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Abstract
Microglia are essential to sculpting the developing brain, and they achieve this in part through the process of phagocytosis which is
regulated by microenvironmental signals associated with cell death and synaptic connectivity. In the rat cerebellum, microglial
phagocytosis reaches its highest activity during the third postnatal week of development but the factors regulating this activity are
unknown. A signaling pathway, involving prostaglandin E2 (PGE2) stimulation of the estrogen synthetic enzyme aromatase, peaks
during the 2nd postnatal week and is a critical regulator of Purkinje cell maturation.We explored the relationship between the PGE2-
estradiol pathway and microglia in the maturing cerebellum. Toward that end, we treated developing rat pups with pharmacological
inhibitors of estradiol and PGE2 synthesis and then stained microglia with the universal marker Iba1 and quantified microglia
engaged in phagocytosis as well as phagocytic cups in the vermis and cerebellar hemispheres. Inhibition of aromatase reduced the
number of phagocytic cups in the vermis, but not in the cerebellar hemisphere at postnatal day 17. Similar results were found after
treatment with nimesulide and indomethacin, inhibitors of the PGE2-producing enzymes cyclooxygenase 1 and 2. In contrast,
treatment with estradiol or PGE2 had little effect on microglial phagocytosis in the developing cerebellum. Thus, endogenous
estrogens and prostaglandins upregulate the phagocytic activity of microglia during a select window of postnatal cerebellar devel-
opment, but exogenous treatment with these same signaling molecules does not further increase the already high levels of phago-
cytosis. This may be due to an upper threshold or evidence of resistance to exogenous perturbation.
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Introduction

Microglia, the resident macrophages of the central nervous
system (CNS), are essential participants in the development
of the brain and its neuronal circuits. During development,
microglia both remove and promote the formation of dendritic
spines, synapses, and live and dead cells to establish connec-
tions between neurons [1–8]. One mechanism by which mi-
croglia efficiently mediate these diverse effects is phagocyto-
sis, a process in which cell particles or entire cell nuclei are
engulfed and ingested [9]. Microglia can be classified based
on morphology to give insight into activation state [10–12].
Microglia with an amoeboid-like shape are considered the

most activated as they produce higher levels of inflammatory
mediators. As microglia become less activated, they become
increasingly ramified. Both ramified and non-ramified mi-
croglia are capable of phagocytosis [2, 5, 13–16]. Local envi-
ronmental signals, associated with chemotaxis, cell death, in-
jury, inflammation, as well as synaptic connectivity, can all
regulate microglial phagocytosis [1, 2, 4, 17, 18]. Moreover,
the phagocytic profile of microglia varies according to devel-
opmental stage, brain region, and sex [5, 16, 19]. In this re-
gard, microglial phagocytosis has been mainly studied under
infectious or injury conditions. However, how developmental
signals such as hormonal milieu impact microglial phagocy-
tosis in the healthy CNS is poorly understood.

The signaling molecules estradiol and prostaglandin E2

(PGE2) regulate each other’s synthesis in a region dependent
manner and play crucial role during brain development [20,
21]. In the preoptic area, estradiol promotes PGE2 production
[22] while in the cerebellum, the opposite is true, PGE2 pro-
motes estradiol synthesis [20]. Both signaling molecules also
directly regulate fundamental biological processes such as
neuronal survival, neurogenesis, apoptotic cell death,
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spinogenesis, and synaptogenesis [20, 22–27]. Estradiol, the
aromatized end product of testosterone, not only promotes
masculinization of many neuroanatomical end points in the
developing rodent brain, but also provides trophic support
and neuroprotective effects that may or may not be influenced
by sex [23]. Therefore, changes in estradiol or PGE2 levels
during development can lead to substantial cellular, morpho-
logical, and behavioral abnormalities later in life [22, 28–30].
Both signaling molecules interact with the immune system
[31–36], and microglia are responsive to estrogens and pros-
taglandins [16, 37–41].

Previously, we conducted a morphological profile of mi-
croglia in the developing rat cerebellum and found that rami-
fied microglia were highly phagocytic and that this activity
peaked during the third postnatal week in the granular layer
(GL), but not in the molecular layer (ML) of the cerebellar
cortex [5]. These phagocytic cups, defined as that are cup-
shaped invaginations of the plasma membrane located at the
end of the processes [9], were associated with apoptotic cells,
suggesting involvement in the removal of dead cells as part of
the maturation of the cerebellar circuit. Previous work from
our lab indicated the developing cerebellum is sensitive to the
actions of estrogens and prostaglandins [20, 28, 29], and pre-
vious work has shown mRNA expression of aromatase within
Purkinje neurons in the postnatal developing cerebellum as
well as the localization of ERα and ER β, both mRNA and
protein, within Purkinje neurons and granule cells during den-
dritic growth and synapse formation [24, 42, 43].
Additionally, cyclooxygenase enzymes COX-1 and COX-2,
involved in the synthesis of PGE2, are present in the develop-
ing cerebellum [44, 45] and prostaglandin receptors (EP1–4)
have been found in the developing cerebellum on Purkinje
neurons and astrocytes [46, 47].

These observations led us to hypothesize that both estradiol
and PGE2 modify phagocytic activity of microglia in the de-
veloping cerebellum, a structure that undergoes major growth
and synaptic remodeling after birth [48, 49]. We report here
that both of these signaling molecules are endogenous regula-
tors of microglia phagocytic activity, but we found no impact
of treatment with exogenous estradiol or PGE2.

Materials and Methods

Animals

Timed pregnant Sprague-Dawley rats, either purchased from
Charles River or raised in our breeding colony, delivered nat-
urally under standard laboratory conditions. The day of birth
was designated postnatal day 0 (PN0), as determined by the
presence of pups in the nest. All animals were housed in poly-
carbonate cages (20 × 40 × 20 cm) with corncob bedding un-
der 12:12 h reverse light/dark cycle, with ad libitum water and

food. The Institutional Animal Care and Use Committee of the
University of Maryland, Baltimore approved all animal pro-
cedures. In all experiments, pups were obtained from 3 to 4
different litters and included equal number of males and
females.

Cerebellum Collection and Iba1
Immunohistochemistry

Animals were deeply anesthetized with Fatal Plus (Vortech
Pharmaceuticals) and transcardially perfused with 0.9% saline
solution followed by 4% paraformaldehyde. The whole cere-
bellum was removed and post-fixed overnight in 4% parafor-
maldehyde, and cryoprotected with 30% sucrose until saturat-
ed, then sectioned sagittally on a cryostat (thickness = 45 μm)
and separated into vermis, left and right cerebellar hemi-
spheres (LH and RH, respectively). Free-floating cerebellar
sections were co-incubated with a polyclonal antibody against
Iba1 (1:10000, Wako Chemicals) to visualize microglial cells
[5]. Sections were mounted on silane-coated slides, cleared
with ascending alcohol, defatted with xylene, and
coverslipped with DPX mounting medium.

Morphological Identification of Phagocytic Microglia
in the Cerebellar Cortex

Microglia can be classified based on their morphology which
varies from an amorphous amoeboid shape to highly ramified.
This shift loosely correlates with a functional state ranging
from activated to surveying [5]. Here, our focus is on phago-
cytic microglia which we subdivided into those that are large
with thick processes, have an amorphous cell body, at least
two thick ramified processes, and exhibit at least one phago-
cytic cup versus phagocytic microglia with thin processes
having a round and small cell body with at least four thin
ramified processes and exhibiting at least one phagocytic
cup. Phagocytic cups appear as cup-shaped invaginations of
the plasma membrane, and only cups located at the tip of
microglial processes with a round morphology were counted.
Our goal was to discern if there was a regional difference or
treatment effect on phagocytic microglia that were more acti-
vated (thick processes) versus that are primarily surveying
(thin processes). Phagocytic microglia and the number of
phagocytic cups were quantified independently as some mi-
croglia exhibit more than one cup. Counts were performed in
the GL and ML of the cerebellar cortex, which are both well
developed at PN17. Microglia in the cerebellar white matter
were excluded.

Stereological Counts

We used StereoInvestigator 10 (Microbrightfield) interfaced
with a Nikon Eclipse 80i microscope and an MBF Bioscience
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01-MBF-2000R-F-CLR-12 Digital Camera (Color 12 BIT). A
total of six counting regions in the vermis and four counting
regions in the cerebellar hemisphere were assessed (Fig. 1). The
counting regions represent the anterior, posterior, dorsal and
ventral areas of each part of the cerebellum. Four cerebellar
sections from the vermis and each cerebellar hemisphere were
quantified per animal with a physical distance of 225 μm be-
tween them, reducing the likelihood of double counting mi-
croglia due to their small cell size. The optical fractionator
probe method was used to estimate cell and phagocytic cup
densities following stereological parameters previously stan-
dardized in our lab [5]. Iba1+ cells and phagocytic cups were
counted at × 20magnification. The overall estimated volume of
each counting region was used to normalize counts to obtain an
estimation of the average density of objects of interest (e.g.,
phagocytic microglia, phagocytic cups), which was expressed
as number/μm3 (relative density measurement). Experimenters
were blinded to the experimental condition of the samples.

Experiment 1

Phagocytic Microglia Counting in the Vermis
and in the Cerebellar Hemispheres

We previously found that microglia from the GL of the
cerebellar cortex exhibit higher phagocytic activity than
the ML at PN17 in the vermis [5]. In this experiment,
we included both cerebellar hemispheres (Fig. 1), left
and right, to determine whether these two regions of the

cerebellum show a similar phagocytic activity pattern as
the vermis at PN17 (Fig. 2a). Phagocytic microglia with
either thick or thin processes and phagocytic cups were
counted in each region of interest (n = 6).

Experiment 2

Inhibition of Aromatase in the Developing
Cerebellum

Neonatal rat pups (n = 6) were subcutaneously (s.c.) injected
with the aromatase inhibitor formestane (Sigma, 5 μg/0.05 ml
dissolved in sesame oil) or vehicle (sesame oil) for 5 consec-
utive days starting on PN8 (Fig. 3a). On PN17, pups were
perfused and the cerebellums visualized for Iba1 immunohis-
tochemistry.We counted phagocytic microglia and phagocytic
cups in both GL and ML in the vermis and cerebellar hemi-
sphere. Since no significant differences were found between
the left and right cerebellar hemispheres in experiment 1, we
quantified microglia in only the left cerebellar hemisphere.

Experiment 3

Inhibition of Cyclooxygenases 1 and 2
in the Developing Cerebellum

We i n v e s t i g a t e d wh e t h e r t h e i n h i b i t i o n o f
cyc looxygenases 1 and 2 (Cox-1 and Cox-2 ,

Fig. 1 Microglia staining in the developing cerebellum. Sagittal
representation of the vermis (left image, scale bar = 500 μm) and the
hemisphere (right image) with Iba1 staining (free floating
immunohistochemistry, section thickness = 45 μm). The asterisk
indicates the regions used to count microglia by stereological methods.
Images in the center depict phagocytic (top image, scale bar = 25μm) and

non-phagocytic (bottom image, scale bar = 25 μm) microglia. Phagocytic
cups exhibited by microglia in the cerebellar cortex are pointed out by a
red arrow head (also see insets showing a phagocytic cup with a higher
magnification. GL granular layer, ML molecular layer, A anterior area, P
posterior area, D dorsal area, V ventral area. Primary fissure = dotted
orange line
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respectively), the enzymes responsible for PGE2 synthe-
sis, alters microglial phagocytosis on PN17 by injecting
indomethacin (Cox-1 and Cox-2 inhibitor; Sigma,
25 μg/0.05 ml), nimesulide (Cox-2 inhibitor; Sigma,
50 μg/0.05 ml), or vehicle (sesame oil) into neonatal
rat pups (n = 6) following the same experimental design
described in experiment 2 (Fig. 4a). Concentrations of
indomethacin and nimesulide were chosen based on pre-
vious work in our lab [29].

Experiment 4

Effect of Estradiol Treatment on the Developing
Cerebellum

Pups were injected (s.c.) once a day with 17β-estradiol-
3 benzoate (Sigma, estradiol 5 μg/0.05 ml dissolved in
sesame oil, n = 6) or vehicle (sesame oil, n = 6) from
PN8 to PN12 (Fig. 5a) and a second cohort from
PN10 to PN14 (Fig. 5e). Subsequently, on PN17, rat
pups were perfused and their cerebellums visualized
for Iba1 immunohistochemistry. Phagocytic microglia
and phagocytic cups were counted in both GL and
ML, but only in the vermis since we found significant
differences for microglial phagocytosis when treated
with formestane, but not the cerebellar hemisphere.
Concentration of estradiol was chosen based on previ-
ous work in our lab [20].

Experiment 5

PGE2 and Microglial Phagocytosis in the Developing
Cerebellum

We explored the effect of PGE2 by injecting 2.5 μg/μl of
PGE2 directly into the cisterna magna of rat pups. These pups
received a single injection of PGE2 on PN10 and again on
PN12 (3 males and 3 females for each group) (Fig. 6a), and
phagocytic microglia and phagocytic cups were measured on
PN17 as described above. The PGE2 concentration was se-
lected based on previous work in our lab showing this dose is
sufficient to induce an increase in estradiol synthesis by stim-
ulating aromatase in the cerebellum during the second postna-
tal week [20, 28].

Experiment 6

DHT and Microglial Phagocytosis in the Developing
Cerebellum

We also investigated whether androgens affect microglial
phagocytosis in the developing cerebellum by injecting dihy-
drotestosterone (DHT benzoate; Sigma, 5 μg/0.05 ml), an an-
drogen that cannot be aromatized to estradiol, or vehicle (sesa-
me oil) into neonatal rat pups (3 males and 3 females for each
group) from PN10 to PN14 following the same experimental
design described in experiment 4 (Fig. 5e). DHT concentration
was chosen based on previous work in our lab [50].

Highest phagocy�c ac�vity of 
microglia

+ + +

a

b c d

Fig. 2 Microglial phagocytosis in the vermis and hemisphere. a
Experimental time line showing that microglia were counted on PN17
under typical developmental conditions in the three regions of the
cerebellum (LH left hemisphere, RH right hemisphere). Representation
of the number of phagocytic cups (b), phagocytic microglia with thick
processes (c), and phagocytic microglia with thin processes (d) counted in

the cerebellar cortex. GL granular layer, ML molecular layer, PN
postnatal day. Significant differences found in the GL are denoted by
*p < 0.05, **p < 0.01 when LH and RH are compared with the vermis.
Significant differences are denoted by +p < 0.05 when the vermis-GL and
the vermis-ML are compared
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Fig. 3 Effect of formestane treatment on microglial phagocytosis in the
developing cerebellum. In each panel, two graphs are presented: the
individual point graph and the histogram. The latter represents the data
analyzed when only treatment is considered as a main factor. a
Experimental design showing formestane treatment interval (PN8–
PN12) and microglia counting at PN17 in vermis and hemisphere. The
number of phagocytic cups (b, *p = 0.01), phagocytic microglia with
thick processes (d), and phagocytic microglia with thin processes (f,

*p = 0.04, **p = 0.01 compared to Ctrl in the GL, ^^p = 0.003
compared to Ctrl in the ML) counted in the vermis following treatment
with formestane. Characterization of the number of phagocytic cups (c),
phagocytic microglia with thick processes (e), and phagocytic microglia
with thin processes (g) counted in the cerebellar hemisphere following
treatment with formestane. GL granular layer, ML molecular layer, Ctrl
control, Form formestane, PN postnatal day
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Fig. 4 Effect of indomethacin and nimesulide treatment on microglial
phagocytosis in the developing cerebellum. In each panel, two graphs
are presented: the individual point graph and the histogram. The latter
represents the data analyzed when only treatment is considered as a main
factor. a Experimental design illustrating indomethacin and nimesulide
treatment intervals (PN8–PN12) and microglia counting at PN17 in the
vermis and hemisphere. The number of phagocytic cups (b, ^p < 0.05
compared to Ctrl in the ML), phagocytic microglia with thick processes
(d, *p < 0.05, compared to Ctrl), and phagocytic microglia with thin

processes (f, *p < 0.05, compared to Ctrl in the GL, ^p < 0.05,
^^p < 0.01 compared to Ctrl in the ML) counted in the vermis
following treatment with formestane. Characterization of the number of
phagocytic cups (c), phagocytic microglia with thick processes (e), and
phagocytic microglia with thin processes (g) counted in the cerebellar
hemisphere following treatment with formestane. GL granular layer,
ML molecular layer, Ctrl control, Indo indomethacin, Nim nimesulide,
PN postnatal day
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Fig. 5 Effect of estradiol treatment on microglial phagocytosis in the
developing cerebellum. a Experimental design showing estradiol
treatment interval (PN8–PN12) and microglia counting at PN17 in the
vermis. The number of phagocytic cups (b), phagocytic microglia with
thick processes (c), and phagocytic microglia with thin processes (d,
*p < 0.05) counted in the vermis following treatment with estradiol. e

Experimental design showing estradiol treatment interval (PN10–PN14)
and microglia counting at PN17 in the vermis. Characterization of the
number of phagocytic cups (f), phagocytic microglia with thick processes
(g), and phagocytic microglia with thin processes (h) counted in the
cerebellar hemisphere following treatment with formestane. Ctrl
control, EB estradiol benzoate, PN postnatal day
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Experiment 7

qRT-PCR for Estrogen Receptors, Cyclooxygenases 1
and 2, and Microglial Phagocytosis Markers
in the Developing Cerebellum

Using quantitative real-time PCR (qRT-PCR), we quan-
tified ERα (ESR1) and ERβ (ESR2), PTGS1 (COX-1),
and PTGS2 (COX-2) mRNA, as well as three phagocyt-
ic markers linked to microglia: CD68 (cluster of differ-
entiation 68), LAMP1 (lysosomal-associated membrane
protein 1), and LAMP2. Several time points before and
after PN17 were examined to provide a better under-
standing of the expression of genes associated with
prostaglandins, steroid hormones, and microglia phago-
cytosis. Frozen brain tissue was used to isolate RNA by
disruption of tissue in Qiazol (Qiagen 79306) followed
by binding to RNeasy columns (Qiagen 74104) with
DNase digestion. cDNA was prepared from 1 μg of
RNA using the Transcriptor First-Strand cDNA
Synthesis Kit (Roche Applied Science 04897030001)
using both anchored-dT and random primers. qRT-PCR
was conducted on standards and samples run in tripli-
cate using the SYBR green relative quantification meth-
od with a standard curve using an Applied Biosystems

ViiA7 with 384-well block. Specific primers for the
genes ERα, ERβ, COX-1, COX-2, CD68, LAMP1,
LAMP2, and GAPDH (control housekeeping gene) were
designed using Primer Express v3.0 (Table 1).

Statistical Analysis

All data are expressed as mean ± SEM and effect size
estimate calculations are also reported (η2 and d). Data
from experiment 1 was analyzed using a three-way
ANOVA with region of the cerebellum, sex, and layer
as fixed factors. Data from experiments 2 to 6 were
analyzed using a two-way ANOVA with treatment and
layer as fixed factors since no sex differences were
found in experiment 1. Data from experiment 7 was
analyzed using a one-way ANOVA with age as a fixed
factor. Non-parametric tests Mann-Whitney U or
Kruskal-Wallis were used when data did not comply
with homogeneity of variance. All statistical analysis
followed a post hoc pairwise comparison using the
Holm’s sequential Bonferroni correction to control for
family-wise error. Significance was denoted when p ≤
0.05. All tests were computed in SPSS 24 and graphed
in GraphPad Prism 7.

Estradiol peak

a

b c d

Fig. 6 Effect of PGE2 infusion on microglial phagocytosis in the
developing cerebellum. a Experimental design showing PGE2 treatment
interval (PN8 and PN10), and microglia counting at PN17 in the vermis.
The number of phagocytic cups (b), phagocytic microglia with thick

processes (c), and phagocytic microglia with thin processes (d) counted
in the vermis following treatment with PGE2. Ctrl control, PGE2

prostaglandin E2, PN postnatal day
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Results

Microglial Phagocytosis Is Higher in the Vermis Than
in the Cerebellar Hemispheres

The statistical analysis detected a significant interaction be-
tween region and layer for phagocytic cups in the PN17 cer-
ebellum [ F[2, 24] = 6.30, p = 0.006, η2 = 0.344]. The density
of phagocytic cups was higher in the vermis than in the LH
(p = 0.002, d = 2.16) and RH (p = 0.006, d = 2.18) (Fig. 2b).
This difference was observed only in the GL. Likewise, a
significant interaction between region and layer was detected
for phagocytic microglia with thick processes [ F[2, 24] =
3.08, p = 0.06, η2 = 0.20]. The density of phagocytic microglia
with thick processes was higher in the vermis than in the LH
(p = 0.036, d = 1.52) and RH (p = 0.009, d = 2.05) in the GL,
but not in the ML (Fig. 2c). Similar results were found for the
density of phagocytic microglia with thin processes [ F[2,
24] = 4.76, p = 0.01, η2 = 0.28]. The vermis showed a higher
density of phagocytic microglia with thin processes in the
vermis compared to LH (p = 0.02, d = 2.41) and RH (p =
0.04, d = 1.46) (Fig. 2d). No significant effects were found
for sex as a main factor or for the interaction between sex
and region or sex and layer.

Treatment with Formestane Decreases the Number
of Phagocytic Cups in the Vermis, but Not
in the Cerebellar Hemisphere

We found a significant main effect of treatment in the vermis [
F[1, 48] = 13.735, p = 0.001, η2 = 0.218], where formestane
decreased the number of phagocytic cups compared to control
(p = 0.044, d = 0.58) (Fig. 3b). No effect of formestane on

phagocytic cups was seen in the cerebellar hemisphere [ F[1,
20] = 0.301, p = 0.590] (Fig. 3c). We also found a significant
interaction between treatment and region for phagocytic mi-
croglia with thin processes in the vermis [ F[1, 48] = 18.832,
p = 0.000, η2 = 0.282] which were decreased by formestane
treatment in the GL (p = 0.01, d = 1.38) and ML (p = 0.015,
d = 1.37) (Fig. 3f). There was no effect of formestane on the
density of phagocytic microglia with thin processes in the
cerebellar hemisphere [ F[1, 20] = 0.000, p = 0.988] (Fig.
3g). There was no effect of formestane treatment on phago-
cytic microglia with thick processes in the vermis (Fig. 3d) or
the cerebellar hemisphere (Fig. 3e).

Treatment with Indomethacin or Nimesulide Also
Decreases the Number of Phagocytic Cups
in the Vermis, but Not in the Cerebellar Hemisphere

A significant interaction between treatment and layer was
found for phagocytic cups in the vermis [ F[2, 30] = 3.65,
p = 0.038, η2 = 0.196], where indomethacin and nimesulide
treatment decreased the number compared to control (p =
0.02, 1.74). This effect was observed only in the ML (Fig.
4b). There was no effect of treatment in the hemispheres
(Fig. 4c). Treatment with indomethacin and nimesulide im-
pacted phagocytic microglia with thin processes in both the
GL and ML of the vermis [ F[2, 30] = 4.11, p = 0.026, η2 =
0.215]. Treatment with Cox inhibitors decreased the density of
phagocytic microglia with thin processes in the ML (indo-
methacin, p = 0.007, d = 2.13; nimesulide, p = 0.037, d =
1.51) compared to controls (Fig. 4f) and nimesulide concur-
rently increased the density of phagocytic microglia with thin
processes in the GL (p = 0.066, d = 1.30; Fig. 4f), consistent
with the anti-inflammatory effects of this Cox inhibitor. Once

Table 1 Rat transcripts cDNA PCR primers

Gene PubMed accession no. Primer sequences Amplicon length (bp) Annealing temp (°C)

ESR1 (ERα) NM_012689.1 F 5′—AAGGCTGCAAGGCTTTCTTTAA 90 60
R 5′—GGTTCTTATCGATGGTGCATTG

ESR2 (ERβ) NM_012754.1 F 5′—CCAACCTCCTGATGCTTCTTTCTC 90 60
R 5′—GGACCACATTTTTGCACTTCATG

PTGS1 (COX-1) NM_017043.4 F 5′—AAAGAACCCAATGTCCAGCAAG 152 60
R 5′—GGCTCCCAACCAAAATCGTAG

PTGS2 (COX-2) NM_017232.3 F 5′—TTCCAGTATCAGAACCGCATTG 151 60
R 5′—GAGCAAGTCCGTGTTCAAGGA

CD68 NM_001031638.1 F 5′—ACACTTCGGGCCATGCTTCT 129 60
R 5′—GATTGTCGTCTCCGGGTAACG

LAMP1 NM_012857.2 F 5′—AGACACACAATTCTTTCCCAATGC 144 60
R 5′—CAGAGCACAATGGTCACATTCTTCA

LAMP2 NM_017068.2 F 5′—TTCTATCTGAAGGAAGTGAATGTCAACA 137 60
R 5′—ACGGAAACCACCTGCTCTTTG

GAPDH NM_017008.4 F 5′—TGGTGAAGGTCGGTGTGAACGG 70 60
R 5′—TCACAAGAGAAGGCAGCCCTGGT
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again, there were no effects of treatment observed in the hemi-
spheres (Fig. 4g) or onmicroglia with thick processes in either
the vermis (Fig. 4d) or hemisphere (Fig. 4e).

Treatment with Exogenous Estradiol Has Only Modest
Effects on Phagocytic Microglia

Treatment with estradiol from PN8 to PN10 did not signifi-
cantly affect the number of phagocytic cups (Fig. 5b) or the
density of phagocytic microglia with thick processes (Fig. 5c)
in the vermis. Similarly, estradiol administration from PN10 to
PN14 did not modify the number of phagocytic cups (Fig. 5f),
the density of phagocytic microglia with thick (Fig. 5g), or
phagocytic microglia with thin processes (Fig. 5h). However,
estradiol treatment from PN8 to PN10 decreased the density of
phagocytic microglia with thin processes (U = 34.000, p =
0.028; Fig. 5d).

Treatment with PGE2 Had No Effect on Microglial
Phagocytosis in the Developing Cerebellum

Treatment with PGE2 had no effect on the number of phago-
cytic cups [ F[1, 20] = 0.091, p = 0.766] (Fig. 6b) or the den-
sity of microglia with thick (Fig. 6c) or thin processes (Fig.
6d).

DHT Treatment Reduces Only Phagocytic Microglia
with Thick Processes in the Developing Cerebellum

Treatment with DHT had no effect on the number of phago-
cytic cups (U = 6.000, p = 0.126; Fig. 7b). However, DHT
treatment reduced the density of phagocytic microglia with
thick processes in the vermis ( F[1, 18] = 5.363, p = 0.033;
Fig. 7c). No effects of DHT treatment were observed for
phagocytic microglia with thin processes ( F[1, 18] = 0.006,
p = 0.937; Fig. 7d).

Patterns of mRNA Expression for Estrogen Receptors,
Cyclooxygenases 1 and 2, and Phagocytic Markers

The statistical analysis detected a significant main effect of
age for ERα mRNA [ F[4, 35] = 69.630, p = 0.000] which
significantly decreased on PN16 (p = 0.001, d = 2.23), PN17
(p = 0.000, d = 4.61), PN18 (p = 0.000, d = 9.81), and PN19
(p = 0.000, d = 10.25) compared to PN15 in the developing
vermis (Fig. 8a). In contrast, ERβ mRNA showed no signifi-
cant change over time in the same region [ F[4, 35] = 2.260,
p = 0.082] (Fig. 8b). COX-1 mRNA levels decreased during
postnatal cerebellar development [χ2 = 24.000, p = 0.000]. be-
ing lower on PN19 (p = 0.021) and PN21 (p = 0.010) com-
pared to PN14, but not at PN17 (Fig. 8c). In contrast, COX-
2 mRNA levels increased as the cerebellum matured [ F[3,
28] = 20.131, p = 0.000], being higher at PN17 (p = 0.000,

Fig. 7 Effect of DHT treatment on microglial phagocytosis in the
developing cerebellum. a Experimental design showing DHT treatment
interval (PN10-PN14), and microglia counting at PN17 in the vermis.
Representation of the number of phagocytic cups (b), phagocytic

microglia with thick processes (c, *p < 0.05), and phagocytic microglia
with thin processes (d) counted in the vermis following treatment with
PGE2. Ctrl control, PGE2 prostaglandin E2, PN postnatal day
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d = 3.25), PN19 (p = 0.000, d = 3.70), and PN21 (p = 0.000,
d = 3.20) compared to PN14 (Fig. 8d). For CD68, its mRNA
level changed as the cerebellum developed [ F[5, 39] =
87.465, p = 0.000], with a significant decrease at PN12 (p =
0.001, d = 3.83), PN14 (p = 0.000, d = 5.33), PN17 (p = 0.000,
d = 5.77), PN19 (p = 0.000, d = 6.21), and PN21 (p = 0.000,
d = 6.29) when compared to PN10 (Fig. 8e). Likewise, the
statistical analysis detected a significant effect for the lyso-
somal marker LAMP1 [ F[5, 39] = 4.696, p = 0.002] which
decreased by PN12 (p = 0.016, d = 1.46), PN14 (p = 0.000,
d = 2.29), PN17 (p = 0.003, d = 1.89), PN19 (p = 0.062, d =
1.13), and PN21 (p = 0.000, d = 2.62) compared to PN10 (Fig.
8e). There was no change with age in the levels of mRNA for
lysosomal marker LAMP2 (Fig. 8e).

Discussion

The human cerebellum matures postnatally and undergoes
major growth and neuronal reorganization early in postnatal
life [48, 51, 52]. In rats, the cerebellummatures during the first
three postnatal weeks with important anatomical changes such
as increased cell density and volume [49, 53]. Microglia
phagocytosis during development is necessary to assemble
and shape the brain. In the cerebellum, microglia promote
the death of Purkinje cells [3] and are essential to the removal
of apoptotic cells in a region- and age-dependent manner [5,
54]. We previously described the phagocytic profile of mi-
croglia in the developing rat cerebellar vermis in which we
observed a peak in activity during the third postnatal week.
Here we extend our study of microglial phagocytosis to the
cerebellar hemispheres and find the vermis has higher
microglial phagocytic activity than both cerebellar hemi-
spheres. However, whether this developmental difference
translates to a functional difference between the vermis and
hemispheres still needs to be elucidated. We also extend our
understanding of cerebellar development by exploring the role
of prostaglandins and estrogen in microglia phagocytosis as
these signaling molecules are essential to Purkinje cell matu-
ration during the 2nd and 3rd postnatal weeks [20, 28, 29].
Treatment with inhibitors of the COX enzymes or aromatase
significantly reduced phagocytic activity in the vermis but not
in the hemispheres. Intriguingly, treatment with PGE2 or es-
tradiol itself had little or no effect, suggesting phagocytic ac-
tivity in the developing cerebellum is intrinsically regulated
and may be at an upper threshold. Treatment with the non-

�Fig. 8 Analysis of the mRNA expression for a ERα, b ERβ, c COX-1, d
COX-2, and eCD68, LAMP1 and LAMP2 in the rat cerebellum during the
second and third postnatal weeks of development. Significant effects of
ages were determined by comparing to the youngest age measured
(*p < 0.05, **p < 0.01, ***p < 0.000)
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aromatizable androgen, DHT, slightly reduced phagocytosis,
consistent with the anti-inflammatory effects of androgens.

We previously reported that dysregulation of the PGE2-
estradiol pathway during the second postnatal week of devel-
opment results in alterations of Purkinje dendritic trees and
social play behavior in male rats [20, 28, 29]. Studies
in vitro and under inflammatory conditions find that a reduc-
tion in PGE2 levels, by COX-2 inhibitors, increases microglial
phagocytosis [55]. Thus, PGE2 plays a dual role as both a
healthy developmental and inflammatory regulator in the
brain. Our results may be relevant for neurodevelopmental
disorders with an inflammatory component, microglia dys-
function, and cerebellar abnormalities such as autism spec-
trum disorders [56–61].

The phagocytic activity of microglia in the developing cer-
ebellum peaks on PN17 [5], and mRNA levels for the aroma-
tase gene, Cyp19a, peak in expression in the rat vermis around
PN10 [28, 62]. Estrogen receptor alpha (ERα) is expressed by
microglia in the adult mouse brain [63]. We found that
blocking endogenous estradiol production reduced the overall
number of phagocytic cups and phagocytic microglia with
thin processes by ~ 50%. In contrast, treatment with estradiol
only slightly impacted phagocytic microglia with thin pro-
cesses with no effect on the number of phagocytic cups or
phagocytic microglia with thick processes.We used a relative-
ly low dose of estradiol in an attempt to remain in the physi-
ological range but explored two different time points of expo-
sure. Other studies have reported attenuated phagocytic activ-
ity of microglia after treatment with high doses of estradiol
[64]. Steroids act through a variety of mechanisms which are
often dose dependent. In other studies, estradiol’s effects on
microglial phagocytosis are independent of ERβ activation
under pathological conditions [65]. In this regard, we found
the cerebellum expresses both ERα and ERβ mRNA during
the third postnatal week of development, with ERα more
abundant than ERβ, consistent with other studies [28,
66–69]. Whether the effects of estradiol on microglial phago-
cytosis in the developing cerebellum depend on its classical
nuclear receptors remains to be determined. It is of interest that
the gonadal hormones, estrogens and androgens, are modula-
tors of cerebellar microglia phagocytic activity, yet we detect-
ed no effect of sex on any of the parameters measured. The
developmental period for establishing sex differences in the
rodent brain is earlier than that examined here, closer to the
perinatal period [70], suggesting that sex hormones are potent
regulators of brain development outside of and in addition to
their role as drivers of brain sex differences.

Similar to the lack of effect of exogenous estradiol, we
detected no effect of exogenous PGE2 treatment during the
second postnatal week of development. PGE2 was delivered
into the cisterna magna, at two time points before estradiol’s
peak at PN10 in a regime previously demonstrated by us to
impact Purkinje cell dendritic maturation (Hoffman, Wright,

& McCarthy, 2016). This suggests both that the phagocytic
profile is under tight and robust regulation and that it does not
impact Purkinje cell maturation.

We also examined the mRNA of three phagocytosis
markers associated with microglia: LAMP1, LAMP2, and
CD68 [71–73]. They were all expressed in the vermis during
postnatal development. LAMP1 and LAMP2 showed a steady
but overlapping expression pattern across the second and third
postnatal week of development. CD68, however, gradually
decreased from the second to the third postnatal week of life,
consistent with an overall maturation of microglia.

Altogether, our study contributes to the understanding of
the maturation of the cerebellum and implicates microglia as a
participation in that process. We examined several aspects of
the cerebellum’s anatomy including the vermis and hemi-
spheres, as well as its cortical layers and identified region
specific developmental characteristics that should be consid-
ered in future studies of development of this key brain region.
Future directions include determining how this microglial
phagocytosis, in relation to sex hormones, regulates cerebellar
development during the third postnatal week since cellular
migration and dendritic growth are still happening at this time.

Conclusion

Microglia of the developing cerebellum exhibit a peak in
phagocytic activity during the third postnatal week of devel-
opment that is substantially higher in the vermis than the
hemispheres and observed in both the GL and ML.
Endogenous estrogens and prostaglandins upregulate this
phagocytic activity in a region-dependent manner. The cellu-
lar and the molecular mechanisms by which estradiol or PGE2

regulate microglial phagocytosis remain to be determined, but
findings from this study highlight the critical role played by
these endogenous signaling molecules which are readily mod-
ulated by common over-the-counter and prescriptions drugs.
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