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2Department of Psychiatry and Behavioral Sciences, MIND Institute, University of California,
Davis, School of Medicine, Sacramento, CA, United States of America.

Abstract

Microglial cells are one of the interstitial elements of the pineal gland (PG). We recently reported
the pattern of microglia colonization and activation, and microglia-Pax6* cell interactions during
normal pineal ontogeny. Here, we describe the dynamics of microglia- Pax6* cell associations and
interactions after surgical or pharmacological manipulation. In adult rats, the superior cervical
ganglia (SCG) were exposed, and either bilaterally excised (SCGXx) or decentralized (SCGd). In
the SCGx PGs, the density of Ibal* microglia increased after surgery and returned to sham
baseline levels 13 days later. Pineal microglia also responded to SCGd, a more subtle denervation.
The number of clustered 1bal*/PCNA*/ED1" microglia was higher four days after both surgeries
compared to the sham-operated group. However, the number of Pax6*/PCNA™ cells and the
percentage of Pax6* cells contacted by and/or phagocytosed by microglia increased significantly
only after SCGx. Separate groups of rats were treated with either bacterial lipopolysaccharides
(LPS) or doxycycline (DOX) to activate or inhibit pineal microglia, respectively. Peripheral LPS
administration caused an increase in the number of clustered lbal*/PCNA*/ED1* microglial cells,
and in the percentage of Pax6™ cells associated with and/or engulfed by microglia. In the LPS-
treated PGs, we also noted an increase in the number of PCNA* cells that were Ibal~ within the
microglial cell clusters. The density of Pax6™ cells did not change after LPS treatment. DOX
administration did not influence the parameters analyzed. These data suggest that pineal microglia
are highly receptive cells capable of rapidly responding in a differential manner to surgical and
pharmacological stimuli.
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Pineal Ibal+/PCNA+/ED1+ microglia are constantly ‘activated’ cells able to sense and differentially respond to surgical and
pharmacological stimuli. Here, we show how bilateral superior cervical ganglionectomy (SCGx) and decentralization (SCGd), and
peripheral administration of bacterial lipopolysaccharides (LPS) and doxycycline (DOX) impact in a stimulus-specific manner on
microglia, Pax6+ cells, and associations and interactions between both cell types within the pineal gland. We propose the pineal gland
as an attractive model to study phagocyte renewal and the interface between the immune system and the central nervous system.
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INTRODUCTION

Microglia are the primary innate immune cells in the central nervous system (CNS). These
phagocytic cells constantly survey their local environment and play a role in the formation
and homeostasis of the developing and adult brain, and protect the neural parenchyma from
invading agents or injuries (Kettenmann, Hanisch, Noda, & Verkhratsky, 2011; Raivich,
2005; Reemst, Noctor, Lucassen, & Hol, 2016; Soulet & Rivest, 2008; Wake, Moorhouse,
Miyamoto, & Nabekura, 2013). Microglial cells are highly dynamic in shape and function.
Studies of the macrophage-specific plasma membrane glycoprotein F4/80, for example,
revealed high plasticity in morphology and density of the microglia depending on their
location in the healthy adult mouse brain (Gordon, Pluddemann, & Martinez Estrada, 2014;
Lawson, Perry, Dri, & Gordon, 1990). This suggests that variations in the microglial cell
microenvironment caused by proximity to neuronal and glial cell types, diversity of
locallyreleased neurotransmitters, chemokines and cytokines, status of the local blood-brain
barrier (BBB), among other factors, can affect microglia phenotype. Grabert et al. (Grabert
et al., 2016) performed the first genome-wide analysis of mouse microglia and showed brain
region-specific diversity in microglial transcriptional identity, sensitivity to dysregulation
and involvement in age-related neurodegeneration.
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Recent work has demonstrated that ‘resting’ microglia in the healthy CNS are not passive
macrophages that can be driven into an activated state by pathogens or damage, but instead
are highly active cells (Kettenmann et al., 2011; Raivich, 2005). Microglia activation is a
complex and multistage process that depends not only on the nature, but also on the intensity
and persistence of the stimulus (Walker, Nilsson, & Jones, 2013). “Activated’ microglial
cells can migrate to the site of injury and proliferate, and are associated with phagocytosis of
cells and cellular components.

Like other macrophages, activated microglia were initially classified based on their
functional polarization into two subtypes: “classically activated” M1 pro-inflammatory or
‘alternatively activated’ M2 anti-inflammatory cells (Kigerl et al., 2009). However, this
classification scheme does not fully encompass the range of functional phenotypes. Recent
definitions consider the M1 and M2 subsets as extremes along a continuum of macrophage
activation states (Martinez & Gordon, 2014; Ransohoff, 2016; Sica & Mantovani, 2012),
with the balance between pro-inflammatory and anti-inflammatory signals determining
microglial cell phenotype and responsiveness (Ajmone-Cat, Mancini, De Simoneg, Cilli, &
Minghetti, 2013; Ajmone-Cat, Nicolini, & Minghetti, 2003; Cacci, Ajmone-Cat, Anelli,
Biagioni, & Minghetti, 2008; Ekdahl, Kokaia, & Lindvall, 2009; Li, Lu, Tay, Moochhala, &
He, 2007; Wolf, Boddeke, & Kettenmann, 2017).

Microenvironment-induced transitions between the resting and activated states reflect the
plasticity of microglial cells within the CNS. However, in sites that lack a BBB, microglia
display a constantly activated profile (Gordon et al., 2014; Lawson et al., 1990). We recently
described the pattern of microglia colonization and activation during the ontogeny of a
particular circumventricular organ (CVO), the pineal gland (PG). We proposed that
microglial cells modulate pineal organogenesis and homeostasis by regulating the Pax6* cell
population, especially in the adult gland, and also by remodeling signaling elements such as
pinealocyte neurites, nerve fibers, and blood vessels (Ibanez Rodriguez, Noctor, & Mufioz,
2016). The Pax6* cells are thought to give rise to both pinealocytes and a subpopulation of
glial cells during pineal ontogeny. In the mature PG, the Pax6* cells may represent a
quiescent cell reservoir and a preferred target for the microglial cells (Ibanez Rodriguez et
al., 2016; Rath, Rohde, Klein, & Moller, 2013). The study performed by Ibanez Rodriguez
et al. (Ibanez Rodriguez et al., 2016) expanded the repertoire of microglial functions
reported previously in the PG, including presentation of antigens, sensing and response to
physical injury, bacteria and hypoxia, and regulation of melatonin production (da Silveira
Cruz- Machado, Pinato, Tamura, Carvalho-Sousa, & Markus, 2012; Moller, Rath, & Klein,
2006; Pedersen, Fox, Castro, & McNulty, 1993; Pedersen et al., 1997).

The aim of this study was to analyze the plasticity and dynamics of the adult pineal
microglia and their associations with Pax6™ cells in adverse environments after surgical and
pharmacological manipulations. The rhythmic pineal physiology is driven by the
sympathetic innervation from the superior cervical ganglia (SCG) via post-ganglionic axons
(Moller & Baeres, 2002). In adult rats, we disrupted the sympathetic innervation of the PG
by either performing a bilateral surgical removal of the SCG (SCGx), or by performing a
decentralization procedure of the SCG (SCGd), which severed the connection between the
ganglion and the sympathetic nerve trunk but left the SCG and its efferent nerves intact
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(Hartley et al., 2015; Savastano et al., 2010). We also challenged separate groups of adult
rats pharmacologically, either via intraperitoneal (IP) administration of gram-negative
bacteria wall components, lipopolysaccharides (LPS) (Ajmone-Cat et al., 2003; Cacci et al.,
2008; Cunningham, Martinez-Cerdeno, & Noctor, 2013; Jiang-Shieh et al., 2005; Li et al.,
2007; Xie et al., 2017), or by IP administration of the antibiotic doxycycline (DOX), which
is an inhibitor of microglial function (Jantzie, Cheung, & Todd, 2005; Lazzarini et al., 2013;
Santa-Cecilia et al., 2016; Sultan, Gebara, & Toni, 2013; Yrjanheikki, Keinanen, Pellikka,
Hokfelt, & Koistinaho, 1998). The manipulations applied here stem from our current
understanding about the tight interplay between microglia and neuronal activity, and
between microglia and inflammatory elements induced by peripheral insults, such as
bacterial infections (Catorce & Gevorkian, 2016; Colonna & Butovsky, 2017; Wake et al.,
2013; Xie et al., 2017).

Our data suggest that the constantly ‘activated’ microglia in the adult pineal gland represent
a highly responsive and plastic cell population that reacts differentially to surgical and non-
surgical insults.

MATERIALS AND METHODS

Animals

All animal procedures performed in this study followed the National Institutes of Health’s
Guide for Care and Use of Laboratory Animals, the Animal Research: Reporting /n Vivo
Experiments (ARRIVE) Guidelines, and with approval by the Institutional Animal Care and
Use Committee at the School of Medicine, National University of Cuyo, Mendoza,
Argentina (Protocol IDs 9/2012 and 74/2016). All efforts were made to minimize the
number of animals used and their suffering. Three-month-old male Wistar rats were
maintained in temperature and humidity-controlled rooms under a 12:12 light:dark (L:D)
cycle and with ad /ibitum access to food and water. Rats were euthanized by decapitation
after ketamine/xylazine (50 and 5 mg/kg of body weight, respectively) anesthesia (Savastano
et al., 2010), and pineal glands (PG) were collected during the light phase at Zeitgebertime
(ZT) 6 and immediately processed for immunohistochemistry (IHC).

Surgical removal and decentralization of superior cervical ganglia

The superior cervical ganglionectomy (SCGXx) was performed in adult rats as described in
detail by Savastano et al. (Savastano et al., 2010). Decentralization of superior cervical
ganglia (SCGd), on the other hand, involved removal of 2 to 3 mm of the sympathetic trunks
immediately below the superior cervical ganglia (SCG), while keeping the ganglia and their
efferent nerves to the pineal gland intact (Hartley et al., 2015; Savastano et al., 2010).
Control animals underwent sham surgeries that included all steps along with the exposure of
both SCG, but without their removal or decentralization. To define the kinetics of microglial
cell number, SCGx and sham-operated animals were sacrificed at 3, 6, 9 and 13 days after
surgeries (N=3 per group and per time point). To compare the effects of SCGd and SCGx on
the number of 1bal* microglial cells, Pax6* cells, and microglia-Pax6* cell interactions,
SCGx, SCGd and control animals were sacrificed 4 days after surgeries (N=4 per group).

J Comp Neurol. Author manuscript; available in PMC 2019 October 15.
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In vivo administration of doxycycline and bacterial lipopolysaccharides

The drugs were dissolved in sterile phosphate-buffered saline (PBS) and daily doses with a
final volume not higher than 300 pl were injected intraperitoneally (IP) to adult rats at ZT6.
The antibiotic doxycycline (DOX, D9891, Sigma-Aldrich, St Louis, MO, USA) was
administered at 45 mg/kg of body weight for 7 days (Wang, Yang, Noor, & Shuaib, 2002;
Yrjanheikki et al., 1998). The bacterial lipopolysaccharides (LPS, L4391, Sigma-Aldrich)
were injected once per day on two sequential days at a concentration of 100 pg/kg of body
weight (Cunningham et al., 2013). Control animals were treated with sterile PBS for 7 days.
Five animals per group were used (N=5). The animals were sacrificed twenty-four (24)
hours after the last injection.

Immunohistochemistry

Isolated pineal glands were fixed for immunostaining by immersion in 4%
paraformaldehyde (PFA) in PBS at 4°C and subsequently processed as previously described
(Ibanez Rodriguez et al., 2016). Briefly, the pineal glands were first embedded in Histoplast
(Biopack, Bs. As., Argentina), and then ten-micrometer sections were cut at random
orientations from the central area of each pineal gland using a Microm HM 325 microtome
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Slide-mounted tissues were hydrated
and subjected to antigen retrieval by boiling in 0.01 M sodium citrate buffer (pH 6)
containing (v/v) 0.05% Tween-20 for thirty minutes. Non-specific labeling was blocked by
using (v/v) 10% donkey serum, 1% Triton X-100 and (w/v) 0.2% gelatin in PBS, for 1 hour
at room temperature (RT) in a humid chamber. Immunolabeling was performed using
primary antibody buffer containing specific antibodies (Table 1), (v/v) 2% donkey serum,
1% Triton X-100, and (w/v) 0.2% gelatin in PBS, overnight at RT. Sections were rinsed in
PBS and then incubated in the secondary antibody buffer for 2 hours at RT. Secondary
antibodies with low cross-reactivity, generated in donkey and conjugated with Alexa Fluor
488, Cy3 and Alexa Fluor 647, were used in a dilution 1:200 (Table 2). Slices were rinsed
and covered with Mowiol mounting medium [(w/v) 9.6% Mowiol 4-88 (81381, Sigma-
Aldrich) and 24% glycerol in 0.1M Tris- HCI buffer (pH 8.5)]. Primary antibodies were
routinely omitted to determine non-specific labeling. The optimal antiserum concentrations
were defined by initially immunostaining pineal gland sections with each primary antibody
alone, using the dilution series recommended by the manufacturers. Double staining with the
cocktails of primary antibodies was then performed, and the results were compared to those
obtained from single antibody immunostaining. Imaging was performed on an Olympus
FV1000 (Olympus America Inc., Center Valley, PA, USA) or Nikon C1 (Nikon Instruments
Inc., Melville, NY, USA) confocal microscope. Images were processed with
MacBiophotonic ImageJ and edited with Adobe Photoshop 7.0 (Adobe Systems Inc., San
Jose, CA, USA).

Antibody Characterization

See Table 1 for a list of all primary antibodies that were used.

The anti-CD68 monoclonal antibody (Bio-Rad/AbD Serotec, clone ED1; code
#MCA341GA, RRID: AB_566872) was raised in mouse using the rat ED1 protein, which is
also known as rat CD68 (Cluster of Differentiation 68). This antibody recognizes a heavily

J Comp Neurol. Author manuscript; available in PMC 2019 October 15.
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glycosylated protein of ~90-110 kDa which is expressed on the membranes of cytoplasmic
granules such as phagolysosomes, and on the cell surface of most macrophage populations
and monocytes (Damoiseaux et al., 1994; Dijkstra, Dopp, Joling, & Kraal, 1985). The level
of ED1 expression in a single cell can be correlated with the phagocytic activity of the
respective cell type (Damoiseaux et al., 1994). We recently used this anti-CD68 antibody to
show that microglia are highly phagocytic during the entire pineal gland ontogeny (Ibanez
Rodriguez et al., 2016). The staining presented here matched that described in our previous
report (Ibanez Rodriguez et al., 2016).

To identify microglial cells, we used two different polyclonal antibodies raised against
synthetic peptides corresponding to the C-terminus of Ibal (lonized calcium-binding adapter
molecule 1) (Ito et al., 1998). The antibodies were generated in goat (Abcam; code #ab5076,
RRID: 2224402) and rabbit (Wako; code #019-19741, RRID: AB_839504). The
carboxyterminal sequence of the Ibal protein is highly conserved among human, rat and
mouse. The goat anti-1bal antibody recognized a band at ~17 kDa on Western blots (WBs)
of rat brain lysates (see manufacturer’s technical information). We previously demonstrated
that this antibody specifically labeled activated microglial cells in the developing and adult
rat pineal gland (Ibanez Rodriguez et al., 2016). The rabbit anti-1bal antibody was first
characterized by Imai et al. (Imai, Ibata, Ito, Ohsawa, & Kohsaka, 1996). This antibody
reacted with a single ~17 kDa band on WBs using protein extracts from COS-7 cells
expressing Ibal, and lysates from adult rat testis (Imai et al., 1996). Both anti-1bal
antibodies are widely used to study microglia morphology and phagocytosis, and no cross-
reactivity with neurons and astrocytes has been reported (Chen et al., 2017; Cunningham et
al., 2013; Ibanez Rodriguez et al., 2016; Kanazawa, Ohsawa, Sasaki, Kohsaka, & Imai,
2002; Ohsawa, Imai, Kanazawa, Sasaki, & Kohsaka, 2000; Thion et al., 2018). Similar
staining pattern was observed for both anti-Ibal antibodies, and it matched that described in
previous reports.

The essential transcription factor Pax6 (Paired box 6) was identified using two different
antibodies. The mouse monoclonal anti-Pax6 antibody (Abcam; code #ab78545, RRID:
AB_1566562) was raised against the recombinant full length protein corresponding to
human PAX6. The rabbit polyclonal anti-Pax6 antibody (BioLegend, code #901301, RRID:
AB_2565003; Covance, code #PRB-278P, RRID: AB_291612) was generated against a
peptide derived from the C-terminus of the mouse Pax6 protein (amino acids
QVPGSEPDMSQYWPRLQ). This sequence is conserved in rat. The monoclonal antibody
recognizes both products of the two major alternatively spliced forms (Walther & Gruss,
1991), in a tissue-specific manner (see manufacturer’s technical information). This antibody
reacted with PAX6 on WBs of protein extracts from two human retinoblastoma cell lines,
SO-Rb50 and Y79 (Meng, Wang, & Li, 2014). The polyclonal antibody was initially
characterized by Davis and Reed (Davis & Reed, 1996). This antibody detected two closely
migrating bands of ~50 kDa on SDS polyacrylamide gels of protein extracts from adult
mouse tissues, including brain, olfactory bulb, eye, and olfactory turbinates, but not from
liver. The protein doublet corresponds to the sizes predicted for the alternative spliced
variants of Pax6 (Walther & Gruss, 1991). The nuclear pattern described here for Pax6 was
similar for both antisera, and it matched that of our previous reports in the cerebral cortex
and the pineal gland (Cunningham et al., 2013; Ibanez Rodriguez et al., 2016; Martinez-
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Cerdeno et al., 2016), as well as other work from unrelated laboratories (Davis & Reed,
1996; Del Toro et al., 2017).

The expression pattern of PCNA (Proliferating Cell Nuclear Antigen) was characterized
using a mouse monoclonal antibody (EMB Millipore, clone PC10; code #MAB424, RRID:
AB_95106) raised against the rat PCNA made in the protein A vector pR1T2T. The antibody
was validated in IHC and WB (see manufacturer’s technical information). This anti-PCNA
antibody reacted strongly with a single ~36 kDa band on WBs of HeL.a S100 protein
fraction (Waseem & Lane, 1990). Our staining matched that obtained in cerebral cortex
(Cunningham et al., 2013; Martinez-Cerdeno et al., 2016), and in our previous publication in
the developing and mature rat pineal gland (Ibanez Rodriguez et al., 2016).

The mouse monoclonal anti-neuronal class 111 p-tubulin (Tuj1; BioLegend, code #801201
and 801202, RRID: AB_10063408; Covance, code #MMS-435P, RRID: AB_2313773) isa
well-characterized antibody that was generated using microtubules from rat brain (see
manufacturer’s technical information). This antibody recognizes a single ~50 kDa protein
band on WBs (Benitez, Castro, Patterson, Munoz, & Seltzer, 2014), and intact and
degenerated nerve fibers by IHC (Hegarty, Hermes, Yang, & Aicher, 2017). We used this
anti-Tuj1 antibody to stain nerve fibers in the postnatal pineal gland (Ibanez Rodriguez et al.,
2016; Yu et al., 2016). Staining observed here matched that of these previous studies.

Analysis of Pax6* cells, Ibal* microglial cells and microglia-Pax6* cell interactions

Pineal gland sections were immunolabeled for Pax6 and Ibal. For samples collected after
surgical procedures, we used the rabbit polyclonal anti-Pax6 combined with the goat
polyclonal anti-Ibal antibodies, and the images were captured with the Olympus FVV1000
confocal microscope using a 40x objective. The proportions of total Pax6* cells, total Ibal*
microglial cells, and Pax6* cells in close proximity or in the process of being phagocytosed
by microglia were quantified in an area of 0.05 mm?2. For pharmacological experiments, we
used both the mouse monoclonal anti-Pax6 and the rabbit polyclonal anti-lbal antibodies,
and the images were taken with the Nikon C1 confocal microscope using a 60x objective
with both cell types quantified in an area of 0.035 mm2. The counted squares containing at
least one microglia body were randomly placed in the selected images. The number of
images varied among PGs (from six to ten per gland). Quantification was performed by
means of the Cell Counter tool of the MacBiophotonic ImageJ software. Data were
expressed as mean + S.E.M. The statistical analysis was performed using PRISM5
(GraphPad Software Inc., La Jolla, CA, USA); one-way ANOVA followed by the Tukey
post-test was performed. £ < 0.05 was considered significant.

To define the plasticity and dynamics of microglia under adverse conditions in the adult
pineal gland, we challenged the cells via surgical and pharmacological treatments. First, we
disrupted the sympathetic innervation by performing bilateral superior cervical
ganglionectomy (SCGx) (Savastano et al., 2010), and we then analyzed microglia density in
pineal glands (PG) at 3, 6, 9 and 13 days after the surgery to delineate the response of pineal
microglia to SCGx. Control animals were sacrificed at the same time points after sham
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surgery. Immunolabeling of pineal gland sections for the microglial marker Ibal and
subsequent quantitative analysis revealed that SCGx induced a significant increase in the
density of Ibal* cells by 3 days after surgery. The increased number of microglia was
observed for 9 days, returning to the sham baseline value 13 days after SCGx (Figure 1). As
expected, bilateral SCGx caused Wallerian degeneration (WD) of sympathetic nerve fibers
positive for the neuronal class Il B-tubulin (Tuj1) within the pineal gland (Figures 2, 3 and
4). We observed nerve fiber fragmentation through 13 days after SCGx. Conversely, a
densely packed innervation was observed in the PG from sham-operated animals (Figures 2
and 3). Double immunostaining for Tuj1 and Ibal showed microglial cells in close
association with degenerated fibers in the SCGx PGs (Figures 3 and 4).

We next performed experiments that included a third group subjected to bilateral
decentralization of the SCG (SCGd), in addition to the SCGx and sham-operated animals.
SCGd surgery disrupts the sympathetic innervation to the pineal gland by removal of 2 to 3
mm of both sympathetic trunks, but keeps the SCG and efferent nerve connections to the
pineal gland intact (Hartley et al., 2015; Savastano et al., 2010). Animals from the three
groups were euthanized 4 days after surgeries. We analyzed sympathetic nerve fibers in the
pineal gland using the neuronal marker Tujl. In both control and SCGd groups, we observed
intact nerve fibers (Figure 5a, d, g and Figure 5b, €, h, respectively). In contrast, WD and
microglia-fragmented fiber associations were evident in SCGx pineal glands 4 days after
surgery (Figure 5c, f, i). Despite differences in nerve fiber degeneration, our morphometric
analysis revealed that the density of Ibal* microglial cells was significantly higher in the
pineal glands of both SCGx and SCGd groups compared to controls, with the majority of the
microglia located in cell clusters (Figures 6 and 7a). The number of microglial cells in the
SCGx and SCGd groups, however, did not significantly differ from one another (Figure 7a).

We recently showed that Pax6™ cells in the adult pineal gland appear to derive from Pax6*/
Vimentin* neuroepithelial precursor cells in the pineal primordium, and are closely affiliated
with and phagocytosed by microglia (Ibanez Rodriguez et al., 2016). We therefore evaluated
the impact of superior cervical ganglionectomy and decentralization of both SCG on the
Pax6* cell population. We paid special attention to cellular interactions between microglia
and Pax6* cells after SCGx and SCGd surgeries. Four days after surgical stimuli, the
number of Pax6* cells per area increased in both SCGd and SCGx PGs compared to control
glands, but the increase was significant only in the SCGx group (Figures 6 and 7b). Similar
results were observed when the association between microglia and Pax6* cells was
analyzed. The percentage of Pax6* cells that were contacted by and/or engulfed by
microglia was higher in both experimental groups, but this difference was significant only in
the SCGx group (Figures 6¢, f, i, I-o and 7c¢).

To determine if the difference in Ibal™ and Pax6™* cell density was due to self-renewal, we
coimmunostained pineal gland sections with the mitotic cell marker PCNA, together with
either Ibal or Pax6. Four days after either SCGx or SCGd, the majority of Ibal-
immunoreactive microglial cells were highly positive for PCNA (Figure 8). In contrast,
Pax6™ cells were mostly negative for PCNA (Pax6*/PCNA" cells), although a few Pax6Mi9n/
PCNAIOW cells were observed in each group (See white arrowheads in Figure 9).
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Our previous report showed that pineal microglia are highly phagocytic in the normal adult
pineal gland (Ibanez Rodriguez et al., 2016). Therefore, we determined whether the
increased microglial cell density following SCGx or SCGd was accompanied by an
enhanced phagocytic capacity. For this, we included the lysosomal marker ED1 (CD68) in
our IHC assays (Figure 10). The majority of Ibal* microglial cells expressed ED1 in each
group, with apparent intercellular heterogeneity. Nevertheless, we found that the number and
size of the ED1-positive cytoplasmic bodies per microglial cell were increased after either
SCGx or SCGd. This is consistent with the idea that phagocytic capacity was potentiated by
impairing sympathetic signaling to the pineal gland via ganglionectomy or decentralization.

We next pharmacologically challenged pineal microglial cells by treating adult male rats
with either bacterial lipopolysaccharides (LPS) or the antibiotic doxycycline (DOX), in
order to activate or inhibit microglial function, respectively. These trials consisted of three
groups: control animals received vehicle for seven days; the DOX group was treated
intraperitoneally (IP) with 45 mg per kg of body weight for seven days, and the LPS group
received two sequential injections of 100 pg/kg of body weight, IP, once per day. Animals
were sacrificed 24 hours after the last drug administration. Morphometric analysis showed
that the number of Ibal* microglial cells per area increased more than twofold after LPS
administration compared to the control and DOX groups, and that microglial cells were
arranged in large cell clusters in the pineal glands of LPS-treated animals (Figures 11 and
12a). DOX treatment did not affect the density or distribution of Ibal* cells. In contrast to
SCGx stimulus, the number of Pax6* cells per area did not vary with the pharmacological
treatments (Figures 11 and 12b). However, the percentage of Pax6™ cells contacted by and/or
apparently phagocytosed by pineal microglia was significantly increased after LPS
administration compared to control and DOX groups (Figures 11 and 12¢). The DOX
antibiotic did not affect the frequency of cellular interaction events between microglia and
Pax6* cells. Interestingly, we found that individual microglial cells contacted multiple Pax6*
cells at the same time in the LPS-treated group (Figure 13), a phenomenon we also observed
in the SCGx PGs.

Immunostaining for PCNA showed a large increase in the number of potentially proliferative
cells in the pineal gland after LPS treatment, compared to controls and animals injected with
DOX (Figure 14). In the LPS-treated PG, PCNA* cells were both Ibal* and Ibal-negative,
suggesting that multiple cell types responded to LPS treatment by increasing their
proliferative potential (See yellow arrows and white arrowheads, respectively, in Figure 14f,
i, I). However, the number of proliferative Pax6* cells in the LPS-treated PG appeared to be
indistinguishable from controls, as most PCNA™*/Ibal~ cells were also negative for Pax6
(Figure 15). A few Pax6M9h/PCNANIIN cells and Pax6M9N/PCNAIOW cells were observed in
the experimental groups (See yellow arrowheads and white arrowheads, respectively, in
Figure 15).

Finally, we analyzed ED1 expression in the adult rat pineal gland after LPS or DOX
treatment. The expression of ED1 was potentiated by LPS administration. Microglial cells
with numerous and heterogeneous ED1* cytoplasmic bodies were observed in LPS-treated
PGs (Figures 16 and 17). We found no difference in the ED1 expression pattern between
control and DOX groups.
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DISCUSSION

We recently showed that microglia are constantly ‘activated’ throughout the whole ontogeny
of the pineal gland, and that microglial cells regulate pineal development and function by
association and interaction with Pax6* cells and signaling elements such as pinealocyte
neurites, blood vessels, and sympathetic nerve fibers (Ibanez Rodriguez et al., 2016).
Association and apparent phagocytosis of Pax6* cells by highly phagocytic and proliferative
microglial cells (Ibal*/PCNA*/ED1* cells) were observed mainly in the healthy adult pineal
gland (PG). The Pax6* cells in the mature gland may derive from Pax6*/Vimentin*
neuroepithelial precursor cells which are thought to give rise to both pinealocyte and
astrocyte-like glial lineages during pineal ontogeny.

Here, we studied the capacity of the pineal microglia to sense and respond to different
adverse conditions. We challenged the microglia in the adult pineal gland via surgical and
pharmacological stimuli, and we analyzed microglial states and interactions between
microglia and Pax6* cells by quantitative immunohistochemistry.

First, we challenged the pineal microglia by bilateral surgical removal of the superior
cervical ganglia (SCGx), which leads to an irreversible sympathetic denervation of the
pineal gland and suppression of the circadian melatonin rhythm and other noradrenaline-
dependent oscillatory events (Bailey et al., 2009; Castro et al., 2015; Savastano et al., 2010).
SCGx results in Wallerian degeneration (WD) of the sympathetic nerve fibers with a
transient supraliminal release of noradrenaline during the acute phase (10-30 hours after
surgery) (Savastano et al., 2010). WD is a highly regulated process observed in any axonal
injury due to diverse etiologies (Coleman & Freeman, 2010), and is characterized by a
progressive degeneration and fragmentation of the axonal cytoskeleton and tissue envelopes
from the distal ends, and a subsequent recruitment of phagocytes among other cell types
(Sato et al., 2015). Interestingly, WD in the central nervous system (CNS) has been found to
be slower and incomplete compared to that in the peripheral nervous system (PNS)
(Coleman & Freeman, 2010; Vargas & Barres, 2007). In this study, we immunolabeled
pineal gland sections for the neuronal class Il B-tubulin (Tuj1) and as expected, we
observed nerve fiber fragmentation after SCGx (Figures 2, 3, 4 and 5). Conversely, a densely
packed innervation was observed in the PG from sham-operated animals (Figures 2, 3 and
5). We also immunostained pineal microglia using a specific antibody against the ionized
Ca?*-binding adapter molecule 1 (Ibal), in order to study the response of the local
phagocytes to SCGx. Microglial cell density increased significantly 3 days after surgery and
stayed at high levels for 9 days. SCGx-induced microgliosis was resolved by 13 days after
SCG removal (Figure 1). In the SCGx PG, microglial cells were arranged in clusters that
were closely associated with degenerated nerve fibers and also with intact non-sympathetic
fibers (Moller & Baeres, 2002; Simonneaux & Ribelayga, 2003) (Figures 3, 4 and 5).
Phagocytosis of nerve fibers by microglial cells was observed more frequently after SCGx.

Immunolabeling for Tuj1 also confirmed that the denervation of the pineal gland by
decentralization of both SCG (SCGd) did not cause WD of the sympathetic nerve fibers
within the pineal gland (Figure 5). Therefore, noradrenaline re-uptake and other events that
depend on the integrity of sympathetic nerve endings in the pineal gland appeared not to be
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affected (Hartley et al., 2015). Despite differences in sympathetic nerve degeneration, the
density of proliferative microglial cells with enhanced phagocytic potential (Ibal*/PCNA
*/ED1* cells) increased significantly 4 days after the SCGd, reaching values comparable
with those observed 4 days after SCGx (Figures 6, 7a, 8 and 10). This similar response could
be explained by post-traumatic stress and the effects of circulating catecholamines and
glucocorticoids on pineal microglia via specific receptors (da Silveira Cruz-Machado et al.,
2017; Walker et al., 2013). SCGd-induced microgliosis suggests that microglia in the PG are
also capable of sensing and responding to subtle changes in the local sympathetic
innervation. This is consistent with the concept that microglia have the capacity to influence
neural circuit formation and maintenance in both health and neurodegeneration (Colonna &
Butovsky, 2017). In the CNS, microglial cell functionality depends on neuronal activity,
which implies finely tuned cross-talk between microglia and nerve fibers, dendritic spines,
astrocytes, and other synaptic elements (Wake et al., 2013). Proteins of the major
histocompatibility complex class | (MHC-1) and complement cascade (C1q and C3), the
neuronal transmembrane glycoprotein CX3CL1, ATP, neurotransmitters, and their respective
receptors (C3R; CX3CR1; purinergic, adrenergic, glutamate and GABA receptors, among
others) are some of the mediators involved in neural circuit surveillance and modeling by
microglia (Colonna & Butovsky, 2017; Lee, 2013). Many of these messengers have been
identified in the pineal gland by global transcriptome analysis (Bailey et al., 2009; Hartley et
al., 2015).

In this study, we show that SCGx and SCGd induced clustered microgliosis in the adult
pineal gland 4 days after surgery (Figure 6). Further studies will be necessary to define more
precisely the phenotypes and dynamics of pineal microglia following each surgery. In the
SCGx PG, the influence of WD and the transient supraliminal release of noradrenaline from
degenerating nerve endings, and the accumulation of circulating and neuronally released
noradrenaline on microglial priming and microglia states (Gyoneva & Traynelis, 2013;
Savastano et al., 2010), will also require further analysis. Understanding microglial cell
turnover has been a challenge ever since the original theory of long-lived cells was
supplemented by the current view that microglia are self-renewing even under steady-state
conditions (Elmore et al., 2014; Madore, Baufeld, & Butovsky, 2017; Perry & Teeling, 2013;
Tay et al., 2017). Recent work by Tay et al. (Tay et al., 2017) in the Microfetti mouse model
showed that microglia self-renew stochastically in the healthy brain, but they expand in a
selective clonal manner during pathology leading to clusters of daughter cells, and finally
they die and migrate to resolve the resulting microgliosis and to restore the original
steadystate conditions. This sequence is consistent with the kinetics of microglial cell
number in the PG after SCGx (Figure 1). Like other recent studies (Gordon et al., 2014;
Grabert et al., 2016), Tay et al. (Tay et al., 2017) also showed that microglia dynamics vary
with the microenvironment, the brain region, and the nature of the stimulus. Self-renewal of
microglia and other macrophages has not been systematically characterized in
circumventricular organs (CVO), which are considered to be “the gates of the brain” (Perry
& Teeling, 2013). However, our data suggest that the pineal gland could serve as an
attractive model to study mechanisms of phagocyte turnover.

The assumption that the phenotypes of pineal microglia differ after SCGx or SCGd is based
on our finding that only SCGx significantly increased the percentage of Pax6* cells that
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were contacted by and/or engulfed by microglial cells 4 days after surgery (Figures 6 and
7¢). Although there was an increase in associations and interactions between Pax6* cells and
pineal microglia, the number of Pax6™ cells per area was also increased after SCGx (Figures
6 and 7b). We can speculate that this increase in the Pax6* cell density was due to an
induction of self-renewal. However, a very low number of Pax6™ cells were weakly
immunoreactive for the mitotic cell marker PCNA in the SCGx PG at ZT6 (See white
arrowheads pointing Pax6M"3"/PCNAIOW cells in Figure 9). Reuter and Vollrath (Reuber &
Vollrath, 1983) reported that the modest mitotic activity in the adult rat pineal, 0.2-0.6
mitosis per 1000 pinealocytes, was higher during the light phase, with inter-individual
variations in the timing of peaks and troughs. Pax6* cell proliferation in the SCGx PG could
therefore occur at a ZT different than ZT6. The Pax6* cell population is thought to be a
latent cell reservoir in the adult PG (Ibanez Rodriguez et al., 2016; Rath et al., 2013). Like
other progenitors in the injured adult brain (Dimou & Gotz, 2014; Nakatomi et al., 2002),
the latency of the Pax6* cell population in the SCGx PG might be being challenged by
several factors such as the lack of a functional sympathetic innervation, the transient and
acute release of noradrenaline and the inflammation caused by WD, and microglia-derived
signals. Out-of-phase proliferation, recruitment and migration, dedifferentiation and
redifferentiation mechanisms, among others, might be involved in the increase of Pax6™ cells
in the SCGx PG. It seems that some of these processes overcome the enhanced phagocytic
activity of the microglia and their higher affinity for the Pax6* cells after SCGx. Microglia
are highly dynamic cells in terms of their capacity to interact with different cell types.
Microglia not only control precursor cells but they also interact with other glial cells such as
astrocytes, to influence similar pathways in the developing and adult brain (Cunningham et
al., 2013; Frost & Schafer, 2016; Ibanez Rodriguez et al., 2016; Reemst et al., 2016). It is
expected, therefore, that interactions between microglia and Pax6* cells affect pineal
phenotype and function. A TNF/TNFR1- mediated microglia-pinealocyte network has
already been proposed to modulate melatonin production under inflammatory conditions (da
Silveira Cruz-Machado et al., 2012). Further studies are necessary to evaluate the
involvement of the Pax6™* cells in this network.

We also challenged the adult pineal microglia via intraperitoneal (IP) administration of
bacterial lipopolysaccharides (LPS) and the antibiotic doxycycline (DOX) at ZT6, to induce
and repress microglial activity, respectively (Cunningham et al., 2013; Jantzie et al., 2005;
Lazzarini et al., 2013; Santa-Cecilia et al., 2016; Sultan et al., 2013; Yrjanheikki et al.,
1998). LPS has been used extensively to trigger neuroinflammation, but the precise
mechanisms and key signals involved in the propagation of the stimulus from the periphery
to the CNS remain controversial (Catorce & Gevorkian, 2016; Xie et al., 2017). The pineal
gland has been pointed out as an immune sensor within the brain (Markus, Cecon, & Pires-
Lapa, 2013). More precisely, pineal microglia express toll-like receptor 4 (TLR4) which is
triggered by pathogen-associated molecular patterns (PAMPS) such as LPS, activating the
NF-xB pathway and the release of pro-inflammatory mediators including TNFa. Local and
circulating TNFa transiently inhibits the transcription of the aanat gene, and thus the
synthesis of melatonin (Carvalho-Sousa et al., 2011; da Silveira Cruz-Machado et al., 2010;
da Silveira Cruz- Machado et al., 2012; Fernandes, Cecon, Markus, & Ferreira, 2006;
Pontes, Cardoso, Carneiro-Sampaio, & Markus, 2007). Decreased levels of melatonin

J Comp Neurol. Author manuscript; available in PMC 2019 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ibafiez Rodriguez et al. Page 13

increase vascular permeability and colonization of the affected tissues by leucocytes
(Lotufo, Lopes, Dubocovich, Farsky, & Markus, 2001; Lotufo, Yamashita, Farsky, &
Markus, 2006). Given the anti-inflammatory properties of melatonin and its inhibitory effect
on microglial cell activation (Chung & Han, 2003; Ding, Wang, Xu, Li, et al., 2014; Ding,
Wang, Xu, Lu, et al., 2014; Min, Jang, & Kwon, 2012; Wu et al., 2011), we challenged the
pineal microglia during the light phase (ZT6) to achieve a greater impact of surgical and
pharmacological stimuli.

A marked microgliosis is a characteristic feature of the neuroinflammation induced by
peripheral administration of LPS. In fact, Jiang-Shieh et al. (Jiang-Shieh et al., 2005)
showed microgliosis and astrogliosis in the rat pineal gland 2 days after an intravenous (1V)
injection of fluorescein isothiocyanate (FITC)-conjugated LPS (50 mg/kg of body weight),
which also resulted in reduced levels of circulating melatonin and an enhanced
immunoreactivity for serotonin in the pineal parenchyma. In this study, we also found that
LPS (IP, two doses of 100 ug/kg of body weight, once per day) increased the number of
pineal microglial cells per area by more than twofold 24 hrs after the last injection,
compared to the control group (Figures 11 and 12a). The LPS-induced microglial cells were
highly phagocytic and proliferative (Ibal*/PCNA*/ED1* cells), and they were arranged in
clusters, like in the SCGx PGs (Figures 11, 14, 16 and 17), which also suggests a clonal
expansion (Madore et al., 2017; Tay et al., 2017). The frequency of interactions and apparent
phagocytosis of Pax6* cells by the pineal microglia was significantly higher 24 hrs after the
last LPS injection (Figure 12c), while the density of Pax6™ cells was not affected by the
bacterial wall components (Figure 12b). Although the area used in the morphometric
analysis of pharmacologically-challenged PGs was smaller than that considered after
surgical stimuli (0.035 versus 0.05 mm2, respectively), it is evident that the increase in the
number of microglial cells and events of interactions and/or phagocytosis of Pax6* cells by
microglia was more robust after LPS administration than after SCGx. LPS-induced
microglia showed large accumulations of ED1* cytoplasmic bodies in both the soma and
projections, a feature that is associated with an enhanced phagocytic capacity (Figures 16
and 17). Interestingly, individual microglial cells in the LPS-treated PG were able to interact
with multiple Pax6* cells at the same time (Figure 13). The analysis of the proliferative
potential of cells in LPS-treated PGs revealed that the microglial cell clusters were highly
positive for PCNA (Figure 14). However, we also noted that some of the PCNA* cells were
negative for Ibal* (See white arrowheads in Figure 14f, i, 1). This led us to speculate that
PCNA*/Ibal~ cells might express the transcription factor Pax6. Although a few Pax6*/
PCNA* cells were seen within the LPS-induced microglial cell clusters, their number was
not sufficient to explain the increase of PCNA* cells (See arrowheads in Figure 15c, f, i).
These data suggest that the inflammation induced by peripheral LPS might affect other cell
populations in the PG such as recruited circulating leukocytes and their progenitors, or latent
microglia precursors which were shown to be negative for Ibal and positive for nestin and
Ki67 (EImore et al., 2014; Hughes & Bergles, 2014; Xie et al., 2017). The pineal gland as a
circumventricular organ (CVO) may facilitate, therefore, the recruitment of immune cells
and the propagation of a peripheral inflammation into the CNS (Vargas-Caraveo, Perez-
Ishiwara, & Martinez-Martinez, 2015; Wuerfel, Infante-Duarte, Glumm, & Wuerfel, 2010).
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The fact that LPS administration significantly increased the percentage of Pax6* cells that
were contacted by and/or engulfed by pineal microglia (Figure 12c), without affecting the
Pax6* cell number (Figure 12b), suggests an induction of Pax6* cell turnover ata ZT
different than ZT6, and a balance between self-renewal and cell elimination. These results
are different from those observed in the SCGx PGs (Figure 7b, c), but are in line with those
reported by Luo et al. (Luo, Koyama, & Ikegaya, 2016) in the hippocampal dentate gyrus
(DG) of a mouse model of epilepsy. Those authors showed that local microglia were able to
maintain the DG homeostasis by rapid removal of the excess of caspase-negative viable
newborn cells induced by status epilepticus (Luo et al., 2016). The Pax6* cells engulfed by
the pineal microglia after surgical and pharmacological stimuli were also negative for
caspase (data not shown), suggesting alternative mechanisms of phagocytosis (Brown &
Neher, 2014). The differences in the dynamics of pineal microglia between SCGx and LPS
groups support the concept of heterogeneity in microglial cell responses even within the
same organ (Gordon et al., 2014; Grabert et al., 2016). Cunningham et al. (Cunningham et
al., 2013) reported that LPS treatment to pregnant rats (IP, single injections with 100 pg/kg
of body weight at E15 and E16) produced an increase in the expression of markers
associated with a neurotoxic (M1) microglial state, such as IL-1, but did not alter
morphology or number of embryonic microglial cells, when assessed three days after LPS
treatment. Maternal immune activation also induced a concomitant decrease in the number
of neural precursor cells (NPC) in the developing cerebral cortex. Conversely, the number of
NPCs was upregulated after chronic DOX treatment (200 mg/kg in food pellet chow given
ad libitum from E15). In this study, we show that DOX administration (IP, 45 mg/kg of body
weight for 7 days) did not affect the number of microglial cells and Pax6* cells nor the
frequency of interactions and associations between both cell types, at least 24 hrs after the
last injection (Figures 11, 12, 14 and 16). DOX has been shown to be a potent inhibitor of
microglia activity (Cunningham et al., 2013; Wang et al., 2002; Yrjanheikki et al., 1998). We
do not rule out, therefore, that other non-analyzed aspects of the pineal microglia biology
might have been modified by the DOX protocol applied here.

In conclusion, pineal microglial cells are a highly plastic and dynamic cell type able to sense
and differentially respond to surgical and pharmacological stimuli (Figure 18). As a
circumventricular organ, we propose that the pineal gland is an attractive model to study the
dynamics of microglial function and the mechanisms that regulate microglial cell turnover,
under normal and pathological conditions within the CNS. Global transcriptome analyses of
the rodent pineal gland have shown an enrichment of messengers that mediate immune and
inflammatory processes, which supports the concept that the pineal gland acts as an
immunological interface between the periphery and the nervous system (Bailey et al., 2009;
Hartley et al., 2015; Klein et al., 2010).
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Figure 1.

Kinetics of microglial cell number in the adult rat pineal gland after bilateral superior
cervical ganglionectomy (SCGXx). The surgical removal of the SCG increased the number of
Ibal* microglial cells per area (0.05 mm2) in the pineal gland by 3 days (3D) after the
surgery, and the density of microglia remained significantly elevated for 9 days. The number
of microglial cells returned to the sham baseline level 13 days after SCGx. Three glands
(N=3) per group were analyzed at each time point. Data were expressed as mean = S.E.M.
Microglia density was similar among sham-operated rats; the sham bar represents the
average of the twelve control animals. Statistics: one-way ANOVA followed by the Tukey
post-test; ***P< 0.001; **~< 0.01.
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Figure 2.
Sympathetic nerve fibers degenerate and microglial cell number is increased in the adult

pineal gland after bilateral SCGx. (a-f) Sections of adult pineal glands (PG) including the
pineal stalk (PS), immunolabeled for the microglial marker Ibal (magenta) and p- tubulin 111
(Tuj1, green) at 6 days after sham (left column, a, ¢, €) and SCGx surgery (right column, b,
d, f). Wallerian degeneration of the sympathetic nerve fibers and a higher number of
microglial cells, mainly in the proximal and ventral PG and PS, are observed in the SCGx
PG compared to the control gland. (a-f) 10x; scale bar: 75 um.
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Figure 3.
Higher magnification images showing pineal microglial cells interacting and phagocytozing

degenerated sympathetic nerve fibers after SCGx. Panels show microglial cells
immunoreactive for Ibal (magenta, yellow arrows) associated with normal or fragmented
nerve fibers positive for Tujl (green, white arrowheads) in sham-operated (left column, a, c)
and SCGx (right column, b, d) pineal glands at 6 days after surgery. Phagocytosis events
were more frequent in the SCGx group. (a, ¢) 1.5x digital zoom from a 60x image; (b, d) 2x
digital zoom from a 40x image; scale bar: 5 pm.
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Figure 4.
Interactions between microglial cells and degenerated sympathetic nerve fibers in the pineal

gland after SCGx. Images show sequential confocal planes separated by a distance of 1.5 pm
(a-e) and a 3-dimensional reconstruction (f). Immunolabeling for the microglial marker I1bal
(magenta, yellow arrows) and p-tubulin 111 (Tuj1, green, white arrowheads). The five
confocal planes displayed here were used to generate the image shown in the inset of Figure
3b. (a-e) 5x digital zoom from 40x images; scale bar: 5 pm. (f) 3-dimensional reconstruction
of the five optical sections in a-e highlights interactions between microglia and fragmented
nerve fibers.
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Figure5.
Sympathetic innervation of the rat pineal gland remains intact after bilateral superior

cervical decentralization (SCGd). Panels show sections of pineal glands (PG) from sham-
operated (left column, a, d, g), SCGd (center column, b, e, h) and ganglionectomized
(SCGx; right column, c, f, i) adult rats four days after surgery. Sections were immunostained
for Ibal (magenta) and Tujl (green). Wallerian degeneration was only observed after SCGX,
but close association and phagocytosis of nerve fibers (white arrowheads) by microglial cells
(yellow arrows) were observed in each group. (a-c) 60x; scale bar: 25 um. (d-i) 1.8x digital
zooms from the insets shown in a-c; scale bar: 10um.
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Figure 6.

Superior cervical ganglionectomy (SCGx) and decentralization of SCG (SCGd) increase
microglial cell number and cellular interactions in the adult rat pineal gland. Panels show
images of pineal glands (PG) immunolabeled for Ibal (magenta, yellow arrows) and the
essential transcription factor Pax6 (green, yellow arrowheads) at 4 days after sham (left
column, a, d, g, j), SCGd (center column, b, e, h, k), and SCGx (right column, c, f, i, I-0)
surgery. The number of Ibal* microglial cells was higher in both the SCGd and SCGx PGs
compared to sham-operated animals, and microglial cell clusters were frequent in the
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experimental groups. An increase in the number of Pax6* cells, and associations between
microglia and Pax6* cells were observed in the SCGx PG. Illustrative examples of
microglia- Pax6™ cell associations in the SCGx PG are shown in m-o. (a and c) 60x; (b) 1.5x
digital zoom from a 40x image; scale bar: 25 um. (d-1) 1.8x digital zooms from the insets
shown in a-c; scale bar: 10 yum. (m-0) 5.3x digital zooms from f; scale bar: 5 um.
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SCGd 4D

Morphometric analysis of microglial cells, Pax6* cells and cellular interactions between
both cell types after SCGx or SCGd. The analysis was performed 4 days (4D) after surgery,
and a sham-operated group was included. (a) The number of Ibal* microglial cells per area
(0.05 mm2) increased after surgical disruption of the sympathetic innervation to the pineal
gland by bilateral SCGx or SCGd. (b) The density of Pax6™ cells was significantly increased
in the SCGx pineal glands. (c) SCGx induced a significant increase in the percentage of
Pax6* cells in contact with and/or engulfed by microglial cells. Data were expressed as

J Comp Neurol. Author manuscript; available in PMC 2019 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ibafiez Rodriguez et al. Page 29

mean + S.E.M. (N=4). Statistics: one-way ANOVA followed by the Tukey posttest; ***P <
0.001; **P<0.01.
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Figure8.
The number of proliferative lIbal* microglial cells is increased in the pineal gland after

SCGx or SCGd. Confocal images of adult rat pineal glands (PG) immunostained for Ibal
(magenta) and the mitotic cell marker PCNA (green) show that the majority of microglial
cells are positive for both markers (yellow arrows) four days after SCGx (right column, c, f,
i, I) or SCGd (center column, b, e, h, k), compared to the sham-operated group (left column,
a, d, g, j). White arrows show an Ibal* cell that does not express PCNA, and white
arrowheads point a PCNA™ cell that does not express lbal. (a-c) 1.5x digital zooms from
40x images; scale bar: 25 pm. (d-I) 1.9x digital zooms from the insets shown in a-c; scale
bar: 10 pm.
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Figure9.
The majority of Pax6* cells did not express the mitotic cell marker PCNA in the pineal

gland at four days after SCGd, SCGx or sham-operation. Panels show confocal images of
pineal glands (PG) from control (left column, a, d, g), SCGd (center column, b, e, h) and
SCGX (right column, ¢, f, i) rats, immunolabeled for the essential transcription factor Pax6
(green) and the proliferative marker PCNA (magenta). Pax6* cells are mostly negative for
PCNA (Pax6*/PCNA" cells). White arrowheads point Pax6M9" cells with minimally
detectable levels of the mitotic cell marker PCNA (Pax6M9/PCNAIOW cells). (a-i) 3 digital
zooms from 40x images; scale bar: 10 um.
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Figure 10.
The number of microglial cells that express markers associated with phagocytosis increased

in the adult pineal gland four days after SCGx or SCGd. Confocal images show the
proportion of Ibal* microglia (magenta) that co-express the lysosomal marker ED1 (CD68,
green). Although microglia in the healthy adult pineal gland (PG) normally exhibit
morphological hallmarks of activation (Ibanez Rodriguez et al., 2016), the expression of
ED1 was potentiated by both SCGx (right column, ¢, f, i, I) and SCGd (center column, b, e,
h, k), compared to the sham surgery (left column, a, d, g, j). Yellow arrows indicate
microglia positive for Ibal and ED1. (a-c) 1.4x digital zooms from 40x images; scale bar: 25
um. (d-1) 1.9x digital zooms from the insets shown in a-c; scale bar: 10 um.
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Figure 11.
An increased number of microglial cells arranged in clusters and associated with Pax6* cells

is observed in the pineal gland after peripheral administration of bacterial
lipopolysaccharides (LPS). Panels show confocal images of the adult pineal gland (PG) after
intraperitoneal (IP) injections of LPS (right column, c, f, i, 1), the antibiotic doxycycline
(DOX; center column, b, e, h, k), or vehicle control (left column, a, d, g, j). Close association
and phagocytosis of Pax6* cells (green, yellow arrowheads) by Ibal* microglia (magenta,
yellow arrows) were observed in the three groups. Large microglial cell clusters that
encapsulated multiple Pax6* cells were observed only after LPS administration. (a-c) 60x;
scale bar: 25 um. (d-1) 1.8x digital zooms from the insets shown in a-c; scale bar: 10 pm.
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Figure 12.
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The density of Ibal* microglial cells and the percentage of Pax6™ cells contacted by and/or
engulfed by microglia increased in the pineal gland after a peripheral challenge with
bacterial lipopolysaccharides (LPS) (a and c). (b) The number of Pax6* cells in the pineal
gland (PG) 24 hours after the second intraperitoneal (IP) injection of LPS was not altered.
(a-c) Administration of the antibiotic doxycycline (DOX) did not affect the parameters
analyzed. Data were expressed as mean + S.E.M., in an area of 0.035 mm? (N=5). Statistics:
one-way ANOVA followed by the Tukey post-test; ***P < 0.001.
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Figure 13.
Images showing representative Ibal* microglial cells and Pax6* cells in the adult pineal

gland after bacterial lipopolysaccharide (LPS) administration. Each microglial cell
(magenta, yellow arrows) was in contact with multiple Pax6™ cells (green, yellow
arrowheads), and apparently phagocytosed some of them 24 hours after the second
intraperitoneal (IP) injection of LPS. (a-c) 2.8x digital zoom from a 60x image; scale bar: 10
um. (d) 3-dimensional representation of the microglia and Pax6™ cells shown in a-c.

J Comp Neurol. Author manuscript; available in PMC 2019 October 15.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ibafiez Rodriguez et al.

Page 36

Figure 14.
Two proliferative cell populations are clearly distinguished within the microglial cell clusters

induced by intraperitoneal (IP) administration of bacterial lipopolysaccharides (LPS).
Sections of pineal glands (PG) immunolabeled for Ibal (magenta) and the mitotic cell
marker PCNA (green) after treatment with LPS (right column, ¢, f, i, ), doxycycline (DOX;
center column, b, e, h, k) or vehicle (left column, a, d, g, j). In all groups, the majority of
Ibal* microglial cells are positive for PCNA (yellow arrows). In the LPS group, a second
cell population immunoreactive only for PCNA (white arrowheads) was observed within the
microglial cell clusters. White arrows point an Ibal* microglial cell negative for PCNA in a
control pineal gland. (a-c) 60x; scale bar: 25 um. (d-I) 1.8x digital zooms from the insets
shown in a-c; scale bar: 10 um.
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Figure 15.
Pax6* cells appear to be mostly negative for the mitotic cell marker PCNA 24 hours after

administration of bacterial lipopolysaccharides (LPS) or the antibiotic doxycycline (DOX).
Panels show sections of pineal glands (PG) from LPS (right column, c, f, i), DOX (center
column, b, e, h), or vehicle-treated (left column, a, d, g) animals, immunostained for Pax6
(green) and PCNA (magenta). The majority of the Pax6* cells did not express PCNA,
indicating they were not actively proliferating at ZT6. A few Pax6M9"/PCNANIN cells
(yellow arrowheads) were observed in the LPS-treated PGs. Pax6M9"PCNA!W cells (white
arrowheads) were present in both DOX and LPS groups. (a-i) 2x digital zooms from 60x
images; scale bar: 10 pm.
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Figure 16.
Microglia are highly phagocytic after IP administration of bacterial lipopolysaccharides

(LPS). Panels show images of pineal glands (PG) immunostained for Ibal (magenta) and the
lysosomal marker ED1 (CD68, green) after intraperitoneal (IP) injections of LPS (right
column, ¢, f, i, I), doxycycline (DOX; center column, b, e, h, k) or vehicle (left column, a, d,
g, j)- Microglia in the cell clusters in LPS-treated pineal glands are enriched in cytoplasmic
ED1-positive bodies. There were no differences in the ED1 expression pattern between
control and DOX-treated PGs. Yellow arrows show microglial cells immunoreactive for both
Ibal and ED1. (a-c) 60x; scale bar: 25 pm. (d-1) 1.8x digital zooms from the insets shown in
a-c; scale bar: 10 pm.
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Figure 17.
Three-dimensional projection of the image shown in Figure 16c. Microglial cells (Ibal,

magenta) expressing high levels of the lysosomal antigen ED1 (CD68, green) were observed
in the pineal gland (PG) following intraperitoneal (IP) administration of bacterial
lipopolysaccharides (LPS).
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Figure 18.
Schematic model of the differential response of pineal microglia to surgical and

pharmacological stimuli. (a) In the naive adult rat pineal gland (PG), microglial cells are
proliferative and display hallmarks of activation and phagocytic activity (Ibal*/PCNA*/
ED1" cells) (Ibanez Rodriguez et al., 2016). Pax6* cells that appear to derive from Pax6*/
Vimentin* neuroepithelial precursor cells in the developing pineal gland, remain in the adult
gland as a quiescent cell reservoir and a preferred target for the microglial cells (Ibanez
Rodriguez et al., 2016). (b) Bilateral superior cervical ganglionectomy (SCGXx) induces
Wallerian degeneration (WD) of the sympathetic nerve fibers that innervate the pineal gland
and an increase in the density of microglial cells and Pax6™ cells, and interactions between
both cell types. (c) Superior cervical ganglia decentralization (SCGd) is a more subtle
disruption of the sympathetic innervation to the pineal gland that increases microglial cell
number without significantly altering the Pax6™ cell population, or interactions between
microglia and Pax6* cells. SCGd does not cause WD of the sympathetic nerve fibers. (d)
Intraperitoneal (IP) administration of bacterial lipopolysaccharides (LPS) significantly
increases the number of microglia in the pineal gland and induces the formation of
microglial cell clusters that include at least two cell populations immunoreactive for the
mitotic cell marker PCNA. LPS enhanced the association and interaction between pineal
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microglia and Pax6* cells, without significantly affecting the number of Pax6* cells. (e) In
the rat pineal gland, doxycycline (DOX) injections did not alter the density of microglial
cells or Pax6* cells, and did not influence interactions between both cell types.
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Table 1.
Primary antibodies
Antibody | Host Antigen Source Catalog Dilution
/Clone no./RRID
ED1 Mouse | Rat ED1 protein; Bio-Rad/ Cat# 1:100
also known as rat AbD MCA341GA
CD68. Serotec RRID:
AB_566872
Ibal Goat Synthetic peptide Abcam Cat# ab5076 1:200
corresponding to the RRID:
C-terminus of AB_2224402
human Ibal (amino
acids 135-147,
TGPPAKKAISELP
). This sequence is
conserved in rat and
mouse.
Ibal Rabbit | Synthetic peptide Wako Cat# 019-19741 1:200
corresponding to the RRID:
Ibal C-terminal AB_839504
sequence (amino
acids
PTGPPAKKAISEL
P), which is
conserved among
human, rat and
mouse.
Pax6 Mouse | Recombinant full Abcam Cat# ab78545 1:100
(Clone length protein RRID:
AD2.38) corresponding to AB_1566562
human PAX6.
Pax6 Rabbit | Peptide derived BioLegend | BiolLegend: 1:200
from the C-terminus | /Covance Cat# 901301
of the mouse Pax6 RRID:
protein (amino acids AB_2565003
QVPGSEPDMSQY Covance:
WPRLQ). This Cat# PRB-278P
sequence is RRID:
conserved in rat. AB_291612
PCNA Mouse | Rat PCNA made in EMB Cat# MAB424 1:100
(Clone the protein A vector | Millipore RRID: AB_95106
PC10) pR1T2T.
Tujl Mouse | Microtubules BioLegend | BiolLegend: 1:500
derived from rat /Covance Cat# 801201 and
brain. 801202
RRID:
AB_10063408
Covance:
Cat#t MMS-435P
RRID:
AB_2313773
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Secondary antibodies

Table 2.

Antibody/Species/Host

Source/Catalog no./RRID

Dilution

Alexa Fluor 488-AffiniPure
Anti-Rabbit Donkey 1gG
(H+L) (Min X Bov, Ck, Gt,
GP, Sy Hms, Hrs, Hu, Ms,
Rat, Shp Sr Prot)

Antibody

Jackson Immuno Research Labs,

Cat# 711-545-152, RRID:
AB_2313584

1:200

Alexa Fluor 647-AffiniPure
Anti-Goat Donkey 1gG
(H+L) (min X Ck, GP, Sy
Hms, Hrs, Hu, Ms, Rb, Rat
Sr Prot) Antibody

Jackson Immuno Research Labs,

Cat# 705-605-147, RRID:
AB_2340437

1:200

Cy3-AffiniPure Anti-Mouse
Donkey 1gG (H+L) (min X
Bov, Ck, Gt, GP, Sy Hms,
Hrs, Hu, Rb, Rat, Shp Sr
Prot) Antibody

Jackson Immuno Research Labs,

Cat# 715-165-151, RRID:
AB_2315777

1:200
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Bov: Bovine. Ck: Chicken. GP: Guinea Pig. Gt: Goat. H: Heavy Chain. Hu: Human. Hrs: Horse. L: Light Chain. Min X: Minimal Cross-Reactivity.

Ms: Mouse. Rat Sr Prot: Rat Serum Proteins. Rb: rabbit. Shp Sr Prot: Sheep Serum Proteins. Sy Hms: Syrian Hamster.
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