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A B S T R A C T

The pineal gland (PG) derives from the neural tube, like the rest of the central nervous system (CNS). The PG is
specialized in synthesizing and secreting melatonin in a circadian fashion. The nocturnal elevation of melatonin
is a highly conserved feature among species which proves its importance in nature. Here, we review a limited set
of intrinsic and extrinsic regulatory elements that have been shown or proposed to influence the PG’s melatonin
production, as well as pineal ontogeny and homeostasis. Intrinsic regulators include the transcription factors
CREB, Pax6 and NeuroD1. In addition, microglia within the PG participate as extrinsic regulators of these
functions. We further discuss how these same elements work in other parts of the CNS, and note similarities and
differences to their roles in the PG. Since the PG is a relatively well-defined and highly specialized organ within
the CNS, we suggest that applying this comparative approach to additional PG regulators may be a useful tool for
understanding complex areas of the brain, as well as the influence of the PG in both health and disease, including
circadian functions and disorders.

1. Introduction

The ability of living organisms to sense and respond to light has
shaped life since the very beginning, facilitating their evolution and
survival. The pineal gland (PG) or epiphysis cerebri transduces en-
vironmental lighting conditions into an endogenous signal, the hor-
mone melatonin. The nocturnal elevation of melatonin is a well-pre-
served feature among species which proves its importance in nature
[1–3]. However, the photoperiodic control of the melatonin rhythm has
changed during evolution. In early vertebrates, the photosensitive PG
harbors an internal oscillator and itself synchronizes the rhythmic
melatonin synthesis to the light-dark (L:D) cycle. In mammals, the PG is
part of a multi-component circadian timing system, which also includes
photoreceptive units in the eyes and the central clock located in the
suprachiasmatic nuclei (SCN) of the hypothalamus. The pineal gland is
a circumventricular organ (CVO), and it derives from the neural tube
like the rest of the central nervous system (CNS) [4]. Moreover, the
highly specialized identity and function of the PG make this gland an
interesting model to compare cellular and molecular mechanisms that
take place in the CNS during development and adulthood. In this re-
view, we discuss a limited set of intrinsic and extrinsic elements that
were shown or proposed to regulate pineal ontogeny and function, and

then we compare their roles with those in the CNS. The retina is phy-
logenetically related to PG, but it is minimally addressed herein (for
further information, see more specific reviews [2,3,5,6]). Finally, we
suggest additional elements in the pineal biology which might be ex-
plored using a comparative approach with the rest of the brain, in order
to better understand the contribution of the pineal gland to the whole
physiology of an organism.

2. Intrinsic regulatory elements. Transcriptional control of the
pineal phenotype: roles of transcription factors (TFs) that are also
expressed in the CNS

2.1. Cyclic AMP-responsive element binding protein (CREB) and its
phosphorylated form (pCREB)

The biochemical pathway of melatonin synthesis in the mature PG
has been well characterized and extensively reviewed [1,2,7]. Tran-
scriptional, post-transcriptional and post-translational regulatory me-
chanisms have been shown to direct the rhythmic melatonin production
in a specie-specific manner. In mammals, the circadian melatonin
rhythm is driven by the neuronal input provided by sympathetic neu-
rons located in the superior cervical ganglia (SCG) [8,9], and implies de
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novo gene expression [10–12]. A central regulatory mechanism in the
PG is a signaling cascade that converts the basic leucine zipper (bZIP)
TF cyclic AMP-responsive element binding protein (CREB) into its
phosphorylated form (pCREB) [13]. CREB and pCREB are among the
molecules that shape the melatonin rhythm. CREB is a constitutively
expressed transcription factor (TF) and its phosphorylation on Ser133

(serine 133) is regulated by the norepinephrine (NE)/β1-adrenoceptor
(β-ADR)/adenylate cyclase (AC)/cAMP/protein kinase A (PKA)
pathway (Fig. 1) [13–16]. At night, pCREB induces the Aa-nat (Ar-
ylalkylamine-N-acetyltransferase) and Hiomt (Hydroxyindole-O-methyl-
transferase) genes in a specie-specific manner, by selectively binding to
cis-regulatory elements (CREs; prototypical palindromic sequence 5’-
TGACGTCA-3’) [1,17–20]. The Aa-nat and Hiomt genes encode for AA-
NAT and HIOMT respectively, and these are the last two enzymes in-
volved in the melatonin synthesis. However, pCREB does not act alone.
The inducible cAMP early repressor (ICER) is also part of the tran-
scriptional machinery [13,21,22]. Both activating and inhibiting cAMP-
dependent TFs drive the melatonin synthesis in the PG. In addition,
large-scale transcriptomic analyses have revealed other cellular phe-
nomena within the PG, including immune/inflammation response,
photodetection and thyroid/retinoic acid hormone signaling
[10–12,23]. These processes are likely regulated by the cAMP/CREB-
mediated pathway. Therefore, CREB and pCREB are central to pineal
biology. Total CREB levels are more or less stable throughout the L:D
cycle, whereas pCREB is induced by the nocturnal release of NE [13].
However, the spatiotemporal distribution of these molecules and their
interaction with and influence on the chromatin components and states,
have not yet been characterized. In 2015, Sugo et al. [24] showed for

the first time the dynamics of the binding and the dissociation of in-
dividual molecules of CREB to their target CREs, both in vitro and in
living Neuro2a cells. The binding took several seconds to complete, and
its duration was transient, but it was repeatable thereafter. More re-
cently, the same group applied single-molecule imaging to show that
the frequency of CREB binding to specific genome loci (hot spots) in
mouse cortical neurons is influenced by neuronal activity [25]. How-
ever, the CREB residence time on its target sequences was not affected.
In the CNS, neuronal activity-dependent interplay of CREB with several
TFs has also been shown to be essential in diverse processes such as
neurodevelopment, synaptic plasticity, and neuroprotection [26,27].
Furthermore, dysregulation of CREB-mediated transcription has been
linked to various neuropathological conditions, especially Huntington’s
disease (HD) [26]. In HD, CREB-regulated transcription was found to be
either enhanced or inhibited depending on the stages of the disease
[27–29]. Since current knowledge of CREB’s evolutionary and ontoge-
netic roles is still quite limited, we can speculate that CREB may have
additional and yet unknown mechanisms for regulating PG and CNS
physiology, and further careful investigation is needed.

2.2. Paired-box homeodomain TF 6 (Pax6)

Conversely to CREB, members of the developmental homeobox TF
family have been extensively characterized in both the CNS and the PG.
The Pax6 (Paired box 6), Otx2 (Orthodenticle homeobox 2) and Lhx9
(LIM/homeobox 9) genes have been shown to be essential for the for-
mation and development of the PG and certain brain areas [30–39].
Here, a concise review of the Pax6 gene and the Pax6 protein is

Fig. 1. CREB-mediated signaling pathway is
central to pineal biology. (A1-A3) Section of
pineal gland (PG) from an adult male Wistar
rat, immunolabeled for the transcription factor
CREB (cyclic AMP-responsive element binding
protein; green). Nuclei were stained with DAPI
(4′,6-diamidino-2-phenylindole; red). Yellow
arrows: mature pinealocytes or type I cells.
White arrowheads: type II cells. Scale bar:
10 μm. (B) Schematic biochemical pathway of
melatonin synthesis. Aa-nat/AA-NAT: arylalk-
ylamine-N-acetyltransferase gene and protein,
respectively; AC: adenylate cyclase; ATG:
translation initiation codon; ATP: adenosine
triphosphate; β-ADR: β1-adrenoceptor; BV:
blood vessel; cAMP: cyclic adenosine mono-
phosphate; CRE: cyclic AMP-responsive ele-
ment; G: G protein; mRNA: messenger ribonu-
cleic acid; NE: norepinephrine; pCREB:
phosphorylated CREB; PKA: protein kinase A;
SCG: superior cervical ganglia; ZT: Zeitgeber
time for a 12:12 light-dark (L:D) cycle; +1:
transcription start point.
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presented. Pax6 is a highly evolutionarily conserved patterning TF,
containing two DNA-binding domains: a paired box-domain and a
homeodomain [40–42]. Pax6 has a crucial role in eye formation and
also in the development and function of the cortex, diencephalon,
cerebellum, spinal cord and pancreas (see the following reviews
[42–44] and references therein). In general, Pax6 is responsible for
balancing proliferation and differentiation of progenitor cells by tar-
geting cohorts of downstream genes in a highly dosage-sensitive and
context-dependent manner [45–52]. Pax6 controls the generation of
specific neurons at the correct time and place in many regions of the
developing CNS and in certain areas of the mature brain (e.g., sub-
ventricular zone of the lateral ventricles and subgranular zone of the
dentate gyrus in the hippocampus in rodents) [53]. Pax6 also plays a
pivotal role in gliogenesis by inhibiting astrocyte precursor prolifera-
tion and by promoting astrocyte maturation [54]. Gain-of-function and
loss-of-function models, as well as state-of-the-art technology have
advanced our understanding of these tightly regulated Pax6 functions.
The homozygous small eye (Sey/Sey) mouse lacks a functional Pax6
protein because of a lethal mutation on chromosome 2 [55,56]. The
Sey/Sey mouse dies soon after birth due to multiple developmental
defects. The Pax6 null mouse fails to develop a normal posterior com-
missure (PC), the subcommissural organ (SCO), and also the PG itself,
which normally derives as an anlage from the dorsal diencephalon [32].
In mammals, the PG is a rather homogenous organ, formed mainly by
melatonin-producing pinealocytes, along with few glial cells, phago-
cytic cells and neurons (for a further description of the macroscopic and
microscopic features of the PG of different species, please see [8]). The
cellular heterogeneity of the PG was confirmed by single-cell RNA se-
quencing (scRNA-seq) [12]. Using this technology, the authors were
able to identify nine transcriptionally distinct cell types and also dif-
ferences in gene expression occurring between day and night. However,
the dynamics of each cell lineage throughout pineal development and
adulthood are far from being well understood. We recently described
the spatiotemporal fate of the dorsal diencephalon-derived neuroe-
pithelial precursor cells during the entire rat PG ontogeny (Figs. 2 and
3). These precursors are immunoreactive for both Pax6 and the inter-
mediate filament protein vimentin (Pax6+/VIM+ cells) [39]. The on-
togenetic profile of the Pax6+ cell density resembled that of the Pax6
mRNA described previously by Rath et al. [37]. The same authors also
showed that the Pax6 protein is highly expressed in the pineal anlage,
and remains present in a few interstitial cells in the mature PG, albeit
without a daily rhythm [6,37]. Figs. 2 and 3 summarize the re-ar-
rangements of the Pax6+/VIM+ cells, as they transition from a radial
alignment in the pineal primordium, to a rosette-like structure in the
late embryonic and early postnatal PG, and finally to a dispersed dis-
tribution in the mature gland. It is still unclear how molecular forces
drive these transformational stages of the stratified neuroepithelium
domain to finally yield the elongated and solid shape of the mature PG.
The Pax6+/VIM+ cells were shown to give rise to 5-HT+ (5-hydro-
xytryptamine or serotonin)/Pax6-/VIM- pinealocytes, and also sub-
populations of interstitial cells which remained immunoreactive for
either Pax6 or vimentin, or both (Fig. 2) [39]. Within the postnatal PG,
the same interstitial cells express, in a region-specific manner, either
S100β (a calcium-binding protein) or GFAP (Glial Fibrillary Acidic
Protein), or both. These cells resemble the astrocyte-like cells described
by Mays et al. [12]. The postnatal differentiated pinealocytes which are
organized as cords and pseudo-rosettes, may represent the type I cells
identified by Calvo and Boya [57] in the rat PG, whereas the remnant
precursor-like cells resemble the type II cells. Even though the pro-
liferative potential of the Pax6+ cells is high during the exponential
growth phase of the rat PG, it becomes insignificant in the mature
gland. This suggests that these cells may enter a dormant state in the
adulthood. Preliminary data from our laboratory indicate that GABA
might mediate the transition of Pax6+ cells into dormancy by binding
to GABAB receptors (unpublished data; [12,58]). The action of GABA on
neural stem and precursor cells in the developing and adult CNS is

complex [59,60], and warrants further investigation. Interestingly, the
pluripotency of the remnant interstitial Pax6+ cells within the PG is still
unknown. We can speculate that further comparative analyses of the
intricate mechanisms which dictate specification, differentiation, ma-
turation and migration during neurogenesis and gliogenesis in the CNS
will contribute to our understanding of pineal evolution and ontogeny,
and will also clarify the role of cell type minorities in pineal physiology.
Models such as the Pax6-IRES-EGFP knock-in (KI) mouse, which was
generated by Inoue et al. [61] using the cloning-free CRISPR/Cas9
system, are promising tools for exploring the developmental dynamics
of Pax6+ cells and the Pax6-controlled genes in both the CNS and the
PG.

2.3. Neurogenic differentiation factor 1 (NeuroD1)

The neurogenic differentiation factor 1 (NeuroD1), also known as β-
cell E-box transactivator 2 (BETA2), has emerged as a potential reg-
ulator among the TFs involved in the definition and maintenance of the
pineal phenotype [12,62–65]. NeuroD1 belongs to the large bHLH
(basic helix-loop-helix) family of TFs. In 1995, NeuroD1was reported as
a pro-neuronal TF in Xenopus [66] and also as a key regulator of the
insulin gene [67]. As a consequence of the latter, the whole-body
NeuroD1 knock-out (KO) mice die perinatally due to severe diabetes
[68]. However, a drastic deficit of granule cells in the cerebellum and
hippocampus was observed in the adulthood when the NeuroD1 null
mice were genetically rescued from neonatal lethality by introducing a
transgene encoding the mouse NeuroD1 gene under the insulin promoter
[69]. Since its discovery, NeuroD1 has been related to the differentia-
tion and sometimes to the homeostasis of multiple endocrine and
neuronal cell types and accordingly, to a spectrum of pathologies such
as diabetes, ataxia, deafness, blindness, and cognitive deficit, among
others [70–73]. NeuroD1 was shown to act differentially in the retina
and the PG, though these two are highly related organs [63,64]. In
these studies, we used two types of NeuroD1 KO mice, one conventional
and the other a CRE/loxP mouse specific for retina and PG. In this
conditional KO mouse (cKO), the tissue specificity of the Cre re-
combinase expression was driven by the cone-rod homeobox (Crx) pro-
moter [64]. NeuroD1 was found to be crucial for terminal differentia-
tion and survival of retinal photoreceptor cells [64,74]. In contrast, it
was found to be non-essential for pineal formation [63,64]. Never-
theless, transcriptomic analyses of PGs from neonatal conventional KO
mice and adult cKO mice, did reveal several potential NeuroD1 target
genes, including Aa-nat, En2 (Engrailed 2), Kif5c (Kinesin family member
5C), Gad1 (Glutamic acid decarboxylase 1), Rnd3 (Rho family GTPase 3),
and the clock gene Per3 (Period 3), among others [63,64]. Most of these
genes contain E-box consensus sequences (CANNTG) within their reg-
ulatory regions. NeuroD1 heterodimerizes with a ubiquitous E protein,
such as E12/E47, which yields a heterodimer that is nuclear imported
in a synergic and tightly-regulated manner. Then, the heterodimer
binds to permissive E-boxes in the target genes to form transcriptional
complexes with other clustered cis-regulatory DNA sequences and
transcription regulators (Fig. 4) [67,70,75–79]. NeuroD1-mediated
transactivation is terminated, in part due to the Id (inhibitor of DNA-
binding/differentiation) factors. These inhibitors are HLH proteins that
function by competing with tissue-specific bHLH for binding E proteins
[80,81]. In the rat PG, members of the Id family are distributed in a cell
type-specific manner, and some of them show a rhythmic expression
(Fig. 4B-B2) [82,83]. Interestingly, Pax6 has been shown to be a
NeuroD1-dependent gene [84]. Conversely, Pax6 has also been found to
function as an upstream regulator of the NeuroD1 gene [85]. In the
developing and adult rat PG, we found that the NeuroD1 protein is
expressed in both pinealocyte and glial-like cell lineages [65]. This
distribution was confirmed by scRNA-seq [12]. Like Pax6 [39],
NeuroD1 may modulate the proliferation, specification and differ-
entiation of pinealocyte precursor cells [65]. Unlike Pax6 [39],
NeuroD1 persists in fully differentiated pinealocytes where it may have
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a role in circadian functionality, including the regulation of the mela-
tonin rhythm (Fig. 4B-B2) [65]. We described a rhythmic nuclear-cy-
toplasmic partitioning of NeuroD1 in mature rat 5-HT+/Pax6-/VIM-

pinealocytes, which serves to illustrate this point [65]. In these cells,
the nuclear import of NeuroD1 at night might be mediated by events of
phosphorylation on either Ser274 or Ser336, or on both residues. This
suggests that the action of NeuroD1 in the PG is tightly regulated [65].
In the CNS and pancreas, NeuroD1 is subjected to post-translational
modifications by phosphorylation, glycosylation, and acetylation,
among others [70,86–88]. These processes take place in a cell type-
specific and activity-dependent manner, and they finally disrupt or fa-
cilitate the nuclear localization of NeuroD1. In primary cerebellar
granule neurons, the phosphorylation of NeuroD1 at distinct sites, such
as Ser336, is catalyzed by the neuronal activity-dependent enzyme
CaMKII (Ca+2/calmodulin-dependent protein kinase II) [86]. This
pathway was found to regulate dendritogenesis, and thus may play a
key role in the developing and mature brain. The precise mechanisms
by which NeuroD1 and its modified forms modulate the pineal phe-
notype and homeostasis are not yet clearly understood and further re-
search is needed. In 2017, Hanoudi et al. [89] pointed out unexpected
putative targets of NeuroD1 within the neonatal mouse PG. The authors
proposed a new bioinformatic method called HighEgdeS, to look for
meaningful biological processes behind a specific phenotype. HighEgdeS
considers all previously known and relevant gene-gene interactions,
and the fold changes (FC) and/or p-values of genes differentially ex-
pressed between phenotypes (e.g., KO versus wild type). The genes Ins1
(Insulin 1), Ins2 (Insulin 2), Iaap (Islet amyloid polypeptide) and Gck

(Glucokinase) emerged as potential targets of NeuroD1, after HighEdgeS
was applied to our microarray dataset from PGs of neonatal NeuroD1
KO and wild-type mice. The glucose-induced expression of Ins in
mammalian pancreatic β-cells is highly dependent on NeuroD1 and its
post-translationally modified forms, such as phosphorylated NeuroD1
(pNeuroD1) and glycosylated NeuroD1 [70,87]. However, little is
known about de novo insulin synthesis in the brain, including in those
regions of the CNS that are positive for NeuroD1 [90–93]. Further re-
search will likely elucidate whether or not local insulin production
actually does occur, and whether this insulin modulates the physiology
of the CNS and the PG, in addition to the insulin synthesized by the
islets of Langerhans. Our understanding of the participation of specific
insulin receptors in the ontogeny, homeostasis, and plasticity of the
brain and the PG also demands further studies [94,95]. In addition, an
insulin-melatonin antagonism may exist at both central and peripheral
levels, which may involve catecholamines and specific receptors
[96–98]. The fact that a PG with an apparent normal morphology is still
present in NeuroD1 KO mouse lines suggests that a plethora of TFs is
involved in pineal morphogenesis and that other members of the bHLH
family or other non-related transcription regulators might compensate
for the lack of NeuroD1 [99–101]. Interestingly, NeuroD1 KO mice
appear to have normal cerebral cortex morphology, with no obvious
cell type changes or cell death, which suggests that either NeuroD1-
dependent regulation is not essential or that compensatory processes
take place in cortex development [71]. However, pioneering factor
ability was reported for NeuroD1 during neurogenesis even when its
expression is transient (Fig. 4A) [102]. This means that NeuroD1 is able

Fig. 2. Cellular dynamics during the whole rat pineal ontogeny. Schematic representation of the ontogenetic patterns of expression of the transcription factor (TF)
Pax6 (Paired box 6; green), the intermediate filament protein vimentin (VIM; red), and the melatonin precursor serotonin or 5-hydroxytryptamine (5-HT; light blue),
in the rat pineal gland (PG). Pax6 and VIM decay throughout pineal ontogeny, whereas 5-HT increases. The Pax6+ cells are radially aligned in the earliest stages of
pineal development. In the late embryonic and early postnatal PG, Pax6+ cells are arranged mainly as rosette-like structures. In the mature PG, the Pax6+ cells are
dispersed in the interstitium. The Pax6+ cells give rise to 5-HT+/Pax6-/VIM- pinealocytes, which are organized as cords or pseudo-rosettes, and a subpopulation of
interstitial cells that may represent dormant precursor-like cells. Highly proliferative and phagocytic microglia, positive for the ionized Ca2+-binding adapter
molecule 1 (Iba1; red), the proliferating cell nuclear antigen (PCNA; black), and the lysosomal marker ED1 (CD68: cluster of differentiation 68; blue), colonize the
pineal primordium and modulate the whole pineal ontogeny. This is done by regulating the Pax6+ cell population, especially in the adult PG, and by remodeling
signaling elements such as pinealocyte neurites, nerve fibers and blood vessels. Linear and circular black arrows: hypothetical forces responsible for the spatio-
temporal re-arrangements of the Pax6+ cells throughout pineal ontogeny. D: dorsal; V: ventral.
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to bind its target genes within a repressive environment and then it can
induce a more open chromatin state that facilitates the recruitment of
cell type-restricted transcription regulators, and thus the progression of
neurogenesis. The induction of pro-neuronal genes is maintained via
epigenetic memory despite the subsequent disappearance of the pio-
neer, in this case NeuroD1. Together, these studies encourage us to
continue our search for understanding NeuroD1 functionality in pineal
ontogeny and homeostasis.

3. Extrinsic regulatory elements. Role of the microglia as a
phenotype determinant in both the CNS and the PG

Microglia are the resident macrophages of the developing and ma-
ture CNS. They are constantly active phagocytes that survey and re-
model their environment in response to both physiological and patho-
logical conditions [103–110]. Microglial cells have been implicated in a
range of developmental processes, including regulation of cell number
and spatial patterning of CNS cells, myelination, and formation and
refinement of neural circuits. Together, these functions suggest that
microglia modulate behavior and participate in neurological disorders.
Sophisticated fate-mapping studies using novel transgenic mouse

Fig. 3. Spatiotemporal fate of Pax6+ cells
throughout the ontogeny of the rat pineal
gland. High magnification images of pineal
glands (PG) from embryonic (E16, 20, 21),
postnatal (P3) and adult Wistar rats im-
munostained for the transcription factor (TF)
Pax6 (Paired box 6; green) and the inter-
mediate filament protein vimentin (VIM; red).
(A1-A3) In the earliest stages Pax6/VIM double-
positive precursor cells display a radial dis-
tribution. (B1-D3) After fusion of the neuroe-
pithelium, Pax6+/VIM+ cells are arranged
mainly as rosette-like structures. (E1-E3) In the
adult PG individual cells positive for Pax6 and/
or vimentin are dispersed throughout the par-
enchyma. White arrowheads: Pax6high/VIMhigh

cells. Yellow arrowheads: Pax6high/VIMlow

cells. White arrows: Pax6low/VIMhigh cells.
Scale bar: 10 μm. Figure extracted from Ibañez
et al. (2016) Cellular Basis of Pineal Gland
Development: Emerging Role of Microglia as
Phenotype Regulator. PLoS One
11(11):e0167063. doi: https://doi.org/10.
1371/journal.pone.0167063 [39].
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Fig. 4. Potential mechanisms of NeuroD1-mediated gene expression within the pineal gland. (A) NeuroD1 (ND1) plays a pioneering role in pineal gene expression by
targeting E-boxes in a repressive chromatin (heterochromatin). NeuroD1 binding induces chromatin relaxation (euchromatin) which facilitates the recruitment of cell
lineage-specific transcription regulators (R1 and R2) and the enzyme RNA polymerase II (POLII), and thus the progression of cell differentiation. NeuroD1-induced
epigenetic changes are maintained despite the subsequent disappearance of the pioneer. (B) NeuroD1 cooperates directly or indirectly with the rhythmic expression
of CREB/pCREB/ICER-dependent genes. (B1) Direct influence of NeuroD1 on rhythmic gene expression due to its oscillatory post-translational modification. (B2)
Indirect contribution of NeuroD1on gene rhythmicity due to time-dependent repression caused by Id proteins, which compete with NeuroD1 for binding E proteins.
ATG: translation initiation codon; CRE: cyclic AMP-responsive element; CREB: cyclic AMP-responsive element binding protein; E: E protein; ICER: inducible cAMP
early repressor; Id: inhibitor of DNA-binding/differentiation; mRNA: messenger ribonucleic acid; pCREB: phosphorylated CREB; NE: norepinephrine; +1: tran-
scription start point.

Fig. 5. Microglia dynamics within the pineal
gland. (A1-A3) Clustered microglial cells im-
munoreactive for the ionized Ca2+-binding
adapter molecule 1 (Iba1; red; white arrows),
in close proximity to and eventually phagocy-
tizing interstitial cells (yellow arrowheads) in a
pineal gland (PG) from a bilaterally gang-
lionectomized rat (SCGx: superior cervical
ganglionectomy). Nuclei were stained with
propidium iodide (PI; cyan). Yellow arrows:
pinealocyte or type I cell. (B) Microglia func-
tions within the PG. ZT: Zeitgeber time for a
12:12 light-dark (L:D) cycle.
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models have definitely proved that microglia originate from prenatal
hematopoietic progenitor cells found in the yolk sack and fetal liver,
from where they migrate and colonize the forming CNS before the
differentiation of other cell types has taken place [111]. For the em-
bryonic and postnatal rat pineal gland, we recently described microglia
colonization from the surrounding meninges and choroid plexus, and
also microglia self-renewal [39]. As a CVO, the pineal gland contains
constantly activated and proliferative microglial cells throughout the
whole ontogeny (Fig. 2). We proposed that microglial cells, positive for
the ionized Ca2+-binding adapter molecule 1 (Iba1), the proliferating
cell nuclear antigen (PCNA), and the lysosomal marker ED1 (CD68:
cluster of differentiation 68), modulate pineal organogenesis and
homeostasis. This is done by regulating the Pax6+ cell population,
especially in the healthy adult gland, and also by remodeling signaling
elements such as pinealocyte neurites, nerve fibers, and blood vessels
(Figs. 2 and 5) [39]. In addition, we challenged the Iba1+/PCNA+/
ED1+ microglial cells in the mature rat PG by surgical and pharma-
cological insults [112]. Clustered microgliosis was induced within the
PG by Wallerian degeneration of the sympathetic nerve fibers after
performing bilateral SCGx (superior cervical ganglionectomy)
(Fig. 5A1-A3), or by the more subtle surgery of bilateral SCGd (superior
cervical ganglia decentralization). The number of pineal microglial cells
increased substantially after peripheral administration of gram-nega-
tive bacteria wall components, lipopolysaccharides (LPS). The impact
of the pineal microgliosis in the remnant Pax6+ precursor-like cell
population varied with the nature of the insult. This differential re-
sponse within the PG correlates with the diversity and plasticity of
microglial cells found in other CNS compartments, that may be influ-
enced by aging, sexual differences, or various abnormal conditions
[113–115]. Microglia heterogeneity within the rat PG was recently
confirmed by scRNA-seq [12]. Our studies [39,112] expanded the re-
pertoire of microglial functions reported previously in the PG, including
presentation of antigens, sensing and response to physical injury, bac-
terial infection and hypoxia, and the regulation of melatonin produc-
tion (Fig. 5B) [116–122]. Microglia have been identified in the pineal
interstitium via expression of OX6 (MHCII), OX42 (CD11b), IL-1β, ED1
(CD68), Iba1, and TNF [12,39,116–118,123–126]. A TNF/TNFR1-
mediated microglia-pinealocyte network has already been proposed to
modulate melatonin production under inflammatory conditions [122].
Furthermore, global transcriptomic analyses of the rodent pineal gland
have shown an enrichment of messengers that mediate immune and
inflammatory processes [10–12,23]. This supports the concept that
microglia may modulate the PG’s melatonin levels, as a bidirectional
signaling interface between the CNS and the periphery. The fine cellular
and molecular mechanisms by which microglia execute their functions
within the PG are not yet well understood. However, parallel research
about microglia dynamics in other parts of the CNS will also advance
our knowledge of those processes that take place in the PG. This, in
turn, will elucidate microglia influence in both health and disease, in-
cluding circadian functions and disorders.

4. Conclusions

The pineal gland (PG) is a relatively isolated and homogeneous
organ that produces the hormone melatonin. As such, the PG is quite
different from the complex and interconnected neuronal regions that
comprise most of the central nervous system (CNS). Yet the PG develops
from the neural tube, just like the rest of the CNS. This common origin
imparts fundamental similarities between the PG and neuronal areas
(e.g. the retina, cerebellum and hippocampus). The PG and the CNS
share regulatory elements, including ontogenetic and homeostatic
transcription factors such as Pax6, NeuroD1 and CREB. In addition,
microglia have been shown to modulate the ontogeny and function of
both the PG and the CNS as a whole.

Applying comparative analysis to additional regulatory elements,
common to both the PG and the greater CNS, should improve our

understanding of the underlying cellular and molecular mechanisms
within the PG. This approach leverages the large body of published and
on-going CNS research, in order to better understand the pineal gland
or at least as a guide for researching it.
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