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Abstract

Programmed reduction of synapses is a hallmark of the developing brain, with sen-
sory systems emerging as useful models with which to study this pruning. The
central projections (terminal field) of the gustatory glossopharyngeal nerve (GL) of
the rat are a prime example of developmental pruning, undergoing an approximate
66% reduction in volume from postnatal day 15 (P15) to P25. Later in adulthood,
developmental GL pruning can be experimentally reversed, expanding to prewean-
ing volumes, suggesting mature volumes may be actively maintained throughout the
life span. Microglia are central nervous system glia cells that perform pruning and
maintenance functions in other sensory systems, including other gustatory nerves. To
determine their role in GL pruning, we depleted microglia from Sprague—Dawley rat
brains from P1 to P40 using daily intraperitoneal injections of the colony-stimulating
factor 1 receptor inhibitor PLX5622. This prevented GL developmental pruning,
resulting in preweaning terminal field volumes and innervation patterns persisting
through P40, 2 weeks after pruning is normally completed. These findings show
microglia are necessary for developmental GL pruning. Ceasing PLX5622 treatments
at P40 allowed microglia repopulation, and within 4 weeks the GL terminal field had
reduced to control volumes, indicating that pruning can occur outside of the typical
developmental period. Conversely, when microglia were depleted in adult rats, GL
terminal fields expanded, reverting to sizes comparable to the neonatal rat. These data
indicate that microglia are required for GL pruning and may continue to maintain the

GL terminal field at a reduced size into adulthood.
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RIQUIER AND SOLLARS

L WILEY
1 | INTRODUCTION

A critical stage of postnatal neural development is the selec-
tive elimination of surplus synapses, referred to as synaptic
pruning, which occurs in rodents during the first 3—-5 post-
natal weeks (Neniskyte & Gross, 2017; Sun et al., 2019).
Age-dependent innervation and synapse reduction have been
observed in multiple brain regions such as the cerebellum
(Hashimoto & Kano, 2003, 2013), cortex (Hoshiko et al.,
2012; Low et al., 2008; Mallya et al., 2019), and brain-
stem (Mangold & Hill, 2008; Sollars et al., 2006). Sensory
systems have emerged as a common model with which to
study pruning, with robust and predictable pruning observed
in the visual (Bialas & Stevens, 2013; Huberman, 2007;
Innocenti, 1981; Schafer et al., 2012; Stevens et al., 2007),
auditory (Milinkeviciute et al., 2019), and gustatory systems
(Mangold & Hill, 2008; Sollars et al., 2006; Sun et al., 2019).
In the nucleus of the solitary tract (NTS), the central projec-
tions (terminal field) of the rat gustatory glossopharyngeal
nerve (GL) reduce in volume by ~66% between postnatal
day 15 (P15) and P25 (Mangold & Hill, 2008). This reduced
terminal field volume is stable for the remainder of life, yet
expansion in adulthood to prepruning volumes can be induced
by both systemic and taste receptor cell-specific removal of
brain-derived neurotrophic factor (Sun et al., 2018). Together,
these findings suggest the GL may not merely be pruned, but
actively maintained at a reduced size, a maintenance that can
be disrupted.

Glia cells of the central nervous system (CNS) are known
to be active contributors to the developmental pruning pro-
cess. Astrocytes prune retinogeniculate synapses both during
early development and adulthood via the phagocytic MEGF10
and MERTK pathways based on neural stimulation (Chun
et al., 2013). Besides direct synaptic engulfment, astrocytes
also secrete TGF-f, which initiates a cascade that culminates
in pruning by microglia, ubiquitous self-renewing immune
cells of the CNS (Askew et al., 2017; Bialas & Stevens,
2013; Bruttger et al., 2015). Microglia prune synapses during
early postnatal development in an activity- and complement-
dependent manner (Paolicelli et al., 2011; Schafer et al.,
2012; Stevens et al., 2007). Later in life, microglia are
required for motor-learning-dependent synapse formation in
early adulthood (Parkhurst et al., 2013), maintaining retinal
photoreceptor synapses in the external plexiform layer (Wang
et al., 2016), and continue to regularly contact and influence
neurons in the adult brain (reviewed in Kierdorf & Prinz,
2017).

While microglia are required for developmental pruning of
the gustatory branches of the facial nerve in mice (Sun et al.,
2019), their role and that of astrocytes in rat GL pruning and
maintenance have yet to be established. As both microglia and
astrocyte quantities are elevated in regions undergoing synap-
tic pruning (Bialas & Stevens, 2013; reviewed in Schafer &

Stevens, 2015; Sun et al., 2019), in the current study glia
densities in the NTS were assessed during periods of GL
development. To determine if microglia are required for GL
terminal field pruning, microglia were depleted from the rat
brain using the colony-stimulating factor 1 receptor (CSF1R)
inhibitor PLX5622 (Plexxikon, Inc.) from P1 to P40 and the
volume of the GL NTS terminal field was analyzed at key
stages of development. In order to test the flexibility of the
pruning period, treatments were ceased in a subgroup of rats
treated with PLX5622 from P1 to P40, allowing the microglia
to repopulate, and GL NTS terminal fields were assessed.
Microglia were also depleted in a group of postpruning adult
rats to see if microglia actively maintain the GL terminal field
at a reduced volume.

2 | METHODS

2.1 | Subjects

Every condition included nearly equal quantities of both
male and female Sprague-Dawley rats (Rattus norvegicus;
total N = 131) randomly assigned from at least two litters,
bred in the University of Nebraska at Omaha Vivarium (see
Table 1 for specific conditions). Rats were socially housed in
clear Plexiglass cages on a 12:12 light—dark cycle with free
access to tap water and food pellets (Teklad). Day of birth
was denoted as postnatal day O (P0O), and rats were weaned
at P25. To facilitate comparable nutrition across litters and
development, all experimental litters contained between
seven and 12 pups through weaning. To both monitor health
and collect data on weight changes during development, all
rats were weighed daily for the duration of the experiment.
All animal procedures were approved by the University of
Nebraska at Omaha Institutional Animal Care Committee’s
and conformed to the guidelines set forth by the National
Institutes of Health and the United States National Research
Council.

2.2 | Long-term intraperitoneal P1.X5622
treatment in rat pups

The colony-stimulating factor 1 receptor (CSF1R) is unique
to myeloid lineage cells (reviewed in Hume et al., 2020)
and is required for both microglia survival (Elmore et al.,
2015) and proliferation (Askew et al., 2017). Chow-based
PLX5622 treatment rapidly depletes microglia in P18 mouse
pups (Sun et al., 2019). However, our study necessitated
microglia depletion by P14, as pruning was expected to
occur at P15 (Mangold & Hill, 2008). Microglia depletion in
embryonic and preweaning mice can be achieved by feeding
PLX5622 to the dam, but this results in increased mortality
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TABLE 1 Sample sizes for experimental conditions
Pruning
Age (days) 14 25 40
PLX5622 6 5 5
Vehicle 4 4
72 of transport 2
Glia Across Development
Age (days) 11 14 17
Microglia 7 N/A 4
Astrocytes N/A 9 N/A
Chronic Microglia Depletion
Age (days) 4 14 24
PLX5622 4 6 5
Vehicle 2 5 5

and health complications for the pups (Rosin et al., 2018). Fur-
ther, chow-based PLX5622 administration is less effective in
rats than mice, and indirect administration makes exact dosing
a challenge.

Starting at P1, rat pups received once daily intraperitoneal
(i.p.) injections of 0.65% PLX5622 suspended in 5% dimethyl
sulfoxide and 20% Kolliphor RH40 in 0.01 M phosphate-
buffered saline (PBS) to a dose of 50 mg/kg. Microglia
densities in the NTS were assessed by dividing raw microglia
numbers by the volume of the NTS for a given animal. Pilot
testing demonstrated that while this dose reduced microglia
by >97% within 3 days and >99% by 7 days, by 10 days of
age depletion had reduced to 75%. Therefore, starting at P12
rat pups received 50 mg/kg injections twice daily 10-12 h
apart at Zeitgeber Time 2 and 12-14, respectively. During
pilot testing, the efficacy of PLX5622 in depleting microglia
appeared to diminish each week of continuous treatment,
which could be compensated for by increasing the concentra-
tion of PLX5622 by 20% every 5 days for the remainder of the
treatment period. Dimethyl sulfoxide (DMSO) and Kolliphor
RH40 quantities were increased as necessary to suspend the
PLX5622 in 0.01 M PBS. Vehicle animals received control
injections containing identical concentrations of DMSO and
Kolliphor RH40 in 0.01 M PBS. For the GL labeling stud-
ies, rats were treated P1-40, with a subgroup of animals then
ceasing treatments for 4 weeks. Additionally, a final condition
of rats was treated with PLX5622 only from P40 to P68.

2.3 | GL label

The GL of rats treated with PLX5622 or vehicle was
labeled at P14, P25, P40 (n = 4-6/condition), or P68 (n =
3-5/condition). Animals were anesthetized with i.p. injections
of Brevital Sodium (60 mg/kg) and a small incision was made

WI LEYJ—3

68 developmentally treated 68 adult treated

4 5
3
25 3140
4 5
10 9
40 43 repopulated
5 3
N/A

on the ventral portion of the neck. The GL was located medial
and ventral to the tympanic bulla and cut, and DMSO followed
by biotinylated dextran amine (BDA) (Invitrogen, BDA-3000)
was applied to the nerve for 15 min. The incision was sutured,
and animals were monitored until sternal recumbency was
observed and then returned to their home cages. Animals
were given 5 mg/kg carprofen i.p. after the surgery and
24 h later.

2.4 | Perfusion, tissue extraction, and
sectioning

Forty-eight hours after surgery, animals were injected with
a mixture of ketamine/xylazine and transcardially perfused
with a modified Krebs solution (pH 7.3-7.35) followed by 8%
paraformaldehyde. Brains were extracted and postfixed in 8%
paraformaldehyde overnight. Using a vibrating microtome,
brains were sectioned horizontally at 50 um (nerve label) or
40 pm (immunohistochemistry; separate sections for ionized
calcium-binding adapter molecule 1 [Ibal] or glial fibrillary
acidic protein [GFAP]). All processing was performed on
free-floating sections.

2.5 | Nerve label processing

All rinses and incubations were performed with 0.1 M PBS
(pH 7.5). Following five 5-min rinses, sections were placed
in a 1% triton solution (4 X 15 min), then incubated with a
2% avidin—biotin complex solution containing 0.1% Triton
X-100 for 2 h (PK-6100; Vector Laboratories, Burlingame,
CA). Sections were then rinsed (3 X 15 min) and placed in
a 0.05% diaminobenzidine/0.125% nickel ammonium sulfate
solution containing 0.01% H,0,.
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2.6 | Immunohistochemistry
2.6.1 | Ionized calcium-binding adapter
molecule 1

Ibal was used to visualize and quantify microglia in brain
sections (Imai et al., 1996; Ito et al., 1998). All immuno-
histochemistry procedures utilized 0.01 M PBS as a diluent
and for rinsing. Following PBS rinses (3 X 10 min), sections
were placed in methanol containing 0.3% H,0, for 30 min.
Sections were rinsed (3 X 10 min); blocked for 1 h in 2% nor-
mal goat serum (NGS), 1% bovine serum albumin, and 0.3%
triton; and then incubated for 36 h with a rabbit anti-Ibal poly-
clonal antibody (1:10,000, Wako, Cat. # 019-19741, RRID:
AB_839504) at 4°C.

2.6.2 | Glial fibrillary acidic protein

GFAP with an accompanying Nissl stain was used for astro-
cyte quantification (Riquier & Sollars, 2020). Following PBS
rinses (5 X 5 min 0.2% Triton X-100), sections were blocked
in 5% NGS for 90 min, incubated with rabbit anti-GFAP anti-
body (1:13,000, Abcam, Cat. # ab7260, RRID: AB_305808),
and then rinsed and blocked for 30 min in methanol containing
0.3% H,O0,.

Following three rinses, both Ibal and GFAP sections were
placed in a goat anti-rabbit antibody solution containing 2%
NGS and 0.3% Triton X-100 for 2 h at room temperature
(1:1000, Vector Laboratories, Cat. # BA-1000, RRID:
AB_2313606). Sections were rinsed and then visualized
using a 2% avidin—biotin complex solution containing 0.1%
Triton X-100 (Vector Laboratories, Burlingame, CA) for
1 h followed by a 0.05% diaminobenzidine solution con-
taining 0.125% nickel ammonium sulfate and 0.01% H,O,.
Every immunohistochemistry run contained negative control
sections that were processed identically to experimental
tissue except for omission of the primary or secondary
antibody. No staining was observed on negative control
tissue.

2.7 | Microscopy

Terminal field tracings and microglia quantification were per-
formed in the NTS of the medulla, the first central relay
location for gustatory GL fibers. All visualization, brain
region identification, cell counts, and terminal field trac-
ings were performed using a brightfield microscope with the
software Neurolucida (RRID:SCR_001775) and NeuroEx-
plorer (RRID:SCR_001818; MBF Bioscience, Williston, VT;
https://www.mbfbioscience.com).

2.7.1 | NTS identification and dorsal-ventral
zone categorization

The NTS and solitary tract were visualized using phase con-
trast (Martin et al., 2019; Riquier & Sollars, 2020). The inter-
mediate zone was classified as one section before and after
solitary tract passes through the rostral-most portion of the
NTS, for a total of three sections (150 um; Riquier & Sollars,
2017, 2020). All sections dorsal and ventral from the inter-
mediate zone were classified as the dorsal and ventral zones,
respectively. Label was typically observed in three to five
dorsal zone sections and two to three ventral zone sections.

2.7.2 | Cell counts and correction

Cell counts were performed in the NTS using a 20x (1.6)
objective and by placing Neurolucida overlay markers on all
Ibal+ cell bodies (microglia) or the Nissl-stained nucleo-
lus of GFAP+ cells (astrocytes). Cells were only counted if
the cell body was entirely in the NTS, and all counting was
conducted by trained researchers blind to experimental con-
ditions. Due to variability in microglia sizes, Abercrombie
corrections (Abercrombie, 1946) to minimize potential over-
counting were conducted using the formula: Corrected
Counts = Raw Counts X (section thickness/[section thickness
+ cell height]). Heights of microglia were determined by care-
fully measuring soma diameters of ~5% of randomly selected
cells from control animals of each age. A single mean height
for each cell type was calculated for each age for use in the
correction. Astrocyte and corrected microglia quantities were
converted to densities for analyses by dividing them by the
volume of the NTS, calculated by multiplying the counting
area of the NTS by the section thickness of 40 pum.

2.7.3 | Terminal field tracing

Terminal field volumes were determined by tracing the out-
line of BDA-labeled fibers in Neurolucida using a 10x (1.6)
objective. Care was taken to only include fibers that clearly
expressed terminal boutons and to exclude incoming nerve
axons. The midline caudal from the fourth ventricle was used
as the limit for fiber tracings. Once terminal field areas were
quantified, these values were multiplied by 50 (the section
thickness in m) to calculate the terminal field volume.

274 | Control for nonspecific labeling

To control for the possibility that any increased or abnor-
mal labeling observed may be due to the absorption and
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transport of the BDA by nerves near the GL labeling site, a
PLX5622-treated P25 animal underwent the labeling proce-
dure described above, but the GL was not cut, and BDA was
liberally applied to the area. After allowing 48 h to transport,
no BDA was observed in the NTS, suggesting all BDA labels
observed in experimental animals were the result of GL fibers.

2.7.5 | Control for increased transport distance
As was expected (reviewed in Hume et al., 2020), by P27 vehi-
cle rats were significantly larger (67.513 + 1.999 g; n = 6)
than PLX5622 rats (55.882 + 2.129 g; n = 6; Loy = 4.324,
p = .002, d = 2.30). By P42, PLX5622 rats weighed less
than half that of controls (PLX: 85.116 + 8.125 g; n = §;
vehicle: 183.337 + 8.977 g; n = 6; 14,y = 8.057, p < .001,
d = 4.35). Thus, it was possible that any differences seen in
label quantity may have been due to varying sizes (and thus
transport distances). To see if allowing a longer transport time
accounted for any differences, two untreated P53 rats were
labeled but the label was allowed 72 h to transport before pro-
cessing. The GL NTS terminal field volumes of these rats
(3.957 + 7F%; n = 2) did not differ from those of approxi-
mately age-matched vehicle-treated rats with 48-h transport
time (5.3%" £ 1¥7;n=5; 15, = 0.831, p = .444,d = 0.70) indi-
cating that allowing longer for label transport did not result in
increased label presence.

2.8 | Data analysis

All  analyses were performed using SPSS 25
(RRID:SCR_002865, IBM, Armonk, NY) and graphs
were prepared in GraphPad Prism (RRID: SCR_002798).
The unit of analysis was always one animal, with the sample
size for each analysis expressed as n. Sample sizes were
estimated based on our previous studies in rats examining
NTS microglia (Riquier & Sollars, 2017, 2020) and NTS
terminal fields (Martin et al., 2019). All data were treated
as independent/between-subjects factors for analyses, and
no collected data were omitted. Between-subjects ANOVAs
were performed with independent samples #-tests used for
planned comparisons and post hoc tests. All analyses were
conducted twice using both parametric and nonparametric
tests. These were not different in their outcome, so we are
reporting only the parametric results. Results are presented as
mean + standard error of the mean (SEM), and an alpha level
of .05 was used. Sexes were combined for analyses, as no
differences between males and females for any measure were
detected (ps > .1). Terminal field data are expressed in cubic
microns (um?) and are referred to by the label age, while
microglia and astrocyte quantities represent perfusion age.

WI LEYJ—5

Microglia and astrocyte densities are expressed as cells per
200,000 um?>.

3 | RESULTS

3.1 | The gustatory GL terminal field prunes
during development, driven by terminal field
reduction in the dorsal zone

Independent samples z-tests revealed that for vehicle animals,
total NTS GL terminal field volumes were largest at P14
(1.588 + 2F7: 5y = 4), decreased by ~50% by P25 (7.8F7 + 1F7;
n=4, 3= 3.033, p=.023,d = 2.14), and then remained sta-
ble through P40 (5.2ET £ 1ET. = 5; tgy = 1.547, p = .166,
d = 1.04; Figure la—f,q). Throughout development, the vast
majority of the GL terminal field is present in the dorsal
zone of the NTS (Figure 1a,c.e), with comparably little in the
intermediate zone (Figure 1b,d,f). Thus, the pruning observed
between P14 and P25 was driven entirely by substantial termi-
nal field loss in the dorsal zone (ns = 4, fe) = 2.757, p = .033,
d = 1.94; Figure Ir). Pruning was observed in the interme-
diate zone between P25 and P40 (ns = 4 and 5, respectively;
gy = 2.570, p = .037, d = 1.72; Figure 1s), although the total
terminal field volume was not significantly affected, likely
due to the relatively small amount of terminal field there.

3.2 | While NTS astrocyte quantity remains
stable, microglia density in the NTS is highest
during the GL pruning period, then decreases
when pruning is complete

Elevated quantities of microglia and astrocytes during devel-
opment are implicated in developmental pruning (Bialas &
Stevens, 2013; reviewed in Bosworth & Allen, 2017; reviewed
in Schafer & Stevens, 2015). Due to the observed pruning
of the GL terminal field between P14 and P25, we next
assessed microglia and astrocyte density in the NTS at P11—
12 (microglia), P14 (astrocytes), P17 (microglia), P25 (both),
and P31-40 (both). See Table 1 for a full list of conditions and
n values. There was no significant main effect of age on NTS
astrocyte density (ns = 9-10; F(5 o7y = 1.499, p > .1), indi-
cating that astrocyte density remains consistent in the NTS
between P14 and P31-40 (Figure 2). However, there was a
significant main effect of age on the density of microglia
(ns =4-T; F(3 16 = 16.783, p < .001, ’7partia12 =.759), sug-
gesting microglia densities change across development. Post
hoc independent samples #-tests revealed microglia densities
did not differ between P11-12 (2.069 + 0.07; n = 7) and P17
(1.903 £ 0.084; n = 4; 19y = 1.474, p = .175, d = 0.92). By
P25 (1.391 + 0.113; n = 4), microglia densities had decreased
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vehicle-treated (a—f) and PLX5622-treated (i—n) rats. The large images display the dorsal zone of the NTS and inserts show the intermediate zone.

Panel (q) shows the associated total terminal field volumes (mean + SEM) and panels (r—t) the distribution by dorsal-ventral zones. Each circle

represents a single animal. The bottom row of images shows the terminal field of adult rats that were either treated (g, h) or ceased treatment (u, p) of
PLX5622 starting at postnatal day 40 (P40). Asterisk (*) indicates significantly different from the previous timepoint. The large image scale bar is

250 pm, and the insert scale bar is 500 pum.

by approximately 25% (¢, = 3.628, p = .011, d = 2.57) and
continued to remain stable through P31-40 (1.234 + 0.123;
n=2>5; ty = 0.624, p = .552, d = 0.42; Figure 2). These data
show that microglia densities in the NTS are highest during
GL pruning and decrease after pruning is complete. Taken
together, microglia density, but not astrocyte density, corre-
sponds with the timing of developmental pruning of the GL.

3.3 | Microglia are rapidly, profoundly, and
chronically depleted in the developing rat brain
with daily intraperitoneal injections of
PLX5622

Given that we associated microglia quantity with the timing of
GL pruning, we next wanted to deplete microglia to determine
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FIGURE 2 Microglia and astrocytes in the rat nucleus of the solitary tract across development. The large images show microglia, and the

inserts show astrocytes. At the youngest ages we examined, astrocyte density was approximately 20% greater than that of microglia. While astrocyte
density did not change between postnatal day 14 (P14) and P31-P40, microglia density decreased between P17 and P25 (h; Mean + SEM), leading to
a density disparity with approximately 55% greater density of astrocytes as compared to microglia. *p = .011. The microglia scale bar is 100 pm, and

the astrocyte scale bar is 250 um.

their necessity for pruning. Within 3 days of treatment start-
ing at P1, microglia were depleted by >97% in pups treated
with PLX5622 (PLX; 0.027 + 0.012, n = 4; Figure 3a) rela-
tive to age-matched vehicle-treated controls (0.89 + 0.068;
n =2ty = 19.002, p < .001, d = 16.46). Depletion
rose to ~99% by P14 (PLX: 0.02 + 0.004; n = 6; vehicle:
2.098 + 0.214; n = 5; 1, = 10.781, p < .001, d = 6.53) and
remained stable through P24 (PLX: 0.016 + 0.004; n = 5;
vehicle: 1.489 + 0.09; n = 0.09; 75, = 16.409, p < .001,
d = 10.38) and P40 (PLX: 0.045 + 0.013; n = 5; vehicle:
1.526 + 0.166; n = 5; 15, = 8.880, p < .001, d = 5.62;
Figure 3b,e). Adjacent sections were also labeled for astro-
cytes, which were not impacted by chronic PLX treatments
(Figure 3c), similar to prior work with acute treatments
(Riquier & Sollars, 2020). Despite being depleted P4—40,
microglia repopulated the brain to control densities within
3 days of ceasing PLX injections (1.4802 + 0.216; n = 3;
le) = 0.167, p = .873, d = 0.12; Figure 3d). In addition to
the NTS, qualitatively comparable findings were observed
in cortical and hippocampal sections, consistent with the
systematic depletion present with other methods of CSFIR
inhibitor administration (e.g., Elmore et al., 2015; Rice et al.,
2015).

(a)

Chronic Microglia Depletion

oD
g

“g e Vehicle
3

Ss ” ® PLX5622
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2

2 os
g

5

-5 D -

T T T T
4 14 24 40 43

Age (Days)

FIGURE 3 Microglia densities following treatment with
PLX5622 (gray) or a vehicle injection (black) expressed as

mean + SEM, with each circle representing a single animal. When
treatments start at 1 day of age (P1), microglia are rapidly depleted by
P4 (a) and remained depleted through P40 (b), while astrocytes are
unaffected (c). Once treatments stop at P40, microglia return to control
quantities by P43 (d). The microglia scale bar is 100 um, and the
astrocyte scale bar is 250 pum.
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3.4 | Microglia depletion with PLX5622
prevents developmental NTS GL pruning and
the terminal field expands in the dorsal zone

A between-subjects ANOVA indicated a significant interac-
tion between treatment and age (n = 29; F(, 3, = 10.106,
p = .001, npamalz = .468), suggesting that the effect of age
on the pruning of the GL terminal field depended on whether
animals were treated with PLX or vehicle. Unlike control rats,
animals whose microglia were depleted with PLX had sta-
ble total terminal field volumes between P14 (1.558 + 5E6;
n = 6) and P40 (1.6%8 + 2F7; n = 5; to) = 0.478, p = .644,
d = 0.29; Figure li-—n,q). In contrast to vehicle rats that
exhibited pruning primarily in the dorsal NTS zone, the
GL terminal field of PLX rats expanded in the dorsal zone
between P14 (9.757 + 7E®; 5 = 6) and P25 (1.3E8 + 8EO;
n=>5; loy = 2,747, p = .023, d = 1.66) and remained sta-
ble through P40 (1.2B8 £ 2E7. 5 = 5; lg) = 0.144, p = .889,
d =0.09; Figure Ir). Taken together, these results suggest that
microglia depletion prevented the typical GL terminal field
volume reduction that occurs during development.

3.5 | Microglia repopulation allows PL.X5622
late-life gustatory GL pruning

Twenty-eight days after ceasing treatments, the terminal field
volumes of former vehicle-treated rats (4.257 + 5E6; 5 = 3)
were similar to those of vehicle animals at P40 (5.3F7 + 1F7;
n=5;1¢ =0.826, p = 440, d = 0.60) and P25 (7.7 + 1¥7;
n =4, fs) = 2.244, p = .074, d = 1.72; Figure 1q), sug-
gesting that GL pruning had completed by P25. After 28
days of microglia repopulation, the NTS GL terminal field
of animals previously treated with PLX had reduced to a vol-
ume (4.6%7 + 6F6; n = 4) comparable to P40 vehicle animals
(t(7) =0.561, p =.592, d = 0.38) and was no longer different
from age-matched controls (#s5) = 0.490, p = .645, d = 0.37,
Figure 1o—q). Further, the GL terminal field volume in the
dorsal NTS zone of P68 former PLX rats (3.757 + 5.8F6;
n =4) had reduced to a size similar to controls (4.1E7 + 8.3E¢;
n=>5; Iy = 0.402, p =.70, d = 0.42; Figure 1r). These results
indicate that microglia repopulation outside the normal GL
pruning period was sufficient for GL terminal field pruning.

3.6 | Depleting microglia in adulthood
reverses previous developmental pruning

Having demonstrated that microglia are required for GL
pruning, and that such pruning can occur both developmen-
tally and in adulthood, we next asked if microglia were
not just pruning, but continuously maintaining the GL ter-
minal field at a reduced size. To answer this question, we

took rats that had already undergone developmental prun-
ing, and treated them with PLX5622 starting at P40. After
4 weeks of treatment, the GL terminal field had expanded
to a total volume (1.7%8 + 1 F7; n = 5; Figure 1g,h,q) com-
parable to that of prepruning P14 vehicle rats (1.578 + 2F7;
n=4; 17 = 0961, p =.625, d = 0.61) and P40 PLX rats
whose pruning had been prevented (1.65+8 + 2F7; » = 5;
lg) = 0.529, p = .460, d = 0.30). These expanded termi-
nal fields were significantly larger overall than postpruning
vehicle controls at P25 (7.8%" + 1F7; n = 4; 17) = 4.840,
p=.002,d=331),P40 528 + 1F7; n = 5; fig) = 7.035,
p=.0001,d=4.46), and P68 (4.2F7 + 586, n = 3; 1) =7.086,
p =.0003, d =5.28), as well as rats whose terminal field had
pruned later in life following microglia repletion (4.6F7 + 6F¢;
n=4, fgy = 7.706, p = .0001, d = 5.27). While this expan-
sion occurred in all NTS zones (ps < .01), the majority of
expansion occured in the dorsal zone, where most of the GL
fibers are located (Figure Ir). Depleting microglia in adult-
hood therefore resulted in terminal fields reverting to their
prepruned, expanded state.

3.7 | Microglia maintenance of the GL is
limited to NTS-projecting fibers

In addition to projecting gustatory fibers to the NTS, the GL
also contains somatosensory fibers that project to the spinal
trigeminal nucleus (SPV). To determine if the GL terminal
field maintenance function of microglia applied to both fiber
types and nuclei, we repeated the developmental microglia
depletion and subsequent repopulation analyses on labeled
GL fibers in the SPV. As expected, the GL terminal field in
the SPV reduced in volume in vehicle animals between P14
(5.357 £ 956, n = 3) and P40 (2.5%7 + 2F6; n = 4; 1,5, = 3.433,
p =.019, d = 1.68), and pruning was prevented in PLX rats
(P14: 6%7 + 456; n = 5, P40: 5.857 + 650, n = 4; 17, = 0.227,
p = .827, d = 0.15; Figure 4). Unlike in the NTS, however,
4 weeks after microglia repopulation the GL terminal field
in the SPV of former PLX rats (4.587 + 25 »n = 3) had not
reduced in size since P40 (t(5) =1.992, p =.103, d = 1.52),
suggesting that preventing GL pruning during development is
potentially permanent for somatosensory fibers in the SPV.

4 | DISCUSSION

Here, we report novel data regarding the contribution of
microglia and astrocytes to the development and maintenance
of the rat GL terminal field. We observed that astrocyte quan-
tity is stable from P11 to P40, and their presence alone is
insufficient for pruning of the GL. The present report is the
first demonstration that microglia are required for develop-
mental pruning of rat NTS GL fibers, and that such pruning
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FIGURE 4 Microglia prune the somatosensory fibers of the GL

that project to the SPV. This pruning occurs between postnatal day 14
(P14) and P40 (a, c, e; mean + SEM). Removing microglia with
PLX5622 prevents this pruning (b, d, e), which is permanent even with
microglia replenishment (e, ). *p = .019. The scale bar is 500 pm.

can occur weeks outside the typical pruning period of P15—
25. Additionally, we have also shown that when microglia
are depleted from the adult rat brain, this pruning process is
reversed, resulting in terminal fields that expand to prepruning
sizes. Cumulatively, our findings suggest that the canonical
pruning period of the GL is fluid and may in fact just indicate
the onset of a lifelong process of microglia maintaining the
GL terminal field at a fraction of its maximum size.

4.1 | Microglia are required for
developmental GL gustatory terminal field
pruning

Consistent with previous reports (Mangold & Hill, 2008), the
present data indicate the GL terminal field reduces in vol-
ume by approximately 50% between P15 and P25, a period
corresponding with a decrease in the elevated NTS microglia
density present at P15 (Riquier & Sollars, 2017). Elevated
microglia in a noninjured, developing brain are often asso-
ciated with pruning (Nikodemova et al., 2015; reviewed in
Schafer & Stevens, 2015; Sun et al., 2019). Here, we demon-
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strate that depletion of microglia with PLX5622 from P1 to
P40 prevented GL terminal field pruning from occurring. Fur-
ther, PLX5622-treated rats had larger GL terminal fields in
the dorsal zone of the NTS, the zone where nearly all devel-
opmental pruning was observed in controls. A lack of GL
pruning in rats is also inducible via embryonic sodium deple-
tion (Mangold & Hill, 2008), which has been shown in mice
to permanently reduce NTS microglia quantities and inhibit
pruning of the gustatory chorda tympani and greater super-
ficial petrosal nerves (Sun et al., 2019). We report here that
NTS microglia density remains elevated until at least P17, fur-
ther narrowing the window of their developmental decrease.
While both microglia and the GL terminal field reach their
“mature” states by P25, it is possible that the GL terminal
field prunes early within the P15-P25 window after which
microglia density decreases.

Microglia prune via the classical complement pathway in
an activity-dependent manner (Paolicelli et al., 2011; Schafer
et al., 2012; Stevens et al., 2007; Sun et al., 2019). In mice,
pruning of the gustatory branches of the facial nerve is
microglia and complement dependent (Sun et al., 2019). We
are the first to demonstrate that developmental GL pruning
in the rat is also microglia dependent. This pruning coin-
cides with an increase in taste input to the NTS (Hill et al.,
1983), a developmental increase in GL-innervated taste buds
(Hosley & Oakley, 1987), and maturation of taste preferences
(Inui-Yamamoto et al., 2017; Midkiff & Bernstein, 1983; Sol-
lars & Bernstein, 1994), suggesting that GL pruning in the rat
is likely activity and complement dependent as well.

Altering taste system development can change taste sys-
tem function, which may be reflected in preference behaviors
and in neurophysiological response profiles of NTS cells or
higher order neurons. Disrupting taste input by removing the
rat chorda tympani during early life (<P10) has lifelong con-
sequences, resulting in a permanent change in GL function
(Martin & Sollars, 2015), alterations in the neurophysiologi-
cal responses of parabrachial nucleus neurons (Martin et al.,
2021) and taste-preference changes (Sollars & Bernstein,
1996). By preventing the pruning of the GL terminal field,
it is plausible that the coding of taste information is altered,
perhaps influencing the maturation of taste preferences.

4.2 | Microglia dictate GL terminal field
malleability in adulthood

While depleting microglia from P1 to P40 prevented devel-
opmental GL pruning, 4 weeks after microglia repopulation
GL NTS terminal fields had pruned to control volumes, pri-
marily in the dorsal zone. The similarity in NTS terminal field
volume between P25 vehicle and P68 former vehicle rats indi-
cates that GL pruning typically stops at P25, yet our data
show that microglia will resume pruning at P40 if previously
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prevented from doing so. In addition to this “delayed prun-
ing,” depleting microglia in adult rats resulted in an expansion
of the GL terminal field to prepruning sizes, reversing the
pruning process. These results cumulatively demonstrate that
microglia are capable of pruning outside of the canonical GL
pruning period of P15-P25 and, after pruning is complete,
may actively maintain the GL at a reduced size. Confirmation
of this interpretation could be explored by attempting repeated
pruning cycles, where microglia are once again depleted after
delayed pruning. The malleability of gustatory GL fibers did
not extend to somatosensory fibers, as repopulated microglia
did not resume pruning in the SPV. The lifelong plasticity
of the gustatory GL fibers is likely adaptive, as taste recep-
tor cells turn over on average every 11-14 days (Beidler &
Smallman, 1965; Perea-Martinez et al., 2013), necessitating
fibers to dynamically re-establish synapses throughout the life
span. Though outside the scope of our current study, it would
be interesting to determine if taste coding is altered with the
absence of microglia and if expansive outgrowth of gustatory
fibers in adult rats that already experienced normal devel-
opmental pruning results in a functionally and behaviorally
immature system.

Our results suggest that instead of developmental pruning
leading to a stable, mature terminal field size that fluctu-
ates moderately in response to taste receptor cell turnover, it
appears the default of these sensory fibers is a drive toward
expansion, with microglia continually keeping them at a sta-
ble state. In our current study, we found that a ~99% absence
of microglia in the NTS leads to release of constraint on the
expansive growth of gustatory fibers. Permissive expansion
of gustatory terminal fields has been observed following vari-
ous other manipulations (Corson & Hill, 2011; Skyberg et al.,
2017; Sunetal., 2018), all of which likely directly or indirectly
impact microglia (Eriksson et al., 1993; Hung et al., 2010;
Zhang et al., 2014). While the taste system is particularly
dynamic, the need to balance stability along with flexibility
to adapt across the life span is required for many systems
(reviewed in Yin & Yuan, 2015). Lifelong plasticity neces-
sitates a constantly evolving interplay between permissive
neural outgrowth and constrictive factors to maintain con-
stancy in the midst of a fluidic system. While many factors
likely contribute to this capability, our results add to evi-
dence that microglia are likely a substantial, if not primary,
contributor.

S | CONCLUSIONS

Here, we provide data on the effects of chronic CSFIR inhi-
bition on pruning and maintenance of the rat GL terminal
field. We show that depleting microglia with PLX5622 either
during development or in adulthood results in either a preven-
tion or reversal of GL pruning, respectively. When pruning is

prevented, allowing microglia to return in adulthood resumes
pruning, restoring the GL terminal field to a size equivalent to
normally developed rats. These data, in conjunction with pre-
vious work (Mangold & Hill, 2008; May & Hill, 2006; Sun
et al., 2019), suggest microglia not only prune, but may con-
tinuously suppress the size of the GL terminal field. These
data provide novel insight regarding microglia in the devel-
oping brain as well as their role in central fiber maintenance
and lifelong neuroplasticity.
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