drawn into fibers (OD=200
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microns, ID=90 microns; Supplementary Fig.1). Fibers were inserted into commercially
available bilateral cannulas (Plastics One 3220PD, cut 0.5mm below pedestal) using a 3D
printed alignment tool (downloadable as Supplementary Data). Two small beads of optical
epoxy were applied with the tip of a 29g needle to bond each polymer fiber to the stainless
steel. Care was taken as too little epoxy resulted in poor bonding and leakage of fluid
from the steel stub, and too much clogged the polymer implant inside the stub. Devices
were UV-cured overnight, followed by thorough washing with isopropyl alcohol to test the
integrity of each fluidic before implantation. Bilateral steel cannulas were purchased from
Plastics One (Plastics One 3280PD, cut 2.0mm below pedestal; OD=360 microns, ID=180
microns). The bending stiffness of each implant was calculated using Young's modulus=2.38
gigapascals (GPa) for polycarbonate or 193GPa for steel, as described (Tabet et al, 2021).
The calculated bending stiffness of polycarbonate fibers was 159.3 newtons/m (N/m) and
1.326x10° N/m for steel.

Assembly and implantation of infusion devices

For single-stage surgery (Experiment 2), osmotic pumps were loaded with Z-endoxifen
and primed by immersion in sterile saline, as shown (Fig.2A). Osmotic pumps were

then connected to the infusion devices using polyethylene tubing (Fig.2B-C) as previously
reported (Wosiski-Kuhn et al, 2014; Erion et al, 2014; Dey et al, 2017). For surgery, mice
were anesthetized with Isoflurane and mounted in a stereotaxic frame (Kopf Instruments).
Scalp incisions were made above bregma and the drill was positioned at the following
stereotaxic coordinates (AP-1.94, ML+2.0; Paxinos and Franklin, 2003). After drilling
bilateral burr holes and confirming hemostasis, steel cannulas or microfluidic probes were
positioned over the holes and lowered into place, as shown (Fig.2D). The base of the
implanted device was secured to the skull using dental cement. While the dental cement
was curing, the scalp incision was extended caudally to just above the scapulae (Fig.2D).
Incisions were lavaged with sterile saline and blunt hemostats were used to create a
subcutaneous pocket for the osmotic minipumps. The pumps were placed into the pocket
and the tubing connecting each pump to the cannula was visually inspected for damage or
introduction of bubbles. After confirming integrity, the skin incision was closed over the
tubing with Surgibond tissue adhesive.

For two-stage surgery (Experiment 3), infusion devices were prefilled with ACSF and
capped to maintain patency before being implanted into the hippocampus. Two months after
the initial surgery, mice were anesthetized and an incision was made from the base of the
skull to the scapulae, exposing the capped intake ports. Caps were removed and replaced
with pre-assembled tubing attached to osmotic pumps. After connecting the tubing to the
intake ports, minipumps were inserted subcutaneously and enclosed beneath the skin as
described for single-stage surgery.

Immunofluorescence and quantitative morphometry in brain sections

In Experiments 1-2, mice were sacrificed by transcardial perfusion with 4%
paraformaldehyde in phosphate buffer (PFA). Brains were then postfixed overnight and
dehydrated in 30% sucrose before being snap-frozen on dry ice. In Experiment 1, sagittal
sections were cut in a 1:4 series at 40micron thickness on a freezing microtome (Leica). In
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Experiment 2, coronal sections were prepared as a 1:6 series at 40 micron thickness. The
number and spacing between sections was recorded and only samples with intact spacing
were used for quantification. Free-floating sections were processed for immunodetection

of IBA1 or GFAP, or mounted on slides for Fluoro Jade histochemistry, as described
(Manzanero et al, 2014; Hao et al, 2016; Yamamoto et al, 2019). To ensure appropriate
spacing, the number of sections was recorded at the start and end of each reaction. Sections
were mounted on Superfrost Plus slides in rostrocaudal order and nuclei were counterstained
with DAPI prior to imaging.

Montage images of brain sections were acquired on a Zeiss MTB epifluorescence
microscope with a motorized stage in Microlucida software (Microbrightfield, Williston,
V). After identifying implant or injection sites based on DAPI counterstaining and
tdTomato fluorescence, densitometric analysis of IBA1 and GFAP was carried out in
manually segmented regions of interest (ROIs) over the hippocampus. Z-stacks were
subsequently acquired at regular intervals from the placement site on a Zeiss 780 confocal
microscope for analysis of gliosis, colocalization, or dendritic spine densities according to
published methododology (Guo et al, 2020; Erion et al, 2014; Stranahan, 2011).

Tissue processing and immunodetection in cleared brains

In Experiment 3, hemibrains were processed using iDISCO (Renier et al, 2014), with

minor modifications for immunodetection of GFAP. In brief, samples were dehydrated
through increasing concentrations of methanol (MeOH), delipidated in dichloromethane
(DCM), bleached in hydrogen peroxide, and rehydrated through decreasing concentrations
of methanol according to the original iDISCO protocol (Renier et al, 2014). Brains were
then blocked and permeabilized in PBS containing 6.0% normal donkey serum (v/v),

2.0% Triton-X 100 (v/v), 10% DMSO (v/v), and 10% glycine (w/vol) for 1hr at RT,
followed by another 1hr at 60C in the same buffer. After blocking and temperature-enhanced
permeabilization, brains were incubated in Alexa Fluor 647-conjugated anti-GFAP (1:200,
Biolegend cat#837512) and rabbit anti-RFP/tdTomato (1:200, Rockland cat#600-401-379)
in the same buffer, omitting glycine, for 7d at 37C. Samples were then washed 3x3hr,

then overnight, in the same wash buffer described in Renier et al (2014) before being
incubated with secondary antibody Alexa Fluor 546-conjugated donkey anti-rabbit (1:500)
according to the published iDISCO protocol. Immunodetection of IBAL and tdTomato was
carried out according to published iDISCO protocols using rabbit anti-IBA1 (1:500; Wako
cat#019-19741) and goat anti-RFP/tdTomato (1:500, Rockland cat#200-101-379). After
washes, IBA1 was detected using Alexa 647 donkey anti-rabbit and tdTomato was visualized
with Alexa 546 donkey anti-goat (both at 1:500). After additional washes, samples were
dehydrated through methanol, delipidated in DCM, and cleared in dibenzyl ether (DBE), as
reported (Renier et al, 2014).

Light-sheet image acquisition, processing, and analysis

Brains were imaged in SuperPlan configuration on a LaVision Ultramicroscope 11
(Miltenyi). Tiles were acquired with a nominal XY resolution of 0.37px/micron and
stitched using Terastitcher (Bria et al, 2012). Autofluorescence images (488ex/525+50em)
were subtracted from images of tdTomato (561ex/620+60em) and IBA1 or GFAP
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(647ex/680+30em) and used to calculate transformation onto the Allen Brain Atlas in
Neuroinfo software (Microbrightfield, Williston, VT). Transforms calculated from the
corresponding autofluorescence images were applied to images of tdTomato, IBA1, and
GFAP. Autofluorescence images were then converted to 8bit and imported into Reconstruct
(Fiala, 2005; freely available at https://synapseweb.clm.utexas.edu) for semiautomatic
tracing of cannula tracks. Track areas were subtracted from total sample areas on each
optical slice, generating adjusted sample areas for normalization of tdTomato+ cell counts
and immunoreactivity for IBA1 or GFAP.

tdTomato+ cells were quantified in Neurolnfo after conversion to 8bit for ease of file
handling. Images of IBA1 and GFAP were analyzed in native 16bit format after Otsu
thresholding in Fiji/lmageJ, as described (Yamamoto et al, 2019; Stranahan et al, 2023).

For first-pass analysis, suprathreshold labeling area was determined around each cannula
track and expressed relative to adjusted sample area. To analyze anatomical gradients

in immunoreactivity for IBA1 and GFAP, we modified previously reported methods for
multichannel Sholl analysis (Hao et al, 2016). Two-dimensional cannula track tracings

were overlaid on the corresponding images of IBA1 or GFAP in Meshlab (freely available
at https://www.meshlab.net/) and scaled in 100 micron increments to generate concentric
traces. Toroid regions of interest (ROIs) were generated using adjacent pairs of concentric
traces for analysis of IBA1 or GFAP immunoreactivity at 100 micron intervals around each
cannula track. Suprathreshold labeling area in each ROI was subsequently normalized to
values from the first 100 micron toroid around the border of each cannula track to generate
a size-independent measure of anatomically graded gliosis surrounding each implant. Group
differences were determined within the boundaries of the hippocampus, as defined by the
Allen Brain Atlas Common Coordinate Framework. For analysis along the dorsoventral axis
of the cannula track, the overlying cortical regions were included and anatomical boundaries
are noted in the appropriate figure legends.

For stereotaxic injections, data were analyzed using one-way ANOVA with Tukey's

post hoc. For single-stage surgery in Camk2acERT2/tdTomatof/fl mice, dendritic spine
densities were analyzed using t-tests and cell counts were analyzed using one-way ANOVA
with Tukey's post hoc. For single-stage surgery in TMEM119¢¢ERT2/tdTomatof/fl mice,
densitometric and morphological measures were compared across mice that received
stereotaxic injection, steel cannulas, or microfluidic fiber implants using one-way ANOVA
with Tukey’s post hoc. For two-stage surgery, tdTomato+ cell counts, track volumes, and
total immunoreactivity for glial markers was analyzed using t-tests. Anatomical gradients in
immunoreactivity were analyzed using linear regression and compared between different
implant types using one-way repeated-measures ANOVA with Tukey's post hoc. All
analyses were carried out with statistical significance at p<0.05 in Graphpad Prism version
9.0.
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Local infusions of tamoxifen metabolites induce cre reporter expression

We initially compared tdTomato induction in 8-10wk old CX3CR1°"€ERTZ reporter mice
after intrahippocampal administration of Z-endoxifen, tamoxifen, or ACSF (Fig.1A).
Bilateral stereotaxic injections were delivered using a stainless steel microsyringe.
Intrahippocampal delivery of endoxifen induced tdTomato expression (Fig.3A), but reporter
induction after intrahippocampal tamoxifen did not differ from ACSF (Fig.3A-B), as
predicted by the absence of enzymes required for local generation of tamoxifen metabolites
(Fig.1A; Lein et al, 2007; Jayaraman et al, 2021). Tissue damage was assessed based on
Fluoro Jade histochemistry, which revealed sparse nuclei around the injection site (Fig.3C-
D). There was no difference in the number of Fluoro Jade+ nuclei after intrahippocampal
endoxifen, tamoxifen, or ACSF (Fig.3D). There were also no differences in weight gain
after stereotaxic injections of endoxifen, tamoxifen, or ACSF (weight change [g], mean £
SEM, n=6/condition; endoxifen = 0.16 + 0.04; tamoxifen = 0.13 + 0.07; ACSF =0.18 =
0.05). These results indicate that intrahippocampal endoxifen activates creERT2, and that
stereotaxic injections elicit localized cellular degeneration around the injection site.

Chronic infusion via microfluidic fiber implants elicits widespread reporter expression

Stereotaxic injections of endoxifen induced reporter expression, but tdTomato+ cells
were only observed around the injection site. This anatomically restricted pattern led

us to implement strategies for chronic intrahippocampal delivery of endoxifen. While
repeated stereotaxic injections can be performed into the same brain region, we sought
to minimize mechanical trauma by infusing endoxifen into the hippocampus via osmotic
pumps. To evaluate local tissue damage and reporter induction in excitatory neurons,
hemizygous Camk2a"eERT2 reporter mice received 1wk infusions into the hippocampus
via bilateral steel cannulas or microfluidic polymer fibers (Fig.4A). Mice were sacrificed
2wk after surgery and complete delivery was verified based on pump weights at sacrifice
(Supplementary Fig.2).

Stereological quantification of Fluoro Jade-stained nuclei revealed fewer damaged cells

in mice that received polymer fibers (Fig.4B-C; F, 50=13.2, p<0.01). Chronic delivery

of endoxifen evoked tdTomato induction around the implants (Fig.4D), but tdTomato+

cell numbers were unaffected by implant type in CA1 (% tdTomato+, mean+SEM, n=6/
condition; fiber=16.9+1.8; steel=16.4+2.15) and in the dentate gyrus (fiber=15.6+1.6;
steel=14.2+1.4). tdTomato+ cells adjacent to the implant site lacked processes and exhibited
nuclear condensation (Fig.4E), but neuronal morphology distal to the implant site was
comparable to published reports in Camk2a reporter mice (Chakravarthy et al, 2006;
Veldman et al, 2020). Camk2a is widely expressed throughout the dendritic arbor and at
dendritic spines, enabling their visualization in Camk?2a reporter lines (Chakravarthy et al,
2006). Dendritic spine density along the apical oblique dendrites of CA1 neurons distal

to the implant site was unaffected by implant type (Fig.4F-G), and spine densities in the
dentate molecular layer were also similar between groups (Fig.4F,H). These observations
indicate that polymer fiber implants elicit less cell death than steel cannulas at the placement
site without detectable alterations in dendritic spines at distal sites. Together with published
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data demonstrating improved synaptic function in mice with polymer fiber implants (Tabet
et al, 2021; Park et al, 2017), these data indicate that flexible materials reduce mechanical
trauma.

Chronic central infusions of endoxifen and effects of implant material on glial reactivity

The CX3CR1C€ERT2 model exhibits recombination in circulating myeloid cells and in
peripheral tissues, as well as in the nervous system (Parkhurst et al, 2013). At extended
periods after induction, recombination is limited to slower-cycling microglia and long-lived
'border-associated macrophages' in the choroid plexus and perivascular space (Parkhurst et
al, 2013; Goldmann et al, 2016). To determine whether central endoxifen delivery might

be an effective strategy for targeting microglia, we carried out chronic intrahippocampal
infusions in mice expressing tdTomato under the microglia-specific TMEMZ119 promoter
(Bennett et al, 2016; Kaiser and Feng, 2019). Reporter induction, gliosis, and local

tissue damage were compared in TMEM119creERT? reporter mice after stereotaxic
injection or chronic infusion via microfluidic polymer fibers or steel cannulas, as shown
(Fig.5A). There were no differences in weight gain over the 2wk period after surgery
(Supplementary Fig.3A-B), and pump weights were comparably reduced after infusion via
steel cannulas or fiber probes (Supplementary Fig.2). Native tdTomato fluorescence and
IBA1 immunoreactivty were visualized on serial coronal sections (Fig.5B-C). Quantification
of tdTomato+ cells revealed more widespread recombination after chronic delivery than
after stereotaxic injection (Fig.5D; F3 45=26.4, p<0.01), and analysis of IBA1/tdTomato
colabeling revealed anatomically graded reporter induction around the implant site (Fig.5E).
When co-labeling was averaged across all distances from the implant site, mice that received
polymer fiber implants had significantly more double-labeled cells than mice with steel
implants (Fig.5E; F, 15=14.9, p<0.01). Polymer fibers also evoked smaller increases in IBA1
staining area at the placement site, relative to steel cannulas (Fig.5F; F, 15=16.2, p<0.01).
However, both implants increased IBA1 immunoreactivity more than single stereotaxic
injections (Fig.5F).

Visualization of GFAP and tdTomato in an adjacent series of serial sections revealed no
evidence of reporter expression in astrocytes (Fig.5G-H), consistent with expression patterns
reported after systemic delivery of tamoxifen in TMEM119 reporter mice (Kaiser and Feng,
2019). Although chronic infusion increased GFAP immunoreactivity more than stereotaxic
injection, increases were more widespread in mice that received steel cannulas, relative to
mice with polymer fiber implants (Fig.5G-H; F; 15=23.4, p<0.01). Differences in gliosis
were not due to the mechanical effects of continuous infusion, as analysis of GFAP and
IBA1 immunoreactivity in mice with implants that were not connected to osmotic pumps
revealed no difference relative to mice that received infusions (Supplementary Fig.4A-B).
These observations indicate that chronic infusions of endoxifen via microfluidic polymer
fibers elicits widespread recombination and causes less damage than steel cannulas after
single-stage implantation in adult mice.
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Reductions in microglial activation following central delivery of endoxifen via polymer

fibers

To allow more time for parenchymal acclimation, we implanted microfluidic polymer

fibers or steel cannulas in 8wk old TMEM119"¢ERT2/tdTomato ™/ mice (Fig.6A). Two
months after the initial surgery, the intake ports were attached to osmotic pumps for

delivery of Z-endoxifen (Fig.6A). After confirming delivery based on pump weights, brains
were processed for iDISCO clearing and immunodetection (Fig.6B). Cannula tracks were
traced on stitched z-stack images and the volume of each track was calculated from 3D
reconstructions (Fig.6C). Cannula track areas were subtracted from total sample areas on
each optical slice (Fig.6C), generating adjusted sample areas for normalization. tdTomato+
cell numbers were quantified on each optical slice and expressed relative to adjusted sample
area (Fig.6D). Images of GFAP or IBA1 were acquired in parallel with images of tdTomato
from each sample (Fig.6E-F). After stitching and autofluorescence correction, z-stacks were
thresholded for analysis of suprathreshold staining area. For insight into anatomically graded
gliosis along with anteroposterior and mediolateral axes, we modified the multichannel Sholl
analysis used in our previous publication (Hao et al, 2016). Two-dimensional cannula track
traces were overlaid on the corresponding images of IBAL and scaled up in 100 micron
increments, generating concentric traces around each placement site (Fig.6G). Adjacent
pairs of traces were used to delineate toroid regions of interest (ROIs) for analysis of IBA1
immunoreactivity (Fig.6G). Except where noted, measurements were generated within the
boundaries of the hippocampus as defined the the Allen Brain Atlas Common Coordinate
Framework (Fig.6H).

This analysis revealed comparable recombination efficacy after endoxifen infusion through
polymer fibers or stainless steel cannulas, as reflected by similar tdTomato+ cell numbers
(Fig.7A-C). Off-target anatomical effects were minimal, as quantification of tdTomato+
cells on individual optical slices revealed limited induction in overlying cortex (Fig.7D).
Consistent with the different geometries of each implant, cannula track volumes were
larger in mice that received steel cannulas, as opposed to polymer fibers (t;7=3.9, p<0.01;
Supplementary Fig.5). To control for these differences, track areas were subtracted from
total sampled area, generating adjusted values for normalization of tdTomato+ cell counts
and immunoreactivity for IBA1 or GFAP.

Analysis of IBA1 immunoreactivity revealed lower suprathreshold staining areas along the
dorsoventral extent of the track left behind by polymer fiber implants (Fig.7E). Reductions
were evident from the cortical surface to the hippocampus (Fig.7F; t;7=4.1, p<0.01),

as reflected by average suprathreshold labeling area. Sholl analysis revealed declines

in IBA1 staining area with increasing distance from the cannula track left by polymer

fiber implants (Supplementary Fig.6A; R2=0.82, p<0.01). By contrast, IBA1 staining area
remained consistently elevated at all intervals around steel cannulas (Supplementary Fig.6A;
R2=0.09, n.s.). Differences were statistically significant when suprathreshold labeling areas
were analyzed with repeated-measures ANOVA (Fig.7G; F4 56=20.3, p<0.01), and linear
slopes representing IBA1 immunoreactivity as a function of distance were also significantly
different between groups (Supplementary Fig.6A-B; Fq 76=30.2, p<0.01). This relationship
was upheld after normalizing the data to initially measured immunoreactivity within 100
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microns of the track border (Fig.7H; F4 56=34.7, p<0.01), indicating that flexible polymer
fibers elicit less microglial reactivity than steel cannulas along all measured anatomical axes.

Steel cannulas elicit more widespread astrogliosis than polymer fibers

Microglia play a critical role in removing dead cells, while astrocytes surround and
encapsulate injured tissue (Silver and Miller, 2004). For insight into astrogliosis after
two-stage surgery, we visualized GFAP 2wk after connecting osmaotic minipumps to
intrahippocampal delivery devices implanted at 8wk old, as shown (Fig.1C). GFAP
immunoreactivity was elevated throughout the dorsoventral extent of cannula tracks from
steel implants, relative to microfluidic polymer fibers (Fig.8A-C; t17=4.9, p<0.01). This
difference was evident throughout the dorsoventral extent of the cannula track from

the cortical surface to the hippocampal parenchyma (Fig.8D). Sholl analysis of GFAP
immunoreactivity was carried out in toroid ROIs centered on the cannula track, as shown
for IBA1 (Fig.6G). These data revealed declining immunoreactivity around polymer fiber
implants, but not steel cannulas (Fig.8E; F4 56=18.9, p<0.01). The same pattern was evident
when GFAP staining area was normalized to the initial ROI, 100 microns around the border
of the cannula track (Fig.8F; F4 56=27.0, p<0.01). Taken together, these data indicate that
delivery of endoxifen via microfluidic fibers elicits region-specific recombination in glia
with minimal damage to the surrounding environment.

Discussion

Here, we report that intraparenchymal delivery of tamoxifen metabolites is an effective
strategy for region-specific targeting of microglia. Local infusions of the tamoxifen
metabolite Z-endoxifen induced hippocampal reporter expression in multiple lines of
inducible cre mice. Chronic infusions were more effective than stereotaxic injection,

but also evoked widespread damage when administered via indwelling steel cannulas.
Intrahippocampal administration using microfluidic polymer fibers induced widespread
recombination with less damage, especially when polymer fiber devices were implanted and
allowed to acclimate for extended periods before drug delivery. Delivery of creERT ligands
using flexible microfluidic fibers therefore enables region-specific genetic manipulation of
cells in the brain parenchyma with limited glial activation or neurodegeneration.

This report builds on functional improvements in mice with flexible implants reported

in previously published work (Canales et al, 2015; Park et al, 2017; Park et al. 2021).
Specifically, stable synaptic recordings were performed up to six months after surgery in
mice with flexible implants, which exceeds the typical timeframe for high-fidelity recording
in mice with traditional implants (Canales et al, 2015; Park et al, 2017; Park et al. 2021).
Polymer fiber implants also elicit less damage to the blood-brain barrier than similarly-sized
steel wires (Park et al, 2017). While cytokine levels were not directly quantified in the
current study, the differences in immunoreactivity strongly suggest that local inflammatory
responses were reduced. Conclusions regarding neuroinflammation are routinely based on
immunoreactivity for glial antigens in preclinical studies. When interpreted relative to
published electrophysiological data from the Anikeeva lab (Canales et al, 2015; Park et

Brain Behav Immun. Author manuscript; available in PMC 2025 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stranahan et al.

Page 11

al, 2017; Park et al. 2021), the current report indicates that polymer fibers elicit less damage
than traditional steel cannulas.

Microglial activation following mechanical trauma occurs in parallel with encapsulation of
the injured region by astrocytes, forming the glial scar (Silver and Miller, 2004). Unlike
peripheral scar tissue, which becomes stiffer after resolution of injury, glial scars in the CNS
exhibit localized increases in tissue elasticity (Moeendarbary et al, 2017; Silver and Miller,
2004). Paradoxically, softening of the extracellular matrix due to glial scarring around

steel implants could predispose the local environment to repeated mechanical trauma.
Microfluidic polymer probes are more flexible than steel, which improves their ability to
move with the dynamic motions of the brain inside the skull (Frank et al, 2019). Stainless
steel implants elicit greater microglial and astrocytic activation compared to soft polymer
probes with identical dimensions (Canales et al, 2015; Park et al, 2017). This is underscored
by Sholl analysis of glial reactivity at fixed intervals around each implant, which revealed
steeper declines with increasing distance from polymer implants. Prior work also suggests
that glial responses to both rigid and flexible implants decrease over time (Park et al,

2017; Park et al, 2021). Duration-dependent accommodation of implanted devices was also
evident in the current report, based on the more dramatic reductions in gliosis observed
when placement of intrahippocampal implants was carried out two months before drug
delivery. Polymer-based microfluidic devices maintain their patency and are capable of
intrathecal delivery chronically in vivo (Tabet et al, 2021). Multifunctional fiber implants
have also been used successfully in the prefrontal cortex, basolateral amygdala, spinal cord,
and nucleus accumbens (Canales et al, 2015; Park et al, 2017; Park et al, 2021; Tabet et al,
2021). The results of this study support the robustness of this delivery platform and suggest
that flexible devices enable stealthy in vivo manipulation of microglia.

Bioavailability of tamoxifen metabolites in the CNS peaks 2-4d after peripheral
administration of tamoxifen (Jahn et al, 2018), resulting in persistent cre-mediated
recombination. Stereotaxic injections of endoxifen into the cerebral ventricles induced
astroglial reporter expression in GLASTcreERT mice, but was associated with varying levels
of toxicity in a previous report (Benedykcinska et al, 2016). Benedykcinska et al (2016)
administered (E/Z)-endoxifen hydrochloride hydrate, an approximately 1:1 mixture of the
cis- (E) and trans- (Z) isomers of endoxifen (Elkins et al, 2014). Similar to tamoxifen, the
(E) and (2) isomers of endoxifen have distinct affinities and modulatory actions at estrogen
receptors (Jayaraman et al, 2021; Jordan et al, 1988). (Z)-endoxifen is the biologically active
isomer with estrogen receptor binding affinities similar to tamoxifen, while (E)-endoxifen
exhibits weak estrogenic activity (Elkins et al, 2014). We detected no evidence of toxicity
following intrahippocampal delivery of the (Z)-isomer in these studies, suggesting that the
adverse physiological effects reported by Benedykcinska et al (2016) could be due to the
(E)-isomer.

In this study, chronic infusions of endoxifen induced reporter expression in approximately
30% of IBAL+ cells, which is within the range associated with biologically significant
effects observed using AAV in hypothalamic astrocytes (Garcia-Caceres et al, 2016).
However, the hippocampus is considerably larger than the hypothalamic nuclei targeted

in previous work (Garcia-Céceres et al, 2016). Penetrance and efficacy continue to
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present technical challenges for studies of glial biology, and future animal models with
combinatorial genetic targeting could eventually overcome these issues. At present, the
current results indicate that intraparenchymal delivery of tamoxifen metabolites is an
effective and complementary strategy for region-specific manipulation of glial cells in the
adult brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

. Intrahippocampal delivery of the tamoxifen metabolite Z-endoxifen enables
region-specific genetic manipulation of glial cells

. Intrahippocampal administration using microfluidic polymer fibers elicits
widespread recombination with less damage than steel cannulas

. Glial reactivity was further minimized when polymer fiber devices were
implanted and allowed to acclimate for extended periods before drug delivery
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Figure 1. Experimental design.
(A) In Experiment 1, reporter induction and cellular degeneration were assessed in

CX3CR1CeERTZ/tdTomatof/f mice after intrahippocampal injections of tamoxifen or Z-
endoxifen. Far right schematic depicts hepatic breakdown of tamoxifen (TAM), generating
endoxifen and other metabolites. Abbreviations: 4AOHTAM, 4-hydroxy-tamoxifen; NDM-
TAM, N-desmethyl-tamoxifen; PFA, paraformaldehyde; SAC, sacrifice. (B) In Experiment
2, chronic intrahippocampal infusions of endoxifen were carried out using steel cannulas
or microfluidic polymer fibers attached to osmotic minipumps. Infusion devices were
implanted in a single surgery ('Single-stage surgery") using (2) distinct transgenic

lines. Neurodegeneration, reporter induction, and synaptic structure were analyzed after
chronic infusions in CaMK2a"eERT2/tdTomatof/fl mice. Gliosis and reporter induction
were analyzed after stereotaxic injection or chronic infusions in microglia-specific
TMEM119¢¢ERT2/tdTomato™/fl mice. (C) In Experiment 3, TMEM119¢¢ERT2/tdTomatof!/fl
mice received intrahippocampal implants at 8wk old, with a second surgery to connect
osmotic minipumps for endoxifen infusions at 16wk old (‘Two-stage surgery'). Gliosis and
reporter induction were analyzed in cleared brains using light-sheet microscopy (far right

panel).
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Figure 2. Device assembly and surgical overview.
(A) Attach flow moderator cap to osmotic pump (left). Fill pumps with endoxifen using a

1cc syringe with 27g blunt needle (middle). Prime pumps overnight in sterile saline (right).
(B) Estimate distance from the interaural line to interscapular region, then add 1.5-2.0cm to
allow for movement of the head (left). Trim segments of polyethylene tubing to the correct
length (middle). Connect polyethylene tubing to intake ports on the cannula base (right).
(C) Fill tubing and cannula with endoxifen (left). Attach tubing to flow moderator cap on
osmotic pump (middle). Mount infusion device on a stereotaxic frame using the tab on top
of the cannula (right). (D) Drill holes, then lower device into place and secure with dental
cement (left). Extend the scalp incision to the interscapular region, then insert tubing and
pumps under the skin (middle). Remove the mounting tab on top of the cannula and discard
(right). Steps in (A-B) can be carried out the day before surgery. Steps in (C-D) should be
carried out in a sterile area adjacent to the surgical site to avoid introduction of bubbles. For
all panels, drawings are not to scale (see Supplementary Fig.1 for dimensions).
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Figure 3. Local recombination following intrahippocampal delivery of endoxifen.
(A) Left panels show tiled epifluorescence micrographs of native tdTomato fluorescence

1wk after intrahippocampal injections of ACSF, endoxifen, or tamoxifen (TAM;
scalebar=1.0mm). Right panels show high-magnification images of tdTomato in the
hippocampus (scalebar=10 microns). (B) Graph shows tdTomato+ cell counts after
endoxifen, ACSF, or TAM; inset shows values after intrahippocampal ACSF or TAM. (C)
Stereotaxic injection is accompanied by localized tissue damage, based on Fluoro Jade

(FJ) staining after intrahippocampal ACSF, endoxifen, or TAM. Scalebar=25 microns. (D)
Similar numbers of FJ+ nuclei in hippocampal area CAL after stereotaxic injections of
endoxifen, ACSF, or TAM. Each symbol represents (1) mouse, line height shows group
mean, and error bars show SEM (n=6/condition). Asterisk indicates significant difference at
p<0.05 by one-way ANOVA with Tukey's post hoc.
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Figure 4. Chronic intrahippocampal delivery of endoxifen via microfluidic polymer fibers limits
neuronal damage at the implant site.
(A) Bilateral steel cannulas were attached to osmotic pumps and microfluidic polymer fibers

(right) were inserted into 'stub’ cannulas and trimmed before assembly. Inset shows trimmed
fibers (scalebar=0.5mm). (B) Fluoro Jade (FJ) histochemistry 2wk after implantation of

steel cannulas (Steel) or polymer fiber implants (Polymer). Micrographs show implant site,
scalebar=25 microns. (C) Stereological quantification of FJ-stained nuclei on serial coronal
sections revealed fewer degenerating neurons around the implant site in mice with polymer
fiber implants. (D) Schematic (top panel) shows design for chronic intrahippocampal
infusion of endoxifen in Camk2aC"®ERT2 reporter mice. Implant sites were identified based
on tdTomato (tdTom) expression and DAPI counterstain. (E) tdTom+ cells at the implant site
lacked processes and exhibit nuclear condensation. (F) Analysis of dendritic spine density

in CAl and dentate gyrus (DG) distal to the implant site (>0.24mm) revealed no effect of
implant material. (G-H) Normal cellular morphology and representative dendritic segments
from the CAL stratum radiatum (G) or dentate molecular layer (H) in each condition.
Arrowheads shown with dendritic segments indicate spines; scalebar shown with segments =
5.0 microns; all other scalebars = 25 microns. For graphs, each symbol represents (1) mouse,
line height shows group mean, and error bars show SEM (n=6-8 mice/condition). Asterisk
(*) indicates p<0.05 by one-way ANOVA.
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Figure 5. Reporter induction and glial reactivity after chronic intrahippocampal endoxifen via
steel cannulas or microfluidic fibers.

(A) Experimental design for stereotaxic injection or chronic intrahippocampal delivery
of endoxifen in TMEM119"eERT2jtdTomatof/fl mice. (B) Native tdTomato (tdTom)
fluorescence and IBA1 immunoreactivity were visualized in serial coronal sections

after single stereotaxic injection or chronic intrahippocampal delivery. Asterisks indicate
placement sites on tiled epifluorescence images, scalebar (bottom left)=1.0mm. (C)
Colocalization between IBAL and tdTom on confocal z-stacks (arrows indicate double-
labeled cells). (D) Chronic delivery of endoxifen via polymer fiber implants (Polymer) or
steel cannulas (Steel) elicits more widespread reporter induction than single stereotaxic
injection (Single Inj). Left graph shows tdTomato+ cell numbers across all distances from
the implant site; right graph shows cell counts binned by distance. (E) When co-labeling
was averaged across all distances from the implant site (left graph), mice that received
polymer fiber implants had significantly more double-labeled cells than mice with steel
implants. This effect was most prominent at regions distal to the implant site (right
graph). (F) Increases in IBAL1 immunoreactivity are less pronounced after implantation
of polymer fibers, relative to steel cannulas, based on aggregate data from serial sections
(left) and analysis at intervals relative to the implant site (right). (G) Z-projections (right)
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revealed thicker astroglial processes but no colocalization between GFAP and tdTomato in
TMEM119°¢ERT2/tdTomato ™l mice; lower-power micrographs show representative GFAP
immunoreactivity in each condition. (H) Increases in GFAP immunoreactivity are less
widespread after delivery via polymer fibers, relative to steel cannulas, as determined by
analysis of serial sections (left) and comparisons binned by distance (right). For all graphs,
each symbol represents (1) mouse, line height shows group mean, and error bars show SEM
(n=6 mice/condition). Asterisk indicates effect of chronic delivery and hashtag indicates
differences between steel and polymer at p<0.05 by ANOVA with Tukey's post hoc.
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Figure 6. Methods for imaging and analysis of cleared brains after two-stage implantation of
delivery devices and osmotic pumps.

(A) Graph shows weight gain after implantation of microfluidic polymer fibers or steel
cannulas (single arrow), 8wk before infusion via osmotic pumps (double arrow) in
TMEM119¢¢ERT2/tdTomato ™l mice. There was no effect of device material on weight gain
before or after infusions. (B) Solvent-based sample clearing using iDISCO (grid=2.0mm)
and fluorophores used for immunodetection. (C) Autofluorescence (AF) images were
acquired from all samples, stitched, and used for 3D reconstruction of the cannula

track (far right panel; scalecube=200 microns in XYZ). (D) Autofluorescence images
were subtracted from images of tdTomato (tdTom); after subtraction, stitched z-stacks
were thresholded for algorithmic quantification of labeled cells. (E-F) Images of GFAP
(E) or IBA1 (F) were acquired in parallel with images of tdTomato in each sample.

After stitching and autofluorescence correction, z-stacks were thresholded for analysis

of suprathreshold staining area. (G) For Sholl analysis, 2D traces of the cannula track
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(green solid region) from autofluorescence images (AF) were overlaid on corresponding
images of IBAL. The boundaries of the initial tracing were scaled up in 100 micron
increments, generating concentric traces (green outlines) around the cannula track. Adjacent
pairs of traces were used to delineate regions of interest (ROIs) for analysis of IBA1
immunoreactivity. (H) Group differences were determined within the boundaries of the
hippocampus (orange shaded region) after registration onto the Allen Brain Atlas Common
Coordinate Framework.
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Figure 7. Light-sheet imaging of microgliosis and tdTomato induction after two-stage surgery.
(A) Tiled z-stack images of IBA1 and tdTomato (tdTom) were captured in cleared

brains from TMEM119creERT2/tdTomatofl/fl mice, 2wk after intrahippocampal delivery
of endoxifen via steel cannulas (Steel) or microfluidic polymer fibers (Polymer). For panels
(A-B), middle row shows single channel images of IBA1 and bottom row shows tdTom.
Scalebar lengths in (A) are in mm; scalebar lengths in (B) are in microns. (B) Native
resolution images of IBA1 and tdTom. (C) No effect of implant material on the number

of tdTom+ cells. (D) No evidence of differential backflow after chronic intrahippocampal
infusion of endoxifen via steel cannulas or microfluidic polymer fibers. Z-depths shown on
the X-axis in panels (C,E) indicate dorsoventral position (O=cortical surface). (E) Analysis
of IBAL staining at the implant site revealed increased immunoreactivity around steel
cannulas, irrespective of depth. (F) Differences in IBA1 staining area were also evident
when immunoreactivity was averaged over the entire length of the cannula. (H) IBAl
immunoreactivity declines as a function of distance around polymer fiber implants, but
remains elevated at comparable intervals around the border of steel cannula tracks. (I) The
same pattern is evident after normalizing IBA1 labeling area in distal ROIs to values from
the initial toroid (0-100 microns around the track). For panels (C,F), symbols represent

(1) mouse; for all other graphs, symbols or solid lines represent the mean of (n=8) mice/
condition. Error bars in all graphs represent SEM. Asterisk indicates significant difference
between steel and polymer probes at p<0.05 by t-test (D-F) or repeated-measured ANOVA
with Tukey's post hoc (H-1).
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Figure 8. Astrogliosis and reporter expression after two-stage surgery.
(A-B) Tiled z-stack images of GFAP and tdTomato (tdTom) were acquired in cleared brains

from mice with bilateral steel cannulas (Steel) or polymer fiber implants (Polymer). Middle
row shows single channel images of GFAP and bottom row shows tdTom. For panel (A),
scale bar lengths are in mm. (B) Native resolution images of GFAP and tdTom. Scaling
information (bottom) is in microns. (C) Increased GFAP immunoreactivity around steel
cannulas, relative to polymer fibers. (D) Differences in GFAP labeling were evident over
the entire dorsoventral length of the implant; solid lines show the average of (n=8) mice/
condition and dashed lines represent SEM. (E) GFAP immunoreactivity declines at greater
distances from polymer fiber implants, but not steel cannulas. (F) Distance-dependent
changes in GFAP labeling persist after normalization to staining in the initial toroid (0-100
microns) around each track. For panels (D-E), symbols represent (1) mouse; for (E-F),
symbols represent the mean of (n=8) mice/condition. Error bars in all graphs represent SEM.
Asterisks indicates significant difference between steel and polymer probes at p<0.05 by
t-test (D-F) or by repeated-measured ANOVA with Tukey's post hoc (H-1).
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