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ABSTRACT

Various pathological conditions generate excitotoxic conditions resulting in cell death. We have observed that the suprachiasmatic nucleus (SCN) region of the brain is more resistant to excitotoxic damage compared to the surrounding hypothalamus (AH) and cortex. Additionally, we have observed time-of-day differences in excitotoxic susceptibility in all three areas with the areas being more susceptible during the subjective night compared to the day. 
Given that excitotoxic stimuli can induce changes in the activity of the resident immune cells of the brain, called microglia, we are investigating whether differences in microglial responses may contribute to SCN’s excitotoxic resiliency and to the day-night susceptibility differences that we have observed. Observations from the current research have revealed that the microglial cells in the cortex are more sensitive to excitotoxicity induced changes in activity, as shown by a shift in morphology, compared to the SCN and AH. Additionally, there are time-of-day differences in microglial activity in different brain compartments in terms of microglial number, morphology, and expression of pro-inflammatory and anti-inflammatory cell surface markers. We have also investigated microglia in different brain regions across the 24 h in acutely fixed brain slices to elucidate regional, time of day differences and how they are different from microglia in brain slices that had been maintained in vitro. Finally, we investigated the release of cytokines from brain slices containing the SCN, AH and cortex. Although there were some significant differences observed in the expression of some cytokines, such as IL-10 that was higher in the hypothalamus compared to cortex, these differenced were not reproducible due to technical issues. The results presented here shed new light on the heterogenous activity of the microglia in different brain compartments and across 24 h. These differences may explain some of the regional and time-of-day differences in susceptibility and will have therapeutic implications in treating excitotoxicity associated disorders.  
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Glutamate signaling and excitotoxicity
Glutamate is the principle excitatory neurotransmitter within the vertebrate nervous system. It acts via three families of ionotropic receptors: N-methyl-D-aspartate (NMDA), -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate acid (KA) receptors. These receptors include ion channels that are permeable to Na+ and Ca2+ to a differential degree and show heterogeneity in their distribution in the brain1. Additionally, glutamate binds to metabotropic glutamate receptors (mGluR). These are G-protein coupled receptors whose transmission mechanisms are slower and more modulatory in nature2.
Glutamate is synthesized from glutamine in glutamatergic neuron terminals by mitochondrial glutaminase and then sorted into pre-synaptic vesicles. A depolarizing current (typically the result of an action potential reaching the axon terminal) activates voltage gated Ca2+ channels, leading to an increase in intracellular calcium concentration and vesicular release of glutamate into the synaptic cleft, allowing it to activate its receptors. Following its release, glutamate is taken up primarily by astrocytes via excitatory amino acid transporter (EAAT1 and EAAT2) in humans and their murine homologs glutamate-aspartate transporter (GLAST) and glutamate transporter-1 (GLT-1) respectively.  Oligodendrocytes also play a role in the removal of glutamate from the extracellular space via EAAT1, EAAT3 and spiced variants of EAAT1, such as GLASt1c3 . Although glial cells are the primary cells removing excess glutamate from the extracellular space, there is some uptake of glutamate by the neurons via EAAT4 and excitatory amino acid carrier 1 (EAAC1)4. In astrocytes, glutamate is converted to glutamine by glutamine synthase, which is released by astrocytes and taken back up by adjacent neurons.5,6Astrocytes can also release glutamate, such as in response to inflammatory molecules such as tumor necrosis factor alpha (TNF-) and prostaglandin E.  Glutamate release from astrocytes may occur through various mechanisms such as by Ca2+ mediated exocytosis via vesicular glutamate transporter 1 and 2 (VGLUT 1 and 2) or by glutamate permeable potassium channel subfamily K member 2 (TREK 1)7,8,. In addition to these mechanisms, glutamate can be released from astrocytes through reversal of the re-uptake receptors mentioned earlier and by the hemichannels9,10 . This release of glutamate from the astrocytes adds to the extracellular glutamate concentration in the brain and may exacerbate CNS injury associated with neuroinflammation. 
In the developing brain, glutamate has been shown to participate in early developmental events such as proliferation, migration, and differentiation. Additionally, there is strong support for a role of glutamate in a variety of neuroplasticity mechanisms including long-term potentiation (LTP), regulation of spine density, and synaptic reorganization11. The above roles of glutamate support the strong association of glutamate signaling with learning and memory. Under normal physiological conditions, the optimal extracellular glutamate concentration is maintained by a balance of astrocytic uptake and neural/astrocytic release. This balancing act is important to limit the excitatory activity of glutamate.  In addition to this, -aminobutyric acid (GABA) also acts to modulate excitatory neurotransmission. Being the primary inhibitory transmitter, GABA counteracts the activity of glutamate by acting on ionotropic (chloride channel) receptors that limit neuronal depolarization. This excitatory/inhibitory balance, however, becomes precariously dysfunctional during pathological conditions such as ischemic stroke, traumatic brain injury, and neurodegenerative diseases12. 
The normal extracellular glutamate concentration in the brain is about 0.6umol/L 13. During stroke or traumatic brain injury, there is a rapid increase in extracellular glutamate concentration due to mechanical damage of neurons and energy impairment inhibiting the reuptake of glutamate via glutamate transporters13. During trauma, extracellular glutamate concentrations can reach 10umol/L. This excess excitation leads to additional neurotransmitter and ion release into the extracellular space, Na+/K+ pump failure, and ATP depletion. The ensuing ionic imbalance leads to depolarization and sustained Ca2+ influx causing a continued rise in glutamate release. These events result in an osmotic imbalance that is countered by a rapid influx of Na+, Ca2+ and chloride ions followed by water leading to membrane rupture and eventual death14,15. This phenomenon is called excitotoxicity, a term coined by Olney in 196916. Given glutamate’s central role in excitatory neurotransmission, it is not surprising that so much attention has been focused on the role of glutamate receptors (particularly NMDA receptors) in excitotoxicity. 
NMDA receptors and excitotoxicity
Although both ionotropic and metabotropic glutamate receptors have been associated with excitotoxicity, the high permeability of NMDA receptors (NMDARs) to Ca2+ influx has made it the prime culprit of excitotoxicity17. NMDARs are ubiquitously expressed in most neurons and over-activation of these receptors leads to rapid increases in intracellular calcium levels that cannot be easily buffered by the cells. This rapid and sustained increase in intracellular Ca2+ levels trigger a cascade of events including activation of Ca2+-dependent enzymes such as calpains, endonucleases and phospholipases that are capable of damaging cells; impairing mitochondrial energy production; and inducing free radical generation that ultimately leads to apoptosis and necrosis (under higher concentrations)18. 
NMDARs are tetrameric structures composed of an obligatory GluN1 subunit combined with GluN2A-D and GluN3A-B subunits. GluN1 subunits, required for the formation of functional NMDARs, are ubiquitously expressed in the brain. Global knockout of GluN1 is postnatally lethal within hours of birth; minor changes in GluN1 expression have major effects on synaptic signaling of NMDARs, underlining the importance of GluN1 subunits on the overall functioning of NMDARs19,20. The GluN2A-D and the GluN3A-B subunits on the other hand, regulate NMDAR functional properties and receptor sensitivity, endowing NMDARs with varying pharmacological properties and pronounced differences in regional and developmental expression. The potency of glutamate and glycine/D-serine binding to NMDARs is influenced by the GluN2 subunits21. Glutamate exhibits a 6 to 10-fold decrease in its EC50 binding to NMDARs consisting of di-heteromeric GluN1/2D compared to NMDARs containing GluN1/2A, 2B and 2C subunits21. Additionally, NMDARs containing GluN1/2A and 2B subunits have higher channel conductance and increased probability of channel opening when bound to agonist compared to GluN1/2C and 2D containing NMDARs21.  GluN3 subunits have been shown to bind glycine and D-serine and in rodents 21, and their mRNA levels are highest in the during the first two week after birth22. Their exact functional and physiological roles, however, remain elusive. 
In the adult forebrain, GluN2A and N2B are the predominant GluN2 subunits. NMDARs containing GluN2A subunits show faster kinetics compared to GluN2B-containing NMDARs23. Given the different channel properties of GluN2A and N2B containing NMDARs, it is tempting to speculate that these two subunits have different functions. Additionally, these two subunits have spatial differences, with GluN2A-containing NMDARs primarily localized in synaptic (syn-NMDAR) vs GluN2B-containing NMDARs occupying extra-synaptic regions (ex-NMDAR). An influential study showed that activation of syn-NMDARs stimulates pro-survival signaling, such as activation of cAMP response element-binding protein (CREB) in cultured neurons24. There have also been studies reporting that activation of either ex-NMDAR or syn-NMDARs individually can increase expression of pro-survival CREB signaling while co-activation of syn-NMDAR and ex-NMDAR dampens CREB signaling and triggers cell death25. Thus, there exists a pool of evidence suggesting the differential signaling cascades associated with GluN2A and N2B containing NMDARs is based at least in part on their spatial distribution. 
This spatial distribution is regulated by the large cytoplasmic C-terminal of GluN2 and its binding partners. Co-immunoprecipitation studies have shown differential association of GluN2A/postsynaptic density protein 95 (PSD95) and GluN2B/synapse associated protein 102 (SAP102), dictating the synaptic and extra-synaptic localization of GluN2A and N2B, respectively26. Additionally, the GluN2B C-terminal domain has been shown to have distinct binding sites for death associated kinase protein 1 (DAPK1) and has been hypothesized to be an important signaling hub for apoptotic signaling following cerebral ischemia. Whether this binding exists for GluN2A is unclear26. 
In addition to NMDARs, non-NMDARs also may participate in excitotoxicity. Historically, non-NMDARs were not implicated in excitotoxicity because they have a 100-fold reduced permeability to calcium ions. However, identification of high calcium permeable AMPA receptors (CP-AMPARs) in a subset of hippocampal neurons spiked interest in these receptors27. Since then, interest in their potential involvement in excitotoxicity has increased28 . Metabotropic glutamate receptors (mGluR), especially mGlu5, have also been reported to be associated with glutamate-induced excitotoxicity via increased calcium signaling though activation of phospholipase C29. Thus, although neuronal dysfunction associated with excitotoxicity has largely been thought to be mediated by NMDA receptors, there is a growing body of evidence that additional ionotropic and metabotropic glutamate receptors either operate individually or in association with NMDARs to amplify excitotoxicity. 


Calcium ions and their role in propagating excitotoxicity
Calcium is an important intracellular messenger associated with a myriad of cellular functions such as differentiation and growth, membrane excitability, exocytosis, and synaptic activity. The pivotal role of Ca2+ in intracellular functions requires a tight regulation of Ca2+ concentration that is brought about by a complex interplay of Ca2+ influx, Ca2+ efflux, Ca2+ buffering and internal Ca2+ storage. During resting state conditions, the cytosolic Ca2+ concentration is maintained at a low level of 100nM30.  
Glutamatergic activation of ionotropic and metabotropic receptors leads to increases in intracellular Ca2+ concentration via entry of Ca2+ through Ca2+-permeable ionotropic receptors and via mobilization of Ca2+ from internal sources following activation of the inositol triphosphate-diacylglycerol (IP3-DAG) pathway by metabotropic receptors31,32. Unlike the transient spikes in intracellular Ca2+ concentration that occur during physiological processes, sustained and/or excessive increases in intracellular Ca2+ such as those that occur during excitotoxicity lead to mitochondrial injury. 
The major protein complex involved in mitochondrial Ca2+ uptake is the mitochondrial Ca2+ uniporter (MCU). This uptake system ensures high-capacity Ca2+ uptake. Mitochondrial Ca2+ uptake is balanced by the activity of proteins such as the Na+/Ca2+ exchanger and leucine zipper EF-hand containing transmembrane protein 1 (LETM1) that release Ca2+ back into the cytosol33. Excess mitochondrial uptake of Ca2+ can lead to production of reactive oxygen species (ROS) and opening of a high conductance transition pore in the inner mitochondrial membrane. The opening of this pore is followed by an influx of ions and water, leading to mitochondrial swelling, damage in the respiratory chain, decreased oxidative phosphorylation, diminished ATP production, and eventually rupturing of the mitochondria and release of Ca2+ and apoptotic factors in the cytosol34. These apoptotic factors include the B-cell lymphoma/leukemia 2 protein (BCL2) family of proteins, cytochrome-c, and procaspase 2, 3, and 9, which activate caspase-dependent apoptosis35. 
[bookmark: _Cellular_signaling_pathways]In addition to this, excessive Ca2+ influx also activates phospholipases that contribute to neuronal membrane destruction through lipid peroxidation, and proteases such as calpain that increase production of free radicals leading to oxidative stress18. Unlike other organs, the brain is especially sensitive to free radicals because it has a less extensive endogenous antioxidant system36. Not only do these free radicals disrupt the functioning of cellular proteins, but they also cause DNA fragmentation and modification that may cause irreversible damage.
Cellular signaling pathways associated with excitotoxicity
Downstream of glutamate receptor activation and increases in intracellular Ca2+, multiple pathways have been proposed to be contributing to cell death associated with excitotoxicity. One of these is the phosphatidylinositol 3-kinase (PI3)-serine/threonine protein kinase Akt (also known as protein B)-glycogen synthase kinase 3 beta (GSK3) pathway. Inhibition of PI3/Akt/GSK3- exacerbates neuronal death. Stimulation of PI3/Akt by NMDAR causes neuroprotection through multiple mechanisms, including: phosphorylating and subsequent inactivation of GSK3- and the BCL-2-activated agonist of death (BAD) protein; phosphorylation of Forkhead box transcription factors (FOXO) causing inhibition of FOXO-dependent transcription of death-inducing factors such as Fas ligand (FasL) and  BCL-2 interacting mediator of cell death (BIM-1); inhibition of tumor suppressor activity of tumor protein 53 (p53); and inhibition of death promoting genes37. Thus, inhibition of the PI3-Akt pathway causes cell death.
A second pathway associated with excitotoxicity is the mitogen-activated protein kinase/extracellular signal regulated kinase 1/2 (MAPK/ERK) pathway. Some reports support glutamate-induced excitotoxicity being accompanied by a significant increase in MAPK expression in cortex and hippocampus38. Activation of MAPK leads to the phosphorylation and activation of various downstream elements such as Jun N-terminal kinase (JNK) and the p38 mitogen activated protein, which play important roles in cell survival and cell death. Canonical JNK signaling leads to activation of transcription factors such as JUN that exacerbate cell death. JNK inhibition has been tremendously effective in protecting cortical neurons from excitatory damage. Activation of p38 MAPK increases activation of cytosolic phospholipase A2 at Ser 505, which catalyzes release of arachidonic acid, the initial substrate of prostaglandin E2 biosynthesis, leading to an inflammatory reaction39,40. 
In addition to the above-mentioned pathways, acute excitotoxicity can also lead to osmotic imbalance that can eventually rupture the cells. Movement of chloride ions has been reported to be a key factor in driving this osmotic imbalance. In certain cases, inhibition of cation-dependent Cl- transport protein Na-K-Cl transporter 1(NKCC1), has been shown to reduce glutamate-mediated excitotoxicity in neuronal cells41. 
Excitotoxicity has also been involved in oxidative stress by producing reactive oxygen species (ROS). ROS production can lead to mitochondrial damage via activation of JNK and nuclear factor  (NF-) transcription. JNK signaling has been linked to regulating NF- signaling and exacerbating excitotoxicity mediated cell damage by releasing cytochrome c from the mitochondria leading to apoptosis42–44. 
Glial cells and excitotoxicity
In addition to neurons, the brain contains multiple types of glial cells. When first discovered by leading neuroscientists of the 19th century Rudolf Virchow, Santiago Ramon y Cajal, and Pio del Rio-Hortega, glial cells were largely considered to be providing physical and chemical support in the overall functioning of neurons. However, it is now clear that these cells play an important role in brain function through modulating neurodevelopment, providing nutrition and growth factors, maintaining homeostasis, releasing and responding to neurotransmitters, and responding to toxic and infectious stimuli. Glial cells in the brain largely consist of three distinct populations: 1) microglia, 2) astrocytes, and 3) oligodendrocytes. Each of these cell types have overlapping and distinct roles in contributing to excitotoxicity associated cell death45. 
Astrocytes contribute significantly to the earliest steps of glutamate toxicity via the activity of the glutamate transporters EAAT1 and EAAT2. As mentioned previously, these transporters play important roles in maintaining extracellular glutamate concentrations at optimal levels and contributing to the glutamate-glutamine cycle46. The expression of these transporters is reduced following hypoxia/ischemia (events leading to excitotoxicity), resulting in extrasynaptic glutamate accumulation47. Additionally, the energy failure associated with excitotoxicity contributes to impairment of the ATP-dependent conversion of glutamate to glutamine via astrocytic glutamine synthetase. This increases glutamate concentrations in astrocytes, leading to reduced glutamate uptake and/or enhanced glutamate release48,49. This release of glutamate by astrocytes may involve a shift in P2X7-purinergic receptors to a more ‘dilated’ conformation facilitating the release of glutamate under pathological conditions50. Astrocytes have also been reported to express a variety of large pore hemi-channels that open in response to excitotoxic challenges and lead to Ca2+ dependent release of inflammatory factors such as interleukin 1 (IL-1B), epidermal growth factor (EGF)51 and TNF-52.
Oligodendrocytes form myelin sheaths around axons and generally support the functioning of white matter, brain regions containing large areas of myelinated axonal projections. White matter is especially vulnerable to ischemia53. This has spurred investigation of oligodendrocytes in the context of ischemic white matter injury45. Notably, oligodendrocytes are particularly vulnerable to energy deprivation54. Energy deprivation under oxygen-glucose deprivation, such as in an in vitro model for eliciting ischemic stroke55, or in response to an excitotoxic stimulus, leads to the release of glutamate from the oligodendrocytes via transporters such as glutamate-aspartate transporter (GLAST) that contributes to glutamate toxicity56. 
Microglia are the resident macrophages of the brain and account for about 10-15% of the total cells of the central nervous system (CNS). They act as sentinels of the CNS, scanning the environment for healthy and damaging signals. Microglia interact with a wide variety of cells in the brain to maintain homeostasis. For example, healthy neurons express the cluster of differentiation 200 ligand (CD200) which interacts with its cognate CD200 receptor (CD200R) expressed by microglial cells to modulate microglial activity57. Additionally, microglia have been shown to respond to ATP released by neurons via their G-protein coupled P2Y12 receptors58. Similar chemokine signaling contributes to crosstalk between astrocytes and microglia, especially under diseased conditions59.  Microglia can also modulate oligodendrocyte development in the subventricular zone via the release of TNF-, IL-16, IFN-, IL-160. Thus, there is an emerging body of evidence highlighting microglial crosstalk with the other cell types in the brain. This crosstalk not only aids in maintaining homeostasis in the brain but also in responding to tissue and cellular damage as observed during excitotoxicity. 
Under normal physiological conditions, microglia extend ramifications and conform to a surveillance mode.  During damage or when exposed to a toxic stimulus, such as those observed during an excitotoxic challenge, the microglia sense these pathologies via their transmembrane receptors collectively referred to as pattern recognition receptors (PRR). Specific receptors of the PRRs such as Toll-like receptors (TLR) and Nod-like receptors (NLR) can play an active role to transform microglia to an activated state61. This state can involve an increase in the release of inflammatory cytokines such as TNF-, IL-1 and interferons. These cytokines can trigger a localized accumulation of microglia (microgliosis) in the affected region and can stimulate nearby cells to release more inflammatory cytokines in a vicious positive feedback cycle62. Additionally, the activated state may be associated with increased glutamate release from the microglial cells into the extrasynaptic space via the xCT system and gap junction hemi-channels, which can exacerbate excitotoxic cell death and damage63–65.The release of pro-inflammatory cytokines such as IL-1 and TNF- not only can affect nearby neurons and but also can alter the function of glutamate transporters in oligodendrocytes and astrocytes, which can further increase the concentration of glutamate in the extrasynaptic space66,67.  
On the other hand, microglia can also response to pathological stimuli in an anti-inflammatory manner. In this scenario they can release anti-inflammatory cytokines such as IL-10 and IL-4 and growth factors such as BDNF and GDNF. Thus, while microglia are highly sensitive to changes in the environment, they are extremely complex cells with varied states and associated functions that are not yet fully understood. 
Complexity in morphological and functional classification of microglia
The range of microglial physiological functions is complex. The first description of microglia in 1919 by Pio del Rio-Hortega, depicted a two-state paradigm where microglia can conform to either a ramified state (associated with its resting phase) or an amoeboid state (associated with an activated state). However, the subsequent century of research has broadened our insights into the behavioral and physiological spectrum of these cells. It is now clear that microglial functions, morphologies, and interactions with other cells constitute a context-dependent panorama68. 
This shift in the understanding of microglial functional diversity has direct implications on the functional classification of microglia based solely on phenotypic appearance. We now understand that there is not a clear relationship between the expression of pro- or anti-inflammatory markers with any specific microglial morphology. Additionally, activated microglia were initially thought to be in either a pro-inflammatory (M1) state or an anti-inflammatory (M2) state, following the paradigm used by for macrophages69.  These two states were associated with the changes in the release of specific sets of proteins and expression of specific cell surface markers70. However, with the advances of microglial research in neurodegenerative diseases, it is clear that microglia exist in multiple polarization states71. These polarization states occur along a continuous scale; depending on the combination of stimuli received by the microglia, their functional state can shift in various ways. The diversity of the microglia morphology and functions is also shaped by the spatial heterogeneity of these cells72. Heterogeneity in microglial numbers along with differences in molecular signatures across different compartments of the CNS adds an increased layer of complexity to understanding their roles in healthy brain and in disease responses. Circadian rhythms and the suprachiasmatic nucleus
The term circadian rhythm is derived from the Latin ‘circa diem’ which means ‘about a day’. The term was coined by Franz Halberg to describe endogenous oscillations in organisms observed in approximate association with earth’s daily rotation cycle.  The rotation of the earth causes daily rhythms in various environmental parameters including light intensity, temperature, and food availability. Evolutionarily, most organisms have developed an internal time-keeping mechanism enabling them to anticipate and respond to these environmental changes. This internal clock generates approximately 24h (circadian) cycles in behavior, physiology, and metabolism73. Circadian rhythms are ubiquitous across organisms including animals, plants, fungi and even some bacteria (e.g., cyanobacteria)74. Importantly, over the past fifteen years circadian oscillations in components of immune systems have been observed that could potentially affect disease onset and severity, and therefore the effectiveness of disease therapies75. 
In mammals, the primary circadian clock is located in the suprachiasmatic nucleus (SCN). The SCN is a bilateral structure located in the hypothalamus of the brain that is dorsal to the optic chiasm and straddles the third ventricle. Lesion studies in rodents provided the initial evidence that the SCN is the site of the circadian pacemaker76. Lesioning the SCN eliminates circadian rhythms, while transplantation of fetal SCN tissue into SCN-lesioned animals restores rhythmicity. The SCN synchronizes behavioral and physiological rhythms to the external day-night cycle using photic information received by the retinas and transmitted via the retinohypothalmic tract (RHT)77. Although most SCN cells are GABAergic, based initially on differences in neuropeptide expression and afferent and efferent projections, the SCN can be subdivided into dorsal (i.e., shell) and ventral (i.e., core) regions. The ventral SCN expresses gastrin-releasing peptide (GRP) and vasoactive intestinal peptide (VIP) and receives most afferent inputs, including glutamatergic input from the retinas. In contrast, the dorsal SCN contains vasopressin-expressing neurons and is where most efferent projections originate77. These different areas of the SCN play distinctive roles in the generation and synchronization of the circadian rhythms.
Individual cells in the SCN generate circadian rhythms via a series of interconnected positive and negative feedback loops; these feedback loops regulate the transcription, translation and activity of clock genes and proteins. The major players involved in generating cellular circadian rhythms include the transcription factors circadian locomotor output cycles kaput (CLOCK) and brain and muscle ARNT-like protein 1 (BMAL1). These proteins, when dimerized, drive the transcription of specific target genes in the Period (Per1, Per2, and Per3) and Cryptochrome (Cry1 and Cry2) gene families; in turn PER and CRY proteins inhibit CLOCK/BMAL1-mediated transcription; together this creates a transcriptional translational feedback loop (TTFL)78. The molecular players that constitute the clock are conserved across cells throughout the body, including the immune cells of the brain. 
The SCN is composed of neurons and glial cells. Neurons and astrocytes have been shown to exhibit day-night differences in their activity, and they interact in regulating the circadian clock. SCN astrocytes undergo circadian variations in their morphology, as indicated by changes in GFAP distribution across 24hrs79.  They also have higher metabolic activity and intracellular Ca2+ in the night, and they release glutamate at night. This increase in glutamate stimulates local GABA release by adjacent SCN neurons, thereby suppressing overall neuronal activity at night80. Conversely, SCN neurons are more active and have higher intracellular Ca2+ in the day. Likely due to their lower baseline activity at night, SCN neurons generate larger Ca2+ transients when stimulated by NMDA during the night vs. during the day81. Thus, overall, the activity of the different cellular and molecular components of the clock shows distinct rhythms in the day and night. 
In contrast to the neurons and astrocytes, microglial cells have not been studied extensively in the SCN.  Ablating microglia in the SCN in vivo using a colony stimulating factor 1R (CSF1R) inhibitor leads to no change in circadian clock function as measured by the overall pattern of locomotor activity of the mice housed under constant dark82. However, a separate study isolated the SCN in organotypic slices, then treated the slices to eliminate all microglial cells.  They subsequently observed a change in the amplitude of clock circadian output (shown by bioluminescence monitoring) when the slices were co-cultured with microglial cells previously polarized to either a pro-inflammatory (M1) or anti-inflammatory (M2) state. Slices treated with M2 microglia exhibited an increase in the circadian amplitude, while there was no change in the circadian amplitude in slices co-cultured with M1 microglia83. There are also studies that have indicated that depleting microglia from the SCN does affect the expression of clock genes such and Per1 and Bmal1 protein expression in the SCN region84. Additionally, immune activity of microglial cells as observed by cytokine expression and C11b expression vary as a function of age with more expression occurring in aged mice compared to young mice85. While these studies are helpful and indicate that microglia may be playing a role in the SCN, which in turn may affect the diurnal rhythms in temperature and locomotor activity, it still leaves substantial gaps in our understanding in knowledge if the microglial activity in the SCN can also answer the increased resiliency of the region again cell death under excitotoxic conditions. 
Circadian rhythms in the immune system
As previously mentioned, the SCN is the central clock of the body. In addition to maintaining its internal oscillation and entrainment properties, it reinforces a temporally regulated circadian program across the whole organism. One physiological process that exhibits a circadian rhythm is the immune system. Circadian oscillations in peripheral immune system components such as hematopoietic stem cells, leukocytes, neutrophils, macrophages etc. have been studied extensively over the last 15 years. Circadian regulation of the immune system involves a complex interplay of hormones and local autonomic innervation. The major hormones associated with this process are the glucocorticoids, adrenaline and noradrenaline86, which are part of the hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis receives input from the SCN via the paraventricular nucleus in the hypothalamus. Glucocorticoids exert their effects via glucocorticoid receptors, while adrenaline/noradrenaline acts through -adrenergic or -adrenergic receptors. These receptors have been shown to have diverse effects the immune cells influencing their responses across the 24h87. 
The peripheral immune cells show distinct patterns of activity across the day. The circulating levels of hematopoietic stem and progenitor cells (HPSCs) and most mature leukocytes (except for CD8+ T-cells) peak during the resting phase of rodents and decrease during their active phase75,88.  In contrast to HPSCs and leukocytes, glucocorticoid, adrenaline, and noradrenaline levels, along with pro-inflammatory cytokines such as TNF- and IL-1, peak during the active phase of mice 75,88.  These rhythms not only affect the disease manifestation of an organism, but also the response to immune insults across 24h. An example of this is the responses to lipopolysaccharide (LPS) across different times of day. LPS is an antigenic molecule isolated from Gram-negative bacteria that can elicit an acute inflammatory response both in vivo and ex vivo89. It functions by activating Toll-like receptors 4 (TLR4)90.  LPS injections given to mice at the beginning of their active period leads to greater increases in serum levels of cytokines such as IL-6, IL-12, CCL2, CCL5 and CXCL1 compared to injections given at the beginning of their resting phase91. The increased levels of circulating cytokines induced at the beginning of the active phase leads to an exacerbated immune response in these animals.  However, this response is abrogated in mice with macrophages lacking circadian clock genes such as in Nr1d1 and Bmal1, supporting the rhythmic immune response being strongly regulated by the circadian clock91. 
Similar to the peripheral immune system, the immune cells of the brain also show day-night differences in their activity. Microglial cells in the hippocampus exhibit day-night differences in expression of cytokines such as IL-6, TNF-, IL-1 that peak at various times during the light phase of the animal92. Additionally, hippocampal microglia show time-of-day differences in their morphology, with microglia exhibiting a higher ramification index during the night compared to the day in animals housed under 12:12 light-dark (LD) conditions93,94. These microglia rhythms are noteworthy given that hippocampal cells in the rats exhibit more cell death when rats are subjected to an ischemic insult at the beginning of their active period vs. the beginning of their inactive period95.  However, there is no information currently available about whether similar rhythms in microglia and/or ischemic responses occur in other brain regions, including the SCN, and if there are any functional connections between these microglial rhythms and rhythms in the immune activity of these areas when exposed to an excitotoxic stimulus. 
 In humans, too, there are day-night differences in the outcome of ischemic stroke. Although the incidence of stroke is higher in the day compared to the night, the neurological outcomes of the stroke are worse when they occur at night compared to the day96. The neurological outcome being worse after nighttime strokes is consistent with studies of ex vivo LPS stimulation of whole blood from human samples that show a higher inflammatory response when volunteers are challenged with LPS at night97. Thus, although whether this increased immune response is directly connected to the worsening ischemic results in the night remains to be tested, there does exists a time-of-day correlation between activity of the immune cells and the neurological outcome of diseases.
The suprachiasmatic nucleus as a model to study excitotoxicity	
The brain is a heterogeneous organ in terms of the diversity of functions regulated, neural circuitry and crosstalk between different areas, as well as in the diversity of cellular and molecular signatures. This heterogeneity is the reason why the brain does not respond uniformly to any stimulus, whether it be physiological or pathological. With respect to excitotoxicity, this differential response was first observed experimentally when kainic acid was injected into the lateral hypothalamus and the degree of cell death observed in the SCN region was minimal compared to the surrounding hypothalamus98. More recent studies have highlighted the resilience of the SCN in in vitro cell culture models99,100. The resilience of the SCN has also been studied in the context of Alzheimer’s disease (AD) and aging, given circadian impairments observed under these conditions101. However, post-mortem histological samples of the SCN from humans have shown no implicit degeneration of the area, which suggests that circadian dysfunctions occurring during AD or aging are not related to disruptions occurring specifically in the SCN area102 . Thus, while there is evidence of SCN resiliency to pathological events, there has been no in-depth quantitative comparison of this resiliency with other areas of the brain. Moreover, the mechanisms behind this differing responses of the SCN under pathological conditions have not been fully elucidated. Nevertheless, based on existing data, we believe the SCN could be used as a good model for studying excitotoxicity to potentially give us insight into mechanisms that can enhance resiliency. With this, we may be able to extrapolate mechanisms found in the SCN to other areas of the brain that show higher degrees of cell death following an excitotoxic stimulus, such as in the cortex103.  
Goals of my research
While there have been some studies indicating the resiliency of SCN cells, a quantitative comparison to other areas of the brain is missing. Additionally, since these studies will be done using ex vivo brain slice preparations that keep the tissue architecture intact, these studies are better in recapitulating the contextual cues available in an intact brain. Thus, the results from these studies will be more therapeutically applicable to treating excitotoxicity-associated disorders. Furthermore, we are not only interested in quantitatively comparing the resiliency of the SCN region with other brain areas but are also interested in elucidating mechanisms that might be driving this resiliency. Separately, although there is evidence of rhythms in microglial activity and excitotoxic responses in the brain, there have been no quantitative investigations of these rhythms and to what extent they differ across brain regions.

Recently there has been a huge push to study microglia cells under physiological and diseased conditions to determine the extent to which their activity affects cell survival. Under neurodegenerative conditions, microglia can exacerbate cell death by releasing pro-inflammatory cytokines104. On the other hand, some results highlight a neuroprotective aspect of microglial activity with the expression of anti-inflammatory cytokines105. Under in vitro conditions, the dual roles of microglia expressing pro- and anti-inflammatory cytokines are shaped by their responses to different cytokines. Heterogeneity in microglial phenotype could lead to differences in microglial activity between brain areas, but whether these differences influence the survival of neuronal cells in the respective brain regions is still unclear.  
Thus, the broad goals and associated hypotheses of my research are as follows: 
1. Quantitatively assess cell death in the SCN under control and excitotoxic conditions compared to the anterior hypothalamus (AH) and cortex. I hypothesize that the SCN is more resilient to excitotoxicity induced cell death compared to the AH and cortex. I also hypothesize that under control conditions, the amount of cell death will not be significantly different across different regions. 
2. Determine if excitotoxic susceptibility in the SCN, AH and cortex exhibits diurnal rhythms. I hypothesize that there are day-night differences in cell death under control conditions that are exaggerated under excitotoxic conditions the SCN, AH and cortex. I also hypothesize that these rhythms in the SCN are in anti-phase with the AH and cortex because neuronal activity in the SCN is anti-phase to that of AH and cortex.  
3. Compare the density, morphology, and percentage of microglial cells expressing pro-inflammatory and anti-inflammatory cell surface markers (CD86 and CD206 respectively) in the SCN, AH and cortex under control and excitotoxic conditions and across different times of day. I hypothesize that the SCN has a lower microglial density, more ramified microglia morphology, and lower percentage of microglial cells expressing the pro-inflammatory cell surface marker, CD86, compared to the AH and cortex under control conditions, a difference that will be exacerbated in the presence of excitotoxic stimulus. I also hypothesize that the times of day when we see higher cell death under excitotoxic conditions will be associated with higher microglial density, microglia conforming to an amoeboid shape and higher percentage of microglial cells expressing the CD86 cell surface marker compared to the CD206 cell surface marker.  I also hypothesize that, under control conditions, we will not observe day-night differences in microglial density but there will be differences in the morphology and expression of CD86+ and CD206+ across the 24h in the SCN, AH and cortex.   
4. Compare microglial density, morphology, and cell surface marker expression in the SCN, AH and cortex in acutely fixed brain slices with brain slices that have been maintained in vitro.  I hypothesize that microglial density will be lower in the SCN compared to the AH and cortex, but the overall morphology of microglial cells percentage of cells expressing CD86 and CD206 will be similar across different regions. I also hypothesize that we will observe day-night differences in microglial morphology and the percentage of CD86+ and CD206+ microglial cells but not day-night differences in overall microglial density.  
5. Quantify cytokines released from brain slices containing the cortex and the hypothalamus under control and excitotoxic conditions. I hypothesize that under excitotoxic conditions, the cortex will express more pro-inflammatory cytokines compared to anti-inflammatory cytokines while the reverse will be true for the hypothalamic region.

Chapter II
Ex vivo comparative investigation of suprachiasmatic nucleus excitotoxic resiliency
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Abstract
Glutamate signaling in the brain is regulated by release, reuptake, and receptor responsiveness. In diseased conditions, glutamate signaling can exceed normal regulatory processes, giving rise to a condition called excitotoxicity. Although regional differences in the excitotoxic effects of glutamate in the brain have been reported, the extent and characteristics of these potential differences are not clear. Here we compared the excitotoxic resiliency of the suprachiasmatic nucleus (SCN), anterior hypothalamus (AH) and cortex. We treated acute brain slices containing either the SCN and AH or the cortex from adult male mice at different times across the diurnal cycle with varying concentrations of N-methyl-D-aspartate (NMDA), NMDA+ α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) or control medium. The extent of cell damage was assessed using propidium iodide (PI), a cell death marker. The results indicate that all three brain regions exhibited increasing cell damage/death when treated with increasing concentrations of NMDA. However, higher concentrations of NMDA were needed to significantly increase cell damage in the SCN compared to the cortex and AH. All three brain regions also exhibited greater cell death/damage when treated in the nighttime compared to the daytime, although the SCN exhibited increased cell death during a more restricted time interval compared to the AH and cortex. Together, these data confirm previous studies showing excitotoxic resiliency in the SCN, while extending them in two ways. First, we demonstrate a dose-dependency in excitotoxic susceptibility that differentiates the SCN from the surrounding AH and the cortex using a brain slice preparation. Second, we demonstrate a diurnal rhythm in excitotoxic susceptibility with a broadly similar phase across all three brain regions. These data increase our understanding of the extent and nature of the SCN excitotoxic resiliency, which will inform future studies on the cellular mechanisms underlying this phenomenon. 
Introduction 

Glutamate is the primary excitatory neurotransmitter in the brain and as such is critical for proper neural functioning6. Under physiological conditions, the optimal extracellular glutamate concentration is maintained by a balance between astrocytic reuptake and neural/astrocytic release106. However, certain disease conditions, including ischemic stroke, traumatic brain injury and neurodegenerative diseases, are accompanied by an excess accumulation of extracellular glutamate. For example, an increase in extracellular glutamate is seen after severe trauma that persists for more than 4 days 107. This leads to over-activating N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and ultimately cell damage and death, a phenomenon known as excitotoxicity108. 
Although excitotoxicity is initiated by glutamate, Ca2+ is the primary mediator of excitotoxic damage. Excessive glutamate-induced influx of Ca2+ disrupts normal metabolic processes, creates oxidative stress, and activates cell death pathways109. Importantly, the degree of cell death induced by excess glutamate/Ca2+ signaling may differ across the brain.  The characteristics and mechanism(s) underlying these regional differences are not clearly understood but determining intrinsic/extrinsic mechanisms that enhance excitotoxic resiliency could help in developing treatments for this debilitating pathology. 
The suprachiasmatic nucleus (SCN), site of the primary circadian oscillator in mammals, is thought to be resilient to excitotoxic damage. This was first reported in 1980 by Peterson et.al98; when kainic acid injections into the lateral hypothalamus and ventrolateral geniculate led to widespread death while sparing the SCN. Subsequent studies demonstrated that immortalized rat SCN cells (SCN 2.2 cells) exhibit resiliency to glutamate-induced excitotoxic damage compared to hypothalamic (GT1-7) cells100. Although informative, these latter studies investigated dispersed cells in culture, which lack the normal in situ cellular and extracellular environment. Thus, whether the same resiliency differences and potential underlying mechanism(s) occur under intact tissue conditions remains unclear. Moreover, the resiliency of the SCN has not been quantitatively compared to other brain regions, such as the cortex, known to exhibit high excitotoxic susceptibility110. Lastly, although the SCN exhibits circadian rhythms in many cellular mechanisms, its excitotoxic resiliency has not been investigated across different times of the day. Therefore, we investigated excitotoxic resiliency using acute murine brain slices, comparing the effects across multiple brain regions, different times of the day and using different strengths of excitotoxic stimuli. Our results show 1) the SCN is more resilient to excitotoxic damage compared to the adjacent anterior hypothalamus (AH) and the cortex; 2) the resiliency of all three brain regions is dose dependent; and 3) the SCN, AH and cortex all exhibit a diurnal rhythm in excitotoxicity resiliency. 
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Brain slice preparation
Acute coronal brain slices (500m) containing both the SCN and adjacent AH or the cortex were prepared from adult male (2-3 months) C57Bl/6 mice (Envigo; Indianapolis, IN) housed under a 12:12 light-dark cycle with food and water available ad libitum. Although specific cortical areas were not targeted for this study, all cortex slices were from the midline and most contained somatosensory cortex immediately posterior to bregma. All procedures with the animals were approved by the University of Tennessee IACUC committee, protocol #1453, and all efforts were made to minimize suffering of the animals. Slices were prepared between Zeitgeber Time 0-2 (ZT 0-2, where ZT 0 = lights on and ZT 12 = lights off in the donor animal colony) or ZT 10-12 and placed in Hatton-style brain slice dishes perfused with Earle’s Balanced Salt Solution (EBSS) (MP Biomedicals; OH, USA) supplemented with glucose and sodium bicarbonate; pH 7.4, gassed with 95% O2/5% CO2 and maintained at 37C as described elsewhere111. Depending on the experiment, brain slices were maintained for approximately 4 or 10 h prior to experimental treatment. 
Excitotoxic treatment
At the designated time relative to the animal colony light cycle (ZT 6, 12, 16 or 22), perfusion of the brain slice chamber was paused, and the slices were left untreated or treated by bath application of EBSS supplemented with NMDA (50M – 10mM) (Sigma Aldrich; MO, USA) for 1h. In some experiments, slices were treated with EBSS supplemented with 500M NMDA + 50M AMPA (Sigma Aldrich). Following the 1h treatment, the perfusion medium was replaced with normal EBSS, and perfusion was resumed for an additional 3 h. 
Propidium iodide staining and tissue fixation
At the end of the 3 h, brain slice perfusion was switched to EBSS containing 4.6g/ml propidium iodide (PI) (Invitrogen; OR, USA) for an additional 2 h. At the end of this period, the tissues were placed in 4% paraformaldehyde (Electron Microscopy Sciences; PA, USA) for 10 min, then transferred to a 30% sucrose solution and incubated overnight at 4C. The following the day, the slices were embedded in optimum temperature cutting compound (Tissue Tek; CA, USA), and the resulting tissue blocks were stored in -80C until sectioning.
Tissue sectioning and Imaging
The tissues were sectioned (10m) with a cryostat and the sections were collected on gelatin-coated slides and stored in -80C. For the imaging, slides containing the tissue sections were air dried and then washed in phosphate buffered saline. After washing, the slides were cover- slipped with Vectashield mounting medium (Thermofisher Scientific; CA, USA) containing 4’,6’-diamidino-2-phenylindole (DAPI) and the edges were sealed with nail-polish. Fluorescence images were acquired using a Leica DM6000B microscope at 10X magnification. Similar settings were maintained for the acquisition of all images. 
Image Analysis 
All image analyses were performed using ImageJ software (NIH). Given the lack of consensus in the literature for evaluating the extent of cell death/damage in histological images, we compared the utility of three different image analysis protocols: intensity-based cell count (IBCC), particle analysis cell count (PACC) and mean gray value (MGV). For all three protocols, the images acquired were first split into individual channels: blue (DAPI, 405nm) and red (PI, ~570-610nM). Using the blue channel, the region of interest (ROI) was marked in each section.  The subsequent steps for each procedure are detailed below.  In all cases, one image was analyzed per brain slice for each experimental condition and a total of 3-8 replicates were analyzed for each experimental condition (replicate numbers varied across experiments). Images were analyzed by at least 3 individuals blind to the treatment, with greater than 85% consistency across all individuals. The mean of the individual analyses for each image was used for statistical analysis. 
Intensity Based Cell Count (IBCC):  The total number of cells in each ROI were manually counted using the blue channel. The red channel exhibited a range of PI intensities, consistent with cells having varying degrees of excitotoxic damage. Based on a random sampling of these intensities across the entire image, thresholds were determined that separated the cells into three categories: Grade 1 (little or no PI staining; healthy cells), Grade 2 (moderate PI staining; damaged cells) and Grade 3 (intense and sharply delineated PI staining; dead cells)112. The percentage of cells in each category was determined by dividing the number of cells in each category by total number of cells in the ROI. This method of analyzing PI intensity was found to correlate with neuron physiological status with respect to membrane potentials and action potential generation.  Macklis and Madison (1990)10 showed that cells with minimal PI staining exhibited normal resting membrane potentials (-35mV to -50mV) and were able to generate action potentials, cells with moderate PI staining exhibited more depolarized resting membrane potentials (-10mV to -30mV) and were unable to generate action potentials, and cells with the highest PI staining were unable to sustain resting membrane potentials. 

Particle analysis Cell Count (PACC):  The background was subtracted from both the red and the blue channels. Next, the threshold was adjusted in the blue channel to delineate individual cells, using the watershed procedure on ImageJ to separate clumped cells. The total number of cells in the ROI were counted in the blue channel using the particle analysis option.  Using the red channel, the threshold was adjusted twice in ImageJ, once to show only Grade 3 cells and a second time so that Grade 2+3 cells were shown. In both cases, the particle analysis option on ImageJ was used to count the resulting shown cells in the ROI. The number of Grade 3 cells was subtracted to determine the number of Grade 2 cells. The number of Grade 1 cells was calculated by subtracting the number of Grade 2+3 cells from the total number of cells. The percentage of cells in each category was calculated by dividing the number of cells in each category by the total number of cells in the ROI.
Mean Gray Value (MGV):  The background was subtracted from both the red and the blue channels. Next, the mean gray value in the ROI was determined for each channel.  The PI:DAPI ratio was calculated to determine the relative amount of PI staining across the entire ROI without reference to different degrees of staining intensity. The percentage of Grade 2+3 (unhealthy) cells and Grade 1 (healthy) cells were calculated by the formulas: 
Grade 2+3 cells (unhealthy cells) = 100*[PI/DAPI]

Grade 1 cells (healthy cells) = 100*[1-PI/DAPI]
Graphing and Statistical Analysis
The data were graphed, and statistical analysis was performed using GraphPad Prism software (Version 8.0.1). Spearman Pearson correlation was performed to compare the three-imaging analysis (IBCC, PACC and MGV) procedures. Note that the experiments were not designed to test for differences in the percentage of cells across Grades (i.e., whether the percentages of Grade 1, 2 and 3 cells differ from each other). Instead, the experiments were designed to test whether there were significant changes within a particular cell Grade based on experimental condition.  Therefore, one-way ANOVA (testing for changes in cell percentages within Grades under different experimental conditions) followed by Tukey-test was performed to investigate inter-region differences under control conditions and to compare dose responses to increasing NMDA concentrations within each brain area.  Based on our results demonstrating statistical differences across regions under control conditions, subsequent analyses were restricted to within-region comparisons. One-tailed Student’s T-tests (only assessing treatment-induced decreases in healthy cells or increases in damaged/dead cells; Microsoft Excel) were used, as indicated, testing for changes within Grades, within each region of interest, across the various experimental conditions. Differences were considered statistically significant at p<0.05. 
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Results

PI imaging protocols identify regional differences in cell health under control conditions
To confirm that PI imaging would be useful for assessing excitotoxic damage, tissue slices containing the different regions were left untreated or treated with 50µM NMDA at ZT6. Figure 1(shown in Appendix I) shows representative images of the different brain areas. All the figures from this chapter is located in Appendix I. The ROIs are marked by the white lines. Clear differences in overall PI staining are apparent, suggesting there are differences in tissue health across the brain regions under both control and NMDA-treated conditions.  Based on these apparent differences, we proceeded to compare the extent of regional cell death and damage, beginning with control conditions, using all three of the analysis protocols. The data from these comparisons are summarized in Figure 2 (shown in Appendix I).
IBCC: Overall, IBCC analysis found no differences between SCN and AH, but identified differences between these two areas and the cortex. More specifically, one-way ANOVA determined that there were no statistically significant differences in the percentage of Grade 1 (healthy), 2 (damaged) or 3 (dead) cells (p=0.9) between the SCN and AH under control conditions. However, one-way ANOVA indicated a statistically significant difference between the SCN and cortex (p<0.05). Post-hoc analysis determined that there was a statistically significant difference in the percentage of Grade 1 cells between SCN and cortex (p=0.0001) but not for the percentage of Grade 2 (p=0.0880) or Grade 3 (p= 0.2860) cells. One-way ANOVA also indicated a statistically significant difference between the AH and cortex (p<0.05). Post-hoc analysis determined there was a statistically significant difference in Grade 1 cells (p<0.0001) and Grade 2 cells (p=0.0164) but not Grade 3 cells (p= 0.2860) between AH and cortex under control conditions.  
PACC: Overall, PACC analyses also found no differences between SCN and AH, but again found differences between these two areas and the cortex. More specifically, one-way ANOVA determined that there were no statistically significant differences in the percentage of Grade 1 (healthy), Grade 2 (damaged) or Grade 3 (dead) cells (p=0.9) between the SCN and AH under control conditions.  However, one-way ANOVA showed there was a statistically significant difference between the SCN and cortex (p<0.05). Post-hoc analysis determined that there was a statistically significant difference in the percentage of Grade 1 cells between the SCN and cortex (p=0.0012) but not Grade 2 (p=0.1956) or Grade 3 (p=0.6074) cells. One-way ANOVA also showed a statistically significant difference between the AH and cortex (P<0.05). Post-hoc analysis determined that there was statistically significant difference in the percentage of Grade 1 cells between AH and cortex (P= 0.0027) but not Grade 2 (p=0.5235) or Grade 3 (p= 0.4377) cells. 
MGV: Similar to the IBCC and PACC analyses, MGV analysis found no differences between SCN and AH, but identified differences between these two areas and the cortex. Specifically,  one-way ANOVA determined there were no statistically significant differences in the percentage of Grade 1 (healthy) or Grade 2/3 (unhealthy) cells (p=0.9) between the SCN and AH. However, one-way ANOVAs revealed statistically significant differences in Grade 1 (healthy) cells between the SCN and cortex (p=0.0014) and between the AH and cortex (p=0.0034). However, no significant differences in Grade 2/3 (unhealthy) cells were observed. 
Thus, overall, we found that under control conditions the SCN and AH exhibit robust health, and that cortical slices exhibit more tissue damage compared to both the AH and SCN regions. The differences were largely restricted to significant decreases in the percentage of Grade 1 (healthy) cells in the cortex and some significant increases in the percentage of Grade 2 (damaged) cells, with no significant differences in the percentage of Grade 3 (dead) cells (based on IBCC and PACC analyses) across the three regions. Given the baseline differences in overall health of the cortex compared to the SCN and AH under control conditions, we determined that the effects of excitotoxic treatments should be assessed separately within each brain region rather than directly comparing across regions.
Comparing the extent of excitotoxic damage using the different image analysis protocols
Next, we sought to compare the three analysis protocols for their ability to assess differences in excitotoxic damage based on the intensity of PI staining in each region under control vs. NMDA (50µM) conditions. The results, based on the three image analysis protocols, are shown in Figure 3.  Based on our experimental design, we focused on potential changes within the different cell Grades within each region across the different experimental conditions.
Using the IBCC analysis protocol, Student’s t-tests were used to test for changes in Grade 1 (healthy), Grade 2 (damaged) and Grade 3 (dead) cells separately within individual regions. There were no significant differences in the percentage of Grade 1 (p=0.195), Grade 2 (p=0.155) and Grade 3 (p=0.314) cells in the SCN, in the AH [Grade 1 (p=0.100), Grade 2 (p=0.058) and Grade 3 (p=0.059) cells] or in the cortex [Grade 1 (p=0.354), Grade 2 (p=0.337), and Grade 3 (p=0.428) cells] when comparing control vs. NMDA treated conditions within each brain region individually. Likewise, based on the PACC analysis procedure, Student’s t-tests determined there were no statistically significant differences in the percentage of Grade 1 (p=0.229), Grade 2 (p=0.067) and Grade 3 (p=0.4613) cells in the SCN, in the AH [Grade 1 (p=0.265), Grade 2 (p=0.361) and Grade 3 (p=0.063) cells] or in the cortex [Grade 1 (p=0.345), Grade 2 (p=0.431) and Grade 3 (p=0.353) cells] when comparing control vs. NMDA treated conditions within each brain region individually. Thus, both IBCC and PACC analyses found no significant differences within brain regions in response to 50M NMDA treatment. 
Using data from the MGV procedure, Student’s t-tests determined there were no statistically significant differences in the percentage of Grade 2/3 (unhealthy) cells in either the SCN (p=0.072) or the cortex (p=0.200) under control vs. NMDA treated conditions.  However, Student’s t-tests determined there was a statistically significant difference in the unhealthy cells in the AH region between control and NMDA conditions (p=0.041). These results, therefore, are somewhat different from those using the previous two procedures. 
To further compare the three analysis procedures, we performed a Pearson Correlation Analysis for each pair of analysis protocols using both the control and 50µM NMDA treatment data (Figure 4). The results show that the three methodologies are highly correlated, with each pairwise comparison having an R value exceeding 0.98 and with p <0.0001. Thus, all three image analysis protocols appear to generate generally consistent data and are all useful for comparing the extent of PI staining across different tissues/conditions. However, although the MGV procedure is the most straight-forward, it provides less detail than the other two methods, which are able to distinguish damaged vs. dead cells.  The PACC and IBCC methods also appear to be slightly more conservative than the MGV procedure in terms of assessing cell damage/death.  Based on these results, for the remainder of the experiments we chose to analyze the images using the IBCC method only. 

The SCN exhibits greater dose-dependent resiliency to excitotoxic damage compared to the AH and cortex
Given the minimal effects of 50µM NMDA treatment at ZT6 across all three brain regions, we proceeded to investigate whether more robust excitotoxic stimuli would increase cell damage when applied at this time point. For this, we treated the brain slices with increasing concentrations of NMDA (up to 10mM) as well as with a combination of NMDA (500µM) and AMPA (50µM). The data are summarized in Figure 5.
In the SCN, one-way ANOVA determined that there were statistically significant differences across the treatment conditions (p<0.05). Post-hoc analysis determined that there was a statistically significant difference in Grade 1 (p=0.0432) and Grade 2 (p=0.0221) cells between control and 10mM NMDA conditions, but not when comparing control with lower concentrations of NMDA. Thus, at the highest concentration of NMDA we used there was a decrease in Grade 1 (healthy) cells and a concomitant increase in the percentage of Grade 2 (damaged) cells but not Grade 3 (dead) cells in the SCN. 
In the AH, one-way ANOVA also showed statistically significant differences across the treatment conditions (p<0.05). Post-hoc analysis determined there were statistically significant differences in Grade 1 (healthy) cells between control and 1mM NMDA (p<0.0001) and between control and 10mM NMDA (p=0.0042). For Grade 2 (damaged) cells there were statistically significant differences between control and 1mM NMDA (p=0.0001) and control and 10mM NMDA (p=0.0024). For Grade 3 (dead) cells there was a statistically significant difference between control and 1mM NMDA conditions (p=0.0002) but no difference between control and 10mM. Thus, both 1 mM and 10 mM NMDA treatments decreased the percentage of Grade 1 (healthy) cells and increased the percentage of Grade 2 (damaged)/Grade 3 (dead) and cells in the AH. 
With respect to the cortex, one-way ANOVA indicated that there was a statistically significant difference across the experimental conditions (p<0.05).  Post-hoc analysis indicated there were statistically significant differences in the percentage of Grade 1 (healthy) cells between control and 1mM NMDA (p=0.0251) and between control and 10mM NMDA (p=0.0157). Thus, similar to the AH, both 1 mM and 10 mM NMDA treatments decreased the percentage of Grade 1 (healthy) cells and in the cortex. 
One-way ANOVA determined that the combined treatment of NMDA (500µM) + AMPA (50µM)  induced statistically significant changes in the AH compared to control (p<0.05). Post-hoc analysis determined there were statistically significant differences in Grade 1 cells (p<0.0001) and Grade 2 cells (p=0.0003) in the AH region between control vs. NMDA+AMPA conditions. Additionally, one-way ANOVA revealed statistically significant differences when comparing the response of the AH to 500µM NMDA to that of NMDA (500µM) + AMPA (50µM). Post-hoc analysis determined that there were statistically significant differences between Grade 1 (p0.0001), Grade 2 (p=0.0017) and Grade 3 (p=0.0229). In contrast, one-way ANOVA determined that there were no significant differences in the SCN region under control vs. NMDA+AMPA conditions (p>0.05).  Similarly, NMDA+AMPA did not induce statistically significant changes in the cortex compared to control (p>0.05). There also were no statistically significant differences in the SCN when comparing the response to 500µM NMDA vs. NMDA (500µM) + AMPA (50µM). Such a comparison, however, was not possible for the cortex because we did not treat cortical slices with 500µM NMDA alone. 
To expand our analysis of the dose-response data, we shifted back to the MGV procedure to analyze these same tissue sections, which allows us to directly compare the percentage of healthy (equivalent to Grade 1 cells) and unhealthy (equivalent to Grade 2 and 3) cells in each brain region under each experimental condition. Using Student’s t-tests, we found that in the SCN, the percentage of healthy cells was statistically higher than the percentage of unhealthy cells under control (p<0.001), 50M NMDA (p<0.001), 100M NMDA (p<0.001), 500M NMDA (p=0.019), and 1mM NMDA (p<0.001) conditions. For the AH, we found that the percentage of healthy cells was statistically higher than the percentage of unhealthy cells under control (p<0.001), 50M (p<0.001) and 100 M (p<0.001) conditions. For the cortex, we found that the percentage of healthy cells was statistically higher than the percentage of unhealthy cells under control (p=0.009) and 50M NMDA (p<0.001) conditions. Under the other conditions there either was no significant difference in the percentage of healthy and unhealthy cells in the cortex (1mM NMDA and AMPA+NMDA) or the percentage of unhealthy cells was significantly higher than the percentage of unhealthy cells [10mM NMDA (p=0.007)]. Thus, using the MGV procedure, although the results are slightly different, we nevertheless see a similar pattern with respect to the SCN being less susceptible to NMDA-induced excitotoxicity compared to either the AH or the cortex.
The SCN, AH and cortex are more susceptible to excitotoxic damage during the night than during the day
To determine whether excitotoxic susceptibility exhibits diurnal variations, tissue slices containing the different brain regions were left untreated or treated with 50µM NMDA at ZT6, 12, 16 or 22. Because preparing brain slices during the lights-off period can reset the circadian clock11, we prepared all the slices in the lights-on period. Due to this constraint, treating the slices at four different ZTs required that they be maintained in vitro for different amounts of time. To account for this, slices treated at ZT6 and ZT16 were prepared 4-6 hours prior to treatment, while slices treated at ZT12 and ZT22 were prepared 10-12 hours prior to treatment. Again, because we were investigating changes in the percentage of cells within each Grade in individual regions in response to treatments at different times of day, we used Student t-tests for the statistical analyses. The data are summarized in Figure 6.
In the SCN treated at ZT6 and ZT12, Student’s t-tests determined there were no statistically significant differences between control and NMDA treated conditions [Grade 1 (healthy) (P=0.026; not considered significant because the trend was in the opposite direction from the one-tailed test), Grade 2 (damaged) (p=0.096), and Grade 3 (dead) (p=0.94) cells]. However, with the SCN treated at ZT16 Student’s t-tests revealed a statistically significant difference between control and NMDA treated slices in the percentage of Grade 3 cells (p=0.047) but not for Grade 1 (p=0.326) or Grade 2 (p=0.150) cells. For the SCN treated at ZT22, Student’s t-tests revealed statistically significant differences in the percentage of Grade 1 (p=0.009) and Grade 2 (p=0.005) cells between control and NMDA treated conditions but no statistically significant difference between Grade 3 cells under the two conditions (p=0.205). Taken together, these data suggest that SCN is more susceptible to excitotoxic damage during the middle and late night than during the day, with an increase in dead cells only occurring after treatment at ZT 16.
For the AH treated at ZT6 and ZT12, Student’s t-tests determined that there were no statistically significant differences between control and NMDA conditions [Grade 1 (healthy) (p=0.263), Grade 2 (damaged) (p=0.427) and Grade 3 (dead) (p=0.067) cells]. However, for the AH treated at ZT16, Student’s t-tests indicated statistically significant differences in the percentage of Grade 1 (p=0.0002), Grade 2 (p=0.005) and Grade 3 (p=0.006) cells between control and NMDA treated conditions. A similar pattern was observed for the AH treated at ZT22, where Student’s t-tests indicated statistically significant differences in Grade 1 (p=0.0009), Grade 2 (p=0.005) and Grade 3 (p=0.006) cells between control and NMDA treated conditions. Thus, the AH is also more susceptible to excitotoxic damage during the night vs. the day. Moreover, the degree of excitotoxic damage appears to be more substantial in the AH vs. the SCN, based on significant decreases in Grade 1 cells and increases in Grade 2 and Grade 3 cells in the AH after treatment at both ZT 16 and 22.
For cortical brain slices treated at ZT6, Student’s t-test indicated that there were no statistically differences in the percentage of Grade 1 (healthy) (P=0.389), Grade 2 (damaged) (p=0.337) or Grade 3 (dead) (p=0.428) cells between control vs NMDA conditions. For cortical slices treated at ZT12, Student’s t-test indicated that there was a difference in the percentage of Grade 3 cells that did not quite reach significance (p=0.0541) between control vs NMDA conditions. For cortical slices treated at ZT16, Student’s t-test indicated a statistically significant difference in the percentage of Grade 2 cells (p=0.034) under NMDA treated conditions compared to control conditions but not Grade 1 (p=0.103) or Grade 3 (p=0.395) cells. Lastly for cortical slices treated at ZT22, Student’s t-test indicated statistically significant differences in the percentage of Grade 1 (p=0.00002), Grade 2 (p=0.00007) and Grade 3 (p=0.0039) cells between control and NMDA treated conditions. Thus, the cortex is also more susceptible to excitotoxic damage during the night vs. the day. Further, the degree of excitotoxic damage again appears to be more substantial compared to the SCN based on the percentages of healthy, damaged, and dead cells as well as possibly the range of times when it exhibits greater excitotoxic susceptibility.
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Although previous studies have reported that the SCN is resilient to excitotoxic stimuli, neither its degree of resilience compared to other brain areas nor whether there are diurnal variations in its resiliency have been investigated previously. Using acute brain slices, which preserve the in vivo cytoarchitecture, we assessed differences in excitotoxic susceptibility across multiple brain regions and time points and tested varying strengths of excitotoxic stimulation. Together, our data demonstrate that the SCN is more resistant to NMDA-induced excitotoxicity compared to the AH and the cortex. The data also show that there are time-of-day differences in excitotoxic resiliency, with the extent and pattern of excitotoxic susceptibility differing across each region.
We began with comparing the general health of the cells within brain slices containing each brain region under control conditions. This was done to distinguish differences due intrinsic and/or slice preparation factors vs. differences in excitotoxic resiliency. Using three image analysis protocols, we determined that under our control conditions cell damage in cortical brain slices is greater than in either the SCN or the AH. This could be due to differences in neuronal phenotype, the extent of damage to fibers of passage, or other factors. Regardless, the differences under baseline conditions required us to analyze the excitotoxic responses in each brain region separately. 
Regional differences in excitotoxic susceptibility
We initially assessed excitotoxic susceptibility by determining the effect of 50M NMDA applied to the brain slices at ZT6, maintaining the tissues for a total of 6 h after the onset of NMDA treatment, and 5 h after the end of the NMDA treatment.  This post-treatment interval was implemented to allow time for initial cellular changes to unfold, whether they involved recovery or damage/death processes. We again analyzed the data using three image analysis protocols in order to compare their utility. Using the MGV analysis, which only distinguishes between healthy (Grade 1) vs. unhealthy (Grade2+3) cells, we found a significant increase in unhealthy cells in the AH but not in the SCN or the cortex in response to 50M NMDA. These data are consistent with those from previous studies. Peterson et.al98 showed that kainic acid induces more cell damage in hypothalamic areas surrounding the SCN vs. the SCN itself, although it is possible that the regional differences were influenced by the extent of kainic acid diffusion through the tissue.  Separately, Bottum et.al100 used cultures of immortalized cells to show that glutamate induces more cell death in GT1-7 (hypothalamic) cells than SCN2.2 cells. However, results using immortalized cells in culture could differ from either in vivo or ex vivo preparations due to the loss of the intact tissue environment113.  Importantly, similar to the MGV analysis protocol, both of these previous studies utilized analyses that would not necessarily distinguish between dead and damaged cells.
 On the other hand, the IBCC and PACC analyses, which distinguish between healthy, damaged, and dead cells, did not show significant increases in excitotoxic damage in any of the three regions in response to 50M NMDA.  Despite the different results across the three analyses, Pearson Correlation analysis confirmed that the data generated by all three protocols are highly correlated. Nevertheless, comparing the results obtained using the three protocols suggests that the more nuanced analyses (IBCC and PACC) provide a different, albeit perhaps more conservative, assessment of the degree of excitotoxic damage inflicted on cells in our brain slices compared to the MGV analysis.  Based on these differences, we decided to use the IBCC analysis protocol for the remainder of the study. Nevertheless, in future studies of this nature a further exploration of analytical methods could potentially identify advantages/disadvantages of different approaches.
Our dose-response experiments, where we treated the slices with increasing concentrations of NMDA, confirm and build upon the enhanced excitotoxic resiliency of the SCN shown in previous studies. Specifically, we show that the AH and the cortex exhibit a significant decrease in the percentage of healthy cells in response to both 1mM and 10 mM NMDA compared to control conditions, with the AH also showing significant increases in damaged and dead cells in response to 1mM NMDA.  The SCN, on the other hand, only exhibits decreases in healthy cells and increases in damaged cells in response to the highest concentration of NMDA used (10mM). The differences between the SCN and AH are notable given that the data are generated from the same brain slices, and from adjacent areas within the brain slices (e.g., see Figure 1).  Thus, differences in slice preparation, tissue handling, or other factors that could vary between individual slices cannot account for these differences. Although we did not test cortical slices with 100 or 500M NMDA, the substantial cell death/damage seen in response to 1mM NMDA is clearly different from that seen in the SCN. If anything, such data would show an even greater susceptibility of the cortex to excitotoxic stimulation. 
The lack of significant increases in dead or damaged cells in the cortex while there are significant decreases in healthy cells could be due to the percentage of both Grade 2 and Grade 3 cells appearing to increase to similar extents (see Figure 5), such that neither change by itself reaches significance. This pattern is different from that seen in both the SCN and AH, where the percentage of dead cells consistently appears lower than the percentage of damaged cells. Moreover, the percentage of Grade 1 cells in the cortex decreases to the same level as that of Grade 2 and Grade 3 cells in response to both 1mM and 10 mM NMDA, consistent with substantial cell death/damage in the cortex under these stronger excitotoxic conditions. Again, this differs substantially from the pattern seen in the SCN. Taken together, the results are consistent with the SCN having at least a 10-fold greater resiliency to NMDA-induced excitotoxicity compared to the AH and cortex. 
This pattern of changes led us to repeat our analysis of these data using the MGV procedure, even though we had determined that the MGV procedure appears to be a less conservative analytical approach and it provides less precision. Because Grade 2 and 3 cells are grouped together as “unhealthy”, using the data provided by the MGV procedure allows us to analyze the data along a different dimension, namely to test for significant differences in the overall percentage of healthy vs. unhealthy cells under each experimental conditions.  Indeed, our analysis of MGV data found more differences between the SCN and other brain regions with respect to the extent of excitotoxic susceptibility: the AH and cortex only exhibited significantly more healthy than unhealthy cells under control and 50uM NMDA (for AH) or 100 M NMDA (for cortex) conditions, while the SCN exhibited significant differences in the percentage of healthy vs. unhealthy cells under all conditions except for 10mM NMDA.  Taken together, the results from both analysis are consistent with the SCN having at least a 10-fold greater resiliency to NMDA-induced excitotoxicity compared to the AH and cortex. 
In addition to treating brain slices with increasing concentrations of NMDA, we also treated them with a combination of NMDA and AMPA. This was done because AMPA receptor activation can enhance NMDA receptor signaling by removing the Mg2+ block114. Using the IBCC analysis procedure we determined that combining 50M AMPA with 500M NMDA does not exacerbate cell damage in the SCN or cortex beyond that seen in response to control or (for SCN) 500M NMDA alone, but it significantly increases the percentage of damaged cells in the AH compared to both control and 500M NMDA alone. It is possible that lack of an additive effect of AMPA in the SCN is due to the neurons in this region already having a relatively high resting membrane potential115. The fact that cell damage does not increase significantly in the cortex in response to NMDA+AMPA compared to control conditions again could be, as seen in response to 1mM and 10 mM NMDA, because the percentages of both Grade 2 and Grade 3 cells appear to increase to similar extents to levels comparable to that of Grade 1 cells, so that the changes within each cell Grade do not reach significance. 
On the other hand, when we analyzed the AMPA+NMDA data using the MGV procedure, all three brain regions exhibited non-significant differences in the percentage of healthy vs. unhealthy cells, indicating that all three brain regions were affected by the AMPA+NMDA treatment. Again, our data strongly point to the MGV procedure being a less conservative analytical approach, so finding significant changes in response to AMPA+NMDA using this analysis but not the IBCC approach makes interpreting these data more difficult. Overall, we believe comparing excitotoxic effects of NMDA in the presence and absence of AMPA across different brain regions could provide additional insights into regional differences in excitotoxic effects but deserves more attention.
Although in this study we have compared the excitotoxic susceptibility of the SCN to the surrounding hypothalamus and the cortex, there are other data showing regional differences in excitotoxic effects. For example, the CA2 region of the hippocampus has been reported to be more resistant to cell damage than other areas of the hippocampus in both human and animal models of hypoxia and traumatic brain injury116. Additionally, retinal ganglion cells have also been reported to be resistant to NMDA toxicity both in in vitro and in situ models117. It would be interesting in future studies to compare these two regions, together with the SCN, to potentially explore their distinct responses to excitotoxic challenges. 
Possible mechanisms of excitotoxic resiliency
Although excitotoxicity involves multiple cellular process, including mitochondrial dysfunction and increased generation of reactive oxygen species116, it generally is initiated by excessive glutamate stimulation followed by a surge in intracellular Ca2+ .  Since NMDA receptors typically have the highest Ca2+ permeability117,118, they are a primary factor driving excitotoxic damage. In this regard, heterogeneity in NMDA receptor expression and subunit composition could contribute to regional differences in the observed excitotoxic susceptibility. In particular, GluN2B subunit expression has been associated with increased excitotoxicity-induced neuronal apoptosis, while GluN2A subunit expression is associated with enhanced neuronal survival in both in vitro and ex vivo models of ischemic stroke119. Bottum et.al (2010) found in cell culture studies that GluN2A mRNA is expressed at higher levels in SCN2.2 cells compared to GT1-7 cells100. These data are consistent with an increased resiliency of the SCN; however, it will be important to determine if the differences in mRNA translate to similar differences in the protein levels, and to assess whether these differences are also seen under in vivo and ex vivo conditions. Bottum et.al also found that SCN2.2 cells express GluN2B mRNA which was undetectable in GT1-7 cells 100. This is unexpected, given that GluN2B subunit expression is associated with increased excitotoxicity induced apoptosis119, although GluNR2B-containing NMDA receptors may play a neuroprotective role in developing hippocampal neurons120. These differences regarding a role for GluNR2B in excitotoxicity might be due to different subunit locations (extra-synaptic region vs. the synaptic) and their interactions with intracellular proteins121–123 . With respect to cortical excitotoxic susceptibility, both GluN2A and GluN2B mRNA are expressed throughout the forebrain in both mice and rats in levels that vary across age118,119. However, the relative percentages of these two subunits compared to the hypothalamus have not been studied. Thus, any contribution that NR2B and NR2B subunit expression has on the differential resiliency to excitotoxicity seen in this study remains to be elucidated. 
It is interesting to speculate as to whether the enhanced excitotoxic resiliency of the SCN is important because the SCN receives a large amount of glutamate stimulation from retinal ganglion cells in response to light, and therefore needs compensatory mechanisms124. As noted above, a key factor in excitotoxicity is a surge in intracellular Ca2+. If not quickly buffered, the increase in cytoplasmic Ca2+ can damage intracellular organelles and activate Ca2+ -dependent cell death pathways125. Cells that can effectively buffer Ca2+ surges might exhibit greater resiliency to excitotoxic damage. In this regard, the SCN contains a dense population of cells expressing the Ca2+ binding protein calbindin126. It also expresses another Ca2+ binding protein, calreticulin, although to a lesser extent127. On the other hand, the SCN expresses lower levels of the Ca2+ binding protein parvalbumin, which is more abundant in the cortex128. The differential expression of these proteins might enhance the Ca2+ buffering capacity of the SCN cells, although this would need to be explored in future studies. 
Time-of-day differences in excitotoxic susceptibility
In addition to showing regional differences in NMDA-induced excitotoxic susceptibility, our study also determined that excitotoxic susceptibility within each region follows a diurnal rhythm. In all three regions, 50M NMDA decreases the percentage of healthy cells and/or increases the percentage of damaged/dead cells during the night more than during the day.  In line with the resiliency shown in the dose-response experiments, the excitotoxic effects in the SCN again are less than those seen in both the AH and cortex, both in terms of the range of times that excitotoxic effects are seen as well and number of timepoints when significant increases in cell death occur. Although a circadian rhythm in cell death has been shown previously in the hippocampus in response to global ischemia129, this is the first time a rhythm in excitotoxic susceptibility has been identified in the cortex, SCN and AH under these well-controlled conditions. 
It is not surprising that the SCN exhibits a daily rhythm in excitotoxic resiliency, given that it is the site of the primary mammalian circadian oscillator and as such it expresses circadian rhythms in numerous cellular processes130. The rhythm in excitotoxic resiliency could be due to a variety of previously characterized processes, including rhythms in NMDA receptor composition and activity. Studies have shown that GluNR2B mRNA expression in the SCN is higher at ZT10 and ZT16 compared to other time points, and phosphorylation of GluN2B subunits, which increases their activity, is highest at ZT20131. Additionally, the NMDA component of post-synaptic potentials recorded in the SCN in response to optic nerve stimulation are larger in the night compared to the day, consistent with NMDA activity being required for phase shifting of the clock in the night132,133.  Also, NMDA-induced Ca2+ transients in the SCN are more robust in response to bath application of NMDA at night compared to the day134.  Thus, greater NMDA receptor activity (and increases in intracellular Ca2+ in the SCN at night) could contribute to greater excitotoxic responses at night in the SCN.  Along with this, decreased nighttime calbindin expression, and therefore decreased Ca2+ buffering, could also increase excitotoxic susceptibility at night135. 
It is also possible that time-of-day differences in SCN excitotoxic susceptibility involve glial cells. Astrocytes in the SCN have daily rhythms of glial fibrillary acid protein (GFAP) expression, synapse-associated morphology, ATP release and glutamate release78,136–138. Decreased astrocytic arborization and synaptic proximity concurrent with increased astrocytic glutamate release at night could potentially raise the extracellular glutamate concentration, which could increase excitotoxic susceptibility. However, such a possibility would need to be investigated further. 
Shifting to the AH and cortex, many extra-SCN brain regions have also been shown to exhibit circadian rhythms in cellular activity139. However, generally their rhythms have a reversed phase compared to the SCN80,140. Thus, it is surprising that all three areas investigated in this study exhibit a similar phase (more at night vs. the middle of the day) in rhythmic excitotoxic susceptibility. Importantly, the staggered times of brain slice preparation we used in these experiments eliminates time in vitro as an explanation for this rhythm in excitotoxic susceptibility. This suggests that exploring aspects of cellular physiology that exhibit similar phases across these three brain regions could prove fruitful in the search for mechanisms contributing to excitotoxic resiliency.
Limitations of the study
There are several limitations of this study. First, we did not investigate the critical issue of whether the time of day differences we observed are regulated by the circadian clock or whether they are the result of the light-dark environment. Subsequent investigations can address this by repeating the experiments in tissue collected from animals housed in constant lighting conditions. Second, we only analyzed the effects of a single duration of excitotoxic stimulation (1 h) followed by a total of 5 h post-stimulus prior to tissue fixation. As noted, we chose these parameters so we could assess tissue responses proximal to the excitotoxic stimulus. Although the use of acute brain slices limits experimental durations to some extent, it would be interesting to assess longer excitotoxic exposures as well as longer post-exposure periods. For example, we have performed similar experiments exposing SCN and cortex slices to amyloid oligomers for 4 h during the daytime, followed by 2 of post-exposure perfusion prior to fixation and found significant increases in cell death and damage141. Third, we did not parse our analyses to investigate subregions within the cortex or SCN. As illustrated in Figure 1, our ROIs encompassed the entire coronal aspect of the SCN and included all cortical sublayers contained in our histological sections. Thus, exploring cell-type differences in excitotoxic susceptibility within each region could provide insight into potential cell-type differences. Fourth, we only used PI incorporation to assess the extent of cell damage. Using additional methods such as lactate dehydrogenase release or apoptotic marker expression could provide additional information into the cellular processes occurring in response to the excitotoxic stimulation. Lastly, we only used tissues from young adult male mice for these experiments. Comparing the effects across sex and age could again provide important clinically relevant information. 
In summary we have confirmed and extended previous reports indicating that the SCN is more resilient to excitotoxic damage compared to other brain regions. The excitotoxic susceptibility in all three brain regions we investigated is dose dependent. However, compared to the AH and cortex, a ten-fold higher concentration of NMDA applied at ZT 6 is needed to increase cellular damage in the SCN, and even at the highest dose we tested there are no statistically significant increases in cell death in the SCN. We have also demonstrated, for the first time, that in the SCN (and other brain regions) excitotoxic susceptibility is dependent on the time-of-day when the stimulus is applied, with greater susceptibility occurring during the night period.  However, consistent with the greater dose-dependent resiliency seen in the SCN, an increase in cell death is only observed in the SCN after treatment at ZT 16, and an increase in cell damage is only seen in the SCN after treatment at ZT 22, while both the AH and cortex exhibit increases in cell death and damage across a broader range of treatment times.  As discussed, the increased resiliency of the SCN could be due to a variety of factors. Future studies identifying these neuroprotective mechanisms could help in developing therapies aimed at treating conditions linked to excitotoxic damage, including neurodegenerative diseases, stroke, and traumatic brain injury. 
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Figure 1: Representative images of propidium iodide (PI) and DAPI staining of different regions of the brain under control and NMDA conditions. A and B: SCN (dashed line) and anterior hypothalamus (AH) (solid line) under control and NMDA conditions respectively. C and D: cortical sections under control and NMDA conditions respectively. Differences in the intensity of PI staining are evident across the different images based on region and treatment condition.  









                                                             

 
 































Figure 2: The percentage of healthy (Grade 1), damaged (Grade 2) and dead (Grade 3) cells in different brain slice regions under control conditions at ZT6 analyzed using (A) the IBCC protocol or (B) the PACC protocol.  (C) The percentage of healthy vs. unhealthy cells calculated using the MGV analysis protocol. *p<0.05; **p<0.005; ***p<0.001. N=6 for each group. (One-way ANOVA).










                  



Figure 3: The percentage of healthy (Grade 1), damaged (Grade 2) and dead (Grade 3) cells in different regions of the brain under control vs. 50µM NMDA treatment at ZT6 using (A) the IBCC protocol or (B) the PACC protocol.  (C) The percentage of healthy vs. unhealthy cells calculated using the MGV analysis protocol. *p<0.05; **p<0.005; ***p<0.001. N=6 for each group. (Student’s t-test).



Figure 4: Correlations between the different image analysis procedures based on the results from 50µM NMDA and control treatments at ZT6 for the three brain regions. (A) correlation between the PACC and IBCC protocols (R=0.9908, p<0.0001); (B) correlation between IBCC and MGV protocols (R=0.9825, p<0.0001); (C) correlation between MGV and PACC protocols (R=0.9791, p<0.0001). For B and C, Grade 2 and Grade 3 cell percentages determined using the IBCC and PACC protocols were combined to compare with unhealthy cells based on the MGV protocol, while Grade 1 cell percentages from the IBCC and PACC analyses were compared with the healthy cells based on the MGV protocol.







Figure 5: Dose response data for the SCN, the AH and the cortex exposed to increasing concentrations of NMDA (50µM-10mM) or NMDA (500µM) + AMPA (50µM) at ZT6. One-way ANOVA followed by Tukey’s post-hoc analysis revealed significant differences in the percentage of healthy (Grade 1), damaged (Grade 2) and/or dead (Grade 3) cells in the (A) SCN, (B) the AH and (C) cortex. *p<0.05; ** p<0.005; ***p<0.001. N=3-6 for each group. 

























Figure 6: Time of day differences in excitotoxic responses in the SCN, AH and cortex treated with 50µM NMDA. Non-paired student t-tests between control and treated samples at different treatment times (ZT6, ZT12, ZT16 and ZT22) revealed significant differences in the percentage of healthy (Grade 1), damaged (Grade 2) and/or dead (Grade 3) cells. * p<0.05; ** p<0.005; *** p<0.001, # p approaching significance. N=6 for each group. 














Chapter III
Investigating regional and time-of-day differences in microglial cell responses to an excitotoxic stimulus




















Abstract
Microglial cells are known to play neuroprotective or neurodamaging roles in the brain in response to pathological conditions. Data suggests these opposing roles of the microglia vary across brain regions, possibly shaped by distinct signaling cues they experience. Given that we have shown regional and time-of-day differences in excitotoxic susceptibility, with the suprachiasmatic nucleus (SCN) being more resilient than the anterior hypothalamus (AH) and cortex, we investigated whether there are differences in microglial cell responses to excitotoxicity in these regions. We treated acute brain slices containing either the cortex or the SCN and AH from adult male mice at different times of day with 10mM N-methyl-D-aspartate (NMDA). After the treatment, the slices were stained with IBA1 (a pan-microglial marker) and either CD86 or CD206 (cell surface markers expressed by pro-inflammatory and anti-inflammatory marker respectively). We determined microglial density, morphology, and cell surface marker expression in all three regions under control and excitotoxic conditions at four times of day. We also compared these parameters in acutely fixed brain slices vs. brain slices that had been maintained in vitro. Our results indicate that compared to the SCN and AH, microglial cells are more dense in the cortex, and that NMDA-induced changes in morphology are more significant in the cortex compared to SCN and AH. Additionally, there are diurnal differences in microglial density and morphology in the cortex, with microglial density being higher and the microglia appearing to exhibit a more complex morphology in the cortex under NMDA conditions during the middle of the day compared to other times. These diurnal differences were not observed in the SCN or AH. Together, these data identify regional and time-of-day differences in microglial responses to excitotoxic conditions that could contribute to regional differences in excitotoxic susceptibility.

Introduction
Microglia are the resident macrophages of the brain and account for about 10-15% of the total cells of the central nervous system (CNS).142 Unlike the other cells of CNS, which are of neuroectodermal origin, microglia are cells of myeloid origin making them similar to other myeloid progenitor cells such as macrophages that are phagocytic and participate in immune functions143. However, microglia are more than just immune cells; they have crucial roles in brain development and maintenance of homeostasis throughout an organism’s lifetime. 
Under normal physiological conditions, microglia continually extend ramifications, surveying their surroundings to assess the health status of neighboring cells 144–147. This monitoring involves recognizing damage-associated molecular pattern (DAMP) signals released by nearby cells that interact with pattern recognition receptors, including Toll-like receptors, expressed on the surface of microglia cells. Microglia also respond to changes in neuronal activity, for example through sensing increased calcium transients associated with a shift in neuronal activity to a more active state148. Additionally, pathological increases in extracellular glutamate can shift microglial status to a more reactive state. Studies have shown that excessive glutamatergic stimulation, associated with various neurodegenerative disease, creates an excitotoxic state affecting microglia-neuron interactions that can result in changes in microglial shape, protein expression and cytokine release149. The morphological transformation involves a variety of signaling mechanisms. For example, NMDA receptor activation of neurons triggers the release of purines such as ATP that activate P2Y12 receptors to cause microglial processes to extend towards the source of ATP release 58,150. Furthermore, microglial cells express NMDA receptors (in addition to other types of ionotropic and metabotropic glutamatergic receptors) that can enhance the release of cytokines such as TNF-, IL-1 and interferons when stimulated151,152. Glutamate can also activate group II mGluRs and initiate microglial death via depolarization and apoptosis151. That can increase the release of inflammatory cytokines such as TNF-, IL-1 and interferons that can result in microgliosis in the affected region and induce nearby cells to release more inflammatory cytokines, creating a vicious downward cycle. In addition to ATP and glutamate, chloride (Cl-) channels may also participate in driving the morphological transformation of microglia. However, the pharmacology of Cl- channels participating in this response remains unclear153. 
The shift of microglia from a ramified to an amoeboid shape allows them to move towards sites of injury and to engulf damaged cells. Although microglia can change morphology when faced with injury/damage, their ultimate response depends on the nature and the severity of the pathological conditions. However, morphology taken by itself is not a good indication of microglial functional state. Recent studies have indicated that there exists little correlation between microglial cell morphology and their activity68. 
Along with microglial morphology, researchers utilize cell-surface markers and the cytokines expressed by the microglia to aid in characterizing their functional state. Classically, microglia responding to cell damage signals have been classified as either M1 (pro-inflammatory) or M2 (anti-inflammatory)154. These two states of the microglia are associated with distinct cell surface markers, the cytokines they release and their effects on surrounding cells. However, with the use of more in-depth gene and protein expression analyses, it is clear that microglia exist in a continuum, with classically identified M1 and M2 microglia representing the extremes of that continuum155. Thus, microglia should be investigated within the context of their complex combination of activities, acknowledging that microglia are constantly active and reacting to changes in the brain, especially under diseased conditions. 
That said, one can begin to investigate microglial responses using characteristics that represent the two extremes of the spectrum. Thus, M1 microglia are activated in response to TNF- and IFN-. They are associated with upregulation of cell surface markers such as MHC-II and CD86 that function as antigen presenting cells and signal the nearby T-cells. The pro-inflammatory cytokines released by these microglia include TNF-, interleukin- (IL-) 6, IL-1B, and 12, and chemokine ligand (CC) 69. Additionally, they release NADPH oxidase and reactive oxygen species (ROS) that can contribute to neurological damage156. M2 microglia, conversely, are induced by the release of anti-inflammatory cytokines IL-4 and IL-3 that stimulate these microglia to produce and release cytokines such as IL-10 and factors such as TGF-, CSF-1, IGI-1, BDNF and GDNF that support neuronal survival and growth. The cell surface markers they express include P2Y12, CD200R, CD163, RT1B and CD206 to name a few156. Their activity promotes phagocytosis of misfolded proteins, tissue repair, and neuronal growth. 
While the basic building blocks of the brain remain consistent, the complex task of information processing requires the brain to be organized into separate regions with unique features and functions157. This underlying heterogeneity shapes the responses of the different brain regions to external stimuli. For example, the suprachiasmatic nucleus (SCN) exhibits less susceptibility to excitotoxic cell death compared to the surrounding anterior hypothalamus (AH) and the cortex158. Although many factors likely contribute to these differences, we hypothesize that microglial cells contribute to the SCN’s enhance excitotoxic resiliency. 
A number of studies have reported heterogeneity in the number of microglia and their morphology across different brain areas. For example, based on IBA1 staining, there are more microglial cells in the frontal cortex compared to the cerebellum159. These results have been further corroborated by flow cytometry results that show a lower density of microglial cells in the spinal cord and cerebellum compared to cortical regions160. A similar heterogeneity also occurs in microglial morphology, with microglia having smaller somas, larger cytoplasm areas and less complex ramifications in the cerebellum compared to striatum, hippocampus, and frontal cortex159,161. Studies have also shown that microglia display an amoeboid morphology with shorter processes under normal physiological conditions in regions with an incomplete blood-brain-barrier (BBB)162. Not only are there differences in microglial characteristics in different brain regions under physiological conditions, but microglia also exhibit different regional sensitivities to inflammation. For example, upon lipopolysaccharide (LPS) administration, the substantia nigra pars reticulata (SNPr) and entorhinal cortex show a more robust activation of microglia compared to the ventral tegmental area (VTA), cerebellum and corpus callosum163. Thus, regional heterogeneity in the microglial activity and their function is a well-established fact that supports our hypothesis. 
In addition to the regional heterogeneity in excitotoxicity we quantified, we observed time-of-day differences in excitotoxic resiliency in all three brain regions we investigated. Given previously identified rhythms in immune system responses86, we hypothesize that there are time-of-day differences in microglia and their responses to excitotoxic stimuli. To address our two hypotheses, we compared microglia morphology and cell surface markers in acute mouse brain slices containing different brain areas that were exposed to control vs. excitotoxic conditions at different times across the 24h. Since microglia are extremely dynamic cells that can alter their functional status in response to brain slice preparation and maintenance, we also investigated microglial numbers, morphology and cell surface markers in the SCN, AH and cortex in brain slices prepared at different times across the 24h and immediately fixed. This allowed us to investigate in vivo rhythms in microglial characteristics and to compare the microglia in immediately fixed brain slices to microglia in slices that had been maintained in vitro under control conditions. 
Materials and Methods
Tissue Collection
Acute coronal brain slices (500m) containing both the SCN and adjacent AH or the cortex were prepared from adult male C57Bl/6 mice (2-3 month old) (Envigo; Indianapolis, IN) housed under a 12:12 light-dark cycle with food and water available ad libitum. The identification of the SCN and AH regions were made based on previously established anatomical markers. The area of the cortex from which the slices were made included the anterior cingulate area, somatomotor area, and part of the retrosplenial area of the cortex. 
Brain slices for ex vivo excitotoxic stimulus experiments were prepared between zeitgeber time 0-2 (ZT0-2, where ZT0 = lights on and ZT12 = lights off in the donor animal colony) for tissues being treated at ZT6 or ZT12, or between ZT10-12 for tissues being treated at ZT16 and ZT23. Slices were placed in Hatton-style brain slice dishes perfused with Earle’s Balanced Salt Solution (EBSS) (MP Biomedicals; OH, USA) supplemented with glucose and sodium bicarbonate; pH 7.4, gassed with 95% O2/5% CO2 and maintained at 37C as described elsewhere 9. Depending on the experiment, brain slices were maintained for approximately 5 or 11 h prior to experimental treatment. 
For acute fixation experiments, brain slices containing the SCN and AH or the cortex were prepared at ZT6, 12, 16 or 23 and immediately placed in 4% paraformaldehyde (Electron Microscopy Sciences; PA, USA) for fixation overnight, then transferred to 30% sucrose (Fisher Scientific; MO, USA) overnight. For slices prepared at ZT16 and 23 the mice were euthanized and the brains removed under dim red-light conditions. The fixed tissues were embedded in optimum temperature cutting compound (OCT) (Tissue Tek; CA, USA) and stored at -80°C before being sectioned (25μm) in the cryostat. Adjacent sections were collected on different slides and alternate slides were processed for IHC staining. 
Excitotoxic treatment
At the designated time (ZT6, ZT12, ZT16 or ZT23) the perfusion in the brain slice chamber was paused, and the slices left untreated or treated with EBSS supplemented with NMDA (10mM) (Sigma Aldrich; MO, USA) for 1h. We used this concentration of NMDA because our previous experiments determined that it generates excitotoxic damage in all 3 brain regions158.  After the NMDA treatment, the tissues were allowed to respond for 3h before being fixed in 4% paraformaldehyde overnight then transferred to 30% sucrose overnight. The fixed tissues were then embedded in OCT and stored at -80°C before being sectioned (25μm) in the cryostat. 
Immunohistochemical Staining 
Alternate slides containing tissue sections of the SCN and AH or cortex were co-stained for IBA1 and CD86 or IBA1and CD206. IBA1 is a pan-microglial marker we used to quantify the number of microglia and microglia morphology. CD86 and CD206 are cell-surface markers that are consistent with M1 and M2 functional states, respectively. For IBA1/CD86 co-staining, the sections were blocked with blocking buffer containing 3% Normal Donkey Serum (Millipore, MA, USA) and 0.3% Tween-20 (Acros Organics, NJ, USA) for 30min after being after being washed with PBS. The blocking buffer was then replaced with blocking buffer containing IBA1 (Fujifilm Wako, VA, USA) antibody diluted to 1:1000 concentration and CD86 (Abcam, UK) diluted to 1:200 concentration and incubated overnight at 4C. The following day, the sections were again washed 4 times with PBS for a duration of 5min each and incubated with secondary antibodies diluted in blocking buffer for 2h. The secondary antibodies were Donkey anti-Rabbit 488 (Abcam) diluted to 1:1000 and Donkey anti-Goat 568 (Abcam) diluted to 1:000. Following the secondary incubation, the sections were washed 4 times with PBS for a duration of 10min each. The slides were then coverslipped with VECTASHIELD (Vector Laboratories, CA, USA), sealed using nail-polish and stored in 4C until imaging was conducted.
For IBA1/CD206 staining, the sections were blocked with blocking buffer containing 3% Normal Goat Serum and 0.3% Tween-20 for 30min after being washed with PBS. The blocking buffer was then replaced with blocking buffer containing IBA1 antibody diluted to 1:1000 concentration and CD206 (Abcam) diluted to 1:200 concentration and incubated overnight at 4C. The following day, the sections were again washed 4 times with PBS for a duration of 5min each, and then incubated with secondary antibodies diluted in blocking buffer for 2h. The secondary antibodies used were Goat anti-Rabbit 488 and diluted to 1:1000 and Goat anti-Rat 568 diluted to 1:000 using blocking. Following the secondary incubation, the sections were again washed 4 times with PBS for a duration of 10min each. The slides were then coverslipped with VECTASHIELD, sealed using nail-polish and stored in 4C until imaging was conducted. 
Image Acquisition:
All the images were acquired using a confocal microscope Leica (SP8 Confocal Microscope) (Leica Biosystems, IL,USA) The images were acquired as a z-stack using 20X magnification. The images were then processed using ImageJ software (NIH) and IMARIS (Oxford Instruments, MA, USA).
Image Processing: 
One tissue section was analyzed from each tissue slice. For the SCN/AH, a tissue section was chosen that contained a region approximately mid-way between the anterior and posterior ends of the SCN, based on the shape of the underlying optic chiasm. A region of interest (ROI) was then created for each image that was being analyzed. The SCN region was identified based on the DAPI staining, as the SCN has a greater cell density than the surrounding hypothalamus.  The AH ROI (created by shifting the ROI surround created for the SCN) was chosen based on following parameters:  an area near the SCN, in the same section, that did not include the epithelial cells lining the ventricle or tears from cryostat sectioning. For the cortex, we generated a rectangular ROI of approximately the same size area to that of the SCN and AH that spanned multiple cell layers through the cortex. We used the same ROI, with minor changes to adjust for differences in tissue section size and shape, for all the cortical sections analyzed for this study. Examples of the different ROIs are shown in  (Figure 7). 
A total of 3-10 samples were analyzed for each experimental condition (numbers varied across experiments). Images were analyzed by at least 3 individuals without knowledge of the experimental treatment. The mean of the individual analyses for each image was used for statistical analysis. For the acute slices, 2 individuals without knowledge of the experimental conditions analyzed each image. 
Image Analysis using ImageJ: ImageJ was used to count the total number of microglia and to assess microglia morphology in a given ROI based on IBA1 staining. We began by creating a single z-projection of the z-stacked image and counting the number of microglial cells. All the microglia were counted and marked in each ROI. To account for small differences in ROI size, microglia density in each ROI was calculated by dividing the total number of microglia in the ROI by the ROI area (mm2x10-4). After counting the microglia, we used the thresholding function in ImageJ to obtain 1) the sum of microglia cell body areas within the ROI and 2) the sum of the total microglia areas that included the cell bodies and major ramifications within the ROI (see Figure 7). We then calculated the ratio of these two areas and expressed microglia morphology within that ROI using the formula below. A higher cell body area:total area ratio was considered to indicate a more amoeboid morphology (smaller/fewer ramifications) and a lower ratio was considered to indicate a more ramified morphology. The details of the image analysis and calculations are included in the appendix.
                                                                               Sum of microglial cell body areasMicroglial Morphology (ImageJ) =

                                                                 Sum of total microglia areas (cell bodies + ramifications)

Image Analysis using IMARIS: IMARIS (Version 10.1.1) was used to analyze the morphology of the microglia in three dimensions, calculating their surface area and volume based on the IBA1 staining using the same ROI used previously for ImageJ analysis. Additionally, we performed co-localization analysis between IBA1 and either CD86 or CD206 cell surface markers using IMARIS software in the previously defined ROIs. For the morphology analysis, using the IBA1 channel we created a 3-D rendition of the microglia from the z-stacked images we acquired (see Figure 7). Using the IMARIS software, we measured the surface area and volume of each microglial cell. We then calculated the total surface area and total volume for all the microglial cells and divided them by the total number of microglia (determined previously in ImageJ) to obtain the average surface area and volume of the microglial cells in each ROI. For the co-localization analysis, we switched to the channel showing either CD86 or CD206 staining. We again created 3-D renditions, then merged the images from the two channels to identify cells showing colocalization of IBA1 with either CD86 or CD206 (see Figure 7). Rotating the image in various axes allowed us to eliminate false positive colocalizations. The details of the image analysis calculations are included in the appendix. 
Statistical Analysis
To quantify differences in the microglial parameters within each region across different times of day, two-way ANOVAs with a time-of-day x treatment condition design were performed using GraphPad Prism (Version 10.2.3) followed by Tukey’s test for post hoc analysis. To quantify differences in the microglial parameters across different brain regions within each time of day, two-way ANOVAs with a region x treatment condition design were performed using GraphPad Prism followed by Tukey’s test for post hoc analysis. The alpha value was kept at 0.05.  Post-hoc analyses for this second set of ANOVAs only included comparisons across regions.
For acutely fixed slices, a two-way ANOVA was performed with a time-of-day x slice condition (acutely fixed slices vs brain slices maintained in vitro) design using GraphPad Prism followed by a Tukey’s test for post hoc analysis. The alpha value was kept at 0.05. This was performed to compare microglial parameters across different times (ZT6, 12, 16 and 23) in the acutely fixed slices and to compare microglial parameters between acutely fixed slices and slices maintained in vitro. Post hoc analysis for this set only included comparisons of acutely fixed brain slices across 24 h and between acutely fixed brain slice and slices maintained in vitro at any single time-point. To observe differences in microglia parameters across different brain areas in acutely fixed slices, a one-way ANOVA was performed for each time point using GraphPad Prism (Version 10.2.3) followed by Tukey’s post hoc analysis. The alpha was kept at 0.05 followed by Tukey’s post hoc test. 
Results
Time of day differences in microglial density under control and excitotoxic conditions 
Two-way ANOVAs indicated there were no statistically significant interactions between time of day and treatment condition on the microglial density in either the SCN (p=0.8411) or AH (p=0.0660) (Figure 8).  All image from this chapter is in Appendix II. Two-way ANOVA also indicated that there was no statistically significant interaction between the time of day and treatment condition on microglial density in the cortex (p=0.2635), but there were statistically significant effects of time of day (p<0.0001) and of treatment condition factors (p<0.0001) separately on microglial density (Figure 8). Post-hoc analyses indicated that, under control conditions, the microglial density was significantly higher in the cortex at ZT6 compared to ZT23 (p=0.0010) and higher at ZT16 compared to ZT23 (p=0.0441). Under NMDA conditions, post-hoc analyses indicated that the microglial density was significantly higher at ZT6 compared to ZT12 (p=0.0416), ZT16 (p=0.0078) and ZT23 (p=0.0002). Post-hoc analyses also indicated that the microglial density was significantly higher in control conditions compared to NMDA conditions at ZT6 (p=0.0475) and at ZT16 (p<0.0001) but not at ZT12 (p=0.0631) and ZT23 (p=0.0519). For both ZT6 and ZT16 there was a lower microglia density in NMDA vs. control conditions, and there is a trend for a lower microglia density under NMDA conditions at ZT12 and ZT23. Taken together these data indicate that neither time of day nor NMDA treatment affected the microglial density in the SCN and AH, while there were both time of day-dependent and NMDA-induced changes in microglia density in the cortex.  
Time of day differences in microglia cell body: total area ratios under control and excitotoxic conditions
Two-way ANOVA indicated that there was no statistically significant interaction between the time of day and treatment condition on the microglial cell body: total area ratio in the SCN (p=0.2868) (Figure 9). In the AH, however, two-way ANOVA indicated there was a statistically significant interaction between the time of day and treatment condition on the microglial cell body: total area ratio (p=0.0135) (Figure 9). Tukey’s post-hoc analysis indicated that under control conditions, the microglial cell body: total area ratio was significantly higher at ZT6 compared to ZT12 (p=0.0056), ZT16 (p=0.0452), and ZT23 (p=0.0306), with microglia conforming to a more amoeboid morphology at ZT6 compared to ZT12, ZT16 and ZT23. In contrast, there were no statistically significant differences in the microglial cell body: total area ratio in the NMDA-treated AH across the different time points.  Also, there were no statistically significant differences in microglial morphology between control and NMDA conditions within a given time-of-day in the AH. 
In the cortex, two-way ANOVA indicated that there was a statistically significant interaction between time of day and the treatment condition on the microglial cell body: total area ratio (p<0.0001) (Figure 9). Post-hoc analysis indicated that the cell body: total area ratio of microglia in the cortex at ZT6 was significantly higher compared to ZT12 (p<0.0001), ZT16 (p<0.0001), and ZT23 (p<0.0001) under control conditions. Similar trend was observed under NMDA condition across different time-of-day. The microglial cell body: total area ratio at ZT6 was significantly higher compared to ZT12 (p=0.0002), ZT16 (p<0.0001), and ZT23 (p<0.0001). Additionally, there were statistically significant differences in the cell body: total area ratio with microglia adopting a higher cell body: total area ratio under control conditions compared to NMDA conditions in the cortex at ZT6 (p<0.0001) and at ZT16 (p=0.0380).  Thus, each of the three brain regions exhibited distinct patterns of microglia cell body: total area ratios depending on time of day and experimental condition.
Time of day differences in microglia surface area and volume under control and excitotoxic conditions 
To expand on our ImageJ analyses of microglia morphology, we shifted to a 3-dimensional analysis using IMARIS, which allowed us to determine microglial surface areas and volumes under the different experimental conditions. Two-way ANOVAs indicated there was no  statistically significant interaction between time of day and treatment condition on the average surface area of the microglial cells in either the SCN (p=0.8414; Figure 10) or in the AH (p=0.3502; Figure 10). However, two-way ANOVA indicated a statistically significant interaction between time of day and treatment condition on the average surface area (p<0.0001) of the microglial cells in the cortex (Figure 10). Post-hoc analysis indicated that there were no statistically significant differences in the microglial surface area across different times of the day under control conditions, but there was a statistically significant difference in average surface area of microglia under NMDA conditions in cortex. Under NMDA conditions, average microglial surface area was significantly higher in cortex at ZT6 compared to ZT12 (p<0.0001), ZT16 (p<0.0001), and ZT23 (p<0.0001). Additionally, at ZT6, the average surface area was significantly higher under control conditions compared to NMDA conditions (p<0.0001)
Shifting to the average microglia volume, two-way ANOVAs indicated no statistically significant interaction between time of day and treatment condition on the average volume of microglia in either the SCN (p=0.5850; Figure 11) or the AH (p=0.2080; Figure 11). However, two-way ANOVA indicated a statistically significant interaction between time of day and treatment condition on the average volume (p<0.0001) of the microglial cells in the cortex (Figure 11). Post-hoc analysis indicated that there were no statistically significant differences in the average microglial volume across different times of the day under control conditions, but there were statistically significant differences under NMDA conditions in average microglial volume. Under NMDA conditions, average microglial volume was significantly higher ZT6 compared to ZT12 (p<0.0001), ZT16 (p<0.0001), and ZT23 (p<0.0001). Additionally, at ZT6 the average microglial volume was significantly higher under control conditions compared to NMDA conditions (p<0.0001). Thus, cortical microglia morphology is affected by both time-of-day and experimental condition, while SCN and AH microglia showed no significant changes in microglia surface area or volume. 
Time of day differences in microglia CD86 and CD206 expression under control and excitotoxic conditions 
Two-way ANOVAs indicated that there was not a statistically significant interaction between the time of day and treatment condition on the percentage of cells expressing the CD86 cell surface marker in either the SCN (p=0.0592; Figure 12) or in the AH (p=0.1034; Figure 12). However, there was a statistically significant interaction between the time of day and treatment condition on the percentage of cells expression CD86 (p<0.0001) in the cortex (Figure 12). Post hoc analysis indicated that there were no statistically significant differences in the percentage of CD86 expressing cells at different times of day under control conditions, but under NMDA conditions percentage of microglial cell expressing CD86 was significantly higher at ZT6 compared to ZT12 (p=0.0177), ZT16 (p=0.0050), and ZT23 (p<0.0001). Also, at ZT6, the percentage of microglial cells expressing CD86 was significantly higher under control conditions compared to NMDA conditions (p=0.0043). 
Two-way ANOVA indicated a statistically significant interaction between the time of day and treatment condition on the percentage of cells expressing CD206 cell surface marker (p= 0.0052) in the SCN (Figure 13). Post hoc analysis indicated that there was a significantly higher percentage of CD206 expressing cells under control conditions between ZT16 compared to ZT6 (p=0.0296). Under NMDA conditions, there was a significantly higher percentage of CD206 expressing cells at ZT23 compared to ZT6 (p=0.0070) and ZT16 (p=0.0177). Post hoc analysis also indicated that there was a significantly higher percentage of CD206 cells at ZT16 (p=0.0046) under control vs. NMDA conditions but not at other time-points. 
In the AH, two-way ANOVA indicated there was a statistically significant interaction between time of day and treatment condition on the percentage of cells expressing CD206 (p=0.0227) (Figure 13). Post hoc analysis revealed significantly lower percentage of cells expressing CD206 under control conditions at ZT6 compared to ZT16 (p=0.0097) and ZT23 (p=0.0054). Similarly, percentage of microglial cell expressing CD206 was significantly lower at ZT12 compared to ZT16 (p=0.0469) and ZT23 (p=0.0317). 
In the cortex, two-way ANOVA indicated there was not a statistically significant interaction between time of day and treatment condition on percentage of cells expressing CD206 (p=0.3635). However, there was a statistically significant effect of the time-of-day factor alone (p<0.0001) on the percentage of cells expressing CD206 (Figure 13). Post hoc analysis indicated that under control conditions percentage of CD206-positive cells was significantly lower at ZT6 compared to ZT12 (p=0.0083) and ZT23 (p<0.0001). Under NMDA conditions, percentage of CD206-positive cells was lower at ZT6 compared to ZT12 (p=0.0003), and ZT23 (p<0.0001). Additionally, percentage of CD206+ cells was lower at ZT16 compared to ZT12 (p=0.0084) and ZT23 (p=0.0038). In summary, all three brain regions exhibited time-of-day and treatment-induced changes in the expression of the CD86 and CD206 microglial cell markers.
Regional differences in the microglial density under control and excitotoxic conditions  
Because an important aspect of these experiments was to compare microglia across the three brain regions under control and excitotoxic conditions, a separate set of two-way ANOVA analyses were performed for each experimental parameter assessed at each timepoint in a region x treatment design. When ANOVA analyses deemed appropriate, the only post-hoc comparisons conducted were between regions, so as not to overlap with the previous statistical analyses. 
Two-way ANOVA indicated that there was a statistically significant interaction between region and treatment condition at ZT6 (p=0.0357) (Figure 8) on microglial density. Post hoc analysis indicated that microglial density was significantly higher in cortex compared to SCN (p<0.0001) and AH (p<0.0001) under control conditions. Under NMDA conditions, post hoc analysis indicated the microglial density was significantly lower in SCN compared to cortex (p=0.0002) under NMDA conditions. At ZT12, two-way ANOVA indicated no significant interactions between region and treatment condition (p=0.2914) (Figure 8). At ZT16, two-way ANOVA indicated there was a statistically significant interaction between region and treatment condition on the microglial density (p<0.0001) (Figure 8). Post hoc analysis indicated that microglial density was significantly higher at cortex compared to SCN (p=0.0108) and AH (p=0.0002) under control conditions. At ZT23, two-way ANOVA indicated there was a statistically significant interaction between region and treatment condition on the microglial density (p=0.0090) (Figure 8). Post hoc analysis indicated there was a significantly higher microglial density in cortex compared to AH (p=0.0313) under control conditions. Thus, there were significant differences in microglial density between the two hypothalamic areas compared with the cortex that varied depending on experimental condition and time of day, but no statistical differences between the SCN and AH.
Regional differences in microglia cell body: total area ratio under control and excitotoxic conditions 
At ZT6, two-way ANOVA indicated there was not a statistically significant interaction between region and treatment condition on the microglial cell body: total area ratio (p=0.36777) (Figure 9). However, region and treatment factors individually had significant effects on the microglial cell body: total area ratio (p<0.0001 in both cases). Post hoc analysis indicated significant higher cell body: total area ratio in cortex compared to SCN (p=0.0015) and AH (p=0.0196) under control conditions. At ZT12, there was not a statistically significant interaction between region and treatment condition on the microglial cell body: total area ratio (p=0.3384) (Figure 9). At ZT16, two-way ANOVA indicated a statistically significant interaction between region and treatment condition on the microglial cell body: total area ratio (p=0.0037) (Figure 9). Post hoc analysis indicated a higher cell body: total area ratio in AH compared to cortex (p=0.0469) under NMDA conditions. At ZT23, two-way ANOVA indicated a statistically significant interaction between region and treatment condition on the microglial cell body: total area ratio (p=0.0050) (Figure 8). However, post hoc analysis did not show any significant differences in the cell body: total area ratio between regions. Thus, these data again show there are significant differences in microglial morphologies across the three brain regions depending on experimental condition and time of day.
Regional differences in microglia morphology based on average surface area and average volume under control and excitotoxic conditions 
At ZT6, two-way ANOVA indicated a statistically significant interaction between region and treatment condition on the average surface area of the microglial cells (p=0.0002) (Figure 10). Post hoc analysis indicated that average surface area of microglial cells was significantly higher in cortex compared SCN (p=0.0003) and AH (p=0.0047) under NMDA conditions. Two-way ANOVA indicated there were no statistically significant interactions between region and treatment condition on average surface area of microglial cells at ZT12 (p=0.8616, Figure 10), ZT16 (p=0.6506, Figure 9) or ZT23 (p=0.3637, Figure 10). 
A similar pattern was observed when analyzing microglia volume. At ZT6, two-way ANOVA indicated a statistically significant interaction between region and treatment condition on the average volume of the microglial cells (p=0.0008) (Figure 11). Post hoc analysis indicated that average volume of microglial cells was significantly higher in cortex compared to SCN and (p=0.0010) and AH (p=0.0172) under NMDA conditions. Two-way ANOVA indicated there were no statistically significant interactions between region and treatment condition on average surface area of the microglial cells at ZT12 (p=0.9154, Figure 11), ZT16 (p=0.5526, Figure 11) and ZT23 (p=0.2789, Figure 11).  Thus, these data again show there were significant differences in microglia morphologies across the three brain regions depending on experimental condition and time of day, with the majority of the regional differences seen at ZT6 between the hypothalamic regions and the cortex.

Regional differences in the percentage of microglial cells expressing CD86 and CD206 under control and excitotoxic conditions 
Two-way ANOVAs indicated no statistically significant interactions between region and treatment condition on the percentage of cells expressing the pro-inflammatory marker, CD86, at either ZT6 (p=0.0537, Figure 12) or ZT12 (p=0.0679, Figure 12). However, two-way ANOVAs indicated that there were statistically significant interactions between region and treatment condition on the percentage of cells expressing CD86 at ZT16 (p=0.0441, Figure 12) and at ZT23 (p=0.0027, Figure 12). Post hoc analysis however showed no statistically significant differences in the percentage of microglial cells expressing CD86 between different regions and treatment condition. Thus, the statistically significant differences in these two ANOVAs were due to treatment and not regional differences, which were presented earlier. 
Two-way ANOVAs indicated no statistically significant interactions between region and treatment condition on the percentage of microglial cells expressing the anti-inflammatory marker, CD206, at ZT6 (p=0.5594, Figure 13), ZT12 (p=0.3227, Figure 13), ZT16 (p=0.3951, Figure 13) or ZT23 (p=0.2805, Figure 13). Together, these data indicate that microglial expression of CD86, but not CD206, exhibited significant differences across brain region.
Acutely fixed brain slices vs. brain slices maintained in vitro: time-of-day differences in microglial density 
In the SCN. two-way ANOVA indicated that there was a statistically significant interaction between time-of-day and brain slice condition (p=0.0062) (Figure 14). Post hoc analysis indicated that the microglial density in the SCN of acutely fixed slices between was significantly higher at ZT6 compared to ZT12 (p=0.0002) and ZT23 (p=0.0002). 
In the AH, two-way ANOVA indicated that there was a statistically significant interaction between time-of-day and brain slice condition (p=0.0001) (Figure 14). Post hoc analysis indicated that microglial density in the acutely fixed slices was significantly higher ZT6 compared to ZT12 (p=0.0128) and ZT23 (p<0.0001). Additionally, at ZT16 microglial density was significantly higher  at ZT16 compared to  ZT23 (p=0.0289). 
In the cortex, two-way ANOVA indicated that there was a statistically significant interaction between time-of-day and brain slice condition (p=0.0040) (Figure 14). Post hoc analysis indicated that microglial density was significantly higher in acutely fixed brain slices compared to slices maintained in vitro at ZT16 (p=0.0027). However, there were no differences in microglial density in the cortex across time-of-day when assessing acutely fixed brain slices.
Acutely fixed brain slices vs.  brain slices maintained in vitro: time-of-day differences in microglial cell body: total area ratio 
In the SCN, two-way ANOVA indicated there was not a statistically significant interaction between time-of-day and brain slice condition (Figure 15). However, two-way ANOVAs showed statistically significant interactions between time-of-day and brain slice condition in the AH (p=0.0010) (Figure 15) and cortex (p<0.0001) (Figure 15). Post hoc analyses comparing acutely fixed brain and slices maintained in vitro indicated significantly higher cell body: total area ratio under in acutely fixed brain slices at ZT6 in the AH (p=0.0008) and the cortex (p<0.0001) compared to slices maintained in vitro. 
Acutely fixed brain slices vs.  brain slices maintained in vitro: time-of-day differences in microglial average surface area and volume 
In the SCN, two-way ANOVA indicated there was not a statistically significant interaction between time of day and brain slice condition on average surface area of microglia (Figure 16). Two-way ANOVA showed a statistically significant interaction between time-of-day and brain slice condition in AH (p=0.0082) on average microglial surface area (Figure 16). However, post hoc analysis indicated no statistically significant differences in the acutely fixed brain slices across 24 h or between acutely fixed slices and slices maintained in vitro in any time points. In the cortex, two-way ANOVA showed no statistically significant interaction between time of day and brain slice condition on microglial surface area (Figure 16). However, the time-of-day factor alone had statistically significant effects with the average microglial surface area in acutely fixed brain slices (p<0.0001). Post hoc analysis indicated significantly higher microglial surface area in the cortex at ZT12 compared to ZT6 (p=0.0299) and at ZT23 compared to ZT16 (p=0.0302). 
In the SCN, two-way ANOVA indicated there was not a statistically significant interaction between time of day and brain slice condition average microglial volume (Figure 17). In the AH, two-way ANOVA showed a statistically significant interaction between time-of-day and brain slice condition on average microglial volume (p=0.0073) (Figure 17). However, post hoc analysis indicated no significant differences in the acutely fixed brain slices across 24h or between acutely fixed slices and slices maintained in vitro in any time points. In the cortex, two-way ANOVA showed no statistically significant interaction between time of day and brain slice condition on average microglial volume (Figure 17). However, the time-of-day factor alone had a statistically significant effect on microglial surface area in the cortex in acutely fixed slices (p<0.0001). Post hoc analysis indicated significantly higher microglial volume at ZT23 compared to ZT6 (p=0.0065), and ZT12 (p<0.0001). Additionally, microglial volume was also higher at ZT16 compared to ZT12 (p=0.0387) when comparing acutely fixed brain slices in the cortex across 24h. 
Acutely fixed brain slices vs.  brain slices maintained in vitro: time-of-day differences in microglial CD86 and CD206 expression 
Two-way ANOVAs indicated no statistically significant interactions between time of day and brain slice condition on the percentage of microglial cell expressing CD86 in either the SCN or the AH (Figure 18). In the cortex, two-way ANOVA indicated a statistically significant interaction between time of day and brain slice condition on the percentage of microglial cell expressing CD86 (p=0.0326) (Figure 18). Post hoc analysis indicated there were significantly lower percentage of microglial cell expressing CD86 in acutely fixed brain slices at ZT23 compared to ZT12 (p=0.0277) and ZT16 (p=0.0015). Additionally, there were significantly lower percentage of microglial cells expressing CD86 in acutely fixed sliced compared to brain slices maintained in vitro at ZT6 (p=0.0017), ZT12 (p=0.0118) and ZT23 (p< 0.0001). 
In the SCN, two-way ANOVA indicated no statistically significant interaction between time of day and brain slice condition on the percentage of microglial cells expressing CD206 in SCN (Figure 19). In the AH, two-way ANOVA indicated a statistically significant interaction between time of day and brain slice condition on the expression of CD206 (p=0.0159) (Figure 19) but post hoc analysis did not reveal any significant differences in percentage of microglial cells expressing CD206 in acutely fixed brain slices across 24h or between acutely fixed brain slices and slices maintained in vitro. In the cortex, two-way ANOVA indicated a statistically significant interaction between time of day and brain slice condition on the expression of CD206 (p=0.0048) (Figure 19). Post hoc analysis that there were significantly lower percentage of microglial cells expressing CD206 between acutely fixed slices compared to slices maintained in vitro at ZT12 (p=0.0133) and at ZT23 (p<0.0001). 
Regional differences in microglial density in acutely fixed brain slices 
In addition to comparing microglial densities within each brain region in acutely fixed brain slices across 24h, we were also interested in regional differences in microglial density. For this, we conducted a separate set of one-way ANOVAs comparing the different brain regions in acutely fixed brain slices at each of the different times of day. We conducted similar one-way ANOVAs for each of the microglial characteristics we quantified.
One-way ANOVA indicated there were statistically significant differences in the microglial density in acutely fixed brain slices across SCN, AH and cortex at ZT6 (p<0.0001) (Figure 14). Post hoc analysis indicated that at ZT6, microglial density was significantly higher in the cortex compared to the SCN (p<0.0001) and the AH (p<0.0001). However, microglial density was not significantly different between the different regions at ZT12 (p=0.4100), ZT16 (p=0.3563) or ZT23 (p=0.9759).
Regional differences in microglial cell body: total area ratio in acutely fixed brain slices 
One-way ANOVA indicated statistically significant differences in cell body:total area ratio in acutely fixed brain slices across the SCN, AH and cortex at ZT6 (p=0.0002) (Figure 15). Post hoc analysis indicated that the cell body:total area ratio was significantly higher in the cortex compared to the SCN (p=0.0010) and the AH (p=0.0005). Similarly, at ZT16, one-way ANOVA indicated statistically significant differences in cell body:total area ratio across different regions (p=0.008) (Figure 15). Post hoc analysis indicted that cell body:total area ratio was significantly higher in the cortex compared to the SCN (p=0.0179) and the AH (p=0.0215). One-way ANOVA, however, did not indicate statistically significant differences in cell body:total area ratio across the different regions at ZT12 (p=0.0749) or and ZT23 (p=0.2011) (Figure 15). 
Regional differences in microglial average volume and surface area in acutely fixed brain slices 
One-way ANOVA indicated statistically significant differences in the average surface area in acutely fixed brain slices across the different brain regions at ZT6 (p=0.0357) (Figure 16). Post hoc analysis indicated that the average surface area was significantly higher in the SCN compared to the cortex (p=0.0342). Similarly, at ZT23, one-way ANOVA indicated statistically significant differences across different regions in average microglial surface area (p=0.0002) (Figure 16). Post hoc analysis indicated that microglial surface area was significantly higher in the cortex compared to the SCN (p=0.0037) and the AH (p=0.0002). One-way ANOVA did not indicate statistically significant differences in the average microglial surface area across different regions at ZT12 (p=0.5065) or ZT16 (p=0.2539) (Figure 16).
One-way ANOVA indicated statistically significant differences in the average microglial volume in acutely fixed brain slices across different brain regions at ZT6 (p=0.0149) (Figure 17). Post hoc analysis indicated that the SCN had a significantly higher microglial volume compared to the AH (p=0.0266) and the cortex (p=0.0264). At ZT12, one-way ANOVA indicated statistically significant differences in the microglial volume across different brain regions (p=0.0021) (Figure 17). Post hoc analysis indicated that microglial volume was significantly lower in the cortex compared to the SCN (p=0.0250) and the AH (p=0.0018). At ZT23, again, one-way ANOVA indicated statistically significant differences in microglial volume across the different brain regions (p=0.0002) (Figure 17). Post hoc analysis indicated that microglial volume in the cortex was significantly higher compared to the SCN (p=0.0042) and the AH (p=0.0001). However, one-way. ANOVA did not indicate any statistically significant differences in microglial volume across the different brain regions at ZT16 (p=0.3176) (Figure 17).
Regional differences in microglial CD86 and CD206 expression in acutely fixed brain slices 
One-way ANOVA indicated that there were no statistically significant differences in the percentage of CD86+ cells in acutely fixed brain slices across the different brain areas at ZT6 (p=0.5551), ZT12 (p=0.3915), ZT16 (p=0.2106) and ZT23 (p=0.1141) (Figure 18). Similarly, one-way ANOVA indicated no statistically significant differences in the percentage of CD206+ cells across the different areas at ZT6 (p=0.9376), ZT12 (p=0.0782) and ZT16 (p=0.1308) (Figure 19). However, at ZT23 one-way ANOVA indicated there was a statistically significant difference in the percentage of microglial cells expressing CD206 across the different brain areas (p=0.0.442), and post hoc analysis indicated that the percentage of CD206+ microglial cells was significantly higher in the AH compared to the cortex (p=0.0495) (Figure 19).
Discussion
While previous research has provided evidence of microglial cells responding to excitotoxicity through sensing DAMP signals (such as ATP) from damaged neurons164, those studies did not investigate if these responses vary across in different brain regions and/or different times of day. In our current study we assessed various microglial characteristics, including microglial numbers, morphology and cell surface markers, across different brain regions and different time-of-day in ex vivo tissue preparations under control and excitotoxic conditions. We also compared acutely fixed brain slices to brain slices maintained in vitro. Together our data demonstrate that microglial cells exhibit distinct sets of characteristics under both control and excitotoxic conditions that are also shaped by the brain region and the time of day. While regional differences in microglial phenotypes under control conditions have been reported previously, our data are the first to identify regional differences in the response of the microglial cells under excitotoxic condition between cortex and hypothalamic region. Additionally, we identified diurnal differences in microglial under control and excitotoxic conditions using multiple microglial parameters, was also something new. Furthermore, we also compared microglial parameters under in vitro conditions and in acutely fixed brain slices. This comparison is important to parse out how maintaining brain slices in vitro affects microglial phenotypes and their responses to excitotoxic stimuli. These differences may contribute to the differences in cell death and damage in response to excitotoxic damage that we observed across different areas of the brain and different times of the day158. In the following sections, I will discuss the observed differences and their potential implications in relation to the differential resiliency/susceptibility of the different brain regions to excitotoxicity stimuli across the 24h. 
Differences in the microglial density 
We began by comparing microglia density across 24h in each brain region under control and excitotoxic conditions. We determined that there are no significant differences in microglial cell density across the different times of day in either the SCN or AH under either control or excitotoxic conditions. However, in the cortex, under control conditions, there is a significant decrease in microglia density when comparing between ZT6 and ZT23 and between ZT16 and ZT23.  It is possible that these differences could be attributed to the total time the slices were maintained in vitro.  The ZT23 brain slices were maintained in vitro for about 6 hours longer than both the ZT6 and ZT16 brain slices.  However, if this were the sole cause of the differences, then we should have also seen a difference between ZT6 and ZT12 brain slices, which did not occur.   
In response to NMDA treatment, although we saw no differences in the SCN and AH in microglial cell density, in the cortex there is a clear pattern across the 4 timepoints, with the highest density at ZT6 and the lowest density at ZT24. This pattern is interesting given the increase in cell death and damage seen in the cortex in response to NMDA treatments at ZT12, ZT16 and ZT23 compared to ZT6 158 (also see chapter II). Importantly, when comparing control and NMDA conditions, the cortex is the only region that shows a significant decrease in microglial density under excitotoxic compared to control conditions, occurring at both ZT6 and ZT16. Based on this, one could speculate that cortical microglial cells, even under control conditions, are more susceptible to death when maintained in vitro during the nighttime compared to SCN and AH, and further, that there is a greater increase in microglial cell death in the cortex in response to NMDA during the night compared to the day.  An alternative (but not mutually exclusive) scenario is that damage and/or death of cortical cells in general, whether due to tissue damage or excitoxicity, could result in a greater release of danger signals leading to increased expression of pro-inflammatory cytokines, exacerbating cell death of non-microglial cells. To clarify what is taking place, in future experiments it will be important to assess the types of cells that are dying or damaged in the different brain regions in response to an excitotoxic stimulus using cell-type markers [e.g., neurons (NeuN), astrocytes (GFAP), microglial (IBA1) and oligodendrocytes (NG2)].  Importantly, we do not see a similar decrease in microglial cell density in either the SCN or AH, even though both of these brain regions also exhibit excitotoxic cell death and damage at night in response to NMDA. This supports there being regional differences in the responses of the microglia and in the causes of excitotoxic death/damage.
In fact, when directly comparing microglial density across regions, we see significant regional differences. The pattern under control conditions is for increased microglial cell density in the cortex compared to SCN and AH, although there are variations across times of day. Overall, these data are in accordance with previous studies that have shown differences in microglial cell density across different brain areas160.  The regional differences in baseline microglial density could be attributed to the underlying differences in the proliferation rate of the microglial cells in the different brain regions. Studies have shown differences in the proliferation rate in the microglia isolated from the neurogenic subependymal region compared to non-neurogenic regions165,166. 
Interestingly, these regional differences are mostly absent under NMDA conditions, with the exception of the SCN vs. cortex at ZT6.  This appears to be because NMDA treatment decreases cortical microglial density to closer to control levels in the SCN and AH, while microglial density in the hypothalamic areas are not affected by NMDA treatment.  Together these data demonstrate that one needs to take time of day into consideration when comparing microglia across brain regions under both control and excitotoxic conditions. 
Switching to the acutely fixed brain slices, there are time-of-day differences in the SCN and AH, with greater microglia density at ZT12 and 23 compared to ZT6 in both regions, plus greater microglia density at ZT23 compared to ZT16 in the AH. The fact that we do not observe these differences under in vitro conditions, might be because of the longer time spent in vitro by the slices treated at ZT12 and ZT23 (8-10 h) compared to those treated at ZT6 and ZT16 (4-6 h). The differential time in vitro might lead to more death and damage to microglial cells in these areas, eliminating the time-of-day differences seen in the acutely fixed slices. Interestingly, no time-of-day differences in microglial density are observed in the acutely fixed brain slices in the cortex. Although the cortex exhibits daily rhythms in microglial morphology, these rhythms may not extend to rhythms in microglial cell density.  The mechanisms generating these rhythms, especially as observed in the SCN and AH, are unclear. One possible factor is the permeability of the blood-brain-barrier (BBB). There is a growing body of evidence that there is a circadian rhythm in BBB permeability167. For example, studies involving drosophila have indicated that intravenously injected iodine-labelled TNF- is taken more readily in the spinal cord between ZT20 and ZT23168. Rhythmic permeability of the BBB might allow differential infiltration of IBA1-expressing peripheral macrophages, which would influence the overall number of IBA1-expressing cells we observed in our acutely fixed brain slices 29–31. However, as mentioned earlier, more in-depth analyses would be required to understand if this was the case. To assess for such differences, we could use microglial markers such as P2ry12 and TMEM119 that distinguish between resident microglial cells and infiltrating peripheral macrophages169.
When comparing acutely fixed brain slices to those maintained in vitro, there are very few differences based on brain slice condition. In the cortex at ZT16 there is a higher density of microglia in the slices maintained in vitro. We are unsure how to explain the increase microglia density in the cortex in in vitro slices compared to those fixed acutely. When comparing microglial density across different regions in acutely fixed brain slices, the cortex has a higher density of microglial cells at ZT6 compared to SCN and AH, which was not observed at other time points. This parallels the pattern seen in both the control and NMDA-treated brain slices maintained in vitro, suggesting this is a robust difference in microglia phenotype across brain regions. 
Thus, overall, when comparing microglia density across different regions, it appears that the cortex has a higher density of microglial cells compared to SCN and AH under control conditions, both in acutely fixed brain slices and those maintained in vitro. On the other hand, the cortex is the only region where microglial density decreases between the day and night under control conditions and is the only region where NMDA treatment significantly decreases microglial density.  The higher control density of microglial cells in the cortex could provide greater surveillance under physiological conditions, but it could also provide the conditions for more excitotoxic susceptibility if the microglia respond in a pro-inflammatory direction in response to NMDA or to tissue damage. 
Differences in microglia morphology
After observing the number of microglia, we were next interested in their morphology across the times of day and across brain regions under control and excitotoxic conditions. Based on the available literature, ramified microglia, which have small cell bodies with extensive branching, are associated with increased surveillance monitoring of neuronal activity. However, when faced with potentially dangerous signals, microglial cells can transform into amoeboid/activated microglial with round cell bodies and short branches, and they release cytotoxic substances. While there is disagreement regarding whether a particular morphology is associated with a specific function, it is clear that changes in microglia morphology are associated with shifts in their function and are crucial in understanding in microglial dynamics170. 
Along these lines, although circadian or daily oscillations in the expression of clock genes and cytokine expression in microglial cells have been extensively studied171, there is limited evidence as to whether these changes are accompanied by rhythms in morphology. Morphological assessment of microglial cells in the somatosensory cortex has shown that microglia tend to have increased branching processes at ZT14, indicative of a more ramified microglia, compared to ZT2172. On the other hand, to our knowledge, there are no reports on microglia morphology rhythms in the SCN or surrounding AH. Thus, we were interested to see if we see similar rhythms in our cortical tissues and if there are daily rhythms in microglia morphology in the SCN and AH. 
We used multiple analyses to assess microglial morphology. First, we calculated the cell body: total area ratio as an indicator of the extent of ameboid vs. ramified morphology. Second, we used three-dimensional calculations of average surface area and average volume to help differentiate ameboid vs. ramified microglia. Previously, changes in microglial surface area and volume have been used to assess microglial responses under heart failure conditions173. In that study the authors induced heart failure in the mice and then isolated the paraventricular nucleus of hypothalamus and central amygdala areas to assess structural remodeling of microglial cells using 3D reconstruction in IMARIS software.  This prompted us to use similar parameters to assess morphometric changes in microglia in our experiments. 
In the SCN we see no significant differences in the microglial morphology in either treatment condition across the 24 h. However, in the AH, there is a higher microglia cell body: total area ratio under control conditions at ZT6 compared to ZT12, ZT16 and ZT23, suggesting the microglia are in a more amoeboid morphology at ZT6. However, neither average surface area nor average volume of the microglial cells are significant different in the AH across the 24 h. The differences between these two results likely are because of the inherent differences in analysis methodology. The analysis using ImageJ works with 2D images and involves a thresholding step where is can be difficult to include the full extent of the microglia ramifications while excluding background noise. The IMARIS software used to calculate the cell surface and volume parameters of the microglial cells, in addition to making calculations based on the 3D images, can eliminate artifacts to provide a more accurate assessment of the average microglial morphology. While the ImageJ protocol is less precise that the IMARIS software, one of its advantages is having a higher throughput capacity compared to IMARIS. It also provides a straight-forward method for identifying ROIs and counting cells. Since both the imaging systems have pros and cons, we decided to use both for our analyses. 
Moving on to the cortex, we find that it also exhibits differences in microglial morphology under control conditions. Like the AH, based on the cell body: total area ratio, the microglial cells in the cortex exhibit a more amoeboid morphology at ZT6 compared to ZT12, 16 and ZT23. A similar trend has been previously observed in the microglial cells of the somatosensory cortex172. The apparently more extensive ramification of the microglial morphology at ZT12, ZT16 and ZT23 in both the AH and cortex under control conditions could reflect the neuronal activity in these areas, which is higher during the active period of the mice174. Microglial cells in zebrafish have been shown to gravitate towards region with higher neuronal activity and to make more microglia-neuron contact sites with their ramifications in these regions175. However, as with the AH, the differences in microglial cell body: total area ratio in the cortex under control conditions are not recapitulated in the analyses of microglial surface area and volume. Again, this discrepancy could be attributed to differences in analysis methodologies.
Given that we see rhythms in microglial cell morphology in the cortex and AH, it is surprising that we do not seem them in the SCN, where the circadian clock is located.  This is something discussed more below. Considering we do not see these differences in either in vitro or acutely fixed brain slices supports a lack of microglia morphology rhythms in the SCN generally. However, given that we have shown diurnal differences in excitotoxic cell death in both the SCN, and AH could indicate that either the excitotoxicity rhythms in the SCN are not driven by differences in microglial activity or there might be differences in SCN microglial phenotypes that are not being picked up by the techniques we employed. 
Focusing on the excitotoxic stimulation, we see no NMDA-induced effects on microglia morphology metrics in either the SCN or the AH. However, there is a significant decrease in the microglia cell body: total area ratio in the cortex at ZT6 and ZT16 compared to control conditions, suggesting the shift to a more ramified morphology at these times. Additionally, under NMDA conditions, the microglia cell body: total area ratio is significantly lower at ZT12, 16, and 23 compared to ZT6, again suggesting that the microglia exhibit a more ramified morphology at night. Likewise, our data show an NMDA-induced increase in average cell volume in the cortex at ZT6 that results in significantly lower levels at the other timepoints under NMDA conditions. Both of these metrics suggest a shift to a more ameboid morphology in response to NMDA at ZT6 compared to the other times of day. On the other hand, when looking at the average surface area, there is again an NMDA-induced increase at ZT6 in the cortex, which in this case would be consistent with a more ramified morphology at ZT6 compared to more ameboid microglia at the other timepoints. This was not anticipated given that we were assuming average surface area and average volume would shift in opposite directions as glial morphology switched to from ramified to  amoeboid shape under excitotoxic conditions, as shown in a previous study176. 
Taken together, it is clear that NMDA is inducing changes in microglia morphology in the cortex, but these changes vary across time of day, and they are different from the SCN (which exhibits no changes in any of the morphology parameters) and the AH (which only shows a rhythm in cell body: total area ratio under control conditions). Additionally, the changes may be more complex than we anticipated.
The parallel increases in microglial cell surface area and volume in the cortex suggest a type of morphology change that does not fit with the ameboid/ramified dichotomy. Indeed, many morphological variations in microglia have been noted in the literature177.  One example of a shape that could lead to an increase in both cell volume and cell surface are ramified microglia having bulbous ends, which has been linked to microglia exhibiting phagocytic activity177. Thus, when we combine our cell body:total area ratio, average cell surface, and average volume data together, we propose that in response to NMDA, microglia in the cortex at ZT6 may shift to a ramified shape with bulbous tips, while cortical microglia at the other times of day on average have a different morphology. This bulbous tip shape could be associated with increased phagocytic activity of the cortical microglial in the day compared to the night under excitotoxic conditions. If that is the case, it could contribute to the greater excitotoxic resiliency of the cortex in the day compared to other times. However, given that this shift in the microglial morphology in response to NMDA is pronounced in cortex and not seen in the SCN and AH, this supports there being additional factors, apart from the activity/morphology of the microglial cells, playing a role in exacerbating cell death in SCN and AH in the night vs. the day. 
Based on these analyses, we looked back at some of our images, and saw many microglia that could potentially fit the description of being ramified with bulbous tips (Figure 20). However, it is clear that in order to more precisely investigate differences in microglia morphology under our different experimental conditions it will require more complex analyses and different technical approaches.  While surface area and volume are important parameters to characterize microglia, they are not enough to describe the morphology of such a complex shape. For example, studies have optimized machine learning algorithms to classify and describe microglial morphology based on convex hull area, soma perimeter, circularity, and process solidity178.  Separately, different microscopic imaging approaches will likely be necessary such as super resolution imaging or electron microscope. Together, these approaches should shed more light on the diversity in microglial morphology we are seeing hints of in our data. 
Shifting to regional differences in microglial morphology, based on the cell body: total area ratio, under control conditions there is a significant difference in microglial morphology between both the SCN and AH and the cortex, with the microglia being more amoeboid in the cortex compared to the SCN and AH at ZT6, but not at other times. At ZT16 under NMDA conditions, there is a significant difference in the microglial morphology only between the AH and cortex, with the microglia being more ameboid in the AH. We do not observe any significant regional differences in body: total area ratio at either ZT12 or ZT23. Given that all three brain regions show higher excitotoxic susceptibility at night compared to the day, the lack of substantial changes in body: total area ratio in response to NMDA suggest that microglia morphology may not play a role in the time-of-day or regional differences in excitotoxic susceptibility. 
On the other hand, we do see regional differences in average surface area and volume of the microglial cells in response to NMDA. This is solely the result of NMDA-induced increases in both metrics in the cortex at ZT6.  This increase in both surface area and volume could again be indicative of a more phagocytic morphology of the microglia as discussed in the previous section. If so, one could speculate that the enhanced phagocytic activity increases cortex excitotoxic resiliency during the day. However, without further analysis, for example with a specific phagocytic marker such a CD11b179, and testing whether inhibiting phagocytosis enhances susceptibility, this is still speculative. 
Based on the above results, regional differences in microglial morphology are seen almost exclusively at ZT6, are only seen when comparing the hypothalamic areas and cortex, and they are seen under both control and excitotoxic conditions. This is the time of day where we previously found a significant difference the dose-dependency of excitotoxic susceptibility, with the SCN being 10x more resilient than the other two regions158. Thus, the regional differences in morphology (and microglial numbers) we see under control and/or NMDA conditions, especially in the cortex, could be contributing to its greater excitotoxic susceptibility. If that is the case, it would suggest that we would not see the same dose-dependent differences in excitotoxic susceptibility between the three brain regions at night. It also suggests that other factors must explain the different dose-dependent susceptibilities between the SCN and AH. 
When comparing the microglia morphology in acutely fixed brain slices with those maintained in vitro, we see no treatment or time-of-day differences in the SCN, and the only differences we see in the AH and cortex are a higher cell body: total area ratio in brain slices maintained in vitro compared to acutely fixed slices.  This would suggest a shift to a more ameboid morphology in the AH and cortex at ZT6 in response to being maintained in vitro. However, we see no differences in average surface area or volume, which makes these data more difficult to interpret. 
Focusing just on the acutely fixed brain slices, the cortex (but not the SCN or AH) exhibits a number of time-of-day differences in average surface area and volume. Acutely fixed slices have a larger average surface area at ZT12 and 23 compared to ZT6 and 16, respectively. On the other hand, average cell volumes are higher at ZT23 compared to both ZT6 and12, and higher at ZT16 compared to ZT12. Because these differences across time-of-day are mostly (although not exclusively) in parallel, they do not fit the ameboid/ramified dichotomy we were initially considering.  Interpreting these data will require a more in-depth investigation as suggested above.  It is interesting that the cortex and hypothalamus both exhibit daily rhythms in microglia, but in different metrics. How and whether these differences contribute to regional differences in excitotoxic susceptibility remain to be determined. And again, across all the microglia morphology measures we do not see time-of-day differences in the SCN. This certainly goes against our expectations given that so much of SCN physiology exhibits circadian and daily rhythms78,171. Lastly, it is interesting that, especially in the SCN and AH, we see few differences in microglia morphology and microglia density in brain slices maintained in vitro conditions compared to acutely fixed brain slices. This suggests that investigating the microglia in an in vitro preparation may not dramatically change microglia phenotype. This is important to consider when trying to study these dynamic cells and weighing whether to use an in vivo or in vitro approach.
Differences in cell surface markers
We used two cell surface markers, CD86 and CD206, to assess differences in microglial functional state in these experiments. CD86 is a cell surface marker usually expressed by microglial cells conforming to a pro-inflammatory state. CD86 is a membrane co-stimulatory receptor associated with the proliferation of immune cells and production of the pro-inflammatory cytokine, IL-2180. CD206 on the other hand is a cell surface marker expressed by microglial cells that conform to an anti-inflammatory state. CD206 is a mannose receptor associated with a neuroprotective role in microglia based on their phagocytic activity and recognition of pathogens in the brain181. 
We see no significant differences in the percentage of microglial cells co-expressing CD86 and IBA1 in any of the three regions across the 24 h under control conditions.  NMDA treatment does not affect CD86 co-expression in the SCN and AH, but in the cortex it decreases the percentage of IBA1 cells co-expressing CD86 at ZT6 compared to control conditions, which results in lower co-expression of CD86 at ZT6 under NMDA conditions compared to the other times of day. This decrease in CD86 at ZT6 in the cortex is consistent with there being less excitotoxic cell death at this time compared to the night, given that CD86 expression is pro-inflammatory. However, the lack of change in the SCN and AH suggests that other factors contribute to their day/night rhythm in excitotoxic susceptibility.
With respect to microglial cells expressing CD206, there is a general trend across all three regions for a higher percentage of CD206-positive cells in the night compared to ZT6 under control conditions, with minor variations in the 24h patterns. This pattern of co-expression remains generally the same after NMDA treatment, again with minor regional differences, but there is a significant decrease in CD206 co-expression in the SCN at ZT16. The overall higher CD206 (anti-inflammatory) expression at night is opposite of what we had hypothesized, given that all three regions show greater excitotoxic susceptibility at night compared to the day. On the other hand, the decrease in CD206 co-expression in the SCN at ZT16 could be a factor in its enhanced susceptibility at night. 
When comparing across regions, we did not observe any significant differences in the expression of either CD86 and CD206 at any time across the 24h, either under control conditions or after NMDA treatment. As discussed above, we speculate that using a single surface marker to classify microglia as belonging to a pro-inflammatory or an anti-inflammatory state is not sufficient. It is also possible that there are no functional differences in the microglial cells these brain regions, although the differences we observed in microglial numbers and morphology run counter to that possibility. Again, more research is needed to clarify these issues.
Thus, in combination, while the expression of CD86 and CD206 are consistent with some of the time-of-day differences in resiliency and susceptibility of the SCN, AH and cortex, there are also some aspects of their expression that suggest no involvement or even appear to go in the opposite directions than hypothesized. This undoubtedly is related to the heterogeneity of microglial functional states. While we used CD86 and CD206 markers of a binary classification of the microglia belonging to either a pro-inflammatory (M1) and anti-inflammatory state (M2), in reality the microglia exist in a continuum across the M1-M2 spectrum. To fully understand the time-of-day differences in microglia under control and excitotoxic conditions, additional pro-and anti- inflammatory markers will need to be analyzed. It is also important to note that microglial cells can co-express both CD86 and CD206.  The simultaneous expression of the markers has been observed in microglial cells during active retinal degeneration conditions and are associated with phagocytosis rather than inflammatory action182. A similar condition may also exist in our case and will only be determined if we co-stain our microglial cells for both CD86 and CD206.
In our acutely fixed brain slices, there are no differences in the percentage of microglial cells expressing CD86 and CD206 in the SCN and AH across different times of day. We only observe time-of-day differences in the percentage of microglial cells expressing CD86 in the cortex between ZT12 and 23 and between ZT16 and ZT23. These differences are similar to those seen in average surface area and cell volume noted above, both in their timing and the fact that they are seen in the cortex and not the hypothalamus. 
When comparing acutely fixed brain slices to slices maintained in vitro, there are higher percentages of microglial cells expressing CD86 in the cortex at ZT6, ZT12 and ZT23 in slices maintained in vitro compared to acutely fixed brain slices, but not in the SCN and AH. We also see higher percentages of microglial cells expressing CD206 in slices maintained in vitro compared to acutely fixed slices at ZT12 and ZT23. The time-of-day differences in the percentage of CD86 cells that are seen in acutely fixed slices in the cortex and not in the SCN and AH is again surprising given that the SCN is the primary circadian clock.  However, they are consistent with microglial phenotypes responding to day-night differences in neuronal activity in the cortical region.  ZT23 is when the cortex is ending its less active period and (perhaps) undergoing changes in anticipation of the active period starting.  It would be interesting to investigate changes in the release of cytokines or other signaling molecules at that time to see if they might account for changes in CD86 expression. Also, investigating additional cell surface markers such as CD16, CD32, CD40 we might be informative. Separately, investigating  additional cell surface markers in the SCN and AH across the 24h could identify time-of-day differences not seen with the markers we focused on. We also see higher percentages of microglial cells expressing CD206 in slices maintained in vitro compared to acutely fixed slices at ZT12 and ZT23 only in the cortex. Although these lower expression levels of CD86 and CD206 in the cortex of acutely fixed brain slices compared to slices maintained in vitro do not provide a clear indication of the microglia functional state, they are a sign that those changes are occurring in response to maintaining brain slices in vitro that aren’t as readily apparent in the microglia numbers and morphology assessments. 
Comparing acutely fixed brain slices and brain slices maintained in vitro
Preparing and maintaining brain slices in vitro induces trauma to the tissue, which can lead to changes in the microglia. While brain slices are a good preparation for investigating the cellular and functional characteristics of microglia, microglia have been shown to undergo significant alterations once removed from the brain. Freshly isolated microglial cells isolated from mice and immediately subjected to transcriptomic analysis exhibit a very different transcription landscape compared to primary microglia cultures isolated from the mice183. Cell culture conditions have been shown to reduce microglial expression of SALL1, P2RY12 and CX3CR1, which are important microglial activity184. Thus, it was important for us to investigate how the microglia in our brain slices may have been affected by being maintained in vitro conditions.
With respect to microglia cell numbers, the only differences we see are more microglia in the AH at ZT23 and fewer microglia in the cortex at ZT16 in acutely fixed brain slices compared to slices maintained in vitro. We see a significantly lower microglial cell body: total area ratio in both the AH and cortex in acutely fixed brain slices compared to slices maintained in vitro. We see no differences in the average surface area or average cell volume in any region between brain slice conditions. Lastly, we see no differences in the percentage of microglial cells expressing CD86 or 206 in the SCN and AH, while there are lower levels of CD86 (at ZT6, 12 and 23) and CD206 (at ZT12 and 23) in the cortex of acutely fixed brain slices compared to slices maintained in vitro.  These differences are important to consider because illustrate the dynamic nature of microglial cells and increase our understanding of how these cells react and respond differently across different brain areas. It is interesting to note that the cell surface markers only change in the cortex and not in the SCN or AH in response to being maintained in vitro. Apart from this, we see very few differences between the microglia comparing acutely fixed slices with those maintained in vitro. These results indicate, first, that the microglia respond differently across brain regions, with the majority of changes seen in the cortex, a few changes seen in the AH, and no changes being seen in the SCN.  This supports our hypothesis that there would be regional differences in microglia phenotypes. Importantly, the differences between the SCN and AH, areas contained in the same brain slices, indicates that differences in tissue health are not the sole cause of the regional differences we see. Second, the majority of changes we see are with the cell surface makers.  This suggests that cell surface markers are a more sensitive measure of microglia functional state.  This conclusion is consistent with previous reports indicating that a comprehensive understanding of microglia functional status should include assessment of cell surface markers as well as genetic approaches such as single cell RNA sequencing170. Thus, without additional data, such as analyzing cytokine expression or additional surface markers in the brain slices it is difficult to interpret the functional relevance of the changes we observe. But the fact that we do see differences indicates a level of complexity that needs to be considered while elucidating the biological significance of microglial activity on contributing to susceptibility and resiliency. Thirdly, when taken together, the absence of substantial differences in microglial metrics when comparing across brain slice condition, especially in the hypothalamus, provides general support for the validity of our experimental design in evaluating microglial responses and being able to potentially translate them into in vivo conditions.   
Concluding remarks
Here we have shown, for the first time, regional and time-of-day differences in the number of microglial cells, their morphology, and their expression of the cell surface markers CD86 and CD206 under control conditions and in response to an excitatory stimulus.  While the patterns we see may explain some of the regional and time of day differences in excitotoxicity susceptibility that we have previously identified158, there are many aspects of the regional and time of day differences in susceptibility that cannot explained based on microglial activity alone.  For example, the increased excitotoxic susceptibility that we see in the AH compared to the SCN is not reflected in differences in microglial characteristics between these adjacent regions. On the other hand, there are many differences when comparing microglia in the cortex with those in the hypothalamus.  Broadly speaking, compared to the AH and SCN, cortex microglia are more abundant, have a different morphology, express more time-of-day differences, and exhibit more changes in response to NMDA treatment. Additional experiments investigating microglia as well as other aspects of neuronal physiology are needed to understand these important regional and time-of-day differences in excitotoxic resiliency.
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Figure 7: Representative images of the SCN, AH and cortex regions of interest. IHC staining and  3-D rendering of a microglial cell from each region (white arrow) are shown on the side of each image.
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Figure 8. Left: Time of day differences microglial cell density in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in microglial cell density at ZT6, ZT12, ZT23 and ZT23. Significant differences across control conditions (*), NMDA conditions (*) and between control and treatment conditions (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 9. Left: Time of day differences microglial cell body: total area ratio in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in microglial cell body: total area ratio at ZT6, ZT12, ZT23 and ZT23. Significant differences across control conditions (*), NMDA conditions (*) and between control and treatment conditions (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 10. Left: Time of day differences microglial surface area in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in microglial surface area at ZT6, ZT12, ZT23 and ZT23. Significant differences across control conditions (*), NMDA conditions (*) and between control and treatment conditions (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 11. Left: Time of day differences microglial volume in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in microglial volume at ZT6, ZT12, ZT23 and ZT23. Significant differences across control conditions (*), NMDA conditions (*) and between control and treatment conditions (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 12. Left: Time of day differences in the percentage of CD86+ microglial cell in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in % of CD86+ microglial cells at ZT6, ZT12, ZT23 and ZT23. Significant differences across control conditions (*), NMDA conditions (*) and between control and treatment conditions (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).








Suprachiasmatic Nucleus
Anterior Hypothalamus
Cortex
ZT12
ZT16 
ZT23
ZT6








































Figure 13. Left: Time of day differences in the percentage of CD206+ microglial cell in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in % of CD206+ microglial cells at ZT6, ZT12, ZT23 and ZT23. Significant differences across control conditions (*), NMDA conditions (*) and between control and treatment conditions (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 14. Left: Time of day differences microglial cell density in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in microglial cell density at ZT6, ZT12, ZT23 and ZT23. Significant differences across acutely fixed sections (*) and between in vitro and acutely fixed slices (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 15. Left: Time of day differences microglial cell body: total area ratio in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in microglial cell body: total area ratio at ZT6, ZT12, ZT23 and ZT23. Significant differences across acutely fixed sections (*) and between in vitro and acutely fixed slices (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 16. Left: Time of day differences microglial cell surface area in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in microglial cell surface area at ZT6, ZT12, ZT23 and ZT23. Significant differences across acutely fixed sections (*) and between in vitro and acutely fixed slices (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 17. Left: Time of day differences microglial cell volume in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in microglial volume at ZT6, ZT12, ZT23 and ZT23. Significant differences across acutely fixed sections (*) and between in vitro and acutely fixed slices (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 18. Left: Time of day differences in the percentage of CD86+ microglial cells in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in % of CD86+ microglial cells at ZT6, ZT12, ZT23 and ZT23. Significant differences across acutely fixed sections (*) and between in vitro and acutely fixed slices (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 19. Left: Time of day differences in the percentage of CD206+ microglial cells in the suprachiasmatic nucleus, anterior hypothalamus, and cortex. Right: Regional differences in % of CD206+  microglial cells at ZT6, ZT12, ZT23 and ZT23. Significant differences across acutely fixed sections (*) and between in vitro and acutely fixed slices (*) are indicated (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Description automatically generated]Figure 20: Representative images showing microglia (dashed circles) that potentially exhibit a ramified morphology with bulbous tips.














































Chapter IV
Investigating cytokine release from hypothalamus and cortex ex vivo brain slices under control and excitotoxic conditions
















Abstract
Cytokines are effector molecules that are released by both neuronal and glial cells and are known to be released in response to an excitotoxic stimulus, which in turn exacerbates neuroinflammation. Since we have observed differences in excitotoxicity-induced cell death in the suprachiasmatic nucleus (SCN), anterior hypothalamus (AH) and cortex, we were interested in investigating the cytokine profile of these regions under control and excitotoxic conditions. We used an Enzyme-Linked Immunosorbent Assay to quantify interleukin-6, interleukin 10 tumor necrosis factor , interferon gamma, interleukin 1 and interleukin 1 in tissue perfusates collected from the hypothalamus (SCN and surrounding AH) and cortex under control and excitotoxic conditions. We also processed the brain slices for propidium iodide staining to observe the amount of cell death in each of the regions. Preliminary results show that all the cytokines were detected in the tissue perfusates, but there were very few differences across regions under either control or excitotoxic conditions. We speculate that this is because of low concentration of cytokines that is present in the tissue perfusates.

Introduction
Cytokines are secreted proteins that play immunomodulatory and neuromodulatory roles in the central nervous system (CNS)185–187. They influence the activity of both neuronal and glial cells188. Under normal physiological conditions, the levels of released cytokines are relatively low in the CNS. However, they can increase dramatically in response to injury or a toxic stimulus, such as during excitotoxicity189. Excitotoxicity often leads to neuronal cell damage or death and triggers the release of cytokines from neighboring immune cells such as microglial and astrocytes190. Although this response can lead to a reduction in the severity of the injury, it also can exacerbate the damage via neuroinflammatory and neurotoxic cascades. While cytokines are released by all glial cells, immune cells and neurons, here we will focus on cytokine expression by microglial cells. 
During chronic and acute damage associated with neurological disorders, damaged neurons and glial cells release adenosine triphosphate (ATP) into the extracellular space191,192. ATP is an important damage-associated molecular pattern (DAMP) molecule that binds to purinergic receptors and leads to the release of cytokines such as interleukin 6 (IL-6), tumor necrosis factor  (TNF-), interleukin 1 (IL-1) by activating the mammalian target of rapamycin (mTOR) pathway193. In addition to this, microglial cells also have functional N-methyl-D-Aspartate (NMDA) receptors that have been shown to drive the release of pro-inflammatory cytokines such as interleukin 1 (IL-1), interleukin 1 (IL-1), tumor necrosis factors (TNF-) under in vitro conditions194. This NMDA-stimulated release is thought to occur in response to increased oxidative stress, like the response of microglial cells to treatment with lipopolysaccharide (LPS). Not only does NMDA induce cytokine release, but studies have shown that cytokines such as IL-1 can reciprocally affect NMDA receptors to increase intracellular calcium concentration via Src kinases195. Thus, understanding the cytokine milieu generated in the brain post-injury is critical in identifying potential treatment options. 
Cytokines can be broadly categorized as pro-inflammatory or anti-inflammatory. The major pro-inflammatory cytokines include IL-6, TNF- and interferons, and have been shown to exacerbate neuronal damage during brain injury196,197. On the other-hand, anti-inflammatory cytokines such as IL-10 and IL-4 have been studied with respect to their roles in neuroprotection, especially under neuroinflammatory conditions198,199. 
While many studies have investigated the heterogeneity of glial cells in terms of their function and response to cytotoxic stimuli, it is unclear if this heterogeneity includes differences in their cytokine expression. Given our data showing microglial heterogeneity across the Suprachiasmatic nucleus (SCN), anterior hypothalamus (AH) and cortex in their numbers, morphology and cell-surface protein expression under control conditions and in response to an excitotoxic stimulus, we continued our research project by investigating if there are differences in cytokine expression across brain areas under different treatment conditions that might be driving the regional differences in excitotoxic susceptibility. Since cytokines are the primary effector molecules of microglia, we hypothesized that NMDA treatment would increase the release of pro-inflammatory cytokines and decrease the release of anti-inflammatory cytokines compared to control conditions in all the regions.  We also hypothesized that the increased resiliency of the SCN would be associated with a lower expression of pro-inflammatory cytokines and higher expression of anti-inflammatory cytokines compared to excitotoxically susceptible areas such as the cortex and AH. 
Materials and Methods
Tissue collection
Acute coronal brain slices (500m) containing either the SCN and adjacent AH or the cortex were prepared from adult male C57Bl/6 mice (Envigo; Indianapolis, IN) housed under a 12:12 light-dark cycle with food and water available ad libitum. Brain slices containing the SCN and AH regions were identified based on previously established anatomical markers. The area of the cortex from which the slices were made included the anterior cingulate area, somatomotor area, and part of the retrosplenial area of the cortex. The slices were prepared between zeitgeber time ZT0 and 2 (where ZT0 = lights on and ZT12 = lights off in the donor animal colony). Slices were placed in Hatton-style brain slice dishes perfused with Earle’s Balanced Salt Solution (EBSS) (MP Biomedicals; OH, USA) supplemented with glucose and sodium bicarbonate; pH 7.4, gassed with 95% O2/5% CO2 and maintained at 37C as described elsewhere 200. Hypothalamic slices containing the SCN and AH were maintained in separate dishes from cortex slices. The  SCN and AH could not be separated from each other without substantial tissue damage, so their cytokine data represent both areas combined. However, histological analyses of the two areas remained separate.
Excitotoxic Treatment
At ZT6, the perfusion in the brain slice chamber was paused, and the slices were left untreated or treated with EBSS supplemented with NMDA (10mM) (Sigma Aldrich; MO, USA) for 1h. This concentration was chosen because we previously found that it induces excitotoxic damage in all three brain regions at ZT 6158.  We chose to assess cytokine release in response to NMDA treatment at ZT6 (rather than ZT16) because this was the time where we quantified a dose-dependent difference in excitotoxic susceptibility across the three brain regions. 
After the treatment, the slices were shifted to a static mini-well and incubated with fresh EBSS (250uL) media for 3h. The medium surrounding the tissue slices was collected at the end of 3h and stored in aliquots in -80C for ELISA Assay. 
In a separate experiment, we repeated the process outlined previously with one additional step where we collected the tissues after perfusate collection to observe the cell death in each region using propidium iodide staining. After perfusate collection, the tissues were further incubated in the static mini-well with propidium iodide (PI) (4.6g/ml) (Invitrogen; OR, USA) for an additional 2h. At the end of this period, the tissues were placed in 4% paraformaldehyde (Electron Microscopy Sciences; PA, USA). The tissues were then transferred to a 30% sucrose solution and again incubated overnight at 4C. The fixed tissues were then embedded in OCT (Tissue Tek; CA, USA) and stored at -80°C before being sectioned (25μm) in the cryostat. For the cortex, we had a sample size of 8 each for control and NMDA treated conditions. For the SCN and AH, we had a sample size of 12 each for control and NMDA conditions. 
Enzyme-Linked Immuno-Sorbent Assay (ELISA)
The tissue perfusates were analyzed using an Enzyme Linked Immune Sorbent Assay (ELISA) kit [Q-Plex Array Mouse Cytokine Panel 1 (6-Plex), Quansys Biosciences, 2022, Utah, USA] using the protocol provided with the kit.  The kit detects an array of pro-inflammatory cytokines (IFNγ, IL-1α, IL-1β, IL-6, and TNFα) and one anti-inflammatory cytokine (IL-10). A total of 5 experimental samples were analyzed for each experimental condition. Two independent ELISAs were conducted. For the Trial 1 we used 5 biological replicates and 3 technical replicates, and we diluted the samples by 50% for Trial 1. Trial 2 also consisted of 5 biological replicates (n=5) but we did not have sufficient sample volumes to have technical replicates. Additionally, we did not dilute the samples in Trial 2. 
Immunohistochemical Staining:
The tissue sections were stained with the pan-microglial marker IBA1 using IHC to observe the percentage of microglial cells damaged or dead when treated with NMDA compared to control conditions. For IBA1 staining, the sections were blocked with a blocking buffer containing 3% Bovine Serum Albumin (Invitrogen, MA, USA) and 0.3% Triton X-100 for an hour after being washed with Phosphate Buffered Saline (PBS) for 4-times with a duration of 5 mins each. The blocking buffer was then replaced with blocking buffer containing IBA1 (Fujifilm Wako, VA, USA) antibody diluted to 1:1000 concentration and incubated overnight at 4C. The following day, the sections were again washed 4 times with PBS for duration of 5 mins each and incubated with secondary antibody diluted in PBS for one hour at room temperature. The secondary antibody used was Donkey anti-Rabbit 488 (Abcam, UK) and diluted to 1:1000. Following the secondary incubation, the sections were again washed 4 times with PBS for a duration of 10 mins each. The slides were then coverslipped with VECTASHIELD (Vector Laboratories, CA, USA), sealed using nail polish and stored in 4C until imaging was conducted. 
Image Acquisition:
We used two different imaging systems to analyze the 96 well plates for the ELISA kits: a Q-view imager LS (Quansys Biosciences) and a Chemidoc Touch Imaging system (BioRAD, USA). This allowed us to compare differences in the quality of the imaging systems.
For the histology, all the images were acquired using a confocal Leica SP8 (Germany) microscope. The images were acquired as a z-stack with using 20X magnification. The images were then processed using ImageJ software (NIH). Each image was 25-30m thick with a step-size of 1m. One image was collected from each replicate. 
Image Processing and Analysis: 
For the ELISAs, all images were analyzed together in one-plate using the Q-view software (Quansys Biologicals, Utah, USA). The concentration of each cytokine was calculated using the standard curve of respective cytokine provided by with the ELISA kits. For Trial 1 we used 5 biological replicates and 3 technical replicates, and we diluted the samples by 50%. When plotting the results from Trial 1, we multiplied the cytokine concentration by the dilution. Trial 2 also consisted of 5 biological replicates (n=5) but we did not have sufficient sample volumes to have technical replicates. Additionally, we did not dilute the samples in Trial 2. The technical replicates allowed us to compute reliability within the individual cytokine measurements in Trial 1. However, we were not able to compute reliability between trials because Trial 2 had no technical replicates. 
For the histology, one tissue section was analyzed from each tissue slice. For the SCN/AH, a tissue section was chosen that contained a region approximately mid-way between the anterior and posterior ends of the SCN, based on the shape of the underlying optic chiasm. A region of interest (ROI) was then created for each image that was being analyzed. The SCN region was identified based on the DAPI staining, as the SCN has a greater cell density than the surrounding hypothalamus.  The AH ROI (created by shifting the ROI surround created for the SCN) was chosen based on following parameters:  an area near the SCN, in the same section, that did not include the epithelial cells lining the ventricle or tears from cryostat sectioning. For the cortex, we generated a rectangular ROI of approximately the same size area to that of the SCN and AH that spanned multiple cell layers through the cortex. We used the same ROI with minor changes for all the cortical sections that were being analyzed for this study. Six samples were analyzed for each condition, and the images were analyzed by at least 3 individuals without knowledge of the experimental treatment. The mean of the individual analyses for each image was used for statistical analysis. 
Using ImageJ (NIH), for each ROI, we counted the total number of cells based on the DAPI channel. Next, based on the protocol we have used previously 158  we counted the total number each of dead and damaged cells in each ROI based on the PI staining. We then counted the total number of microglial cells in each ROI using the IBA1 channel. By merging the PI and IBA1 channel, we then counted how many IBA1 cells were either dead or damaged. 
We then calculated the percentage of microglial cells that are dead and damaged for each ROI using the formulas:     Total IBA cells
X 100 = % dead microglial cells
# IBA1+intense PI stained cells

X 100 = % damaged microglial cells
# IBA1+diffuse PI stained cells

Total IBA cells 

The percentage of healthy IBA1 cells is the total number of cells minus the dead/damaged cells.
To estimate the percentage of all dead and damaged cells in each ROI that were microglial cells, we used the formulas: # IBA1+diffuse PI stained cells
X 100 = % of dead cells that are microglia
Total number of intense PI+ cells 
# IBA1+intense PI stained cells

Total number of diffuse PI+ cells 
X 100 = % of dead cells that are microglia

The percentage of total healthy cells is the total number of cells minus the dead/damaged microglia.
Statistical Analysis
The Q-view software calculates the cytokine measurements for each of our samples. We plotted the data using GraphPad Prism. To compare differences in cytokine expression, two-way ANOVAs with brain region x treatment conditions were performed using GraphPad Prism for each cytokine. Differences were considered statistically significant at p<0.05. 
To determine the percentage of microglial cells that are dead or damaged in different areas under control and NMDA conditions, we plotted the mean and SEM of the analyses for each image using GraphPad Prism. To compare differences in the percentage of microglial cells that were healthy, damaged or dead in each region, separate two-way ANOVAs with brain region x treatment conditions were performed for each cell health status category using GraphPad Prism. Similar analyses were performed that focused on the proportion of all dead, damaged and healthy cells in each ROI that were dead, damaged or healthy microglial cells. Differences in all cases were considered statistically significant at p<0.05.
Results 
ELISA Assay using the Q-view imager 
In Trial 1 (Figure 21), two-way ANOVAs revealed there were no statistically significant interactions between brain regions and treatment conditions on the expression of IFN- (p=0.8588), IL-1 (p=0.9526), IL-1b (p=0.9639), IL-6 (p=0.1362) or TNF- (p=0.3491). However, there was a statistically significant interaction between brain region and treatment condition on the expression of IL-10 (p=0.0176). Post hoc analysis indicated a significantly lower IL-10 expression in cortex compared to hypothalamus under control conditions (p= 0.0167). Additionally, within the hypothalamus, there was significantly higher expression of IL-10 under control conditions compared to NMDA conditions (p=0.0120). 
In Trial 2 (Figure 21), there were no statistically significant interactions between brain areas and treatment conditions on the expression on the expression of IFN- (p-value could not be calculated because no cytokine was detected in any of the samples), IL-1 (p=0.9855), IL-1 (p=0.1599), IL-6 (p=0.4489), TNF- (p=0.2745) or IL-10 (p=0.6778). 
ELISA Assay using the BioRAD imager 
In Trial 1 (Figure 21), two-way ANOVAs revealed there were no statistically significant interactions between brain area and treatment condition on the expression of IFN- (p=0.4006), IL-1 (p=0.4671), IL-1b (p=0.9006), IL-6 (p=0.2190), TNF- (p=0.3363) or IL-10 (p=0.1875). In Trial 2 (Figure 21), two-way ANOVAs revealed no statistically significant interactions between brain areas and treatment conditions on the expression of IFN- (p-value could not be calculated as there no IFN- was detected), IL-1 (p=0.9169), IL-1b (p=0.3322), IL-6 (p=0.3550), TNF- (p=0.3033) or IL-10 (p-value could not be calculated because there was no variation in experimental replicates possibly due technical issues. ). 
Percentage of microglial cells in the SCN, AH and cortex that were dead/damaged 
Data are not yet analyzed.
Percentage of total dead/damaged cells SCN, AH and cortex that were microglial cells. 
Data are not yet analyzed.
Discussion
The overall aim of this study was to investigate the types of cytokines being released by brain slices containing the SCN and AH compared to an excitotoxically susceptible region of the brain, i.e., the cortex. Our results (using the Q-view imager) show no statistically significant differences in the concentration of any of the pro-inflammatory cytokines such as IFN-, IL1, IL1, TNF- and IL-6 between cortex and hypothalamus under control and excitotoxic conditions in either Trial 1 or 2. On the other hand, in Trial 1, the data indicate that the cortex has significantly lower levels of IL-10 secretion compared to the hypothalamus under control conditions. Further, the data indicate that IL-10 release in the hypothalamus is significantly lower when the brain slices are treated with NMDA compared to control conditions. Although neither of these results are replicated in Trial 2, they do support there being regional differences in cytokines that could be relevant to the regional differences in excitotoxic susceptibility that we have demonstrated.  The lower control IL-10 levels could, for example, set the stage for the cortex being less resilient to an excitotoxic stimulus. The decrease in IL-10 in the hypothalamus in response to NMDA treatment is not consistent with the higher resiliency of the SCN, but it would be consistent with the lower resiliency of the AH. It would also be consistent with microglia in the hypothalamus reacting in a pro-inflammatory direction, but this idea is inconsistent with the lack of significant increase in any of the pro-inflammatory cytokines.
With respect to the results obtained using the BioRAD imager, it is clear that across the board there are lower values compared to those obtained using the Q-view imager, in both Trial 1 and 2. This was likely because the resolution of the BioRAD images are lower than those acquired using the Q-view imager. Although we did not do a statistical analysis of this, the overall pattern supports the Q-view imager having higher sensitivity than the BioRAD imager, a potentially important factor when analyte concentrations are very low.  For example, this difference could underlie the IL-10 data in Trial 1 not having statistically significant differences when using the BioRAD imager. 
While in these experiments we were unable to separate the SCN and AH, given their differences in excitotoxic resiliency, future experiments could compare these two regions by doing immunohistochemical analyses of the brain slices exploring the expression of specific cytokines. Additionally, future experiments could expand the number of cytokines investigated. The cytokines detected in the ELISAs we used have been previously implicated in excitotoxic cell damage and neurodegenerative disease 201, and hence were interesting candidates for our analysis. However, additional cytokines could prove informative such as IL-4, CCL2, CX3CL1 etc. Investigating additional anti-inflammatory cytokines would be good. In general, understanding the expression profile of the cytokines are imperative as they provide important therapeutic targets to treat diseases that are associated with excitotoxic damage.
When comparing Trials 1 and 2, there is a lot of variation in the concentrations of the cytokines that were measured between the two trials as well as their overall patterns across the different conditions and brain regions. It is possible that the variation is due to the low concentration of the cytokines in the tissue perfusates. The concentrations of the cytokines obtained in the analyses are at the low end of the sensitivity range of the kits, which could limit their reliability.  Another factor increasing the variability of the results could be that we were unable to maintain the number of technical replicates between the two trials because we did not have enough sample volume.  Given that the slices were in a static bath prior to collecting the perfusates, it is also possible that a majority of the cytokines released by the cells remained in the tissue slices. These issues could be addressed in future experiments by maintaining the slices in a microfluidic device that allows tissue perfusion but substantially reduces the overall perfusate volume. We are currently testing a new microfluidic device that improves on a previous one we helped develop and test141. We hope to use it in future experiments to investigate cytokine release from brain slices.
Another way to address the issues of sensitivity and reproducibility is to use a more sensitive analysis technique. Along these lines, we are collaborating with Dr. Bhavya Sharma in the Department of Chemistry who is developing a Raman-based Spectroscopy technique that can be used to detect cytokines (and other analytes) in the femtomolar range. This will not only help us detect cytokines that are being released at low concentrations but will also allow us to detect a broader range of cytokines compared to pre-determined ELISA kits that can only assess a limited number of cytokines. 
The propidium iodide imaging along with the cytokine data will give us an indication of the percentage of microglial cells that are being affected by the excitotoxic conditions compared to control conditions in each region and the percentage total cells affected by the excitotoxic conditions that are microglial cells. These data will provide preliminary results to support future experiments investigating the mechanisms underlying the regional and time-of-day differences in excitotoxic susceptibility we have previously shown.
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Figure 21: Mean + SEM cytokine release concentrations determined using the Q-view and BioRAD imagers. *p<0.05



Chapter V
Summary and Conclusions






















Excitotoxicity has been implicated in the progression of pathologies such as stroke and traumatic brain injury and diseases such Alzheimer’s, Parkinson’s and schizophrenia to name a few118. Excitotoxicity in these conditions arises due to an increase in glutamate concentration in the extracellular space of the brain which over-activates glutamatergic receptors such as N-Methyl-D-Aspartate (NMDA), -amino-3-hydroxy-5-methyl-4-isoxazolepropinic acid (AMPA) and kainic acid (KA) receptors118. This leads to a surge in intracellular Ca2+ ions, switching on of cell death pathways and ultimately cell death and damage30. While there have been a few reports indicating increased resilience of certain brain areas to excitotoxicity associated cell death98, in depth qualitative and quantitative comparison of regional heterogeneity in susceptibility to excitotoxicity had not been undertaken. While an increased resiliency, specifically of the suprachiasmatic nucleus (SCN) has been previously reported using cell culture preparations, studies investigating the health of the SCN in intact tissues were missing99,202. These gaps in knowledge prompted us to use ex vivo slice preparations to quantitatively compare the resiliency of SCN, the surrounding anterior hypothalamus (AH) and the cortex. We used N-Methyl-D-Aspartate (NMDA) as the excitotoxic stimulus for our studies. This was done because NMDA is the major receptor that is associated with excitotoxicity.
We began by isolating acute coronal brain slices containing the SCN and adjacent AH or the cortex from C75Bl/6 mice and maintaining them in Hatton-style brain slice dishes. To compare the response of the brain slices to excitotoxicity we left the brain slices untreated or exposed them to varying concentrations of NMDA (50uM-10mM) at zeitgeber time 6 (ZT6, where ZT 0 = lights on and ZT 12 = lights off in the donor animal colony) for 1h. The slices were allowed to respond to NMDA treatment for 3h before being stained with the cell death marker propidium iodide (PI). The amount of cell death was assessed using three separate imaging protocols using ImageJ software based on PI intensity. Based on this analysis (summarized in Chapter II) we observed that the SCN requires a10-fold higher concentration of NMDA to inflict damage in the region compared to the AH and cortex158. In separate experiments we found that supplementing 500uM NMDA with 50uM AMPA does not change the excitotoxic response in any of the three regions158. 
Next, we wanted to investigate if the excitotoxic susceptibility exhibits a diurnal variation. To assess this, we treated SCN, AH and cortex brain slices with 50uM NMDA (a concentration that did not significantly affect cell health in the three regions at ZT6) for 1h at ZT6, ZT12, ZT16 or ZT22.  The slices were allowed to respond to the excitotoxic stimulus, stained with PI, and analyzed as above. Based on the analysis (summarized in Chapter II) we determined that there is a day-night difference in the amount of cell death in all three brain regions, with more cell death occurring at ZT16 and ZT22 compared to ZT6 and ZT12158. Together, these experiments were the first to quantitatively show the excitotoxic resiliency of the SCN compared to other brain regions. Additionally, this study was the first to show a time-of-day difference in excitotoxic resiliency across any brain regions.  The time-of-day results, in particular, are noteworthy because the enhanced susceptibilities of all three of the brain regions are in the same phase. Given the antiphase patterns of neuronal activity in the SCN vs. AH and cortex, the fact that we observe similar rhythms in cell death across all the three areas was interesting and suggests the involvement of mechanisms separate from those directly linked to neuronal activity, such as differences in intracellular Ca2+ concentration/buffering, NMDA receptor expression, glutamate uptake from the extracellular space or activity of glial cells134,139,203. 
While there are multiple mechanisms that might be influencing the regional and time-of-day differences in excitotoxic resiliency, we chose to investigate the role of microglial cells. This is for several reasons: First, microglial cells are implicated in excitotoxicity, and they respond to toxic signals in their environment204. Second, microglial cells have functional NMDA receptors and therefore able to respond directly to an excitotoxic stimulus via the secretion of cytokines and other factors164. Third, little information has been published about microglia in the SCN. Fourth, while heterogeneity in microglial cells across some brain areas have previously been shown, generally these studies only investigated one or two microglia parameters and/or only looked at 1 or 2 times of day160. Therefore, we chose to investigate multiple microglial phenotypic parameters that previously had been shown to change in response to different types of tissue damage or compromised immune status, including microglia density, morphology and cell surface markers, assessing them across different brain regions and times-of-day. 
Previous research has shown a correlation between microglial density and disease progression. One such study reported that depletion of microglia using a CSF1R inhibitor exacerbates brain infarction volume and increases neuroinflammation in mice subjected to middle artery occlusion (MCAO) surgery205. This prompted us to quantify microglial density in different brain regions and investigate if there was a correlation between NMDA-induced cell death in different brain compartments and microglial density.  In addition to microglial density, the morphology of the microglial cells is also an important parameter to elucidate their activity. While an amoeboid microglial shape classically was associated with active microglia and a ramified morphology was associated with a more surveillant microglia, current advances in the field have reported that such classification might not be biologically relevant206. To address this, in the current study we have adopted a less biased approach to observe the morphology. To observe the extent of ramification, we calculated the cell body:total area of the microglial cells. Additionally, we used IMARIS to analyze the morphology using surface area and volume in three-dimensional space to give us a clearer picture of the microglial morphology. Both qualitative and quantitative assessments of microglia are considered critical for microglial research and both can provide important insights into the range of morphologies exhibited by the microglial cells170. 
To support our morphology data, we investigated the functional state of the microglial cells using the expression of pro-inflammatory and anti-inflammatory cell surface markers. In addition to this, we assessed the cytokines released by brain slices containing the different regions. This was done because cytokines are the effector molecules driving cell survival or cell death and should ideally correlate with the resilience and susceptibility of the different region under control and excitotoxic conditions. 
Finally, we believed it was important to investigate the extent to which maintaining our brain slices in vitro alters the microglia baseline activity or responses to NMDA. This is because microglia are extremely dynamic cells and are affected by being maintained in cell cultures184. For this, we compared acutely fixed brain slices to brain slices that had been maintained in vitro.
Based on our results (summarized in Chapter III), we see many differences in microglial responses, both across brain area and across different times of day. Inter-regional differences were observed in terms of microglial density and morphology, but not in the expression of CD86 and CD206. The cortex was associated with higher microglial density and higher average surface area and volume compared to the SCN and AH. 
The regional differences in microglial phenotype in the cortex compared to the hypothalamic regions may be shaped by a variety of factors. One of these factors is the difference in the proportion of white matter and gray matter. While the cortex is comprised primarily of gray matter, the hypothalamus consists of both white and gray matter207,208. Studies have shown that microglial cells associated with white matter are more phagocytic compared to gray matter under basal conditions209. Furthermore, the number of microglia expressing the purigenic receptor P2Y12 (P2RY12), which is a resting phase marker, is reduced during the late scaring phase after ischemic stroke in the white matter compared to the gray matter, indicating a differential response of microglial cells in the two brain compartments. In addition to the proportion of white matter and gray matter in the cortex vs the hypothalamic region, neuron-microglia crosstalk is an important factor that can drive regional heterogeneity in microglial activity. One example involves the expression of fractalkine (CX3CL1), a ligand expressed by neurons, and its cognate receptor on the microglia, fractalkine receptor (CX3CR1). While the Cx3cr1 gene is expressed in the cortical, hypothalamic, and basal ganglia regions, CX3CL1 is expressed only in the cortex and basal ganglia160. Thus, this differential expression of ligand and receptors could drive differences in microglial activity in the cortex compared to hypothalamus. Other factors that can contribute to differences in microglial activity is calcium signaling by neurons and the activity by matrix metalloproteinases. Microglia have been shown to be excellent sensors of neuronal calcium signaling that drive microglial association with synapses210. However, whether these factors drive differences in microglial activity between the cortex and hypothalamus still remains to be investigated. Microglial heterogeneity can also be shaped by the differences in microglia-vasculature interactions in the cortex compared to the hypothalamus211. Understanding these differences is therapeutically relevant because based on the diversity of microglia and the area it is residing, a “one type fits all” approach to treat excitotoxicity associated disorders might not be effective. This is especially true for treating white matter associated disorders such as multiple sclerosis, stroke, etc212. 
Recent advances in genetic tools have led to classifying microglia into six subtypes based on a broad genetic marker diversity. Of these, a microglial subtype called the dark microglia is specifically found in the hypothalamic area213. Functionally they are extremely active, with thin processes allowing to make contacts to synaptic elements. However, the exact mechanism of this diversity and their impact on cell viability in different brain compartment remains to be understood. 
Based on our morphology data, the microglial cells in the SCN are more ramified compared to that of cortex and they do not shift their morphology under NMDA conditions. Observations of microglial morphology in mouse organotypic hippocampal slices have shown that ramified microglia are more neuroprotective because of their enhanced capabilities to screen the environment and inhibit cell death in the CA3 and dentate gyrus under NMDA conditions214. Thus, our data are consistent with previous reports, and suggest that ramified microglia offer neuroprotection making the SCN more resilient to cell death compared to the cortex. The fact that we also see the microglial cells conforming to a ramified shape in the AH, which we found to be equally susceptible to cell death as the cortex, was something that we did not anticipate. It is possible that the increased cell death in the AH is driven by a different factor not being captured by the analysis techniques we used.  
In addition to regional differences in the various microglial parameters, we also observed time-of-day differences in microglial density, activity, and cell surface markers, most notably when comparing the hypothalamic areas to the cortex. Most differences across times-of-day were observed in the cortex, including differences in microglial density, morphology and expression of CD86 and CD206. These time-of-day differences were more prominent in the cortex compared to SCN or AH. Additionally, microglial density and morphology were more affected by NMDA at ZT6 in the cortex compared to the SCN and AH. While microglial cells have been shown to exhibit diurnal differences in activity171, we expected the cortex to show more responses to NMDA at night because neuronal activity in the cortex, in parallel to the overall activity of mice, is higher in the at night171,215. This could be because intracellular microglial Ca2+ levels were lower in wakefulness compared to sleep conditions216. We speculate this lower intracellular Ca2+ concentration of microglia during the resting period primes the microglia to respond more to excitotoxicity because of an increase probability in the switching-on of Ca2+ based intracellular pathways that regulate inflammatory responses in microglial cells. Of note, our data showing increased NMDA responsiveness (although not necessarily the excitotoxic susceptibility) in the cortex at ZT6 is consistent with clinical data showing that the onset of stroke during night in humans (similar to rest phase in mice) is more severe and associated with increased incidences of neurological disorders217. 
It is interesting that time-of-day differences were not observed in the SCN or AH, especially with changes in microglial density and morphology. Firstly, this is because the SCN is the primary circadian clock, and as such exhibits many circadian rhythms in cell physiology. Second, based on the day/night difference in excitotoxic resiliency of both the SCN and AH, we hypothesized there would be day/night differences in microglia phenotype.  The lack of rhythms could be because non-microglial factors underlie the time-of-day differences in cell death in the SCN and AH, or it could be that diurnal differences in microglial activity in the SCN and AH are either too subtle or involve characteristics not identified based on our techniques and analysis methods.
We were also interested in investigating the extent to which maintaining our brain slices in vitro altered their baseline activity or responses to NMDA. This was because microglia are extremely dynamic cells and they lose some of their transcriptomic signature after leaving the CNS184.When comparing acutely fixed slices with slices maintained in vitro, there were very few differences in the SCN and AH region. However, we did see some differences in the cortex, in particular in the expression of cell surface markers. Thus, our data indicate that microglial cells in the cortex are much more sensitive to being maintained in vitro compared to microglia from the hypothalamic region. 
Another interesting finding is that the microglia in acutely fixed brain slices exhibit more time-of-day differences in all three brain regions compared to the microglia in brain slices that had been maintained in vitro.  Again, however, the parameters that exhibit rhythms differ between regions, with the SCN and AH having lower microglia density in the day vs. other times of day, while the cortex exhibits rhythms in microglia morphology.  Taken together these data suggest that the microglial rhythms in intact brain are driven by regional differences and by factors that are absent in ex vivo preparations. These could include behavioral or neural signals modulating the SCN, AH or cortex that are lost during slice preparation. A more thorough investigation into microglia rhythms across brain regions would shed light on this issue.
 Although the microglia characteristics we investigated can provide some indication of their functional state, another more definitive way to investigate this is to measure differences in the cytokines they express. In our study analyzed pro-inflammatory (IFN-, TNF-, IL-6, IL1, IL1) and one anti-inflammatory cytokine (IL-10) in our tissue perfusates. These cytokines have been implicated in various neurodegenerative diseases and have been shown to influence the health of surrounding cells. 
For these experiments we followed the same experimental methods as before, except that we only investigated slices treated at ZT6, collecting the media around the slices after 3h to measure cytokine release, followed by incubating the slices with PI for histological assessment.  As summarized in Chapter IV, most of our results do not show statistically significant differences in the cytokines released from hypothalamic (SCN+AH) or cortex brain slices under control vs. NMDA conditions. We believe this is likely due to the low concentration of cytokines in our samples.  We hope to address this in future experiments by 1) using microfluidics to collect more concentrated samples, and/or 2) utilize Raman spectroscopy-based cytokine detection technique in a collaboration with Dr. Bhavya Sharma at the Department of Chemistry in The University of Tennessee.
Meanwhile, we have processed the brain slices from these experiments for histology. We plan to analyze them for the percentage of dead, damaged, and healthy cells as in previous experiments.  These analyses are ongoing and would give us an indication of the percentage of microglial cells that are dead or damaged in the SCN, AH and cortex and well as the percentage of total dead/damaged cells that are microglia. 
Based on the data presented here, there are several broad conclusions that can be drawn: (1) the SCN is more resilient to excitotoxic damage compared to the AH and cortex; (2) all three brain regions are more susceptible to excitotoxic damage at night compared to the day; (3) there are time-of-day differences observed in microglial density and morphology in the cortex but not in SCN and AH under control conditions; (4) the microglia in the cortex exhibit excitotoxicity-induced changes that are not observed in the SCN or AH, including microglia density, morphology, and cell surface markers.; and (5) there are regional and time-of-day differences in microglial parameters that are present in acutely fixed brain slices but not in brain slices that had been maintained in vitro, indicating the experimental set up influences the microglial activity and should be taken under consideration when studying microglial activity. 
Ongoing and future directions
Although these results are both novel and interesting, at this point they are correlative and not causative. They do not directly address the question of whether changes in microglial activity contribute to the differences in excitotoxic resiliency between the SCN, AH, and cortex.  To begin to address this question, we have run an additional experiment using minocycline. Minocycline is a drug that suppresses the activity of microglial cells. We hypothesize that inhibiting microglial activity at ZT6 and ZT16 in brain slices containing the cortex will decrease the amount of cell death in the region in response to an excitotoxic stimulus. We chose these two times because that is when we see a shift in microglia morphology in response to NMDA stimulation in the cortex.
For these experiments we prepared brain slices containing the cortex either at ZT0-2 (for slices being treated at ZT6) or at ZT10-12 (for slices being treated at ZT16). The slices were pre-treated with 10uM/L minocycline for 1h before being treated with 10mM NMDA + 0.01uM/mL minocycline for 1h  at ZT6 and ZT16. The slices were maintained for 3h, then incubated with PI for additional 2h for histological analysis. We will analyze these brain slices to determine microglia density, morphology, and cell surface markers as in our previous experiments, using both ImageJ and IMARIS.  Although this experiment will not provide a comparison across brain regions, the results of these experiments should provide a more definitive answer as to whether microglia are involved in excitotoxic susceptibility in the cortex across times of day and can be used as preliminary data to support further investigations along these lines.  
The investigation of how microglia are involved in the regional and time-of-day variations in excitotoxic susceptibility is just beginning.  There are many experiments to be conducted in the future such as 1) comparative studies of gene expression profiles of the microglial cells across different regions; 2) 2-photon microscopy to elucidate the complex spectrum of morphologies exhibited by the microglial cells; and 3) additional experiments directly testing whether differences in microglia activity contribute to the regional and time-of-day differences. Given the devastating effects of excitotoxicity in the cortex associated with stroke, traumatic brain injury, and neurological diseases, a better understanding of the extent to which microglia contribute to cell damage could advance research into better therapies to combat these conditions. Additionally, it is imperative that a multi-faceted approach to study microglia is important to give us an overall picture of microglial role in excitotoxicity. 
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Appendix IV

Intensity Based Cell-counting: 
· Start with opening the .jpg file with the ROI on the ImageJ program.
· Once the image is open, select the freehand tool from the panel and draw over the already drawn ROI of the image. Once drawn open go to Analyze-Tools-ROI Manager and click add. This adds the image ROI to the manager.
· Once this step is done, open the  .tif file of the image. Start with opening the image in the Image J program by simply dragging the image on the Image J panel.
· Change the brightness and contrast of the image by clicking Image-Adjust-Brightness & Contrast and click the Auto button.
· Following this split the different channels of the image by clicking Image- Color- Split Channels.
· After this step always duplicate your image before processing it.  Start off by duplicating the DAPI channel image. (Ctrl-Shift-D) then minimize one of each duplicate image.
· Add the ROI from the ROI manager by simply clicking Image-Overlay-From ROI manager.
· Now select the multi-point tool from the Image J and start counting the cells in a single ROI. If you mark a spot/cell with the tool by mistake, you can delete it by holding down Ctrl while clicking on the point; you should see it disappear. Once you have all the cells counted, they can be added to the ROI Manager by simply clicking Add in the ROI Manager.
· Next, open the image in the Red Channel and finalize our threshold by measuring the intensity from the entire section. You can invert the image by clicking on Image-Invert LUT. Click the ROI containing the counted cells from the blue image from the ROI manager. The point ROI counted from the blue channel will now be transferred to the red channel. This will add the ROIs and the counted cells to the red channel image. Refer to the representative of what healthy/damaged/dead cells looks like (see Figure 22) to find the threshold. 
· Now from the ROI channel box, select the ROI containing the counted cells and click Measure. This will give you the PI intensity measures of the counted cells. Copy these data into the Excel Sheet and sort them in increasing order.
· REPEAT this step for each ROI, using the DAPI image, and transferring to the PI image. You must do this for each ROI individually.
· Based off on these threshold intensity values, determine the number of cells that fall under each intensity range in the excel sheet. If you wish, you can make a bar graph for a clear visual representation. 

Mean Gray Value
MGV is the sum of the gray values of all the pixels in the selection divided by total pixel number.
· With the .jpg image, create/trace ROIs and enter them into manager (Analyze > tools > ROI manager>add)
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Figure 22: Image showing Grade 1, Grade 2, and Grade 3 cells









· If you are creating ROIs for the first time, be sure to save a jpg file with the ROI.  Check that the ROI has been saved on the image. May need to use Image>overlay>from ROI manager
· Open and duplicate tif file image and minimize one copy
· Adjust image brightness/contrast (auto). Duplicate image and minimize
· Separate colors (Image > Color > split channels). For each channel:
· Process > Subtract background (2 pixels, sliding paraboloid; disable smoothing. DUPLICATE both channels.
· Overlay ROI(s) onto each channel
· Measure in the ROI manager (save to excel file the area and mean value for each channel and for each ROI)
· Calculate PI/DAPI MGV for each ROI and include it in the excel file.

Particle Based Cell Count

(boxed directions are the same as above; you don’t need to repeat if you are continuing directly after doing MGV.]
· With the .jpg image, create/obtain ROIs and enter them into manager (Analyze > tools > ROI manager>add)
· Open the .tiff image, duplicate image and minimize one copy
· Adjust image brightness/contrast (auto)
· Separate colors (Image > Color > split channels). For each channel: Process > Subtract background (2 pixels, sliding paraboloid; disable smoothing, preview: check to see the setting has not eliminated true cells, but is clears up background noise/haze. Duplicate both channels. 
· DAPI: 
· Image > Adjust > Threshold (255 and variable) Have duplicate channel image open for comparison.  Zooming in can help.  Adjust the upper slide scale so that all cells are shown in red but no artifacts are red. [Entire cells don’t need to be filled in red.] You are trying to keep all cells while eliminating the very small, faint dots.  In some brain regions (e.g., hippocampus) it is hard to get a threshold that works for the entire tissue section.  If that is the case, you may need to set a distinct threshold for each ROI.  For other brain regions (e.g., hypothalamus, cortex) a single threshold should work for the entire image. [Don’t try to match the threshold scale number across different images.] Save the threshold you use to an excel file. 
· If there are an excessive number of cell clumps, you can try setting the threshold using an image that has not had the brightness/contrast adjusted, or one where the brightness/contrast has been adjusted after colors were separated (be sure background is subtracted).
· Process > Binary (watershed) - - hopefully most clumps will get separated into individual cells.  
· Overlay ROI by choosing (clicking on) the ROI in the ROI manager
· Analyze > Analyze Particles (using default settings, bare outlines, summary). 
· Save to excel file the cell number of cells for each ROI as indicated in the “summary” window.
· Dealing with clumps: Compare the outlined areas with the image you used to compare with and add points when multiple cells are clumped together (see image below). 
Note: for each “clump” you add N-1 dots.  That is, if the clump represents 2 cells, add 1 point. If it represents 3 cells, add 2 points.
When finished, add these points to ROI manager, then select “measure”.  Add that number of cells to the previous total calculated by the “analyze particles” process and save the new total. [Alternatively, when you are finished, add one more point where you can see the number; the number to add to the previous total will be one less than that.
· PI: 
· Image > Adjust > Threshold (255 and variable) Have duplicate split channel image open for comparison.  Zooming in can help.  Adjust the upper slide scale so that all cells you wish to identify are shown in red. [Entire cells don’t need to be filled in red.] 
· There are two separate thresholds you need to identify: one that separates Grade 3 (high intensity, sharp edges) from Grade 2 (medium intensity, sharp edges) cells. In this case, set the threshold so only the brightest (dead) cells are red.  Write down the threshold you use in the excel file.  The second threshold separates Grade 0/1 (minimal PI staining) from Grades 2 + 3 (more PI staining). For this one, set the threshold so all but the dim (healthy) cells are red. Save the threshold you use in the excel file.  After each thresholding:
· Process > Binary (watershed) - - hopefully all cells will get separated and not remain in clumps.  If not, use ‘dealing with clumps’ procedure outlined above.   
· Overlay ROI; choose (click on) ROI in ROI manager
· Analyze > Analyze Particles (using defaults; summary). 
· Save to excel file the cell number of cells identified with each threshold for each ROI as indicated in the “summary” window.
Important Note: the number of cells calculated with the lower threshold (eliminating Grade 0/1 cells only) includes Grade 2 + Grade 3 cells.  You need to subtract the number of Grade 3 cells (determined with the higher threshold) to get the number of Grade 2 cells.
After you finish and have the cell numbers, go back to the original brightened image and see if the numbers roughly seem to match.  E.g., if you calculated 10% Grade 3 cells, but looking at the original image there seems to be a lot more Grade 3 cells, you might try analyzing again.
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Figure 23: Example of clumping on ImageJ
















Imaging Analysis of Microglia Morphology and Polarization Analysis using IMARIS
Part 1: Analyzing microglia number, morphology, volume
· Open the Prosser Lab shortcut on the desktop and double-click the image that needs to be analyzed. This will be an image with the MX_Composite_ROI.ims file where the ‘X’ stands for the image number that is being analyzed.
Open the corresponding .jpg file on ImageJ and have it over to the side. Use it to help with subtracting background and setting thresholds (below).
· At this point the upper menu option should be on “Surpass” (Figure 24) option and on ‘3D view’ (Figure 24)
· Immediately below that, on the left-panel, click on the ‘Add New Surfaces’ icon.(Figure 24)

· If the display adjustment tab (Figure 24) is not displayed, go to Edit > Show Display Adjustment. This will show all the channels (red/green/blue) that are present in the Image. Select ‘Channel 2’ in the display adjustment tab.

Tip: The check box associated with the channels can be switched on/off and doing that you can control what you see. Make sure that the Channel 2 corresponds to Green and shows the IBA1 (microglial staining) and Channel 2 corresponds to Red and shows the CD86/CD206 staining

· After clicking on ‘Add New Surfaces’ a panel opens down (Figure 24). Under the Create tab (Figure 25) there, check ‘classify surfaces’ and ‘object-object statistics’ under the Algorithm settings.  If any other options are selected, de-select them before proceeding. Click on the blue button located down to proceed to the next step (see figure 24).
· In the drop-down menu under Source Channel make sure you are selecting Channel 2 (green channel). Enable ‘smooth’ (keep surface detail at 0.909um). Under the Thresholding option, select the ‘Background subtraction’ radio-button and enter a distance as measured outlined in the next step. 
· For thresholding, click on ‘Background Subtract’. You will need to enter a distance. To measure this distance, click on the ‘Slice’ (see con on Figure 24) option at the top of the screen. Using the up/down slide bar on the left, scroll through the image z-stack to find the cell with the biggest soma area. Double-click on one edge of the soma, and a plus sign will appear. Click on the other edge of the soma and a second plus sign will appear.  Pull them around to find the largest distance. The distance is displayed on a measure tab on the upper right corner of the screen. 
· Sometimes the tab it is hidden by the display adjustment dialog box, which you can move over to the side.  Make a note of the distance. 
· Go back to “3D View” (menu at top of screen) and enter the distance in the “background subtraction” box that you measured in the previous step.  Click on the blue button to proceed.
· Now you are on the ‘Background Subtract’ tab. Here you will be thresholding the image like in ImageJ by moving the threshold (lower left). Find how much of the area you want to keep by sliding the slide bar back and forth. 
· You want to NOT eliminate cell body blobs, DO eliminate the smallest blobs, and don’t worry too much if you are separating projections from their cell bodies.  You will be able to delete and reconnect things later. Make a note of your threshold.  When you are done, click on the blue button to proceed.
· This will take you to another thresholding step (Figure 24). At this point you can do more thresholding to remove additional objects from the background. This step is optional. The changes are less precise compared to the previous step since entire blobs are removed. But it can clear up the image a bit.
     After this you can finish by clicking the green button double headed to create the objects.
1.  Now click on the colored cube in the lower panel. Under Color tab select ‘Base’ and select the ‘Material’ button. 
· Tip: Choose the fourth option from the scroll bar for materials because of visibility. You can choose a different material if you prefer but this is the best material to visualize co-localization if any.
· Now you will be able to see the different objects in the images. Click on the “Edit” (same panel as that of the colored cube). 
· Based on your judgement, you can merge or eliminate objects by clicking on the object (or multiple objects while holding down the control button) in the image (it/they will turn yellow) and choosing “unify” or “delete”. 
· Tip: Use the .jpg file a lot in this part to help assess whether an object is a unique cell body (with at least 1 projection), an extension off another cell, or a partial something that should be deleted.  Also delete cells that are at the edge and cut off too much. Use the ROI marked in the image that you open using ImageJ to better make the distinction. On the IMARIS Rotate/zoom the image to help determine if objects are overlapping, close together, separated, etc. 
Tip: Additionally, you can click the checkbox associated with the ‘Surfaces 1’.  Unchecking/checking this box might help you with visualization or the arborization better. 
· IMPORTANT: You can “separate” objects you united, but you can’t undo a delete. So be careful at this step. 
 When you are done, take a screenshot (using Snapshot in the top menu, see figure 24) to help us compare in the future. Close the snapshot window.
· Once you are satisfied, click on the ‘Statistics’ button. (Figure 24). 
· First choose overall statistics. Scroll down to “total number of surfaces”, which gives you the total number of microglia. Shift right to see the total number. Write it down.
Next, go to individual data using the ‘Selection’ tab, then click on ‘Specific Values’ from the 2 dropdown menus, and then select ‘Volume’ at the bottom of the list. Choose individual microglia to and record their volume on an excel sheet. Additionally, you will also be recording the ‘Area’ (by selecting the drop-down menu at the ‘Specific Value’ tab) of the individual microglia in an excel sheet.

· Open your EXCEL file and create a sheet named with the image number. Click on each object in the image and find its volume (displayed in the lower left-hand panel). Add this number to your Excel file. Repeat for each microglia.  Make sure you have entered them all by comparing with the “total number of surfaces” from above.  Add the distance, threshold, and number of microglia from your notes. Save the Excel file.  
Part 2: Analysis of the co-localization between IBA1 and CD86/CD206. 
· So now we have a surfaces/objects (shown as ‘Surface 1’) created for the green channel (IBA1). We will repeat steps 4-14 to create the surfaces/objects for the Red Channel (CD86/CD206). In order to see the red channel (CD86/CD206 cells), we will begin by first de-selecting channel 2 and selecting channel 1 from the Display Adjustment dialog box. Also, de-select the check box of “Surfaces 1” that you created. Repeat steps as same. 
· Tip: During ‘Background subtraction step’ keep the distance the same as you have entered earlier for Channel 2. In this step include some of the small blobs (but not the very small blobs) and because a lot of these blobs might colocalize with the microglial cells. Also remove any object that might look like a blood vessel. You can do this either during thresholding or when you are unifying/deleting objects. 
            Tip: De-selecting the ‘Surfaces 2’ check box is a useful to visualize the objects better. 

· Now you have two surfaces: Surface 1 represents the microglial cells and Surface 2 represents either CD86+ or CD206+ cells. To see co-localization, de-select Channel 1 and Channel 2 from Display Adjustment dialog box. Select ‘Surfaces 1’ and ‘Surfaces 2’ that you created and count total number of microglial cells and the number of microglial cells that show co-localization. You can zoom-in the image, move it around in various degrees to analyze the images better. Take a screenshot of this for future references. 
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Figure 24: The top panel shows the icons associated with 3-D view, Surpass, “Add surfaces”, Snapshot and Statistics. The middle panel shows the Display and Create surfaces dialog box. The lower panel shows the dialog box associated with background subtraction and thresholding step on IMARIS









Imaging pipeline for Microglial Polarization Analysis using ImageJ for z-stacked images

Manually Counting the Cells

When the images are being processed in ImageJ, the C=0 comprises of the DAPI channel, C=1 is the green channel and C=2 is the red channel. These images are stacks and will need to be Z-projected when the analysis is commenced.

We will begin by counting the number of microglial cells in each given ROI. To do this: 

· Open ImageJ and upload your file. (Since the C=1 is the image from IBA1 staining you will be uploading the image marked with C=1 for this). Drag and drop the image onto the ImageJ toolbar. 
· The images given to you will be stacked. Collapse all the slices by clicking on Image>Stacks>Z-project. In the z-projection dialog box, make sure the Projection Type is Average Intensity. The selection can be changed by clicking the drop-down menu. 
· Subtract the background: Process > Subtract Background, set the Rolling Ball radius to 20 pixels and choose Sliding Paraboloid and Disable Smoothening. Click OK. The image should change.
· Following this change the brightness of the image by clicking Image>Adjust>Brightness and Contrast and then hit AUTO. 
· Upload the ROI in the image: Drag the ROI file(s) onto the ImageJ toolbar.  They will show up on the .tif image.  ADD them to the ROI manager (Analyze>Tools>ROI Manager and click Add). Then click somewhere on the .tif image so the ROI is not shown. Duplicate the image (Ctrl+Shift+ D on Microsoft and Command+Shift+D for MacOS) and overlay the ROI on the image by clicking on Image>Overlay>From ROI Manager. Now using the multi-point tool count the number of microglia in the given ROI and make a note.
To count CD86/CD206 cells. 
· Begin by opening the channel C=1. Z-project the image by clicking on Image>Stacks>Z-project. In the z-projection dialog box, make sure the Projection Type is Average Intensity. The selection can be changed by clicking the drop-down menu. 
· Subtract the background: Process > Subtract Background, set the Rolling Ball radius to 20 pixels and choose Sliding Paraboloid and Disable Smoothening. Click OK.
· Repeat step 1-2 by opening C=2 channel file on Image J. Take a screenshot of the C=2 image because we will be later using this screenshot for thresholding to calculate the Pearson’s correlation coefficient and Mander’s number.  
· Merge the two channels by going to Image>Color>Merge. While merging make sure that the images you select using the drop-down menu is of correct color. C1 is red and should have the red channel image and C2 is green and should have the image from the green channel. Check “Create Composite” option and click OK.
· Change the brightness by clicking Image>Adjust>Brightness and contrast and click Auto. The slide beneath the image depicts the two channels. Slide them to change the brightness and contrast of both the red and the green channel.
After this change the image type to RGB by clicking on Image>Type>RGB.
· Add the ROI in the resulting image by clicking on Image>Overlay> From ROI Manager.
· After this Click on Image>Adjust>Color Threshold and in the dialog box that comes up move the slider under the Hue to include just the Yellow part of the Bell curve (34-47) that comes up. Click the threshold color to be white using the drop-down menu. 
The white color shows all the areas where there is a co-localization. Count the number of cell where there is a co-localization between red and green in the given ROI and make a note.
Calculate what % of cells areCD86/CD206 positive by the formula: (No. of CD86/CD206 cells/No. of total microglia cells) *100.

Calculating the Pearson Correlation Coefficient and Mander’s Coefficient of the Region of Interest.

In this case you already be given the images with the ROI already there for both the green and the red channel. And you will need a plug-in Just Another Colocalization Plug-In (JACop) for ImageJ. 
· Go to Plug-In option on Image J and select JACop.
· Drag the C=1 image and drop in the ImageJ toolbar. The first image dragged gets assigned Image A. Collapse the slices from the z-stack as done previously and subtract background. Choose images from the two channels and assign them as Image A and Image B. I prefer using the Green Channel Image for Image A and Red Channel Image for Image B. For thresholding the green channel, make sure you are including the microglia soma and the projections. For the red channel use the screenshot you took earlier of the C=2 channel and use it to include all the necessary areas. 
· In the Analysis to Perform section, check Pearson’s Coefficient and M1&M2 Coefficient.
· Go to the threshold option and threshold for Image A and Image B. This is going to be a subjective assessment so be sure to include maximum of the cell area in both cases. For CD86, consider the blood vessels when thresholding for CD86+ cells.
· After this click analyze and note the Pearson Coefficient and the M1&M2 Coefficient that will be shown in the results dialog box that appears. 
Selection of tissue sections for imaging
After fixing the tissue blocks, the tissues were frozen in OCT blocks before being sectioned. For DAPI/PI staining, the sections were maintained at 10um thickness and for IBA1/CD86/CD206 staining, the sections were maintained at 25um thickness. The sections were collected sequentially in alternate slides such that all slides had a combination of sections from each layers of tissue block. For all sections, we made sure to not include the sections towards either end of the tissue block. This was especially important when observing cell death using Propidium Iodide. 
Image acquisition:
For fluorescent microscope:
We used the Leica DM6000B to image sections for PI/DAPI staining. When setting the exposure time for DAPI of the FITC channel /red channel make sure you do not overexpose the channels. For the DAPI channel we maintained an exposure time of 0.08-0.7 msec. For FITC channel we maintained an exposure time of 0.5-1.5msec. For each image not down the slice no, the section number and image settings used. After the image was acquired, we opened the image using ImageJ, marked the ROI using the DAPI staining and saved the image as  .jpg. This file was used by the blind observers to make the ROI when analyzing. All the analysis was done on .tif files. All the images were coded using numbers to avoid any bias. 


For confocal microscope:
We used the Leica SP8 to image sections for IBA1/CD86/CD206 staining. The laser power for DAPI (405) was maintained between 5-15%, for IBA1 (488 channel) and CD86/CD206 (548 channel) the laser power was maintained between 25-50%. The images are acquired as .lif file which can be opened using the ImageJ program. For each image, all the three channels are hyper stacked, and you will have to individually split each image into the different channel to mark the ROI. Each image is associated with a specific number to avoid any bias. The images are saved as XX_C=0_ROI, XX_C=1_ROI and XX_C=2_ROI for images with region of interest marked for DAPI, green and red channel respectively.  For images analyzed using the IMARIS, all the channels with their ROI marked are merged and the format is changed into RGB by clicking Image> Type>RGB. This is useful for analyzing the microglia morphology in the green channel and the colocalization in the red channel. The merged image is saved as XX_Composite_RGB_ROI. 
Solutions used
1. Earle’s Balanced Salt Solution (for 500mL) (pH=7.4)
Sodium Bicarbonate (NaHCO3) = 1.1 gm
Glucose = 5.42 gm
Earle’s = 4.35 gm
2. N-Methyl-D-Aspartate Solution (Stock Solution of 10mM)
Molecular Weight of N-Methyl D-Aspartate = 147 gm
EBSS Solution = 20mL
N-Methyl-D-Aspartate = 0.029 gm
3. AMPA solution (Stock Solution of 500 uM)
Molecular weight of AMPA = 267.08 gm
EBSS Solution = 20 mL
AMPA = 0.0026 gm
4. Propidium Iodide Solution (Stock Solution 1.0 mg/mL)
Final concentration used for experiment = 4.6 ug/ML
Stock solution = 630 uL
EBSS = 150 mL
5. Minocycline (Stock solution 10uM/mL diluted with EBSS)
Final concentration used for experiment = 10uM/L (0.01uM/mL)
6. Phosphate Buffered Saline (10X)  (recipe found online)
7. Tris Buffered Saline (10X) (recipe found online)
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