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Lay Abstract  

  

  

 The goals of this thesis are to identify how two key cell types of the 

paraventricular nucleus of the hypothalamus (PVN), namely oxytocin (OXT) neurons, 

and astrocytes interact with each other during stress and social situations. We 

employed fiber photometry in mice to investigate the interactions between PVN 

astrocytes and OXT neurons during social and stress experiments. We found that PVN 

astrocytes are strongly activated during the stress response and immediately prior to 

sniffing a non-familiar mouse. On the other hand, we found that PVN OXT neurons did 

not elicit a response in our stress tests but did increase in activity during social sniffs. 

Interestingly, we also found that PVN OXT neurons reduce in activity while a mouse 

sniffs an almond odour. These results suggest that PVN astrocytes are active during 

stressful stimuli while PVN OXT neurons are active during periods of socialization and 

decrease in activity while sniffing an appetitive odour. 
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Abstract  

  

The paraventricular nucleus of the hypothalamus (PVN) is at the axis of stress 

and social responses. During stress, PVN corticotropin-releasing hormone (CRH) 

neurons become active and release arginine vasopressin (AVP) and CRH onto 

downstream targets. While CRH and AVP initiate the release of glucocorticoids into the 

blood stream, AVP also binds to receptors on PVN astrocytes to induce calcium waves. 

Previous studies have found that PVN astrocyte activity is important for 

modulating CRH neuron activity. It has been shown that oxytocin (OXT), the social 

hormone, is also released in the PVN during stress to provide anxiolytic effects. We 

hypothesize that stress-induced OXT release in the PVN acts on PVN astrocyte 

receptors to provide the anxiolytic effects seen in previous studies. We sought to 

explore this hypothesis by using fiber-photometry on C57Bl/6 mice during a social odour 

preference test, freely behaving social tests, the looming shadow stress task, and the 

tail lift procedure. We found that PVN OXT neurons are active while a mouse sniffs 

another mouse and decrease in activity while a mouse sniffs an appetitive odour. We 

also found that PVN astrocytes are active during stressful tasks and are active moments 

before a mouse interacts with a non-familiar mouse. We did not see any interactions 

between these two cell types during our experiments. An experimental technique with a 

higher temporal resolution may be needed in the future to better identify if and how 

these two cell types interact to modulate PVN CRH neuron activity.   
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1.The characterization of the stress response within the paraventricular 

nucleus of the hypothalamus 
 

1.1 Introduction to stress  
 

Stress research began as early as 1915 by Walter Bradfort Cannon as he 

observed the bodily changes that occurred after various external stimuli, such as cold, 

hunger, pain, exercise, and strong emotional stimuli (Godoy et al., 2018). These early 

studies into the stress response allowed Canon to coin the term “Fight-or-flight” to 

describe the response taken by an individual undergoing stress to mitigate further 

stressors. Stress research was then built upon by Hans Seyle, who discovered a 

“General Adaptive Syndrome”, a three-stage event of common symptoms which occurs 

after exposure to various acute nocuous agents such as exposure to extreme cold, 

surgical injury, excessive exercise, or intoxications to various nonlethal drugs (Seyle, 

1976). The symptoms noticed by Seyle and other early stress researchers were 

believed to be responses that return the body to homeostasis after disruption, such as 

increasing glucose to replenish lost energy stores, inhibiting T-cell proliferation to 

reduce inflammation, and decreasing the activity of non-stress related hormones (such 

as reproductive related hormones, or bone and muscle growth hormones) to decrease 

energy expenditure (Herman et al., 2003). These findings had been expanded to be 

defined as “the active process of adapting and maintaining homeostasis through the 

production of mediators such as cortisol” caused by psychosocial, 

physiological/metabolic, or traumatic stimuli (McEwen & Akil, 2020). Early findings on 

the stress response are what led to research related to the Hypothalamic-Pituitary-
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Adrenal (HPA) axis and the deep underpinnings of the stress response. The HPA axis is 

a neurohormone feedback system between the central nervous system (CNS) and the 

adrenal glands and is an important mediator for the stress response (Spencer & Deak, 

2017). The HPA axis will be discussed further in section 1.2.  

After the identification of the HPA axis, researchers discovered that there are 

many neuropeptides and hormones responsible for modulating the stress response for 

future events. Although corticotropin-releasing hormone (CRH) is a main player in the 

stress response in the paraventricular nucleus of the hypothalamus (PVN), other 

neurohormones such as arginine vasopressin (AVP) and oxytocin (OXT) play important 

roles in modulating CRH release and subsequent stress responses (Zelena et al., 2015; 

Smith et al., 2016).  More recently, it has been found that local astrocytes play a larger 

role than previously believed in stress response modulation as well (Section 1.5.1). This 

review will identify these key players in the PVN, these stress cells’ roles, their 

connections to other brain regions, and how they relate to the stress response itself, 

while providing a basis for future studies.   

 

1.2 The HPA Axis  

 

Psychological and physiological stress begins by activation of the HPA axis by 

the release of CRH. CRH is a 41 amino acid peptide that is synthesized within CRH 

neurons of the PVN and acts upon two types of guanine protein-coupled receptors 

(GPCRs): CRHr1 and CRHr2 (Dautzenberg & Hauger, 2002; Joelz & Baram, 2009). 

Before understanding how PVN stress cells can be modulated, one must understand 
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the HPA axis, and the stress response at its most basic level (Figure 1). Stress can be 

categorized into two domains: psychological stress, and physiological or homeostatic 

challenges. Psychological stress such as work stress, relationship stress, or financial 

stress initiates a response in the prefrontal cortex (PFC), amygdala, and hippocampus 

before reaching the bed nucleus stria terminalis (BNST) (Bains et al., 2015). Neurons 

from the BNST then synapse onto the PVN to allow for CRH production and release. On 

the other hand, physiological or homeostatic challenge stress such as infection, 

temperature stress, or pain begin at various nuclei within the brainstem such as the 

raphe nuclei, parabrachial nucleus, locus coeruleus, and nucleus of the solitary tract 

(Lipositz et al., 1987; Myers et al., 2017). Various neurons from these brainstem nuclei 

then synapse onto the PVN, although some homeostatic challenges will cause 

activation of brainstem to PFC, amygdala, and/or hippocampus activation before 

synapsing with the BNST, similar to the psychological stress circuitry (Figure 1; Herman 

et al., 2002; Herman et al., 2005; Roland & Sawchenko, 1993; Review: Bains et al., 

2015). GABA and/or glutamate activation from the BNST and/or brainstem stimulates 

CRH neurons within the PVN which finally leads to CRH and AVP mobilization and 

release into the hypothalamus to begin the activation of the HPA axis (Plotsky, 1985; 

Review: Kovacs, 2013). CRH binds to CRHr1 receptors within the pituitary gland to 

cause a surge of adrenocorticotropic hormone (ACTH) release which will then travel 

through systemic circulation to bind to the adrenal cortex above the kidneys (Bains et 

al., 2015). Once ACTH reaches the adrenal cortex, ACTH will enact the release of 

glucocorticoids into the peripheral blood stream. Glucocorticoids are endogenous 

steroids that are often used as a stress marker and act upon many different cell types to 
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enact a large number of changes within cells to redirect bodily energy for a suitable 

stress response (Herman et al., 2016). To regulate further stress responses, 

glucocorticoids will eventually make their way back up to the PVN by crossing the 

blood-brain barrier (BBB) and bind to glucocorticoid receptors on CRH neurons to inhibit 

further activity and reduce further CRH release (Erkut et al., 1998; Herman et al., 

2016).   

An Interesting study performed by Daviu et al. (2020) sought to better understand 

CRH neuron activity using fiber photometry during the looming shadow stress test. Fiber 

photometry is a technique where a fiber optic cannula is implanted into a brain area of 

interest alongside a viral vector containing genetically-encoded calcium indicators 

(GECI’s) to visualize the activity levels of cell populations during in vivo recordings 

(Gunaydin et al., 2014). In the looming shadow stress test, a mouse is placed within a 

home cage with a small house that the mouse is previously habituated to. A computer 

monitor is then placed on top of the home cage while the mouse is allowed to freely 

roam the cage. After a baseline fiber photometry recording, a small (2 cm) black 

shadow appears on the monitor briefly, then expands to 20 cm to stay in a looming state 

for several seconds (Münch, 2013; Daviu et al., 2020). This test is used to replicate a 

predator flying from above and elicits a fear response in the experiment mouse. The 

experiment mouse then responds in one of three ways: the mouse will run under the 

house for safety, freeze in place, or show no behavioural response. Daviu et al. found 

that PVN CRH neurons increase in activity during the looming shadow stimulus. Daviu 

et al. then furthered this finding and showed that there is a small increase in CRH 

neuron activity ~2 seconds prior to the large increase in CRH neuron activity during 
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initiation of “run” behaviour, but not other types of behaviours. Based on these results, 

the authors concluded that CRH neurons show a unique increase in activity prior to 

behaviour initiation in controllable, but not uncontrollable stress, and this may be 

important for stress-related decision making. It is therefore important to note that stress-

related decision making may begin at the PVN and involve local circuitry before creating 

downstream effects for stress behaviour initiation. 

  

Figure 1. HPA-Axis Activation following Psychological and Physiological 
Stress or Homeostatic Challenge. Psychological stress begins with activation of the 
prefrontal cortex (PFC), amygdala, and hippocampus before activating the bed nucleus 
of stria terminalis (BNST). This leads to activation of the hypothalamus before 
corticotropin-releasing hormone (CRH) is released into the anterior pituitary and 
adrenocorticotropic hormone (ACTH) is released into the adrenal cortex. Finally, 
glucocorticoids are released by the adrenal cortex which offers a negative feedback to 
the PFC, amygdala and hippocampus, and hypothalamus to reduce further CRH 
release. Physiological stress or homeostatic challenge offers a similar pathway but 
begins at the brainstem before activating the PFC, amygdala and hippocampus, or 
directly to the hypothalamus. (Adapted from Bains et al., 2015).  
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1.3 Neurohypophyseal Nonapeptides  

 

The next two key players in the PVN for the stress response are AVP and OXT. 

In 1955 Vincent du Vigneaud won the Nobel prize for synthesizing and describing the 

nature of both AVP and OXT (Vigneaud et al., 1954a; Vigneaud et al., 1954b). During 

this time, it was believed that these two nonapeptides of similar structure were produced 

in the posterior pituitary, but it wasn't until 1964 that Sachs and Takabatake were able to 

show that they are produced in the hypothalamus before being transported to the 

posterior pituitary for secretion into peripheral circulation (Sachs et al., 1968; Review: 

Rotondo et al., 2016). Neurohypophysial hormones contain a disulphide bridge at 

residues 1 and 6 which results in a six-amino acid cyclic structure with a 3 amino acid 

residue tail (Figure 2). The amino acid at position 3 and 8 defines whether the hormone 

is OXT, or AVP; in OXT, position 3 is the amino acid isoleucine, and position 8 is 

leucine while AVP contains phenylalanine at position 3 and arginine at position 8 (Gimpl 

& Farhenholz, 2001).  

   
Figure 2. A Depiction of Neurohypophysial Nonapeptides showing the six-amino 
acid cyclic structure with a 3 amino acid tail. Isoleucine (Ile) in slot 3 and leucine (leu) in 
slow 8 would depict oxytocin, while phenylalanine (Phe) in slot 3 and arginine (Arg) in 
slot 8 would depict arginine vasopressin. A disulphide bridge (yellow) between cysteine 
(Cys) residues in slot 1 and 6 are in both nonapeptides. Numbers denote amino acid 
number within nonapeptide (Adapted from Song & Albers, 2018).  
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AVP has well established roles in fluid homeostasis by regulating water 

absorption and vasoconstriction while OXT is known as the ‘love hormone’ for its 

importance with lactation, parturition, and prosocial behaviours (Grantham & Burg, 

1966; Creager et al., 1986; Soloff et al., 1979; Nishimora et al., 1996; Ross & Young, 

2009; Bartz et al., 2011). Interestingly, both neuropeptides are implicated in 

socialization. A study by Lim & Young (2004) employed the use of V1A  receptor (an AVP 

receptor) antagonists and c-fos expression to identify that V1A  receptors in the ventral 

pallidum are necessary for pair-bond formation in monogamous prairie voles. The roles 

OXT plays in socialization will be discussed in greater detail in section 1.4. OXT has 

been found to have opposing effects in terms of anxiety and depression and therein 

striking a strong balance in activity between these two homologous neuropeptides is 

important for protection against these pathologies (Neumann & Landgraf 2012). How 

these two neuropeptides affect the stress response may also act as opposing forces. An 

interesting study by Windle et al., 2004 compared the effects of AVP and OXT in rats 

undergoing restraint stress for 30 minutes and found that rats intracerebroventrically 

injected with OXT had reduced levels of ACTH mobilization and reduced corticosteroids 

in the bloodstream, while AVP had no effects on these variables (Windle et al., 2004). 

Although this observation suggests that AVP may not have an effect in attenuating the 

stress response during restraint stress, other studies have indicated that AVP does 

indeed have an importance in the stress response.  

A study performed by Rivier & Vale, 1983 set out to understand the relationship 

between AVP and stress by measuring plasma ACTH levels pre-, and post-ether vapour 
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exposure (a well-established physiological stress trigger). Rivier & Vale injected rats 

intravenously with saline or an AVP antagonist (dPTyr(Me)AVP) before subjecting them 

to 3 minutes of ether stress before decapitation at either 10 minutes, or 20 minutes post 

ether vapour exposure. Rivier & Vale had found that the AVP antagonist decreased 

blood plasma ACTH levels in the 20 minute post-stress rats, but not the 10 minutes 

post-stress mice, indicating that AVP is important for late periods of stress activation 

(Rivier & Vale, 1983). A further study by Abou-Samra et al. in 1987 had used cultured 

anterior pituitary cells from Sprague-Dawley rats to discover that infusion with AVP 

alone does not affect ACTH release, but instead acts alongside CRH by stimulating 

adenylate cyclase activity (generates cAMP) and inhibiting phosphodiesterase 

(degrades cAMP) (Abou-Samra et al., 1987). This finding highlights how AVP acts in 

conjunction with CRH to increase the “gain” in the stress response once CRH binds to 

cells in the pituitary, and this explains why we would see AVP antagonists effect ACTH 

release in a chronic stressed state, rather than acute. These findings were followed up 

with studies on chronic stress in adults. Studies by de Goeij et al., 1991 and Makino et 

al., 1995 reveal that in adult rats there is an increase in AVP-expressing CRH neurons, 

while the number of CRH neurons themselves remain unchanged (de Goeij et al., 1991; 

Makino et al., 1995). The belief is that in adult chronic stress paradigms, CRH neurons 

in the PVN increase the amount of AVP available for mobilization to increase stress 

reactivity to a wider range of potential stressors (Aguilera at al., 2008). This increased 

stress reactivity, or hyper-reactivity, could be debilitating if there was no other 

neuropeptide to oppose AVP’s synergistic effects. Thankfully, we have a yin to AVP’s 

yang within the PVN to oppose this.  
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1.4 Oxytocin  

 

OXT is an evolutionarily preserved neurohypophysial nonapeptide hormone 

created within the PVN, supraoptic nucleus (SON), and the accessory nuclei of the 

hypothalamus (Jurek & Neumann, 2018). Once synthesized into large-dense core 

vesicles within OXT neurons, OXT is then transported to neurohypophysial terminals 

and the dendrites of OXT neurons. Upon stimulation by either vaginocervical distension 

during birth, suckling during lactation, sexual stimulation, various forms of stress, or 

socialization, these large-dense core OXT vesicles release OXT from axon terminals 

and/or from the soma and dendrites of PVN and SON OXT neurons (De Jong et al., 

2015; Ebner et al., 2005; Ivell, 1986; Neumann, 2009; Steinman et al., 2016; Van Tol et 

al., 1988; Van Tol., 1987; Wotjak et al., 2001). OXT is then released peripherally into 

the bloodstream by posterior pituitary projecting neurons and secreted into 

cerebrospinal fluid (CSF), and/or secreted into specific brain areas for central OXT 

release (Jurek & Neumann 2018). Recent preliminary findings by Perkinson et al. in 

2021 used fiber photometry to visualize large bursts of PVN OXT neuron activity during 

mouse lactation. Through further investigation, Perkinson et al. noticed smaller bursts of 

activity prior to mouse lactation events. Perkinson et al. hypothesize that these small 

bursts prime somato-dendritic OXT release and are necessary to create the large, 

coordinated PVN OXT bursts required for lactation in mice (Perkinson et al., 2021). 

Although this study is currently ongoing, these preliminary findings highlight important 

OXT neuron activity dynamics that can be seen when recording populations of PVN 

OXT neurons using fiber photometry. 
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In addition to its physiological roles, OXT has been established to play an 

important role in social behaviour. According to current literature, the central secretion 

of OXT is believed to act as a social salience cue to prime the brain for social 

interactions, including social reward (Anpilov et al., 2020; Tang et al., 2020; Review: 

Jurek & Neumann, 2018). Resendez et al. (2020) recently used in vivo two-photon 

microscopy coupled with GECI’s in male mice to visualize the activity levels of OXT 

neurons during social encounters. They identified that 52% of visualized OXT neurons 

were active while the test mouse was exposed to a juvenile male mouse, while 32% of 

visualized OXT neurons were active during a non-social stimulus (empty plastic bottle). 

This finding not only identifies the importance of OXT neurons for pro-social behaviours, 

but also emphasizes the importance of understanding specific subpopulations of PVN 

OXT neurons which will be discussed further in sections 1.4.2 and 1.4.3.  

 

1.4.1 The Oxytocin Receptor  
 

The OXT receptor (OXTr) is a 7 trans-membrane domain G protein-coupled 

receptor (GPCR) that can be found peripherally in the uterus, kidney, ovaries, testis, 

thymus, heart, vascular endothelium, osteoclasts, and myoblasts to enact various body-

wide effects such as milk ejection and parturition in mothers (Gimpl and Fahrenholz, 

2001; Zingg and Laporte, 2003). In the murine brain, OXTrs have been found to be 

expressed in the central, medial, and basolateral amygdala (CeA, MeA, BLA, 

respectively), nucleus accumbens (NAc), bed nucleus of stria terminalis (BNST), PVN, 

medial preoptic area (MPOA), ventromedial nucleus of the hypothalamus (VMA), 

hippocampus (HPC), ventral pallidum, PAG, striatum, lateral septum (LS), ventral 
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tegmental area (VTA), and olfactory bulb (Figure 3; Dabrowka et al., 2011; Hiroaka, 

2016; Shaprio & Insel, 1989; Review: Grinevich et al., 2015). Interestingly, OXTr 

expression has been found to vary depending on whether an animal is monogamous or 

polygamous in nature, for example: monogamous prairie (Microtus ochrogaster) and 

pine (Microtus pinetorum) voles show significant levels of OXTR in the NAc, but the 

closely related polygamous montane (Microtus montanus) and meadow (Microtus 

pennsylvanicus) voles have much lower receptor density in this area (Insel and Shapiro, 

1992; Ross et al., 2009). This gives us insight on the specific functions OXTr’s have 

with pro-social behaviours and how OXTr expression in the NAc can affect these 

behaviours.   

Although understanding where OXTr’s are located and manipulating OXTr 

function is useful for understanding how behaviour can be affected, this approach only 

allows investigation of its function at the gross level. More recent studies have 

investigated OXT neuronal projections to brain areas to better identify exact electrical 

and morphological effects on downstream neurons that can affect brain area 

development and behaviour. PVN OXT neurons are canonically divided into 2 

categories based on their shape, size, localization, physiology, and projections: 

Parvocellular OXT (parvOXT) neurons, and magnocellular OXT (magnOXT) neurons. 

Previous studies have revealed that these two cell types are found at an approximate 

3:1, magnOXT to parvOXT neuron ratio within the murine PVN (Lewis et al., 2020; 

Chen et al., 2022). Further details on these two canonical groups of OXT neurons will 

be discussed in the below sections 1.4.2 and 1.4.3.   
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Figure 3. Oxytocin Neural Network Diagram in Rodents. A depiction highlighting 
PVN OXT neuron projections in the rodent brain. Amygdala (AMY), Bed nucleus of the 
stria terminalis (BNST), Caudate-putamen (CPU), Cingulate Cortex(CC), Dorsal raphe 
Nucleus (DRN), Hippocampus (HPC), Lateral septum (LS), Locus Coeruleus (LC), 
Medial Preoptic Area (MPOA), Nucleus Accumbens (NAc), Olfactory Bulb (OB), 
Olfactory Tubercle (OT), Organum vasculosum laminae teriminalis (OVLT), 
Parabrachial nucleus (PBN), Posterior Pituitary (PP), Paraventricular nucleus (PVN), 
Periaqueductal Grey (PAG), Periventricular Nucleus hypothalamus (PV), Prefrontal 
cortex (PFC), Substantia Nigra (SN), Suprachiasmatic Nucleus (SCN), Supraoptic 
Nucleus (SON), Ventral Pallidum (VP), Ventral Tegmental Area (VTA) (Adapted from 
Song and Albers, 2018; Jurek & Neumann, 2018).  

  

1.4.2 Magnocellular Oxytocin Neurons  

 

MagnOXT neurons are relatively large in size (20-30 μm) and primarily project to 

the posterior pituitary to enact widespread peripheral action by releasing OXT into the 

bloodstream (Althammer & Grinevich, 2017). One feature that separates magnOXT 

neurons from parvOXT neurons are the smaller amplitude (64.2±1.1 mV) and longer 

duration (1.1±0.1 ms) spikes, with an A-type transient outward potassium current that 

appears as a ‘shoulder’ in electrophysiological traces (Tasker & Dudek, 1991). This 

electrophysiological phenomenon is believed to increase the duration of action potential 

firing to allow for a longer release of OXT into the peripheral blood stream and CSF 
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(Tasker & Dudek, 1991). This allows for the widespread and slow actions of magnOXT. 

A recent study by Zhang et al., 2021 used a dual-retrograde tracing and 3D 

reconstruction of the rat neurohypophysial system to better understand magnOXT 

projections within the brain. Zhang et al. found that not only did magnOXT neurons 

project to the posterior pituitary, but a proportion of these cells also formed collateral 

connections to the amygdala, caudate putamen, and the NAc for CNS alterations. 

These findings are supported by previous literature that had found that magnOXT 

neurons project to the CeA for fear response and aggression, the caudate/putamen for 

locomotion and social exploration, and the NAc for social reward (Knobloch et al., 2012; 

Calcagnoli et al., 2014; Althammer & Grinvevich 2017).   

  

1.4.3 Parvocellular Oxytocin Neurons  

 

ParvOXT neurons have smaller cell bodies (~10-20 μm) and are localized more 

caudally within the PVN (Althammer & Grinevich, 2017). ParvOXT neurons can also be 

identified by their electrical properties, where ParvOXT neurons have T-type calcium 

currents which allows these cells to have a large (66.5±1.6 mV) but shorter (0.9±0.1 ms) 

spiking behaviour (Tasker and Dudek, 1991). As opposed to magnOXT, ParvOXT are 

known to terminate at the spinal cord and brainstem to modulate vital physiological and 

autonomic functions, such as: regulating food intake, breathing, copulation, 

cardiovascular reactions, gastric reflexes, and pain perception (For Review: Althammer 

& Grinevich, 2017; Swanson et al., 1980; Wrobel et al., 2009; Blevins et al., 2004; Mack 

et al., 2002; Sabatier et al., 2013; Rash et al., 2014; Juif et al., 2013). Other studies 

have shown that parvOXT neurons also project to many other CNS brain areas 
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including the NAc, VTA, substantia nigra (SN), and magnOXT neurons within the SON 

(Lewis et al,. 2020; Xiao et al., 2013). An interesting study by Tang et al., 2020 

investigated parvOXT neuron’s role for social touch in female rats by visualizing 

increased c-fos expression and increased calcium activity through fiber photometry in 

parvOXT neurons after a non-nociceptive touch. This finding was followed up using 

retrograde tracers to identify parvOXT projections onto magnOXT neurons before using 

chemogenetics to activate or inhibit these parvOXT neurons. Tang et al. had found that 

activation of these parvOXT neurons increases social touch behaviour while inhibition 

decreases social touch, and anogenital sniffing behaviours (Tang et al., 2020). These 

findings not only highlight the importance of parvOXT neurons for prosocial behaviours 

but also identify an important step in communication for peripheral OXT release.   

 

1.4.4 Oxytocin in the stress response  

 

Early studies on the PVN had found that not only is CRH released during a stress 

response, but OXT is as well. A study by Lang et al. in 1983 had found that the forced 

swim test or restraint stress increased blood plasma OXT and AVP levels, while cold 

stress did not. This finding was furthered by Nishioka et al. in 1998 who employed an in 

vivo microdialysis in the PVN of rats and found that shaker stress (a stress test where 

rats are placed within a plastic cylinder atop of a shaking platform at 110 cycles/min for 

10 minutes) induced a large increase in OXT within the PVN, but not outside of the 

PVN. A number of other stressors, such as foot shock, social defeat stress, and noise 

stress were used to confirm the results that OXT is a stress hormone, in some way (de 

Jong et al., 2015, Engelmann et al., 2001; Windle et al., 1997; Wotjak et al., 2001). 
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Interestingly, about 40% of magnOXT neurons also express CRH, while no parvOXT 

have shown to have this feature (Dabrowska et al., 2013). A study by Windle et al. 

(1997) first gave a hint of a potential anxiolytic role for OXT in the stress response. 

Windle et al. administered OXT or saline intracerebroventricularly during a noise stress 

test and found that rats given OXT had a reduced plasma corticosterone concentration, 

reduced rearing behaviour and increased open-arm entries in an elevated-plus maze - 

an indication of reduced anxiety-like behaviours. These findings were furthered by 

Nomura et al. (2003) who measured a marked increase in PVN CRH mRNA following 

restraint-stress in OXT KO mice, more so than wildtype mice. This gives the hint that 

during stress, PVN OXT is also being released and used in some way to decrease PVN 

CRH mediated stress response. A study by Smith and Wang in 2014 examined a 

potential interaction between stress-induced OXT release and social pair-bonding of 

prairie voles, giving us a unique perspective on stress and OXT dynamics. They found 

that monogamous female prairie voles showed reduced anxiety-like behaviour and 

plasma corticosterone levels after restraint stress if their male partner was present 

during recovery, as opposed to social isolation. These results potentially suggest that 

having a familiar partner present may increase OXT release which then aids in 

dampening the stress response. Finally, recent pharmacological studies have found that 

OXT is able to dampen the stress response by acting upon GABA-A receptors on PVN 

CRH neurons to reduce CRH activity (Smith et al., 2016; Pati et al., 2020). Although 

pharmacological studies are useful for identifying how a substrate could affect specific 

brain area processes, there is no way of determining the intricate pathways involved 

and more importantly, if there are any interneurons or mediators involved. In the next 
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section (1.5) we will discuss astrocytes as a possible mediator of anxiolytic effects by 

OXT and how this mediator has been found to be important for the AVP and CRH 

systems in the PVN.  

  

1.5 Astrocytes  

 

Astrocytes are a classic part of the tripartite synapse that provide a netting 

around neurons to remove and recycle excess neurotransmitters from one synapse and 

to reduce neurotransmitter diffusion to nearby synapses (Weber & Barros, 2015). In 

1990, researchers surprisingly found that astrocytes can also become excited during 

this process, and this leads to calcium waves within the astrocyte (Cornell-Bell et al., 

1990; Review: Hamilton & Atwell, 2010). These calcium waves within astrocytes can be 

localized to subdomains of astrocyte branches or even pass through electrical 

synapses, called gap junctions, to connected astrocyte arbours to activate even more 

astrocytes (Giaume et al., 2010). Astrocytes then have the ability to release 

‘gliotransmitters’ to enact various changes to nearby neurons, such as long-term 

potentiation, long-term depression, and neuronal pruning (Parpura et al., 1994; 

Nedergaard, 1994; Henneberger et al., 2010; Chen et al., 2013; Review: Faust et al., 

2021). This allows the astrocyte to be a large contributor to alterations in region-wide 

signal transduction and an important component in neuronal activity.   
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1.5.1 Astrocytes in Stress  

 

As astrocytes are a key player in many, if not all, synapses, it is unsurprising that 

PVN astrocytes play a role in the stress response. A recent study by Chen et al. in 2019 

has found that upon CRH neuron activation, PVN astrocytes are activated by concurrent 

AVP release (Figure 4). In turn, calcium waves within PVN astrocytes allow astrocyte-

astrocyte activation and the release of ATP to nearby neurons. This ATP then binds to 

GABA and glutamate neurons to modulate CRH neuron activity by a local feedback 

mechanism. This interesting mechanism leads to the ability for large scale modulation of 

PVN circuitry via local glutamate and GABA synapses. Although these findings 

showcased that PVN astrocyte activation is important for CRH neuron modulation via 

AVP mobilization, we still do not know how OXT fits into this picture. A recent study by 

Wahis et al. in 2021 sought to understand whether OXT neurons from the PVN are able 

to alter amygdalar astrocyte activity levels. Wahis et al. employed viral tracing and 

optogenetics to discover that PVN OXT neurons project to, and activate, CeA 

astrocytes. These CeA astrocytes then expel D-serine to nearby interneurons to 

increase NMDA transmission and ultimately inhibit output projection neurons, resulting 

in anxiolysis (Wahis et al., 2021). A similar mechanism involving astrocytes could occur 

within the PVN to activate GABA local circuits to reduce CRH release into the pituitary. 

Indeed, in vitro studies have reported that PVN astrocytes do express OXTrs and that 

application of OXT induces calcium wave activity in these astrocytes (Mittaud et al., 

2001; Di-Scala Guenot & Strosser, 1998). Therefore, it is possible that AVP is not the 

only neurohypophyseal nonapeptide that is able to modulate CRH neuron activity via 

astrocyte activation.   
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Figure 4. Diagram showing local PVN astrocyte interactions with CRH neurons. 
Norepinephrine released during stress activated CRH neurons which release CRH and 
AVP. AVP then binds to local astrocytes which release ATP onto GABA and/or 
glutamate neurons which feedback onto CRH neurons to modulate activity levels 
(Adapted from Chen et al., 2019). Dotted box shows the current hypothesis where 
stress causes a release of oxytocin onto PVN astrocytes to further modulate the CRH 
activity via astrocyte activity.  

  

1.6 Conclusion  

 

To summarize thus far, CRH, AVP, OXT, and PVN astrocytes in the PVN all 

participate in the stress response. CRH has its widely known negative feedback 

mechanism via glucocorticoids released from the adrenal cortex, yet it also has a 

lesser-known local feedback mechanism that can control the stress response before 

even reaching the pituitary for ACTH release. During a stress response AVP is released 
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alongside CRH to act as a “gain” in the pituitary and increase ACTH release by acting 

locally on PVN astrocytes to release ATP onto nearby GABAergic and/or glutamatergic 

neurons (Abou-Samra et al. 1987; Chen et al., 2020). The molecular and cellular 

mechanism by which OXT is able to affect GABA-A receptors on PVN CRH neurons to 

reduce CRH release is presently unknown. Therefore, we hypothesize that during 

stress, PVN OXT neurons are activated and somatically release OXT onto nearby 

astrocytes to modulate future CRH release through a similar mechanism of AVP-

induced astrocyte activity (Figure 4). To experimentally test this hypothesis, we 

employed fiber photometry to simultaneously visualize calcium activity within astrocytes 

and OXT neurons in the PVN. We subjected mice to a social odour preference test, 

freely-behaving social tests, and looming shadow and tail lift stress tasks. This allowed 

us to identify real time astrocyte and OXT cell activity during social and stressful 

simulations that are likely to activate 1 or both cell types. We have found that PVN 

astrocytes do not alter in activity while a mouse sniffs a social, or non-social (almond) 

odour. PVN OXT neurons were also unaltered as a mouse sniffed a social odour but 

interestingly, decreased in activity while a mouse sniffed the non-social (almond) odour. 

During freely-behaving social tests, PVN astrocytes increased in activity moments 

before sniffing a non-familiar juvenile conspecific but did not change while sniffing a 

familiar conspecific, in contrast to this, PVN OXT neurons increased in activity while a 

mouse sniffed a familiar, or non-familiar mouse. Finally, we found that PVN astrocytes 

increase in activity during the looming shadow and tail lift stress tasks, while PVN OXT 

neurons did not change in activity. 
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2. Methods  
Table 1.  

Metadata of mice used in behavioural data analysis. (X shows if data used in analysis) 

Cohort  Name  Sex  Date of 

Birth  

(DD-MM-YY) 

Date of 

Surgery  

(DD-MM-YY) 

Age at time of 

Surgery 

(days)  

Genotype  Single or 

Dual 

Channel  

Odour Test  Social Test  Looming 

Shadow

  

Tail Lift  

4  A90  M  10-03-21  25-06-21  111 WT  Single  X  X  X    

4  A91  M  10-03-21  25-06-21  111 WT  Single  X  X  X    

6  B74  M  03-05-21  24-07-21  82  WT  Single  X  X  X    

8  C20  M  25-05-21  07-08-21  74  WT  Single  X  X  X    

8  C42  F  06-06-21  07-08-21  62  WT  Single  X  Low Sniff 

Behaviour  

X    

16  G40  M  14-02-21  01-04-22  46  WT  Single  X  X  X    

16  G41  M  14-02-21  01-04-22  46  WT  Single  X  X  X    

16  G42  M  14-02-21  01-04-22  46  WT  Single  X  X  X    

16  F62  F  22-11-21  31-03-22  129  Oxt-Cre  Dual  Corrupt  Low Sniff 

Behaviour  

X  X  

15  F66  F  22-11-21  11-02-22  81  Oxt-Cre  Dual  X  X  X  X  

15  F67  F  22-11-21  11-02-22  81  Oxt-Cre  Dual  X  X  X  X  

15  F69  F  22-11-21  11-02-22  81  Oxt-Cre  Dual  X  X  X  X  

15  F71  M  22-11-21  10-02-22  80  Oxt-Cre  Dual  X  X  X  X  

15  F72  M  22-11-21  10-02-22  80  Oxt-Cre  Dual  X  X  X  X  

16  F79  M  22-11-21  31-03-22  129  Oxt-Cre  Dual  X  X  Corrupt  Corrupt  

17  H25  M  01-03-22  20-05-22  80  Oxt-Cre  Dual  To be 

scored  

To be 

scored  

X  X  

17  H30  F  01-03-22  20-05-22  80  Oxt-Cre  Dual  To be 

scored  

To be 

scored  

X  X  

17  H33  F  01-03-22  20-05-22  80  Oxt-Cre  Dual  To be 

scored  

To be 

scored  

X  X  
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2.1 Experimental Animals  

 

C57BL/6 mice are known for their identical genetics due to a high degree of 

inbreeding which allows for a reduction in variation between individual mice. Adult (11 

weeks old) C57BL/6 mice were used as test mice for these experiments. Oxt-Cre 

C57BL/6 mice were used for AAV2/9-EF1a-DIO-RCaMP2 injections to allow Cre-

induced expression of RCaMP2 in PVN OXT cells. After stereotaxic surgery the mice 

were allowed to recover for 3 weeks before beginning behaviour testing protocols. All 

procedures were performed as outlined in the Choe lab Animal Use Protocol (AUP 20-

12-45) approved by the McMaster University Animal Research Ethics Board (AREB). 

Individual mouse metadata are listed in Table 1.   

  

2.2 Stereotaxic Fiber Implantation and Injection   
 

Wildtype c57Bl/6 male and female mice were used for single-channel astrocyte 

fiber photometry recordings. To achieve cell-specific dual-channel recordings of PVN 

OXT cells, male and female Oxt-Cre C57Bl/6 mice were used. Stereotaxic surgery was 

performed while the mice were under isoflourane anesthetic to target the right side PVN 

(A/P -0.56, L/M +0.2, D/V -4.8 mm) and 0.5ml of AAV2/5-promGFAP-GCAMP6f (single-

channel recordings), or 0.6 ml of an equal mixture of AAV2/5-promGFAP-GCAMP6f and 

AAV2/9-EF1a-DIO-RCaMP2 (dual-channel recordings) was injected at a rate of 0.02 ml 

per minute and allowed to diffuse for 5 minutes before the needle was withdrawn. An 

implantable 0.48 NA, 400 μm fiber optic cannula (Doric Lenses) was implanted to target 

the right PVN (A/P -0.56, L/M +0.2, D/V -4.8 mm). Mice were injected with 5 mg/kg 
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carprofen for 3 days post-surgery and allowed for 3 weeks to recover before beginning 

experimental tests.   

   

2.3 Fiber Photometry Recording and Analysis   
 

Fiber photometry recordings in freely behaving mice were recorded using the 

Doric fiber photometry system. Fiber Photometry allows for the recording of calcium 

transient signals, by use of GECI’s, in freely behaving mice. Fluorescent signal data 

were retrieved at a 1 kHz sampling rate with two (single-channel), or three (dual-

channel) excitatory LEDs. A 405 nm isosbestic and a 480 nm (GCaMP6) excitatory LED 

were used in all recordings, while a 570 nm (RCaMP2) excitatory LED was used only in 

dual-channel recordings. Prior to behaviour testing the intensity of each LED was 

recorded to be between 10 – 15 mW (isosbestic), or 30-50 mW (GCaMP6, RCaMP2) as 

this range allows for excitation of GECI’s with limited photo-bleaching. After GECI 

excitation, an emittance light was received by the 6-port Doric minicube to disentangle 

retrieved light.    

Signal data were then exported to Matlab (Mathworks) for offline data analysis 

using FPA-Analysis Tool (L.A. Molina, 2021, unpublished). Each signal was individually 

fit with a second-order polynomial curve before subtraction to remove any artifacts due 

to photobleaching. The isosbestic signal was then aligned to each excitatory signal 

using a least-squares linear fit. Finally, the change in fluorescence (ΔF) was calculated 

by subtracting the 405 nm isosbestic signal from each of the 480 nm and 570 nm 

excitatory signals at each time point. Z-score was further calculated by the following 

equation:  z = (F − F0)/σF, where F is the test signal, F0 and σF are the mean and 
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standard deviation of the basal signal, respectively (Guo et al., 2015). A low-pass filter 

of 0.3 Hz was applied to each signal to better interpret data retrieved.    

Video recordings were time-locked to fiber photometry recordings at a rate of 16 

frames-per-second. Video recordings were analyzed using Boris software by two 

blinded experimenters. Two specific epoch criteria were enacted to remove any 

irregular data points: Baseline irregularity, and Epochs within 5 seconds of each other. 

Baseline irregularity is defined by a clear indication that the baseline recording was not 

steady. Any epochs within 5 seconds of each other were also deleted as they would 

show extraneous spikes during the baseline, or would have a reduced expression of 

signal due to cell kinetics.     

For trace recordings, the z-score for each animal’s trials were uploaded to excel. 

The mean during the baseline (-8s to –3s for odour and social tests; -5 to 0 for looming 

shadow, -10 to –5 for tail lift) was subtracted for each individual mouse trial. Then the 

mean and SEM of all the trials were calculated and plotted on GraphPad.   

For line graphs, bins were taken and averaged at each time point depicted before 

being plotted on GraphPad with SEM.    

For heatmaps, each individual trial for each mouse was extracted and placed on 

excel. Each timepoint within each individual trial was normalized to the baseline using 

the formula☹Timepoint1-MininumBaselineValue)/(MinimumBaselineValue-

MaximumBaselineValue). This allowed the visualization of peaks and troughs as they 

occur within 0 to 1 normalized values. These values were then plotted as heatmaps 

using GraphPad.   
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2.4 Behaviour Experiments   
 

All mice (test mice and stimulatory mice) were handled for 3-5 minutes for 3 days 

(with 1 rest day in between) prior to the start of behavioural testing to allow for mouse-

to-experimenter habituation. Each mouse was subjected to a 1-hour habituation period 

in minimal light prior to each behaviour test. During mouse habituation and behaviour 

testing, a white noise machine was used to reduce any extraneous noise. A Honeywell 

air filter was also used to remove any accumulation of odours and mouse dander. The 

following behavioural protocol was used for each mouse: Day 1: Open-Field Test (OFT) 

and Odour Test, Day 2: Rest Day, Day 3: Social 1, Day 4: Rest Day, Day 5 Social 2, 

Day 6 Rest Day, Day 7 Social 3, Day 8 to 12 Looming Shadow Habituation, Day 13 

Looming Shadow Test.  Tail lift data was acquired during Social 2 and Social 3 

experiments as mice were placed in the center cage (Section 2.4.2).  

   

2.4.1 Odour Tests.    
 

7 male and 1 female C57-Bl/6 mice were used for single-channel recordings, 

while 3 male and 3 female mice were used for dual-channel recordings for odour tests. 

To reduce photo-bleaching which may occur over long periods of GECI excitation, the 

LED excitation light was turned off during the open-field test. This allowed experimental 

mice to become acclimatized to the fiber optic cable while exploring an open field arena 

(25.7 cm X 25.7 cm X 30 cm). After 20 minutes of OFT testing, the LED’s were turned 

on and a 5 minute baseline recording commenced. A cotton swab was either dipped in 

1:100 diluted almond extract or run through a same-sex unfamiliar mouse cage (as per 
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Yang and Crawley, 2009) to serve as a non-social or social odour. At t=5 minutes, the 2 

cotton swabs were placed at opposite sides of the open field arena. The test mouse 

was allowed to freely explore the two cotton swabs while a video recording and Doric 

software simultaneously captured mouse movement and calcium transients.   

    

2.4.2 Social Tests.    
 

For social tests, there was 7 male mice for single-channel recordings, and 3 male 

and 3 female mice for dual-channel recordings. 1 week prior to behavioural testing a 

same-sex wildtype C57BL/6 mouse (aged 4-6 weeks) was placed in the home cage of 

the test mouse to allow for familiarization between mice. Same-sex wildtype C57BL/6 

mice aged 4-6 weeks were also selected and used as unfamiliar stimulatory mice. This 

juvenile age group was chosen to reduce intermale aggression during testing day. 

Familiar and non-familiar social experiments were conducted using three home cages, 

side-by-side with an opaque wall around each to reduce mouse visibility outside of the 

testing area. Test mouse and stimulus mouse were placed in the distant home cages 

with one empty home cage in between for a 10 minute habituation period and baseline 

recording. After the habituation period, both mice were simultaneously placed into the 

center home cage to allow for a 10-minute socialization period. Sniffs greater than 1 

second in length were used for experimental analysis. Mice with less than or equal to 3 

(greater than 1 second) sniffs were excluded due to abnormally low sniffing behaviour.  
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2.4.3 Looming Shadow Test.    
 

For the looming shadow test, 7 male and 1 female mice were recorded for single-

channel recordings while 6 female and 3 male were recorded in dual-channel mode. 

Mice were placed in a homecage setting with a 21-inch LCD monitor placed on top, 

position facing downwards as outlined by Daviu et al., 2020. A small shelter was placed 

within the homecage (13 cm X 12 cm X 10 cm) to allow for mouse escape. Mice were 

habituated to the testing apparatus, including home cage for 5 consecutive days 

(10mins per day) prior to testing day. On the testing day the mouse was placed within 

the looming shadow apparatus and allowed to roam during a 10 minute baseline 

recording. After the initial 10 minutes the experimenter triggered the appearance of the 

looming shadow at (at least) 1 minute intervals where a 2 cm black disc would appear. 

After 3 s the black disc expanded to a total diameter of 20 cm (over 2 s) before looming 

for 3 more seconds for a total of 8 seconds. A total of 6 - 8 trials over a 10 minute period 

were completed for each mouse.    

Mouse behaviour was scored based on whether the mouse ran, froze, or did not 

respond to the shadow. A run behaviour was determined if the mouse ran towards the 

shelter during the looming shadow appearance. A freeze behaviour was scored if the 

mouse did not appear to move (except for breathing). A no response behavior was 

scored if the mouse did not show a run, or a freeze behaviour.  No response behaviours 

were removed from further data analysis.  
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2.4.4 Tail Lift Procedure   
 

6 female and 3 male Oxt-Cre mice were placed in a solo home cage for 10 

minutes while fiber photometry was being recorded. At the 10-minute mark mice were 

lifted by their tail for 2-3 seconds before being placed within a separate home cage. 

Mice were then scored offline using Boris software from the beginning of the tail lift until 

the end of the tail lift. Data was transferred to Excel for further analysis.  

   

2.5 Post-hoc Confirmation   
 

2.5.1 Perfusions   
 

Mice were perfused within 3 weeks after the looming shadow test. Mice were weighed 

then injected (i.p.) with 0.05 ml of (1.33 g/kg) sodium pentobarbital (Euthanyl). After 

mice were anesthetized they were pinned at a 30 degree angle. A 5 cm vertical incision 

was made on the abdomen and two 2 cm horizontal incisions were made at the top of 

the vertical incision to allow the opening of the abdominal cavity. The diaphragm was 

then cut and the chest was opened to allow access to the heart. A small cut was made 

at the right atrium to allow the outflow of blood. 20 ml (1x) Phosphate-Buffered Saline 

(PBS, Sigma) solution was then injected into the left ventricle to perfuse the mouse of 

blood. 20 ml of 4% paraformaldehyde (PFA, FujiFilm) solution was then injected into the 

left ventricle to fix the brain. The mouse was then decapitated and the brain was 

removed and submerged in 4% PFA solution. The fixed brain was then kept in a dark 

fridge for at least 24 hours before sectioning and mounting.     

 



Masters Thesis – J. Rychlik; McMaster University - Neuroscience 

33 
 

2.5.2 Sectioning and Mounting   
 

Prior to sectioning, brains were washed using (1x) PBS solution. Brains were 

then placed on a brain mold and a coronal section was made around the visual cortex. 

The brain was then dried using a paper towel before being glued to a vibratome stand. 

The brain was then submerged in an ice cold PBS solution. 50 μm sections were made 

throughout the PVN. Brain sections were then moved to a blank slide and sections were 

ordered from rostral to caudal position. 0.3ml of mounting medium (Fluoromount-G with 

DAPI, Invitrogen) was placed the sections before the slide was enclosed and left to 

dry.   

  

2.6 Statistics  
 

Traces and quantification results are represented as mean ± SEM. Statistical 

analysis was performed using GraphPad 6 software. Quantitative data statistics were 

completed using repeated measures two-way ANOVA with the two-stage linear step-up 

false-discovery rate (FDR) method by Benjamini, Krieger, and Yekutieli. Adjusted P-

values (Q) less than 0.05 were considered significant.  



Masters Thesis – J. Rychlik; McMaster University - Neuroscience 

34 
 

3. Results 

3.1 PVN Astrocytes do not respond to sniffing a social or non-social odour  

 

Figure 5. Calcium activity from PVN astrocytes during odour sniffing. (A, B) 
Heatmaps depicting changes in fluorescence of GFAP-GCaMP6 with non-social 
(almond) or social odour as recorded in single channel fiber photometry upon sniff onset 
(black vertical line). (C, D) Mean (green) traces of GFAP-GCaMP6f signal on onset of 
sniff (time = 0 s) with social or non-social odour (line [mean Z-score]; shade [SEM]). (E, 
F) Line graphs depicting 1 s average signal ± SEM. Two-way RM ANOVA, multiple 
comparisons test with FDR correction (ns denotes non-significance; n=40 trials, 8 
mice).  
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To test whether PVN astrocytes respond to an odour of a non-familiar mouse, the 

population activity of PVN astrocytes were recorded using single-channel fiber 

photometry in 8 mice (40 trials). The PVN of 8 mice were injected with AAV-promGFAP-

GCaMP6f viral load (0.6ml) and implanted with a fiber optic cannula. After 3 weeks of 

recovery the mice were allowed to freely behave in an open-field chamber with a social 

and a non-social (almond) scent at either end of the chamber. There were no significant 

changes in GCaMP fluorescence while mice were sniffing the non-social odour (Figure 

1. A, C, E). The large standard error of mean suggests that there is a degree of 

variability in changes of fluorescence activity between mice while sniffing the nonsocial 

odour. While mice sniffed the social odour there was a slight (non-significant) increase 

in GCaMP fluorescence at the -1 to 0 second time period, and a slight (non-significant) 

decrease at the 1 to 2 second time period (Figure 1. C). These findings suggest that a 

social odour alone does not elicit a significant alteration in PVN astrocyte calcium wave 

activity, or that PVN astrocytes do not alter in activity from a social or non-social odour. 
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3.2 PVN Astrocytes and OXT neuron activity changes during odour sniffing 

 

Figure 6. Calcium activity from PVN astrocytes during odour sniffing in dual-
channel recordings. A,B Heatmaps showing average changes in fluorescence of 
GFAP-GCaMP6 in dual-channel fiber photometry upon sniff onset (black vertical line) of 
social or non-social (almond) odour (C, D) Mean (green) traces of GFAP-GCaMP6f 
signal on onset of sniff (time = 0 s with social or non-social odour) (line [mean Z-score]; 
shade [SEM]). (E, F) Line graphs depicting 1 s average signal ± SEM. Two-way RM 
ANOVA, multiple comparisons test with FDR correction (ns denotes non-significance; 
n=20 trials, 6 mice).  
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Figure 7. Calcium activity from PVN oxytocin neurons during odour sniffing in 
dual-channel recordings. A,B Heatmaps showing average changes in fluorescence of 
GFAP-GCaMP6 in dual-channel fiber photometry upon sniffing onset (black vertical line) 
of social or non-social (almond) odour. (C, D) Mean (red) traces of GFAP-GcaMP6f 
signal on onset of sniff (time = 0 s) with social or non-social odour (line [mean Z-score]; 
shade [SEM]). (E, F) Line graphs depicting 1 s average signal ± SEM. Two-way RM 
ANOVA, multiple comparisons test with FDR correction (ns denotes non-significance; * 
denotes Q<0.05, ** denotes Q < 0.01; n=20 trials, 6 mice).  
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             Odour tests were repeated in 6 Oxt-Cre mice with injections of the same 

AAV-promGFAP-GCaMP6f virus and with the addition of AAV-EF1a-DIO-RCaMP2 virus 

(n=20 trials). This combination of viral load was mixed at a 1:1 ratio and allowed for the 

visualization of calcium activity within PVN OXT alongside PVN astrocytes in a dual-

channel fiber photometry configuration. In GCaMP6 recordings there was no significant 

alteration seen in calcium fluorescence during social, or non-social (almond) odour 

sniffing (Figure 6). These findings replicated what we have previously seen in single-

channel recordings (Figure 5) and provide further evidence that PVN astrocytes do not 

respond to social or non-social scents alone. In RCaMP2 recordings it was found that 

the scent of a same-sex conspecific did not alter PVN OXT neuron activity (Figure 7. B, 

D, E). Interestingly, as mice sniffed the non-social (almond) scent there was a 

significant decrease in RcaMP2 signal (Figure 7. A, C, E). This decrease in 

fluorescence began at least 1 second before the sniff occurred (mean z-score -0.2639; 

Q = 0.004), as the mouse approaches the scent. This decrease persisted up to 2 

seconds after the sniff was initiated (Figure 7 C, E; mean z-score 0.1899; Q=0.0078). 

These findings indicate that the population of recorded PVN OXT neurons do not 

change in activity during sniffing a social odour alone, and these cells may require a 

stronger social stimulus to become active. In contrast to this, an appetitive (almond) 

scent significantly decreases PVN OXT neuron activity. 
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3.3 PVN astrocyte activity increases prior to social sniff with a non-familiar mouse 

 

Figure 8. Calcium activity from PVN astrocytes during social sniffing in single-
channel recordings. A,B Heatmaps depicting average changes in fluorescence of 
GFAP-GCaMP6 in single-channel fiber photometry upon sniffing onset (black vertical 
line) of familiar or non-familiar conspecific (C, D) Mean (green) traces of GFAP-
GCaMP6f signal on onset of sniff (time = 0 s) with non-familiar or familiar conspecific 
(line [mean Z-score]; shade [SEM]). (E, F) Line graphs depicting 1 s average signal ± 
SEM. Two-way RM ANOVA, multiple comparisons test with FDR correction (ns denotes 
non-significance, ** denotes Q < 0.01; n=35 trials, 7 mice).  
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In the next set of experiments we sought to understand PVN astrocyte activity 

while mice (n= 35 trials; 7 mice) freely interacted with a conspecific in a homecage 

setting. Test mice were subjected to 3 trials of social behaviour tests: trial 1 was used 

as a habituation period and not used for analysis; trials 2 and 3 were interleaved with 

either a familiar or non-familiar same-sex juvenile mouse. Mice expressing GCaMP6f in 

astrocytes in a single-channel fiber photometry setup showed no significant change 

while sniffing a familiar or non-familiar mouse (Figure 8). Interestingly, prior to 

interacting with a non-familiar mouse (2 to 1 seconds before sniff) there was a 

significant increase in GCaMP fluorescence (Mean z-score 0.1514; Q = 0.0043). These 

findings provide evidence that PVN astrocytes become active prior to social sniffing 

interactions with a non-familiar, but not familiar, conspecific.  
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3.4 PVN Astrocyte and oxytocin activity changes during social sniffing   

  

Figure 9. Calcium activity from PVN astrocytes during social sniffing in dual-
channel recordings. A,B Heatmaps showing average changes in fluorescence of 
GCaMP6 in single-channel fiber photometry upon sniffing onset (black vertical line) of 
familiar or non-familiar conspecific (C, D) Mean (green) traces of GCaMP6 signal on 
onset of sniff (time = 0 s) with non-familiar or familiar conspecific (line [mean Z-score]; 
shade [SEM]). (E, F) Line graphs depicting 1 s average signal ± SEM. Two-way RM 
ANOVA, multiple comparisons test with FDR correction (ns denotes non-significance; * 
denotes Q<0.05, ** denotes Q < 0.01; n=30 trials, 6 mice).  
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Figure 10. Calcium activity from PVN oxytocin neurons during social sniffing in 
dual-channel recordings. A,B Heatmaps showing average changes in fluorescence of 
GCaMP6 in dual-channel fiber photometry upon sniffing onset (black vertical line) of a 
non-familiar or familiar conspecific (C, D) Mean (red) traces of GCaMP6 signal on onset 
of sniff (time = 0 s) with a non-familiar or familiar conspecific (line [mean Z-score]; shade 
[SEM]). (E, F) Line graphs depicting 1 s average signal ± SEM. Two-way RM ANOVA, 
multiple comparisons test with FDR correction (ns denotes non-significance; * denotes 
Q<0.05, ** denotes Q < 0.01, **** denotes Q<0.0001; n=30 trials, 6 mice).  
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To simultaneously monitor the activity of PVN OXT neurons and astrocytes 

during social interactions, we performed the same social experiment as above (Section 

3.3) in Oxt-Cre mice (n= 30 trials; 6 mice). Oxt-Cre mice expressed Cre-dependant 

RCaMP2 in PVN OXT neurons and GCaMP6 in PVN astrocytes. Similar to our previous 

findings, we found that GCaMP6 fluorescent signals significantly increased prior to 

social sniffing interactions with a non-familiar, but not familiar, conspecific (figure 10; 

mean z-score at -1 to 0 seconds = 0.1637; Q=0.0030). Interestingly, in these mice we 

found that the increase in GCaMP6 signal persisted during, and after, the social 

interaction which contrasts with our single-channel recordings in Section 3.3 (mean z-

score at 0 to 1s = 0.1602; Q=0.0071). This provides further evidence that PVN 

astrocytes increase in activity prior to a social sniffing interaction with a non-familiar but 

not familiar conspecific. The interesting finding that in dual-channel mice the activation 

of PVN astrocytes persisted for a longer period is potentially possible due to the social 

interaction dynamics that occurred between mice in this set of specific experiments (for 

further explanation, see Discussion Section 4.1). In RCaMP2 recordings, we found that 

both familiar and non-familiar conspecifics induced an increase in fluorescent signal 

(Figure 10). With non-familiar mice the increase in RCaMP2 signal began 1 second 

prior to social sniffing (mean z-score = 0.1594; Q = 0.0246), peaked during the sniff (0 

to 1 second; mean z-score 0.2130; Q = 0.0042), and persisted until the 1-2 second time 

point (mean z-score = 0.1434; Q = 0.0308). Interestingly, social sniffing with a familiar 

conspecific did not produce a significant increase in RCaMP2 fluorescence prior to the 

sniff (mean peak = 0.07559; Q = 0.0870) but showed a strong significance during the 

sniff (mean peak = 0.1957; Q = 0.0016) which continued to increase after the sniff 
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(mean peak at 1-2 seconds = 0.2896; Q < 0.0001). These findings provide us with the 

expectant result that PVN OXT neurons increase in activity during social sniffing. 

Although, there are two unexpected findings in our dual-channel recordings. Firstly, 

OXT neuron activity increased prior to sniffing with a non-familiar, but not familiar 

mouse (Figure 10). As PVN astrocytes also increase at this time point with non-familiar 

mice, it is possible that these two cell types interact during non-familiar, but not familiar 

interactions. Secondly, the increase seen in PVN OXT neurons persists long after a 

social sniffing interaction has begun with a familiar mouse (Figure 10). Although, this 

finding is possibly due to multiple social interactions in a short period of time after the 

initial social sniff, as familiar mice tended to interact in multiple bursts of social 

interactions (data not shown). 
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3.5 PVN astrocytes increase in activity following looming shadow task  

  

Figure 11. Calcium activity from PVN astrocytes during looming shadow task in 
single-channel recordings. A Heatmap depicting changes in GCaMP fluorescence 
during the 3 phases of the looming shadow task (3 phases depicted above heatmap; 
(steady 0-3s, growth 3 to 5s, looming 5-8s) B, E, G Mean z-scores when compared to 
baseline during 3 phases of looming shadow task C, D, F Traces depicting change in 
GCaMP fluorescence upon looming shadow appearance (t=0 s) for all behaviours (C; 
n=31 trials) or divided into individual Freeze (D; n=14 trials) and Run (F; n=17 trials) 
behaviours. (Two-way RM ANOVA with FDR correction). (ns denotes non-significance; 
* denotes Q < 0.05, ** denotes Q < 0.01, *** denotes Q = 0.0001, **** denotes Q 
< 0.0001; n= 8 mice).  
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To evaluate PVN astrocyte responses to stress stimuli, 8 mice (31 trials) were 

subjected to the looming shadow stress task. This task was designed to allow the 

mouse subject to make a decision while under stress from a perceived threat from 

above while allowing for fiber photometry recordings via a head-attached fiber optic 

cable. When triggered, a small dot first appears on a monitor above the mouse (0 to 3s). 

The shadow then expands for 2 seconds before looming for 3 seconds before 

disappearing (total time 8 seconds). During these sessions, mice displayed 1 of 3 

behaviours: Freeze in place, run under a small house for safety, or not respond to the 

artificial threat. The few instances where a mouse did not perform a freeze or run 

behaviour were excluded from data analyses as these did not elicit a stress response 

and the mouse was potentially unaware of the stimulus. Mice expressing GCaMP6 in 

PVN astrocytes showed an increase in fluorescent signal 3-8 seconds after the 

appearance of the looming shadow while peaking during the looming phase (looming 

phase: 5-8s; Figure 11. A, B, C; mean z-score = 1.825; Q < 0.0001). Freeze and run 

behaviours were then divided to determine if there are any alterations in GCaMP 

fluorescent signal depending on the behaviour being performed. Freeze behaviours 

showed a significant increase during all 3 of the looming shadow phases (Figure 11. D, 

E). Interestingly, during freeze behaviours we saw a significant increase in GCaMP6 

signal during the steady phase (0-3s; mean z-score 0.1576; Q = 0.0247) which we did 

not see when combining all behaviors. We also did see a significant increase during the 

growth phase (3-5s; mean peak 0.7341; Q = 0.0008) and looming phase (5-8s; mean 

peak 1.269; Q = 0.0004). In contrast to this we did not see an increase in GCaMP6 

signal during the steady phase (mean peak = 0.08071; Q = 0.0859) when mice ran from 
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the shadow (Figure 11. F, G). However, we did see the expected increase in GCaMP6 

signal during the growth (mean z-score = 1.109; Q = 0.0043) and looming phase (mean 

z-score = 2.283; Q = 0.0001) during run behaviours. It is interesting to note that the 

increases seen in GCaMP6 signal during run behaviours is of greater value than during 

freeze, or all behaviours combined. This is potentially due to the fact that during freeze 

behaviours, the increases seen in GCaMP6 signal are less coordinated than when mice 

ran from the shadow. This can be seen in the heatmap provided (Figure 11. A), as the 

top 14 trials are of mice freezing from the shadow and these trials appear “out of sync” 

when compared to the general population of trials, or during run behaviours. 
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3.6 PVN astrocytes but not oxytocin neurons respond to the looming shadow task 

   

Figure 12. Calcium activity from PVN astrocytes during looming shadow task in 
dual-channel recordings. A Heatmap depicting changes in GCaMP6 fluorescence 
upon appearance and growth of looming shadow. B, E, G Mean z-scores when 
compared to baseline during 3 phases of looming shadow task (steady 0-3s, growth 3 to 
5s, looming 5-8s) C, D, F Traces depicting change in GCaMP6 fluorescence upon 
looming shadow appearance (t=0) for all behaviours (C n=37 trials) or divided into 
individual Freeze (D n=10 trials) and Run (F n=27 trials) behaviours. (Two-way RM 
ANOVA with FDR correction). (ns denotes non-significance; * denotes Q < 0.05, ** 
denotes Q < 0.01, *** denotes Q = 0.0001, **** denotes Q < 0.0001; n=9 mice).  
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Figure 13. Calcium activity from PVN oxytocin neurons during looming shadow 
task in dual-channel recordings. A Heatmap depicting changes in GCaMP6 
fluorescence upon appearance and growth of looming shadow. B, E, G Mean z-scores 
when compared to baseline during 3 phases of looming shadow task (steady 0-3s, 
growth 3 to 5s, looming 5-8s) C, D, F Traces depicting change in RCaMP2 fluorescence 
upon looming shadow appearance (t=0) for all behaviours (C, n=37) or divided into 
individual Freeze (D, n=10) and Run (F, n=27) behaviours. (Two-way RM ANOVA with 
FDR correction). (ns denotes non-significance; 9 mice).   
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Simultaneous fiber photometry recordings of PVN astrocyte and OXT neuron 

calcium activity were then performed using the Oxt-Cre mice expressing GCaMP6 in 

astrocytes and RCaMP2 in OXT neurons. As expected based on previous results, we 

found that GCaMP6 fluorescence significantly increased during the looming shadow 

task during the growth (3-5s; mean z-score 0.3726, Q < 0.0001) and looming phases (5-

8s; mean z-score 0.6374, Q < 0.0001; Figure 12. A, B, C). In contrast to our previous 

findings (Section 3.5), we saw a significant increase in GCaMP6 signal during the 

steady phase (0-3s; mean z-score 0.1318, Q = 0.0087). We then parsed out GCaMP6 

signals based on whether the mouse froze or ran during their trials. When we examined 

GCaMP6 fluorescent signals when mice froze from the looming shadow, we saw a 

significant increase during the growth (mean z-score 0.3768, Q = 0.0072) and looming 

(mean z-score 0.4269, Q = 0.0012) phases of the looming shadow task (Figure 12 D, 

E). During run behaviours, GCaMP6 fluorescent signals increased during the steady 

(mean peak = 0.1299, Q = 0.0225), growth (mean peak = 0.3720, Q = 0.0001), and 

looming (mean peak = 0.7076, Q < 0.0001) phases of the looming shadow task (Figure 

12. F, G). As we found an unexpected significant increase in GCaMP6 fluorescent 

signal during the steady phase when mice ran from the shadow, we suspect this drove 

the significant increase in signal when we combined all trials together. These findings 

provide further evidence that PVN astrocytes are active during the looming shadow 

task, as we saw previously in section 3.5. 

 In PVN OXT neuron recordings we found that there was no significant increase 

in RCaMP2 fluorescent signal in any of the 3 phases of the looming shadow task 

(Figure 13. A, B, C). Although we did find that RCaMP2 fluorescent signal non-
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significantly trends in the positive direction during the growth phase (3-5s; mean z-score 

= 0.1219, Q = 0.4348). We further categorized RCaMP2 signal based on the behaviour 

performed by the mouse to determine if a specific behaviour is behind this positive 

trend, and whether this trend is significant when removed from the other behaviour. 

First, we looked at freeze behaviours. We found that similarly to ‘all behaviours’, freeze 

behaviours showed no significant increase during any phases of the looming shadow 

task and that the positive upwards trend during the growth phase is gone (Figure 13. D, 

E). Next we looked at run behaviours. Again, we found that there is no significant 

increase during any of the three phases of the looming shadow task (Figure 13. F, G). 

Interestingly, we did see the positive trend during the growth phase (mean z-score 

0.1320, Q = 0.1791). These findings show us that PVN OXT neurons are not active 

during the looming shadow task, but the interesting positive trend we see during the 

growth phase (when mice run from the looming shadow) may provoke future studies to 

investigate sub-groups of PVN OXT neurons to determine if a sub-group of PVN OXT 

neuron is active during run responses to the looming shadow task.  
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3.7 PVN astrocytes but not OXT neurons are active during tail lift  

 

Figure 14. Calcium activity from PVN astrocytes and oxytocin neurons during tail 
lift. A,B Heatmaps depicting changes in GCaMP6 (A) and RCaMP2 (B) fluorescence 
during tail lift procedure. C, D Traces depicting change in GCaMP6 (Green, C) and 
RCaMP2 (Red, D) fluorescence upon tail lift (t=0). E, F Average z-scores compared to 
baseline during tail lift procedure. Two-way RM ANOVA with FDR correction. (ns 
denotes non-significance; * denotes Q < 0.05, ** denotes Q < 0.01, *** denotes Q = 
0.0001, **** denotes Q < 0.0001; n=18 trials, 9 mice).  
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The tail lift is an easy way to induce stress upon a mouse that does not offer the 

mouse a choice in how to respond. The tail lift also allowed us to view the stress 

response within PVN astrocytes and OXT neurons in an uncontrollable situation (Daviu 

et al., 2020). 9 Oxt-Cre mice expressing GCaMP6 in astrocytes and RCaMP2 in OXT 

neurons were subjected to tail lift over 2 trials on separate days during dual-channel 

recordings of PVN astrocytes and OXT neurons (Figure 14). During the tail lift 

procedure we found that there was a significant increase in GCaMP6 signal at least 2 

seconds prior to (-2 to -1s mean z-score = 0.7013, Q = 0.0169), during (0 to 1s mean z-

score 1.492, Q = 0.0001), and after the tail lift (Figure 14. A, C, E). The mean peak 

response in GCaMP6 signal was seen at the 1 to 2 second period after the onset of 

touching the mouse tail to lift (mean z-score 1.778, Q < 0.0001) and persisted until the 2 

to 3s time period (mean z-score 1.263, Q = 0.0006). It is of note that some mice showed 

an early response in GCaMP6 signal, at least 3 seconds prior to the tail lift; this is 

potentially due to handler difficulties when attempting to grasp the mouse tail (can be 

seen in heatmap Figure 14. A). It is also important to note that early-responding mice 

did indeed still show an increase (although smaller) during the actual tail lift procedure 

(Figure 14. A). PVN OXT neurons on the other hand showed no significant change in 

RCaMP2 fluorescent signal during the tail lift procedure (Figure 14. B, D, F). 

Interestingly, there was a small positive deflection in RCaMP2 signal which peaked prior 

to the tail lift (-1 to 0 mean z-score 0.3115, Q = 0.6830). It is important to note that mice 

often ran from the experimenter’s oncoming hand before being picked up by the tail 

(data not shown). Therefore, the positive deflection seen during the tail lift procedure 

does share similarities with the non-significant positive trend seen during looming 
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shadow run behaviours (Section 3.6) and may warrant further investigation to identify 

potential PVN OXT neuron subgroups involved in stress-related run behaviours. The 

results found during the tail lift procedure provide further evidence to the results we 

have seen in previous sections 3.5 and 3.6, in that PVN astrocytes are active during the 

stress response while PVN OXT neurons are not.  
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4. Discussion  
 

4.1 PVN Astrocytes during Social and Stress Tasks 
 

In this current study we used single- and dual-channel fiber photometry to better 

understand the dynamics between PVN astrocytes and OXT neurons during social and 

stress contexts. We employed the social odour preference test, the reciprocal social 

interaction task, the looming shadow task, and a tail lift procedure. We initially found 

that PVN astrocytes are not active while a mouse sniffs a social, or a non-social 

(almond) odour in single-channel fiber photometry recordings (Section 3.1). We followed 

up this result with dual-channel recordings of PVN astrocytes to confirm that PVN 

astrocytes are not active during social and non-social odour sniffing (Section 3.2). We 

then performed reciprocal social interaction tests and found that PVN astrocytes 

increase in activity before and during sniffing of a non-familiar, but not a familiar, 

juvenile mouse (Sections 3.3 and 3.4). Previous research has found that CRH neuron 

mediated AVP release activates PVN astrocytes during stress to provide a local positive 

and/or negative feedback mechanism to modulate continued CRH neuron activation 

(Chen et al., 2019). Therefore, it is probable that the activation seen in PVN astrocytes 

prior to sniffing a non-familiar conspecific correlates with the stress induced when 

interacting with a novel mouse for the first time. This mild social stress causes an 

increase in CRH neuron mediated AVP release on to PVN astrocytes which likely 

produces the increase in activity we see in our recordings (Figure 8). It is important to 

note that we do see a temporal difference in the activation of PVN astrocytes between 

single- and dual-channel recordings. During single-channel recordings, we see a 
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significant increase in PVN astrocyte activity during the -2 to -1 second time periods, 

before the sniff occurs (Section 3.3). In contrast to this we see a significant increase in 

PVN astrocyte activity during the -1 to 2 seconds prior to, and after the sniff occurs 

(Section 3.4); this is a longer and later time frame than single-channel recordings. There 

are at least three possible reasons why this could occur. Firstly, it is possible that the 

later, and longer response seen is caused by a bleed-through effect between the two 

recording LEDs during dual-channel recordings. Although this is unlikely for 2 reasons: 

First, GCaMP6 absorbs wavelengths of about 450 – 510 nm and emits wavelengths of 

about 500 – 550 nm, while RCaMP2 absorbs wavelengths of about 520 – 600 nm and 

emits light of about 570 – 670 nm (Lambert, 2022). Therefore, it is unlikely that the 

RCaMP2 emittance in the 570 – 670 nm range is causing the increase in GCaMP6 

signal being recorded in the 500 – 550 nm range. Secondly, we would expect all large 

increases in RCaMP2 signal to reflect in GCaMP6 signal and we do not see this effect 

in familiar social sniff tests, as RCaMP2 signals show a strong response while GCaMP6 

signals show no response. The second possible reason for the time delay that we see 

between single- and dual- channel recordings during social sniffing is the social 

dynamics between the two mice during the social sniff. It is possible that our single-

channel mice happened to have more positive social interactions with their non-familiar 

conspecific while the dual-channel mice had more negative social interactions such as 

aggression and fighting behaviour. This would explain the longer PVN astrocyte activity 

seen in dual-channel mice, as AVP mobilization is implicated in murine aggressive 

behaviours (Veenema et al., 2006). A negative social interaction could lead to increased 

AVP release onto PVN astrocytes, and this increase would lead to the prolonged PVN 
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astrocyte activity we see in Section 3.4. One way to reduce this factor would be to 

increase the number of mice being tested, this would reduce any effect a positive, or 

negative social interaction has on the overall recordings. Another way would be to 

categorize and analyze positive and negative interactions separately. Not only would 

this be able to help explain the differences we see here, but this would also provide 

more insight into PVN astrocyte activity during complex social interactions. The difficulty 

here may be defining a positive interaction vs. a negative interaction and determining 

when each occurs. The third, and most likely reason could be sex differences. During 

single-channel recordings we recorded from 7 male mice whereas in dual-channel 

recordings we recorded from 3 males and 3 females (Methods Section 2.1). It is 

possible that the PVN astrocyte response occurs quicker and for a shorter time period in 

the male mouse, compared to the female response. Based on previous literature, this 

potential sexual dimorphism may be CRH neuron mediated. A study by Senst et al., 

(2016) employed whole-cell patch clamp to look at social isolation and acute stress 

effects on the male and female mouse PVN CRH neuron activity. Senst et al., found 

that although a 20-minute forced swim test did not cause sexually dimorphic effects on 

CRH neuron electrical properties, social isolation did. Furthermore, there are known to 

be large differences in PVN AVP and OXT circuitry and activity between males and 

females (Scott et al., 2015; Simerly, 1998; Smith et al., 2019; Karisetty et al., 2017; 

Rigney et al., 2021). It is possible that there are large differences in PVN circuitry 

between CRH, OXT, AVP neurons and astrocytes for social activities. Therefore, we 

would expect to see a longer response in dual-channel recordings of the two sexes, as 

the male mouse PVN astrocytes may respond before the social sniff occurs, while the 
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female mouse PVN astrocyte response may occur during and/or after sniff occurrence. 

These two separate increases in activity levels would cause an elongated signal, like 

what we see in our dual-channel social recordings (Section 3.4). Our next step would be 

to perform a sub-analysis of dual-channel recorded male mice to examine whether we 

observe similar results to single-channel recorded male mice. It would also be important 

to increase the number of female mice being recorded in single-channel PVN astrocyte 

recordings to elucidate this potential sexual dimorphism in PVN astrocyte response 

during social sniffing.  

We performed two stress tests to identify PVN astrocyte activity alterations while 

mice are under stress. We found that PVN astrocytes are active during the looming 

shadow and tail lift stress tests (Sections 3.5, 3.6, and 3.7). During single-channel 

recordings there was a significant increase in PVN astrocyte activity during the 3-8 

second time periods with the largest increase in activity between 5-8s in the looming 

phase (Section 3.5). Based on previous literature, it is predicted that looming shadow 

stress would activate CRH neurons, then PVN astrocytes will become active, in a 

successive manner (Chen et al., 2019). Daviu et al. (2020) found that the largest 

responses in GCaMP6s signal was on average 5 seconds post-looming shadow 

initiation, which slightly precedes the astrocyte signal peak (5-8 seconds post shadow 

appearance) that we observed. It is important to note that Daviu et al., used GCaMP6s, 

whereas we used GCaMP6f, two fluorophores with different temporal dynamics. The 

temporal dynamics of GCaMP6s has been measured to be approximately 50-75 ms 

slower than GCaMP6f (Chen et al., 2013), the fluorophore we used in our study. Based 

on this information and comparing the temporal dynamics between our study and Daviu 
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et al., it is reasonable to assume that during the looming shadow task, PVN CRH 

neurons elicit a response before PVN astrocytes. Our finding confirms previous in vitro 

observations that PVN CRH neurons activate PVN astrocytes during a stress response 

(Chen et al., 2019), and serve as the first in vivo demonstration of stress-induced 

activity increase PVN astrocytes.  

Interestingly, we found that in single-channel recording trials when mice exhibited 

freezing behaviours, there was an earlier increase in PVN astrocyte activity when 

compared to run behaviours (Section 3.5). This discrepancy could be explained by 

“early responders”, as some mice tended to respond to the shadow earlier than others. 

Heatmaps in Section 3.5 show these early responders, as the top 14 trials are 

recordings from freeze responses and show a large variability in PVN astrocyte 

responses, whereas run behaviours (bottom 17 trials) do not show such variability. 

Based on previous research, we expected to see a significant early response in PVN 

astrocyte activity during run behaviours (Sections 3.5 and 3.6). Daviu et al. (2020), 

found that mice who had control over their defensive strategies and ran from the 

shadow had a distinct increase in PVN CRH neuronal activity ~2 seconds before the 

largest CRH neuron activity increase. In contrast to this, mice with no control over their 

defensive strategies, or froze in response to the shadow, did not have this pre-activity 

increase in PVN CRH activity. Therefore, if CRH neurons increase in activity ~2 

seconds before the main activity is seen during run behaviours in the looming shadow 

task, we would expect AVP to be released and activate PVN astrocytes on a similar ~2 

second time frame before the main PVN astrocyte activity increase. Unexpectedly, we 

did not see this occur during our single-channel recordings (Section 3.5), but we do see 
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this occur in our dual-channel recordings (Section 3.6). Our observation that run 

behaviours show an earlier increase in PVN astrocyte activity when compared to freeze 

behaviours is in good agreement with previous literature. Why we did not see a similar 

increase during single-channel recordings could be due to sexual dimorphism, or more 

likely due to differences in the length of habituation. The Daviu et al. study did not 

distinguish between male and female mice or note any differences between sexes when 

running their experiments. Therefore, it is likely that the length of habituation may play a 

large role in the differences we see here. Single-channel mice were initially habituated 

for 3 days for 10-minutes at a time, while dual-channel mice were habituated for 5 days 

for 10-minutes. This increased habituation period may have allowed the mice to feel 

more comfortable with the testing apparatus and more control over their defensive 

behaviours when exposed to the looming shadow. Finally, we examined PVN astrocyte 

activity during the tail lift stress procedure in dual-channel mice (Section 3.7). The tail lift 

provides further evidence that PVN astrocytes are active during uncontrollable stress 

response, and that this peaks at about 1-2 second after the initiation of the tail lift. In 

conclusion, we have found that PVN astrocytes increase in activity during the looming 

shadow stress test and our results are in agreement with previous literature on CRH-

mediated responses in PVN astrocyte activity during the looming shadow stress task 

(Chen et al., 2019; Daviu et al., 2020).  

 

4.1 PVN Oxytocin Neuron Responses during Social and Stress Tasks 

 

In Oxt-Cre mice we employed dual-channel fiber photometry using a Cre-

promotor to visualize OXT neuron activity in freely behaving mice. We first explored 
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whether an odour from a non-familiar mouse cage would be strong enough to elicit an 

increase in PVN OXT activity, but we failed to observe such an effect (Section 3.2). In 

contrast, we found that sniffing of a non-familiar mouse causes a significant increase in 

PVN OXT neuron activity (Section 3.4). We therefore believe that odour alone is not a 

strong enough stimulus to cause a fiber photometry-detectable activity increase PVN 

OXT neurons. It would be interesting to further our study by providing visual and 

olfactory stimulation related to a mouse to test if this will elicit the same response we 

see in our social sniffing experiments. If these stimuli elicit a detectable OXT response, 

this would suggest that PVN OXT neurons require the convergence of multiple social 

stimuli to increase PVN OXT activity.  

We also found that while mice sniffed the non-social (almond) scent, there was a 

significant decrease in PVN OXT neuron activity (Section 3.2). This unexpected result is 

potentially due to the appetitive almond scent used in the study. Previous findings have 

found mixed results related to whether OXT neurons are involved in feeding behaviours 

(Atasoy et al., 2012; Wu et al., 2012; Sutton et al., 2014). Recently, Chen et al. (2022) 

suggested a potential avenue to reconcile these variable results. Chen et al. combined 

electrophysiological recordings, morphological reconstructions, and unsupervised 

clustering analyses on 224 PVN OXT neurons from 23 mice to identify 6 distinct 

populations of PVN OXT neurons (Chen et al., 2022). They were then able to identify 

that subgroup “ME-2b” (interestingly, is comprised of both parvOXT and magnOXT 

neurons located in the posterior PVN) is involved in feeding cessation. This finding is 

furthered by a study by Iwasaki et al. (2019) who found that i.p. injections of an OXTr 

antagonist increased feeding in mice, whereas an OXTr agonist induced the opposite 
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effect. Therefore, it is possible that the almond scent that we used in our experiments as 

a non-social odour induced appetitive behaviour in mice, and this caused the decrease 

in PVN OXT neurons activity we see here. Therefore, these unexpected findings 

provide further evidence that PVN OXT neurons reduce in activity during appetitive 

behaviours.  

We found that during reciprocal social interaction tests, PVN OXT neuron activity 

significantly increased during social sniffing with a familiar and a non-familiar mouse 

(Section 3.4). This is an expected result as previous research has found that OXT is 

important for pro-social behaviours and acts as a “social switch” for the brain when 

interacting with a conspecific (Lewis et al., 2020; Jurek and Neumann, 2018). Our 

findings are in agreement with previous literature, as a recent study by Tang et al. 

(2020) recorded individual PVN OXT neurons in vivo during freely behaving social 

interactions. Tang et al. had found that PVN OXT neurons increase in firing activity 

during social interactions when compared to an empty open-field box. Interestingly, we 

do see that social sniffing with a familiar mouse induced a longer increase in PVN OXT 

neuron activity than with a non-familiar mouse. It is possible that familiarity and non-

familiarity cause different groups of PVN OXT neurons to be active, and a larger 

population of PVN OXT neurons are active during a familiar social interaction. An 

experiment performed by Arakawa et al. had found that OXT infusion into male mice 

reduced territorial marking with non-familiar mice and the odour of pair-housed mice 

produced a similar effect. The authors conclude that OXT is important in regulating 

social familiarity based on odour cues (Arakawa et al., 2015). Based on these findings 

we would expect to see a greater mobilization of OXT during familiar interactions and 
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this greater mobilization of OXT coincides with an increase in PVN OXT neuron activity, 

as OXT neurons are known to possess autocrine capabilities (Jurek & Neumann, 2018). 

In non-familiar tests, we see an earlier and shorter activation of PVN OXT neurons. This 

can be explained as a small group of PVN OXT neurons become active then deactivate 

as soon as socialization ends. On the other hand, a familiar conspecific increases the 

activity of a group of PVN OXT neurons, which then activate other groups of PVN OXT 

neurons, creating the longer period of activation seen in our data (Section 3.4). This 

could be further studied by repeating fiber photometry recordings of PVN OXT neurons 

in reciprocal social interaction tests, as we performed in our experiments, but over 5 

sessions with the same (initially non-familiar) mouse. This would allow for familiarity to 

increase between mice over the 5 sessions. Then experimenters could then compare 

PVN OXT activity during social sniffing across each of the 5 sessions and expect to see 

longer activity increases in the last session, when compared to the first session. This 

would provide evidence of PVN OXT neuron recruitment as familiarity increases. 

Another possible way to investigate this hypothesis is by employing the use of a mini-

scope. The mini-scope would allow for the visualization of individual neurons with a high 

spatial resolution and could uncover groups of neurons that are active during familiar, 

and non-familiar social interactions.  

Finally, we analyzed PVN OXT neuron activity as mice underwent the looming 

shadow and tail lift stress tasks (Sections 3.6 and 3.7). We were surprised to find that 

there was not a significant increase in PVN OXT neuron activity during any of the stress 

tests employed. This contrasts with previous studies who have found that PVN OXT 

neurons are active, and OXT is released within the PVN during various stressors 
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(Section 1.4.4; Lang et al., 1983; Nishioka et al., 1998; de Jong et al., 2015; Engelmann 

et al., 2001; Windle et al., 1997; Wotjak et al., 2001). It is of note that we do see a non-

significant positive trend in PVN OXT neuron activity during the looming shadow task at 

the 3-5s time period (during shadow growth) when mice ran from the shadow and a 

similar trend during the tail lift procedure (Sections 3.6 and 3.7). As the literature 

strongly suggests that PVN OXT neurons are active during stress, it is likely that there is 

a sub-population of PVN OXT neurons that are activate during our stress tasks. This 

sub-population may be difficult to detect within the whole population of PVN OXT 

neurons using our methods, since our fiber photometry recordings target the whole 

population of PVN OXT neurons. Therefore, it is necessary to employ a technique with 

a higher resolution to better identify PVN OXT sub-population activity during stress 

tasks, such as mini-scope recordings during behaviour experiments. 

 

4.3 PVN Astrocyte and Oxytocin Neuron Dynamics in Social and Stress 

 

We performed dual-channel fiber photometry recordings to visualize PVN 

astrocytes and OXT neurons in vivo during freely-behaving tasks with an aim to uncover 

the dynamics between these two cell types. During social sniffing with a non-familiar 

conspecific, we see a significant increase in both PVN astrocyte and OXT neuron 

activity (Section 3.4). Interestingly, the largest mean activity increase we see in PVN 

astrocytes appears prior to the sniff at the -1 to 0 second period while PVN OXT 

neuron’s largest mean activity is 0 to 1 seconds, after the sniff occurred. This finding 

provides evidence against our hypothesis that PVN OXT neurons activate PVN 

astrocytes via OXT release, as we would expect PVN astrocyte activity increases after 
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PVN OXT activity and not before. During the looming shadow task we found that PVN 

OXT neurons showed a non-significant positive trend during shadow growth. Although 

not significant, we speculate that a small population of PVN OXT neurons are involved 

in run behaviours during the looming shadow task, and that this correlates with the initial 

increase in PVN astrocyte activity in controllable stress and run behaviours (Section 

4.1). It is unlikely that we can confirm these predictions with our current technique. Our 

experimental design used two different fluorophores: RCaMP2 for OXT neurons, and 

GcaMP6f for astrocytes. To our knowledge, there is currently no literature comparing 

the temporal dynamics between GcaMP6f and RcaMP2 fluorophores. Nevertheless, 

these two fluorphores are expected to have different temporal dynamics that could alter 

any time-dependent differences we see between these two cell types. Therefore, a 

more time-dependent technique may be required to fully understand the dynamics 

between PVN astrocytes and OXT neurons. Optogenetics in conjunction with fiber 

photometry may be of better use when designing future experiments (Vesuna et al., 

2020). This would allow for the activation, or inhibition of one cell type while recording 

from another cell type. We could then use this information to not only identify cross-talk 

between these two cell types but the behaviours elicited from the activation, or inhibition 

of PVN astrocytes and OXT neurons. 

 

4.2 Conclusion  

 

In conclusion, we performed single- and dual-channel fiber photometry 

recordings on mice during an odour preference test, freely behaving reciprocal 

interaction tests, a looming shadow test, and a tail lift procedure. During the odour 
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preferences test we had unexpectantly found that PVN OXT neurons decrease in 

activity as the mouse sniffs the non-social odour. This is likely caused by the appetitive 

almond odour used. In contrast to this, social odour sniffing did not cause any 

alterations in PVN OXT neuron activity. PVN astrocytes did not alter in activity while 

mice sniffed the social, or non-social odour. During freely-behaving social interaction 

tests we had expectantly found that PVN OXT neurons increase in activity during social 

sniffing a familiar and non-familiar mouse. Although PVN astrocytes did not alter in 

activity while mice sniffed a familiar mouse, PVN astrocytes did increase in activity 

moments before a mouse sniffed a non-familiar conspecific. During looming shadow 

stress tasks, PVN OXT neurons unexpectedly did not significantly increase in activity. 

On the other hand, PVN astrocytes did increase in activity as expected. Finally, during 

the tail lift procedure, PVN astrocytes increased in activity while PVN OXT neurons did 

not. These findings provide more evidence that PVN astrocytes are active during stress 

responses and PVN OXT neurons are active during socialization and decrease in 

activity during appetitive odours. Further experimentation will need to be completed to 

identify the dynamics between PVN astrocytes and OXT neurons. 
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